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ABSTRACT

The effect on performance of variations in power plant,
aircraft, and rocket parameters was calculated for a lifting air
breathing boost system for launching satellites, A limited vari-
ation in aircraft flight plan was considered also. In addition,
comparisons were made between the air breathing boost system
and a three stage all rocket system, For the air breathing boost
computations were made for launch Mach numbers ranging from
two to five,

The air breathing boost was assumed to be a turbojet
or dual cycle engine powered aircraft. The rocket used in con-
junction with the boost had two stages, In computing aircraft
performance thrust and engine specific fuel consumption were
taken as constants., The lift to drag ratio was also considered
constant for each portion of the flight profile which consisted of
a take off and acceleration to climb speed, a two step climb,
and a pull up to the maximum angle attainable for rocket launch.

In computing rocket performance burning times, effec-
tive exhaust velocities, payload weight ratios, and structural
weight ratios were assumed to be the same for each stage.

Drag was neglected in rocket calculations, and the acceleration
of gravity was assumed constant, The calculations were made
by computing the kinetic and potential energies for a sounding

rocket and equating them to the energy required for orbit,
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I. INTRODUCTION

The launching of large satellites into orbit by means of
" rocket propulsion requires multi-stage rocket systems of large
thrust and weight. It has appeared possible that by replacing
the first stage of an all rocket system by a lifting air breathing
boost, the rocket thrust and weight requirements could be re-
duced, The air breathing boost could offer other obvious advan-
tages over the all rocket system. The fact that the manned
boost would be recoverable should result in much lower system
cost for a sufficiently large number of launchings. Furthermore,
there would be no requirement for the constiruction of launching
platforms which are required for an all rocket system. Launch-
ing of various size rockets by the air breathing boost could be
accomplished without modification of the boost system., The
air breathing boost alsc has obvious disadvanté.ges when come
pared with the all rocket system. In particular, the cost of an
air breathing boost would be high, andthe development of an
aircraft and power plant for launching rockets at high Mach
numbers would take a number of years.

The use of an air breathing boost for launching satel-
lites has been considered by a variety of authors. Sandorff {1)
made a comparison between a three stage rocket system and a
two stage rocket boosted by a conventional airplane, both de-
signed to place 500 pounds in permanent orbit. It was assumed
the air breathing boost would launch the two stage rocket from

an altitude of 50, 000 ft. at a speed of 1000 ft, /sec. Comparisons
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of cost, rocket thrusts and weights, and system weights were
made for the two launching schemes, Rocket costs were based
on the average cost of the‘ Viking rocket per pound, It was as-
sumed in the analysis that an existing airplane such as the B-52
could be modified to launch the two stage rocket, and only modi-
fication costs were estimated for the airplane.

Kappus {2) discussed existing air breathing power plants
and their possible use in an air breathing boost system for
launching satellites or ballistic missiles. High Mach number
engines were analyzed, and design problems were enumerated
for such engines. The advantages of the air breathing boost
system were discussed brieily,

A more detailed analysis of the air boost system for launch-
ing satellites was made by Ferri, Nucci, Dasgkin, and Feldman
{3) The problem considered was the placing of 10, 000 pounds in
orbit. The air breathing boost was a conventional airplane pow-
ered by afterburning turbojets and ramjets, Comparisons were
made between an all rocket system and air boost systems which
launched their payload over a range of Mach numbers from 2.2
to 6.0,

These previous analyses of the air breathing boost
launch were concerned with very particular systems for which
a detailed result was computed based upon a given flight plan,
The aim of the present work was to undertake a somewhat more
crude analysis but to investigate systematic variations in power
plaﬁt, aircraft and rocket parameters as well as a limited vari-

ation in aircraft flight plan,
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In the present analyseia the air breathing boost was consid-
ered to be a turbojet or dual cycle engine powered airplane, The
rocket system analyzed in conjunction with the boost had two
stages. The analysis consisted of computing the performance of
the air boost system for different values of airplane and rocket
parameters affecting system performance. The performance of
a three stage all rocket system was computed also for comparison
purposes,

The results of the analysis appear in the form of graphs
showing the effect of varying certain parameters., The air boost
system was analyzed for launch Mach numbers from 2.0 to 5, 0,
and, generally, the results are plotie& versus the Mach number

of launch,
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II. ANALYSIS

Type of Analysis and Basic Assumptions, -~ The flight profile en-

visioned for the air breathing boost is shown in Fig, l. Following
take off and acceleration to climb gspeed, a two step climb was
made to the pull up point followed by a pull up to the maximum
attitude attainable for launching the rocket system, In comput-
ing the airplane performance, it was assumed that the engine .
thrust, engine epecific fuel consumption, and the lift to drag ratio
were constants, Warm up, take off and acceleration to climb
speed was assumed to result in a fixed amount of fuel consumed
independent of the performance characteristics chosen for the
airplane. In addition, it was assumed that the airplane charac-
teristics did not depend on the Mach number of launch.

In computing the rocket performance burning times, ef-
fective exhaust velocities, payload weight ratios, and structural
weight ratios were taken arbitrarily to be the same for each stage.
Also, the structural weight ratio for each stage was assumed
equal to the overall structural weight ratio, The energy possessed
by the rocket system at the end of burnout was computed as if
there were no coasting between stages, The calculations were
made by computing the kinetic and potential energies for a vertical
soﬁnding rocket, Drag was neglected, and the acceleration of

gravity was taken as a constant equal to the sea level value.

Air Breathing Boost Performance, --The balance of forces on the

system for the climb portion of the flight is shown in Fig, 2. The

equation of motion along the flight path is, neglecting any small
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deviation of the thrust axis from the flight path,
F-0-mgsme = m% (1

F and D are the thrust and drag, respectively, in pounds, m is the
mass in elugs, ¢ is the angle of climb, v is the velocity in £, /sec.,

and t is the time in seconds, Normal to the flight path
L =mg ces & , (2)

where 1. is the 1ift in pounds,

Also,
dm = - CF (3’)
dt , 9o _

g0 that

MM - [ - cF ¢
mo Moﬂa

if the acceleration of gravity and the ehgine specific fuel consump-
tion, g}é%fm » are taken as constants, Dividing equation 1 by equa-
tion 2 and substituting equation 3 into the result, there is obtained

the differential equation

L dv . F / - Lecase - simeo (4)
Jo dt mg \ | - £ 2 e
MsYo

where N is the lift to drag ratio, and the subscript o indicates initial
conditions, Since F, A, and @ are taken as constants in the analysis,

equation 4 readily integrates to

V=2 In(t -}% Zj/ -(ﬁ- Cose, +5in8)g,t, + Uy ()
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for the velocity at the end of the first leg of the climb, For the

velocity at the end of the second leg of the climnb

sSe lnfy . (L) _~ , 6
< [ '%y(, FC(_ Cos 8, f.s/”e/yéﬂﬁzf/,«.y; )

Integrating the eguation for velocity the altitudes in feet at the end

of the first and second portions of the climb are found to be

4 =5ing /gﬂgﬁ//- L)) ] /

"(’2/—, cas s, +s/nfs,)_zzg‘,2 * 2[2‘,}

and

4= Sme, /"@//%}// @/{Iﬂ /j)
(/(,mseycs/ne)!o(f 2 )% rult 5)}*# |

A circular arc pull up was considered for the pull up to

N

launch attitude from the climb, The balance of forces on the sys=-

tem ie shown in Fig. 3. The equations of motion are

F -0 ~mg,sine = mar (9)
ar

along the flight path, and

L ~wmv®_. mg se = o (10)
R .

normal to the flight path., R is the radius of the circular arc in
feet. Dividing equation 10 into equation 9 and making use of equa~

tion 3 results in the diffsrential egquation
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dv . 3| _ R R £ / 11
\?;dz-fka)-—(2_@55)‘5//’6)7"”743/_;<Z‘_ (1)
%
But
& - dv Jo
g Te S Y
Thus,

wio%l\_q i -9 RS wse +sine) +y,ez.(£°5¢ — - t)(m

Since the time of pull up is short, from twenty-four to thirty sec~

onds, compared to the time of climb, the solution of equation 12

can be approximated closely by replacing the variable t in the last
term of equation 12 by a constant z approximately equal to
é}___"_‘fll. o If this is done, the velocity at the end of pull up is

2
found to be

2.8
= (e) A e Az zf ge (R:-2)wso, -3 S/»;a/
,2 ry

(13)
= %A, /’”4 /- F( Z/ ~

V!
where ’ '7‘

4

Az _etr //sz_/(,zz -zj:oss ~ 34, S/ns/

e
y,,l [m°9° - < 2 Z}and the subscript 2 denotes the end

Mo yo

of pull up.

The altitude at the end of pull up is

, /
/,{2 _—./?/case, -~ cos 92) 7‘-/4/, (14)
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In the éolution of the performance problem for the air
breathing boost, additional equations were needed relating at-
mospheric density to altitude and the radius of the circular arc
pull up to the velocity at the start of pull up. For the altitudes
of interest in this analysis, the atmospheric density at the end of

climb caa be represented very closely by the equation

. 1.685 47
/?’::‘ 0.003955 € 35,332 (15)

s 3 .
where the density is in slugs/ft~, Since;/a: < ? » where q is

the dynamic pressure in lbs, [ft, 3. eguation 15 can be rewritten as

/'{l: 4/800//7 J/ {16)
2
aa.s 9ss /
Also, R {V) where 5! is the additional Mg loading imposed
71 9o £

on the aircraft at the start of pull up. Substituting equation 16
into equation 14 and making use of the relation for the radius of

pull up, another equation is obtained for launch altitude:

4/5’0%291, , +_I_Z /ca.sa ~Ca.sez) (17)
/003¢J-s7’ 7" Jo

In the solution of the equations for the air breathing boost

performancs, the dynamic pressure at the end of climb was taken
as 2,000bs, /ft. 2 for all cases; Depending on the value of velocity
desired at the end of climb, the launch altitude could be estimated
by choosing the lift coefficient at the end of pull up, This lift coeffi-
cient was taken as 0.5 for all cases, The angle of launch was

chosen compatible with the choice of launch altitude, Selecting a
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value of launch altitude according to the launch Mach number de-
sired, equation 17 was solved for the velocity at the start of pull
up, 7/," . Equation 16 was solved for the altitude at the end of
climb, ,é/z s in the solution of equation 17. Having velocity and
altitude at the end of climb, equations 6 and 8 were solved simul-
taneously for the time at the end of each leg of the climb, In
éolving equations 6 and 8, the velocity and altitude at the end of
the first leg of the climb were determined also. Equation 13 was

golved next for the velocity at the end of pull up, ¢/, . Then the

lift coefficient at the end of pull up was computed from

(‘2 = /’54}2 é;(fosez ‘f'nz) (187)

Any variation of terminal lift coefficient, (, 2 » from 0.5 was
corrected by changing the value of launch angle, and thus launch
altitude, launch velocity, and the additional "g" loading at the

launch point, -

Rocket Performance, -- The enérgy necessary to bring a satellite

into a circular orbit aroundythe earth consists of its kinetic and

potential energy. Thus,
2 n |
£ =X =+ _f VL (19)
/ 2
Ko ‘ »
where Ro is the radius of the earth, r is the radius of orbit, Ve
is the tangential velocity of the satellite and El is the energy per

unit mass, For a circular orbit the centrifugal force of the satel-

litezmust balance the earth's gravitational pull, Therefore,
Vo . y . Ko |2
77—— - 5 . Since ? 90 -;-i- /) (2@)
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- 2
2 V.7 21
V/ = L2 (21)
o z J°
Substituting equations 20 and 21 into equation 19, the required energy

is found to be

4
E, =90 - @ R, | (22)
2 1 _
Normalizing equation 22 by dividing by the energy necessary for a

circular orbit at the surface of the earth, the specific energy, E,

becomes
£ =2 - _’_j-:g_ (23)

The problem considered was the placing of a satellite in 2
200 mile circular orbit. Thus, E = 1,047,

The eguation of motion for a sounding rocket is
my =-mg -Vedm (24)
dt

where m is the rocket mass in slugs, and }é is the effective ex-
haust velocity in ft. /sec.. Drag has been neglected, Taking g = g

equation 24 integrates to

y-)o = — %L Ve /7 #r1g (25)
V< 4

where m R is the initial rocket mass., Dut

m=mg - (mg - b)'%.—;"

m = - - m t
M 1 =(1 _m;)?; (26)
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where the subscript b indicates burnout conditions. The total rocket

weight is
We = Wes + Wer + W @

where %5 is the structural weight, %; is the fuel weight, and

WP is the payload weight which includes structure for payload.

Introducing the structural weight ratio, & = Wes , and pay-
Wes +Weg
load ratio, 4( - !VZ , equation 26 can be rewritten, making use of

equation 27, asg
m _ _r-x)r-2) L
at, =/ (71 -%N7-5) = (28)

Substituting into equation 25 and integrating, the velocity at the end

of burnout of the first stage is

Vot = Yo - Ftar - Ve In[B(1-) 7, ] @

L/
Since it was assumed thatﬂ:,gl =Bz » that o, =9 = X /’: and

that Z:, = z: 2 = 'é‘ fb , the velocity at burnout of the second stage

becomes

Yoz = Yot -%% - Voln/[B(r-«)+«.T (30)

<
Irtegration of cquation 25 twice and substitution of the appropriate
constants of integration yields for the altitude at burnout of the

second stage:

Yoz =)o "‘}ZZ; "-Z:;.(Q_Z-Ve/ﬂ.f‘ r Vel l [ &4 Ve, 3D
- 3)
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where & = G(r-«,) * X, (32)

By using equations 30 and 31 the specific energy of the system is

found to be

£z, #2C TZ;‘ ”‘/”3' > 3“3)/@ +2 Vf /n % (133
X

where E; )/ 7 "&) s the specific energy imparted to the sys-
o Ko 7
tem by the air bre thing boost; C = Ve » and / = Z“’ .
/A’

By a similar development the specific @.neyz'gy of a three sta ‘%ﬂ

rocket system is

£ = 2(7’[/7‘-_/;'_%{/173* 7¢_ /ns ] | (34)

In the performance calculations f was determined from
equation 33. Thus, a; could be determined from equation 32, l/l{Q
and M/RZ. were then computed from the expressions

We (35)
<

=
"

%z = M//?"(z (36)

The rocket thrusts were calculated from

{I ~of, )(/ ,5’J__¢_ {37)
Fe 7%

and

Weo (1 -4, J0-3) Ve (38)
Fo 2/
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which result from solving the differential equation F= "_}-/f_ QI__ZT’{Z.
~and making the appropriate substitutions, i
The weight characteristics of the system were computed by
subdividing the system into five componenis; namely, rocket, air-
plane fuel, airplane fuel tanks, aircraft structure, and engines,
The structural weight, which included crew and equipment weaigh&,.
wasg taken as a constant, Alrcraft fuel was broken down into three
categories: fuel for warm up, take off, and acceleration to climb
speed; fuel for climb and pull up; and fuel regerve for landing,
Fuel tank welghts were taken as a constant percentage of the fuel
weight, Finally, engine weights were chogsen which were compat-

ible with engine specific fuel consumptions,
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III. CALCULATION METHODS

Choice of Parameters, -- For the air breathing boost system the

following parameters were varied in the analysis to show their ef-
fect on system perférmanca: engine weight to thrust ratic, engine
specific fuel consumption, airplane thrust to weight ratio, the angles
of climb, airplane structural weight ratio, and the lift to drag ratio,
Rocket parameters varied were the effective exhaust velocity and
the burning time, The other parameters having an effect on system
performance were considered fixed throughout the analysis.

In computing the rocket performance it was assumed that
fuel for warm up, take off, and acceleration to climb speed was
two per cent of the take off weight, The fuel for landing and re-
serve was taken as five per cent of the airplane structural weight
plus engine weight. This would be approximately four per cent of
landing wéight. The fuel tanks were considered to weigh five per
cent of the fuel weight, This is a standard estimate for gasoline
and JP type fuels.

The structural weight was taken as twenty-five per cent
of the total weight, a percentage which appears realistic when
compared with some of the modern day bomber aircraft,. The crew
and equipment weight was included in the structural weight, For
the size airplane required to launch a large satellite, the crew
and equipment weight would be a minor consgideration. However,
for smaller airplanes the crew and equipment weight would be a
greater percentage of system weight. This is so because the crew
and equipment weight would be essentially independent of system

weight.
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The wing loading was set at 100 ibs, /{1, 2. a value common
to modern operation é.ire::raft.

The 1lift to drag ratic was taken as five for both lege of the
climb. IExperimental evidence indicates that high supersonic air-
craft can be designed for maxirnum lift to drag ratics in excess of
five, Howewver, in the analysis the lift coefficient during a major
portion of the second leg of the climb is slightly less than 0, 05,
Thus, it would appear that the Qalue of five for 1lift to drag ratio
during climb is somewhat optimistic, For the pull up the lift to
drag ratic was taken as three,

The angles of climb were chosen 8o that the air breathing
boost accelerated continually along the flight path during ¢limb,
Thﬁs, the choice of clizmb angles was dictated largely by the thrust
to weight ratic. The climb angle for the second leg of the climb
was chosen less than that for the first leg in all cases. A two step
climb was chosen so that the same angles of climb could be used
over the Mach number range considered for each case,

It was assumed that a lift coefficient of 0. 4 could be attained
at the launch Mach nuwnbers, To obtain the maximum launch angle,
the radius of pull up would be increased as rmaximum 1ift coefficient
was approached in an actual puu up. Since a circular arc pull up
was chosen for convenience in this analysis, the maximum 1ift
coefficient was chosen as 0, 5, and the additicnal "g” loading was
taken as two at the start of pull up. The same launch angles could
be attained in the actual case with a2 maximum lift coefficient of 0, 4
by increasing the additional "g" loading at the start of pull up to 2.5

and decreasing it as necessary as the pull up pregressed, The pull
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up was included in the analysis since launching of the rocket at the
low angles of climmb could impair the rocket performance,

The rocket structural weight ratio has a large effect on the
amount of payload that can be placed in orbit for a given system
weight. A value of 0,05 was chosen for the rocket structural weight
ratio, This is attainable for a liguid propellant rocket with low
initial accelerations, This acceleration varies inversely with
burning time., For the standard case burning time was taken as
120 second, sixty seconds per stage. For the three stage all rocket
system, total burning time was taken as 150 seconds, 60 seconds
per stage.

Table 1 shows how the other parameters were chosen in the
analysis and how these parameters were varied, Case I was taken
as the standard against which all other cases were compared. In
cases II through V the ratio of engine thrust to system weight was
varied for comparison purposes, The lift to drag ratio was reduced
for two separate values of engine thrust to system weight ratio in
cases VI and VII. The effect of reduced thrust during pull up was
investigated in case VIIl. Cases IX and X involved the change in
angles of climb and in airplane structural weight ratio, respectively.
The effect of engine thrust to engine weight ratic and engine specific
fuel consumption was evaluated in cases XI through ¥V. Rocket
effective exhaust velocities were changed in cases VI through
HXVIil. Finally, rocket burning time was varied in case X[,

For the standard case the thrust to system weight was set
at 0,75, This is very high, but it was chosen since preliminary

caleculations seamed to indicats that values much lower would result
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in poor system performance, The engine thrust to weight ratio
was taken as 0,12, A value of 2,5, !%3%% » was chosen for the
engine specific fuel consumption. These values, although some-
what optimistic, correspond fairly well to those for afterburning
turbojet engines now in use., An effective exhaust velocity of 9, 000
ft. /sec, was selected for the rocket corresponding to an actual
specific impulse of 280 seconds. Since in practice the actual spe-
cific impulse is about ninety per cent of the ideal, the value chosen

is realistic today only for liguid propellant rockets.,

Calculations for Standard Case. --It was found that the altitude and

angle of launch was fixed within very narrow limits for any launch
Mach number. For example, choosing the launch altitude as 85, 000
f&; and the angle of launch as thirty degrees rc ultéd in 2 launch
Mach number of appreximately four,

By choosing the altitude of launch as 85, 000 {t. and the
angle of launch ag thirty degrees for the standard case, it was found
that the velocity at the end of climb was 3800 ft./sec. from equa-
tion 17, The first term of equation 17, the altitude at the end of
climb, wae found to be 55, 600 ft, Next, eqguations 6 and 8 were
solved simultaneously for the times at the end of the first and sec-
ond legs of the climb, These were seventy and two hundred and ten
seconds., The velocity and altitude at the end of the first leg of the
climb were respectively 1360 ft, /sec. and 26, 000 £t., both values
being obtained in the solution of equations 6 and 8, From equation
13 the velocity at the end of pull up was found to be 3965 ft. /sec.

which corresponds to a launch Mach number of 4.09. Using equation
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18 it was found that the lift coefficient at the end of pull up was
0,501, Thus, the altitude of launch and the angle of launch were
chosgen correctly. Fuel consumed during the climmb and pull up
was computed from equation 3 and was found to be 14,58 per cent
of system weight,

Having the velocity at launch and the launch altitude, the
rocket payload weiglt ratio per stage was calculated from equa-
tion 32 after solving equation 33, The payload ratio per stage
was 0,218, Therefore, the overall pavload ratio was . 0474, The
ratio of rocket weight to payload weight was the reciprocal of
. 0474 or 21. 1. From equation 36 the weight of the second stage
of the rocket per pound of payload was found to be 4.6. Using
equations 37 and 38 the rocket thrusts per pound of payload were
computed as 89.0 and 17,7 for the first and second stages, re-
spectively.

The fuel for return and landing was computed as five per
cent of the engine weight plus structure weight or 1.7 per cent
of take off weight., Thus, fuel for the mission was 16, 28 per cent
of aystém weight aﬁ take off, Subtracting the ratio of the sum of
engine, structure, fuel, and fuel tank weight to system weight
from one, the ratio of rocket to system weight was found to be
§,4891. Thus, aysteﬁfn weight at take off per pound of payload
wasg 43. 1.

The sarme procedure was followed in solving for system
performance at launch Mach numbers of approximately 2, 3 and 5,

The resulte were then plotted versus Mach number,
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IVv. RESULTS AND DISCUSSION

For the standard case the velocity, altitude, lift coefficient,
and toéal pressure were computed as a function of time for the launch
Mach number of 4, 09, These are plotied in Fig., 4. The rise in
stagnation pressure with velocity along the flight path, as shown
in Fig., 4, would result in an increased air weight flow through the
engine at the higher speeds even though diffuser efficiency would
decrease with speed. This could conceivably counteract the de-
crease in heat addition per pound of air flow with increasad speed,
Thus, with a properly designed engine with variable diffuser inlet
and nozzle exhaust, the thrust could be maintained nearly constant
up to the puﬂ. up point. Thrust would definitely decrease during
pull up as indicated by the sharp drop in total pressure. It is noted
also that system speed actually increases during pull up, This is
because of the Eigh thrust to weight loading., DBecause of the very
sharp rise in lift goefﬁcient near the end of pull up, the launch
altitude and launch angle vary very little with a change in the climb
angle for the second leg of the climb.

In Fig. 5 some of the results of the solution of the perfor-
mance problem are shown for the standard case as a function of
the launch Mach nurnber, Although plotted up to a launch Mach
number of five, the resulte are not particularly significant past a
launch Mach number of four, Turbojet engines are limited by tem-
perature to operation at Mach numbers not much in excess of four,
Thus, for launch Mach numbers of five and greater, ramjets or
other type engines would have to be uged in conjunction with turbo-

jet engines. MNeither was structural weight increased in the analysis
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for the higher Mach numbers of launch, At a Mach number of five
the stagnation temperature is approximately 1800° ¥ for altitudes
above the tropopauss. An aircraft structure designed to withstand
the temperatures sncountered at such 2 Mach number would neces-
sarily be heavier than one designed for operation at lower speeds,

It is seen in Fig, 5 that the ratio of rocket weight to payload
WEight iz reduced by approximately twenty-four per cent if the
rocket is launched at a Mach number of four instead of a Mach num-
ber of two, It was found in the analysis that the reduction of rocket
weight with launch Mach number depends almost entirely on launch
Mach number., The altitude of launch affects the rocket weight
siighﬂy, contributing only to the specific energy at launch.

The ratio of system weight to payload weight also decreases
with Mach number of launch even though the airplane weight goes
up. Although the decrease might not be ag great as shown, sixteen
per cent for launch at a Mach number of four compared to a Mach
number two launch, it is evident that the higher launch Mach num-
ber yields more favorable results,

The fuel to system weight ratio increases from about 10,8
per cent for a Mach two launch to approximately 15,8 per cent for
a Mach four launch, These values are not conservative in that the
fuel reserve for return and landing was taken as approximately
four per cent of landing weight leaving very little for reserve,

Adding the structural weight to the engine, fuel and fuel
tank weight, it is seen in Fig. 5 that the airplane wéight is approx-

imately forty-five per cent of system weight at take off for a Mach
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two iaﬁnch. while for a Mach number four launch, it is slightly in
excess of fifty per cent.

In the design of a turbojet engine the engine specific fuel
consumption can be improved at the expense of engine weight to
thrust ratio, Cases XIII, XIV, and XV are combinations of engine
weight to thrust ratios and engine specific fuel consumptions which
represent the optimum in turbojet engine design today. Cases Xl
and XII represent engines of poorer performance and are charac-
teristic of engines now operational.

The effects of varying these two parameters, engine weight

to thrust ratio and engine specific fuel consumption, are shown in
Figs, 6, 7, and 8, In Fig, 6 the cbvious result is shown that the
systans having engines with the best specific fuel consumption use
the least fuel, The difference becomes greater at the higher
launch Mach numbers. The difference in fuel requirements for
systems having engines with the same specific fuel consumption
is due to the amount of fuel required for return and landing.
The fuel requirements for the system having the engine of best
specific fuel consumption, l.1 'j%’%}' are about thirty-nine per
cent less than those for the syster@ with the worst specific fuel
consumption, 2.5 %%% , for a launch Mach number of two., At
Mach number four the difference is about forty per cent,

The effect on engine weaight, fuel, and fuel tank weight
is shown in Fig., 7. Here it is seen that the engines of lower
weight to thrust ratio and higher specific fuel consumption yield

better systern performance. This result is especially true for
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low launch Mach numbers. For lower system thrust to weight ratios,
engines with lower specific fuel consumption and hig’gﬁer weight to
thrust ratios would compare more favorably.

The effect of engine weight to thrust ratio and specific fuel
consumption on systermn weight to payload weight ratic is shown in
Fig. 8 as a function of launch Mach number., The effect is quite
large. A reduction of about sixteen per ceat in systerm weight to
payload weight ratio is obtained by use of the best engine, weight
to thrust ratio of 0. 08 and specific fuel consumption of 2, 0 lbs, /lb. hr.,
compared to the worst engine, weight to thrust ratio of 0,20 and spe-
cific fuel consumption of 2.0 1%%%? . This is for a launch Mach num-
ber of two., At a launch Mach number of four the reduction is closer
to fifteen per cent.

The effects of rocket effective exhaust velocity and burning
time on system: performance are shown in Figs., 9 through 16,

These two effects ave by far the greatest of any considered in the
analysis, In Fig., 9 system weight to payload weight ratic is plotted
versus launch Mach number for efiective exhaust velocities varying
from 8, 000 to 12,000 ft./sec. and for the one case where burning
timme was taken as 200 seconds, It is noted that the higher Mach
numbers of launch are especially desirable when rocket performance
is poor. For a rocket effective exhaust velocity of 8§, 000 ft, /sec.,

a syster. weight of 506. 000 pounds would be required to launch a

5, 920 pound payload into a 200 mile circular orbit under the assump-
tions of this analysis, For a Mach number of launch of four system
weight would have to be only 394, 000 pounds to place the same weight

payload in orbit. For an effective exhaust velocity of 12, 000 ft, /sec,
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a payload of 23, 400 pounds could be placed in orbit with a system
weight of 500, 000 pounds, rocket launch being at a Mach number of
two.

In Fig. 10 the system to payload weight ratio is plotted versus
effective exhaust velocity for different values of launch Mach number,
The three stage all rocket system is plotted on the graph also. It
is secen that the boosted rocket system becomes more desirable when
rocket performance is poor., At the higher effective exhaust veloci-
ties the air breathing boost systern comnpares less favorably with
the all rocket system. For a three stage all rocket system with a
burning time of 300 seconds and an effective exhaust velocity of
9, 000 ft. /sec., the syster to payload weight ratio is 51.6 under the
agsumptions of this analysis, For the two-stage boosted rocket
with burning time of 200 seconds and an effective exhaust velocity
of 9, 000 ft. /sec., the system to payload ratioc is 53,0 for a launch
Mach number of four. Thus, the boosted rocket system also come
pares more favorably with the all rocket system when initial accel-
erations of the first stage rocket are low. This is the case for the
first stage of an all rocket system because of the control problems
after launch, and because low accelerations are reguired initially
if the rocket structural weight ratio is low., Also, the first stage
of an all rocket system: is less efficient bécause the rocket is ex-
hausting against the back pressure of the atimosphere, and rocket
drag is at its highest in the denser air of the lower atmosphere,

In Fig. 11 the rocket to payload weight ratios are plotted
versus lauvnch Mach number for the different effective exhaust ve-

locities and burning times, In Fig., 12 a cross plot is made of
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rocket to payload weight ratios versus sffective exhaust velocities
for the different launch Mach numbers. For an effsective exhaust
velocity of 8, 000 ft, /sec., the rocket to payload weight ratio for
the rocket boosted to Mach number four before launch is f@r&y-eﬁigh‘t
per cent lesg than the ratio for a three stage all rocket system, |
For an effective exhaust velocity of 18, 000 ft, /sec,, the reduction
is forty-two and one half per cent. Thus, it is demonstrated again
that the boost system compares more favorably with the all rocket
system when rocket performance is poor. It is noted also that the
launch Mach number has a great effect on the system to payload
weight ratio for the boosted rocket system, Ag:z«.in, the affect is
more pronounced whan rocket performance is poor,

Figs. 13 and 14 show the effect of effective exhaust veloci-
ties and burning times on the second stage rocket to payload weight
ratio, Comparing the weight ratios for the boosted and all rocket
system, it is seen that the reduction in weight of the second stage
rocket for the boosted system is greater than the reduction for the
first stage. This is because the payload weight ratio per stage is
greater for the all rocket system,

The rocket thrusts to payload weight ratios are compared
in Figs, 15 and 16, The ratios are not the same as the rockst to
payload weight ratios because of the difference in payload ratios
per stage between the boosted system and the all rocket system,
For the first stage initial accelerations of the all rocket system are
approximately two times the gravitational acceleration, For the
boosted rocket systems the initial rocket accelerations are approxi-

mately two and one half to three times that of gravity. Thus, in
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practice the thrust requirements for the rocket launched from the
air breathing boost would go down, and the cormparison with the all
rocket system, as shown in Fig, 16, would be more favorable,
However, reducing the initial rocket accelerations of the beosted
rocket would require an increase in rocket and system weight and
the overall performance of the boosted rocket symém would deteri-
orate. As shown in Fig., 16 the thrust requirements for the first
stage of the air boosted rocket are less by a very small margin if
the boosted rocket is launched at a Mach number of two, The re-
duction in thrust requirements is appreciable only at the higher
launch Mach numbers, Again, the air boost system compares
more favorably when rocket performance is poor,

The effects of system thrust to weight ratio on the perfor-
mance of the air breathing boost systemn are shown in Figs. 17
through 20, In Fig. 17 it is seen that the increase in airplane fuel
requirements is appreciably only for the case where the airplans
thrust to system weight ratio is reduced to 0,25, 2t a lavnch Mach
number of four, the fuel required is twenty-nine per cent of gys=
tern weight if airplane thrust to system weight ratio is 0,25, while
the fuel required is only sixteen per cent of system: weight if air-
plane thrust to system weight ratio is 0, 75,

The sur of fuel, fuel tanks, and engine to system weight
ratios is plotted against launch Mach number in Fig. 18 for the
range of airplane thrust to system weight ratios considered, Here
it is seen that the effect is large only for the case where engine

thrust to weight ratio is 0.25, This is because the excess thrust
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for acceleration of the airplane is so small at the low thrust loading,

Figs. 19 and 20 show the effect of airplane thrust to system
weight ratios on system to payload weight ratios, In Fig. 20 it is
seen that best performance is obtained for power loadings greater
than 0, 55 and less than 0, 64. As seen in Fig. 20, the optimum power
loading increases with launch Mach number. For optimum condi-
tions system weight to payload weight ratio is reduced sixteen per
cent if launch Mach number is four instead of two,

The variation in the altitude at the end of the first leg of
the climb as a function of Mach number is shown in Fig, 21 for the
five different values of thrust to system weight ratios chosen in the
analysis, It iz noted that as the Mach number of launch is increzased
past three, the major portion of the flight is along the second leg
of the climb,

In Fig. 22 it is seen that the gain in altitude during pull up
is approximately 30,000 ft. and is cssentially independent of launch
Mach number, 438 the launch Mach number is increasad, the
launch altitude increases but at a steadily decreasing rate,

Although the gain in altitude is essentially independent of
launch Mach number, the angle \of launch is not as is shown in Fig,
23, Inthis analysis it was found that the angle of launch depended
on launch Mach number only. In the actual case it would be a func-
tion of airplane thrust to system weight ratio also. Since a circular
arc pull up was considered in the analysis, the additional "g" load-
ing on the airplane varied as speed changed, but the lift coeifficient
was almost independent of this speed change. Thus, for the lower

airplane thrust to systern weight ratios the additional "g' loading
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necessary for flight along the circular arc was less than two at
the end of pull up, as low as one and one half, while for the higher
airplane thrust to system weight ratios, the value was in excess of
two in some cases. By increasing the radius of pull up, the angle
of launch could be increased very slightly in the latter case,

Since the maximum launch angle for a launch at Mach num-~
ber five is of the order of twenty~five degrees, it would probably
be necessary to increase the attitude of the rocket system affer
launch at Mach numbers of five and higher in order to obtain opti-
mum rocket performance, At the low Mach numbers of launch
this would not be necessary.

The change in speed during pull up depended only on the
launch angle and the airplane thrust to system weight ratic. This
change is shown in Fig. 24 where the ratio of Mach number at
the end of climb to Mach number at the end of pull up is plotted
versus the angle of launch, Remembering that the higher angles
correspond to lower launch Mach numbers, it is seen that the loss
in speed during pull up is great only at the lower launch Mach num-~
bers,

The time for climb and pull up is very short for the systems
with high power loadings as is seen in Fig. 25. Cnly for the power
loading of 0,25 does it become appreciable,

The effect of reducing 1ift to drag ratio from five to four
during climb was investigated for two cases; namely, for system
power loadings of 0,75 and 0,50, The increase in fuel consumption

for the former case is 1.4 per cent of system gross weight at 2



28«
launch Mach nurnber of two, The increase is 2,2 per cent at a
launch Mach number of five, 7This is shown in Fig., 28, For the
airplane thrust to systerm weight ratio of 0. 50, the fuel consump-
tion increase is two per cent of system gross weight at a launch
Mach number of two and 3.2 per cent at a launch Mach number of
five, The effect on system to payload weight ratio is shown in
Fig. 27, The reduction in lift to drag ratio has a greater effect
on the system with the lower airplane thrust to system weight
ratio. For the two cases studied the effect, although significant,
is not too large. At a2 Mach number of launch of five the reduction
of system to payload ratio is about five per cent for the case with
thrust loading of 0. 50, This would become greater for lower thrust
loadings when there is less excess power available for accelera-
tion of the air breathing boost. The reduced lift to drag ratio has
the added effect of shifting the optimum power loading curve in
Fig. 20 to the right.

The effect on fuel consumption of increased structural
weight and of different climb angles is gshown in Fig, 28. In-
creasing the airplane structural weight ratic increases the fuel
to system gross weight ratic by approximately 0,2 per cent due
to the increased amount of fuel needed for landing and reserve,
Changing the climb angles to fifteen and seven degrees decreases
the fuel consumption, the maximum decrease being approximately
one per cent of system weight at a launch Mach number of five,

In Fig. 29 the effect of reducing the thrust by fifty per

cent during pull up is shown as a function of launch Mach aumber,

N
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The effect is smalle The increase in system to payload ratio is
legs than one per cent for the range of launch Mach numbsrs con-
siderad., The effect is greatest at the lower Mach numbers of
launch where the launch angle is greatest, This observation jus-
tifies the assurmption of constant thrust for most of the investiga-
tion. Q

The system to payload weight ratios for changes in airplane
structural weight ratio and angles of climb are plotted in Fig. 29
as functions of launch Mach nunber, It is scen that an increase
in the airplane structural weight ratio of five per cent increcases
the system to payload ratio approximately nine per cent at a
launch Mach nsumber of two and twelve per cent at a launch num-
ber of five, The eifect of changing the angles of climb is small,
the maximum decrease in system to payload weight ratic being

about two per cent at 2 Mach number of launch of five.



-30-
¥. CONCLUSIONS

The analysis of the air breathing boost system for satellite
launch reveals that the ratio of rocket weight to payload weight
depends strongly on the Mach number of launch, For a two stage
rocket launched at Mach number two the rocket to payload weight
ratio is 28, 3 for the standard case, By launching at Mach number
four the rocket to payload weight ratio is 21,4, a reduction of about
twenty-four per cent, For the three atage all rocket system the
ratio is 38,0,

The airplane weight percentage goes up as the launch Mach
number is increased., However, because of the strong decrease
in rocket waight, the system to payload ratic goes down as the
‘Mach number of lavnch is increased up to four., For launch at
Mach numbers in excess of four, the analysis is not strictly accu-
rate since no increase was made in alrplane or power plant com-
ponent weights, For launch at Mach number two, the systemn to
payload weight ratio is 51,6 while for launch at Mach number four
the ratio is 43.6, a reduction of about sixteen per cent. These
| ratios are for the standard case, The all rocket system weighs
less as is seen from the rocket to payload weight ratio mentioned
abQV@;

The airplane to rocket weight ratio varies from just over
forty per cent to just under sixty per cent, depending on the Mach
number of launch and the performance parameters chosen for the
boost systern. For launch Mach numbers of four it appears that
the system to rocket weight ratio cannot be reduced much below

fifty per cent,
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The comparison of the all rocket system with the air boost
system reveals also that the comparison depends on rocket perfor-
mance. The air boost system compares rmuch more favorably when
rocket performarnce i8 poor, With effective exhaust velocities of
8, 000 ft./sec., the analysis shows that the system to payload weight
ratio for the all rocket system is 63,0, For the air boost system
the ratio is 66,5 at @ launch Mach number of four, For an effective
exhaust velocity of 11, 000 ft, /sec., corresponding to an actual
specific irnpulse of 342 seconds, the ratic of system weight to pay-
load weight is 19.0 for the all rocket systern and 25,0 for the air
boost system when the rocket is launched at Mach number four,
Thusg, as better rocket propellant combinations are developed, the
advantages of reduced weight and thrust for the air breathing boost
system become less,

The choice of engines for the air breathing boost has a
large efiect on system p@rfm'nﬁance. Becausge the time of flight
is short, it is desirable that the engines designed for the air breath-
ing boost have low weight at the expense of engine specific fuel
consumpticn.

The results of the analysis show also that the airplane
thrust to system weight ratio should be greater than 0. 50 and less
then 0. 70. Although the effect of power loading is very small for
power loadings between 0. 40 and 0,70, the effect becomes greater
outside of the indicated range. For low power loadings fuel con-

sumption is excessive., For power loadings in excess of 0,70 the
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added engine weight causes deterioration in overall system perfor-
mance,

The reduction of 1ift to drag ratio has less seffect on overall
system performance if the power loading is high, For a pm&er
lcéding of 0.75 the increase in system weight to payload weight
ratio is aﬁou& two per cent for a launch Mach number of four if
1ift to drag ratio is decreased from {ive to four during climb, For
a power loading of 0, 50 the increase is about four per cent.

Changing the climb angles for the air breathing boost has
only a small effect on system periormance., The system to payload
weight ratios varied up to a maximum of two per cent for the two
cases studied. The choice of climb angles would have some effect
on engine performance.

Increasing the airplane structural weight ratio by five per
cent resultd in an increase in gystem to payload welight ratio of
irom nine to twelve per cent @ependmg on the launch Mach numbers.

The decrease in speed during pull up due to a decrease in
engine thrust has small effect on ovm*an system performance for
the case considered, Reducing power lozding {rom 0,75 to G, 375
during pull up results in a maximum increase in system to payload
weight ratio of less than one per cent. The increase is greatest
at the lower Mach nurnbers of launch where the pull up angle is
greater,
| The one big advantage of an air breathing boost for zatellite
launch appears to be recoverability, To reduce rocket thrusts and

weights appreciably launch Mach numbers must be high, four or
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greater., The problems involved in airplane design for this mis-
sion become an item of major concern, The nead for the air
breathing boost system decreases as higher performance pro-

pellants are developed,
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Fig, 16, Ratio of Rocket Thrust to Payload Weight Versus Effective
Exhaust Velocity for Different Launch Mach Numbers,
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Weight Versus Launch Mach Number for Different Thrust

Loadings.,



System Weight / Payload Weight = W/ Wp
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Mach Number for Different Thrust Loadings,



System Weight / Payload Weight = W, /Wp
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Fig, 20. Ratio of System Weight to Payload Weight Versus Engine

Thrust to System Weight Ratio for Different Launch Mach
Numbers,
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Fig. 21, Altitude at End of First Leg of Climb Versus Launch
Mach Number for Different Thrust Loadings,
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Time To Glimb And Pull Up, t, —Minutes
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Fig, 25, Variation in Time to Climb and Pull Up to Launch Attitude
Versus Launch Mach Number for Different Thrust Loadings,
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Fig. 26, Ratio of Fuel Weight to System Weight Versus Launch Mach

Number for Different Values of Climb Lift to Drag Ratios
and Thrust Loadings.
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Fuel Weight/Payload Weight = Wg/ Wq
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System Weight/ Payload Weight = W, / W,
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