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Chapter 16

HEBM:I ARD D_.‘VEL )P T BICESSARY FOR DESIGN
At Dbresent sufficient background exists to allow preliminary desizn
studies to begln whensver a decision to proceed is reached. However, a
~vigorous research program mnst also be started at once because many data
have to be established'ahd-estimates'verified or improved in order to
avold qﬁ@scessary‘sacrifices of performahce.' This research progrém may

be divided into several branches of science:

Theﬁry of Striactural Enlé:gement‘- The enginegring steps wihich lead
from‘established_pfototjpe étrﬁctures ﬁo zreatly enlarged u;its ére baéed
on certain mechagical concepts of critical design requirements for variéqs
partg that perform definite functions. .Howsver, no part can bs idéa;Lyi
QESighed‘for_just one function alone} tﬁey overlap., In order t? take |
full advantage of past e:perience it will bé necessary o andertake a
careful analysis and weizht breakdown of sundry past and presently pro-
aressing high altitude or lonz range missile projects, in order to ascer—

tain just exactly to what specificéhiohs their essential parts are de-

signed and way. Such analyses of larger units throw light on the degree

to which concassions in shape, in marginsg of safetj, in allowances for
technological and practical exigencies should_bé made.

Structural Materials - It seems certain that extensive investigation

of the.properties of materials will be required, especially the materials
 to be used for the tank walls,.lids;.and'bottom$.  The possgibility of .

uéing fabric bazs deserves consideration. 'Sditaélé scaling and.insulating

materials mist be used which at the‘séﬁg time érevénﬁ-leakage of thé

fuel and Iiquid oxygen.
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Tanks - since much ﬁépends upon: the weight efficiency of the desizn
of the large fuel and oxyzen taﬁk, a3 seriosus iﬁvestigation into the merits
of competing tank desigﬁs is indicated.  Since practical manufacturing,
insulating, plumbiaz and other technical considerations enter into the
probler, ressarch will have to go hand in hand with design_towards evolving
the most advantaseous compromise between the vafioua conflieting require-
ments. Special inethods may have to be developed to tést specimen struc-—
tures under simulated acceleration loads.

Staze Separation - lieans to separate smoothly the subsequent stage -

units ﬁhen the booster unit fuel is exhausfed, will have to be develoéed
on the'basis of extensivehyesearég into the various téchhiqges previéuslyr
'tried and proposed, or yet to be evolved. These atudies‘majlinclude GX- |
perimental work with reduced and full size dumny m1551les prior to apD;l-
cation to the fall~sl edred test rounds. Froblems of accurate timing and-
of minimizingz the pitech, yaw, and roll distar bgnces of the boosted unit
%ill have to be solved. Inter-staze comsunication of automatic reguzlation
and comaand sigpals and its harmless discontlnuation upon stage separation

will also require research, development and experimentation.

i i——

Zrection, Assembly, Loiistics - the design of the larze staze parts
of the vehicle will have to meet requirements dictated by donsiderations
of erection and assembly procedures and of shipment of garts and subas-
semblics to test locations. An investisation into pfﬁgtical_handling."
and qperating procedures and into the lozistics of thexéptirg projeé§~ i
mast therefore bé coupleted before tihe wother and 5raﬁdmother can be

completely designed. No radically new erection msthods are believed
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necessary; those well develonad in experimental alrcraft préduction
should be reasonably applicablae, . |

Rocke£ Fugls = The -reascons for c.ﬁoo_sing Liguid Oxygeri_f and Alcohol
as the propeilantshavebeen explained in Chapter 6. ThéreAége, however,
several other propellant combinations which have a hijher specific iﬁpulse.
An extensive research prozram should bé initiated to zain ini‘ormation on
motor design eriteria, storaze and héndling problams énd éhé-ﬁroblem of
lozistics of sueh fuels, Severél propellant combinations ﬁhi¢h warrant
immedizte consideration are -~ 7

{1) Liguid iydrozen znd Liquld Om;;en

(2} Hydrazine and L:Lqu;Ld O};;r zen

(3) Ulethylamine and quuld Oxyzen

(4) Ligquiq Amménia .and Liguid Oxygen

{5) Hydroboron and Liguid Oxyzen

(6) Witromethanes las a monofuel)
Any of these after an intensive- researcil program may evehtuallj prove
superior to the Ligquid ixyzen-Alcohol combination shen all asp'_ect.s ary
technical implications are anderstood and weizhed, |

Rockat Hotors - lotor reséarch will nave Lo be directed towards il

provements in frel mixing, cooling, combustion chamber shape, nozzle wall
materials, isnition, and pressure control. This rc—,search is expected to-
lead to reduction of wei'-;ht; and increase in -reliabilit:,r, performance

, and efficiem;,? of .motor;. — Rocket mo_ﬁors zre us.l_all;rtesi'.ed in test pii'fs
equipped with elaborate laboratory instm';ze;ltation and safety dn_avices.

For the larzest stoze a new test pit surpassing those now existent will
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have to be gsztablished,

Rocliet Accessories - “hile no fundzmental research problems are fore~'

seen to be involved in the scaling ﬁp of present turﬁines and pdﬁpéffo the
gsizes necessary to feed tha.largsr stages, new problens ariée ﬁith the
introduction of pump control for thrust throttling., The punp will be
called uron to aperate near peak afficiéncy from full speed qéwn'to-about
two-thirds speed. How best to accdmpligh this will have to-bé détermined
by research. Uo extensive resezrch into plusbing ié immediatély reqﬁiqed,
provided existingz staﬁdard fuels are used. iHowever, if some nsw fuel is

contemplated, effect on regulrements for insulation, line sizes, valves,

punps, 2i¢., mast be investigated.

Tesﬁ Stands'— The size and cost of the vehicle would preélude'the
firing of test rounds Inafree flizht vehicle for the mere purpose of
testing operationzl festures. Therefore, each stagg will have to be.
fired in & vertical test stand for prooftestinz. 24 test stand suitable
to test run the mother and particulérly the zrandmother units ﬁill!:e_
considerablf bizzer tihan the Genman'v-2 test stand, Its flame deflection
and cooling requirements will be severe. The development of such’a test
stand with all its service equipment will be a sizable enterpriée in
itselfl and should unfold rraduszlly from test exﬁerience zained with the
lesser daughter stazss on suitably adapted smaller operational test stands
now available., Among things requiring proof testing and measuring, may
be listed: the lenzth of life of tie jet vanes, the regnitude of malalign—
ment of the jet, time lsz of controls, mzznitude of the thrust and of

o

the control forces, Tunctioning of all pumping machinery, etc.
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Problems in Uasdynamics ~ A vehlcle of the type discussed in this
report will have to travel through air varying in densit.y from sea level

values of .0024 slugs per cubic foot to those of the order of 10*13
200 miles altitude., The atmospheric cqnditiona encountered thus vary from
the standard sea-level values to t.hosé of I#n e‘xbremely ra;'qfied .gaé. The' -
physical phenomsna, consequently, va.rrco.nsidarabl‘y, andl 0, of cdurse,
.do the methods of evaluation. It is conveniont to distmguish the reg:.ons
encountered by the ratio of the characbaristit length parameter of the |
body to the mean free path of the gas molecules. 1t is a.laqf_ppnvenient

to introduca, in addition to some suitable diﬁsnsion P of the fehicle,
another length, the boundary layer thickness. cf' which in terms of tha

velocity U and the kinematic viscoaity ‘I) is related to .l by

Sx¥E e

The qua.ntit.g'U is found Irom elementary kinetlcs of gases zs

where C is tie mean molecular velocity and /A the mean free path. Pollow- -

ing TaiedD we may now immediately indicate regimes of floi by comparing
with A and £ . §
a) A<<J
® A~ d
) § SA<L

@ A >> L

(1) _ '
Hs S. Tsien: Symposium on High Spead Aerodynamics, Cal. Inst, of Tech.,

tareh 1946, {Unpubli she d)
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Reglon (a) is the ;ealm of- aerodynamics, in the usaal serise. (b) 15
the regmn in which slip phanomana. oceur: in the velocity distribution near
a boundary. Temperature uiscontinulties’alao occur at the na]l Region
(¢) is tie least understood. case aince -i.n his region d_ev:.ati:ons fromt._he
Maxwellian velocity distribution i:lay.a large part. (d) is somatimescal.‘!.ed
the "Xnudsen® region in g{hich pure gaa-ld.netic 'méthdds appl:(;-

Speaking in moro aerodynamical“term;',_ i1t is possible tﬁ_ distinguish
the four regions in terms of 'iach number, }«lg and F;eynolds'mx;hor,: Ry ‘vm'e_ﬂ

= Ul
78,-__0_, and. -

@ c

where a denotes the valocity of sound. Then from equations (1) and (2) K

it follows that ' . ? é
d~ L L
n - A M ?

and we thersfore have

AN
J' by (3)

A Ziven problem, t.herefore, can be characterised by the mean free path

ﬁlz

and bourdary ...ayer thicmess, or by the Each nnmber and the 1*le;mo].ds humber.
For example, orb:l.t.al conditions at 100 miles altitude correspond o’ M ~ 17
and B ~ 60. Heme, _/\./J’*’ 2 and thus the problem is :I.nthe slip

.gion.

' The research problems encountered in these various realms are briefly

N
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listed in the following paragraphs. First the case of very larzs mean

free path is discussed. Then the problems of larger denslties are taken .

up. The probleams of air resistance and heat transfer in rarefied zases -

whleh are encountered in the present anaijsis differ fpom most problgms of
thig kind previsusly studizd. The former; suéh as those related to the

2il drop expariment, ete., oonéerned pfbblems in which the mean veloqiﬁj

was small compared with the ﬁolecular falocities._ The'problém here involves
velocities whien are larze compared with the random molecular velocities.
Hence the problem of momentum and energy transfer encaunteréd here 13 

~similar to the interactlon of & molecular beam of nearly uniform velocity

and direction interacting with a solid surface.
4 seems hizhly desirable to initizte 2 research program.

bobh sxperimentally and theoretically, and then proceed to fill the zaps

in hﬁe mowledzsg. To mention a2 few assunptions which have:nbt yet been

completely sabstantiated, we nave: |

1. The relleciion of moleculss froz 2 surface is senerally assumed to be
diffuse. The moleculzs are assumed tc leave in random directions.
The departiaz molecules are assimed to have velocities related te
the température 2f the wall by means of an empirical "accommodation®
coefficient. A, whica varie& between zero and ons. & = O corresponds
to tﬁe'case of slastic impact, A = 1 to the case where the tempera—
ture of tie molecules of the_wall is equal to the wall temperature.

Both of these assumptions affect difectly'the evaluation of drag and

heat transfer. For t:e preseat case of high velocities a complication
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arlaes due to the fact ‘that the O LEww—E8 will not la(ve the wall, but ;
will fsrm.a surface la'er. This effbcb cannot vet ‘be GOnaidered in the -
caleulatiens aud further research 13'needed.

Condltlons at somewhat higher denaltles are stiAl mors complicated.

I -

In replmes whers the..aean free path is comnardble w1th tna boundary layer

'thlckness but not larre compared to the body dlnen51cna, compllcatlons-

arise due to the fact that dev1ablcns from the steady state havs tﬁ De
considered. 'The necessary additional terms in the aqpations of‘motlon_due
to the deviations from a steady staté can be caleulated from the work of

uhe.pnan and Znskog. Tsien has polnted out that the additional terms im .

the Ravier-Stokes =quations involve-thi;d order differgntiai}dggtients‘

and hence a riew boundsry condition has to be added. The: exsct £orm of this
boundary condition is a2t present unknown. The fo:mulationﬁ?ff;uéh‘a ﬁonw'-
dition will again involve knowisdge of the_interactiaa betwesn Phe gﬁs and
the solid wall. |

Tﬁe 0a§aynamical ranse appears to be the bestLUnierstood at present
=nd cons;rerable research here ig already ander wey. New problems relatéd
to desxgns s1ch as. tne present one are,ﬂigr exampla, the nonrstabionary
neat transier problens whlch have to bz comsidered for aacent and landlnp.
Yiestions like tie drs; carve at h*gh values of .4, stabillty in passlng
tlroagn the sonic velo-itj, etc., are obviously of areat inportance. ﬂowa
ever, there is llttle d_ffarence in the nagdynamlcal'ranaeubetween problems
uriSLng in ordlnarysm¢sslle des;gn amd prﬁblsmﬁ of the des;gn of space
vehicles. Of course, detailed design problems will differ._ .

It should be emphasized nere tnat aerodjnamical research related Lo -

a space vehlcle will have to make use nob only of axtansive 1nvest1;aulon-
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in wind tunnels, both SuyFrsonlﬂ and nyperson;c, but will alao have to qse~
nany tools of modorn experimental phyaica. The4molecular—aeam mothoqs,

for exampla, will be one of tie. required toola._ .Lt is cla‘a.x" t.hat in ma.ny
cases the research has to be analjtical and not experimental;ﬁ'ln lnw spead
aerodynamlcal research the method of muiel tests simulating actual £11°ht |
condlt.lons is ext.ensn.velv 1sed, ‘l'h.is t.]pe of t.est becomes emeedinuly
dlfficult. and in-fact mno.as;Lble for vehicles travel.lj.ng _at';great spee.ll;.
This is most ea51ly seen in the followlng example.. rhe raﬁlo uf stag-“'

-

nat.zon temperature Tg to free-sirsam tempsrat.ure T fo:- a body traVe;iing

~at a Wach number M is

FaJ
:"‘E
G

Hence for # = 10 and ¥ = = l.4, roﬁr = 21. To produce the ﬂach nnmber 10 in

a wind tunnel, an adiabatic expan31on process is used and the tenmerature

drops from the value Ty in toe supply section to Tof.?.l in the test section. ’

AIn free flight, on the other hand, the 1ree—a1r temperature T is given,

and the temperature Ty w2l T is produced by compresszon gue bo the fast
moving vehicle. . it is evidently very difficuit 1ndead to matein both B

and T in tne w1nd tnnnel as compared W1th fllght, qznce 5hls would ruquzre
a tamperature in the ‘supply sectlon aof the w1nd tunnsl 21 times larger
than the ambient temperandre in fllgnt. ‘Ressarch’ muat becoms more analy-
tical, and a close c00peratlon beiwean éxperlmant and bneory and alSO be-

tween aercdynamics and pny31cs is an abaolute necesalty.




2

P2 emeramio svi_ T Klemperer DOUGLAS AIRCRAFT COMPANY, INC. AGE: 2O
" \ m:rtz—xa.y_a.,_l%&_ SAUTL LONTIIA PLANT mobrL;. 1053 '

TITLE: PRELIMINARY DSTGN CF SATRILITE VRHICLE rEroRT No_, SLl=11827

Chapter 16

Aerology - Knowledge of the prqpefties of the upper atmosphere sabove
the stratosphere is expected to be greatly advanced during the present
year as the V=2 firing program and the Hermes, Bumblebee, WAC aﬁd Nike
projects progress. Arrangements will have to be ﬁade to cooperate with
these programs towards securing some of the most iﬁpoffant aerologioal
data at an early stage. The faotors of primary interest are: ailr
temperature, atmospheric composition ionization, radiation and wind. As
the satellite project itself devaiopa, it will gradually furnish its own
means of pushing exploration into the realm of higher altitude aﬁd speeds
to determine tﬁe laws which govern the behavior of moving bodies there.
Some of the inconplete miésile agregates, notably the notﬁer = daughter -
baby stage teat rounds when fired on ballestic trajectories oyér hundreda
or a few thousand miles range should furnish excellent opportUnitieé aof
penetrating these virgin regions. Suitable instrumentation with which
these and other test miassiles can be equipped should be deveioped as the
project gaﬁs under way.

Jet Controel Rudders.= The jet rudders for control of this vehiosle

: thle under thrust prosents a major problem in that they will be required

to stay in the jet sbout four times longer than any that have.been used

to date. The natural Graphite vanes on the German V-2 lasted about 30 l

seconds before erosion rendered Fhem useless.for control. 1t therefore

will be necessary to enter inte a research.prbgrnm to determine what

material or conbination of materials will be gbla to withstand the

high pgas veloocities of the hot jet sufficiently long. A pdssable solution

may be in the almost unexplored powdersd metals and sintered ceramios.
Another approach may be to have a numbor of vanes set at a given angle

To the jet exhaust and as ocontrol is required the vanes feed into the jet.
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Aa the vanes erode away the control woulq feed more und more of the vaneas
into. the jet. fha solution of the problenm lies at the end of a research
program.

Servo Systemn - A considerable arount of research will have to be di-
rected towards the develoﬁment of & suitable servo motor system to actuate
the_jet vane. For instance, the relative merits of elestrie, pneumétip,
hydraulie systems have to be investigated for each stage. Xeans to
balance the vanes in order to keep their torque and power demands in
bounds will have to be studied.

The control of the servg‘ﬁptbrs by means of an autogatic program
pilot éystem, its stability and freedom from undesirable hunting will conme

in for extensive research and developrient. It will requiré éyroscop;c and
accelerometric “:'rﬂer:‘;ponse elements which themselves will have to be speociall
developed even though their fund&méntal prineiples have already been
suocessful in the V-2 missile. To these will be added a radio altineter,
the developmeﬁt-of ﬁhich will conatitute a program beginning with research
into the special functional requirerment of such a devioe, when working, at
ﬁnprecedented altitudes and flight speeds and furnishing input signals to
an sutomalioc control regulator.

Guide Beam and Command Systeri.= Inasmuch as it is anticipated that

provision will have to be made to signal corrective guide commands to the

missile to ensure its precise entry intoc the desired orbit,a good deal

of research amnl experimentation with various competing guide beam and

guide cormand gystems must be instituted in order to evolve a satisfactory
technique for the satellite. Antenna systems will have to he developed

for the satellite missile in all its stages., Research will be directed
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towards determining the most suitable wave lengths fc;r sormuni cation with
the missile und towards devslépj.ng suitable tubes for them, if none a.x"e.
available. Preliminary trials of proposed gro;.md installstions, as well
as air borne radic .a_.ltimte'rs, cormand receivers and transponders, should
be arranged in conjunction with other missile firing; projects in progz"ess,'
and subsequently, with test missiies specially adapted for thls purpose.
During the later stages such tests can undoubtedly be corbined with
Plight tests of the daughter stages of the satellite project itself. The
conmend .system eventually charged with bringing the missile back to earth
will also constitute an object for m;earch and development. The electric -
powar supplyl for the missile borne electrio equipnent will alap have %o '
be develﬁped to suit the unusual coﬁdition prevailing on the orbit in -
an env!.ronmént without air and gravity.

Sinulator.- In order to ensure that the complex regulator loop systém
will work srwothly end without undesirable hunting 1% seems inperative tha
a so-called sirrulato:.‘ be built s'v.r{d operated over numerous test runs. Such

: aimul.a.tom have proved themselves inveluable in conjunction with mamy
pi‘ojeotg, :viz Roo, Azomn, Bun‘blebee, Hermes, Nike, V-2, Fx, Hénschel, atac.
The development of an sleotrical simulator for the satellite missile oen
be undertaken in such a manner that it can be guickly adapted to repz-'esent
many varieties of control systems with different response characteristios,
lags, coordination, overrides eto. The reprosentation will include the
automatie control functions as well as the beam commands when superimposed
and it will be made to take oare of the gradual cl;xang;es of missile weight,
noment of inertisa, a.erodynuni‘o reactions, thrust, etc. during each

-aimulated flight.

Attitude Control in Orbit. -~ Reaction flinheels or recoils which are
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being _considered for control of the missile's afititude or orientation with
respect to its light® path, will require research and development to ensure
that ‘they fﬁncti.on as desired undér the 'péculiar environment of the satellif
and that their control is suffiociently fercible. Simulgtor techniques
may also be helpful here.

Telemetry, Trajectory Survey and Communication. - Telemetry fron

guided missile to ground stations is still in it= infancy. Gréat atrides '
towards its realizatlon dre expected 'l;'o be made as the presently act:;ve
projects, notably the V-2 progran, 'Hemea, Buntblebee, eto., progress. Glo#
coordinaetion with these a.ctiv'l’-:i_.es will be nandatory. Later on, special
firing of some missiles for the benefit of the perfection of satellite ,
taleiaetering syétems may be indiéated. The same is true of the. Bvoluti'cmd
of trajectory survey by photo and kine-theodolite and radar tracking gear.
Eventually the entire cormunication system, whioch will be required in the
actual sutellite operation, will have to be developed, tried out and
practiced. The develcpment of the instrumentution for the "payload" will
require specialized research along the lines of the various branches ‘of
science to which the data to be measured belong, novably, metaorolugioai v
instruments, cosmic ray and ionization measurenents, temperature and
preasure measurements, radiation measurements, spectroscopy, photogrephy,

television, etec.

Digest of Existing Literature. - The scientists of many nations have

written nore or leas technical or speculative articles on many objects per-
tinent %tv the satellite projeol. Germen scientists and engineers, in
particular, have produced numerous reports covering almost every phase of
their reasearch and development work in conjunction with their mlssile pro=-

Jecte, several of which have been technicully radical advancements of the
) - A
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art. These reports are physically available in this country. They are,
however, scattered between several agencies (Army Air Forces, Army |
Ordnance, Navy Buder, Navy 6rdnance and various.other institutes.) They
are in the process of being indexed, screened, abstracted and miorofilmed.
Some few have been translated. Transglations are being mede by specialists
scattered throughout the nation-wide galaxy of activities in the fleld

of guided missiles. One of the urgent tasks of the ressarch agency of the
satellite projéctlwould be Lo socan this wealth of literature, gather copies
of translations of signifioant reﬁorts now available or in progress, obtaln
microfilms of others and orgéﬁize the translations of those that have an
immediate Bearing on the yet unsolved or uncertain problemé of the satellit
project. In sorme instances it may be foasible to seocure froﬁ the

military suthorities the assistance of German asuthors or speciallsts to
~expedite the jobs of traéslating or absiracting the material.:

Interrogations - In many instances di gerepancies or conflicts appear

in the literature Betwean data, computations, theories and objeotives of
some phase or other of the German activities. Ad hoe questioning of German
Eersonnsl held available in this country has already done much to clarify
gsome of the problems involved. Even though these people have been interro
gatéd nany times it seems that as the digest of the literature and the trans
oript progresses and broadens, new gqueations ariue gsontinuously. I% is
therefore believed advisable to comprise in the research agtivities of the
satellite project some set-up whereby discussions of such new questions
can be quickly arranged between tha German personnel and the American .

specialists on the problems.

Coordination with other projects - As has already been mentioned
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under various headings before, part of the necessary research activity
vﬁ.ll comprise olose coordination with other high altitude and long range
missile projects now actively being ?ressed forward in this ocountry, and -
if posaible - abroad.

- Continuity - Some of the research problems are of & fundamental nature
and have a bearing on the firsﬁ roves of .the design staf'f. These will have
to be tacklod irmediately. Others are directod towsrds results needed at
various la;.'ber stages c.>f the program. These can be scheduled consecutively.
A certein amount of overlap Aa.nd continuity of research and developrnent will
therefore becone necessary. }-\;:tlially research a..nd developnent will have to
be continued to ‘Ehe very end of the project, the acﬁw.l'.firing and naviga-
tion of the sgtellité mesile is oore & resaarjéh task than a production

job -
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17. CONCILUSION

In the preceding chapters, ve have critically examined the posslbility
of designing e man-made satellite. This examination has been made within
the etrict limits of practical engineering spalysis. We haie found that
modern tachnology' has advanced to a point where it now appears feasible
to undertake the design of such a satellite. _

The magnitude of the task of establishing the first satellite vehicle
in 1ts orbit is mfessively large. However, owr apalyals hes shown that
ap experience is geined in f.h:l.é new field, the reduction in the magnitude

of the tesk will be equally impressive.



oML pasramm av.GeCrimminger  DOUGLAS AIRCRAFT COMPANY, INC.  mar. 14

oatm__-. Lizy 2, 1946 (Corr.5-28-6) SANTA MONICA _PLANT mooxL:. . #1033,
TITLE: FRELILINARY NESIGHN OF SATEILITE VEHICLE REPOAT no. Si=11327

Appendix A& '

A, TEE UPFER ATHOSPHERE

-In evaluating the performance of a very high al.tiltude vehicl&,
such as that described in this report, it becomes necessary to have
values for the ﬁhysiéal mroperties éf the upper atmogphere at ex=-
tram§ly high altitudes, which heretofore wers of little intergat to
the asronautical engineser. Conditions in these high altitude regions
ﬁave received some attention, both fheoretical and experimental, in
the past 20 or 25 years by a-relatiyely small pumbexr of investigators.
Howsver, the presgnt knowledge of the physical state -of the upper
atmosphers is far from complete, and as will become apparenﬁ in tke
course of the diseusaioﬁ, at the high levels there is quite ‘some dif;
ferences of opinion as t¢ what the conditions ure; at still higher
levels there are practically no data or opinions available at all.

In short, th?.knowledge of" the atmosphere bscomes nore and more un-

cerqgin and épeculative with iﬁcreasing altltude, The knowledge

which is available concerning the ubper atmosphere is based essential-

1y on the resulits of observatfons of meteors, the sﬁectrum and height

of the aurora, the behavior of radio wgvaa, the ansmalous  propaga-
tion of sound, and the iomization of ths atmospﬁere by solar radia-
tion.

In geﬁerél, workers in the field appear to be in fair_agfeemaﬁt
as to the atmospheric properties from sea level up to 60 miles alti-
tude. Above this altitude the knowledge and agreement is much less

‘definite. It should be mentioned at this point that since all of
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the values given in the literature are based on the metric system,
tenperature in QK altitude in km., the faluee whieh will be quoted
hers will be in tarnms of the sgme aystem. For the conwenience of
the réaﬂef} tableé 4L and 5 for‘converting vhlﬁes of temperature and
altitude to the. English system, % and ft., are given at the _end or
+the text. The values flnally adopted to represent the atmosphere
will be prasented in the engineering syatem of units.

Since thg pressure at any altitude depends on thé vertical dia-
tributlion of tempsratura,.anﬁrsince tpé denait& depends on both temp-
erature-and pressure, itiis evident that, of any of the atﬁospperic‘
, propertiéa,_the temperature is the most fundamsntal and important one

to be considered.‘ The discﬁssion which follows is undertaken with
this point in mind.

~ For the purpose of discussion, the atmosphere is usually divid-

ed into three main regions. The strmosphere from sea level to abquﬁ
10 km. is referred to as the troposphere &nd that from 10 lm. to 20
km. as the atratesphere. The region above 20 km., extending 6utward
‘o intefplanetéry space {oTr however far outward the atmosphere mey be
considered'to extend} is referred to as the hpper atmosphere. A4s

{1)

pointed out by Penndorf , measurementa of auroral heights indicate-

the'presence of afmosphere up to heights of 1000-1200 km. The average

(1} Ibnhdorr, Re: Dig Zusamnensetzung der Luft in der hohen Atmos=-
- phare. Metesorologische Zeltschrift, vol. 55;
j+ 8 30 19380
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conditions in the troposphere and stratosphere are well kﬁown and

form the basis for the standard atmosphere used in aercnautics, as
given by Dienit?), B

The atmesphere above apout 80 km. 1s strongly’ianizeﬁ and hence
this region of the upper atmosphere ffam 80 km. outward is known as
the 1qnosphere. The 1onoépherp is of rundamgntél,imporﬁancé in radio;
wéve'prqpagation ginee it is owing to. the reflectlon of these waves
by the iohoapharé that long distance radio communication is possible.

- It seems to be established that the lonization, and therefore the

conductivity of the ionosphere, is. caused by the ultra—violet solay
radiation. Whether the particles respomsible for the conductivity
are ions or electroms has not been definitely established, especial-

ly for the lower levels of the ionosphere. A survey of the facts

(3)

and theories of the ionosphere has been given by Mimno

The iconosphere itself is divided into three main rezions or

(4)

layers. According to Berkmer'”! the lower of these regions known as

(2) Dienl, «.S.: Standard Atmosphere - Tables and Data. NACA
Technical Report No. 218; 1925 and 1940.

(3) ¥imno, H.R.: The Fhysics of The Ionosphere, Reviews of
Hodern Fhysies, vol. 9, No. 1l; Jan., 1937.

{4) Berkner,L.V.: FPhysics of The Earth - VIII, Terrestrial
Magnetism and Electricity, MCGranHill
ps 451, 1939.
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the E-region is _mbdere{tely 16nized’ and 13 situated 1n the vicinity '
of the 100 km.rievel. Ehe next higher layar , the Fl-region, is more -
atrongly ionized and is s:.tmted at ahout 210 gn. Still h:l.gher and
still more strongly ionized is the F -layer at about. 300 k:m._ Mogt.
or the present kr_xowledge. of the upper gtmOSphera 15 vased on the
studj of these three ragions plus some figurea which have been de-
duced'. from meteor studies, the pfopaéation of sound, and the spectrum
of the aurora. |
Sinee the aim of this study is to‘ arrive at worki'ng values for

a. so-called standard upper atmos;;here s t.he various data which are
availabla either experimental or theoretlcal, will “be presentad and
from them,what appear to be the most reasonablse deductions will serve
'as-- a basis for the final vaiues to be adopted for use in the st_u;iy of
the performance of the satellite vaﬁiéle.

(5)

Gutenberg has recenﬁly given values for the atmesphere from
sea level to 100 k. These are presented here in Table 1, which has

besn. copied from the pa.per by Gutenberg.

(5) Gutenderg, B.: The Physical Properties, Pressure, Temperature

: - and Compesition of the Upper Atmoaphere. '
Asronautical Symposium at the Califormia Institute
of Technology; March 1gh6.,
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Hulbert ,( )another investigetor in problems of the upper atmosphere,

adopte the iemperature distribution shown in Table Z to represent the

atmosphere up to 220 lm,

Table 2

Temperature of ﬂe Day Atmosphere
(According to Bulbert, Ref. 6)

Altitude, Jm. 0 1o 20 30 Lo 60 8 100 200 220
Temperature, 2K 287 220 225 230 20 260 320 360 360 360

Fig. 1 copled from a paper by Martyn end Pnlle;r(ﬂaho gives informa~
tion, actual and i.n:ferential, canceming the average vertical 'bemperatura
disbridbution. Above 100 km. it will be noticed that the temperature
distribution has been sxtrapolated up to 300 km. as shown by the broken
lines .-

Fig. 2, copled frax the paper by Psmndorf, loc.cit. rm squally
reliable investigator, givee a scmevhat different curve for the prcbable

verticsal temperature dlstiribution above 100 km., The fact that Gootz(a) ’

another well lmown worker in the field, uses Penndorf's ourve may perhaps’
lend added weight to the values shown in Fig. 2. It will be notlced ihat
the comqpoeition of the atmosphere, acceording to Pemndorf, is indicated

by the curve on the left hand side of Fig. 2.

(6) Eulbert, E.O.: Physics of The Barth -~ VIII, Terrestrial Magnetisum
and Elcctricity,, McGrev Hill; p.k93, 1930.

(7) Martyn, D.F. and Pulley, 0.0.; The Temperatures and Comstituenta of
the Upper Atmosphers. Proo. EQy.Soc., Al5h; p.482,1936

(8) Goetz, F.W.P.: Ergetnisse Der Kosmischen Physik-Bend III - Physik
Der m.mosph&-e leipzig, Akad.Verlog., p.31h,1638.
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Appendix A
The date presented thus far in Tables 1 and 2 and in Fige. 1 and 2,
plue the standard atmosphere data of ref. 2 may safely be sald to represent
the pres'ent state of kmowledge concerning the verticel distribution of the
_temperature of atmosphere up to altitudea of about 300 km. It 1s worth

‘noting that nome of the data extend beyond this level. Thus there is a

relatively large region exrtending fram 300 ]:m.. up to 1200 km, and higher

in vhich, although 1t comprises only & emall part of the atmospheric mass,
the temperature ccnditiom are more or less unlmown

That there is no-b even complete zgreement in 't.he region from 60 to
200 km. is immediately evident from & comparison of Table 1, Table 2,

- Fig. 1 end Fig. 2.

The data presented here, plus the results cf other investigators
which may be used to throw additional light om the problem, will now be
uged in order to arrive at the some final and definite values of the
probable average vertical temperature distribution vhich may be adopted
to represent & estanderd upper atmoephere,.

From sea level up to 20 km. the atmospheric temperature has been
determined by a grest meny direct measurements (sounding balloons) a.nd
the average conditions are well represented up to 65,000 £t, by the
values given by Diehl (loc. olt.) for the KACA standard atmosphere,

Ovwing to the universal acceptance and widespread use of the NACA standard
atmosphere, it wiil be adopted as a2 repregentation of the atmosphere up
to 65,000 ft,

Above the stratosphere, sll of the data exvept thgt of Hulburt
indicete a maximm in the temperature curve at 50-60 km, The

existence of this maximum is fairly well established by the work of
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F. J. ¥, Hhipl(aii and Ducl(rig"i on the ancmelous propagation of sound, -the
work of Ggla.r{ end Dol(:ﬁi on ozane, by the more recenit investigation of
F. L. Hhi;;ig baged on meteor observations, and alsc; in a recent paeper
by Gt(:ml;::):.. The temperatures at 50-60 km. given by Gutenberg agree essen-

+lally with the most recent results of F, L. Whipple and Gowan and these
values will be adopted. The temperature at this lsvel given in Fig. 1

zppeer to be too high.
There is some evidence for a teaperaiure mintmmm at about the

80 Im. level but the wvalue g%vzn_)in Fig. 1 appears much too low, see
1ha
F. L. ¥hipple, ref. 13 and Martyn, apd we again adopt the more conserve-

tive value given by Gutemberg which agrees with that shown by Penndorf.

F. J. W Whipple: Quart, Jour, Roy. Met, Sec. Vol. 60; p. 80, 193k,
L] .
Duokert, P.: Gerlands Beitrage Zur Geophysik, Supplement 1, p. 280, 193
Gowan, E. H.: Proc. Roy. Soc., Yol. Al28, p. 531, 1930.
Dobson, G. M. B.: Proo. Roy. Soc., Vol. Al29; p. k11, 1930.

Wnipple, F. L.: Meteors and the Earth's Upper Atmosphere, Reviews of
Modern Physics, Vol. 18, No. &4, p. 246, 1943,

Gowen, E. H.: Note on Ozonosphere Temperatures. Aeronautical
Symposium at the Californis Imstitute of Technology; March, 1Sh6.
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.Near and sbove the 100 km. level another rise in temperature

is required by the results of the studles of the auroral spectrum by
?egard(15) and Rosaeland_and Steensholt(lﬂ wvhich give a tamperature
about the seme as that of Eulbert and which ia about midway between the
falues given by Martyn and Pulley and that given by Gutenberg. We
therefore adopt the value in Table 2 at the 100 km. lewel,

Above 100 km. the variation of temperature becomee much lees
definlte 2itheugh it 1s generaslly agreed that high temperatures mist
exlist in the Fg-régim at 250 or 300 km. Godfrey end Price’”) have
shown, on the basis of radiation equilibruim, that the higheet possible
equilitrium day-time temperature in the. Fp-regicm is about 3300°K,
end that the actual equilibrium tempereiure may have any values between
thie figure and 230°K. However, these authors have shown that the
c:axistenca of high tempereturee of the order of lOOOox or more ie &
neceseary consequence of the presence of apyrecisble oxygen at these

levels,

Mertym and Pulley, loc. cit., also agree thet the témperature of the

F-region must be of the order of lOOOOK, and Martyn (ref. l#a) more
recently states that the high temperatures originally found to exist in
the Fo-region as & result of slectrcn collision freguency meaam-ementﬁ

i1s confirmed by Fuchs and by Appleicn from measurements of the thickness
of "thia region. The weigh£ of evidence in favor of high tamperature;a in

the l’g-region is very considersble.

(15) Vegard, L.: Geophysiske Pub. Oslo, No. 9, 1932
(16) Rosseland, S and Steensholt, G.: Univ. Obs. Oslo; Publ. No.7, 1933
(ita) Martyn, D.F.: The Upper Atmosphere. Quart, Jour. Roy. Met. Soc.
_ vol. 65; p. 329, 1939
(17) Godfrey, G.H. aznd Price, W.L.: Proc. Roy Soc., vol. Al63; p. 237,

1937
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Although there is general sgreement on the existence of high tempera-
turee et around 320 km. there le certainly nothing which definitely
fixes the shape of the temperature curve between 100 and 300km.. o the
one hand we have the ‘erhrapolate(l ourve of Martyn apdPulley, Fig. 1,
vhich indicates rapidly increasing temperature starting at 80km. and
continuing to & maximue at arowmd 3CCkm. On the other hand there 1s the
curve of Panndorf showing practically an isothermal condition frem
106 to 200km. and then a very rapid increase in the Fy-region above
200km. As far as the computation of preesure and denslty is concerned,
these two curves would lead to coneiderably different results. The
use of Penndorfs curve woulci lead to lov values of pressure and density
at high altitudes, while the use of the curve of Mertyn amPulley would
lead to relatively high valuee for thése gquelities. -

Thus, although Fige. ‘1 and 2 ere in agreement as to the value of
the high tempersture st 300km., they represent the iwo extremes by which
this temperature is reached starting from 100km. As a ressomsable
compromiss for tke probable temperature variatiom from 100 to 300km.,
it has been decided to adopt a {emperature variatiom in this 'region whichk
is an average of these iwo exiremes. |

Above 300 km. there are herdly smy date which would serve to extend
the temperature curve to higher altitudes. We do know that the
thickness of the total F-regiom {comprising both the Fi and Fo-region)

18 estimated to be of the arder of 200km, thick (Martyn and Pulley, loc.
eit. p.469) so that above the 300 km. level cne might expect the
| tampefatures to decresase fair]qr rapidly. Above this lsvel, the only

figure which has ¢o me to the attentiald of the writer is a value

of 70°C at 1000km. which 1s quoted by Roaaela.nd(m) and 18 due to Vegard
&ard.,

(18) Rosseland,S.: Thecretical Astrophyeice. Oxford University

Press i 22x
A
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Thig temperature is based om high auraral observaticns and vas computed
on: the asmmjtian of therme;l equillbriwm. That thermal equilii:rium does
not obtain under the cmd.iticnawpﬁﬁ'i_n; at these altitudes 15 generally
recognized. However, for lack of anything better, the value of 70°C
at 1000 km., will be adopted as glving some indicaticn, at lsast, of the
probable order of m.snituﬂe.

- The final values adopted (as described above) tc represent the
vertical destribution of temperatuves in the upper atmosphere are
1ndicated by the temperature cuxrve presented in Fig. 5;.

The?-cm:pqaitim of the upper stmoephere will now be briefly
comsid_éred. The compoaltion of the air in the troposphere (sea
level to 10-20km) as given by Paneth (19) 18 .ahown by Table 3.

I‘i'an the Table 1t is seen that N> and O, account for 99 percent
of the cmpoaition, by volume, of the lower atmosphere. According to
Pemd.orf (ref. 1, p. 31) and to Chapman (21) the results of auroral
spectroscopy indicate that even from 100km to 1000km., oxygen end
nitrogen are atill the main comstituents of the atmosphere. Some |

(20)

twenty yeoars ago, Chapman and Milne s it was thought that because

of their low moleculer weights, either hydrogen or helium zust be the

main gonstituent in the high etmosphere. However, it ie now the

{19) Peneth, F.A.: Compositiom of the Upper Atmoephers - Direct Chemical
’ Invaatigﬂtim. m’t Journ. BDY. Mat. sm.’ vol. 65,

Pp. 30h-310, 1939

(20) Chapman, 8. & Milne, E,A.: The Composition Ionisation and Viscosity
of the Atnosphore at Great Helghts. Quar, Joum. Roy
Met. Soct, Vol. L6; p. 379, 1929

(21) Chepman, S.: The Upper Atmosphere Quar. Journ. Roy Met. Soc.,
Vol. 65; p. 30k, 1939.
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Appendix A
ccncensus of opinion that the upper atmosphere is a n.itrogen-oz;rgm

atmosphere, although the preasnce of hydrogen and helium has not been
absolutely disproved, see Lindemmesmn, p. 331 of ref. (21)., It will
be assumed here that the upper atmosphere -15 a2 nitrogen-oxygen atmosphere.

TAELE 3
COMPOSITION OF TROPOSPHERIC AIR,AFTER PANETH.

Formla Yolume '2 Molecular Wt. Dengity
(0=16.000) ) (Air=1)

78.09 28.016 . 0.967
20.95" © 32,000 1.105
0.93 .98 1379

Carbon Dioxide 0.05 . 4b,00 1.529

Neon - 1.8.10-3 200185 ‘ 0!@5

. -4
Holium 5.2kx20 h.002 0.138

Erypton | 1m0 837 2.868

Aydrogen 5.10x10°  2.06 " 0.0605

‘ -6
Xenon 8.10x10 131.3 k.525

Chapman, ref. 21; and also Penndorf, Fig. 2, agree that the
molecular oxygen 02 mst begin to undergo dismsociation into atamic
oxygen 0 beginning at mo-lsokm.,ana that the molssular nitrogen Np
must undergo dissociation :urbo atamic nitrogen at higher levels.

In thls report the following values will be adopted for the compoaition
of the atmosphere,
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Altitude Range Composltian Molecular Weight of
; : Mixture
0-150KM 21% Op and 788 By 28.7
150500k . _ 12% O and 88% N, 26.5

500 km. and higher 10% 0 and 90% K ' 1.2

Baving sdopted the tempersture distribution shown in Fig. 3
t0 represent the probable average conditions in the upper atmosphere,
the corresponding pressures are determined by use of the hypaémat:ric
equation {see -Kumphreya(”)

the form

or Diehl, ref.2), which is used here in

R _ .
’ l 4 ‘ £ .
- o - o - - 1 -
Log,, P ,=1log,, P, — 0.000281 m | 1 - . ’ ) (1)

where h; — altitude of lower level, ft.

hf= altitude of upper level, ft.

: .t
Py = pressure at the llower level, TP
1b
P, = pressure at the upper level
f pre ° Ppe ', Bq. ft.

R = radius of the earth =20.B9x'106 £,

m = molecular weight of the atmosphere,
T, = the harmonic meen temperature in °R of the atmoapheric
layer of thiclkmesa hf-hi.
If the atmospherio layer from hy to hp 18 divided into & -eqwal-parie

cor intervals the harmonic mean temperature Ty 18 defined by

T:% -~ +}ﬁ- ) 8@
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Appendix A
where 'I‘m is the average tempersture in the nth interval. Thus to

derive the vertilcal destribution of preasure, 1t 1s flret necessery to
have the temperature distribdution ourve, Fig. 3, Starting at sawe
arbltrary level h; where the proessure Pi 1s lmown, the pressure Py at
some higher lavel Ly i comphteddi eccording to eq.(l). By dividing the
atmosphere intc a number of such layers the wvarlation:G of | the pressure
vith altitude is cbtained. Since the HACA standard etmosphere was
adopted heré{.o reprosent the lower part of the atmosphere up to 65 ,OtxJ‘f"I;.J
this altltude served as the startiné point of the pressure calculatiams.
‘Knowing the pressure and temperature, the demsity is computed from

the equaticn of a-ﬁate.

B
SoRuT ?

density, sluge
ct.ft.

Iressuxe, lbe
sq.f%t.
0
Temperature, R

universal gas constant= 1545 1b=ft .
ib-mo

stendard value for the acceleratiom of

gec

"m = molesular weight of the atmosphere.
Using this system of units, the @gqQuations for computing the
density le writtem.

Too00T
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The adopted temperatures, fram Fig. 3, andthe corresponding
Pressures and densitieé, camputed as deacribed above, are tabulated

| in Table. 3.
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TABLE 3 , :
VALUES OF TEMPERATURE, PRESSURE, AND DENSITY OF THE ADOPTED UPPER ATHOSPHERE.

PT Temperaturé, Préssure . Density, -
Thousands ] ' lbs alugs
of feet) M. .| Miles °r 8q. fte cu.rt.

0 0 0 . 2118 - ' 2,378 x 1058
35,3 | 10.76 | . 6.84 | . a90 7.27 1u§§_
B85 19.81 12.32 | " 119.8 1.76 x 107
100 30.48 18.95 . 26.01 3.06 x 10~
150 | 45.72 28.95 | . = 4.90 1o:§‘
200 60,96 37.90 1.11 hat
300 91.44 | 56.85 - 3.75
400 121.92 75.80 1.97
500 152.40 94,75 1.78
528 160.93 100. 1.07
600 182.88 113.70 2.87
700 213.36 | "132.65 4,38
800 243 .84 151.60 9,93
900 274.32 170.55 2,49
© 980 .| 289.56 180.53 - 1.53 x 19_14.
1000 | 304.80 | 189.50 1965 x 10,, -
1050 320.04 | '199.48 B.59 x 10 3,
1066 |-321.87 | 200. Ba28 x 10 3,
1100 - | 335.28 208.45 4.79x°10 7,
1200 365,76 227.40 184 x 10_15. ;
1300 396.74 246,35 4.82x 10 3. )
1400 426.72 265.30 1.08 x 10-16 _
1500 457 .20 284,25 1a26x 10_17 '
1584 482.80 300. 5.86x 10 3,
1600 487 .68 303.20 4,95 x 10_17
1700 518.16 322.15 1.79x 10_
1800 548,64 341.10
1900 | 579,12 360,05
2000 609.60 379.00
2100 | 640.08 397.95
2112 643,74 400.
2200 670.56 416,90
2300 701.04 435.85
2400 731.52 454.80
2500 762.00 473,75
2600 | 1792.48 492,70
2840 804.61 ‘| 500.
2700 822.96 511.65,
- 2800 853.44 530.60
" 2900 883.92 549.55
¢ 3000 914 .40 568.50
3100 944.88 587.45
3168 965.60 600..
3200 | 975.36 | 606.40.
3300 | 1005.84 625.35

Mxxnunuxaxxxx

9.80 x.10
1.04 x 10
a2l
3.54 x 10 5,
7.80 x 10_5,
4419.x 10_5,
144 -x10_og
5204 x 10_,5
1,79 x 10_,,
6436 x 10_o,
3.21 x 10 o,
230 x 10_s5
8437 x 10 .

. .
WMNEGEOUNHRMOD O30~ %3] O ®wd Qb
Hmmmmmqomqmqmmgmgmuwpgg
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- Appendix A
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THE DETERHINHTIQN QF . THE DRA bOEFFIGIENT

In order to simplify the. eatimation of tha: drag coefriciant for the
purposes of this report it was ' assumed that the vehicle was efrectively

conical 1n shapa. Since drag, in almost all cases is a second order

errect ‘such an assumption is not out of order., The half .cone angle 9

was,taksnrto be - 0.3 rad;ans. Othar values of B_howaver,'were eventually
chosen for the morse final designs ‘
. At subsonic speeda, the total of pressurs, friction, and base drag

coerficiants was taken to be G, 3, where the derinition of Cb ié

o = Drag
D (1/2507%a

¥ is the_velociﬁy.-
. f is the ﬁass density of air.
A is the ffontal area.
This va;ue was held comstent for 0<M<0.8.
At low subersoﬁic speeds, the well known work of Taylor and Maceoll
is available, and gives values which are shown on the curve on fig. 1 .

Kinetic theory, under the sssumption of inelastic impacts dastroying the

normal component of momentum, gives 292 for the hypersonic pressurs drag

coefficient, The supersonic hase pinssure coefficient,(a/B)—is, was

reduced to 5%-because the bsse srea of the rocket Jet did not comtribute
M

dreg. Skin friction, when besed on frontal area, was sufriciently small;

.to ignore (0 020) at high Reynclds numbers.

In the transonic region, a total drag coefficient of .45 Egi'seléoted.

This value is elsc shown on the accompanying graph, fie;,}ﬁ//
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Appendix B

The valusa discﬁased sbove were used in the calculations for the
ascent to the orbitsl height. The 1mpbz"tancle' of the dre in those c’al—-.
culestions gradually decresmsed, until at about 150,0001‘{: .above gea leve],
it was nagiigible compared to the thrust.

Ir-x ceses where long periocds of time aref'involved, Vejispedi'ally where
also iﬁe.Reynolds numbers are low, it is necessary to coﬁéidér carefully
dragé which would otherwise seem to be_ﬁegliéiblea Ths‘égﬁaiied snalyses.
of Sénger snd others in Germany hsve given results for high altitude, .high i |
M conditioﬁs similer to those obt.a‘ined_ by considering tﬁe‘.c.l,e‘st.ruct'ion of
all momentum in a cylinder whose—-t-:rdss-section is thé sﬁmef“aél that of the
vahiole, end which approaches the v_ehicle at the vehj.cé.g‘s-‘ :srpegd. Under"
such essumptions, it is found t..hat C‘D = 2.0.

As discussed elsewhere in this repoz;t, there are four regimes of
flow.. whichl can cbnveniently he chaz:acte:_‘izad by the r_atio of mesn free
paﬁh to boundary layer thickness, ‘or by the ratio of Mach number to :square
root of Reynolds number. The plot on figs 2 showa these ragimeal_'an‘d whers

in these various realms, the space vehicle flies. It will be noted that

on fi‘g-: 1 no dreg data are given for the slip or unknown regions, In

these regions much research must be done.
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Development of the Equaticns of Yoticn-:of .a Body Moving at Great

Speeds Near the Surface of the Earth in the Plane of the Bguator. In

this appendix; the equetions of motion of a body will be developed in

& form suitable for use in_'calculating the trajectory foiicned by the

body as it 1s accelerated to the.proper speed and direction for orbitel

motion. The apalysis is confined to motion in the plane of the earth?!s

. equator beéause this _is-tha only case con-
sidered in the caleculations oig the main A
text.

'r‘lé shall teke the followlng as vari-
ables characterizing the motion of the.

body: 1, the redisl distence to the body Siecrion O

ExXTA Y Bormrion

from the center of the earth; F , the

longitudinal angle of the body; and %, |
the time. Ve shall c¢all m, the mass of
the bdody; g, the acceleration of gravity;
k, the gravitational coﬁstent; M, the
earth's nass; R, the radius of the earth;
and (7 , the sngular velocity of the eartl:h.‘

The kinetic energy of the body is

x

and the potential energzy is
o ko

T e a——
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Appendix 0

If we form the Le Granglan function L = T = U, then

a4 aL 8L m.s
EE}--FE-M mr('f-r}?) r Fr

d 8L aL

_‘E..E,.F a‘? = 2mr $ (?+Q) +mrf=rF

Y

where Fr and F? are the radial and tengential components of all thar
externally applied forces.

¥e now rotate our coordinate system so that the vector resolutions
are. parallel gnd- perpendicular to the

trajoctory. e designate by v the

velocity of the body measured from & ' v
frame of reference-fixed in the earth ‘ { ‘_ 9; _
and by © the complement of the angle ‘ ' |
between the radius vector and the

tangent to the trajedtory measﬁred in 77%
- . . ‘ 7 ‘
coordinates fixed in the earth. The

above equations become

B:m!lsinO

m'sino-nr(?-*ﬂ) ain0+2mr{(’+5}.) co8 © + mrfcos @ + ———=%
. r

- T-D,

kmdcos@
2

r

mreose-mr(?i-.s?.)zcoso-zmr(f’ﬂl) sia ¢ - mrpsin @ +

.L'

where T-D 18 the tkrust minus the di-aga along the trajectory and
L is the lift normal to i-.he ﬁéjectory (positive when; in the direction

+ 11/2).
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Appendix C

we now eliminate derivetives of T and ‘0 by noting the following:

2=y sin g F=‘v""g‘;£_g"

, VY eoa® vaeino b v231n @ cos @
£ o - -
b T r2

r=%sind+veosod

These gilve, upon substlitution In the equations of motion

ki sin @

2
T

m%—mr&.zsing-b wTaD

s .
mvé_mv.:'ose 2 kacosO=L

«-2mv(f7-mr§0 cop @ +
r

We can readily sevaluate the pgravitational constant because we know
that when t.he body 1s atand:lng still on the earth's éuri‘aae, aﬁ e:_:te:bnal
rérce ng is required to keap 1t in equilibrium. Pxitting vabt=Qugo=
T-D=0and L =mgand £ = R, we have

-mR_s?_ +km21‘. mg or k]—.inngi-RjJZz,

R
Substituting this value of ki back into the equations of motion, we have

n{z B PR z)sin 8

2
T

=T - D

mi’-mr.ﬂzsing-l-

n{ gRo+R0s2 %) cos @ -1

r

mvé-%coa@(v+r.ﬂ.)2-axzt}z(l-cose} +*

It is of interest to investipate the sie;nificéncé 6: the. various
terms in these equations. 1In the first equation, which represents an
equilibriur of forces in the direction of motion, m ¥, T and D a::e the
factors entering the familiar mass x accelaration - forﬁé. 'Ehe't.erm,

m r.ﬂ_ ain ¢ is the component in tha direction of mation of t.he centri~
m{g R + R}.ﬁ. )sin @
2

fugal force causged by the earth's rotation. The term
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Appendix C

;s the corresnonding component of the earth's attraction when account is
taken of the fact that thi§ attraction will impart an acceleration of lg
in the presence of the earth's rotation. In thé secoﬁd equation, which
represents.equilibrium'of forces perpendicular‘to-the direction of motion,
in the plane of the equator, the termm v é ia the.centfifugal force as

seen from local earth coordinates. The tenngLE%E‘g (v + rJl)z is the

component of centrifugal force of the total rotation around the earth.
The term, 2 m v (1 - cos 8) can be interpreted as the apparent force

that causes a body, ejected outward from the earth, to be left behind

2, p3p2
as the earth rotates under it. The_tenngﬂéLlL—féfL:ﬂLlcoa 6 is, of

course, the component of the earth's attraction to normal tc the direction

of motion.

Using the above egquations, we shall ihvestigate thé gimple case of

the free motion of the vehicle in a eircular orbit at the earth's surface
neglecting air resistance. For this case we out L =0=06=0; R=r

and the orbital velocity is determined by the relations

.-§2+2v_.ﬂ,+ﬁft.2..g-ﬂ.ﬂ.2=0,

v=ral \[(R)+gr.

Using an equatorial radius of 3,963 miles and a value of g = 52.086,
v=- 24,319 ft./sec. and 27,369 ft./sec. depending on whether the
vehicle is moving with or against{the earth's rotation.

It is seen that these values differ only slight}y frﬁm the values

of -24,285 f4./sec. and 27,335 ft./sec. given in Chapter III.
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The jealues of Chapter Ii_I were coolputed frorri: a eimplified'lromula
v = R§2= )/_;;R_ wh;.ch neglects the efrect of.'the-ee.rt.h"e rotation on the
_apparent gravitational .attraction‘ of a stationary object. . 'I‘his d:lfrer-
ence in attraction is small amounting to only about 6%, | '
Returniog t0 the equation of motion to be used for the trajectory
calculationa, we shall put the altitude, h =r ~R. Fora trajectorf
100 miles high, % - 2-1./2%, & quantity whose squere ca_n- be neglected
compared to unity. Using this epproximation, the eguations take the
forn

dv TD
n

335?. sme-g(l-z—) sin @ +

‘dO' ¥ | | E(I- )V

(1 - -) Ccos8 6.+ 2L+ 3 v ' cos & - ‘f‘°f-‘":9'+ EIA;__

i "R

If the terms in the. above equation are examined for order ot magni-_ )
tude it is seen that 3hﬁ. is always amell compared to ge Qonseguently,
we can maintain an accuracy of better than 1% using ths.following -

2h . T -D
g(l--ﬁ-) sin 6 + a

9(1-21&) o =

v h :
Tﬁ:".-ﬁ(l'ﬁ) cosgq-g‘ﬂ_-—-_-_——v—— c:oseq-u”r

In the etep by step calculations of trajectories, a preliminary
oalculation was usually made neglecting% compared to unity ‘and later

the resulta were corrected for these small terme. ‘
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THE ﬁETAILED-TRAJEGTORY CALCULATIOR

Maximum cross-sect ionah@reaqﬁ' wehiclke:.
Drag, -

Acceleration of graviﬁy at earth'g.sgrraca,
Altitude, . |
Specific impulse,

Distance from earth's center to. vehicle,
Radiqs of earth,

Time

Burning ti@e,

Velocity. of vehicle,

Circumferentiél velécity-or earth
Instantaneous mass of vehicle,

Distance projected on earth's surface,

- Original fuel weight per stags,
Original total weight per stage

Angle thrust makes with flight path (tilt),

Angle of inclination of flight path to esarth's horizogpal.

Subscripts
L (lower) first three burning periods,
e (upper) fourth bnfning period,
“Coasting , .
I1nitial conditiom,
ﬁeginning of an iﬁter;al,

. End of an interval.
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‘Appendix v

It is our purpose here to discuss the methods of calculaﬁ-in.g- the tra-

jectory. Neglecting %, the equaticns of motion are (see appendix C):

av _ gl cosx

(1) S -gsin 8- g5 2
at ta(l-ﬁ#—i—g ) ‘ v
(2) %—2— = -g coae+§-coo+m~t’§?‘i  sin’g,
R iy (1~ )
(3) 4dhn g
It Y 8in 8,
{4) dx ’
T " V cos 6.
g when the term: g v and g D due Ato thrust and drag are
:} ' 'r.Bll-y : ) q e )
. B
. absent , : % cannot be neglected. However, normally it caﬁ be

reglected because h  occwrs only in terms which are small compared to the
R

rocket thrust terms. .
We sball first review the genarai method . of calculation, usinsf'f'aa an "
oxﬁmple the four-stage alcohol-oxygen trajectory. Methods for the other ¢

cases presented are similar. The vehicle travels vertically for half the

. time of the first burning period after which tilt is applied, *The tilt

' remains constant until the end of th,e'third,burnin‘g period at ﬁl;i;:l‘i.'.tiuie

'cbaat.ing begina., In the last burning pariod a new angle of tilt 18:.-.?1_614 '
constant. Because a knowledge of alt.it_tude is required in the cﬁléﬁi:at:lj.qns‘;
for the first and second periods and coasting, these computations .wé_re )

made as & group beginning at sea level and ending after coasting, .Because
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Appendix D .

the final velocity conditipns are to a first approximation indepentient
c;f altitude, we calculate the fourth period backward. from the first
get of calculations, we obtain A Qz.A V‘Z,A. h, at the beginning of
coasting for various values of V and a Z {plots shown in Figure D1, D2,
D3). From the second set of .caloulations, plots (Fig. D4, D5, D6) of

A eu,A v, . 4 b, versug ¥V and @, ere made. The coasting_ tTajectories

were computed from the equations for elliptic orbit_s which are discusseé
“later. o
To dstermine an actual tra.,ie_c_tory, thess plots and tl_:e coaating
calculations are used to solve si.multaneously. the following equatio'ns:
AV, +47, -FAVu = Orbital speed {depends on altitude} |

Q
Ae£+Aec+Aeu = 90

Ah y +Ahc +A-..hu = Deaired altitude

With four in{dependent'variablas (v y e G and A_hé) .apd'.th.ree
i'estra'ining conditions,{orbital velocity, direction and altitude) we seek ..
graphically the optimum trajectory for ihe v of the prbposed designs.

The sctual step by step calcu].a_tions in the burning periods difr_ai-ed
somewhat between the burning periods. In the first burning perlod equation
{2) had veryllittle effect on equation (1) so that its ‘ef-t'q,ct on Vasa.
function of t could bes handled -as a small .pgrturbation of the results of
(1) after its completion. In spite of this simpliricatiaﬁ, the caleula-
tioﬁs in the first t;urnin.g period were the most diffisult since the drag

was large and the variation of T was considerabls, If ( 15 is integrated

for an interval in which I and% could be considered constant, we have
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1ov 2 _ .
e g D
vz-vl = ~g I cos a log ——-——E-—- - g(tz-—tl) -8 (tz-tl)
l-V-{—r- ' ’

B

A second integration yields

ty
' t t, Vi 3
- y g o = _B T\ _(q.D, (bt
by-hy = (V) + gI){ty-t,) + eI — (l-"(? ) log (1' tB j {1+ _.3.2._1_.
v i
Ty

The second equation is used to determine the altitude necessary for a

k;néwledge of I and -g— %ﬂﬁﬁ—-) where I and the density tnq
- -Y ry - -

depend only on altitude. The fact that (1) can be thus 1ntegrated enables

2

R

us

to take much larger steps than a complete jteration process would require. )

Having  established V as a function of ¢, we can use it in intagrafing- (2). _

in a similar fashion.

_ . t,
_( 8¢o8B _ 7V cos 8 Wg)at*'s" 1-v_=
as ( v R - = Log s
l-vi

s

from this, we obtain 8 as a funotion of ¢ to correct the original velocity

calculations.

In the second burninyg period I is constant and D . is' negligible over
' L)

moﬁ of the period. However, the variation in © is now appreciable 80
that equations(l) and (2F must be iterated s:.multaneously.

The following remarks apply for all burning p_eriqd'a except the first.
The partly integrated equationsfor s small interval ENE
(1Y 8V = -g T cos « log 1“’-:-3_ - g 5T B At

1_\. . t-l
Y 2
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(27408 = (- C%sg 4% cos & + 2 ig_.)j:\.‘t *‘%.;‘T é;n"a 10871_‘-1(‘!73

Starting with {1)' we calculate AV %o use in (2)' for V from which we e ‘
get A6 to use in (1)}' for 8in & to get a better valiue of ‘-’ Altitude's

need not be calculated u.ntilv and 6 as functions of t are established -
and then they and the x's may be obtained by planimeter trom equations '
(3) and (A). Sample .calculat.iom from each burning period are presented.

- ~For coasting (rocket thrust absent) IH1' is not negli?gible 80 (1) .and

{2) become
. 2
v .. (3
3t *_) sin 8, y
w
de R\ o w_-
V—=—g(—) cos 6 4~——co2 6 + 2 '
dt r ™ ra—
. R
If the VE -term is negiected these equationa integrate into
L] 2 _2 R _R
i Vo - 1"233("-? ‘ﬁ)
and c0562 T‘l Vl
5 » Waich are the equations of motion of a body in an .
_ oael 2 V2 . .

elliptic orbit, whan- acecount is taken of the .effect of the sarth's moi:io_n
the second eqﬁation is modifi_ed for surijicieht acecuracy into.

¢o * - &l 4w
°% . 0N , VoRs R
| cog 9, s v

_T_nese‘oquations are in the form used in the calculations.
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TURBIT CALCULATION

Orbitel Motion Under the Newtonian Law* - In this appendix, the

equations of motion of & body will be developed in a form suitable for
use in uaiculating the trajectory of & body after it hes been accoléraﬁéd
to the proper sPeed snd direction for orbi?al motion,
The body is treeted as a particle o} unit mass scting under a central
force varying as the inverse sguare of the distence from the center of the
serth, in accordance ﬁith the Newtonian law of universal gravitation.
If (r,d) be the cocrdinates of the body with respesct toc the cantral
force, the kinetic energy of éﬁ; particla‘is '
T=1/2 (+ 2+ r B-ZL
Letting P denote-tha-accﬁleration directed to the center'of force,
the work done by the force in an arbitrsry infinitesinal diaplacemont;
(dr, 4 @) is equal to -Pdr, '
The Lagrangien equations of motion for the particls are

i"—rﬂz EOP’

2.
a(rg) _
dt © l

The latter of these equations gives on 1ntagfation

rza = H,

where H is & constant. This integral corresponds to -the ignorabls

- coordinate § , and cen be interpreted physically as thtiiﬁtegril cf
angular momentum of the particle about the center of force.
Eliminating 4t from the first equation by ﬁse of the relatiomship
* FWhittaker,"A Treatise on the Analyticel Dynamics of.Particles and

Rigid Bodies™, Cambridge 1937; PP. 86-90.
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&, ) R

r2d 2&

I.otting u o= %— , We obtain the dirrerontial equation of the path

= +u -=—""'; — (1)
d¢2 E N fuz @

-1f the particle be. projacted' rrom the. point whosa polar coorcnnates
xaro (R s @) w:lth a voloeitr? in a diroction making an anglo g uith R ,
the- angnlar momentum is’
H= Rovs 'sinl ‘r o-
If the central force per ﬁt_lit mass be ua,'. then -
| P=q u2.,
" Substituting this felatiéﬁ in equation (1) we have

+u=

d¢2 V2"R§- sinza’

This 1s' & linear dirrerential equéf.‘ion with constant coefficients whose

int egral is

ue m BESEEINTR g»

where ¢ and’ w are constants of integration. R This is the oquation of

a conio in polar coord_ina?.es rhoso tocus is' at% the o'z;il:gin whose

ecountricity 1.5 o ‘and whose -emi-latua rectun 15

s 'o Sina’

o

1l =

' The constant w _dot;rmimé-- the position of the apse~line.’
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Initially we havs

- Hence, it followa that - e |
2.2 4
2, TRy g VRt

6 = 1+ ,an&_

2
B

‘cot (q=w) = —_— + tan‘_o"-o

R 97‘351'__:1 ‘6 cog X_
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Appendiz E

_The semi-major axis, when conic 18 an el:lifpso, is generally dehdted. B

by a, and 18 given by

which determines -a in terms.of the initial dsta.

it ‘Io be the orbital ‘velocity of the particle, then'_by_ equating

central forces,
| mv2
m., 2
2 r
r

For ris R, this gives vﬁ =B { Defining V_ by the relation

: . N
Te "o (1 e eden

B ~ Yy B ’ 5
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Appendix ¥ .

Making this substitution in the oqugﬁt'ong. previously derived, we_ha'n ‘

> _2

°2 - 1 - ﬂinza’ +4@# Einzf‘[l + l/z_ev ¢ andv

. - Q.
£L=R 81223' (l - %';'
4] , Vo .

L A e

It R 1‘ne the minimm radius of tha orbit from the conter of the sarth,

R "R : 2
- min Loain 5 R\ A
¢ = l-= 1 "R =--[2‘('1*V- ;]“
o . 0
It will be useful to know the difference hetwean the mazimum and mnmm:-_u_"';* '
distance of the orbit above the aarth'.e surfac-e. Donoting thia quantity

by AH we have

max?

.

v |
G

2- (1+
If we wish to know the requirod. height at the atart of the orbit

av

ror given values of AH ax? ' , and =—
a vo

mi : ,wo rind

ohix ' mv)
Letting Al ‘-’no - R, denote the ma:imm altitude loss with respect to .

the starting altitude, we got

B ] e ]
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Appendix F
The fbllowing.p_p,.ges contain plots of the rélationshipa between the

major characteristios of the orbit.
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Development of Approximate Orbital Equaticna;:

et R
v

P
Ve
av

&h

S

Conservation .
of energy.

Conservation of

- Angul=sr Momentum

Eliminste V¥

Radius

Vsloeity )

Inclination to the horizontal

Equilibrium Veloecity in circular orbit at Rc:




e a e smEeanED sv:_.je]'(o_‘.gmﬁm_._. LDOUGLAS AiRCR%FT CO_MPANY, INC. PAGE: i3 £
oare-._ Moy 2, 2946 . SANTA MONICA - PLANT wooe.__ #1033

rivee.. _ PRELIMINARY DESIGN OF SATELLITE VEHICLE rePorT no SHS 11827

Appendix F




o TE-B-1

(Y woda rrxrarss my: BoBa Graham - DOUGLAS AIRCRAFT COMPANY, INC:  raon: - 14*"

oare-_. May 2, 1946 .. __SoNTA MONICA ° _ . PLANT wopeL._ #1033

viree.__ FRELIMINARY DECIGN OF SATELLITE VEHICLE REpoRT NOIU=11827

E-UATIONS FOR CORRECTIQN CF OREIT

Let ) Thrust
’ Mas.s
Velocity
Impulse
Fuel Weight
Cross Weight
Exhaust velocity
g Inclination to the horizontal

(A) Correction of Angle by Thrust-l to Fiight Path

Tdt = nrdV

I = impulse 2"’"? oV
P e
- (18

{B) Correction of Velocity by Thrust 11 to Flight Path

T4t = mdv

I = Impulse n/\W
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() Gorrsction of Velocity and Angle by Thrust in One Directipn

Tdt sin @ = =V
Tdt cos & = miAV

2
(“‘V + (mv
1] =

, ~T
1 -V;;z vzp 2 4 BV = &, ©
. )

Correction of Angls by Aerodynamic Forces

Idt = mav L=D*-(%)

L -
(D)x Dadt = mdVv

Setting D =
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G. THE METECRITE-EIT PROBABILITY FORMULAS

In the section of Chapter‘ll.. dealiné with the probability of & meteor- -§
ite hitiing 2 satellite vehicle ,‘certain probabllities and probability- |
‘based time intervals were presented ih the Tebles. The derivation of the
forrmlas used to compute these quantities 1s given below.

The meteorites entering the etmosphere will be assumed to have a rendom
distribution both as regards thelr surface d.ietrib_ution' over the atmospheric
layer surrounding the earth and as reéarda their occﬁri-ence with t.ime It
ic agsumed that the meteorites -travel through the atmosphere along the |
vertical and thet the planform area of the wvehlicle is normal to the vertical

It 8 not difficult to see that the meteorite velooity emd the vehicls..
velocity are not involved in the compu;t.ation of thé probability that a
meteorite will strike the vehicle. This follows essentislly from the
ageumption that- the distribution of the meteorites s remdcm with resgpect.

to sﬁrface area and time. Thus thesre wiﬁ be a certain number N of metear-
: ites of gpecified size which enter the atmosphere in each 24 hour pex'iqd;
and for any expoéed arss Ab’ 1t is equally likei;y tha;. this areﬁ will be |
hit regardlese of where 1t may be siltueted cn the surface oj‘ the atmospheric
shell, This mea‘na_that the aree is equally likely to be hj;t whether it is
moving or siationary and therefore the speed of the moving area is 1mﬁatezl-
jal, | | ,

Let the wnit of time be the hour and let an event be said to occur
vhen e meteorite hite the vehicle. Then the average mumber of events n -

which cccur in & mnit of time (1 hour) is given by

NAb
R T e I (1)

=3
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and the average time t required for ’_c.he_’fevent_. to occur is the reciprocal

of thie, or

It 1s obvious that the probability of the occurrance of en event muat
iﬁoreéae as the time t increases. Th? ?apj* in whish the time must enter is
{(1),(=2 L
deteminad by the Poisson expomential. . When an e'rent happens cn the

avérgge cnce in the time "'E the average muxber m of evente in the time T is .

Then, sccording to the Poiascn distribu'i‘.ion, the prq'bgbilit} prAthat the

event will happen exactly r times in the time interval T 1s given by

where e is the sxponential, e = 2.71828. Further, the probability p, that

the event will happen exactly once in the time T is

Py = m e
The probability p_ that the event will fail to happen in the time T (i.e. -

for the event to happen zero times) is, from (4),

.{1) RKenney, J. ¥.: Mathematics of Statistics. D. Van Nostramd Co.,
New York, 1941, p. 29 Part 2.

(2) Freeman, H. A.: Industrial Statistics. John Wiley and Soms,
New York, 19h2, p. 1lig, .
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It Py, denote the proba‘bility that the evemnt occur at least once in the .

time T 1% follows that Pl’f +-p° = 1 and therefore

This valus of p,, gives the probability thet the vehicle will be hj;tr at
leasgt Qg_c_e_ in T hours. . It does- —r.tot exclude the poasibilitﬁr that more than
one hit will occur in this time interval, end in faot, definitely allows
that more than one hit may occur. However, althbugh P, does not spec-:if;,
the probability of the exact number of hits in the time T it ia comsidersd '
to best represent tﬁe type- of probability wh.’;ch i1z moet significant since,
from Bq. (8), it is eeen that py, = O for Nor T = 0 and that p,, increases
ag N a.ﬁd T inorease,

The probability D1, on the other hand, which from (5) mey be \rrit'ben

) N;"‘.b
} r
-1-1.b 2Lde
S roa gL} Pt s emsssmmsomes (9)

does exclude the possibility of more than one Hit and refers only to

exactll one hit, no more and no leds: It ‘{8 evident the Dy is a much mare

restricted type of probability than 12K and has the odd charauteriatic of

becoming smaller vhen the number X or T is very large. This of c_:ourae

follows from the fact that eince pl refers cnly to exactly cme hit, when

N or T become larger and larger end there: are thus more apd ;né:rq- chances
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. for é__-hit, the chances that the vehicls will be hit o_gg"mco‘wi;__.lfbéc_omé_-ﬁ

f{sﬁallif.
‘I'he third probability of mtereat p s tho probabil&tf !‘biﬁb,}ft#at -
_aﬂ;-:ngevﬁmtad from Mb "
RSP Spmo e e o]

Comparing Eqa. (8) (9), and (10), it 18 ssen that as the time P imreasea,
pl+ approache- 1, PJ. nmat so through a mimm, and p approaohea 0. o
CGrtain prob&bilityabaled time intervala of 1nterest are aa ibllovs. f?

' (a) The time sush that the vehicla has a 50 to 50’chance ci‘not
"being hit, - In this case p_ .5 end the corrasponding 'l:.ime
to satisfy" thie ccnditian wilz be danoted by T (o 5). From ?..

{10), this is evaluated from

T {0.5) = = = 2 log 0.5 = - ué_ﬁ_lg__ y mmmm - - (11)
‘ R e N .

. 244 ' ' )

where the value Abe" 1.437 x 10;4 ie used.

{5) The time such that the vehicle has a 100 to 1 chgnqe.o: an‘ﬁ
being hit. In this case P, = 0.99, and denoting this time -

by T (0.99) it follows from (10) that
' ‘ 12

B oo . 1437 x 10 : L
T (0=99)-}a».-“-~.—° log 0.99 = - =2l cmmmm- (12)

{e} The time such that the vehicle has a I ,000 to 1 chance of
not baing hit. In this Py = O, 999 and the correSponding 5
time T (O. 999) is given by - _

244 S 11-

é. 1.437 x 10 o
oy 103300999 - - NS e (l};

T (0.999)= -
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Befors presenting the various probebilities, a few remarks will be
maede concerning the number N. In camputing the probabdilities of a hit,
c:uneI may conelder qithér the total number of metecrites of all silzes, or
only the total number of a certain size, or elses the total numbér of a
certain size plus all those of larger size. In considering the probebil-
1ties of a hit by a meteorite we are not especially concermed itith_the
entire total numbe;- of meteorites of all possible sizes since many of these
are too emall to do eny damege. o the other hand we are concerned with
meteorites of a cartain.given 8fze and eépecially jhl_mse aizeas which can
cause damage snd st the same time ocour with considerable freguency.
Furthermore, since vhemn considering e F:ertain gliven aizé the total number
of all larger eizes ma.y be appreciable, this suggests also the conaid.era-.
tion of the total mumber of meteorites down to and including those of
given size. | |

The number of m‘l;aoritea for these two caees sare givén in Table 1,
vwhere meteors of magnitude lese than -3 have not been included since they
occur too infrequently to be of any 1nxportamé. The table 1s based on the
fact that when the magnitude :anreaseé by 5,the number increases by 102 and
therefore for a chenge of 1 magnituﬁe the number changes by a factor of
2.5. Thus, 1f there are N meteors of magnitude K in each 2i howr period,

there will be

Nan x(lO) --------------- (14)

meteors of magrnitude M in the same periocd.
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The sum of all those of megaitude -3 up 6 end inoluding magnitude M is ~

giveq.by
-2
5

V | . M' - .-"! M
s, =N x (1) - E (10) o= -----23l--025)

Using the relation for the sum of & gecmetric series this reduces to
the form '

10 sm ') ~§m+¢)
S =~ —5— N x (10) 1 - {10) o fe == - -(16)
5 , . :

-1 C e

. : * .
Choosing a metecor of magnitude O as a basis for the computation, ¥ = Q,

t .
N = 450,000, and the numbers are then computed from the relation

i’

——

> x1{10) 7 , end = = = = = - e e e aea - (17)

N=4o5x10

mlE
.
Q
0
W
| S

'
'

'

]

]

]

I

[}

|

|

1

1

]

i
8

Sy = 747 x 10 [Flo)
- Qomparing the values of N and SH in Table 1, it is seen that for
magnitude 10 for examrle the number Sn is about 66 per cent greaster than

N, a not 1nconseque tial increase,
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TAELE 1

PARTTAL AND TOTAL NUMEER OF METECRITES

Magnitude Number of Total Fumber fram -3
M Megnitude M Up t:agidtuh;l:ding
(x) (5
-3 2.8 x 10 2.84 x 10
o 4.5 x 10° 7.28 x 107
2 2,84 x 10° b2 x 20°
5 4.5 x 107 7.47 x 107
6 1,132 x 10° 1.88 x 108
7 2.84 x 168 | h.72 x 108
8 7.14 x 18 1.18 x 10°
9 1.795 x 10° 2.98 x 100
10 k.5 x 10° 7.47 x 10
12 2.8% x 10%° k.72 x 10%°
15 4.5 x 10 " 747 x 100
20 4.5 x 105 7.47 x 107
25 4.5 x 10°0 7.47 z 107
30 k5 x 10lT T.47 x 10'1'7
2

5

B =4.5x10 Jt:lO5

» from Eq. (17}.

20
Sy = 7.47 x 10° l;o 5. .025} , from iq. (12
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H, Development of Stability Equetiom

(A)nnal sugg
T = thrust

m = masd” %'
V = velocity (a'wra.gh—‘)‘ -
center o" earth

M = pitching +

I "'-M?en‘h [+ mertia

d= disp;acement o:f thruet axts :Erom C.G.

M:1E ~
T;:wé + 72 _xz w = com b Zomvé

E e -;-_w %
T RT

LeT M = Ko [T0 +4%, 9,‘@2&) 5 Jat +K,[9+ate+@:) 91‘:_7
b ot 6 et 3] #fe oty dilFE ]
+K,,[e Fat, € f(ét«f} 3 t? +7d = &

-—n--

2! z

Vhere K;,,KE otc represent. magnitudss-of artificlally applied
restoring and demping moments and K, 18 an integral term necessary
for approaching the correct flight path angle when eccentric thrust

. 18 present. The terms Ato y b » ! ~ ete correepond to ti.m; :

lags in application of these moments.
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Differentisting the equation and eliminating ‘€

Ko/ +at, & +£_'€:'§ 1]+ K,[é #el,8 +é2£;tzé‘”"]

>

F o[E Fat, B 4o + 94] * Ks”W[emt3é +6t & +]
Z7

+H, V8 +al, é’f-z}tze -1V & =0
e foranrati ] m

For small time lags the equation becomes ;

56/ K]+6[K - _77'-9[7‘:' ]r@[_.al' =0

The conditions for stebility are that ell coefficlents of & ) y~3

etc must be positive and that .

BT [‘f][% ]>O

Either Kz or K2 can be omitted without causaing msta'bility

To aimplify a.nalysia omit Ep which would probably be the more difficult
term to apply in practice.

| Since all values of K ars normally negative it 1s svident that
the first stabllity comdlition 1s satisfled. Rearrangling the second

condition and essuming negative values for K, Kl,. ete givesn: .
/K3l > /K.,%v/ / K/

This indicates that Ex ahculd be Large, end (1f a velue of Ky~

is establlghed) that Kl ghould approach\ /mv K, .
Ky . VT
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N\

| ( B)@'bial Stages

M = pitching moment

— - ) Qr/ 2 \
y I = moment c_>£ ?,hertia W\V & .

d = dlsplacement of thrust axie fram C.G.

€ = actual hesding

§ = dealgn heeding as a predetermined funotian of time
M=T€

Neglecting time lag let
= k[(e $)clt + K, (e- SHK-,_(G %)+%+—-I—-—e_

Where K and K repreaent magnitudes qf artific ially applied -
- restoring and damping moments, and K, 18 an integral term necessary
for approaching the exmct desired heading whan eccentric thrust is
present. The texrm & 1s artificiaily amgli&l ‘ag a predetermined .

function of time, _
Differentiating the equation 7
Ko(€=%)+ K, (€-5) +1, (€ =€) — (¢-§) =0

eR ¢+ d-K) + d(-r)+p(K)=0

where ¢ = €-%

- Por etability the coeffic-ien‘(’.é of ¢, ¢ etc must 2l be positive, -

and since K,, thand Ko are nomlly negative thie ocmd.iticn is satiaﬁed-
Algo for stability

(‘ Kz‘x—i;s:? — (_Ko) > O
)KZ_H[]> | |
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{c) General

Fuaturs- investigationa of sta'bility might well be approache& :Ln e
somewhat diffarent manner. Since 'bhese aylte.ma are stabilized by |
"entirely arttiﬁc tal means it would seem deaimble to etipulate‘ the type

e

of motion desired and the damping and then dstermine the necaaaary

values of 'Kl By etc to accomplish this. ~ This approach showld b&'

mathematically simpler also.
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    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [612.000 792.000]
>> setpagedevice




