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PREFACE 

This report .on the Differential Analyzer is incl udecl in 
historical sut·vey of the machine and. e4p0~1nds a. theory of 
its operation. The report seeks to present for the first 
time. i_n ·easi.ly ava1lable _.~ublished :::--orm E discussion of 
this vihole ~Jroblem. H01'·reve~·, most of this :nateric.l here 
cle-velopc~d i.1a.s 1Jeen long familiar (in s.ltghtly differing 
dress) in the Ballifltic Research Laboratory, due to the 
pninstakingly tho;·ough study of t'ne mEre hi ne \mciertBken 
by Dr. L, 2. L'ederlck &.nd his assistantS. An·· extensive 
s.ysten:1 of forms and a.ccompanyj_ng _noteS hns been in use 
in the Laboratory anc1 bc..s lJeen modified i'rom time to time 
to keeJ up with improvements. On account of a r~~vision 
in the notet1on here Hd09_ted, &-nd· some consequent simpli_­
fj_c:•ti_on in uractical pPocedure, it hcs seemc;d unwi_.ce tc­
devote t{le _su:;,ce th&~t '~/ould be rer __ :uired to- ·exolaintng in 
detaD the several computation sheets &nd other forms 
wrlieh have teen em;Jloyed steadily hi.tilerto but which may 
be hoped in som.-, cases, at least, to have completed th;,ir 
period. of usefnlness. · 

No attempt 11~:.:3 besn m~_cde to ,n·ov-.ide a Dractical hu1Llbook 
for ti1e f.1echa.nical operat~r &nd for the repc.irmnn. There 
'Ls a larce amount of' accu'!iulated technical exp8rj_cnce 
cover-J.n:,; m~:tters of rnecilc:.nical adjt\stment and re:oc;.ir, 
which hc.s been and _probably ~·hould be tr•aristni t ted tmder 
immeO.i.ate operating t:onra ti.ons from one mechanic to the 
next anc} from one operator to the next. It· is ho[Jed, 
'no;~ever, thrd this rE::Jort may (v!i. thout need for )ersonal 
instruction) expl&inthe theory to any m<cthematically 
trained observer of the mac'nine. 

The c.uthor' :c indebtedness to the genero-us <:nd tin!ely 
essist;o"nce <mel fr·i endly construe t)_ ve criticism of numerous 
loce.l .veterans in this field of Lp~lied mnthematl.cal 
eng1neering haE been obvious tn tlle many who have p2ttently 
;mswer:ed questions and labored over hEcrcly legi'=>lc manu::;cript 
copy. It seems hEcrdly feasibll~ to try to name them all. 
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' 
. ~PORT ON_IHE 'DI)f;EET-illNt_IJ1.k.J1:!:TALY2EE 

. PROVING GROUliD,. MAEYLAN;!l 

(1\.s iu...ill!.IL.Jufy. l]!jg) 
' . 

_.P.art 1 ·--., 

. A. A1"D GGDPE OF TIJ:E jwAJ,Yzffi:Rt 
--~-·--- --

. . 'Ibe Diffel'e!"ltb.l ;Ana.lyae~; s6 named in l9.~0 by 
its inventor, designer and builder, Dr. Vannevar Busn,. 
(then .at the. :li.a.ssa;chusetts Institute .Q.f Technol~gY) .. • !s. · 
a: powe,J:'.driven machine. for obte>.ining mechanically an~·· 
:pdnt;i.ne;i in nuwericaltaoolar. form the; solution oLa.riy 

·'one of· a wide variety of total diffe"t>el'ltta,;t..<equa,.tions. 
·The machir;re at A':lerdeen Proving Ground, ada:pte.1t from the. .. 
original \now obsolete).Differentia.l·Analyzer. at '. 
Cambridge, 10:assachus.etts, is officiall:Y:<"The Bush •· 
Different"ia.l Analyzer•: · .: · 

The name "Ih:ffel'ent:lal Analyzer" wi.is dou"btl.er;siy 
chos~q because of the analogy which this name suggests, 
with the various vrell-known types. of. har.ri!qnic ~nal.yze:ro • 
.Howeyer, this na.:rne has been ·t)1ollght: )Jy many. to be somewhat 
of a misnomer. The maohina part a per:f.orrn as indiCated 
below, beyond"certain few, restricted alg'ebral,c ope:r'(l.tlons, 
only quadratm'es. i\.lthoue;h thi.s. map4irie has. the ~s"sentiil.l 
adv,an tage over early . ty-pes o{ 'planimeters ,and inte e;ra.rl'll.s 
of "being deyi.sed to accept as. input for elie.part o:£' the . 
machine the. output of. anqther" part, 'it :,.d.oea not .. "analyze· 
differentials". It C'otnnot even obtain.' t1w derivative of 
:an ar"bitra1•ily, given Slnoothly v~r·ying ;f!.f:i1c'l;ion •. <>ave at. 

··- - ;- •• ,> 

. ..... 



most in one case, it will not (as now set up) multiply a 
given variable by a given constant unless this constant is, 
save for sign, the "[lroduct of a small number of "simple ratios", 
Because of the extraoruinary fle:rrioility of interconnections. 
ii~ the machine, and the theoretical possibility of adjoining 
one or wore further "tables" if needed, other types of problems 
mic;ht be handled quite differently from those which now employ 
the fu 11 time of the machine, 

For theoretical purposes, the Differential Analyzer 
may be described as a group of independ.ently operable sub­
machines (e'1ch with fixed and movable -parts) interconnected 
by rigid shafts or cable drives, the entire mechanical group 
bei.'1g housed on a rigid steel frame, There are also electri­
cal control elements with :an elaborate se11arate panel 1Joa.I'd, 
Ao a further feature of the practical running of the n1achine 
mo.y be mentioned an air compressor. 

The sub-machines in current use and required in 
explanation of the theory, which serve to drive or adjust 
other parts of the Analyzer may be listed as follows. They 
will 1Je described ir1 Part III of thte report under tbe 
following headings: ' 

b. 

c. 

d. 

··~· 

f. 

1 Calil1~ting drum, fix~d settine: (does 
not deal with a sub-ma.chine~ 

4 Cali ~J•at.inp; drums and _£Ountei:_§ (hand (let· 
for trajectory parametersr:-

" Cr•,-,.nks, each hand driven (used only for 
reduction runs). 

1 Prime moto1' (requiring no mechanical in-· 
]iut.rromother pa.rte of' the machine). 

8 Integrator units, each wit.h separate power 
arive-:fiirthe output, and involving two 
inputs.· ·· · 

~1 (Input} Table.s, ec<.ch _with separate power 
drive·.for the,output; two with two inputs 

. each, and one with i1 single input.· 

6 Adders • each with a single output o,tnd two 
. i n]JU t S • ' . ' · ,· , .· ' , _ . . 



• 

11· 39 ~plin_g.::!; each eqnsi sting either pf a 
s1ngi"Elp:;~ir ·of enmeshed spur gear.s, OI;' qf 
a train of such paira~ 

•.--

'65 TOTAL: Sub-)'_Jachine s 

The twenty-six sub-machines which are not couplings, 
together with parts of the recorder, called printers, which 
latter receiv.e but do not· yield torque, constitute a li.<:t 
further sub-divided into !l§:_Q}1i~ __ elemi).J1ts, The first twenty.o 
six machine elements are the output elements of the. respective 
sub-machine and are de signa ted corl•~apondingly. There remain 
to be mentioned (as .currently in use) thirty~nine. input machine 
elements corresponding to the inputs of the given twenty-eix 
sub-machi11es, (mlt co.uplings). In particular, we have for 
machine elements the followinG output elements: 

~·-h. 26 Output elements. 

i. 16 !ni~U::rator inputs, consisting of eight. 
Qiff_~rentiB"l ;input.§. (each designated by~ , 
indic.3.tinr:, abscissa) and eight integran·d 
inputs (each designated by1'·, indicating ordi~ 

;i· 

k. 

l. 

nate.) ·¥ 

5 ,!;;tble invut'l_, consisting of three aoscissa 
inputs (each designated by~) and two 

· ordinate in:puto (each designated by t). 

6 1:rinter.....ifl.PJ!tll3, one to eaoh printer unit of 
the recorder. 

65 TO'l'AL: Machine elements (exclusive of couplings). 

Exclusive of the five calibrating drums and counters, 
each of the 1'8<:Ja.ining sixty machine elements wher; connected 
with a given coupling :Ls so connected by means of a (nominal) 
bus shaft. These sixty r)UI3 sha:fts are similarly numbered 
{1 1 - ::•, 0- 56). . 

Any adequate description of the mechanical structure 
of the Differential An'J.lyzer would mention also many other 
features and in particular, .£~~..EJ_haft~ and !!J2ira.L~!.!! . 
(elome right handed, some left har.ded)Which serve to convert 

--3- IW§Iti TP ' 
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rot at ian .fraiiL'one shaft 
angles to it, wi.th'na·•ol)an~;'! 

. . . . Of pr illi.E! import·a ..... ~.·,. ..• ,. 

of any me c.ha.ni cal can tri va.noi~:·i~i~~~f;l~~~:f~f~:~~!·~·~r~r~gJ·:~;~}~;: the Differential An4lyz<:n• 
the supply of fresh power, 
of .injurious vil:Jration. 
free.:playbetween connect 
and COntrols for ·safety of V,,.,I'!U,;L<l•I:lo:;(.<·il' 

without these the machine \tPl1 
emphasized in discussing the·::tne:t:JI"i'/ 
by the machine. 

In handling .. a physi ca.•i'p:t'.#~t¥ttt'\:)y·m$.~~Jai.}>} 
Differential Anal;vzer, , lil_n?'' ~~fl.il) 

( 1) 

( 1 i) 

_,_, 
·--;,··, 

'., .. 

(iii) Certain algebraic and differen.;t•:t:al:'.~:t~:at±.'Rn;s:•,,}•,it' 
interrelat'ing the-' :Primary · ''" .•.•.. ,,.,., 
parameters. 

Despite its extn(lrdinary fl.e:iil:J1H~~,:.i"n. i,ll:il,l!i.n;r 
regf!,I'ds, the Di.f.ferent ial Analyzer in the :fotln >><>W, .,. • ., 
eqUi(lped to handle· combinations of cert}'iiri rnathe:rnat 
steps only. · 



,- \ 

" 

. "' 

functional relations. The r.:~achine does only the following 
{the lettering corresponding to the notation of machine · 
ele~ents given previously) 

(a) Ac.cepting a t~iven additive absolute constant 
to be set by a calibrating drum, 

(b) Accepting as many as four given additive 
parameters depending upon the given .initial 
conditions t0 be set by respective 
caliorating drur!ls one or more having an 
auxiliary counter, 

(c) Accepting as many as three numerically 
tabulated one-valued functions each of 
some primary one variable, for more or 
less continuous hand-feeding through a 
crank (equipped with a setting lockl. 

(a) Accepting for automatic operation one 
independent variable. 

(e) Integrating one given variable with reapect 
to the differential of another given variable 
by means of an integrator unit. (At present 

·eight such integrations are continuously 
performed. The machine is equipped with a 
total of ten integrator units, two of 
which remain currently idle,) 

(f) Performing c·ontinuously (on any one run) one 
or more of the following three operations 
(but with not more than a single use of any 
one of them) 

( i) Obtaining fNi th the Template 
Table)the variable ordinate of 
a single one-valued function for 
a given interval for the .abscissa 
by means of an .arc pre vi au sly 
traced to specifications and cut 
upon a template. (The template, 
like the gear train, may be 
c)Janged between runs,) 

(ii) Obtaining(witb the Vector Table) 
the distance from the origin to 
a variable point, given the 

-5~ 

.~ 
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(iii) 

variable ordinate and variable 
abscissa of the point wi~h~n 
a fixed-circle in the squared 
cartesian plane, 

Obtaining (with the Div.isipn,. 
Table) continuously the ,variable 
value (within eertatn bounds) of 
the quotient, given the variable 
nu~era.tor and the variable · 
denominator (not ne'a!-.:l.erq), 

' · .. ·.,·.:.:· .· ; . 

(g) :Forming (with an Adder) the neg~~oiJ/e of th.e 
sum of two given variables. ' ,.- .. 

(h) Multiplying a variable by one or s_!!;v:er~l iimJlle 
rati.Q~, each contained in a fixed· shortli·st· · · 
\at :preaent consist,ing essentially .. of .. ,4., ..• ~·2, 
-5/2, -5/4, -1, and their reciprai:als oJllY:};. i< .. 

. - -. -- . ;: . : '\•. 

(i) 

( j) 

(k) 

( 1) 

Using any previously lor simultaneti\.!.!lly) :•! .. 
obhined v»riable as differential. o.r"<is ' · 
integrand in a quadrature by- an :fnt~r~to-r ·_ 
unit. 'c,.-, __ · · 

. :, ·,. ·' ·.,:'":" 

Using any :P'reviouely (or sim~:l:t~H~<ni~fi,> . 
obtained varia:'Jle as independ~ri'li'a'!isoJ~-sa -· 
or as independent ore ina.te in,any 61;1e 'Qf,:t'he 
three operation!) described .under ·(f)~· · < ·: • _; 

using a~y p!'edoJtsly obtained;;vlli-~ble a~·;,I( 
tem in a sum whose negative is ii"bta.:l.netf 
as in (g) ~ - · . ' 

Maintain:j.rt.i autO!!Iatfca,lly (wJth the ~JJCI.)£aer)· 
a pr:tnte·d table of valiXes :Q:t\ as l)lany' as six·. 
of, t):ie variab~e~ as theee•eb4!'lge·•,gM]iS;~ng a . 
run, for convem<:)nt · assigne,!i, •. ceqUa';\::''~:nter,vals 
of a selected one o:f these 'ja.rl,a.bl~l'f. Ji.lBI.) 
printing the values of the select.ed'sii:: _ .• -__ · 
record varia1>1es at any desired prf\-:;il:ls:i:gne<l,, 
value for any one of the variarl).les 1 : thr9ugh ·. 
direct observation by the oper;it<;ll' of i;he'' 

-changing values of the chosen varia"bl!>, 'who ' 
slows the machine nea.r the e'ritical,_,i!!\~J:!;iffon; , 
and operates the printer by 11and,-pl;i.:tl'¢lJ: i'1~en ' · 
this position is reached. · · :•. ·>ic:-- ·.,-, .- · 

A variable is-represented on the machine by the total 
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turn (angular di splacem:ent) of an appropria'te shaft. Angular 
speeds enter in the theory only through their ratios, although 
for mechanical efficiency there are certain restrictions 
(discussed later) upon the maximum. speed of some of the moving 
parts. 

Part II 

. [!!ITORY ·OF THE :MACHINE 

Amachine (now superseded) called by its inventor 
and buildel? 1 Dr. Va.nnevar Busht. (then at the .Massachusetts. 
Institute of Technology), tb:e .Differential Analyzer", was 
in operation in 1930•. although according to its inventor, 
was "not yet completed". in December, 1931. It incorporated . 
in more flexible fo~ the same basic idea of interconnection 
of integrating units s.s did an earller model by the same 
inventor referred to as the ~M .. I. T. lntegraph" designed 
for solving second order· tWdinary differential equations, 
and which was described in several articles in 1927 and 1928 
to which references may be found in the a,rticle next named. 
The first authoritative description of the Differential 
A11alyzer is the followine;: V. ·Bush: "The Differential 
Analyzel', A new machine for solving differential equations. 11 

Journal of the Franklin Institute (212) 447-488 (1931). It· 
has references to previous work and other related device.s. 

At the Christmas meetings, 1929, Qf. the AmericA.n 
:l.:iatherrmtical organiza.tions, held ·in :Betnahem, Pennsylvania, 

.Dr. Bush was one of several speakers invited to present 
expositions of various :phases of applied·mathematics, Plans 
and objectives of the Diffe't'en t ial Analyzer were discuss,ed. 
Profess or &rker, Major, Ordna·nce He serve, them newly 
apnointed head of the Electrical Engineering Departm!mt ·at 
Lehigh University, discussed with Dr, L. S, Dederick. of the 
Proving Ground .and \~.ith Dr. Bush the possible use of the 
An<tlyze1" for computation.of trajectories. The aceuraoy.of 
the machine was expected to fall so far below the normal · 
standard ooing deirllU1ded for hand-computed trajectories tb!lit 
the project seemed hardly .feasible at that time. In 1931, 
Captain Phil\ip L. Alger ,of .the General Elec'tric Company, 
Sche"lect11dy, and associ a ted with :NI. I. T ., while on summer· 
·duty as reser-ve .officer, also :became interested in the 
possibi1ity of replacing tbe laborious. hand computation 
by the mechanical use of· the N. I., T. Differential Analyzer 
whose encouraging yerforruanco (•bonsicl,erably better than 1/10 
of one percent") he had witnessed, In Septembor 1931, ne 
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Vl!'Ote letters'to Major tlomars atM. I'. To ·and too .. Capta.fn.; 
Guion at the Proving Ground and to"Profes~·or Bennett, at 
Brown University, formerly in charge of balli eti c. · 
COl'l]Jutations, and urged the staff at M. I. T. to adopt 
steps to transfer some of the trajectory computation·to the 
Differential Analy~er. On Septe;~ber 11, 193l,Dr. L~ s, 
Dededck in accordance with suggestions from Majoro0mers 
and Ca.ptCJ.in Alger forwarded to Dr. 3ush (la. ta sufficient, for. 
setting u:p a particular '::nllistic problem for trial. :vuri!l.o:p 

~' . 

the machine. 1\. 'brief demonstration was c ortdueted on :.Jepternber 2¥19 
before a small group of· interested persons inc .. l1.Jdirig a.Il!Ong others 
General Hamilton (retir•ed), Captain Guion, Dr. JJerlericJ;:,··Mr~ Kent, 
and Professor Bennett. A more extended report was prepared by ·· '.. 
Dr. Dederick for blu.e printing and distrl.but;ion entitled: "'the 
Applic,1tion of. Dr. Bush's Integraph to llallistic Problmua" • 
An informal report of. this demonstration was prepared ·by · 
Professor Bennett and sent to General Tchappat in Ol.!lticip(l;t~on 
of a genaral conference at !J. I. T. on the subject. of tho· 
Analyzer :ott which General Ha.mi lton, then retired, we.s ·present •. 
Dr. Dederick, on Novern1Jer 6, 1931, wrote· expressing .the hope '"'' 
"that the Ordnance Office would see fit to· authorize a 
system'1tic program of trajectory computations 'for, the Jlt. ·I. T. 
Analyzer." · ·· 

As an outcome of this demonstration, authority: was .. 
gi'anted (o.o, 471.9/642 and A.P.G. 413.6/330) to. cD.llduct during 
the month of June, 1932 a test at Massachusetts Institute o;f 
Technology in Ca.m"oridge, Massachu.setts "of the utility of 
Dr. V, Bu13h 1 s Differential Analyzer as appliedtQ.W:Orkin· 
Ballistics.'" Thie wa.s carried out by a Collab!)!'ation o:t ... 
personnel of the Inztitute and of Aberdeen preying Grou'tld •. · . 
Dr. L. S, Dederick wHh Mrf~~tkins, a computer, spent tl).e \nonth 
of June in Cam'bridge working long houri!! daily. with Fr.of~ssor · 
tlanmel li. Caldwell, Director of the Reaearch Hall 'i;n':Eilectrical 
Engineering, and n.mnerou s aseistant:J,in part iciHar wi tl}~ 
M.r. Frost, Jna.'chinist, ,as well as enjoying occasiona-l interv:l,ews 
vJith Dr. Bush. himself:., · ·' · · · · · · 

-.,'-
-, .. 

As Dr. Dederick states in hl:s .of.ficialRepdr:t'·oh··. 
the fest; · · · ···. · ,. '·' 

. "It vi3.s planned to. execute systematically by; mean.s, ,;;~f 
this machine all the ·basic: integrations necessary f.or,the, : ,·:' 

. cons:truct ion. of a complete range ta.ble .and to use whate;ver 
time rer1rlins. on: short testa. covering as wj,de a variety·• .. of 
problems as possible.. The range table selected wa13 i'o;t th~ 
16'' Howitzer, :M:odell92b. 2l00 lb. A. P. J?rojectile, li!uz'zJ.E! . 
Velocity 1950 f /s. This required angleli Of departqre 'from' OP 
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"Reducqon of Firin£!l.. • • ; •• , •• All the uJ:iual 
cort'ectiona being provided for, the. final va;tuea of C.· (tl]:e .•• 
ba.llistic coefficient) for the range firing angles wer&· •..... 
. obtained, ,.in the u~al way •... For purposes of comparisqn :the.se. ··. 
values.'Vi;f'!'e plotteQ ori the sheet onwhieh .the . .short arc C ... · .· · 
hadi previously been drawn.·. Itw.,.sfouM ingei'lera,l tpat the. 
new point·srla;r closer to the curve i;h,an the olq ones~"' l'hus · :,,, 

. what.ev'.er' error had been introd.nced by the machine ·was less 
. than the aecidente,l error odginally atthout!<O. /to the::ril;nge• 
firing-. in smoothing··Gut the C~curve.. • •• ··~~;•.,:·'· .:··: :· '·, . 

' ' . . ' ' . .- - -' ·- :' - :.._.', ~'-

·,"Qita:t~terilitic:S' to. be_Qo~!liaa;ed. ···ine ~h~a«~ ;; ' 
teristies of the anal~~r ~y be conside:r&d. f!'~lili~l;le·•:Poll.nt !Jf .. 
view> of speed, accuraey .• relia:lJility, .. simplie-ity,J>J,~ethodi.·· · 

.·field of utility, possible imptovements. pe:rs?.i!alre(}.1Ji1'e~p.ts; 
. eas·e:. of repatr·,· .'a)'ld• total expens~.· (.T!leae a:re.:tnel'i .t:rf>ili.t.ed., > 

. ' ' ' : ·' : - ··' . .· ' ·.- ' '. •, ·._.. , ' 
;:--

... . . •·. 

·.·~·:.<:i 
.,,;·; 

.:. ,",' 

·; .. -. 

· ... ;.,; 
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seriatim.) • • • • • • It seems very conaerv~tiva to .say that 
. the machine will work trajectoriea fifty t.imes'aa·fa.at as; 
the average comput•er,· ...... · ·rn any case we may ero-·tltaik: .. 
accuracy sufficient for all practical purposes eith~r. ha.1V, 
been obtained or can in all probabil:l,ty be obtain~d b;f <. · ··· .. 
simple ch~ngfls in prt:~eedu". . •••••• · In· tact we maiy say-. 
that the month's test of the Analyzer was ·attended by ·a·· 
soll!ewhat ;remarkable chapter of .accident so' .... •:. •• ·" .. · ··•·· ,,., 

~ ·.· .. , ~· ' 

. ·~ 

"S~, it. become a evident f~oll! the 'roregoin!f 
that a Differenttal Analyze!" oo!lld b~· b!lj,lt at tM l>roviM· 
Ground which wolil'd perform various kfnd.a of balH'~'ti¢? e·· C ····· · 

·computations wtthall needfLll accuracy, that it,a o;perat:i,o.n• .. ;•:.:' .. 
and D,Iaintenance would.requi;t-e :JlO 11nusual skill; thait ita··· >o, , 
spsea ;!,6 f!uch as .. to ~nsure greatly· incr('lased qut,:p~~ of·'>Wo;l"Jl:' ... 
by the .Balli~tic S.,ction,;' in. any emergeney •. ~'nci tJ!l:e;·pel'£o~rr<Jil. 
of ro\ltine \'IOrk at a S!I'Jl3;(l,];er total expenditu~ of ft1P.ds• .th?>t• · 
its u!:le.inthe prepi~tr•~tion of range tal:rl.eE!wO!'ild,;r'eplMe ··· 
numerous complica:ted·i'Utd i11direet methods now in,use, bye .. ·· .. · 
relatively sil'nple 1 . Ur1if'or!l).; ~:qd di.:.·.ett:t proce sse$, • tb,~t.·it\!3. ,, ., 
use would pe'l"'!Ut ,t;he fn-vesti~:tlon of va;r>i0us prohl.J~~ li'fh:<),se: 
solution is' nece s\:;a.ry to itn1; !;\li;Van¢e \In ''ballisti~· w~~Yi:ir .. 
practice~ but Whose Study ·bY pres en if 'm\i!'thoda invol~i(~\ ,· 
prohibi:ti'Nl· amo11nt of labor of ~1\!!lipwj;a:tion. ,,,,,.,,:;·; ·., .. ::-< 

' 1ltecogndations .• '} l't ia,,recmn!rie1'lde~{th'$>ri'eldf~:;; · .. · ·.:···· 
·that· the bu!:l:ding of <I! Dif£e~ent:la::J.''.~e;1yzer be a.u:t.hotiaea_, < .. 
· ·~imilar t'o that·. in :<>:pel"a·t:f.on~t ·tlie''·:.l!aasaQ}lnirett:s. instH\ht'(( , . 
. of Technology, 'bu.t ha?ing ten or more :l:ntegra:ting uni:ta, ·and 
some or al} of tl:ie improvements alr:ady·eh:lsln:•i~?·."'\. · .· 

'l'he test t"o.l1'tS not Qnly- proyed ;;l'ii a whO:i:e ~a.ti~f'acto t-y._ .· .• · · 
they even f!roug1:rt to Hgr.t two instances of\' errors in th~ pri'nte.d · 
tables and one ·error inean e:xterior''ba:Ll::l:c~t~.cHl azy,d .one irt: an' ,.. ·.. :· 
:interior ball:l::sties •trajecto·ry~. · · ., · · .• · 

On .Tuly 8, 19:32~ Dr. Dederick *:(ting<to 'Pr,; Bl,i~h • 
remarked, ".My own opinion is 1;h!l&t the Government ·~ertainly 
ought to build a .mao]'l.ine: eesaritially the:• sa.tne ~s yours and, I·········. 
eMU <lo all I can to·:f'o:ry.rard such .·.f.t project •. Major ;a~h!J+, t.~ 
new of'ficel" in cha;'l;'ge'of -th~ Ba:U:i.~tic · Seot~~)'l• se~i'q,s .,''•eror· 
favorably im:presse4.• ··I. f'ear, howe'rer, that thtf'!;'ie::~r~,,. , 
serious. diffic-ult!a-s~ .a-•••••·•·•" ·:~ · ~~--,. ···-' 

. . No· furtMr :of:fioi?-l steps were. t.;!.ll:en; ;~"f6YffJ:',,for .. ·. ,. 
more than a. year. :Ge.»t<'o.i:il Als.er s9~ht. to;~~'V>lil' activE! m~a.!lu;r~s ···.·, 
initiated, ·and h~ visit~d .and ao:rreepon<l.ed, wit}l .res:p~psibl.e ( ·• ···• 
authorities at Abe:t"daen and atM. r. T •. ;l·n,November~ 1,,93:3, •... ·· 

':-~ 
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Colonel Shinkle made plans to travel to Cambridge to inspect 
the Differential Analyzer and discuss it with Dr. Rush with 
a view to possible construction of a machine at; the Proving 
Ground. The travel order was never utili zed however. 

·:' :.-.: -:·- - .·i"-.:_'- . 
:F~arly in .December, 1933, Captain Aljfer visfted 

Professor Caldwell and shortly thereafter wrote to him u.rg!ng 
tho prompt securing of bids by manufacturers for building at 
Aberdeen an Analyzer for the Ordnance Department. 

Finally in mid-December, 1933, the ProVing Ground 
was authorized to :procure a Differential Analyzer to be 
installed at the Proving Ground. Since the· original. :Differential 
Analyzer was th.e progre-esi"lte outgrowth of muq~ continuing 
experimental trial, and since most of the par-t.s were CUcstom-
made a.nd often prepared in the university laboratories, .and 
since aevera.l basic improver~ents had already .ElllggaJiteiL 
themselves, the bll.leprinting or sui table f!tandard specifications 
involved the intelligent work of a designing d,raft~n· f~Hiar 
with the prin.ciples and :practical problel!ls of the, lJ:iaChine, At 
the request.a:!).d with the cooperation of. the).l:OOI'e School' of 
Electrical Engineerine of the University <?f J?·enneylovania, · 
working drawings and specifications were drawn up fbr':'the 
construction by~. W, A, labor of a Differential An<;tl.yzer in 
Philadelphia, The Amy arranged to p!lrchase for $500,00, 
as they were being raade~ a copy of tbese pl~ns .and soon!· 
began receiving competitive bids .for the se~er?;l parts ·involved 
in the erect ion of a similar machine a.t the' Aberdeen Proving 
Ground. Eventually the sua of $800,.00 'l'la;i paid to the 
University, · · 

" . The oonstruation of' the two machines, one .·iii 
Philadelphia, the other at Aberdeen, while ca!'I'ied ci'ti by 
different means and differing in details, were roughly 
parallel and. based upon essentially the same specif'ica,tions 
as these were successively drawn u:p. ' · · 

A three-cornered interchange of corraspon\ierlce a.nd 
officiahvisits was .maintained involving the Electrical · 
Engineering Department of M. I. T. ( chiefli Professo~l': : 
S&~.rnuel H, Caldwell and Mr. Frost. machinist,), the MOOre 
Schoo.l of Electrical Engineering at the University of 
Pennsylvania (chiefly Professors c. D. Fawcett and Irven Travis .. 
and Mr. Nelson, machinist,), and the Aberdeen Proving Ground 
(chiefly l<lajor N, w. Rehm, on contracts, and Dr. !,.. ;;;~ Dederick 
and Mr. L. E. Bauer, machinist,), Some not;l.on o:t'·the further 
chronological sequence will be g:!,ven by the following list Of 
selected dates; · 
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.l!'ebruary 21,1934, Working dra.wings for substructure 
received from University. of Pennsylvania. 

April 2, 1934, Specifications for inteerator units {194 
drawings, some 340 part,>) completed, \Units for 
delivery before .Tune 30, 1934,) . 

April 23, 1934, Specifications ·for Adders and :B'ront 
Lash Units completed. 

May, l'jil34, First bids received for integrator unit parts. 

August 22, 1934, Specifications for 2 rectangular 
input tables {87 drawincs) conr,_Jleted. · · 

October 21, 1931, Newspaper re~ort, "Three-ton 
Thinking Machine is just 75,000 parts now." 

February, 1935, Input tables inspected at M, I •. T. 
and shipped to Abe!"deen Proving Ground. 

March 15, 1935, Specifications for one Recorder 
(52 drawings) completedo 

May, 1935, 1fujor N, W, Reh!a traveled to Cambridge to 
observe and confer on electrical equipment, etc • 

.rune, 1935, Specifications for Control, Protective 
and Auxiliary Electrical Equipment,. completed. 

September 30, 1935, First complete trajectory run off 
at Aberdeen. 

January, 1936, Mr. L. E. Bauer, machinist of the 
Ballistics Laboratory, Aberdeen :Provine; Ground, went 
to 1i. I. T, to discuss numerous mechanical changes 
in details and to compare performance records. 

Ordered parts arrived from time to time. corrections 
. and modifications were made . in working drawings, and elaborate 
teste were instituted to discover the most effective distribution 
of limitn for loads, spead5, tl'aVel, etc., and to recognize a.nd 
correct where possiole mechanical defects. Incidentally, 
Dr. Dederick noted that the resistance to turning of seq!J.encea 
of the spur-gear connected shafts seemed to vary appro:ximately 
as the {3/2) power of the angular velocity of the drive.. oince 
December, 1935, when the Aberdeen machine started its lir'!l. of· 
practical service, e~perimentation haa continued, numerous 
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·modifications, some of them :fairly fundamentals 'have been · .. 
introduced, and further expe;tience ~a j~stified arter:ationi) · 
in limits formerly specified.> ;\Jilong 'the :illlprovement!'i: · 
originating at Aberdeen, (many o.f thenr,d~X::ili& the fi,rf]t, / 
experimental ;1ell:rs) a;re ·the· t'oUcwing: · ·. ·'·· · · < > li•\•h'i:> .. ' .>· ·>Y , , 

(1) Auxilia~y hrge da:nper wheels (used .to atiin.P out .· /. 
:fluctuations in angularvelocity)att'~en~d,;~Y ,; ··,· ... · 
friction c£>ntact (with springs) h shaf'fS•·:be:artng•~;i· . 
output of integra:Y<:~rs (suggested by))r4.•'l:..i,'.;S. · 
Dederick) 1935. :_ • 

(2) A drying chamber incorporated in_ .the IJ.iy;.~q:~~~~es~~ · 
unit which latter drives the tmpressi,on )#stohs of the 
recorder (auggeateQ by Dr. L. s. Dedericll:), 

(3) 

~4) 

(5) 

(6) 

( 7} 

. . 

A follower with blunt tapered trdricated;"pblnt~ 
to follow a ridge Jn a tel!;tple.te in.a~:;~.nput ta:P,l.e 
(suggested by Captain Elmer Goebe'rt} >1;:935. · l:l:o_ 
replace· sinlple poin~er and readl~~. g;aEH>.) .. , . · 

.. ;··',. 
' .-.:. . . ' . . . .· . ·:-; . :· . ~ 

A second synchronized ].ead SO:J\'ew for t.M carrii.li~ of 
the input .taole to avoid accidental defrectioi:l~;~ ,of · 
the carriage (suggested by Dr. L •. s. · Dederiok)/1,935 •. 

,, . ,.., '.". ' . ,,7" .".' 

:AutoJ:ll8t ie cam contact ("punch") fer J;'e,c\'>t4,sl', · 
(nprinter") (designed by Mr. L. E .• Bauer)' 111.~. 

·,:' . ." 

Present design (after si.rver~l intermediat~;m~d~l~i 
of au-tomatic, power driven fol_l ___ ower using ma~r:_e .. :t:i¢ 
clutch drive lsuggested oy Mr. L. E. Bauer). ''1;939,. 

Vector Input Tables 
Dederick) 1941. 

·i. 

(deGigned by Dr~ L, s. 

Moet of the numerous minor improvements in 
mechanical adjustment originating in Aberdeen are Clue to • 
Mr. L. E. Bauer, who also among his other dut;fes supery:ised · 
the construction and installation of the. ):!lachine and i-ta· 
later associated parts. 

Part III 

~CRIPTION OF Tl'Di: D!:Fll"EP.ENTIAL AllALYZER AT, AJ3ERDID.:N 

A. Qenera;J. Diagram 

. ... ,,, 

It will· be unnecessary to describe in minute: deta;!.l 

,, 
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the appearance of the DifferentialAnaly:;;er at the Aberdeen 
Proving Ground since i;his Report is designed only for tqose 
readers who will have im_mediate access to the machine itself. 
In.mechanlcal. appearance, the Differential Analyzer may be 
briefly !iE)BCri bed as a three-ton machine .composed of two 
mutually perpendicular systems of parallel shafts and 
interconi'Jeoting gears (with some flexible drive cables) 
bound· in 'a l'l!assive rectangular steel frame, 25 feet long 
and 38 inches ·w;!.<l.e • together with adjacent "integrators• • 
"taplel:l" .for input an.d output, and other features described 
Iwter. During a run, the ope rat or remains at the. front. . -. 
For computing .standard trajectories the operation of the 

·machine is ·almost wholly automatic save for the need of 
control over the variable speed. Howe.ver. in reducing 
o'oserV!ild data to identify the appropriate.value o;t' the 
balliStic coeffici~n~recorded deviations of observed. 
meteorological variations from standard conditions are ·fed 
in by the operator by hand cranks attached to appropriate 
bus shafts. 

A schemati.c diagram of the machine. is as fpllows: 

~' . . .... 
' 
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·Various parts of the machine proper are firmly. 
bolted to a single weld.ed substructure which is a frame-work 
of structural steel elements on a concrete base. Tb:e body of 
the machine consists of ten separate "bays" alternately 
"short" and "long", separated by cross tie plates. These bl;>.ys 
are of the ea.me width ( 38 iDches) and general design but .· · 
differ in length. A short hqy is 22t inches long with three 
cross-shafts to accommodate a. single integrator •.. A long bay 
is 31! inches long with place for six cross-sha:f't:a, the' first 
three (counting from the front) for the second integrator of,, 
a pair, and the other three for a "':!'able"• · 

In each bay the border cross-beams .are perretrated 
by 31 housings, 15 in an' upper row~ 16 in a lower row, 
with 1 7/8" between adjacent centers, both horizontally 
and dia.gohally, at 60°, thus 

o o o o o o- o o o a o -9 o o o 

1)£1' AI L 

·iis'-' -· ---4 

/\ .··;··. ·~ 
Q d " 0 q • 0 - 0 t!J 0 

j'f~fl t%•1 .. '1 II· ·.··' 

\I ~- \/ 
--+~<- 1 1s--~o<---

Fitted :permanently in each housing and penetrating the cross 
tie plates separating adjoining bays is a short t inch "bearing 
shaft" or "fixed bus shaft" protruding 4-7/*"inches from the 
housing equally into both bsoye. Available for joining two 
longitudinally adjacent collinear bearing shafts are. "bus 
siuft secti one", lli inches :f'or use within a short bay, zot 
inches for use wit.hin a long baY• Many steel sleeve couplings, 
each with two set screws, are on hand and many are used to 
join a b.us Bhaf't section rigidly with a,. bearing shaft. The 
other end of the bus shaft s,ection io then eil.;her coupled 
similarly with the next longitudinally adjacent col1inear 
bearing shaft, or is supported while revolving freely in a. 
bronze housing, called an 8 end coupling", attached. by a 
single set screw to the next collinear bearing shaft wb:icl;l. 
may or may not 'be rotating under ~sef)ara te drive. A rigid 
longitudinal sequence, composed alternately of ·oua shaft 
eecti ons and bearing shafts, ccmsti tutee a single complete 
ru a snaft 1/ll" in diameter, which may or may not extend . 
the entire length of the machine. We. sh.all later refE!r tp 
gear couplings also. 
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The machine is equi})psd also with auxiliary detachable 
over·wtsses or "viaducts", cornpose(i of one or more housings, 
for transmitting the anglllar rot,~tion of a shaft through a· 
t-,..ain of spur gears at a level above that of the normal 
upper c-ow of bearing shaft housings already pPovided in the 
regular cross tic plates. 

' As D\:>. Bu;oh renarks: "Any cross shaft can be read! ly 
connected to any bus shaft by inserting a spiral gear box · 
betV!een them, a:td one will then. drive the other, Right and 
left-lu-J.nd boxes are supplied in order to secure correctly 
rel'lted d.irectians of rotation. One bt:s shaft,assi"gned pei"JJlat.-' 
ncntly to the independent varia"ble, is driven by a variable 
speed motor." (This :'lot or is controlled oy any one of ten 
control boxes located at various places on the structural 
frame· as explained later.) 

B, The Calibrating Drums anQ_Qounters 

For the bus shafts and their interconnecting 
couplin~s. there is little occasion to consider the choice of 
an origin. The gearing determines relative rates of shaft 
rotation without regard to any additive constant. HoVIever 
the ~ntegr"'nd for art intee;rating unit• and each of the .variables 
on any ta1Jls, as well as the recorder would be affected by the 

. introduction of an additi-ve constant. A calibrating drum with 
retractible operating crank is :provided for the integr13.nd 
with each integrator unit, It will be mentioned again in · 
describing the integrators. For eaoh of the input vari.ables 
in each table, and for each of the six printer units .. 
arrflngemente are p1·ovided for making a Correct init:l!'lX setting 
for any desired .run. The total nu1nber of revolutions of a · 
lead screw for a· table is registered by a counter, with a 
calibrating drum to ind icata fractions of a complete revo­
lution, In the ca,se of the printel' the printing discs ca.n be 
set individually by hand, and there is also a knurled knob 
which may be pulled out to disengage all printer discs, and 
theil turned to set all thirty Of these diSCS Si.lllUltaneously 
at zero. 

C. !he Crank§ 

reduction 
through a 
otherwise 

There are_three hand cranks, operated orily, for 
of observed range firings, each· of· v1hich transmits 
geG.r train and adder an imposed correction upon an 
automatiM,lly regulated dependent variable, Each' 
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crank is equipped with a loqk,inr;· device to avoid accidental 
input. When used, the cranks deal with slowly varying 
corrections, and more than one may be easily operated by a 
single person, who keeps one crank,·locked while feeding in a 
small change by another crank. lt ha.s ceen found convenient to 
iptroduce small finite increments in .a regular staggered oraer, 
rather than to attempt to fpllow all three continuously. The 
adders .associated with these gears are -left in connection even 
for standard runs, in order that the lo'll:de may not .be changed 
unnecessarily. 

D, The. Prime Motor 
~. 

The prime motor is located under tbe main frame 
bene.ath ~hprt :Bay I II, It ;i.s a direct current, one-half 
horse power, variable speed motor connected by chain aml 
sprocket wheels .{with a. speed reduction to one-third) to:.:. 
the main drive bus shaft of the entire Different ia.l ·· 
Analyzer, The m'l.Xinrum rated operating speed of the moto:r-
is 1725 r,p.:m,, so that unlesl'; spur gears are introduced 
the main driving bus shaft should not attain more than 
575 r .p ,m. but in fact with current ava:ila ble will run at 
ne!'!,rly 8.00 r.p.m. The speed is indica.ted by a tachometer 
visible to the operator. The normall"unning..speed .is. often mot 
more· than 400 r.p.m. or less according to limits on. the apeeds 
of certain integrator units or to limits imposed b:Y t}1e · 
automatic follo1ver in maintaining contact during a steep 
part of the ret;1rda.t ion coefficient curve. Speed -contr.ol 
boxes, one at the operator'e left hand and others. on 'lmrious · 
parts of the machine, as well as automatic cut-outs, will be 
discussed lat~r. · 

E. 1'he _Integra. torg 

Quoting from the crfficial Specifications, April 2,1934, 
we read 

nDes~:ription of. the Integrator 

(a) The integrator consists of a massive carriage which 
is moved horizontally by means of an accurate lead 
screw. This carries a diac in a horizontal plane, 
which can be rev·olved imdependently of the carriage 
position •. Resting on this disc and pivoted in 
je><elled bearings is a wheel or "roller" with its 
axis parall<;Jl to the ways and [with the roller) 
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lying in a vertical· plane through the center of the 
disc. The outer bearing of the roller .shaft. is 
located directly over the point of contact. • E'nd 
play in· roller-shaft and carriage pivots is 
r.ernovaole "by an adjustment. There· are also p,rovided 
adjustments 1Jy Vlhich the rolier-shaft can 'be brought 
ac.cilrately to its correct position. 

(b} The torque transmitted to the roller-shaft is 
transferred to the input shaft of a torque amplifier, 
a given rotation of the .. input shaft producing an 
equal rotation of the output shaft but with a. 
greatly increased torque. The energy is supplied. 
oy an independent and constantly running \half-hor.se 
power} motor which drive !I. a pair of drums in. opposite 
directions. 

(c) The ten (10} integrators are mounted in five (5) 
pairs on a single base, with on.e mdtor supplying 
the energy for both torque amplifiers •••••••• " 

The several integrators althoUgh applied'to different 
variables· coincide in construction and manner of operation, · 
At present (.July, 1942) tho: first 'four pairs cmly are in . 
active use, The rol;Ler is of hardened steel, ground and 
la:<Jped, its edge is given a rad:bs pf aoout .002 inch •. 'l.'b~ 
jewel of. the bearings is artific:t:al sapphire rather t.han 
hardened steel. The integrator discs are of plate glit'SS 
.250 ! .• 005 inches in thickness, with surface true to 
within • 0005 inch. They .are attached to their mounts by 
Dupont Household Cement. Each integrator unit is housed 
in a. recessed but removable glass case provided with lifting. 
lk'l;ndles and with removable metal cover for ?-.small opening in 
tbe top sloping glass face. This opening permits the 
insertion of an operator's fingers far raising or lowering 
the small "fly" lever which disengages the hinge-connected 
roller from contact with the. disc. Each integrator 'is 
connected with input and output shafts through spur gear 
trains and. universal joints, the· main translational input 
being through a magnetic clutch,and the· output is st~bilized 
through friction held dampers. T}le magnetic clutch may be 
released in each case by pressing a push ·button set· in :the 
steel structtJral frame "below and to the left of the 
integrator concerned. The. displacement of the .disc I!JaY 'be 
hand-set at the beginning of any run by n1eans of a : ... · 
retract iDle hand crank in the face of a T'otating centesil!la.l1y 
scaled.· six.;. inch brass drum·. placed on an extension of the main 
dfspla.cement lead screw. · One complete rotation of the fi!Caled 
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dr-um is accompanied by a rotation through about a fifth Pf c 

an inch peripherally of a secondary brei. sa drum Dca.Led (in 
partia.l arc). for 80 equal units extend,ing from 40 units in 
one direction through zero to 40 units in the other direction. 
The :ol')aft regulating the rotation of the disc (in a hor-izontal 
plane} is slotted, and bears a sliding helical gear working . 
in a gear box which is attached to the carr~age. ·· 

The theory of the oper-at)..on of the integrator unit 
is essentially that of an ordinary' planimeter,· save pm:t: here 
the center and axis of the roller.remain stationary vlhile the 
horizontal plane (usually fixed but here represented by the 
disc) is given r(ltati on and translation. Unlike tb£. ·caue of 
some uses of a plan.l.meter, instead of using a:I.ways asi!tgte ·· 
closed circuit about a center, the i!ltelg:ration he:r-e continue$ 
over an ar'bit!1l:i7 s~ecession of coln])lete or J?artial rotations. 

diagrfim 
· Ji'or a discussion 

of the tQ!Jvi:ew of . v w u 
of the tMory the following seli~matic 
an integrating unit will su.f;f~ce., 

. InTewdlig u~f. . . 
:;c;htmai'c diagram· 

Top ('flew · 
. '· 

Rotation of the. shaft marked "u." imparts {by :tead screw} 
translation to the (square) Ca'J;'riage and to the· (circ)l1ar4 disc • 

. Rotation of the shaft marked "'v" il!lparta rotation (in'.the 
horizont;al plane) to the disc. Re~:;ting on this disc is the 
circular .r-oller (of fixed.position in S"pace) wholila vertical. 
projection.only is shown. Thilil roller ~cq:uires·rolation· 
through friction· contact wi t/1 th<;J ·disc, this ;Potation 'btliing .. 
tranll!mi tted 'l:lack into the .main Jllliehine thr0u_gh its. axial ·Shaft 
marked "w" as the output. of the· integrator. For a a~ll angle·· 
of the main drive of t.)ile Wbol.e m~chine, tr {calibrai;ed· tt) · · .. · .. 
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measure displacement of the roller from the center df ti:Le ,-
disci _remains a.pp~oximately constant, the disc turn :a t,h:i<J~Q:~ · . ·.· 
an angle proportional to dv, ·and· tnc .. output. shaf~ turns '-'~, · ·. 
through an angle dw; prOp()rt ional to udv since. the pecr'i'P~~ftJ;l,• 
trrwel of the roller (thhr being of_:fi:x:ed rad.aus) 'varies~<-· .:•:· 
jointly with the ant;ular displacement, dv,. and the .radial'• 
distance, u, of the p.oint of contact. Thus Kdw 11 udv,_or• 
Kw =Judv -1- C, ._.The calibration may btl·- adjusted lia tbat:c-::· 
is either zero or some other des;ired con.stant •. Th,~;~ 'scalc;~s ·ar..e 
so fixed that with u set as constant 1'l.nd equal to: 32, e!J4h > _··_ .. ·_ 
complete rotq t ion o:f the v shaft is acconrpanied by,on~-:cempJ,et;lii 
rotation of the w shaft. Hence. K = 32. ,''',,\X, · ··· 

The lead screw onthe integrw~O: shaft;{u'·~~aft) 
which regulates the travel of the ,di&c ca.rriagedtl·'threaQ:~Jd';~Q. ,, 
give one inch of travel to ten revcilutii:me .• ,Ita threaP,&d':pp:r:.UoT! 
permits travel ft'om -40 to 40 rev.olutions from ~he ce,p;tra:t:. ,-·•. ..• · 
position, or a radial displacem.ent-. of' 4 inchelil~·-. · 

. Experiment with the Analyzer ~n its p~es~ni fo~ 
seems to show that an integrator unit should not "be ri.r'n at 
a speed which will cause the output ·shaft tq·rota.te fa:oter .· . ' · 
than 600 revo lut ions per minute, d" .. h lll.H:.di•ttf d fhc to*'1~~~~~fflf'1'l>ct: 

·~· . _c.;•. ' 

As to the arr~ngement ofintegrator U:nita, ~:Xpef.ie~ile · .. 
wtih~h un~,e71red vi

1
brattion

1
s sugge

1
_ ste,that.t' hH wouldt __ be_w1 itse,>li>tt~i3~ . __ .-_:_\:_{_;_,_: 

mgs oemg equa , o p ace c oae tog~ · <;Jr any· :no. l'i, egr.a ~;~:r: :.,, . , .• 
units, if the output of one·- is tO' f;ee\d ,in:<as 4Hfl9'rl;i!l·t:L.~.· .. · · ''', -:,1; 
input of the other, This ie the !Jrind3>l.e observed in. · , '' _, 
numbering the integrator un~ts int·his Rcn>.~<rt. . •:· ,,:: ~:;,¥>;-• '-.:;; 

thr1 t the. 1::d m:~r~!m~~lc/~~~;~o f~~~~~i~!a!;o~!tt~l'~:'::~i~~~'-,}; !:.~~ 
screw •. This screw passes through, a nu.t whi<!h in turn i,a ,,,_ ·· •>;'•1ti 
attao}ted rigidly to the carriage w):lich WO).lld.!o.teyerwiM bt:\ itee . --~~~-· 
to slide on ways par'l.llel to the lead ~>crew,., ~'io"!lii).,t.i<::in''\ci:f<tl;u;r. ·· · ',;-(!, 
shaft causes the nut (and cljtrriage} ·to n~;rve along thll.i:W~Y:e' a:. ·.. o:i:~ 
distance proportional to. the rpta. t ion of ~he sha;(t .... rn:':tl'i~; ' . ::!co ·~ 

Di:f;f'erential Analyzer roa:qy of the, lead •. serer;ra. a:i-$ f.ll!'s~-9-31~: tQ ,·_.·.· __ -.·-_·.;_-•• _-.•.·_-.:,.'_.·.·_._._. __ ;_~.'.'.-.·._._ .• _·~·-·_: ___ ._~ •• _._-_·.~.·-·-·-· 
give_ one; inch of .translation to tVI'entyi re'thl~lltiuMi-f:fJ:Il.*~~f·,f:L;, · i""-'', 
otherlj, g1ve. ope 1nch of translation to ten rev,olutJ:o:ns._;, " ·• .. ~,-- '" .-

..... ',,~--- ,_·._:--·_--:-,_~-;. ;-.-..-" •: _··.!<.i,:(·~.,-... ,,:~ 
... -,~,-- -·, :Y 'J' __ ; .-;~.-! 

• -r,: .·_,_'_.·-,~.·:.· .. ·-•.•.·.~_._::',;;~:·_~---·.'.;,·_:_:_'/~f.·.;.. ,;_ ."_,·,·.· . . . . . ' .. ·. 
-. ~ ·; ·::_:_;_:~; __ ;_}.;:'; 

-.-';"' -_1, · -· -~ ·-?·''C F. The Table.a 
,, '_'_.·:.i'··_:/ _ ... , ·'': .:_· __ .. - _,_.,:-:·- ,,.~-,-·.::_;'~:,,~·:.'.':>._;:j . .".,::~\- ·''·"·. 

'l'here ·are. :fj,ve l'a.b-Ierlil•fllitu&.t\ld. along th!l 'righ'li *tide 
of t}Je main frame. Tbe tJe ta.ble:s differ amqng, thertHile lv~n> ·. ;· 
according to their purpose. , l!hey are :rectan~u1ar ln Jfot'l'll.;,: 



All exceut the third are (now) kept tilted desk-wise, and 
are easily observable lJY the operator of the main machine,: 
From the orie;inal.specificatione we may quote the following; 

"The ••• , , • Talble has a lead screw which moves the 
carriage (horizontally) in the direction of abscissas, 1'he 
carriage e;,tends perpendicularly across the .. table in the 
direction of ordinates, and on it moves a slider carrying a 
poil'tter. A second lead screw located on this carrie~.ge moves 
this slicler and is driven through a pair of spiral gears b:y 
another cross- shaft of the d.evi ce, · This second device is 
also controlled by a crank. Thus if the first shaft is 
connected to the m8.chine so as to revolve proportionally to 
a certain variable and if the crank is turned so that 'tb.e 
pointer always ,ree;istel"s with. a curve placed on the table,· 
the second cross-shaft may be connected to pass out into the 
analyzer a function represented by this< curve and .with this 

. variable as angument." · 

'1'he pointer.with its auxiliary rea.d.in[; glass is now 
replaced .in the .three,input tables by an·automatic fol.lower to 
be described lat.er, · At Aberdeen each 'table was also equipped 
withe. knurled lock collar for engaging and disengaging t.he 
shaft controlling the motion of the slider in the carriage. 
The motion .of the carriagE~ is in laoljlt cases no longer ccnt:Polled 
by a.· single lead screw, but more :I' igidly by a .pair of syncb.ro­
noli'1!)lead screws (at tv1enty revolutions .per inch), oJ.~e along 
the'-riear edge and one along the fA.r. edge of 'the 'l'able. In · 
the··.Vector and Division Tables this pair' o:f' lead screws also 
i-s controlled by a crank on the far lead screw with attached 
drum a,nd counter, the drum to show partial revolutions, the 
counter ·.to show the number of complete revolutions of' the 
lead screw and.thus the travel of the .. carriage; in a~ch of 
these ta1iles also '.there is a.' corresponding counter and drum 
for showing travel of the· slider. 'l'he harid crank for the .... 
slider has an adjustable gear f'atio box with ratj,os rc;;spsctively 
(from. the outside) of"l/1, 2/1, 0/1, and' 1/2. Adequate means 
of lubrication. ~re. of course now provided at all necess~.;r-y 
points.· The range of the abscissa is 480 revi:Jlutiona~.of the 
ordinate 360 revolutions. · · 

The "Division Table • arid the "Vector Table" .are 
es.sentia.lly modifications for use with auto!'llatic followers 
of the "Polar Input Table" designed by Dr. Bush f.or .. Il)any 
purposes and, describ.ed by him in part .as follQws; · 

;•. 

..•.... • · "An im;·ortant additio.n whic;h greatiy increase a.• the 
conveliieike and fle:Jti bili ty' o.f the mac)'line is a eom1:lirled :polar 
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input tabl.;; an,d multiplier. The polar table consists essen­
tially of a large circular pla.te which can be placed in position 
on the platen of an in;1u t ta-ole, This plate can be turned 
by means of an additional cross shaft by a worm and gear, 
so thrtt its angular movement is .proportional to the revolutJons 

,of the cross shaft, The connection as a multiplier will be 
tre'tted below. There is. a handle which is geared to this ...... . 
third cross shaft so that it may, when desired, be turl'ied 
manually." 

"The worm gear drive may be disconnected "lnd the second 
form of drive ment ianed above used -in its stead, The circular 
plate is now replaced by a. bar ha;vinr~ on its face an accurately 
scribed line pa.ssine; through the center. • •• • • • ln this 
arrangement there is a lead screw placed parallel to the axis 
of ctbsoissF.l;s ·and driven by the cross shaft previously connected 
to the worm and gear. On this lead screw travels a carriage 
v:i th a swivelled bearing, and through this bearing passes a 
ro,d firmly attached to an extension to the shaft carrying ~he 
bar, and located perpendicular to the axis about which the 
bar revolves. Evidently with this arrangement the revolutions 
of the third cross shaft will be proportional to· the tangent 
of the angle turned tb.-rough by the b:1r. Call the revol,utioris 
of the third cross shaft from the position in which the r·od 
is perpendicular to the lead screw z, and the revolutions o·f .. the 
other cross shafts frolQ the positions in which the poiJi.te.r. 
lies 11t the center of the plate x and Y• If the manipulation 
is euch that the pointer rel'lains always on the diametrical 
straight line, we have then 

y = xz 

with proper proportionality factbrs nat now considered. 
There is thus available a multiplier. If x and z are driven 
from the machine, and y is controlled manu ally, a product of 
two v.'l.riables is obtA.ined and passed out to the machine. 
Either x or z can go through zero and take on neGative values. 
If we control x andy by drive from the mach;i.ne, and control 
z manually, a quotient can be obtained. Of ·course in thie 
case x can not [7,0 through zero unless y doe.s ·simultaneously~ 
The choice of scales, and scale changes dtn•ing a solution 
;vhsn necessary, will maintain the pointer normally at a 
considerable distance from the· cepter of the plate. This 
matter of sca.lee always needs to be consid~red in connection 
\~i th the question of precision in thf'l use of a.n in:put table 
or multiplier. The maximum angle with the .axis of abscissa.s 
th.C"ou[;h which the bar can turn .when the multiplier arrange~ 
ment is in use is a little over 45 degrees. When this is 
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inconvenient the bar roay be unclamped from the rest of the 
mechanism, rotated through 90 de.grees and then clamped 
again so that the straight line occupies a position perpen­
dicular to the lead ecrew when z = 0, ~Je have 'then a.n 
interchange of variables, so that 

x = yz." 

The "Division Table" remains essentially a.e thus 
describec1 by Dr. :Bush, However to prevent destructive 
jauning' due to passing re~J,sona.ble limf:ts of travel, an 
automatic cut off owitch breaks the .current to the main drive 
motorVIhen the swivel nut.reaches 3.Xl end.po'Jition •. A 
further L'lodification was required for the Vector Table as .. 
desir;ned by Dr. Dederick. The grooved bar whic:h. directa th!3 
follower in the Division Ta~le is now repJ.a.ced 1Jy a slotted 
guide· bar placed as in the Division ?.'able onil!. rotating · . · 
pedest.1.l turning in ball bearings in tl:t.e fac~ of the Ta;ble~ 
The slotted guide bar carries a sliding nut (or cross h.ead 
block) capable of uoving radiall:y- from the center to 'the end. 

·of the· gu.ide bar but controlled by a lead screw, itself ·. 
driven oy .a flexible cable drive •. l'b.:i,s cable drive is tlil:l1ned 
by the m'J.r;notic clutch motor regulated by the follower. 'There. 
is recessed in the sliding nut'a raised edge on which the 
follower rides,. In the Vector Table the abscissa is the. hori­
z.ontal component of projectile velocity with re.spect to the 
air' and t.he ordinate is the vePtical veloc:l.ty component, 
The radial displacement fed back to the machine is the 
velocity Vlith respect to the air. (distingu.ished from 
velocity with respect to, the ground only in the case of 
reduct ion of observations, or to take account of the earth's 
rotation), · 

It may be of interest to contrast briefly the two 
taoles, .. the Division Taole and the Vector• Table. ·In each 
C3.se the1~e is an abscissa (fed by the fifth cross shaft of 
a long ba,y), an ordinate (fed by the fourth cross shaft), 
an angle of orientation, and a radial dist3.nce •. In the. 
Division Taole orientation is controlled directly by a lead 
screw acting on an arr~ below the face of the Tal1le, the arm 
being rigidly connected with the .bar of variable orientation. 
l!'or thi3 table it is the radial distance which is not 
recorded and remains unimportant, :In the;1 Vector Table the 
radial dist3,nce is cont,..oll,e.d (lirectly by a lead screw from 
the follower, while the orientation is .not recorded and remains 
unimportant. In each of .these tables the outvut ur the t.able 
is fed back inter the main machine through the· s;ixth cross 
shaft of a. long "!;lay. 

-2!..-



':;.;~" 

·In the Division Tai-le, o~ly the first quadrant iii 
utilized. The maxilll\im (lisplacemel:t of abscissa ar qrdinate 
(fro:r:r th~ origin i.n the ,e<Jpter of the taole) is .for 45° 
inclmatHm~ Hence the range for ooth the absc=~.ssa a;nd 
ordinat<J .is restricted to th.e interval from zero to lflO 
revo;lutions.· The. quot :i,ent lead screw is threaded a.t tep 
revolutions per inch of travel and is limited to Htt,J,e 
more th~ll nine inches. ·The output is, however,. gea.red ,at 4 
to 1 sO that the output shaft has !).· totq.l range of 360 revQ­
lut.ions. ' · ' · ·· · ·· 

'" ," 

'Ill the .VfJ.cto:r Ta:pie, two quadrants are in customi)!'Y 
use,. s~nce the vertical v"locHy component may be • of either 
sign, whUe. ·the horizontal compoQent remains essentially. · 
posit.:i,ve •. Th« ho.riz.ontal component is in. practice Testr.icted 
to ap:Q.t'oximately fromO to 0 + 180 (i,n revolutions), tllj:l 

0 

•.·· 

vertiCal c:oml)one.nt may range :from -180 to + 1!30 .U.nrevb;. 
1u\>ions) •. The radial disT.a.ncB is s~bjeot to th'e sa,me ·.· .·· 
limitation .. tn aosolute value, with maximuia at, 180r<:;v.ol,u:'t;ions. 

0 The third ta.ble to bEi mentioned is 'the th'it!d,•arid 
· .last in.Put table, .It i5 the '~Table".. It carri~a.· .·,·. •· 

se <;U.rel:f;: fitted a o/32 aluminum t'empl/!l.tS ( charrged When needed) 
upon a 3/lOn aluminum·b!l,se plate, llJld l}o·eut.out.th'3.t ite \· 
edge ridge represen:lis (eave .for.l/8'*·clearance) the apprilpfiate· 
drag functionBf(u} whert;~ u ikthe "adjusted s.peE:ld".,(Q.iscuased 
later), and V:~i u.) t~·.'th~ air :t>esis.ta.l)ce function a.pprop'!':i'~te. 
to the. projectile coru;~idered •. This table has a s.ingle. input~· 
u., .a.nd haa B1(u) as riutpu"<•. The automatic follower pn.,thie . 
table, on reaphing t[).e position of maximum ordinate ~ closes 
a• buzzer switch. i'his' br:d~zer serves t.o· d·i!'!:!ct the attention 
ofthe operat.or to the fad, that a steep part of the .B-cu'Pve 
is being reached, arid· that the operating speed of: the ~li,o·le 
machine· should be lowered .in orde,:r. tltat t}le follGJw.er: ma:y. 
not fail to function. ' 

Fer this table the total.horizontal and ve:rt.i<:'a.1 
·!!pan of· the table rnt{y be used, 480 revolutions. (or 24 fnobes) 
hori~ontCl.lly ancl. 360 reyoluUons {or ;1.8 ine}tl\fs) vertically • 

. Another ta01e is the Output Table;relathe}y i.fttle 
used at''J,'lr.e.sent. ·It: is desc;.ribe:d in·.the official Speoi:t'i-. 
cations a·s'''follovnu .. J' ·: .. . 

HDesc:ription of the Output Table/. 

. · The o\.lt:put table is very similar to the Input 
Tao].e except. th~t there are on the carriage two sliders each 
9-riven by its o\vn cross.'.shaft and each carrying a recording 



pencil, The cross sha,ft whi.ch traverses . the carriage is 
.. ordinarily connected to revolve prope,rt i ona.tely to th(l inde­

pendent vs.riable,11Jt.may be cOI)neeted otherivtse. Anytwo 
,cb,osen quantiti!a a, may- .'l;Je. simultaneously recorded by pl;'operly 

. ·.connecting the cross ohaft.s •. The two pencils are ,ylaoed'.so 
that they record in the same vertical,line, provision befng 
made to allow one pencil to .pa,,es t):J.e. other without .interference." 

When both pointers are used the independent. variable 
is the same f'or both, t]1e denend.ent variables ·serve to dl,lscribe 
two cll~ill'J<.t functions o:t the-independent variable. Ordinarily 
when used a.t· all, if the independent variable is '!.', the . 
dep.,ndent variallles might be X and X• or again Y andY'. 
:B'or .X as.·i.ndependent vari:J,ble one may pl'ot the ordinate Y 
.and the velocity V ail functions of x •. 

. As ·V(ith other Tables'* t.he. fourth cross~ shaft of 
the loFg bay .. move!} a slider ·and; pointer along the c~JJrriage in 
the direotton of ordinates. ~he fifth cross~ shaft moves the .. 
carr:i~j-ge, ;in the dir-ection of abscissae. The sixth ~ross-shaft 
may be used to move the second slider ~md pointer on the same 
carri3.ge .in the directions of ordinates for a secohd dependent 
variable.,. · · ... 

' . 

"' 'The last table to be mentioned is now used fG!" laying 
out tem:O:I.ates. The a'bsci ssa is controlled by a han9. crank on 

. the far edge of the table. and turns the fifth cross-shaft of 
the long·pay, The ordinate is tv;rned 'by separate hand.crank· 
at the near ede;e and transmits r·dtation to the· fourth crosa­
sha:ft, The si;>rth crose~shaft is removed. or·remaina idle. 
This T.;tble is not ·interconnected with other shafts of .. thf.l 
main machine, Counters and drurns are attached,to the• two 
erose-shafts used, and :with the:tr aid, thepoihter ),ocates 

·accurately po:i.nts to be pricked on a blanl!: template sheet~ 
and to serve> as guide point~> in marking a curve along· which 
the tewplate is to be cut. The 'cut is made 1dth 1/8 inch 

. _clearance from the guide pointe. 

The large circular plate· for polar· input, which .. 
ca,mEJ as part of the initial equipment .of the Differential 
Analyz~r,. is at present detached, as are the read~ng e;lasses 
d<Jsigned t'o fo.llow the pointers on input tables when. these· 
are· operated manually. 

G. !he Adders 

.. . . · By an, "adder", indicated in 
· · ia · mee,nh:a!l· $uggested previously, any 

diagrams by the sYffi'bol L. , 
sort or what is . 

. ·.).! VfiW1'ED e-
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commerciall-y known as a 11 differe.ntia1 ge<J.r 11 which- can be 
connected to three ehafts so tlnat ·the ntUllber of revolutions 
of one will be the sum of the.nUI!lbers of revolutions of t.he 
other two.. To avoid pos~:;ible qonfusion with a differential 
input "ct""•· we shall regularly use the W('!r~'"adder". ·In the 
DUferent ial Analyzer· at Aberdeen, .the add,ers are all of a 

· comnHJn pattern-- a beveled gear type. The two tel'llls to be 
added are fel'i as rotations into the adder hcaudng by collinear· 
c otel"JllinaL bus-shafts, the sum being gi ve.n,, (with reverse sensa 
of rotation) by a bue-fi!haft paralleL to and cote:r'!ninal.with 
t ne shaft ext smHng beyon.d tha.t of one of the two given t.arms. 
A schematjic. diagram is as follows: · 

.U•V 
: 

The M)lsi'ng •ca;rries two 450 beveled trankmtss;ion gears m~shing 
with oangrqent gears on the abutting •nds 'of the input shafts. 
It"thua a,oquires a. rotation ectual to th6 arithllletio meam of 
th<?J ro'i;aticHJs. of the two collinear. but l):rtpositely extending 
i~put eha:fta. T:l:J.e. rotation o:f .the h'op.siilg is trar~smHted 
th:rou~h a11 .e,xtEtrnal g;ear by a .. ?f ratiQ''t~·a paralle:J. shaft 
which th\lS rotates (in reverse ae11se) as the sum of thE!, ' 
rotations·. of the ,input smfts.. · ·· . . ' · 
' - _- . - -/~i-__ ·-._ , __ ': -_ ' _' - - - ·.· ._· ' ':· - _-· - ' - -.- .:.' - ' . < ·-

·• .. ··. · ··· .... · ... • •. ·~~;!;:may :oe note<i, that ~tM; a:t.~;~~~~ic relation .J.a 
enti:r-el.;:r aYJlil!!etrica.:t In. :the: three vliri,ablell•. One has 
u ·+ v ·i!, w ':;: q. wl<len sense of rohtien is cO'naidered, 
Asiilooia;Hng tm,e El,ltjfernal;ly :gearelli 'Va,rJ:a:Pl~·witl). t.h$' oUtpwt; 
-, is a matt~r. af' meci:lanical :pro.cedure;.,:. · · ·· · 

' - . ·' . ·' 
', : ,.);s, _ _~_ . ~ .-·· ·:.-- -:: ... ,· ·,:' -

The lleg .·· C-oJtilU:n,g!! .·: - : .. ,.; .t· -. ' ' -~-_,_ 

.t\s Dr~ Bua~-~~~ld}•."flh~~.are·p:rovlded a,la;c~et~ 

".-· 

.... : 
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· ,Jf spur gears whioh can be connected between adjacent shafts. 
. ~Q that one will drive the otj:J.er w:ilh: a c)losen ra'tio.:•·a:r · 
speed. • .. , • ·These last units are inserted as neet'l:sd in 
the bodJ' of the Table."····· ··.... ··' · · · · · ·· · ·· 

There. is a n~rmal direction of forward dri~e for·the·. 
prime rnot0r which is sa:j.d. t.o;gi'lr~f a positive I>ptation forth~ . 
initial b\}!I, shaft·. chain•gellred .to it •. ·. MY other. bUIJ. ahafts')'till 
oo regardced as rotating in a':I'ositil'e' se.ns.e when it, ;J:.ota.tes; 
in t}ie emnefl.irection ae the ~n11;:i:a.1 sos.rt •. · It will be reca,lled 
that all. fu$ sha:ft 9 are.· par<;>llel ·sa ,that. f!e.ritene S$ of rotational 
direc.tion h,as an unambiguous m.e~ning. No rotating buB shafts 
SJ?Ur-:geared together by a single pa'il] ;of gear wheels wf11 . 
neces!)arily ,f.otate' ~n <rpp.osit~ jiif'&ctil:ma since enm~,:l?hecj. ... 
gear teeth. !11'1': Jnat:itntaneaLJSl:~'':movfrig, iri a eomrnon ta~gentia:I, 
linear direction~·.· 1f ot;i.e ie..fot(\tirr~.)'lositively, th,e' olher Js 
rotating .. )'legat1'vely, The• :ro;"tio of r,a.t.ations . .Is then negatiVe. 

. • lil;>~~j~hni'c~Jl n~;~·ti~m ~he spur ~ef:t~~ are 14t0 .in;Q;ut e, 

-~ 

24 dlametral. pitch, :f ineli face,·. '.5000 inel]. bore with·i}nG:h hub' .. 
.rm one sid,e of 1 11 dia.me:t;'er. ;Each nail one ;i inch set-screw 28 .•. · 
Tap, .. l:gc~tf3d -;t ... inch .. fr€M the hi(b.etJ:id:.of .··gear •. These .. sj;ll,t!'•'gearfl· 
c,ome. it! intermeehed ;pai'~e wi'tll 1 ?/8 'inches between center.s . ·· ·, .... 
thro.Qghouf; a.nd tlence :(;with -24 diaUJ$tral pitch) have.:,<i;:toteii, .... 
o,f $6 .t~ae:tih for. the• 11k"ttcb,fJd• gea:fa cifi:a,pair. .. •· · · · · 

... ·- . . . ' ,·' ' . ,,.< .• ·.. -· ' "' ·'. ' . '. ' '· . · • ..-. ., : . •. 

· .. •······ .)t:he r0·:t"ere~ce to 11i,nv,ol]\\ti~ •. oohce:r'ns the iiihape of 
the teeth,.·: The dbmetril.l'pitch i\ldieatee the' number of teeth. 
per 'inch ~'f' pitch diamli)ter, wJ:lere· pitch diameter is 'tlw · 

· .. ·· .. ··. diameiter.af 'the' ;pitch d.rcle pa:;;c.l)l:lng,.throii~h the cqntaj;lt;F ' .··· 
'.:point a on th~ line o:f.;ceri.tera';:00Cy'.veen two . el'll)le shed ge'!:¢·iWl:le;i~lS. ,.·. . . . . ·. . . .. .,.,," . ' ·. ·. ' .... ,.· . 

.. • ·.·. Tile •g~a.rs hithe;to uiea ha.~e been 'pJ>actfcally ·· . , .. 
confine!]. to. t,he .. fqllpwing: liSt a .. 

' ~: .·: '1i". 

· l'eeth on .•tl.a±'~er" wheel 
' 

.45. 50 54 60 (.2 

4.5 40. ~ti 30 .18 ··.. ;'J:ciet'h on ;.~~a.her" whe'~i 
·:--·/, ,~· 

··· ,dBuRLing · Goeff:l.cle.ht · '.-:·>:i·: ,._,... ': .. 
··... tli~re are ·a:lso. a:::v~ry f.ew 11 spe 0 ial! gear pairs, 

namely .soine with coupling coerricients -32/r'.-3, -11/4, -7'/:a. 
In Dr.Bu.sh's artiol,e o~e:re.ads, "The .b:ina:ey. system haS,:.been 
adhered to 'in nea]:'l;)" al:i. g.ear. ~atios SQ that spUr' gearawhiqh•. 
may .be introd(lee'd to'conneqt adja,ce11t shafts are,·sup·rtlied ·. :' . 
in ratios -J,.zl,. -1:2, and •lt4... 0()nsideratipns of mecna:njca,l 
strength limit the ,choice to gear$ of .. :not l~iss than 18 :te.etli• ·. · 
To mal<s available. a reasonable measure 6f the :perrnissa'b1e ... · 

.·· ; . ;,-;'21!-' .. ·•· . :. 

.···-- .· 
.-... -·. 

.. r· 
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'" ·''0 
ranges and l.oaqs, it was nece!3sa.ry to drop the rigid adherence 
to ratios in the binary scale and to introduce coupling .. , 
coefficients, -5/4 and •.o3/2 :freely. ·A further. study d.il'eoted. 
t.oward possible utilization of other gear ratios within the , 
same general setup o.f a total o.f 90 teeth per pair has rec~ntly 
led. to the ordering for regular use of the·• following combi"' 
nad;,;!ons also; 

J_ '- .. 

. ':·.· :Teeth on larger wheel 46 ·.'.·4? 55 
""' 

Teeth on small wheel 44·,·, .. 42 35 f,,_.- . 

Coupling coef:f'icie•nt -23/22 ..;P,/7 
. .. 

-11/7 

. A table of the fractions, deeil!ials lying·::ootween .5 
and 2.0, which may "be secur~d as coup~ing coefficiente;, by use.· 
of, at ,most: three· gear pairs (with a. c:\lange of sign) appears · . ·· 
appended tothis Report. For deeimals outside of this range, 

. ,, a power of 4 may 'be intro.duced. 

-· .. 
l. . THe ··Reo order ' '---· ,. ,· 

The recorder is described: as 'follows in th.e original 
Specifications (March 15,1935}: ·' 

"Descl'iptfo~•ClfRecord~r. ' 

(a) ••• ~'!'Provision io ma.de for t~bulatirtg .~uccessi>ve 'V:lues 
. Qf. sev'eral vada ole s as functions o:f o:ne of these 'Variable's (for 

equal. intenals .. of ib.e . variable). The :re c ord~r provides the. means 
by_' Which this tabulation is accompl~shed. ' ... ·.. :. . 

'•· (b) ~The ;~corder ,e\l'neists of a·~tt~i of six' {o} five 
digit counters each oi''wl,fch iii connected(by ~ :flexible·. shaft 
to that counter shaft of .the aiJidyzer.,Jihich· .is· generating 

con.tiruJOusly the values. of thevarial:tl.e'i:whoae values H. ia 
' desired to -tabulate,. 'l'ha count'Eir wheels'a,re pJ:oovided with· 
·· redaed numerals. Opposite the counte•r wkeels and operated·,. 

independently of the ·counter~g l,s a·: batt<i!'ry. of· a:l.r operat~d ... 
pi stOne • •'•'•, • lly means ().:\ t'fle Se pistons ill'\ ;inked ''· .' , 
impreseion is taken of the Countf?r reo.d:tnga bil:d3> contihuotis 

. roll of pape;r. • , · · ,,'·.. .· .•. 

: (¢) "The. char~e' !i~~ disch;J,rge Of the ~onmressed air 
which 8,qtuates tnis printi~g. device i$_ controlled 'by a'. 
Master Pi:iri-li:fng · OylirideT• · 'A master pist~n',,iiJ held a;gainst 
. a compressed spring by mea.rii.; ot: a latch', s'tud •. h•. 
T-here· are 'th!'ee. :valves ¢:perated 1iy. a' cam sll,aft. · a.o that when. 

' ~ > • ' -' ' -.:-, ,: ' ' '; ~ 
. (·' 

·.' -29- . f!!..rnsnn 
. . ~--· ·. ·'; •' 

,. -~ . 
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two valves':a:ra o,Pen' 'th<l third -is'. Closed, When these two. 
valve .. il :are ·open,!tM valvE; in the right (when reading the· 
drawing) P,'e:rmit:a il• oha.r·ge of air at a.ppr>OxiJna.tely 4.5 :pounds~> 

'• per square. ilHin to f.ill ,the .. u:p:pel' a.J.r chamber, whHe the · 
·. middl~ va.l:.te.relea.ses t:he baa):: p:reasure in _the piston~ 

S:imulta.neotHily with the O:Penitfg of the two valves, t,hll. ·.. .·. . . 
elect:ri.ca-.1 centro;!, "en<~s;ijUrrent th,ro'ugh the solenoid ~b;ich ·· .·· 
rele«.ses tbe latc:ti stud 'and the .:piston is driven to the' left 
by> the rel.ea,se a'f. the· spring. One_'llalf revaluHon :ftirther . 
o.f the cam· ab.a,f't ftau.se~~;the tnird val:'fe ,to. open., t}l_uo . ; · 
admitting.comp:resse<iair te the: .. head of .. the·master pist~n, 
and rtlstorf!s• it .to fts cocked po~i tfon in ··:reil.diness_ for the 
next cycTe~. :. ' · · · <. >;•,;.c'?, ... 

. (d) . "Pl'()vi$ion isma:de for moving the pa]fe!' and 'jrp1tec1 . 
. ribbon afte:reach printing ope'rati on." .·- . ' 

. '\ 

.. ~Ei e lecrtricrn equipment inst:alled on the. I'\:)Cord±na . 
eounte_:r;- ..l,'a ~so de signf.l.d tl'w.t the recordi»;;, !J.tl,tio;n o:f :tJHi'':;ur:llt ... · · 
be comes a1,1tomatic· a.f.t'Eir a recording impu~e .· is'.<-furni.sh>e~l: ei t~er 
-:J:Y: an opeJ'atD"r Pl'-'1:\Wtoroatica.lly.by tlw ca-m ccmtaat .11i;cated_-.at .. 
the far end .. o.'f'<the:~i:fferent ial Analy:~:r •.. 

' ' ' 

.;} : ~-2~<H.nuing f'r~m the S~cifi:,anons 1 we re13,d~ ;>~;.,. 
~ s, ~A ~ystemof .relay~~ fs l}rov-ta~d for tnis ~~~:P9~¢: 

ilo ar:l::sil~ed that ,up0n r>ece;iving tke imiJul,M, tlie re:l<J,y · .. 
;';System -act' I>,, :firet to e:x:_clude the effect :of B.l'~ addilip.n<tl 
im:r;lul1:1e os;;f'ol'e t·he operf}t~ng. cyale. iD cciw:P;l.efc¢d~ };he~ to . . .. 
actuatEii)rEitr~p solenoid., qfthe re-cQ;rdet, then to a.¢tu~t,~. 
th~ -motol'atl\i .Q~toh ope;r.ating the .,:relietting. mechanism• ,ancl' 
the'n t<J. restore the relay )lyst(ilm: tox:n~.u:tral .so .. as to •b<l ready 
fo-f. t!l:e. nllxt illrpt~1ae', · · · ·.. · · . " '' , ' ,- .. .. · 

' . . 
.. · .. ":!''he power supplytor•the :reco·!'dirie ~ounter vlill a~ 

·obtr;.ined':'f'-roJll ~n individual tranl;)'for~l;lr a:nd reetifier ;l.n .. · ··. 
order to Pr;:vent polar opera.t ion of tt;e. lnairi pon:tvol ;oirc>~i t. ,, ·.·.·· 
d]le to sl[rge'~et up bY the recq~:>ter,. 'TM.;,t;ra,n~for-lt!!llr.<>!\il · 
re.c't,ffier ·tube a~ }!\Oii)1ted on tne main portt:r'ol panql~· '.A 
suit<t1:)1e t~~ delll.Y re:ia.y ta.mqu,ntE:'d' to :p;J:'event o;per~t;!,on 
tlnt;il a r(;)ctif.ier .. :filajll.ent i.l3.~:Clifiale\i. ·. · ·. · · .. · · •· ·. 

".- •. -:-· , .• . .- . . - . - . ' -.- .,_'.:."'- ~ .,· ; - - - ;_ . -· • ;' ·-· ... , ' r.',. . 
·-- . ·--·j:.·,_ 

.· ·' ... · · •iii o.rit:tff~ pa:nel 'i5 woUtit,~d, d:l.r't ctly Qn, the re c or~r 

. '-~' 

:j;.oget}le,;f 'l:tltli the rele,ya c.ontrolJ:J:'ng the :t>eoorde·r •. Thif3 pali!L 
ha:o a main powe:JC .lil'l!1it?ti T!l:)ld its ~ssociated ind.;l. cat.ing <J;atirp .. · ·. 
a.rid. three 'gro11ps /:!f'eiii'.rta~~ positlotls; eaeh V:f Which. C<;)l'ltaitrB . 
awi tch, •. lndicati:ilg.·l~v.··· am:lctyjo prong.,.eutlet •.. :B;achc of. ti:J..~$6 .. 
three grou-ps pr6v~de.'J'i:llf:itions fro~·whieh thf!:recordet .ean 'be 1 

actuated, It is only }l60SBSary tO :pl(!g it1t0 the O\ltlet cO'f' a ~· . 

. -30-
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. wo'Uj;l: ~11~' 00 nta o.:t i ng .a.rra~s~nte:ri t•. wh:i ch 
•... when .'the~record~r ie 'to •'btl;' ac'tuated .• " . __ .;. . ·. - ,--.' •'' '. . .. ' . . . . . ., .- . - '-· ---· ., 

' 

.· ; .: ,):·~~$ c~l.lhter' whee~.~ arret ,th~ punch altho~gh funetioning 
· tog~t'!+eri il>S>a re c;6rder·;·a'l'fil j1il,eehl3irii q~11J7 es.s<;~nt ia.lly independent. 
The c{)~rr~~,f'''Wliel')is of the'~'Pint/er c(lntinue their .rot~tion ·· · · 
yielding ·:fxrii:(leterr;l;:!.ned intet'Vah of ei the.r. X or 'I ·as ~!illY havt; 
been :Previously decided, ·This a.~tion is entirely meuh,llnical.. 
On. th;e other: hand• the punch wtth gearwop.erated · cwn t~ans;rtits, 
electrical,:hnpulse to ope:r'a.tec.tbe. impressionpisto:ns.~ .. · .. · .. · .. ; ' 
t)J.eme\;llves dJ•iven Jl' ooinpresaed air. Th!l.printer hil.~:~ shown.· .. :,, ... 
rei;Ilh.;!"kabl;i~ efficiency. It \"Jla:kes. a clear irnprest'limi eve)'l froni 
~· :t.Yn~.whe<;Jl moving as fa,!ilt as :~oo r.p.m~. ' · · · 

. . ' • : >rhe •.. oper~:tor ha~ a. hand punch (like an .e.lecit:r'':iti<·. ·· .. 
~all button) and uses .this'(at preaentJ. to·print a further.·· 
.special record q:f all: the variables .a't three position.st a.t 
• tbe, .start, at tll,e summit apd !lt the end <if a traject<'>ry. 
The:··s.urm;nit~ oceura when yf ·•P• and the llperator wa.tcb,ea the 

. pr.inting wheels for th.e moment. thi$ nl;lsition iareache¢:··· .••. 
····?im~larly, the. end (level point) is:found wh~n· tne x;· 0 .. 

position :us reacl'ie.d. 4,U.t0l!latic dev1ces for activating. the 
punch ~t t11ese positions were made ,but have been discarded. 

· .· · ·.'An i]nportant part'bf the. operator's general. ta.sk 
i a to regulate the ·speed o.f the r.min drive of the maehi~e · 
according .. to the varying ot;tput of tl;l~. tables or the . 
performance of the printer. This' control is .. exercised 
th1'G'u~'Jl ao:·vii:fia,'ple speed control box located. a;t the left 
of tli,e .. prm'):ero . ·· · . . · . 

'th~ comp~essed air is. furnished through fle:xible · 
tubing. from the machine shop on the floor below. Ea;rly 
exper!~mca .w:t,.th rust; indicated the need pf an air dryer in 
conneC:t.iori· with .the air compression •. The compressed air 
was formerly fl)rnished through an air compressor of 
ca:pacity.l.2 cuJ:l;lcfeet .per.minute,·driven by a quarter .. ·. . 
horse 'Power ·mot or. The motor wlls controlled by an automatic 
svv·i t.ch which i:J.pens. at 150 pounds per square inch f1,nd,. clos.es 
at l~o· potmds per square inch. The guage indicated · .. 
pl~<rsl,u.re u:r to 200 pounds per square inch with graduations 

.·every $,pounds per equaTe inch. At· present this special 
condense:t" is relegated to em,flrgencyuse, since in the . 
pew Ballistic Hesear.oh :t.a::Ddra,tory building, tl').ere ·is a 

· ltho.use" co!lrpresso.r ':furnishing -compressecL a.ir by fixed tul:l~ng 
'throughout the machine sholJ; and iri.,parUcular to the· dryer 
for the· rea order< · 

··' 

.A reduci~g' valve with gua,ge. tp indicate pressures 

·-Jl~ 

'· ' ',j. 
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at ev~ry 5 :poun~.l;, p~r sq_ua:re. il}J)h up to 100 :pounds per square 
inch. furn;j,shes J)re~m.ti'G to the ~eo order at approximately 415' 
pounds per square iric.h constantly. 

At present .the roil.of paper is placed below arid 
beyotid the :printing counter.$. It .. is k{lpt alack by .lrand, 
Tne alack' sheet is fed. by motor tl'lfough tne:printer>and .. over 
a•]:>rr•.ss. tl;'aytow,ard the oper&tor. , A 4and-pref)l:led cut,ter · 
·servE) 10 to· cut, the paper at a convenient p;La.oe after ~· ·· 
tr•ajeo~ory ·.h co:rrrpleteil~, A .hand knob is uaect to ata,rt' the 

.neVI sheet at a convenient distance from the bottom dfthe ... 
·sheet. R11.ch printed line is j)laced a?qove that last printed; 
At present all printed result<> are in '1machine units.~ and. '' 
must be mu 1 t iplied by a:ppropriate "conversion factor~." 'I! o 
obtaiti results in etandar<i units, fl'!et., seconds, ate. To 
aid the. aperator 1 the printing wheels· are providqd 'not only 
with rairi~d numerala for printing but a~so witha set, of 
easily rQad.impr:essed numerals placed:" at a 90°: angle o:f' c · 
rotation fn'r' the raised numerals.,· eo tl\at numbe!"i;i about 

··ito be -printed m,at.ch w;ith thoae which show in 1arge nuiner."l.ll!> 
··in frolllt, · · ·- · 

.·-The varia:.bles (in machihe unit:>)· now printed are 
.T, X, T, v,·cyJ; x•, eacl'i to· five digits. For each vari8;ble 
the r1ght ... m0st digit is printed by ···a continuously rotating 
dis e. (as distin~ui shed frol!l the other .. four digits each' of 
which rema:i;'rjs stationary except for instants when. i,t is · 
en~,;aged a.rrd, i~.~uunirrg to the. next ... l),t1mpe:r) ,. aj':IA . .so; 
ussually ~pper-trs'<·out of· a,ligrup,e~;t, 3'\.l'ld. wi t}l. trace o~. an · ·· 
fJ.djfl;cent AU1ll1Jer.J:showing. Renc.e ()~e .cq,n- esthaate roughl'y · 
a s.iJ>th !1-igit ·.by visual. interpol~l,on~ ;· 

. ·;·-·. ~ ' ' ·;~, 

>;;./ij :or .• lJilsh l'emark!l· concerning t.he Analyz.er, · 
"The' att;airiment of puecillion in a 4evice of thie sqrt gi·~ted 

·.sound me<;~hanical desig!j a,nd' a,ccurate construction .is 1a't'gB1y 
a str.u.ggle with the proble~i;! Of baek lash .and integrator 
slip." The l;lse of .ball pe:wi-rgs. and. a])pl"opriate buap.:Lngs, 
suit,able ··lubrication ~J.t!r;;~.ngementa, ro~.ocura:te rigid alignment 
of )3!l:f3 shtillf't housing;:~, universa~ joints between approximately 
alig!led shii\'fh, free fly-wheel$ J•ll.arnper wheels".] attetched by 

. 11lignt friot)on · (l'l.pplied by. springs ,Qr felt) t o.reduGe. 
fluctuation in angular velos.:itY •. t'l'.$1,; use. of synchrQ\I'lized · 
lead.: s.crews ,-- these a,nd many, at hell' ;Jn~¢h~nioal. de:vi!ces fo:r · 
se cur.,ipg smooth runri:l:ng Will.,\,be. pas sed over wi thciut COllllUS!J.t. 
lJor ~\J,a.ll we diaou~,~s the .()pera-j;ton of mo;tGr or magnetlo 

.n£td n 



}} :J.u t che s ~ :Men tii:m ma:)!' be made. however in particular Qf : . 
(i) back lash eliminat~on, (:U} the. torque &lnplifier, and . ·.· 
(iii} thEkalitomat;id' foll.ower with ma.gnetio clutch motor d:J;ive'. 

H) Eack eh eliminat:!.&~.·.. Aa Dr. ·l'luab :V~m~rJ.::Ja; . 
"Back ·rash in the:' le& . S'cr'ew O.rive . is. almost eom:pletely rell1oved 
by using t;wo nuts on '1!.be !lcJ:\ew, with spring ... backed, wedges: · · 
bet,veen .. tbem :forcing ~He nu'j;a .upa.rt., .the we<J.ge (lllpporta ' ... ···• 
btl ing r ig~dly· fastene.g to the carriage. By proper ;t:hoioe of 
the wedge angle th:l:s :fehame giVes· a positive • dl\ive. i.n eft1-.ef 
direction while allowing the slight· irregularities. of tbe 
screw to be, taken up withoiJt binuirtg." . This device is · . 
called a'"la.ahlock"• · ...... , "'l'he Aaame idea h utilized in thfl. . 
disc driye. '· On .the disc shaft ( o:f' the 1ntegZCatorl iii a S]:!ir',.il .. 
mesh gea:r,ing. wi t,h. two '<lpit-a.J, pinions ,located in· the,carriage 
ancl, dri,fi'!n .by tvro symn:!etriceilly. diapo~~d horiz;~!ltal splinad 
sha:f'u.,· •••· ~. These· sb4fts. are coup1e!1 ~JF· .a pait'.;C)i' ainli\!·: .. 
gearil,. and at this· point .is intro\iu(led the ~ashloek •.. ~ll,e' 
laanlock~:W:!3dg~ t(!nds. to separate the parts a.gairl!llt l{ni~l£ it 
:greases i,t.r,.wch ;1; manl'ltu• as to bring .gear :!teeth. i'nto e o'!rtact 
all the we,y a!"O!l1'1d the:. double .. drive _to the !iise. ; •• _ •. .._.. .. . 

' . ' ~: ---~--· .-:~.:.-:<._.--:·-:·-·:t<·:_:~:;-;y __ : ;_--. ___ " -_ - !'.- >__ .-_ .-· :_ . '\ :.:·::>-- -- _· -·_ ·_- : ·_ ',' ' '-->- -'· -_:~;-<.;.. ·.--t :··',·~-~ ' ' 
.. · ·• _;;~/\ _"A .Ei~riC)US matte;r '!,n· a.!lY .. Pte.cisiofi. devi~ef:;it•>i•' i:; '• 

, {•b<J.ck~'+!l~) bepo~~s,,especialll,· i:!llporta.nt. ill this, .b:le!l.Jlo~e; ,'the , ···· · · 
intereon!+t:;ot;r~:~<>t ·imitl.l o;t'ten,,.r.ende;t>s euint;l.la~ive :t}fi.e:p$·~Pl' · ··.·. · · 

~ . <:aileed: b;\'':it:il ;pr.-en-enc::e ~- Th!i pro ble-l!i: it;) a.eut11 whezy',,~t~~~·~:·.§.l.~.j,red 
:tP Pl"'llduee,~ptl!llplete f.lexi'hility, for !#he way in wb:i¢~,.~~~;f't~ .. 
. ar'e ·tea;r>ed;~~o-gether: :1.~ t.b&!l e:pntinua.ll;y :.l!Olte.red.<• i:· . . ~:< ,:: 

' ' " ' . . '·, ' ' ., ' ' ' . ' -- ~~ ,;-·'-' ' " ' "'' ' 

:, ... ·. . . · .. )'Tije ienfili'al aeherne .Of· at tac:Jn he's ~e)j alll'•!\.i1;:tb:..f\f 
Wi.thi:n tl}~'d~ivee()f iQ..te~ttng unitf.l.:themeelves .'l:i~~J.~~l!-> .. ·. 
has· "Qee~ .Sl;l)*l.tantially e llmitlj;J.ted by the usl'l o;f' ·J.aJ:ihlocli;el, ~ .· 
El.sewh.e:r'a,•it has been.held dqv~n, to a small ~o.wrl(by <f:it>eful· 
oo.nstru.::'jl1.~1l• al.thoug)'l a certain a.mo.u:nt of .1)-;ta'~D.:I:!M is ;- :-,•. 
imnerathe f'or the free nnning. of .any extel')aive S;16t.ero.:td' · 
sha:fta an~;.gearing~ . In an;:r:. specific :J;lroblem. t-he effaot·. ~f' . 
a J!l:iven. ~~k,l..aah ~t'!g'le' it'}· a .;par<Uc!!llar 1:\.rive C!lill "the!i ~~ .r;e'" , , 
dticced ·by.~p.e·cifying s~a.les so that ·th\;1 shafts of that .;trhe 
wi.11 make .• :a larga to'tal num'\)er pf revolutions in the. 9J:>Ur,se':. 
of a.IJrOQlem• ln many situ~ti,Qns t}lie ie euffichint:. , , .· 
Findl;v, .:f',Qr ~1jJ)o'rtant d1"1ves where the ef;fe<:;t of back:l~$ , ; . 
might be eS.p~cially aer4qus, tl].e;r-ehai> been d~1slope~;>;'11fiit 
which. ca:a:.:be &0l:)V~)liently insel'ted in any such''dri'!f.e ~ij;.~wb;irih 
reduces tb'e lrr.f'ltx€iif!ce of .Pa:ckla,s1l: at that. ;point ttl a.',.se:~p~~~:<;i' 
order. efferct. thia.'~i<!, in·'re.ality.f. a unit havin€: .a negat'iv~·· · 

. baCklash.whicb ca.rt• )ile'.adjust,ed.to eompen~ate f~r·the p-P:f}itive 
backlash .pretlentii:l' tl1e''drive· into. which ·it is •insert.e;d~' It 
has b,~en ~ptly t~~ed a -~frontlaanlt;unit. · ·· ... ,,- ·. · 

- -v.,: , ,_/• , ·_>., , 

·. -3)'-' 

' '} 



t. ·~ 
L. 

. . "'l'he u:ndel;'lying idea ;f.S as .. fql,l.OWsJ The urii#; /,~hert 
c~nn eut!'l\l, :tnt o a Tine of shafting o:i'd ina'ri ly 'furni she& simply 
lk'I'igid d,l'\i'ving eormection from the in.,going to the out-going 

'shaf'!;o W'b:B!l the direction Of rota.tion c~gEiS~ however, it 
i;ugnediately step a the outgoing' &haft aht;~ad in the :•new direction 
pf:. rotation by an adjustable runount. This it does during 
p$,rt. ,of. the. first revolution in the new diJ:>ec.t ion.~ • Hence far 
th~balanc$'' qf the revolutions up to. the next reversal' tl).e'net· 
.back;Lash·~~tt11e total drive is broug]lt t~ zero •. · This a.:ctiqli 
;ts .re'l'eat!9~.at each reversal~ s(l,lha~;there. isalway,e Mro ·· 
1Jack:J,a~h,1n:the shaft; except dU!'llil):'.tlJ.e.~iefperioda at,, 
each ·reve:rsal of direction. The effec1; of backlash itself 

· being )ilJ!laflc~ the residual .. effect o.g~·~to tris transition period 
is negl:igi'ble. . ·. · · ·· ... ·. · i · · , .. · .... ,,. ·· 

·, -, _;_ ' ;·-, ' - ___ -; - - ' ,· ' 

.....•.... · .. •. ,, ,")vhen··~he drum is ci;p .,.ga!~$'t o!le 0:t, t~e ·s~.~k.si.the ·. 
,, whole.me¢.b.~niam :rotates aa a un'l.t, slipping the f'piction 'band;;. 

:Che· dr'ive;.~~F.then ·direct and none of' the gears ,a,re ro~ting ' · 
with r~spect' t~ •. one another, all of course hav:ing.a· 0~~9n 
:;l"otatign a}lout 'the niain axis. I! the directiol',\. of 'r'Qt~t;i.on 

·'~~~·.\,tb.e:ifil,o!llo~ng;~<;~.ft ia now reve:r~ed,. tnere.A~. a,per'i~ 1lefore 
· ···]fti:Er·~~~os;tte · stct'P .. :i£1 ... engaged; during.l'lh1<:!h .. the".idl"Um .i.~;~.·····.~·~d•,: .. ·. 

•;~tt;tt~onarf:;;py the t:P~tft.,f,9!1. bapjil.¥ .. During th~s.ll6fi.oQ. '!;he,,;< 
\:iut, ... gqi)t~~ifb;Cl>ft ie. being driven througP, the J!la~etan. train 

·. ir! such m~i'{er·,that the out-going ;;~haft. revol'l,rf)e .about tell pe;r. 
,ill'e~t•f8ii,~t~.f\*'!\A!l _the•··in ... going .shaft,. This· cont;i.nn~.aJ,uJtil;'thll!i 
/oppol31.11~;,~:t;oc~·~n~~ll!, ~~hen 'f;he .lirivl;l ... is again pne to .. o . .ne"':··· 

• Eviidiniil']!.y:~1ill,'e ~etual angyla;'r' aeyare.t:16n of th~ stop.S w:tll_,~:be· 
ao.qttt·:~.\lirt :tim~!! tl;le ~ngul,al' · b<Jiell:la!ahwhic\'1 it is deS:\.~El:d,'\•tO . ••··· 

. c~'!!.~:t:;;,;~il~<f!~r:,ce/can• r~a,adiJ,y . be set with ,t>r:&c;i.l3~oi1• .. ,;fi~.'.· .•... · ... 
fri~~pn :tro;~:~qua oX! t.he-dl"Uril need be but :l,lttle more·~h?,l'l t~;~n, 
:P!ll'C~~fito:~f,the t·l?'~amH ted tor que. l{ence the. load il!lp'fn:~·eqi .· 

. 'arj t'ilh/d!'i~' 'ls .Mt eel"iilu sly· tnareaa~·.d l;Jy the presenQe o.f· tlle'<' 

· ttoritl~~{J;~~.i::··:;;·:ti~.:·i' : ..• . / :. , :/ :.•:······ • · ... · . . .• ·.·.· ·:· • , , ... · ....•.•....•.. ···•··· .•... 
. . ·· .·. · . {i;c'1;\f~l•\q${1'1l.;J;' mannap.p:f. ajl,J)i'stii:tg .a. frontl~sh 'l.mtt,is as 

, . ·. fall(fJilal,,Jlt'Si:lik·•:i.ns~ted in a dr;tve, .or singly-connec'teQ..system 
. <lzt', ('!~~£w*'~'i:.t{~~¥;rill(, in V~P.iepcitYis iml(ortan:t t~t <ha:oldash · ·. 
• · sf\;ll:.Ufd ~\.,'i"'Eirnqir,!/i,¢i antl::u.a!Jall.ynear~.the .ou t:pu:t . enli·of 'If he · .. 

.. , .dri'<f~~:i'}~li~',dp~;Ve.; ... ~il;~:rk~d: llt .· e.a~h· el'\~s~ .. tha't angles ·ma;.v.. · 
·. ·. ;:,;pe· a,ccuga.t~;t~y··ne.t~·Q;,. ····'f~a,·~t'IJ!U.t<eM is, then .tJ;Jrned fh,rotJ,gh 
, ·. .. .. ;· s~v.er!f+ .r.ev9llJ'f:l!li~e~l'l'o;P.~~,9:~li':@.O'tJ~·J.: ·o/."~ught :to an C!.<,l ¢ur.a.t'G 

lll'\J':CiK a~vt:heou.tp'11i:lf.flllJ1jl~p:~qll3,d• ;.1'!'1<liil i!};repea:ted· i~ : .P . .... 
. t'l:$;olirB:PS.~t; .. dil:'<i~F~·O~\'(;\ ~~8t;O~~ .11:.t!3··~hen: adjusted bl.li~:l.,+:'"~ .··· 

·. t~·r'e '.il;~ .no ··~ete~:t~'bi.e.;.'dJff"':r>enoer 'll'l · tl:te .poai tion o:f .• ·.~.he,~:::''' · .. 
. eu~.pt{t:~~h.ll.. i[fi:ten.~;;~~;tifii:Cii.posit.ron'at.'Jth'l ... iTiput Q~d· i.s 't:ntis' 

·.· ia.J;jpr~~g"'led;t"~m ':t'tie::.~ir!'..~:.:41/;t'~a~ iQ:r;IB .q"f :(':o't\atJo.~ • . Jl;ea:r sra~ tlqs! .. ·· 
if,:p:r~~en~cin· the,;dr;r,"{'lllil.g~n t'eadi1;,r;,.be,taken,il;lto account •. 
Papally tlJ,e int>~;tt,flil:J:l'd.•Of' t]<e.:qriye; v;;l,'l1 .be. at the. roUer of: an. ··'::;. '!.;,:<;;, - ,-' -.-·.;: ---~:'i;_.· ,· ,· -'-"--'":.,~<· ,· '', ,_,_ .. _________ -... : . ... - . ' 

.·.·:;£~--<.;_- ··,;:t~-- ·-~--:,·.,-
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inte gr~t ing' unit • The frontlash unit ··is the;n set. to . . . 
canc<:Jl th<!l bfil.!!.klasb,. of the torque amplifier as ;well:· as th"-t 
of the balance of tb,e drive• It is of cou,rse ,not 'alway's 
necessary to eancel backlash. in this manner. WhE~.re. it occl;tr.s 
in a drive connected to an input tabla,_ for' exa:m.ple, it.Iliia;y" , 
if necessary be .com:penaa,ted for by adjustment of t,he plot~'' .. « 

Six frontlash units are available, and this a;ppei!>s to .be.: • >!' 
a. suffieient.number for the :present~"· · · · · ;: ·· ' 

. . - ·- .: . , , .. ,. - - __ "--,; __ ~;~'-~-~-:·'~:_~-C~t~~~: __ ~· 
{U}. !£..rque-alll1Jl:i,f1$l"§•' ~T:'jae prol:Jlel!l of eli!llftta.~j,'on ·~ 

of integrator slip, that :I.e, O:f'.•sli.I1Jillige of a ,Sharp .. edged.• .· · ... 
. rotating roller UpOl'l a ho·riiontal rotating diao le larg/.;)ly .. < 

one of reducing tbe le:llld oorne by the roller, while': .· · 
necessarily. maintaining a;t high level the outpQ.t ~;t',pQWE!l' ·c: .. 
on a sb,aft sy!'Hlhronoualy related, t¢ the roller :sha:t;t., .. ·'fh~f,:': · 
solui;ion of this ppomlem was aehieved through the }!lite lif")i:'<~/ 
a torque-amplifier recently developed, by the. Betb,lejlem ·•· , ·.· 
steel Corporation. .As Dr. Bush e~lains, "This $13 1 >in•~i~il ... 
a devi¢e having an input and .ctll' outpot shiift. and'. $0 al':ra-n~;4 · 
th'lt, 'When tl:!e input 'sl:!a:ft is turned •. the.output $}la:ft;wtl:J..·· 

. turn an eq!l!ll ~aunt., but with a greatly ·increased to.t'<l,)le, so· 
that ·a.· small torque applied .to ·•. the input· sha:ft . is,.:ll'lagnif)led· 
!i!.nd ap'l?lied to J3. load. The energy is supplied by .1;1~. · . · 
independent and constantly-rtuining motor wb,icll. dri'%s a pacir 
of drums in''opposi te d1recti ons •. The. C\lntraJ.. idea ·;~nv~fiveil:i . 
. b the Q!ile .. o! friction b3.nde vll"a.pped around the rot'at..:i4ig.' ;. ' 
drums~ A .small hrca a.pp.lied at one and of such ~ ;rert4.< ·· . 
produce a a mtlCh a;ro:plifif!d forCe· ~t ·the other endt, t.he ~t,.h of· 

... these. forces. varying exponentially with the .. angle 'f?f 1.vr~p<; 
· 'l'hfl. twe dt.un;s p.rovide for.rotation in 1)oth directbna{. 
· I<'igllre lO show's the basic idea. eomevrhat 'diag;l'•ammati,cally. 

., ·.c·:' 
;._ .. -

',-., 

',__;··.' 

' . ; . - ' ' . ' . ,:/ 
. -~· (. ·. 

':-i 

. ~ . ", ';".3 5-7. :> 
' 

'-',. 
· .. ·· 

' . 

i · ... 



• 

• 

"A ~tU, Q.y ahowe d that a "\JQut a pound-foot ·of output · 
torque from integrator.a ·would probably be ample, and that.,.· . 
in order that ecrrora due to lo[J.d roJght be negligible within 
the limits of precisiori aimed. at, the torque .aup}ll:led by 
the roller cou,ld not well be m.ore t)1an a ten-thouaandth.part 
of this. · lt was therefore neoe3aary to dev.elop the torqu,e · 
amplifier .8,lo~g th.e linea .of very tp.gh.to~que~ratio and very. 
law input.,t;orque. A two-ahge .. device was :found. necessary ··lt,l,· 
order that. the be;nda on the firr"et stage :n:ight oo exceedingly · 
flexible .and thus properly cont{t'o11~d )1Jf ~:n fen•cea, .while 

. the banda of the seccmdLstage might be sufficiently rugged,. · '·· 
to carry the load. The output Of Jhe. first· ata.ge simply 
moves a .:pivoted lev.er Which· il'l turl') !!<Upplies the input tl:f' 
the aenond si;a.gc. • The final mOdel is .shoWll in Fig. 11 • 

. The r.otating.dr'Uma. are 'belt-driven 1n opposite directions, 
and are stel')ped to furnish two small-dia:meter :trict;ion. surfaces 

. for the fir!lt-.<r~a.ge .'bamds, and l,arge:r ones for .the seeot~d-
etage bands.· There are two oonceni;ric. shafts. 1:!'he interna,l 

· ·shaft.is .the roller shaft; held ina. light. bearimg mounte.d in 
the outer shaft., and furnished with an al'ln )llhi-ch' projects · 

. through a hole in the L;J.tter •. This arm. <::affi.ee t;he input .... 
ends o.f th!o ffrst .. sta.ge banda, which al"e actually p;iecel\ 'of· 
silk- braid:,ed fiehline, the output ends of these ba.nds .baing 
conneot.ed to the pivoted lever mentioned a1love. The .l":!ec~:Fnd­
sta.ge bands .are ne~vy cord, with their input er>ds connected 

·to .this s<Vlle l~ver, $nd their, out:p~,<t .ends attached to "!- ring 
o~rried rigidly on the outp<lt .s)1aft •. One band ill eacjl, stage 
is wound clockwise and the other counterclockwise. Evel"Y · 
bi:J;nd is given two and one-half' turns wrap. There is a. very 
al~ght' init'ial tension in .a,ll the bands, and the, effect of 

· !l.. move.ment of; the :input shaft. is to loosen one pair a.nd 
tighten the other. }).:he.relative angular niotion·between 
i:t:tput and output ahiitt:s i.s only a very: few .. d!!grees even. when 
C';3,rrying full :).oad. This angle. has been made very' small indeed 
in certain designs produc.ed by Nieman, but in the deeign ·for use 
wi,tb the integrator, where the problem of ext.reme1:r'.12ma.ll input 
torque is pa~~:iunt, it has been f-\"und advisable to allow it to 
be several dagreEJs •. The error .which m,ight be caueeckby this 

· Slll$;11 play i;'e.~vo;ided by ... the' uise of the vibration damper. 
Thia ·is "a; relatively l!IDssive ':f':;l.y-wheel on the Olltput sh~t. 
This fa loose on the shaft and coupled thereto only through 
.~ sl!ght fric.tion intrC>.duced by p_ressure on a felt waii!her. 
During unifor.m rotation the· t'ly~wqeel simply ro'ta,tes_ with the· 
shaf't •... · .If there are ·oscil].ation_s~ it slips and introduces a 
damphfg :force, •••••• lt.s presence does not simply ·Umit 
th.e anrplHude of oscillation.s; rather it prevents them from 
starting. at ·f>ll~ This ,sehem,e long used for ·limiting th.a 
torsional v.i'\:lr.ation of machinery here performs a new function 
in preventing the initiation of self-oscillations."· 

.·tr!:rnoun " 
. 

' 



• 

. ·.·· .. One may rel!larl;: tlw.t the re:placing of broke~ or 
worn straps in~.the torq11e-amplifier ie one of the more csmmon 
unavoidable e~lilse.a of shut doWJ:! of the machine. 'l)1e proper · 
insert~on o:fif:nf,l\Y fi.sh line involving overpaaaing-and .. 
undet'passingand the tying of e·nd kno'<'~S in the interfor'of. t.he 
mechaniem is o;n~ .of the small fussy j bb.a consuming much time 
in the. aggregate. · · ' · · 

:v ··:;, ,,·",' 

.. . (Hi). The automatic follower with. ~agnetfe'clutch drive. 
The automatic follower .with magnetie .clutch a!'ive ;(,l;ltei~t~.~ · 
the follower proper to be.ducribed'below. (ii) of a Q(!nsttiintly 
runnlng motor. which drives on one shaft \iii) two. cy:J;iridrical 
insulated wire spools (with. brush connections) with il'?t-cb .. of ... 
Which a.JO an electro-magnet is associated (iv) a Ca!lt .l!'C:IiJ ,:' . 

. disc f!.S cont13,0t armature, . (idth thin interposed dem~gn.;lt:i~i!'l'lJ; 
copper disc) carried freel.yon'.the ma.In.ahaft and fre~.~. ·~ 

. .· move late:t'ally: through a slight d ieJ?lacement, In the ~t1ther . · 
.. · .. face of the disc are set four'.';pins. which $!1gage in hote.lS ;J.njv) ... 

a 2?-toothed; brass sprock{;)t. wheel carried. em bal,l 'pearings orr 
the.: eh;,ft an.d Mld laterally in plal;le :ey a alMve q:n; th~ .!'llJCi.:ft •. 
Or'd:ina:rily. both. sprocket. wheels remain idl.e.. ..>Wilen: tl'l:i!l follower 

.. m~~:kes eitP.IIl~ :C>ne 'of .its two contacts, the. co:rre~po~d:in~ one o! 
~he' spools 15,~agneth~d, thGiea~.t iron dl§C \.w:rth .~nter!Joa,e4 .. 
uamagnJ:Jtizing c(ljlper dlsc) is dra:wn i,nto contact, a11d t'h,J;'oug}l;.•.< 
thfl piris, d:,ives the a.ssociB:ted :lproeket wheel unt);I the,: .. c, . · .. 
')ll~gll$tle.coti,tact il? .released •. 'j:'he sprocket wheels a~E(t·t>(hinltl¢;t.ed; .·· 
by cha~.rt>cirive to a cO'mmon lead screw, \OM .chain gi~ direct 
drive, t:h'e other 'through a na.lf-tydst in:. the chain, •e:ar:rying re~ 
var111e. tlrive~ Thus ~1hen: either ~prock;et wheel is being ttriVe'n .. 
the .othe:r' ie carried wf.t}J,ou:t :toad ~>-t the aa.me rate. '*·n ;.he · .. 
pppcii!:t.te·\urectio~>• and is n.ot direct'ty .connected >\'itl;i th,e motor .. 

''"···.' ·~ .~ . ' ' ·-·-. - : . ~ ,:, - . 

. · > The foJ.lowe.r proper whicb.wi th '1 til bent.• steel guar4. 
etand:fi 'iit6ilre' ,{:) inches high'on r. slider which latter moves· on. ' 
i.i,·!~vsrti<~ir".>ca:rrfage•along :pa.:[>all~l. guide i;lars by a.cti:Q1'1 of a 
.lead,screw.; :Tb.e ·'Va.rri;3.ge ail .a'whoii>·mqve~ .. hori.zont?+l.Y by . 

· 'synon::"oni~ed •':J,.ead~l3cl"aws~ .. oneat;}ts. near ·edge. (IIJ»tct~").and. , 
'tlio;~ .. other 1o1ot •• itsf:af .edg~·1\iopq}.:,..:, A· cj>'lindrical,' brass br.tsa· 
.eont;?-~ni!IA thick oyltntb"f~l p•ltinge;r: wl:l,ose lower end · ........... ····•· · 
t\?i:rm:l:nates in a .blun.t truneated. e.t~Ne.': { !>f some 120° Vlj:t>tlq~l 
angila~·. · Ths plunger <work'ing unde:f.' gravity ?-lone is }fi:v;o,ted • 
)lpon an indhatef.:. ami wtr:i;c'h l'l<i~$,!'!: lateroL.for.k enga~;{n~c~it.h 

· · a fiX$.d; piV:clt biu• • . , :nw .ot.fier .. end of the indfcat Ol" ~.~idar,~'f~s .. 
a bakelite ,diso ... ,As tfiec piung~r ristis o~ falls' ~yi:Jnd'i~~w ..... 
l.i,mits ~ci:ntact is. mad~ .on ·13ile 11'ide or tne: ot}ler Mr t}le" ·•·· .. ·· · · 
baltelit~>. ·.\lise :pre!.! sing .& .t~in··vertical .condrtcting-~~ta.l. .strip 

· w1M1 s,:.epper knob a.gairis't 11nothel" suah strip .. · Adjue~msri:t'·'.:". • 
· aor$ws d.th~ 1nmu:ta1;ed tips :re~la.textrre. position o:fi;;tn~(•(lon- .· .. 

duotors anli heneEJ gpve.rn the s'tim:sit_iven$$~ o~. the'-fa1.:ig\ver. · 
"'· '. ' ' ,i - ' -

: "::. ' ';:; 
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. . . 
In operg.ti on the eone' of the· plunger .rides on the ridge of a 
temple.te (or platen} and .the ptunger aenter traces a path 1/8~ 
from this ridge.· The template is· 3/32!1 thick. This is found. 
to ·provide ample play. 

i,JII~[S TO. 
/"'AGIVHIC: · 
C U!TCH 
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, :r}le Specifications (of .J'une5. 1~35·). state(vr.ith 
. slighf V'~t'bal rnod,ificat;i.on&) the following: . . - ' ~ 

·. -~ 

· The. main control uniti consists of a set of :Panels 
a.s desert bed oo low mounted on a standard steel· ~ela.y l"ack • · · 
designed for floor mounting at any co:nV'enient ·location •.. · 

( - ' 

A power ;Uld. indicator pa:ne1' OeDtaim{. the :I'E! cti;fiers 
a!ld tra.nsformere used to su}Jply. direct current for lilato:r ·. . 
driv.e • relay and contactor ope rat ion, cluteh operati.on, ·· .. 
reoordi.ng counter operation,· and mot<Jr fi~ld current • 
. !his psnel.contains also the necessary timedelay.r•Ha.y a.nd.·· 
circuit. bre11ker for rectifie1' protection, and a gr:ou'9 ·of · · 
eo1ore!1 indi<:4to.r lampe for 9howing the operating etatus .of.· 
.t'he Differential Analyzer and also :for indicating fahe , 
op@rat±on and .cir'etd t faults •. Th.tHi:l6 indications 1!,1'6 all 
e,;:~toma:tic and. require. no attention El;t~ept ta' .:replabe burned 

'out .Tamps. · · 

The relay panel contains a. comple.tely inter:).ocked 
syat~m. of relays through which control is established.· 'l'he 
inte:ti'locks are designed to permit proper sequences of 

.onera.tions and to exclude all.others so th~'l.t no accidental or !ieH ber,1.te nismanagement oa.n. cause improper oper9.tion or 
damage to the eontrol or to the Analy:;er. ]'urthermore the . 
design is such that in case two or more operating signals. a.:re 
gi'ven, the ·relays will choose the more conservative action. 
T.hat . is,. the speed will Uecrease rat her thar; increase. and the· 
ma.chi.ne will come to a full stop in all situa.t ior!s which demand 
it. The relays are ,:J,rranged so that external limit switches 
wi 1], acttw.te them. 

'l'he contacto.r pl1.nel contains al.l power contactor.a 
which operqte the circui.ts directly to t.he ri.'tltors. 'l.'hese 
contaotor6 are actuated by the relays. 

A speed control :9anel contains a motor drive.n 
variable voltage transformer to· obta.in smooth speed change 
without the undesira''tlle jumps ':7hfch m·e inherent in the push­
button method of .contr/Jl. . l'his r1'!otor-driven .,unit includes a 
magnetic clutch tll prevent overshoot and a oontactor 'drum· 

. which is interlocked wi.th the relavs to prevent excessive 
speed, sudden starts,and impr•oper.control sequence. 

~ . -

lla:in power switches ar>e mounted ori a sep!l.rate panel. 
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The· re.la,y rack contains the equ;f!Jment requir~d. i'()r au-&OJ!iatic ' 
_.:._. 

speed control. · ''· · · ·•····, .. ·.• '··;.:·~ ···• 
i' \·'·- ·--_: ';- ' 

The control "bC:xe s ·.provide for· comj:li:ete o i:mtrdf(•~t .. · .. · . 
the foilowingloca.tion!3, ateachta.ble, at the recor(l:i:ng: ·. 
counter. anq between each two .. pai,rs of integri;t:t;or,a.. tl:h;l!'.:·P.f'·S~gn 
of the. control .boxes is .such that a;t;I. contro). OlJ{;Il'a:f:.i~hil are .. 
s!3cured by r(loving. a single handle into .varioltf$' iilal!!i~y ;, : .. '~ 
re;n:eml:el.'ed. 'positions with natu:i'al motions> They are·l!l,ou.n~ed 
by lugs direetly .on the structural steel Of th!; .. .A:n,~l!;,rzer.; 
Too design of .the slot in. v.hich the handle ,operaties 'ia · · 
as follows: · · · · 

''•. 

· . .))EC, 

The alJbrevfations .,tand for "Increase", "Deorr:a.ae "j 'arid. 
"Reverse":• The "St8.rt" pGsition ptlts torqlle a.mpl.:j.fie¥ 
Jnotors in oper1l.ticm; the "Inc:r·ease" position 'sta.rt;s .the· · · 
!!lain (Ti!lle.) drive, and is used to increase up to its · .. < 

fi~Jted maximmn 1 the speed of this main .drive. 
' . / . . /~- -~ .. _.·:: ·~---- ., 

!he torque amplifier motors are further :Pl'(,y;t:d_e.'d':;. 
with thermal eut-oute. These are equ:l,pped with special.·· .. ·· 
sw:t.tohes so arranged that in case tbe 'fuze burns out a.l'ld' 
sto:ps the motors, the main drive of .. t}le machine stops :• 
autOlnat:lcally l'l.l.so. . . . . ' < 

Two ilf•chometers are ati;ache.d to the ID!}in. frame,.'''·',; 
one is gea:'ed to the main drive, ,(l.nd thus registers inG'i'eas-e 
in 'l'l the other iS geared .to. the X variable •. , l'.hese areo •. :. 
cle'l.rly visible to the operator who .watches them and.wh~·., 
when 1H'Je~SS'1I'Y reduces the' sp~e\'l of' the rnachine thrc,ug'\l a 
hand-o:pe:rated contl:ql box~ The m:a.Ximtn!t rate'd: speed of th~ 
time J;!haft, c.onnected by Q!min drive with the main varf.abl£:· 
s11eed motor is 5'75 r.p.m. l::ut as noted earlier a ·speed: \)f'·· 
nearly.8'00 r-.p~!n, i.s obtainC~.ble, , The X shaf~ ta!lhdmetiH'. · ·· .·.·. 
is chief.ly of inters:;t in helping to ma,intain' a:ppro:ti~tel.y .•... 
a suitable constant. speed in this s1J-aft. for acc;ur~te :Printing 
of· equa.l X-interYnls for even i.n:te'g'ral values \of ',XJ tnrf:iugh 
the manual operation of .the control box to vary t'Jle rate:.· of '.f. 

-
~-. 
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. ····•· A~ ;au.l<iJiiary eH:;uipment• o;t" t.n~ :D'ifferential A~a.lyk~r 
is a a1roboscope, llt~le used currently. It may oo Ufl8\i: to. 
oomp3J'e rotaHonal· speed .of an inte.grator•dia:c with'' t.ne · 
speed···of the··time shaft. '!.o .aoc:omm~date. .thia. equipr~ent,{ia .. 
a small fi 'bra epqol with a Sl.Qall strip 6f brassu;et · longi'"' 
tudin~liy 'in ita au.rface.· 'This spool is geared to the .·• /· 
time .a}laft, , Contact points re ;.~'ting upon the sptiol fol'!R:!a, 
awitcb whiO:i:lis· clo'!led momentarily ;vith ea<:;h :pa,ssage Q:f': 'l;''t,!e 
b:ra;ss 'i!!trip.uMer them,.· ·· ' 
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· .. THE DIFFER:EJNTIAL :EQ.UAT!<Jll'S 
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A. ~guitlQils in terms of Mlsical vaxii~bles. .. . 
·- ·::!•;;::v·T- .:· '" · - ,_ -' · · .·- ·· ·:, -.. · ·- ::_·. · .. 

;t~ Phye1cri.l Theory for St!l>ndard Conlutiorui, 
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reported for' the .•currel(t range firings. '!'he '•eft:eets due to 
nonstal'l'dard eondi t;,ori~ ar'<~ rm1all. compared to the tWo em:lliri­
cally reproducible· major 'ite:rtJ!ll total horj_:>ontal range and 
total tJme of flie;'ht, 'both .measured at the levelp.oint. 
lienee .it sef11I!S ent.~rely satisfactory to· inqorporate .fn the. 
theory· .approx1ma.ti 0ns which might p!'oduce .'u:J:tolerable errOr!> 
in the.se two ma.j.or itenna (were not .th<! ballistir: coeff;icient 

·and an ail.ditivc constant for the retardation col;!f:t)cient 
adjusted ·alllPirical;ty). . Stnce also the .magnitude af smne of the 
effects is il;llpra.c tiM ble to measure directly; with, convinoing, 
accuracy, (Jine is content to secure. theoretical esi;;l.l)ll"!ites.: .· 

- . - . 

. The actual trajectory is the path of the e:en~er of 
gravi.ty 'o:t'. (ne projectile frQ!ll the instant. of departure to . 
the :t~rr:Ji~l. point, o'!"dinari;LY chof!!en as the "level p9int", · 
which..·:tsat. tt}e s.g.me altitude as t.he gun muzzle. In dealing· 
11rtth the tr:~.Jector;r. ono i~ intere.,ted not only in thr:J i 
geometric;: ar·G>t;r>a,ced. by the. center 'of grav:Hy but. ali!o ip, . 
the poafti:on of this centroid on this arc at alL til:~>es .:f'r:6m 
the' in.stant .. ?J fire to· the ill.st&nt of impa<J·1i, as~Juminii,:b"ha.t · 

. impact occu'i-6' a.t,.the level point, . ' ·· 
-,-' . 

' ' 
· .. Ther;e a.re manY Jnwvm complicating :features which ;,i 

.are eqnve:nienUy ·treated as·' perturbt;.tions. supericiposed upon 
a eimple idealized trajectory •. · A few 'Of the ge co:mplicF);tions 
and correspondipg 1Jr:;tctioal simpli:t'tca'tiotH>. of theory adopted · 
are as fallows: · · ,, · · ·· · · · 

. (1) Due to the acticYn of the muzzle bla~>:ti~''the , 
actual :prejectile contirmes ·to acquire· energy from· th.@ · :· 
powder· gatees fol' a short time after leaving the muizl,.e. 
li'or the ideali:;ed. trajectory there is a nominal muzzle 
velocity adopted, somewhat. in exeesa of the. mximurn actual 
vel,ocity exhHited. Its magnitude is .obO.sen eo that :the·,,· 
motion of the projectile'after it,leaves the muzzle. blaat· ·· 
would be r>e;prod.ueed if the projectile were l"egarded 9.S 'endowed 
with thia~noiitinal velocity at the position of the gun muzzle 
and .wer<!l. thenceforth free of the muzzle blast. 

''. - .· 

.···. . . J~j The .acttJal, projectile .exhibits at the level .. 
. ppint a noticeable. drift 'out of the vertical plape contai;ni;ng · 

the initial element ,of thGl. traject;Qry (the plane of depa.rtu.l'e). 
The .ideali:JIHLt.ra.jecto:ry lies in the plane o.f departure and l)ll"!iy 
be regar<i&iL~J> apprpxtrqa.i;irig the )?l'Ojection Qn thiS. plane of 
tb.&, actual'·trajeqtory. !nJse~ting up the differential ;equ~tions 
of motion of the ideaJ.i,p;e.d. trajectory, the ignoring of all 
lat~ral force a ·introduce!) ~);l o.qviou s ·but ye.t negligible. ,el'l'or 
in the ~::omp.onents of projected motiqn .within thi.s plarft;.~ · ,' ' ' ( ,•-

. "' I TQ TPPfD . 
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.. ' \;. <st:))le aet,mJi!;l,p:roJ'~di!i'ifi·h e .. rigid '!)()dy with a. 
gecmilatric ;(~l'ld •dynan;,io} a.xia ·of revo~uti on •. The projectile .. 
J.s ;i.!li~n:ing, ~:n•an ;i,~~rfeet 'gal:! which· ,resists .its motion. 
The initi~.:I: ~·• 1:l'le g:vrosoopic reaction, the dow!'lws:t~d: · 

· .. ·. cu;rying of the -tr~.';}~(ft.ory, the P~Lrtb.l·los\", ot spin, togetber. ·· 
·. p~'dl.ic.e a com:trJ..ica..w.d' moq<m starting of.f vigh signi;flo~ilt . 

J?J;6cession;$;1)d' Oft-an' With perceptible nl\tation, and p;fl;\bably 
s'0m.e helic::ll'')h6d;Jci'ri of' t:he ceri tro:id.. Often also •. e~ecially · 
:for :relattvelYl).igha~gle fire, some of thes$:p}1finomen~ rect.:~r 
near the &~it oi' th<:f trs.jectery. For the idealiae.4 .tra~ · 
jectory {.for rang!;; firing). the :project.ile is treated a.a a. 
n:B$Bi'\te spneJ:'icai ]Jart iole without .phenomena. of gyroscop,fo 
reactio'l'l, tra~ing a 'curve in· a ye:rtio$1. plane, aiui .wi tl:\ . ' · 
smoot-hly tu:rri:in~ tangent. This a.:>sumption incidentally covers 
.the>,p'feviou~ aBSUJ!lPtio:n of no .drift, but. not con?ersl'll.y,.·,· ..... 

. · , (4.) <rne Mtua:l traject o"r:Jr; when the, rang,e 1;o, the 
level point\ 5,a not :to(! l,'l)'l;ort, involves for the detel"lilina.ti <m 
of the level ':point acknowledgment of a I)<oticeable. curvature ' 
ill the earthl a .surface. This curvature is accompanied by 
~. d ;ivergenc¢ of vertic~;!. lines, a· Q.ecrea.se of gravHat ~ona.l 
attraction with incrll!<!i!B in altii;ude, 'and in general th" ', . 

· situation suggests e'i~Mr ;the use; of curvilinear cac:(-di~tee 
o:r:> else the drawing or, an explio·it diet i.ncti on. between. the 
plane horizontal: at the e;un, aml the. au!>face of con"stant 
'altitude a.bcve sealeveL· CttJ!(putatiori bf thecidsalized 
t;t'aj'lctoJ':f Jl3akes u·si;J of rectangular coordinate.s, with parallel 

· · .vertical. line.s, and treats the earth • s surface a. a· if it ·we.re · 
·.'a plane" •. Gravi;~\tt i<:mal ,.attract1on is treated as coneta.nt .· 

illdependent 'rJQt: onll· :or _alfitride above aea level, but als6. of· 
.. gepgraph!oa:j..,1.a1;i.tui;Je.•Ol'r t:q.e. ~art h •. This assumption. Sillip:Utiea 
.the form(lf.cth~·•.{li:h'erential equations to be used. In J:lr.~.ctice, 
the p:t'Qcedul:>e ·i.l!l,. not qn;reasona.ble •. The data used in the .. 
equations t.o: detei'li!:l.ne ._;llhe va1ues 0 f.·numerical parameters are 
in ;fac,to·btained on the·curved earth but the'results ofthe 
cQmplete<i rir:l,ng table are,. to. be used under .. entirely simU~r 
<:!Qndi tir.l;i):s. . X he.·. disare:panoy; between ai!npli:fied the cry· and fact 
ir;; la,:r;f(:_lfilY';eom~ensate.d,for in the adjuatmJOnt o:f numerioal . 
P"I'l"meters:., t)\'il des.ii'<id lm..rved) .ranges and ti:rnes of :flight 
.:'P"'~ ;reproduced/ iii an;t' ~ase. ' The ·errors .in the differential .. 

, .. l:o~;r~.ctions due :1locpurvad ranges :are. negligible. ~Eirh~Pill' Jor 
.11 lilrge caliM:r gqn, the ma,XiJnum Qrdinate as computed,· .would >be 
i'ound to· dif:t'<ll.:t- ,l'lDtiQea'bly from th.e aotuiil maximum ordinate if 

... this 'CQU1d :oo'c'mt'lal!iU;r<ed. But SUCh a deviation int;rod.Uoesjn turn 
>no <lerilo,us flr:~~~.,t~;r S<a~o~ o,rder corrections at thl3;level point. 
. . . ' '· t5Ji~~h~~i~g ~~~ i~ring of ~he a.~tval trajectory, tb~ . 
eal'th~ rotdii;!!i,c :producing ea:r'th' rG"tat ion ef:f.ects which depend not. 

,_ ,, .. 
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only. upop. tJ;Ie muzzle. v:~~or::'~ty, ba;i,li~t:t~ eoeftidf9nt,. and · .. ··.·~ .... 
qtladr!l,nt ,ar:tg{l.~ .. o:tr .depa;t>,ttire; but alSo upoh the get~graph:ie ;; 
latitud<i! ,of' ,t~e;.·:gun and :fhe'aeJmuth of .t}le' plane of;fii'ei(' 
)'l'ae)!le:v.er,d;he'~ earth ro,tatiol:) ef:f'ects are not negligible, 
thailr are t~.E\11· into a.coounte:r.:plicitly and continuously Jn 

... 

·.reducing the ·O:.ns'erve.d data ·on range f,'iring. :H'oweveren,ee ... 
the 'character. o.f the retHstance law an:d the' ballistic . · ·, ... 

. coaffici!,arrt have be6ifl>determ1ned, such as to J'eprO:ciuce th,el ' . ·' .. ,\ ' 
o·oserve.d .,tot,al range ';;J.nd total time of flighty tb.a. :f'Urthe~ ·.· .. ··.·. ' · 
'work. on Btandal"d · t:l'ajellt erie s . treats.· the ea.rt li 'N'JtflftiQJ?,, effects · 
is a serpa.rab)ie J!ertui>batio~.' A stand,ard trajectory la :o'9ll!:P.Ut-ed 
an<!, pl)bliehE~.if,~~~ tli6ughthe ~arth Vf(;lre atat~onary,, and .rop~i:':l.i!!iit,'. 
cmputaUorta j;n~'OVide subsecuent correctinns ·to be. im'Ptlaed tor 
given;latHt;;ile ·a,i,ip. given azimuth o.r plane otnre.\ ' . ·· ... ' '. ', 

• • •• • . - -,,_ ' __ ., ,:;-' ',<· 

{6~ Th.e t~·otua;l pro.j~ct ne expe1-J.ences resisting, .. · 
,f'Stf"C!'l,fit?lds ahd foi'ce Cbtl:ples·varyine in dire.ctJ.()n a~<J.., • ,\, ·.· ··~ > 
J!l.ilt:J;~i tude :1.long the t~"l.qtory. · The more penetr~t:ing·~;;:odieS• · ; 
of "t.\'1:l:1,1etic 'Phi?Mme.ni1-:·'J;a,)!:e• explicit account of i;:lw :varying ·· 
yaw ani:l:· of the rotating }falf-plane 0f yaw. ,;The re$ul.t1\'lg · · 
air resi~.tance t~bles ~e'~Bt1d upan·measqr~menU 'f}f c\baerveQ: '· .. , . 

. results lJlalcing use o:t: .variaus pla.ua.p;le ·{,P13,t)~·ot a1way~·;:c,.:'.t•.:•·,·~ · ·. 
·.·~zperimen;taliY .establ$,-she~}cit.esmnptfolla. ·.~~· t~it"'<;iialftief<~i;~:~;', . •·· 
of ~till~ry a.l1li!lunitior.' ;i:nV'olv<:<d·, it, is·,a.SSUllled tha,t gf,!Gn;'i!'ttl .... 

~ ' ' ~ oally ·and. dynam;lcslly !!iJI!Uar projectiles for staniieu~d ai:r'· ::· 
d~>ns;l:f;:r, ·anQ. ~ir'temJl~:rat[Jre~ and no wiiJ,!;i',. and with~:'ti~~: sa!ne· , , 
"1'-eitlc;lij~ ;Ya'N, o:r:l,;~~t'~'t'lo~· t)t ~J:'~~l<.Ui~:;.6f YaW, and' ~ra~ . · 
ject<ill>Y'.'intil:inat::ton {t;.o. th<9"iw:ri*oilfal) w;i:U:.expe:rience•: .. ·:· 
PI."lt~ortione:l :ttesi~tancs •... The .fac-tor . .of propai"ti:o~S.li~y is .. ·.·· · 
theqii;~tio.~lY a. constant .:foi>' the projectiles aa. ~uen,: };t~e~ 
pel'n:t~z' &fall·· oondi Mons of firing. · Aet>Jally ctt.!iil ·to. some . . 
dis'iirepa,i:l"ey tl:!a. re11isit'ic coef'ficfene:may d~petJi!:~ sllght.ly · .. · .· . 

· ul'!.OJ!:;the'~~~~l'fg c6J;~dit;fans •. S:itve fo~ this oonetant: •. itJ,lier;Pt~t.ed · ·· 
a.s the a:j:q;l~$Tiate ~lli'!l!U 9 coefficient .of eaqh proj$'?.!tile · : .. 
o Olf9'<>1'tred, tan a.f~· ~;i;!')ist~tioe la.w is' determined {;fRr a• giV:em 

· t:Vpa !)r :ProJ#l"'"t;t~T ~~~ a: fu ne.tion of .. t ne ~~e~o'etty- a:l~:~~<¥';tf""rh~ 
st~;n<iard triRte:ctar."y is com:Ptt~ed tnsing. as nearly :~5' ~il'&,liil)l'e , . 
the apJiirl!wla:te t~j;lstance .. l,aw aljl. d.etarmil1ed in t'l:lti.·;m~~:" ·.' 
menti,~T,i-e<l a bo've • ,: llGwe'Vf.lr .. tl.;te ;~he"ory for. :pra.eti~al: opr®e®Te · 

· · .. , h. aiiiliewb.atc inoi:msiateht ·wtth that • 4'nuer whiCh 't'ne ·~ei~:tstMee 
~a\7 'il"~~'~e'tre~:J,;ned •. l'n ii'P'!oi'ing the yaw, .an elijpir1.9it,q~r8:Jjl . 

: a:verq,gl'!: J;:,S;,f~~lld :for theln.llist1o eoeffi<.n.ent Gf .,'i<he g:i;;ll.il~.·· ··· 
· pfo,je{)t~:te;.:rlil' a given roi}.zd.e velocity and quwr""n~ a~g'l,a. of 
departul:'e:; .and (exeepfi·in ra.r.<l," ca,se s} ttia '!:lalli!ft:l:{ll)/.i3.;9e;f-. . 
:ti Oi,fi~nt• i;s •. ~'1;1}:e;:G .trea~e~0 ri$'. ctilistant alOI.lK. itny one ':};;.~jl:~'~t.a:ry. 
J\r new a..verl:l{l!:"t':'Mtermmaticqnds obtained :f;9r each s&P'l:li~~'jat:.;r 
gr<lup of fi:fih_ia~ande'r liki!''.in]tial citlnMtJo.!ls• ·• Th;~;t.J:te. 
re si st1'U'1Q6 '!'a:w:;JJ.~ed was derived'. fen;• 'varying yaw a.nd: o:il'f.!.r~: 

,,,•, • ,,. ;-,T, • '.\: • - ' ' •> -_,_·_:~:t}~',~'-':\";'-1i"- !'J, 

.~ :~·i:,~}t-";;~: . .. ~·t.~~ ' ; v ;, 
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· aponding vary.ing reshta.nce • but with constant ba~listio 
coefficient ·independent of velocity. ·Yet. in practice when we 
ado)ilt the law !ilO obtained, w-e retain a constant balf.iatic 
coe:f'fioient ~long the tra.jeotory but ignore a:Ll ch~~s in· 
resistance que to actual chl!,nge in angle ot presentation. We 
are eonaeqorently compelled t.o accept the poseib11ity of a 
c!Jange iii tb,e inferred ballietic coefficient not only for · 
ehang~a irr muzzle~y:elocity but also for· oha.ttges in quadrant·· • 
angle ar· !lepart~re. Sl'ld consequent changes in .length of . . 
trajectory •. : ~rthermone on allY one tra.jact017y. a dili'lcrepa.ncy 
:may arise. between total horizontal ra.nge and teta;l time of · :. ·· 
flight •... While •we may select a ballistic onef:ficient.. to 
secure. agreement for o.ne of, these .two quantities, ~ch a. 
chqJce ;may nat reconcile the other,. To handle such a. break 

.·between theory and observaq<~"n we· introduce an empirical 
additive coostant in one of .the faetore of the resistance 

' law. whi elf constant •. together' vlitb the . ballistic coefficitmt 
are t}fen c:l:e'terminl'id 'so aw to )larmonize both comp11ted total . 
horizontal range land oomput<lid 'tot~J.l• time of flight. with the 
cGrrected r;'ilsults Jif observed range firings. · 

.. . . >t;!f) ·. ~h'il actual trajectory is influenced< b~ vlind 
of varying.magnitude and intensity ,at .varying altitUde layer·s 1 
e~en afte~ .effects of momentary gusts and lno::ial geogra:pnie . 
va:dations ~re ignQred •. Also ignored are •the efrects of. 
vertical wind. often considerable but. usually localized. The 
'llind;at any 9,1113 a.lt:l1;.ude level 113. a.s;:)umed to be moving· '·. 
unifol"'!'lly (at conatMt level} over the• ent~re portion of the· 
territory involved and thrtmg'!lol)t the duration of the 
·projectile's flight. ·The .wind velocity veeter is analyzed 
a.t. each s.lt:l:tude. into longitudinal and Iate:!"aJ. components. 
A1.thougb.not entirely aceurate •: one as·aumes .. fQ:r the ,reduct ion 
of firing that. the longi tudiraal component only need )Je · 
considered 'fer effects within the plane of, fire, and thE!. ·•· 
lateral component only, for effects perpendieular to this. · 
vertical plane.· Furthemore in place of using .a wind varying 
ccntinuously with altittJde, th:e assumption h made for ' 
r'eduction of observed range firings that .. the wind is · 
uni,:!:'orm thro!lghout each of a: sequence o:f vertiea.lly adja(Jent 
altitude zenes. The 11tandar-d trajectory,. as might be eJtpeoted0 

. ignores croa.s wind effecb'l arid aaa.umes zero range wind . . . . 
,. ccmrp:onen t. · .,· .. 

.. • . .· <. {8} '.jihe act~a1 trajectory>1~ influenced by a.larg~ 
l'1Ul1fber of'''.knotm '\'1;\l"i<::(bles and .dllUobtleasly by an indefinite· , 
host of l.Hla~lj:l!low1edged: f~otoflil •. ',the idealized trajectory . 
is e'bt~ined .alii the solutiott.:of a formulated tfinite) system 
of s.imultai'Uil.ous· algetraic 1H1d differential equations w~Jh.. 

. ~ i ' . 
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· · given boctnl,lary ~onai.t1one. There i~ g,o~·d r!;l1;9.$0n. to be;Lieve 
that ,;the cg!,~:ottt;atiy.el:y :j.mportant · fnfl.uimces &re tMen into 
account,' ,'f'·,.ime' reekt;medfrol'll tpe.fnsta:nt of fir?,i'~n.ccepted 
1\l>S. sole'~inde;;p~p.(lent, vai:'ia>ble. 

-' '·' '.,,, _, ' ,,_. ' ,. ' '-, .. 

···. .. In set'ting .up the fonnt1.l ~y!51;$m 6f simuHa;p~qli,i; 
a1ge1'!fai ~ . and di ff~rential eQ~ationa, ·. tpe . th.e¢!'Y. involn s 
beside f!l.fl1il~ar priticiples of rati onal• mecpaniea ( wi ttl, · . 
n1;1mer iea.l;;pa,rap~rr;.tep,f3< t'o. be fW!p:irically determined) ol1J,Y, .. • ·· 
three specia,l empiriea1.phyefcal··. functions, .· (a) .· tho a;r,. • 
resistanceJiit.sea level) u'nde.r··.stipulated .sta.ndard e;,o,n-cc 
di t,i,ons :of'.'$,.ir c).~nl;lity and te~~eratltre; (b)> thE\ . y~;>J,od ty 
of sound Jnair al()ft as a :t'unctiori of the altitucll!i:under 

·.· illta.ndard ·.sea level ,:c.ondi tiona :S,nd with. stand.ard relative ..... 
temP\'Irature stry.0"tur~ for atmosphere a.lo:ft; · (c) the ,d~n sHy, ·. 
of air aloft as a 'function of 'the altitude, under standa;rd ·' 
l!lea level,;.condit~gl)s ~t~.d wi.th s'lia.ntJ.ard rela.i!V:<;l density:: 

'strnotul'l'~,j· rfor'!it!h.osphei'~ aloft. .· ' . . . · ·.· ·· 

(9}. As t~the~i:r.'pces:i,st<'ttJce, endeavor is.maciet.o · 
U6e the mo~ accu.;ratil. available inf~rma.tion conce.rniug the 

. air resistartce,flln0.tiQn concerned,•. :,,.,b,is is .pa.rti.Qularly 
important not ·o:o.Iy,:~c&use of the magnitude .of .the,. effept.s 
producedbl,lJ a.ls.o,l)e''C'ause.of tl;le :d:l.:fficulty of introd!lcfeye; 

·any ob~ervati Rna~.)~!'recti Or)'! ex~ept as these · ent.er through 
c®ngel:!. in .!V;~l,h.~}try Pf. :;j?Und 'or trr air density •.. ::ia far, as ' · 

ct'}te htteT tvtci'i'aJ:'iJ: Concei'n~q; it 'i<J pot important for the 
ba).li.st,ic'i$J! to r~vill!~·htl( st!indards for .velocity of·. smrnd 

·•. :in: air a).oft 1 '·pt<.fot\~~~icl.Eln~ity a.l:P,~t, with ~~crc.irnwovement 
iri mete P!'?logic~:W~'.~'ii;f~rlll~'Er~on • ,;;r.t j,a· deeil'a.ble th.a'!; the , ... · · . 

.. ·St1j;ndar4f3' q.do:~;tted, S~J;Yll a. If: pat unre1:Lf1?!!a:b:L~; a.;pproxl~ti o:qs; 
.iJo ·a.vere.ge <;Qlif~.:J.t:fpiltfi\>For redupt:l.~;>:rt:~>f'~nge firings,/···· 
o)l'aerYEJ.tiai,(s·~~~~q;e" ~'.o:t't .a,nd •. 06,:riect.jorla •:for act,ua,l non-· 

.. s:\l;.,l;rt~a;f'd.,.()atiq:itld~e.ar:i1ilnpq'h;i~;r-~t!!(i in ;the.tFial runs for . 
. J;'ind.:h))g. fil\lit@i'Qle e.st :!:rrtatea:io:f the 'bn.lli illtio eo effie ient: 
aug of the''addlitive .ll.fliJ:tkction to.·.tne. retardation· facto:r;;.. .. · 

, :B:urt~~ i:'ll.!f,?t,~ .• }.~ Ul>i!lg,'fhe. ~ta'nd~rd t'!'aj eo tory as. eve ntua,l;L:{ 
:,lil(:}';t;.:~.sn~.il·.~~~ilar .. r;J~rl\e.et'J;..(')n,fil ar~ called. for. A. p;pa;~.Veal 
. eslilantial~!!!i':i!f:l'J;P,t the st.a.n~ards adrf?vted for so~nd ve:I:l:te~.rty 

a,lo·;f't,q.nd a:i;r iiensi1y 8.,loft '00 of .11 .~imple form suited .fo:r 
auta~Uc oP.ntinu&tla·• in~e.:rti:s~n iJ1,, o;perati on of tl).e · . 
Dif,f&:f;e'ntfii:l: 4nal;y~er• · · · .. · ·~ '•':• .< ... ·•· . • '" . , 

:·<:·~_:.r: ''''·., ;'";_, ·-;;-,- --·;_.,_·;:_/ - . . ) ' ; ~ 
. . ..· .. . . . . . . .t;:tlH' ·~.~x;.i the st ~nda;ci:\ri~.1 e otory. the ratio ·.oi': i .,.. 
the"velpc:t:t;y,of:.s()um:l iba~r at altitude.:r :feet (ahoyft sf.ia;:. 
le.:vel) /'the cerresp(:!r,lt;ling ve.loc:;ity• at. sea l\lvelJ is afilsum'eQ.• •.• 
to ~ gi ve\i (!,lnd€r.;:·oai;<'$naavd met<;~:or<pl>)gipal conditions) by a 
;formula ci:f' l~~ fo:r:\\)r<'·a(y) ~ 1 .;. a:1 ";r,wt:Wre e.1 (in reeip~·peaL 

-,,,- "',-1" ' • • ' • ' 
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~ ::~;/.-oy i.>.· . · · . -.:.--:::' __ ---; /'·; ·i::~~x<··_:-: 

·. :r6et} iij 'ri' ~mpJrieal• .¢6i~.tanh. T}tie fo~~J.~ is. 'intend~;J;;::c: ~: ... 
tp:r q~ orr1::V up tB·ill:~a'~~ate a.Hnu~li~ but).:JtC.,e)l'f>l~'eit pro-··' 

.,;c'ed(ire na!$(been ll,dOpi:;ed as .. <rtanda:rd :f'or us~· on'. a.!'& II Wttl'lin, 
· · · · the.lli;ra~i~~;wre;-.e. There i.s ex?enep,t theoret~o~1·~~?-~:lh'l'!.;J'',~i:;,; .. ··• 

anc:t e:;rpe~i~!l!:nta:t ev:l,.dence for 0101J.e.'tring. the ~1\'loit:yto,t · ,.,, ,,, ·· 
s.ol)'nd · ±.n :/{ir •.. tP/d.e»enu d. ireetly. upon,. the .. tel:lJi>~:rl(l.tu.]l{i·'of: \i\ 
the air, '"l<Afi. iridee.~, to .be proportional 't'l:r th~• B<:J:U~Jf~,>:r'oo't ·. · · ···. · 

·. of the ~li!~l~:t,e. telli]lerature. · Thus :n\:lire<:tl;r,;~l;l¢ a.s!'!li~ti9n 

·.!; 

. · of a l!lta~~~rd fo.:ry'Nla. for.· the vel o e~ tY. 9f soup a,. ~~:\.~ell/ t~'$ ;~ ;• 
assumptil?i':lf«!"t,a S:tarida,rd structur~ fbr·air tel,lh}~!'<J>ttW!;l;:<itlofh · ,, 
Now the,iti'~m·J;~~rature of t.he air affeete separatel~.(:fi!)~l. , .. ,. •. 
given ai:i'.1J;t.~{Jsure) · the ··• air dei:lsi ty <J;hd 'tlJ.e speed Q.f '~Q'U:fl%• 
For. pres&nt •purposes it is tJnn~¢9s~ary to a.dop~ ':f'J:I!'ljlal':·,: . ·· 
a.ssum:Ptions l((jncerning pressu.re··or te!nPera.tu:rie •Of'tA~.?i'I'.~'\:., 
aloft •. We *6a~me merely that the: adopted· linear l.;;,wfot \.-' 
speed' of .s'rillrid•.·. ( thro qgh moqera.t~ alti tude,!i ).,.pl'oVi\t.~~;:~deq;uat~:. 
appJ:'OX~ma:t.ton_!:or· ;eurrent .ballistic use. : ··: .,,;., : >:. · · :•: 

,,,._ ,_. i -, -: ,".-- ~- - -, -' ' . .., 

i " ' (LtJ The ratio of ai:r'd.ensity at altitu(le y :(e~:t . 
(a~ve :a~.!)t,lell'el:)' to the correaponding d.ens.ity .at sea leYeJ) 

· is ,asi!!Um~P4i :t"': '\)e gJven (under. standard rneteor:~?htic~l · . ) . . 
c¢Mltion,s)'1:lY.a'fOrp:!Ula. of tne:.rorra. h(y): :'";· .. •&•·.l··~ •.. where :.):<f, 
(~ri reci'l?lrO():'l.l ~eetLis ?.n errrp;!.ric~J, c.opstaii:t •. ~p:r if .h{~): 

.··•. h to :~;}i'i.mens;;.o,nless, as desired, .. then h1 y 4s dime:ndP.nl~r;~s 
~and henc~\h· :Ls ·in. units. reciprocal ·to .·tho lle .fo:r(y.;•, ·. · ·. i.' .· ... · : ·· 

. .. . .... ; : {;2) . T!1~, act ~al . traj ecto~y star~ s ~f;f' wt.thmtja:ti '~;~:~~:,; .···. 
dire Qt ion·. l;ind1 o11tei:l: ·bye quadrant .a!if&:J,.e a r: de;Partur~) 11a;'t , c;c·' 
nece SS(l,r:j.ly equal to. the. angle aJt,,which the bore wa.~ :Laitl: ' ; ; ·. : ... ' .·•···· 
(indi()ated by quadJ'I.<;nt·angliJ: ot"'eie.vation) ~ .· .. This d!sct,~rpitnaj;: / ...•.•• · .. 
ciu.e· to .. .JUli),I> of .the pa'l"rhg<if atrd: poe~ibly also.in part'lo "' ; · •· •' · ... 
droop cit''''the .bore.ia .. i;g'nored iri'tn'e standardtraij.~tt?r'y·W);:i9$ii: ·•· ·\ ' 
initial. !l~ta' utilize the ·q~adrant . ang;l.t of d~parttil'~ pt.l:t,PPl'\l') .; ,, '•' ,f: 
the quadrant !i'ngle ·Of 'eley;'l.ti,on when thes.e di;ff:~J:':'fro:m ~!!llilhr':~ . . ';:(v; :'•' 
other •. ; ; .,,,. · · , ... :; · · · · ·,·• ·.. :;; ·:(;\ ,··, · · 

,'. .. :, '.' ;, ·':'-

. · . • a~. The Ya:).ues'··of tll~!:ic~C\W!~tanta:and' :>c, ... · ·. 
·Pararnete;rs. for s~ard:Me.tearologicil,l.Qond~·tj.pn::t~'· ' ·~.? t· 

• ' < ., -•. ' - ' ' • ·'' - • ' ' • '- •' ••• , - •' ···-- --

.'i nv; 1i·~ d·· • {~·····~~:f;~~'~:· ~~~~~~~~;r:~~~!.{~I;';~1~~~~!~~~s~:~.;·,f~t:.';',·."·~·: ..•... .,. 
(s'!;anda,rd) retard.~til?J::r ,coE);ff:t:<rjJ~pt·• a,s. a.·. f\l:OC.;lil ow of •. :qt. the ,s.d'f.\:~;;· 
ju:St~.d.veloo~ty, ~f.th~.:;proj13ctiJ;e with re13:pec~ .. t;o. th.e ~ir.. • ' 
!he t~):'ljl· ~adJ.usteoa,rv;r,:pefers to. tP,e fac~··t)'ia.t tfie.actual . . ;; ·· ·' ' ';. 

· v~},oci ty\pf the P!'O'~ectU\3 vlith.retJ.:pect•to J;he .air is .· .. •;,, ·' , .•. ····. , . 
c~tmpa.re ~ >~4:th· tha',v,elqc itY• ... of•fii.911n,d .fn .. ai.r · at .. ,.·th!j MY'~!l::}}':.~:}: ;•<.· 
place whlcll';•a.t .th\3 actua.l. altitude,,. Jnvo:;,vedf MY: n£lt<be• ·····• ;;· 

. the ve lo'<i3,.t;'ffi o.f soupd. updel". sti!l.ndar',d>.e opd:i tii;m,s !'l;t; s~a le:vel~ . 
. ' - _, '- '-: ' -~;' - ., -, '.'~- ., 
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Thia roo:.tt~.l- :Will be diaq'~eaed in detail <La..~er.. . •.. . 

· .···. , . · ,1'l1~ em);l1rical.:oriat{lllta tc''be · d;~lt wi~h :1-ndividt!~l+y 
wi 11• · m.. '~onsi de red now in, S<lt'J.ll enlie. · · · · . 

. : .· . (+) g, tKf# grq,vitr;ttianal at:tractitai, iin f/s2r •. ·· · 
.. A.•'epnstal;it va:l~e fol": g,, il')de:penden'l; of al ~i t~Q.e. ,ana, .()f · ... · .. . . 
. geoes:r~:pnio. la.t~t~qe>.;is (i'!;~Cl~Pt9cl t.or b.all:~.ahe pucy·~~a!"s• .. :I'}le .. 

valltJ'··~··80':'WS. i.sta.kenas e.j,:.~~r~. :(At aea,.:L~vel,:e,'t).e, ao~ual · 
va)::ue rf!.:!lges,at ·~:~E!a.. J,eve:t.:from9~8~I9at .• t:l:u;}:pt).lli to. 9.7800 ,. 
at .. t.he·'eci"'la,t'd.r and is 98,8'!~'2\') at Washingtoil, D~.· c .. );. In',iihit,e 

···. ·· .. off/fl;'f?,, )h.entnnei'~C~l erruiv!ilent value it>Jt~{·e~Vlii"Rdi~ts)~ 
.. 32o15217, i'f.irwe.~t'!ie :meter iS·E)xaetly·.S9.Z/I U·~ .~ •... ,llcb.~Jh .. • :· .. 

··).,, -,_,,_,._, '<--- ·- · .. ,•• '·<"<f·-' 

.· · .. · /···· J~~t)'•;tr1.;~~!\t!H~~:~~;:~~~~i;;1;!~!~~?~~:ia:i~·i·;l;~11:i::ftr~. ·. 
' { ,;~·;;:•'.!;hl:l1:'a:asat?l5~ ballit;~tic standard forrnuJ;a.y:l.elda e~~ctl~· ...... ·.· ... 
•,:,.~~~:::J.P.i:":· ... ~·> • ,where, 1_.:i,.fi. the a~titude inJ!tetera. ~~~noSiBX~J:J.~i?n 

•i·:'·',~i;t'l1?.:1'l:'..a nat\l:t:'a;r~!Y.l:;e,·•th:i.~ rielus approxi~taly ~· ~ :· ··•·· .Y ··•· 
;:},' ·. 'O't~: &irect·;~.~F-Y~.Ili6n··· to ·f~et •• the· fo~:mula · yi~lds;··(t.c:L,;;a:l.x. · · · 

;,, . s.igni:fica.nt ~te:Hs} h1 Iii .OOO!JZ.15B2S~ (l/f) o 1', . 

. •·•.· ,•,.",,.';o';~of:.·;.: ...... ·2l;¥j. ·.· 2 ~." · •. · .. •.:t. h. e ·.···c~~ffi'cient. (. t.··n ... • ~~o. i.p·. ;~~.E'j':;re~.ti .. ••.·i:it 'th~ .·· 
· .. !l!>~lJI.~a;'r~:!:sound:.ce~.e~!il.~atio formulaj.,a{y} ;o,l • ·llhY•~· Th:~ . ·· 

..... jt.~P.t~~;~d·:'b!illi~U~ .ata'ndard f~:i'Jilli~a. {'ton,·?f,?'~::J!It~J,It~{l-e.[\. . · .• 
, ~j!Ut~t~oruJ.on t'h~ ~H:farl;l);l.i;J.1l.l~alyzer) yl~l~s. •1~1. '!" /;,0:9~00;3· 
. .·{.I/f). rega.rd:ed as< acatrrat~. . . .. ·· .· •· . : , .. 

'' '::-,-' - ',?:;' ' ,-:- -. -- - -. -- ''t.<'-

.. ' ... · "~·\ 't ··~(~) ll;~~·:r>.o~at;·i;,6nal'ya~·ocify ot tna,ea~i;~.<i~'rrtdtahs '· 
··· · , .P,!aP;!~:*'onq:,.:. oQlr1put~a to,. be n"' ~!}000?292 {ra.d,../!3e!c•) •. 'l'hia <. 

. .. ' '\i,S' ~-~;:,t>.n:::"!,!.j y~~"~ 3:6:5~~4''d.a;1s (ni~a.n. solar ti1ilH o'f. 36o .. 24: 
:,.d~~ ~:4s1dadal;',1:'i.~}.;·,Thia rotliti(fnalv~locity :r~::uaed in • . 

. :•. Q~td:'l;~g, th~ti e(:telit .·td;',the ·eartn• .. s .rota ti an.·,J lte 'complt.ta.tf-;u( .. 
. w~ll ·~ d.ie~ii!~i:ld 1t:r.~:$e:l}~li; ·. ·· . · · • ·.· ··. . ·· · • · .. · .. · .. ·· ··. ,. · ... ··• ··. ·.·.·'· ...... 

, .. ··' "': '• (5} ''li11~,~~tJg~~~h1<;' J,Oltitude .of th<1 (l!la;i~ 'front) .. ···•·· 
f'ir.ing .rar~,~e at. ~ge:t'geen l'roving t'tz>otmd. tak.en.,as 39<:! 2&.8' 
Nor:tnj(4t$t~.~ fJ~~~,.~~~:at.ty,>1•'o'~"'r•~!· ···.· . · ..... : ... ·.. . ... · 

:. . ·. ,Th~~l~~~i1~:·h ~~entdim~d G~iH>at~ ~~piriq~l. •·.· ·. · 

,, ,· 

parameter a treated &,a . .fixe!;) o.n. any :cne traje!ltor;r under···· 
·st~!:l!ill.i'..d.'~teoriilogiO:al·Mpiii:t:h>l,Hi bu f.not co:psta.nt aS) 

. 'bet:l{f~ttt -t~aJ e0~cr~~,~·~~;·( • : .. · ... ··.·.· . . .· ... ·. · ..•.•.... •·• · . . · . . •• • . . .· . 

bJ Tlie:•:ti.ililit:ic:'cGeff:icient. "C",. (discuesed l!'ltsr) •. · , 
'• · ·{~tt,x~::~;~~~1,)'·~~sl~ vel.ob!ty. ~~~·.v.• ...... ·.· ... · 

·.···· 
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.. · ,_. 

:·~- ., ... -. 
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.. ·i:3) Tb~ qw~Ii_ra,l1,lr~h~ltF Qf, depa.rtute. ".i. (D~p)~. 
(4}, '·~~e~~Imuth:~f··•the',.J.tllilne~:~·~·· ft~a r~;c;kona~; ~hm . 

. noi?t h t~ough e'aBt, •" o<. "• · . 
'. •Hi) .. Th~ erftPi~ic~l additive' 9onst~nt, ff. y :• yielding · 

i;he ~.ctual'l re·t· ardl:ii.t'iotr .. ct;ef:fioient ot~J :; b!l(u )+ r . 
· · fr.qm the standard ret~dat.ion eoei,'fi c1ent, b5 luh 

.··:-. _:-· -,y~ ' .•• ---~-- "~ • • ' - ' ' • 

:.·. _._, ,"- . _.' '\'_- . ·-" __ , .. ' ·---... .-.---.-<_---·_ . .....-.. " •.( ' ·_, . 
AJ;Jpr,~il!!ate;JnlVH~.t'ie:J.l values· :for· -the mpre. ~~ef'tU A , 

:t'urther c.oJ;lll.l;iiriattons. 6f t ... ,he ,phys~cal. parameters ~· ··~1~'/h] .·~ ... .1. ,. 
and L 101 la;tii;ude · (fot' .A'be);'deen l'rov;!:ng Ground) a:r:e n,s. fonawss 

- 'J;_, < ,- ' ' <"' -' ' -:," : r ' - ' j ' 

·~···"' 2!lc~s L ~inf$. .. ,•a.ootnl.262 eil'l.,C·.,··.tl/seo;) 
whe.re a:a d4.!lo.useed ),a:t!;!r .. t£ i'! the t'l.dl!lu~il o.f t1te. pl]!~ne p:f .. 
fi.r!O rec~l!\ild' :f!'tmF~:t''th ~rir()ugh eS::s;t.. ••· ·•·'• 

:,- '• 
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. ~(a1 •10.5274; · (di~en~ldid,~~¥1 
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be measured (hr feet} horizontally :forward in>·il;his -iertical. 
!Jlane,. and. let y, the ordinate, be ro~astJred (in feet)· · ... · 
vertically upward. :.The tr;,jactory is .then g'iven by a curve,:;in 
the first qt!.adra.r:it qf this .. {:i1y) \Plane. with y a one-valued, .. 
continuous· function pf x o.n the. intal"val. froro x • o .. to ~·,: :··· · 
the horizontal range· in. feet, whfoh is the a bsc~aa~. o':r .t11e. 
rever point •.. · }Tere· ~he ord~nate starts with. y ."' a ~d after 

· Naching .amaxil!lllro, a:t th~ S)l!IimiH deQreases igain tp y*: o •... 
,ln general the ~:>u.bscript zerv wil'l be used f<J:v values.· a.,t. the. . ·.· 
:origin, and a .subscript . star (*) for. values a~ tne. lavel.:'JH>ffft. 

,·""' ·:··/~·- -, ""'/ 
. . Let p, ·d.asign~e the slot)e_ .of the tmje;,tl;)l"j at ~:X. 
one of its 1JO int'a• and. c;1 the in eli nt;ttion, where q .1!3 c. 

· re~:~tr:i,oted·· to v'!<lues b~.tween -900 and" +90° • Then p,!:: tan 9 • 
Let a represent arc length, .. in feet, c;tlt:fng,th~"tra.Jeotory. 
Then ·in the notation .of. t)1e ,calculuJ{ .. p = ta.tf'e • ,•dy/<Ut · 
Q.s2 : <ix2 + a.y2~ dx 11'\ll:J Boa e .. .dy. a de sine •.. '!'he init:ial 

·and._ termJn!!X. value a are e;fven by, · ' ·. · 
J ' ·/·'·,<.· ,:.' ' 

e~· ·. : allgle o:f' depart~re . • .. · . 
p~ ... ts;ngen't· of angle of•o_ewttn,•e •'• . 

~':·S.-o- = 0 - ' ' --' - __ --- ' ~ ' -- ' .. , ' ... ,., 
· , ''e.w : negative of angl~ of !'all,. .. . . · .. , 

·Pit.· • n&gath~ of ta.tlgent of'~gie•t:~f fall .. · 
&:4f- ;length of'i(.rajectory(h>level po1:nt)· ;. ·· 

·:: __ J/ .. ·· 

. , Both p end'fi de!'rease ·, smooth:ty al:ong· tt).e ~>~andard/tra.j~ct6ryi . 
. starting \'ii.th positive values<llo ~ 8&·t.:lxolth.]laf;la'ing thr{iu•jl;p .~ro ... 
at the SU!l:l:nit atl,d f:i.nally both T!l81Ch'1f.li rainill1Unt negi;,tivlf; 1,;'a;~e&,, 

i .\ 
··-.<: 

.. -·~ 

. .:· -.-

p * and S,* :Peilpeotively. Ju:rthel'lllore dp /dx !'s 'ne~'~'ie· 1 '' 
throughout the trajectory, reaching a minimum a. little .:pl?lii:t;1 .. :: ... · 
the Sll!llmit t.rf the trajectory arid :rising to. a ne~t1v.;;. t6.~iJ¥;1a.l. · ··. 
varue·. - · · - ·. - · -_ ,.----:.::·;:.- ·-;~-.;i·:·p,~t'/f~t" :-·_- .: 

. · <:li:ac:h.:poiiit.of the t;ra.je6t6ry h~s~~~<isoql~ted ' 
ordinate y l!!easured ih feet, and.·,through y has an 'li!!li)~Qei~:te!i.~ 
standard af;r<\iEirtsity ratj.o ll(y{, given by-the fo'rmu'iiil'c :,:;'·,C · .. 
h(y) = e ..-hfY~ as mentioJHld earlie:r. For w~tN:t of.ie,.:oott~r'.·) · 
name let the ~baUisti~ &rc. length", j (EI), be .. ueed ttr~d~signate 
.the weighte<t arc length e:xpri3ssed by the i~'tegra'l \;t/fl!u.;llltY)ili;! 
evaluated along the. trajeoi;(l>l';y', :where .h(y) ia as gchren <!~,'b'o.v~: .. 
and c is thet {constS:nt). bali<il!tic coe.ffitiient a.ssa.oiat.e,¢: ' 
with the trajeo~ory. · The t&tal: ballistic are ien~t'!{ of 'th~,,­
trajectory ma3r be e:;preJ;Jaed (l,S 1i/C times tptl ,.e;e~metx;i<# a~¢; : . 

length, wtte:t'e 1\ M~.!'l> sui tab~ chdaen mean :va;t:ue or ~:htY:}·'' ·: · 
for the trajectory~. . ····· · · "·. ·· ~i'~' , · 

.. ),·- ', :,: ~:\. 
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'. 4~ < rG~:~9~atiol'l~,Df 1ii~¥iW~ : . 

· ··· ... ·.· ··? ·)'····~ip'ac~cof~~~b; "wifh~~~lJ. Erata biished, principles of · 
, . ~atio[l?-l<me*h,ani<Hi)V~ a.:;~sume "·' ··· ·· c . ·•·.. .. ···•··.· .· 

' ·?'>.('''' · · ' :·:; {1} ·that f'ore~·s, Iirl.t7<a': ~eloci ties, and H~ea~ 
· · ., , . aoceJ,e-!1lltici?p1ii, ·~ihmlie wi,th,,·li:~:aph¥n;ments tl1,e charactEj'!t" of vectore~ 

" re;:!o;tva.ble,;~l'lt~(- i~}'lper~dent coittpo.rn;mts im the horizontal and · 
.. ;vertf,ca.l·q,~reiFt~o-~:« .. ~.relfpsctiv~ly •. · · , . 

... .. 'J••:'::OiJc',JK;:'>.•t;i(~~ Jt~g{~~i'~;~:ci;··. ;·.~~·$· lt····. (line:~} a.c~e~~i-ati~~ .• in .· 
. • .:.);; 0.1$J1r!llli:t~~~~ij:fi;nJ;P~'l~#c,~.~i.Y"~re, tl;le \l:i.near ·.ao oe~erat:ion is tM 

'' :;, ~t~if!e. ~e'l;'i~~~~ve .• P~.Jh~,>Iq~.~i.t\l}i.e . o( the. ve~<:lcl t~ in, ~·he given 
•4i;r>J:tct1'~n\a'R~{the veiocib (in:th~.givendlreetion} 1s thj'l • 

'ii' tiilll% <f~~i~a.iti:ite .of the displM~ert't. J.n, t)+iac direction,· · · 
:;', -;;,:~~;,\,-::~::''''•~ ,' :',:•·,.,,- '·~:;:~':,_.·>:7':\'i-::/, '.-'':·t, •: ',:_,,' ' '' _'': 0 .-:_ "/:-; c,·,::~· .. · .. :·:, ~- .. •>' --:: ' •:.'~,;•',; -.:':--.''', •,:-_'>:/, .(' .·, ,- ,- ~ --, :·;, -' :_:·.,--"':.:, '',-, 

• ·'· ... ·.· ..... · ... , .... ·.,.t.~~·)~iil.t·:didr :tlie'• si~n!'la,;d' trf3.,i6c:t<iri (-igri,ori»g 
ce!J.rth<.~~j.~'tf6.n/fi.ff$et al' .the .. ~:t'cie s ~t· .. · fl.ny··•· instant .. · cona:tat .. 

, · ...• o-nJy.~f gt'e;vfty a,:-t'ing veri:ic}i:I.:I.y-.doW11via,t>d i~'nd the.·"d:rlig,'''l'itl\' 
·· ·~o· a;i;:l:•cc~ei;:t~tan.qe..(.'act:i~g ?,~~ 'th\>.'• tf3;!1gent to .the t:t:'aj:ec:tor.y •. 
.. in. th~;;•1$,ij~~ti&~.~pposit.~:;t~~ th!l;t i~w~fCh motion occurs.·.· .· 

·.·' .· v ;,.::.;.{.':i~~"t,.d.i,~fli gnr;tt~·· t~~ vari~b~~·>time. measured in''·.·. 
a~con.ts:'fr'6ill:.*l;le l~iihnt;~f ,departure. so ,that t 0 :.o, t*. = · 
iime.p,'t::fl,~ghi:;1 :to .. ,t'fle/le-1le:t>pointf ln the· absence· .of. wipd, 
1~.:t y:;~~aignate the ni(l.gn:itude o:f.t\ij,f,veloci,'(;y. ·?:hen.... .• 

'; :'V :~ 41f(dt'i.~~· •e: pontinal wuzile. ve locJ ty, a~!l· 11*; :: ,,ftna.;l; · ·.· •. · ' .. 
.. ve;I,.o.o.:t:i;ty 4~.t '.l'~vel. point). I;et . :the horizontal and .. vevt:t.ca.l 
';.co~~~.ntp:t~ o'r_ve;J.Qcity .. 'be des.ign~ted by x' al')d.y', re-spectively, 
~'hen ~. l;,<fx/dt = ir cos e .. •:y;t·;;:; d;!f(4t .. : y sine ... ·.. ..· · ... 

... . ·.i ,J <:. ·~#J) d~~fgp~tes .the' a~:ariv~; 1 'l!h we have· aa .• .•.. ·. 
... . , ,df.;f:l:'el'!!''l\\tJ.<3:,l~:fl.qJ;l'!!lt ~ ons · o,:f',:Jnoti op .for the a tandar4 .·. tre.je.u:t b:.i:'y ·· 
··• .... ··{1gnoringc_el!t!P~~r~:~a~i6n e!fecta} • 
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Let E stand for D/(mv). The first of the two given 
equa,tions may then be written as 

dx' /dt = -Sv cos 8 : - Ex' : -E dlr/dt, 

thence as 

dx' /dx = - E, 

We may ,,.\)i)c,!niina.te D and incidentally m also from 
the original two· equations. and obtain 

dy'/dt =(dx'/dt)tanB ~ g, 

and this may be cast into the form 

dp /dx : -g/(x' )2, 

where p , a.s before, is dy/dx •.. Since d p /dx is (Ietermined 
as a. geometrical characteristic of the trajectory, it follows 
that x' /f'i' is, also geometrical1~ determined, and hence sa1re 
for the intervention of the expel'imental physical constant g 
(which does not depend upon the gun, aJmmmition, or meteor- . 
ologica.l conditions) that E which determines the drag i].lso is 
determirmble from the trajectory as a geometric arc, 

Another f!lightly variant form for the equations of 
motion, emphliSi;dng x, y, and t, is as follows: 

d2xjdt2 : 

d~/dt2 = 
E dx/dt, 

E dy/dt - g. 

5. Eff~qts of the Rotatio!1 of the Earth .• 

The effects of the rotation of the earth upon the pro­
jection o:f the trajectory on the plane. of departure (and as 
heretofore.we continu't to i.gnore deflections ot1t of this plane) 
are to rep11.ace the pa112:' of equat.ions · 

x" : .Ex', y" : -Ey' .g, · 

l;ly the following 

x" ::; -Ex' -A yi 
' 

y" = ·-Ey1 
- g •: A x•,, 
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where J :; 2 fi cos!. ~i{:..t: •. Here h is the· rotati o~i-;;l'O~ity 
of tb:e'earth, L :is trle 1atii:ude of the gun,a,1d.£ is.the-. · 
azimuth,pf' fire recl):&.na\i !!'QJ!I' the north, through the •a!!!il.!tt. We 
shall not pause t:o,d:er;i.ye•,the eguationsgiven above~ .. This 
deriyation. is ex:ple.:tned ill texts 'On ballistics.': ~011'1 'th!ll , ' 
n~lier of seconds (l\le~ so Jar time) in ope. so,la.r de:y As;, '! ', i· 
60 x 24 :-. 86400'~ . But for the rotation ~f the earth ire wi<~h' 
to cpnli!ide;r> the angular velocity ot. the e~th• a ;rot!l/ti!>,n,. ,,· ..•. · 

· mea.s.ured. not for motion wit}lree:peot to .the. !'.ltt,n .'t~.;J; ahaol~t·ely, 
that h with, reg;;pect to :the stars. ln on,e yea,r, alll'!,:rii'(iari on .· ... 
the earth passeHl t:m.der the :fi!un 355.24 .t;:J,mes, · ·ou1l Jt/~t;!;sE'eS: .. under 
a t;;iVen star one Ilf\)l"e, time a ·Y,ear ~ ,n~~,meli' 3?6 ~24 ~';;,tne~. ,)i~~9e • 
in ra:dia.n. meaall~.·. ,····"' · · · · . . ··;;r:·':r. ,:r,.::·:,:~ •, , .-.·} , 

···. ':2 A· = .$~ 2 rr xx;.;~6.,:i4 . · - • oool4!58? {Ja~~/aal;l~f • 
. (lQ··:Jt 44 X ;:)85.24 . >>., 

.·. •. ' ... • . . •. . .· . . , . . . . . . .• . . . .. .. . , . . . wrtfi'~"<J)i ' '• , 
Using. :L .=. 39.o 26..,8, 't;or the Abefde~n~l'ro'ifing ·Gr~undl~~~~~,:;:*~~~e 
or. X to oo us eli. is';-erven by . ·.· :···. ·.· ., : ,'''\";~.·~-'-'~: 

',,, 

"'• -. 0. oodwi262 sin9C · ·' 1· : :: · A ·"" _ _.·-,: ~~--·· 
"' _·· ' -' _- .; :_' '_. ... ··_' _: .. :;_· .-. ·-:. ' . ';,-·_:_J·: .. >·· _-_>~'-<t.,._ :·' 

Vlhere ).. . is in Ul1l tfl Of :r:~e:ipl"6¢al ·\!1\M!'l so}e,:r>). flSCOrtda ~~~!Jeeol'' 

.· 6. Anal::[sis'; or th.;; ,era~~·. . . 
0 (,~:·: , J .. , 

.. - -- .:~·-_,_,·.,_ ·-_-::--__ : ~-- ~; -~:-:-~ __ :.: -··_:-/>-~:_--" · ~_::,'"~~·tr-~i!;··_,>:~:-:·';'·~;~~~-:~:."t<--: 
.. .. .·It. is rlilgqcla:r;Iy,:aasumecl:·tl:u~t;·t;h;e t"e'\;~rd~l'lg,f:o/~~t1 i;!J:f' > 
"drag" ±'or a.· mali's :ive s}l"heric!il' :oart;!, ele ia '11reiPQl'ti.dna;r :t'b the> 
a.i.r der;rsi ty .. · · Altl).ough ·. t h:i s $,S:e;ul1JPHotj may .iwt · hav;:i, 'Qe&Ji , ' ·. • ... 
esta.blis.heel by ··experi!!IEI!l,t,.lt~'a:t.··.for,pw range· .... hf ,ve:~¢j;}it:L<~I!',::·.· .. 
sizes, and rna.~se.s invo~v~~ i:f!;·~!l'fs't*c tMor;y~~t,~({ .i\;&)~}11a:trti,9;1il.·i:, .. 
is not .seriously qu;eBtH~ned> '!tor atll»da.rd c:O!}dlt,i<lnli!,.,the.,•t'?-~ij:> 
of air. density ~loft to air d,tms~ il:'f q,i;_),tntt $l'q~;~~'!i;l!r;t :t,e'ttl/it' ~''·: 
to the tropopause (l'l'hicli ;l!l:ai'ka: t.he a:eJ!~.t;Xi'ln:.~;tw~*'n ·.;·• } ·•' 

. trop<>ephere.·a,n:~ iJt,rat~s;pil«r~l . .is: a;·s.~rufuid .~:9cbil ej:t'yeW:'~.~f'an ··· ... 
eX];lonenti.a:L•·f'unation h ·as alr~ady mentil'lh<l'd• ' · J5 · .:. ·' 

" -- -- " -- . - . . ' - - - - '' .. "'- '- _,, 
.o.- ,. __ , 

, ·.· ·.•. it: :16. ahuri!ed on ~cillent ·. tneo;ret ;.ea.;):,2!::ili'll)i1ac,Cal.li!.~ 
tl'la;t ·the drag de:pe'rQ,~ uljol'i irxe •"fe~o · .. · 
such a: way th!\t ~/:Cmv8}, Or E/~ :t:a .. · .·,.·. f\i,~rd;;,.nn 
the "adj uet.ed,> .S:pe!O'd •t; ca;ll~d . also· :M'· e:cinr 
by V /i;l; 'l~ihere;,::ip. tU:i:'D; a'' 'nl'HV~.OIH! 
the velocity o£.' s'ound. 'llt the 
standard :v.e.:f.o9~ty. q;f ,s'®M .at.•the· 
t'\Jmperature (15°·~~ ~.,~!lO']!~i . 

":";<'If> ,+;;_·", \• ?'.~ ,_, __ _ 

.. .· • ' · · ·. For two 'll~oj~<.\t'il·ei;; 
•· 'geometrtc: foTrit .. and::,with't;i ... ~ .. · ·· 

,-_ -- . 

.-;-

_:,~ 

_-.; 



,, 

. ' 

. ~'· 

·~' :.~~;;. .. ,,. ;·~:- -.. ---
. .' _, ' ·---. ~~ ··'" -7 -- ' -: ~ . :'~.:·. '·.",_:·\_::;; 

. _- ,,., - . .. ::.: __ ' '<':' ;-.~.'·:~~~_:_"·:·,::k:~\?:~-,~ .. ;f:-: __ - - ·,_;,_-,/": __ ·_· -_-· :' - . ,,_ ·_ ~- -.(. --:~·:, ~~''_ '--::-- _"-{\ ! ', :'-'· :~_:, 
a,$sum.~ thitt, at :l:'~a~t a'pproj{~f!ll$,tE~lttite'. - .t:l:f• D/lnt9'8)! :E(v)/v ·.' ·' 
varies direct:Ly al!l t;~$J~en~:ity•!lf' th~],~:l;:r 'and:.,..~ t;~ ~a.df , .· 

· cr __ ass_· sect_.~_· em _of_, th~ · ~P}_f_l_ ~,_.:_aM.·. ~Mer.ee .. l. y. a_!l t J;,!~, m-_ss_ •. :_·we. . -· ·.: · 
-. lll!liY re_l?reaent by;;'J:!(v} .¢~~'\lpondingcvacltH~ ~f •. ,Df~~}cro-.-r- , . 

st_a:nda:rd 13,tlilpl'Whe!'i~. ~t?-~£1! and f9r a,,,tlieo~U~l/lfJ~\lel'U ... -
projectile aimllal" t giT!il~ .praJeetne •put oi:. ~~e •inch · .. -

. eal:l. 'ber and one potiria igh:t.: _ 'l'!;~:tlil''r$a1n.e • to be consid~red~ ..• 
. · the air a-6nsity r~-ga:rr<1~d:as- a Nn,~til:nl of th~ .~!-·-~tti,¢~· ~lo.~a~; . c, 
·Vie then write f<Z>r:;e;iti.a~da!'d .. oondit';l;:ans;:,D/(nrv ),., .. J.h) .:ll1X-:>"J' .i':··f····. 
where F(yJ •. accounting ·_frir (t:lr .. · density ~nd •· cha:r8:et~;_;:l,;a;-i(:'~ o:t; .-t;he 

.. ;proj eo tile ,n s ac c~:pt£i(t J;y converii;i orr, to )ia Jf'or; '*sta,l'.tqal'fi;;:;< ~ ·.·• 
conditio!1s 11 ) an e:xpo'ne.~ial.f:unoti!:>n of th~ a-ltitu~'bl):j)1: feet.i '···· 
The -l.lOJ1-ste.nt. l,.{F(v). \;fa Qal.led th,S ba,llia.ti~·co.,:t'~i\\i:t~.t:~ ~, · 
and! the .ratio :r(~Jf.l'(o) iil'dlea'teu by h(y) . .3,.S:,ot4;L.-~:;];It~!af;.~da'J:"d .. 
density: r.?-tio ·aiGft~ ·· .. H~:x:e. h'·;v) is ___ 1nd~plil~l!l)l,t• of ~~6J~etH.~;. • • ·• 
angle or ~41J?8;l"tur.e•( .. !'nd ~z zle. velo_o~~Y. ·. lt 1\'f a i::bl'!:lle~~~fil'~~~)~·ed 
.zt~e-peorolo~foal st~:r}d~rq function, ,tor ball!at;te ~rposes;.<\I!;-pd:l:l~ ;; .• , ;,,·· 
non~sta.. nd. ard -~_&n_ ~i·_t_i __ l1ll:l.S of __ , ·.a.il' .. den_·s __ ~j;Y aJ..of .. t._,_ .• the·_.··_·_r.a __ t_ ._1_P_r __ h_-·._· __ \~l_:_:_·:_i __ · __ s_• .. ·_· :: 

· modlfi!:ld a,ppropt'HJ.te;ry.by·an additiv-e.porre.ctHm te:rm,ott,·~.:l!~;~~l:t' .. 
a funcUoil of the aitil.tl!lde,; Y• A l~rgjii valU:fil ror C'cl;l:ri:e~~l!'4Ei. ;,, 
to a ba.J,1;1..sticalllf go.od p~oje:ctile • other things 'being eqJ;~a;l:;"'tit)e~ 
then the reta.r-liatf.on p~r t1.I]lt. d.~s-tanee tra:lf~led illi~}!!!Jii\ll .. -,',:,:.~-"\ .. 

:~~ ~hi<Regrusion~ • ';;,'.~: : . • •· .. · ·.···_•_._,,·_ .. ',•_•_-_,,'.;:,_(·'_' ··· . ···· · 
"~ >,·-·,,·_;·_ .• ,,,; . ~:-:._i(- .. 

•. ;·. · · · .· J3y the r~~essi_!fu, •r; 'Will lre ·nieia.ht tl:la: titna .'ipt.egt~). · 
of thlil d.rag coef;f'icfiint,)Y, ~hieh of. o.ot;rrae is alwa_ys .po$',.~1-ye. 

-~ ~- '. "· 

r· ~ S: at, .... · . ·.·· .... _. .· .. _ . . . . ·c . . . . . .· . < • . . .•. __ . 

. . . . ... ~ 6-!o![ v9h dt -=.[~(h/C) v dt ='X~(h/c) ~··=J'o~·~J ·_ .· , 
· . · Here ro-. • o, and r :l:nc~aaes a;,long. the ~'tlaj~ctox:>:r,·.> 

reaching its maxlrmun,r*'"t.the le116l:J?Oint.;Relathre to the_, .. · ... ·_·. 
· balli stie. coefficient, the tentt~nal vall(_e 6f th6- regres~ia~t :r* ;' -····• 
daereaseO> _as c .1'" increased, reaob.i~~;-::-l!-Eiro .. for a Ts...:uum. tr~eQ.'tory. 

--- ~--- __ ._- "· _ _. __ , ·-_ --. _,-·· __ X.··;_,::<::-_:·--~--~'-:·:···:.~;·---.-.. -~-~ ·. - . {.'".:; ... :':.._~_,-

Since 'furthermore :from tl'ilil 'o:V:!:ginar ~eli!t.~ions · 
' ' -- - ' . ·~-: - ..... - . 

d2x/dt2 : -E dx/dt. /,'i(: :, -

. .·.··• · .. ·. .· · :We dasi re thil;t r be dimen~forilasa. lt ·:i;nen.followe 
·from~ :r,.(b(h/CL'ds, that b rnuat O(l: :-n ~ciprbcal.f~~t'to ··-··· · 
conrpe:a;~ey.te ,for iil. being in fee.t. . ' .. : · . . .· . · _·. ·.· _ . , · ... ... . ' ' . _, 

'. ~- ·- . 
: : ,: " ' 

. -~-:- ' ... '· . -·' 

' ' ~- ' ·. . -

·· ........... . 
. ' . ' 

' ._ .. 
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8 • ~e du~i: til!.!LJi!f O~firye d ...lllilntl:!LUtlruu!. 

In ali actual sequence of range firings, there will 
be many conditions differing in so'me meo.au:ro.. front those assu:med 
a;J standard for tr>.e firing tabl<is v;hich are to be produced.· ' 

·Borne of. the changed eondi tionil; resulting in slight discrepa,rwy 
in weight of. projectile or inmuzzle velocity; are infertr>~. 

from carefully noted measurements a.:nd can be' 'accounted for" bY: 
adjustments based upon theory and justified by expel"iment, · 
The most serious modi.ficatio.n1'!. are those due to non-sta.:nda.rd 

. wea:ther coqdi tions. 

lll using t.M Differential :Analy.zer .for· the reduction 
of firings, only the :ro.nge sffeota. (oc-curring .irl the vertical 
plane 'of departure) are dealt with ,directly on the machine. All 
lateral displacements from this .plane a.:ro. rqor<l:1iiasily handled 
seJ)p.rately, as has be.e:;:J: lfuggeste!j,.· fi:!!:l.'lier~·. . . . · .· · 

r .·· r ·.· In practice ···t~ree slowl; ~h~ngini·di~rections, t w' , 
0 a, 0 h, (to be explained} .are handle4: by finite. incren1ents 

introdu.oed at pre as signed altitudes. · The air a.lo:ft is 
regarded as subdivided by horizontal planes into ;:~. sequence 
of. strata ca.lled altitu·de 20ones. ·. The uae of thel'le zones .is .. · 
'1)llrpoEHJly aia,gge!'ed a.mppg the th.!'ee eor;rections SO th.EJ,t at 
any 'one shift frmr{ one zone to th!'l n§J:Kt, one. correction only 
(o.r at most tvio). ne.ed be ma.de,:Py)land cra.nka, the remaining· 
cranks · (or crank) being .eic)j:~Q..·at thi~ particular zone bound. 

- ' --~ . ,,_ . ,. . 

. Direct obilerv!l.tio~' is made Olt,~:i:-ectian and . .· 
ma. gni tude of wind"".1i<em:(}erature • and air :pre3sure 'at _a.l titudes 
up .to (o'!' nearly up to)· t'het of the summ11( of the trajectory. 
These observations are then· int(;lrpt>.e'j;ed to ... give for' each of 

· the correspond·i·n·r;. a_<qo;p. te .. d. zonll;s, .th.e a:yerap,e component .. G>.· f wind 
velocity in too::ni:r:ecti0n of a:bsci'esas;, -6w'• the .average . 
algebraic inc'!'eilfe<,J:i!:l'··the air. d.enai.,ty. namely bht al)d the average 

·algebraic inc:rea:·~. hi' the spe\'d 9f .sound in air: at the observed 
altitude to tbp.t ai:-· '!;he. ground,' at J?t~?"ndard temperature. 
:rae;lll6ly ca. .· . · · .. ·:, .. .,. · ·· · ·'>. · '· · · ·' · · • · '· · ·. : · ·. 

'i"·: ·>: ;·. ·;, 
: .~:.(f _ · ' : .. ·.<;·<"-..-··---~, __ :,.;:- :·:Z_:··:, .-" ·._-· c-'; •. ::..- ·: , - · · : 

To :dl&tit:tgU ~sh. !Wd.~!t·.'f:~.nctio'ns for non-standard 
onditions, ha~t)·~ter•.l..et v, Np;t<e:!i!i!ll'it the magnitude of the 

ocity with 'respe!:it to2t(le',rno:liing ?,i:i-, as distinguished from 
ve city with;r~spi.lc:!\. to ~he·~ound.~ }'[e:noe y.2 is lJo lollger 
l'!!!Tl-. enta:ple· as ~·2 .. + y 1 :3f 1:'!1l't,..rathf!lr as w' g + y' • where w' 

. ~~ t .. ho:r)zontal veT~9J.iY ;e. omp,Qne,nt; with respect to the air~.· 
en JI'J w.• iit ~ would;;:P'llprese.nt the horizontal component of· 

t~t1vsl ·· .. t~1 toe11pect, to ~l:lie iQ.N •· Iftil.nce w* - ~ is the total re~~"'~.ra 
· .. d~splac :t of' the ·a.tr. during th~ .:time· o.f, flight. The 

.. ·' 



-,-.,_.-

i ' 
.,alge'QPaip u~ff'~$~~e •. 'W1 • ..,:(J!:t,;;; f:.;•. if!thlil .Y~ibq):ty 9f 
··the head. wind :w.itK a:pP.lO'QJ?l"ia~.e sigl'}., wtil•l§;."'<6w·'·· ·iii~> t.M. 

· : corresponding al.ge.''\>r*i-c velf)ci ty n:f' .the ratrge &omp.Qnent of' 
tlie ."'i.nd.• < ••.• \j . .. : , · ;·~:v. 

· ·•···~:xi$:~(·~:::'~8!~~;~~:vs~::k~1}:~f~~·•·•r~n~~··;~t~g!~:~i·~~~·~efP9~·• 
•.. the ae:tual.;!'l+n.ctioti:~f,· we 'I:$Jve ,, · ·.··· .. · .··· . :.· ·· :,. 

. --- ' ' .. ,- ' . ' " -;~,- ,, ' ' ' ,_' ,, " - ' 

.· .. ~· .. =.~'. +'!~~~ .. 'l? 
··a .·.··:: . a. .. ·+ ; a''' ,:,·.· 

·. . ·. ,' ~ ~:";•,';~·: :~h:;"·.~ h~~~E~./ ~-c··, . . . ,· ·•· . . .. . .. . .· .. . . .. · ... , .· 

... , Wbe!'ec:~· 1 '~i; ¥;,·~rJ ihsr~if'wt:'?•;(t',~:~tf:'~\;, al'lt'~!ll;l; 6VerftUal,ly ... ·. 
,4eta:m~ne;t€:~~~T;(}n~fitf~y ~l~,>~~·· > . ···· ·.: • ···· .... · .··· .. ,. • · 

, ; , .··· .· :Bcitli·:!;h~ ~a~ge attained a1'ld the time of flight a.re 
0/~a~:r::v-e-_d.J_~:·_.·:- .<::.:'''- : ... :_.''i • __ ,~_:~_-::,.,:-(;:- : '/' n " ' ( 

-. .-- ·, . ·: '- ":-,':'' "--10·,:.~; ; ::''· -'- -. - . - \ ' 

::,;~. ····' :.roo ~thod of using 'the ~aik'U!JS .o'f'!w•, fa., lind 
· b.h to;· the G~~ta iii an 9t"stan(l~tril tnjeQ.torie~; 5:,a a,fti . . i 

. :f'oTl<)wa; ·• l'bt .. {' ;, .,, ,:.,, ·• : 
-··- -, ', ·\ ,:t·•:.:--~ r- : · : >;<·C ' ." • '.<, 

·--. __ :: __ ·-~.:~, ·":.-·--. '· -. _--- ,' --'- .+:-. :~ ,' _._-'' :-::· -.>.•': ; ' .. __ ', ·._-,~_:/,:~_.- -:- __ _. ·'::' -, ':_' .:•. - - - '- ' ·._·:_· _, '- -

. y .·.. . .. s~ve:r>,~1::frt"M~~tor:l.e6 ,1l."r~};~f)mp~tt~d tor auitabl,:r. . . . 
·. restri~~ed jillt.l~;; M''bit~~);'i,ly cP:Qa~n·~e~gb,bAring values of 'C~·. 

TheaS': t(r~j~ctor:l.~lil·ittJa.:kljl Uil.e o:t; 1;lle: aor!'eciad 1"alue~?<of,w',. · 
a 1 ariP,.. :liJ~·\ For each of J~ .chlli'5!il'l valu.e.a ():f''c tM a~ ted · 

·' range·'~d time ~Y! flight are a:ba~ned •. I;f~l:ly linero:- .. · 
:trrterp~(lay,:l,on q.l'(t;l 'Q.art nt~.4·iit .. '·.anO:t:~e o.f c ... wh~ch yie;t.d.a.~~ 
a.q~e;Pta,;p:J;<} ,e:at:t~'Jiea::Qlf'' t®; 'Ji':~ge >And t~·;.po:t',_.flight · ........... ·· 

... s,:!.mul;tan~,9ctr~~~y;·•~N.s ,y(lilue;i;> ;;adt)yt(!ldfq:!' (ltte u:n,der sta.n:<tptrd 
' corn'! it.i ous1 and stlil~l,!l;l"Q,.run,e tif ::fhlil: 'XI!achint;i · a.re carried' <lU t 
, fo'f 'f,bj_s. ~q..~iie· of,J,/a;q::+.~~ilf. cg.effipleht~ J'i',h<:JWevert as · ·· .. ·· 

.·. .. . ·lOfteri;tnap:M!:l:S 0 no chc.tee .Of~~ .Yieldi>.' afuultallilJOU!>lY ac~e.~table, 
e~tiw~t~~- ~f 'PC!t~ ~· :8.f:!!l,:~~.i :t~~?l'!.:turJ}:!:~J.'/triaJ run~ "!>l?'t:'!'•· .· . 

. o~rfJa~ O;llt ·witih t'!'¥e· '~?lli'eF,'!lorte:e.te~. !~l:t<.e's . f9'r .. w '• · a1 and h, 
btl t. wrt)l: 'b'ye,:t"t~·q,c;1;'ij:r,o:u'~lt:c.;:t;:ii1i!;i~t:r\0.il!t.idi~l'l of a.Yf arbi t:r!ii!'Y 

tf~~!r!:~h~~e!:f!,}~~· t~!j.~11:~~~~;!~!~g£~~t~!l4!~er;o ... · .. b , 
:j;'~geth$:r·.·:.w~tb .such; a!'1~~,~~~~ ;¢ ~&tp·.·.reptoJluoG<',~trcepfla'J)ly 
b'cith -!;lie; qbserile d }ior:!iilin:ta:t ~~~ an¢ thE\ .. t ota:t .tin:te of · ·' 

' f'J;~ ght .;· . ·~ ;;;~•.,;; '; '':"• ,:;, . .. . . . .. . . 

• . . " . . .. , .. ;J:rt curre~t ;pr~d~{~e it i.~ ~auall~r found to be 
urm.ecee;;rary to make.·' any a.dd:i ti.;ve co:r>rect,i.l}Jl'', in' .the. a:pp:Ucati on 

· of 't.ll;e · drag1 tk~J; 1 \ s ~<s u.<lll Y, '1-.e~o, , · · 
. - '' - -' -' - ', ~ :~j ... '_;'/{1~/-': "--· 

... 'l ·, ·--' ... ·. 
''-;t '.,, .. , 

' ' o'' ... ·. ~">"7-
· .. ·' _ ... " ' 

,_,,. 
-.·-;\,_, '1:.'' 

------) 
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9. The Primary P£plsi.l:!a.l Vl'tr'jal:lles. 

'The f~ll~wihgphys:i.cal.va:r:i.~bles aregiven explicit 
.. , . $ymbols. ·· .ltlliio: hr conven~ence ii:Y .later diso;:ussing the. theory 

.. · .. of the mec:ha.rii cal performance of. the :Pii'ferebi;ial Analyser. 
''ll!loH of: them,. are asstgr.~ed n!.lmbe:r>s.• 'l'~mporarfly we.•liet thase 

\ in .a. more• psycl'(ol:ogioal order while· indicating the. official:.: 
· number (if ar&) in pa.renthhes at. thll right.. .. ,"' ... . . .~ -. . - ' 

:.·:, 

.lt';·:iire abscissa (in teetK tir. httrizbntal 
ap~ desired· point of the trajectory.· 

range, .of · 
l6) 

;,:i;he''or~tnatei:·fi~·:f~et.) or ver~ical ;~ge ~r. 
... S.l:titu.de, ~f;an:r aesired.point of the ~.r,ajectory •. (7) 

.. :, ' - : .f:'' 

h,a, the sta!'>da.rd :i-atid-'o:fair densit;\rat altitude y 
· • (;i!'lr1l'bsolute.units} to the .standartl. air d-ensity 

•· , at 'a~~ lev~B~ assum,?d aS expressible tP the form 
.. ~.{y} • e .·· <ll (y lll fee-t}., n1 given numaricrall¥ 

above. ·· ... · . .• · .· · (8) 

· .~lt, -~ a~gefu>.!l;ie addttiv!f corre. ctiori to 'h'0 tfil., ab~olute 
·•. ur~;:its) li!bt~ined·by.obseryations aloft. · · ..• · \3 1

) 

. My), the i:lor~(H;ecl, ra~iG of ai!' density at all:i..tude y 
to the standard a,ir density at sea level, expressed 

' by h(y) ·: h
8

ly}·*'6 h. · ·· lUi) 

· s,.the geomet:r:lc. arc length. hn feet) of the trajectory 
·.with respect· h the .air.· ·ll) 

· j, the ballistic arc length (in feat). of the trf!-j~tory-, · 
. with re.apept t~ the moving a,ir, given .b1 j ::~J,7~ h(y)ds~(2 

,.·.-: 

t' tb,e elapse~. till!e (in ae~ Qnd~} fr1.')lll: ."th€; instant . 
.. af firth · · · · · ,·:··· · · {.o) 

· y' t the '"'irtioa± vel.oci;Lty tin. feet per ae'eo~dy 
, corrected felr th,e ea.rth's rotation.. (Hi) 

xl, .the horizontl;l.l velocity (in feet p~r secorid) with 
· · ·· respect to the -ground, correc.ted f.or .the•. earth' a 
· · ·rotation. ·· · · (17) 

. . 

·· Y ,J, tne vert1 cal .vel.bt:~ity (in ;f'-ee-t :per second} 
· · . unc or:rected for .t hlf"e~:rta 1 .1!l rotatio:q. . · (12} 

.(.,, 

.. ' '•~ 
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( C! 

v, 

the horizontal velocity (in 
withr'ee'pect to the ground, 
the .earth's .rotation. 

feet per aec:oM) 
unco?rected ton 
. (5). 

hpri.?;onta1 velooi ty of the pr;j'ectUe With·· · 
res:p~~t to the air (i!'¥ fee.t per. second) •. (13) 

·!~:~~~n!i~~~ti{u~~eyhJt~en~d, {in feet pe(v). 

mag.· n'l . .t .. ude ... of. the !elog:Ety of the ~roje;.itl.'e :yvi th 
reepeqL.to tl1e air, vlo!: w•2 + yl<!. .·(9} 

.a{:rlr the corrected ratio. of the velocity of s~und 
in air at·Ja.ltitude y in absolute unite tp the 
standard velocity of sound in air, .!,J,t eea level, 
a(y) ~· ae(r! + & a 'Where a 6 (y) : 1 • a1Yo (14) 

a.n aJ.~;btaic ~ddi~ive correction ·t~ a~ (in . ··· 
absol;ute uf!itf>,) o~taineci by obsl!-rvation (!,loft. (2') .. - ~;- '• ' . - - . ' . ' 

to 
(10) 

• ,·. - e: 

tl't~ adJnated,· .. -•••11. velocity: with re!l:Pect 
the air (in t'eEit per seoorod), u :: v}a,. . • 

b(~J, the corrected :#etardation coefficient (in · 
.;. ·. reCiJ?I'OCa.l feet, 1/.f), b(u) ;: bal(u) +"(.~heN ·. 

k, 

·;I. )J5 {uJ, the stan!ial"d retardation coef:f~r::i.ent is a 
tabtil!ll' function of u. alone, and where . (11) 

an lill;e~~io a~Ci:l.tive co~starrt dete~ined empiri­
ea,),:J..y Jn such a way as to bring into har.Jllony the 
Qa.tlistic ooeffioie.nt reproQ.ueing the observed 
total t+or::1~onta.l range with tha.t reprodu¢ing'.the 
obs<IIPvecU i;Qt:i1 time of flight. · . . . .. •· . (it'/) 

,the re'gJ!'~~sio~, ;(in absolute units), r :J:idj ~ ( 3} 

the cl,\mu1ative vet'ti.~:~a.l velocity correcticm due 
to reit-ession (in feei; per s.econd), ·;k :.{y' dr. {4) 

the earth rotation coefficient. used j.,n 
.· relati(lrr!l y' = y~ • +J X> x' r: x 5 ', -,ily, 
, reciprocal. seconds}<. · . : 

the 
(in 
.. ·(5) 

. W!il have also the following: · 

Vo. the magnitude of the nom.irial muzzle velocity. with 
respect to .. th.e air (in feet per second) • . 

-59-
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. ·• .. ~:.' til& ~~:Mr~·e~:t c~~p6nent . of·. t}le<nC!I'I!~!l~i ~z:z,te 
·. · vi~c0cityJ1n f~et J)e~ eeconiih .. · , •··· .. · · ·: · : •· · ·· · · 

... ,., ;y,{~ the h,;p±zonta:t component ·of t~e· noblil:l~i'·mu.,.zlfl · . 
· .·:: vel.oo:tt~ ·witn·'t'e"'pect to the gr-ound .tin feet •.. 

.. . , l2'e:r' a~iit(JlnM:~.<· . " · 
· .. ~~,; ·.th$'.~~~-~·~~:i~l,::J<~i!!PP~ei!t. o:r the uominal~uide 

··.•·,,·· • .. · .. ·· ve~~~teJ::'t:yo·.wtt1').•re11lp!3ct to·the air .(in f~&t >:w~:P ·,.· ·' . < .. ee'co.).1G:h:i;• :····< .. ·· · · ·· •: · ·· · .. ·. · · ······ ·· ·· ·· 
';:-·.-:::~-·.:·-.--- --~-~-\ •. :,;';-·. "-~ ' ·_·.·-: '>:' 

:;,,, .'tb.e i~t~l·,t'il!\!'1' '(;!f :rught ho.'the:iBviil.· .ll9:1.nt.l ~··· 

. ,_' 

'' ,. 

' 'f.;;~J[:~($~~6:ttg$}., < . . : > ·. .· . · ... ··• · .. · .. ·. •· .,''''.,;•, .•· ' .. '·' 

·.x;,•;1~~f;~~if;{hfri&Qnt~J r,~~· (to :ne'l.'~.f~l·~~fyl: 
. ···.·;· -.;J·. - -~---,. 

__ :_~ __ • "" --- . .~. ~-<.: ·;.;-:~ . '_":_, .. ;. ' . . . '--~----- ·__ '": ·:- ·:.- - __ ,_- _·- --- - - ',' . - . -. - j' -_ :~ 

· ····c"~~ii~}J~~fj1fa~1f~~~s:.:~~:t~!.1 ;±~.~~r~';~~it:· 
~ v • il:~~li~C{lnd,.~ . ;~ ~;:. . . ·. . . ,.r.. . . .;:.~.~·.,:,·;.··. . · .... 

~ ·y..,~.;,.o: ,. tM "ma~im~,~rt!l.tng,-t;.,,;: o:r eumital (l:f!Iilla:t~, . . · · ~t~r:~ :re~t~~ . ·· · ·· · · ·· ·· · 
- ',_---·.·::-,._-. ,.,;,:., . .<'.:. :_~:::>~. _·: -_- _ _-_, ;> 

···. ·.·.·' .· >. ··.·,·.·· .l<'t~lly'A¢tr€:1'~k:licinairtg' re:ap~etively' tq the 's~£} 
' ' Ca,non.:!i~~T varb11les ·'!~ '.]\, t,cv; .Y1.;X:! are trui six: req,o':r#r 

·. ,:¥1il\l."ia1;i};ft,''l''.t x. Ii Y.i, Y•!;!: !' ·;· ~unfbered,:c:resp'Qoti;t~J.y I.f'' li, . 
• ~g;J: • rv •. V:;;·~.· :(: .. :· L.. } . ·.· .. • . . . .·· . ·' . .:· ... ···• . . . . , .. 

... ;}:~ ~a"'~~~ ,'~·'•,lrlay 6\liill!lai'iZ~ the ;f'ol,low~n~t :t'l'!-et.S. l{fth. ·'• · ,: "'spe llt; t!) ~lil"l'li~ifl.:ilne,®J.;<?ns.,. .·.· .. ·, .. · . . .. ·• f .>. . . · · .. -, - , --·:--; -------::: . 
\~~~~¥.~r~.x§i3acL~I"~ 8l~~ia:~ ·ll~ ~ •. tn, r. · · •·. 

" ·· · .:t~. tl~f:;t:ca ei'5tri'ei~· x~ y, !; ;.., .. Yrna.x. •· 3 (s) • 

. ··.>. ; 1~. u11its. of'·~~eip~cal ·11alit, ~· b,_, b(u.l,,b8 (u) 1 Y ~ 

. '_,, 

x'. i.r ~~ *~ •· 
"" ' -l'S~ •·. 11.• · . •· 

··,:•l:l"'···~,. 'V~:·Y.o•''Xo• "''<'' ·Vif'" ., ' ·. .· 
_· '·.' >. ,; -- ' ' '.: . .'' --: -, -':-' ' r~ ,• ' ,-, •' •• ;" .) ·_- ' • ' ;:·f. 

I :it fiiiit~ .oi ieet, Jil'!ilr ;l).q\rate ,teaa.nda, g. · · 
··;:.1,.-· "'-" · .. - : .. - ~--.,' ,-. ' .. -~ \" .... ;··_:-. 

- :l? . 

'•' -' 

. :: 



' 
' 

... ,• .. ,' 
.. ' -, 

._-· 

. -~ 
. . ·. ,_ 

t ,· '-• ' ·'. "t ._·._ ;'_. ·_. '.J.·- '-' -' '• .' _c '• ,.· '','-' • 

.,B" .. 'rna; Can~~t&:J. s~s~ft~· ·. . :. . f .. • 
'-.-.· ... • • ... ·.·- ~ -~;/.;.'-_/.:.·.: -~.:- . . .··. __ ' -. . .·.. ·.· ... .· ·, .• :o':: '~ . .. . "q • ' ' ; : ;_·- ·" -:-_, . 

< ' • - •• -- ' ' - ,- -· --· •• ' .,. '' ' > -:.---~ -·-£-.·(·-" 

'- ,_ . 

<, ) .•... · ~a~il!JI!I . sy$ttlllls of'Val"·~bl:e,{lt, .·, .. ,. , .... ;,, '2::,·· 
. .. ·. ,. ' rn;, ~~g~fbraic ~d 'dit:te~ntli;cl equ~tiiml!l t~at ileh~ ,· ; 

· ·.. I'JaturallY :tirat'occur, to an .engin~er i,l,l aatting up his .~ro:P~ , ;>· 
· ... in ;ph:ylaif~aJ: VaJ'l,a•blel\1 hlll'fi•,CL.eaig!l'a:te(i by sma;J,;J.lettlU:'I!I \&Xp!'I;JBSad .· .. , 

· in uriH,:s ;!l\lCh ai:vteet; · l!lii~Cond$,>feet ::pe:l' aa~d,; ~egreea of: ara;: ... 
ate,). ahould'ua'uall:Y >i;Je ,II.io)i.J!le<l t () adapt ,.f;h;;~ ppribl- t:or ~p:re ·. · 
eft~:~~he ha,n,dlin~ b;V 111,ec1!'l?,nical c-omputing, dnic11a,~ ;:gy:~~' ·. , . 

·. change: o:f·un'it<~ the ei.l,\lat$,~~ lljB.Y' .:oo. ptwaS~i!i, iey tar:rna of .· 
ab.aolut'!!l dimension~...j:!!r:l.a.'nle!h ea.cli~q:f: lllhichmi'snt be· 

.. l"egarded. as nay:ing mare ly the numbtl'r:',. unity • . a a' i:t~ i.tl1~!11 ~ 
.. . However • it fa often convenie)1t to furtp.er ,!llritii f;t>i<;t,hia .:: ....... . 

·.:. plausi~le J~.ho~ce/ .. of. dimensionlasi> varii!j,ble~:~ by int:t1C)dtjc:le~~ •. ·;, .. C 
·some dim~l'tsiOI'J'l~.e~. oap,onicalg,pit.!!. np:t;lll)Ca.s&!J.rU;r.e.ll~l!<l.·tll:;;\'''' ·· 
unity.,. The equ~t!b'ns· ~come ;t1i~J;S. ~du e'lld'tp ~!:i.It211tliio~tsU':m · 
Md expr~ ss~t:i· in. terms: of oanon~g~l :v~riable§. here·"~~:t~~tte~• ' 
by C!l.Pita.lletters. Of theae vW!'1t~l:J4:lu;l one will,'b~ :tn~";.~:irit;l'f~ 
independ~:nt v~ia:bla, the othari'J 'b<li!lfg. all d&pemi,eht the~eQ'W 
T;he. danonioa'I variables a:\:l;Q!?~i·ng '!l;rpli,oi t:ly ·andi:gi:vel4' ¢ael+<;:·~· 
its q~'>i,(,ietr);i;I;J"i!1g Syr0:1Jol; n:!3Y,be; called the :ett~~·":i':;;< ·.:, .... 
<lanonlea:L Yar;ia~lee. Ae. contra.s);~Q. to bOth p~19:a:l a;l,'l4:;:: :>:1,•,:, ... 
Ji~:ooni. ca.l" ... v .• ariable.·e,:are· .the··.···. ;r:eeo:r··.4. ,ed. yari?-bles.ha. 't',e .. ·.· de~~. 'tl!.:.)•.'t ..•. e .. ~.·.·· .· .. · 
by·.undersoor6d capital lettl'!:ra, · .Ji!aoh reo orded;' vart.able. .. !a~: ./ '.,.:, 
pro:port1onal to a correspqp.cUng. <l<l<n~nical;var.;i:able,: w1th a,.:;,;: ::·,; 
reo order ,ratio~ The pu'r.];loae of <intro:Ciuc ing these re\1~l'<!ii!!"';,J:;;· , 

. ratio\:! will be discussed lat~r-~ · .· .·: '. · :\··~1:; " • 

....... · ll'or a gj.Yen ;hysi~l vari~bltlisa;i ~i~ let"~i be"·th~, ":·: 
assQcia,te~ oanonic'l.l· Yariaple and ! 1 tne correspo:tJ.dll',!g recol"'!i~Q.,,:i 
'taria blei ·:;l.et P:1.·. be the· lL.hJi':sifa;t n:r>o'Oorti <mali t;y wto .. ie. ~ .. f. ·.O .... r.·.· . 
which one phys:ice.l unit: '.is e:qu :val~l'lt to pj a~sol,t;i't'e:. ·<{·.:: '':'~ · 
dimensionles.s units •. ·Let k1 be t'f\!!l !L~~oal oQefN,<(i:ent.,' ' 
for whieb,.one . .absol.ut~ ... un,H ii;l eq.uivalent. t~ k.•~ ... oan .. ·.l'lD,iOf!)l· .. · , 
units. Henes .. o.ne · :P;~si oal. .unit is equ.ivalEmt .. <;,o·:Pikt. · ,., · . , .. : ·.· · 

· oanoni~al u.nitsLor 1• p1 ~.z 1 • ~at r be t1!'le .~oorder ra.t!2;.: 
. for wh1ch one ea:no!lioiU ullle· lS. equiv;;±ent to. r~'~elor.·ae(l .. · .· . 

units. Let us designate by m1 t.be totaL~.!llJ.in. u :ti.Plii!:• . 
where. m1 ::: pik1rj_ •. Theri each phy<Ji.-.iii).l uni~ il'l equiv;"le;:t, to 
mi units o:f the correaJ)'onding recorded variable, or ,!!1 .~·. m1z:l:. 

· ·. 2, . 'fhe <la.noni~al Vari!i!!ltl:~-~itg fa.rimebera~ · . . 

.. As .menti Q!!£?9, above,: ci~~onie~l "\l'ariable s and parameters, · 
. Wi 11 be indi cat.:id by. Mpita:l letters, a.r1 eXCepti()rt. being C for 
:th~ balli!lltiC coefficient, not a canorli.aal para:~t!lr, and which 

retJt1 ires nq analogous canonical symbol. ·· ' · 



'·---

' .--. 

-~-

·-~ - . ' ,-i~~------~-- .. ::, __ ,. :_~_--.-:._·-, ''' ' .. -:· .. ,., '::,--'., __ -· ·>-- ' 
. . Those canoil'i~l, ,;ya:r!ables and parameteJ?!K~hioh ~ 

,, o'btaineil d:ireotly .:tt'ew,,<'ilflnE!tJ:m i,onle ea physical qlia.ntltiea 
e'lfClus.i'!'elyare" :il::iteiJr;i:i'l' l'Oll:GQI . ' ' · 

- ' - .'<"' .'' '-- - ' - ·- . '-"'" -___ .'. ' •' . -, . 

·· · ,JtJi ~:1/C,·t~,~ •. w~'l!ii'ij~?lN~al of 'ib.e balli~tip ooeff.H:ient. 

·!iii:~ •. iwo/i~~:·:~~ri~ni¢~ algebriac· attil.itt1;'e c~cuon 
:~~ t~}~'~,r,c>;·:?• .. · , .•• ~. .; .t;' ·•·· .. H') 

~ ~·~,o',;>-' 

Ht'll. • ~;£tJ/O,• the' canonieeYa~r denstty~~ti o"' in 
· · · COllllf!ll:t"isol'l,.t o t'll~ uni.t projeetile~ .c • . : > (115) 

<-·,-L_,,.>---. - .. _·_-.:-__ :<'>;_·_-}·_;-: -\':/>--- -.>- -< -- -____ -. _·_- ._~_~- __ : ··? .... ·:._ ,,·_._.tt:~~:~~:t:>_:>:-

lf,~~'f.)~=r Il!i!C;V?~ .. ?:t'h. e .• can. O.ni:eal.stan~E¢ti.a.tr d,ensii;r .. 
.·•·· •:,, ,.ratHI 1~ .l!)l:im~riso:n.h .the urnt proj.act'l/le,.{ll(·· ... 

. . " . . :;·EIC ,.~!.~'*:·, .· .. ·.····. '·· ·... ·> ·. .•. • . . · .. ·. . ~. i~;;~:~0~:<::;ta > 
~~· = · r,.,.'i;,he o&l'!i!nical. regression.. . >< .• ·1';; . ;., ,(3} 

( i i) 

- '·'·• ·:· -~-.j: · ----~- · ,_. ··-_-- , .. ~<'. __ ;;,d/·c-::~ .. -.·:---.--,:-._ · · 

·. ·<•.·.···. , {;1~b'a' phjsiel!.l const~ntn1 .:used i~ desigr(~i'i~~:,Jt~~~r!i ... 
air depJai•1,;.y iaJ.oft>. is. in .U11i t B. Of reciprOcal feet,.: 1:J>it ;za;()>. :also 

-_ "' _. - "'''' ,., -, -,_ . "'• - \, ·, - --- ' ' -~ - - - " '., ... _."(;:..,•, ·- -· - --
· : .. !~~ &i~~.!!feo~n?t.~IfYsieal Qonsta.nt. i.laed in de~ignatii~g'~.~~~f!:de.rd ... 
. , at;und '!~l:O,ei;P.y: 1;:n air aloft •. :~E,~noe" ~he. rat :;o, hvf a::~;: :·;t' a · 
···· ·dimens~1)r!;te:;~:a ;,mTJltiplier. Tl;l:!.s ,multJ.J;Jiier ~s .. ueed ~~ :1:1~Vt;)rt 

thil d:ilne:nst'on:Ii:tee. sou-nd !llJH!ed 'rat J.~t aly} and rela~:'ed >.:• ''' .... · · .. · 
quantfHe~.into' ca.Mnica'lquantit:l,e.S as follows: . ::.~ >j·• ·: . . -;:-_::·- ~: ... --,:~?_-':~·s;:~.~---: ·-.-- ·:- --- -_ -· '"!' . . ;-r,___ .-. --- -" _--- , -. ·- -. . •. .././- ::~ ~-< ·<-~: , 

... ~'i l:(Yf~:.: a(Y) {h1/a1:L the canonical eorriie!~il t:lPtJt~d < 
' v~:h!fc1ty aloft ,given by th~ formula, At'i{) ,·,.ii8 (~.) +.A A, 
· u~:r'e A5 (Y} • ::. a 8 (y) (hlhll, is the ca®1li;91l'"' ... ~. 

< danilard sound velocitY a].of't g:l.ven by. th~ :fQrmjl;t:r.; ' · 
''As(Y) :: A0 • ,Y. Y is. diseussad bel!lw.· ·•.· .• (14~ 

.·.. . . <;:!!·~:a hi~~~i. trw cB.npnio1;1l. st~~dard souncl. v111oc~~.ri) 
.. _,_- . 

. '·', 

'A:&., '='.fa (h1/a1J • ·the c~nonioal· e.lgebra.i<i add~t~ye • 
c6rreetion '!io 'Ehe ean.ortieal .standard s.ound. vtil<>ci ty 
1 rt . .•. . . .· . . ···.·. '(2'') a o • . • · . . .· .. . .. · . 

' 

A.~ .!'(l!!ll'll"lt'ed, aoove. the J;itiysic;i co ;natant. '.ht, ua~d 
in designating· standard air density aloft, is in un.its of 
recipreca.l feet. ·Hence any physical measure in feet • if .• 
mult;i:plied by h1• g;ives a. dil!lertsoio;n~ess quantity •. \Y<tobtain 
the following ct'l.nonioal q111a.ntities ln this llk'l.nnert · 

. ,_ -· . ' . ,, -- . -

-- ; ' 

'x, ::;; xhp 'the OB.llGrlie'al ~bacisaa., or horizfilntal 
range • ~£ any 'dii!Sired point 0 f the traj set ory ~ 

-6:2-· 

:;,. ·. '_:_ __ .·.,_-_ - '---• 

\6) 



one 

Y, : yh1 , the c$llonical 
or a1 ti tllde of any 

ordinate,· or vertical. range, 
deaired point of the trajectory. 

' '. (,?) _-,.,, 

:>, " ah1 , the canonicC£1 ge atc.etric are-length of 
trajectqr::y with reference to the air .. ·· 

the 
(1) 

X*' ::: X*hl' the canonical total horizontal :range, 

Ymax.= Yma.x.b.1 , the canonical maximum ordinate. 

· J(S) = jhl' the canonical ballietic a.ro-l.e.ngth,· of the 
trajectory with rillfe~'ence t 0 the air and in 

comparison to a unit :projectile. · · l2) 
' 

i:limil.tirly by using tlle reciprocal multipl~er, 1/hp 
secures the following ci<.nonical quantities; .· '· .. .. · 

ii(U), = b( ~) /h1 , the canonic~'>.l. corrected r.etarda.t i(in . 
· · coeff1ciefit, . ·.. . . .. · · lll) . - ' ~ 

Here 3(U) : B
6

(U} + r, where B (U), ::: .b (~l/h1 , the 
canonical standard retarda~ion.ooeflJ!-icient is·a · 
ta 11.1 lar func.ti·on o'f U alone, · ({J) 

and r, .. Y/h1 , is an a.lgebraic actdit±ve constant 
determinea: in such a way as to bring intq harmony 
the ob:served total {horizontal) range .and the 
observed total time of flight. {iii) 

f""!!""' . The phyeic2.1 eonsta.nt g is in units of f/f!.2, and hence 
1gn1 is in units of 1/sac • .-.llJmce any physical measure in . 
seconds, if multiplied by igi1i, givel!l a dimensiO!'lless quantity. 
We ootain the follovling oanonic'll quantities in thfe wanner=· 

T, "'. t -fg;:;, , t~e canonical elapsed ti.r:1e, from the 
·. Instant of .ire. . (o) 

T*' : t*~' the total C>tnonioal. time of flight 
·· (to the level point) • , . . 

::Jirnilarly by using the reciprocal multipli~r, we hB.ve . 
as caqonical para.Ineter 1L\ ,= A./(gh~, the canonical earth r,otatioh 
qoef;ficiE!nt, used in the relations yt ~· :t.~ +AX, X1 • X~ -.A'i.. (,() 

· . YrQr~two physical 
the. factor, '7h1/g which h i.n 
measure in feet pel" eecond, if 

constants g and hl, we obtain also 
un~~s a/f. Renee auy physical 
!llllltiplied by i~/g gives a . 

. . ' . . . 
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.. · '' ;. <' c '··{·.:·.;.,·, .• · .··••·• ~\ .:· ' ..... 
dimen ai ~l;l;l,efia· tr~li!.#lt\Y._..:·:•;!,e ·.;;,~a:Jn: tt,te ':fl o'il(rwing''caJ!(lnion.l · 
quant.Hies ··in .~l!!' m':f!'!~~~~:~;··· .. ,;~~ · ·. ·::. h:r.•· '··. ;······· · •···· ... >~r··· .. ..· > 

. _. .v •. >···1~1hi1~i~~1ftil~ttf0.~e!~:~~~~~;~.~I;:a.c7~t;z:fl 
·.· ·. . .;Yt;~ ~.:\~;it;'1~~- '.·· ··· .. · · ; 2(. i;?c' .. ·; ·.}~~~i~;. "·· 
•Y'• ·.if· ... ·~·:r~~{~~:~1~: .. ·.~;:!~~~a~~!i.!~it~·~~•ei~~tf~,··· ··· 

~ 4{4J·~i~··, .·t~r~:~~~io~~ .•·~~~i·:~ht~i~.i~~~~:!~/r· · · 
.: .. · ... ·"· · ··.· :!l{~~h; ~!!lil);i.~<!.~ :·y cr,;thl!!'~·:lw'(I)UJ'i~ .,:. oof.;r'.\\l<lJMt<~J:!.f' .:tl;u3·:. . . .. · .. 

' ea.~;~'h'~a.~~t~~v~~~·· ;"~;·~,·· ' ?~!; < ' : ·~ ·~·.··!)i{:~·?i!;;Jt!l;r . .. ' 
· ·::. ¥~;Thr/g.· :~· ... tf1'e c~ohfcRl.,vert~.cal·v~lii~i~§~·.·~··. · . ·· 

" ,'-

. unc brree.te<l for. t)'ll:l;.; ((l;l:tl'th 1 a rotatil;)n. • 5 ll2l 
- ~' ;:~-- ... ,_· t:.<' ___ :-~·_::;/.;_:,;:';,.>-~-----~~- :--,~ <'::,:-(.·)__:_- ':,-~\~:~~~.~-;-:--_ ··:··- ',- - ','_:_-':- _·-_:·_·.·,·_·:··_::;---,::~~:_.--____ , 

··:X~';, • .. ·.:·~~'f.)~·¥/ .. ~~·· ... 't .. h~ c}l·1l~~.··. {a;..J: licrizont~~~.~~lJJ. ()·i.t_y 
·.... . .:w:l;~n~J'~I}peq.t:, to tt:e,.:s:r;ound, · uneeJ';r;:~et~jt~';t'ot ; 
. . · :t;b<e ·~artht e PobtlO~h · · ·. . · ,., • l~l 

. . . ;·;~ ·~.~r:r~v;. the~·:·~~ho nicaJ ho ;1 zon tal j~~~~-i~~;~.tf 
· · · nre::tf.cojecti l@ with rea:p!;!a.t to the afl\;, .. e:::t:t.::i) .. · 

, : .,,. , ' ' ' • j oJ, ' , ,' ._ .. ··,.-' ,-, " , ' , . ' , : .• .' '., :::,"-;r'---."~·-; ", - ., 

AW.1 ,. ,.fw• {h1/g ., the canonical ballis~:tC: head 
:w1,nd. · . ·· · ,(I*) 

·.··.· K,. ~ )~e~i~~tii ~~~r~~~~~~~di~~~~.·"~:tfr!:;1i:··~~i. 
K;; 1' dR. · ·· .. ·· .· " .. ·< · :. . · {;4) 

;- :-,.~ ,' ---_ -. .-., _:- ._>._:·--: ·:<~_)_.~_,._.._;.._,.' :_(_..:. 

v~-~ p'vo~Jg •. the ritagnitude··or the elln;i!lcal 
·, .. >' :.nomimd rnu z:llle. vl!l.l.oci.ll:Y ·w:Ltlr':r:.a$peot to .c ... , ·< 

the air>. · t_; , 

_-,. 

· ¥~, .<:I Yci -[ h1jg, !.r~~'.y~ritl.crt1•··ooll!p~~~~t·,:. ~f .the.~.>lll~.n .. •o~i e~ ... ,.r; ... ·.· · 
, .·. nomin~r rouzzle :vel!ifcity. .. ' ... ·-"·•:., · y. ; \';l:vJy ... · · .. , . 

;.:: .. .r:, ,._ .. -: • . · __ \· .·.-- ._.·.- ----:·'---. -'~' _ _.,- ... ;, ·._ .:' _'·-~·.:·,,-,,-,_, -- c\ 

. ~&· .,= x{i ~~~> the horfioztta:!,' !:'Q!n~ort~!:l~; (}f' 't
2

lie. C': .. · ·· · 
.. ·. · . canonical '?lriminal nua1~'l~ v~loo:tty ·;-;ith .rl'l s~~ct · 

~•;; tQ the grpuncl. , '~. ,:,;.,. · ·''· h} 
' t\~f ... ~¢ w~ in1(g~ ~ll~C~gn~~Jd~ ,o~Ae cAll~~~~~~ · ·.· 

· >.;;··· · ·.r;ru.rf.aee heatLwind•: . ·· ·, ...... ,, · 
,- -, -.''4'-'' .· . . " -· -- -' ·-. ',. ~. ,,._ ,- ·'- . . , '•' '_: · .. ,. 

. v*'' ::: y~.,.t~l/g, t~~~·4niw~~~~r t~~~· ¢in0l'll:~~;- \ > '·· .. 

· · •. ··• .· ta'l:'ll'l:tnal"(el:oett;r ~~t, ·;t.~· ;;~ve 1. !!oint) w:~tfl, ···· 
· 1 reape ct;. to·. the air .• · · · · ,·.•,;:, ,, 

-.'-_'o ,. -, ., ., .,, ' • ' :·::-:-- ;t:·-·,.-.:J.'. ::,' 
... ·~· ...•. , ..... ,. 
..:-~::-<:·-_ 

1 '-\~~ ~:;' (~:: , .. ·.y,-_. •; 

. . J.~~·\t.--i.·~.::,:.-:/·;.:,-: 
; ,.,, 

... ,. '\·;-

~siC' 
. 

" ' ·: ' .. 
• ,, J;_ ·._ 
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·'_.. . . ' ·- .-. - . ' __ · • :: > ----.-· . 

. . A little le~s d~~d't than ~n•,:t;he cases just 
mentioned is, the rell!),n.pn'between TJ ~n:O. u. since here .the 

· .. di~nsionlees inulti]lli.er A0 ~ ·:; h1/a;L.' ie also. invol.valJ;. 
· IJ, •·. u a 1/.(ghl• u~ .jA0 , the. cq,non,icaJL adjusted . ' 

hOrizontal velocity. With re.l:lpect to the air, lJ t: VjA, (10) 

. 3. The s1:1rie.l..~i~t'~or ~anonical .E!!luationa and· 
su;pplementa:r['Va:i'@es and .l?~;rameters. ~ 

· . · .. · W~. list eerially ellS' follows .. tha can.onica:i equations, 
$DU su:pplemJmtary·:v~r:ia·bJ.es ~xrd parameters. The order chosen 
ia. suggl;!steti by .the. ela.ssiftcation according to types· of 
op~ra.t:,ions per;fo~ed,. and .in the case of integrations, by 

. t'hi (l~ . .:±ra.bU.!;ty•tii':t,isting close together Ar!y two 
: i:J7te&tJ;tlons wh.ere·,tl!e integral resulting frolll one supplies 
· 1;b& t:liff;e;re.nHal o:f: the other~ · · 

',,, .. . .\~:-. '. . :'·~~ / ,\, 

... ·· ... ·.:F~ p~el:iminar•y data, we bave 

':,~ \. cl\ . : .0635342 sin..C 

, . ;k~R} >~ {;) : > ( tabtih:t;e~) 
-~ 'f./_,. I''.-,._ 8;,~-:.:-" ~ .-... ·-:;,· :·, 

(i) .. ·• .·. · .. ·A6~·.• 10.52:7'4 

i~~t~f) '·: :- . '' 
' :.H6 0 :a: l/C - ' ." . 

. (iii) ·. r •· obta.±ned e:zq.:P:tr:toally, by invsrse 

(iv) 

{v) 

ui~T 

·. •· . inte;rpola t ien,. · 

·' · Xb = (~.;v.J .sin L. '11~;. l x .• ooo99l09s. 
'-< -~- •.. 

:X:b '*• fElt.~~) 9011 .(:. (Dep..) X .0009,91098 
··-.. -' '· -,.- :;- ... 

IJ. W' ,:(lbtait\li!i:f :,from obeE!rva.tiona 
. ' . ,.,., -'! - -~-<-.~---~ -

· (Sqc".·:. Ali,. ·ol:Jt~in.ad from ob$'ervatiol:la 
' <\ 

...... ·. For ~he simultaneous syat'ejj:t'.qf algebra:ic a.nd :>·. 
dif:fer$nilfal· e~uations, .we he>,ve, a.s''tb& reader may checli; for. 
hfma~li" 

'i-< 
-.,• '· . 
(q) 

''· -- . ··. ' . l' 
. . : .·· -

,,._ 

·.HJ a\"EfvdT · ·' .. 
. . _- \- . 

. ' .. ~ 

~·· -----~ - . . . . . . 
'- ... 



\ \.'; 

\ 
,': 

\ ,>, 

I- . 

(2}· .. 

( 3) 

{4} 

(5) 

. (e) 
'• 

·. 
.{8) 

. (~t 
. ···(lQ} 

-1--' 

J '!:. £11.:. dS 

i: "' .{t' till 
:!!, : j:s{U) 'd.I 

I). •. . . .•••. 

·. J;; ,_ :It ... (jp 
.. _:,_ '_._- s- · o JO 

· · X c > {Jf' il'l! 

1 ii ;.{t• . .1!· 
. Ks• 

·. v :f . 

V/A. 
,'- _.:_,~''i~?<-.c 

rn.r·. ·. B(Vl• .. B (U) + r 
. II . 

\: -. 

{12) yt ., (T ·b K) 
0 

·· >P .... · X' +A 1'1' 
. ;.c -

'; __ ., 
-.,,_: :c 

'''•-, ·'· 

. . 
' ~~ . .. .. 

. - ' . - I . 

; (13) 

(141 

(itH. 
. {16) 

A(:Y):. 

R(Y):: 

· A 6 (Y)+AA:;. (A0 -~Y) :1"44, lll.b :=; ~0~5~74'} 
"p,' -

:, ,, '::.:·. 

Y' :. ·'I.' +AX tA= ~0035342 ainOC) ; s 

·. (1?! x• ::: X' s -AY (A~: .0035342 sin,(.} 

While the correction terms,AW1 ,AA,~H ma.y .be P"<ll!:t't±Ti:t, 
zero,. or negative, and may be increasing, stationary,. or .··. . ; 
negatiVe, the eighteen canonical variabl~a {save :f'or. x.• and Y~) .. 
are all nonnegati:ve .throughout the trajectory (aa far. a..s t;t:ie. ;: 
level point). Their behavior along the trajectory, a.s f'unctio:tl!!l 
of T may ):le 'described as fo11oW<H · · 

(61 'l' 

(1). s 

(2}•' J 

{ 3) R 

< , __ '" 

. ' -~" ' 

. ' 

Increasing 

Increasing 
. 

Incr~:tae:l.ng 

I ncNasi ng 

-66-

.• 1"' 

from 0 to T*. 

from 0 t.o 't:l..--~·~; :-._--, 
.. 

fl'om 0 to J*. 
from 0 to 'n*. 

- . ...: 

.·> 
" 

'>-:· 

,' ,_; 



\ 

- .- ~ , ·' 

(4) K 

(5) X' e 

(6) X 

('I) y. 

{8) H 

(9) y 

(10). u 

fll). B' 

'( 12) ,.:Y~ . 
,..-. . . 

Inereas:i,hg, :f'r;o]n .• 0 .to ~(at sumialt) th~n 
de creasing to· !Gi.• · . · 

D.eoreaain€1 ·fr~.~m .Xb . to X~* ·(XJ .. ~ X4l 
. ' 

Increasing from o 'to x*. · 

Iricreasin'g from O'to. Ym• than ,de.cr .. eP:.~i. ng 
ta Y~ ., 0. · 

. Decre"!-sin~ fr()ni H0 to Hmin• tl:1e1'1 increa~i~~ 
to H0 •. 

Decreasing f1~om V: 0 . to Vmirw then us1.1ally 
inerea,sing to V*.. .·.,, ,, 

···- , .. -~ ,.' ~ . -

Decreasing :t'rorll,uo to um1n" t:r.e.nue;ualiy 
intl'reaafngtoU*•·· ;' :.· 

.. _\-

LiE\ e' between :Bm;tn 
·,_ ·, -· -" 

and B • . ·. · m .· 
-,---

. [Jecrea.sing :fr~m Y~ tnrough ·. zer:b. to the: 
negative value Y~* • 

- - ' . 

···ll3) W' .· Dec:r'efl;$'J,ng .frOm. .Wb to W4 " 
' - . -. " .-. . - " '· :--·- ' 

(Hi) lf 
•., ' 

. {16} yt 

Decreasing fr•&m A0 + llA0 to Ah;1 n, thi,>n 
incre.!ising to A,r, :. A0 1' 4 A0 • . . 

·· .. Decre~e~ng fro:zil'll:0 +AH
0
'.,to Hmfn"' th~n 

.· . !l:ncrea.s ±ng to ~. • ,H0 "" tl. H0 •. ·. · 

Decrea.sirig.from Y~ 
::negati-ve .Vl'l1ue Y,.t. 

·., .J:·-· 

'through .zero to. t.he. 

>:b~erea$~ng, tr~m X~ . to x•. •. 
. . . . . -

'._., 

. 

·;, . 

. - _{ 

' ' 

. '.~ 
' 

'. ·; 

·-··. 



'"\.' 

:: ',: 

~ _- -

:.'\:. 

-- -~ 

<.' 

·- ·< ·.- ' 

. ' ' ': ' ', ': '·-' 

.··.~··· --.,- -,_-\ 

. /' " J :-'- .. 

}:,~ '~fq~~~ ~t~-,~~~6 C~nversi~~ Ooe:rtt-eients. ·.·. 

. ' 1,.- 6<),W~;e1on. rioert::I.~J,ants Introduged •. ··. 

.... ·.··.· > kat ua r~{l~ti::: 'briefl.y.;.four types at multipl.:i' 
·· or p:vopt>r¢.~Wla.lti3" J'a:e.:tors-. alre!l,'dy :tnt::-odueed 1 ·· (i) The 

:_··. p. byai•C .... a:.·l-... :{P_._r~po~t··.·.i·'O .. _·lla····.ltt:;l'~·.f .. aQt or, P;t •. ".· hicll. coiv.erta. .a ·· .. ' / .. ' 
·. p:hyaica;l..mtl t J..nt~ ·a. dim~a~on+ea!'l um. t •. (ii l'he c!lll.;1i.'l'l.iorld, ·' 
coeff~c'if;:l;l1; 1 kp:: whi9h e~uirei>ts an el.ementary dillll!!l:lBionle~ll( ' 

.. unit lnto:.:a eaft}o'il~ca..l. tm.J.t.,. {iii) 'fhe re.eorder re,t;to., :t>1p 
· . < whicl'l 'ed'Uvafta a cr>.Ml'l:ical unit into a ;r-<:~eor(ler unH .•.. tiv} ·. · · . 

•.,IJ:'he mMh~#'molppiier, mi• .wni.eh oonve]'>tlil a physical u!).ft'~::.~ .· .. · 
directly· ;J.nto Jl.,.recorde};" tmlt. · ···: . ·· ·.. . • • · .. ···· · ·- .· -- -- '•- . -- - - ,- ,. 

. .· . . ...• · TMI:n;_uitipli ers ·mentioned .~bove. have. ho. ap!Jcial· 
. ref;e:Nmce tu the me chanica 1 structure Qf the Diff~rential;. 
· Analy:J;er. )Yil''!loW turn t'il thl1.\ question ot:" con~ion' .. : .. -. ;''.. '' 

co effie i<Jntlii which while ,·a.~Iogoue to tbe prededtng . •,,·:·: 'i• 
multiplieX'S are not (irli,.;!lQ.51; ftases) il'llpledi,!:\teJS expree&ff:P;J.~ 
in terms o:f.them. ·•··', · .-.·> 

., ' ''"; 

.. .. ·.. . ·· .. · !n the Ilifferent:l.al Analyzer each primary &t.inord.'~~ . 
.. . · .. va.rtal):ra;'~nters i'n-to. the phy~ical operation of the !llacnil'le · 

· opl;f!ll'.lil :pl:'oportion~··to·ths to,ta.l,_turu.of .. some _on~ .. qr!!.!Plfe 
· roUting• q~s. sl:Jatte. · ·If a given b~:~·s ah~:t't repreE)ents by< 

i te t.otal:· turl;i th,e . canonical va.:riab1e Zp . then tbe coeffi<;:~ient · 
cf. whibh,c ie .such .that one. complete: rotation of the .shaft ' 
;vielde. ~i unitl3 ~norease .iii ,tne>var.table. ie ca;t;J.eci tl.i,e .. ·.· . ·· 

·· corrver;non coeffuient to!'. the combination of given ehaft .. . 
and. ~han: canonica.lyari?'ble ~. A _given variable has a sepa-rate · 
eanversio:n coefficient wit'!l respect to ell-ch shaft repreaen;ting 
it. wtlile alSo a given ·sDa.ft J:lll:l.if'represent several vq.:riable~f'' ·. 
(necessa:rily:mutu!llly yrop9rt;ic1lal) but >fitb a. separate. , ·· 

~o~v~:;~~-. c~:~:i:!:~=~r~~e!~¥i· ~b!s!~~;s t~~ ,~ !i~~ifon •·· ...• 
c&ernoie,nts 'fOr tne ()Qln•~l'!:poridil1g canorii~al va.ria.l>Xaa (1'.,2', 

. ·;;s• t1'l~l.Q,~ ... ,l7,I 0 ••• Vl) a.a:repr~sented on the correeporidingly. 
· · ntlmber<H~ ~:t>imary". 'bus· .s)l.aft' Which aerves as output· fo.r tbe ..... 
· eorrea:po~~':tilgly· num!Jered eu'lmlacb.'inl! ~d machine e lament. Fol" · .. · 
,ins:ta.~E!J 't~~;;regraasion J;l is the val"iable with official••··, 

. nqm.'Qer ~.;' l;( is the output of the. intl!(!:rator unit #3. whi.!lh 
·. :!.a alt~o:,.the l:iul)ina-olJ_;I.ne .#3. T}:lh pr~ -output sMrt .is al$.6 
. :M:ac.'\line;;:m1elll$nt .'/! .t .!fhe cqnvel"don ci>effi Qient · rro;n1 p-ri,ma:ry 
shat~.t~:t<·~rfable h ,ii~.~~g.nated by ~3 • a signed qu~tit,Y· ••·. ·' 

' ,_,. ' . -:' ,., ' - . ' 
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.The conversion coeffie:l,ente (as distinguished fro!!! r<Joorder 
coupling coeffictenh ). or to Cy;r are for the recorder· variables. 

The gear couplinge have been described earl.iar. 
Each ie eithe.r a ei !jgle pair ·Of meshed :apur gear a ( the'.ll 
constituting a !Jmpl!: gear coupling) or else is compound 
composed of a train o.f auch .g!'ar ·couplings. Vi'hen two ·'!l'ii.e 
shafts are -geared tolfl:rtther tnrough a gear coupling, h\:i1r;b. 
shafts ae;r"Ve to ·reuresent the .same canonical. variable lfil.tt·· 
with conve:r-aion factors in general different.. The· change' 
in conversion fact or in1;roduced by passing the yar:l.abae · 
through the 1;1:ear coupling is multiplication by a co~Ung .··. · 
coefficient \always s ra. t.tonal number)· entirely d.ete:rlll1)led. 

· 'byths mechanical rel~tione .within the gear coupling. · · 

. . The coupliiDLcoeff!cient is defined as the.· 
(signed) !'\Umber of revolutions required in the bus shai.ft 
entering the ges.r .coupling to produce one re:Volution {in the 
same sensa) of the bus. shaft emerging from thtil .gear coU!Jling~. 
<3i1lce the bus shafts are parallel, there is no ambiguity:qf · 
s1 gn involved. A coupling coefficient has determinate sign! 
it is. for instance, negative for each iiimple gear ce·oupling • 

Th~ gear couplings are. gi v.sn serial numbers* .. tri:!ln 18 
through56, corresponding to their position in the compt(ilte .· 
list of subrnachines for output. We ,maY des~ gnat a W. ~··. \~'b.;e.. ·· 
oo.upling qoefficient for .the ~;>ear cdl,l ling #J. TMia. . o}~ucea 
no confua1on with the conver1uon ooe;f'¥icient, since t · e·.'·two · · 
sets of su1;script num'Oer'i;ngs conc.e;-ped do not oveP,:lfi>.P• ' 

-.-.-· ·~:. . 

· To illustrate the relations among ~he. vaii":I.a.b~ell) ; <· 
consider~~ the physical variable for horizontal range,j ,1', <•· ': 
the corresponding ca.nonioal·variable, "tnd! the COJ"resp!Sl'Ji:fJ:'1g 
recorder var.ia.ble. One ha..!!! .the ·equation, X$ h1x; connt)ctiltg' 
physical. and .. ca.noniaa.l·varlables •. I.:t will .oe.•.s.een.that :e6 ... ···· 
1s the ?otrversion coefficient for X .and CfilL is .the .. eoupl.i'tlg~ 
coeff!cJ.fint from the primary .bus shaft for-A. to the buB• iltl,r,llft 
of the recorder varia.b1:e. For the variables here. cons:t'd.ere\1, 

- -~;·_ 

* . There would 00. ~tteptiona in the e.OtlJ:!l.l n.ring o,:i: m~~;hani6al· <·> . ' 
gear, cmipling$1 exceptions whia)l do Mt 'aff:~t the theory· bll"t Whi~ 
simplify the problem (If settiflg. up the maoll~ne• .. · ' ·' •· ... • · :. · •• ,, 

., : J 



. 

' ' ·. 

th:ere ia a commor1~er'-'1· origin.· l;low O!le tu:r'n of the pr:l,maey 
bus shaft gives byd,<;\flnition c6 ;:ijnit5 :!;ri(f!'ease in the · · 
canonical v.ariable X~ . Hen oe 6x' the ·to·ilal. .tu.rn ·tin . ·: · ·: 
revolutions) in the primary bus shaft for X,· is equal to ... 
X/o ~· ::: hix/~ • But :i.t takes c52 tu:r-ns of:th!s primary .'bus . 
shah to effe8t orxe turn in the re~order 'bus shaft. i anii henc.e 

·. one m'iit of il'/.I?"X,"eat;e il_l. the r~elirder vafia;ble~ ~· lte~e P:J:ts~ 
· .. variables, X an<l-X 1 .'\llh$;n ea.r:r:ted together' on thnr.reoorder,bllb. ;, 

·shaft a:rt1.so relatm~t~.t X 11: 6,jc5·2 ,·• h1x/(c,f'!5"J. ::f1:-ence 
finally · · · · ... \ ··~. ..~ ··.:. ·. · ct•.! "" ··· 

. . . .. . I'Ll -·· 
· · . x :: 6 ii0 5P l1r· . ' .. 

2. ,l!lq~t'ienal Pri~ei-ple s ltelat ing Cortver§!.9!1 "f 
· <!oef't'iciant~.. . . . . . .:• · 

We sha.ll list herewith 15dme principles a":a:opted · 
concerning equ~ti ons among the ~COll,Vel.'~ ion eo!:;fficients,> ueint; , 
the lette'r'ing· in most cases analo~t¢u.s t-o that for the · ·' 
variables «n~·. sul:J!n~chines. 

i_:' '' . 

. · · ·. {a) :il'or a given tia~onie~:fva.ri~bie, z, with·:'~ .. · 
come:-si'on coefficient q on a givi;l!li ·.:bua· lilhaft, .and f. or any 
given.no.n-zeroco·n·a·t.fl:Ut, n., the conver.aion.·. coet;fioie.n.t. :fo.r .. ·: '• 
the va.riable,~. on· thi.s same bus shaft is 1¥1• This. ;foliillws . · 
from the i!!efini tion of oonversion ·p}:>.j!:ff'icient;} ... ; . }· ·., . · · 

, ~ ' ~ •' -, _, '''• , , >o - ' , '-- I' ' '_-, ·, • > , ' i : 

,· .. · ·. ·. {b) )ror the ea.libraiting.~~~!111i\,ithe. co~ver~iol1.; ·' . 
codficienta for.the separate canoriie~::PI¢ameters; .,i!i0,H0;_. r f Y~, X~ (rewpectively nu~be!'fi~~ (1), tii), (iii},. \iv), •. 
(v) J on their. reapecti ve primary il"us shaft.! are taken . · . ·. · 
.without l.oss of generality to·.'be the .same respectively ;!,i,t · .. ·• 

··those for .the primary Cl.aJ10ni.allJ. variables ·t.o whicl!. these,. 
parameters are :respe~tively. (.a.lgebr~i~llwlcadded, on t~ese: 
'sam€ shafts. ['):'his meani;J merely', that. no ,i:U.rther couylingi.'l .. 
are actu9.lly br non:dnaU:r interposed between .the m.ecnaniam 
of the <w.Lib~'fl. ting d.I•um unit~ and ,:~he. sh.'il.;f't. wlw sa" p;~~ary 
canonical' :v-a.:r:table is being oali~li~e·dJ . ·. : .· ·· ' · ·. 

· J~J S&e tl9 . . ·. ·· 

.{e) to (h) 1. covered by,;ti} to (k).' 

. :.:..'70-

.. '·" _·_;;,, 

',: ~ 
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. • , JiJ tl) For ~ny ±r~t~~te>~., thi(oonveraion· . ., 
co!!ff:lo ient' ,for tne. output·· v~r~'EI)f!l' ·~. t~ output sba.ft. is.· .• ~. , . ·; : 
32 times the p~0duct.of the.c'~rsiori Me!.ficien.h of' the.;O~lf~": .··· 
input .yariab;L~s '?:t the' ,inte~~}{lr oil: tp~>ir respective .inpt1~·.' 
shafts. · .. (~h:l:411 f.liJ,l!'JWS frlllm t'h~'''nat1We ol. thi:t i!lte~a,);;i~l'l. . 
ppocess arlit from t}l.e calill!r~ting coniftanb of !;hi: int~~~t:~:l;" 
1mi t a, I;'! a s u:b-orr;achine .] · .. ·.. .. ·· · " . · , " · 

' , .. ___ - ', '"\ ----- , ____ ,_ - ·,',-~-:-- - ~~:: :·:_,~_\,_:-·::<-
(4} 'ilh:en' 8; giT'if~ canQCnical •ria!ll.~!·.~er'lf,e~lf#'f;{: 

. differential input :(Qr ~0re .th!}l'l: o,ne integrator unit' t~ .. ·. 
conversion • coeffic.ie.nt lll.>a:re . t'Q: 'Oe'; ~all:~lfl;·aiJi &q;.ual j~O-r thl,a' · ·:·,; 
variable Oti these. severa,l .. ;l.nput, sr.a'f'~ii(J lili1J1i;(a,r).y,.. wnen'(in~;\· 
canonical v."'rhble 'lle:rvea ,aJO integr&l,li}.:dnp.ut•.for more th;3.n .• '· • 
one il'ltE1gr.~tor unit. "7 " · •···. • 

~':·- .~-, ', ·: __ : .. _,-~_:.,, _-·_ ' - -- - _:_:·:_"'(~- '. _' . ~_\:/·':'~ :_- _: , __ -: .. -<.:_·_-:-_--:_.:: __ -.>----
. .· {j) ····(1}, li'Qr tQ."' Yeet~r :V~~'.(hl:lli'lt#l).•~M':~~:);:, •. 

conversion cearneients r>f the thr~ '<:'Arta.bli:l'fl !,l6~tne4,. ,~, ..... 
Y'• V, are ~q,..al.{)~ the resl)e"Ctin bus ~afh of ~h~f!;a~~ohia'le.·v 

. . (2}, liloi' :th<i :0 ivhi~n 'l'3:ble''.( Ta.S.te f\2} the c ¢ll.VJ>Jsion 
eoe:ffioi~nta o~ >t'be ··three· 'Variab:/-ee po · · 'lll,' A~ 
tnei;r>:resp~cHv::,·oos sh"'l.'fte of th~l:! maohi &o.·r '!~~~~:t:;J~l~:_ 
the eoeff.t.ai~n~"{f:or the quot;l.~nt.~n. ilil 
ot the ~e.·l3-P .. e,ethe. conversion ,l}eef···f:Lcie · .... 
a!id. .. fo:r tl>).e .dtn'lomina,tor, A. tl'h'fi f~.ctorj 

the :f'()Uo:.ring .reason. \''hen V a,nd A a.re · ~~!!~~~~1~~~:;·~. position'.C):t' gq :revo).utioris of t}l;,e.iJ:'l'6i!1Ji6llt.1 
•a.ss<:><Hat.e'lt.~ead acre'vhr, then 'IJ. is 
ita O'IU'! leci.d ac~w. · But thia' .leacl ac 

. tM ll!6Gh1,1i~leal set!-UP •9£ tha table· H. . • · 
prodi:lO;ing ,fO\l!' .turns of t };Je ElVElDtU~l QUt.pttt ;!l!~ft•tt~.~~;~!i!( 
o:f!. the outpu.t lead ~>9l'Jit'lll• Henes :560 turns of .the' .e 
output . sh.'li".t> i~ .. PaqUl2':'d to y.;(ald one Urtit. n'ep~rt~·li>E~·~.;tl. 

- '- ~- ---.-- ,• 

. · . .·. ·. (31 tiot~. · For the 
a:pecic.:t ru,le, iff invt>ked •.. 

-' ' ,,, ' - :,. -!·· > :>•- -"', 

,' .·'· -' 

·\ -

'tei#,P11l> te . 
'·-i:::·:·<i:·"·,_' . 



.·frh:ts•.· is·~~en :.r~om :1;¥· followan.e;'.twl'l f'aets: {i) ·p1;e t;,p 
V~!'.iP.'bleS:;~:re }'elated byc.an eguation of tl;le form !t • rZ, · 
whe.re .· :r-·tll·· by definl. tian the ()o:rr.eepond:ing recorder r(l.t ioJ 

.. (U) since a eoupli,ng cohneota directly the primary .sna:fta 

f .. o ... r···· z.,· .. ··.a·n··.d·· ....•... ··.Z····· · ~ .. n .. e h .. a .. a ~ ... F .. e······l ..... ~.t.i··.·~.·. IJ: ... ':•o .... f. the fc>rrn c(z.·1··· = .. ~'· (.Zto, •.. whfiire;·/e j,_tl the ~oupling co.'?ff"'cn.!ilnt concerned,-and, c .·. . 
11nd. <lfz.) .. •••"' ... ~ .. t.~e co~ve. ra.~on.obeificients for Z and: ;C§ ·.. . 
t'l:l~i:r .ri!:S)Dective prl.m;u·y. o'\J).IS shafts •J . . . ·.· . .· 

- •' ''~-\.-.,.' -. ' " ' -· ' . ', ' . .. ,, - -- ,., __ . 

3. · ·The Eg~ions in Se.rial Ordftr• 

. . . . . . thS su1:m8Jehin'l<n'll tcr· l'7inoluaive with •,:t\l:lei'r •· 
respep·ttve·:;e9~ations and variables lea.d: to the. f'ol:J,owihg 
equatio~s a1].o.ng ·conver!'lion coefficients, involving aS· . 
rnultiplierll the coupling•coefficients concerned. The 
letters \i) lt'o:·'·{l} -are carried over frOlll the general 
discussion·oc- · 

. · ·· 'a<o illus~~ate the method of obtaining the ~q~ati~rts . 
Elj'l!Ong,conversiorr <::oefficients, 'it will prorobly suffice to 
show·'ha1'l'.••· .. th···o, flr.st relation; namely c1 • 32 c o 9c 1. 8cui• 18, 
obta!ned·.:>.this is found by reference to the :ile1a.'E'1oil ,;· · , 
S ~J_V·dt ~rovided by th~ first integrator. unit •.•. 1'he outpi.!t 
of' tr?is ipctegrat1lr unit is S carried on the primary. shaft.• 
for l:l, naiae.ly' sh•l,i;:t't #l, e.ntl.with conversion coeffiden'li c ~ 
Tl'le shfJ.fts o::tr:r;ring T and V respectively into this. intel\r~toz> 
unit,'are .. :not.:however. the prima1•y shafts for these varial1les. 
The vi;J;ri'able"•T has been passed throue·h the e;ea:r coupling #19, 
whichhaa the coupling coefficient c10 , On the primary. · 
·sh~ft•for .. T:the .conversion coefficient is c, he.noe on the 
differantial il:rput shaft for integrator uni~ #1, T has · 
the conv~rs:Lo~ co~fficient c 0: 19• Ir; ar; entirely sh1ila:r­
·way· V ha,s on 1 t s wput shaft lflto thl s 1ntegrator unit, the 
canvers!ion;oo.efficient cqc 18 , the c9 being the conversion 
coefficient 'o'f c'V on its owfi primary shaft and the ·c18 being.· 
the ~ouplint coefficient for the gear couplj,lig whicn carrielll 
V from ito 9t'rn priL'la:;'Y shaft to the input s.naft for integ:r-ator 
#1. By l"rin¢iJ;Jle (i), the integration gives 32 times the' 

· product ofc0c19 by cSlc18 ;, or 32 c 0 c9 c18c19 which in. turn is 
·to bEi equateti to .clas d<asired• · 

,.. l3y (i) (1) 

1. .!!'rom s : [v dT, 
. Q .. ol • 32 COC9Cl8°19 

2. From ~ •.{HM3, c2 ... 32 0 1°15°20°21 
... 

3~·· From R •iB dJ, 
. . "' c3 = 32 c2°ll 0 22°23 

*Cn.sll.lt ~~t~~kt~t, A il.l'Ol 5. 
-·~ ,: ' 

{ -.' 
-72.-

. __ ;._ .... 
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. . 

IV. 

v. 
VI. : 

From v -
·From y• 

From x• --·. 

--.. .... 

-

·. 0 53 :: rll'l,' . 

o.· :l.\1 .r: · • 
<54 · .IV, . 

e., ::.. rv ... 
y.5 

. c56.: rv:I 

· 4> ;;>olution oi tuft Equational for Conversion 
··.· ~oeffwen:ta. '. · . ' ,, ....,.....,.. · 

. . . . • .. 'Xh~ eyat:i:lf!! ot:' ,.equations in<thii ~eeeding aee'tid:~ • ~ 
inv.oivea ta&..1:1:lt more \tn!Cnowna than eql>lationl>. It h des.irab-le . 
to sepe.r~te. rtrlationll invelv:i,ng cou:plin~ coeff:icfents alone 

, from thtis·e'•wliich ithrol ve primary conver!li on qoe ffi ciel!lt s •> .. . .••. 
·,.The coeffiq:!.,etitr .. el, c~, ¢s• and c51 ;to.e56 may 'be. oo.pa~.dered: ·•···· 

· separately. <1\'t 'l'lill "be l'E~ea;).led tnat,·:.l\· 11? in edt:le oa.sea zero, 
and 1~ ·in .an;y;'.eaee ba.se4. upon the. o bservat ron of.·· the azi111~th · 
bf fire. •· Tliif! number n·e'ed not oo eaaH.y re:P,N\senta. 'bl!i. J;jXaotJ.y 
bN:. gear tl"iin h~1o~e:. However· th& ·" se o;t' the maohinl;l l'~tJUi.reos · 
a gear tr~i.n·f'acrto~ .• to. :!'eJ,')re.Sijlnt 1\ ~ Since the effect HL£n · 
,a;~ty .ease ~.}.. '!il adJust li::q,a and 050 ~0 give ,accept~~~ < . ·. ·. 
values f'O\f<,,...q6Ae~1U!!,. ~li, o7_t\e50 , a.~ wi.Ll· :00· .. dil3cu~oHJ&<.i ,:v:r:esently. 

. • "l:,t ~s fo~na that c~ may .. be retain~ at :pre~~iti:/a~ 
a.n independent: .pa.ramet1;1r, t·o 'be adJusted. la:ter eubjet:t .. ~~ :. 
iJ:l;fertor:;l~mHatiana •. · Lea;v ing · thif! ll!\ramet.ar bldetem1na:ta., 

. e.ach ..• otMl:'; pr~ry·'.ctnversion coll!fficie.nt :i.n_ '!:he·llstt~~f ;ll4. 
en. ·.·~;r ~ det>ermin~d in. terms 0~ .. eQU)i>li:n~ ·ooef:f'ie:iei'lt,fl; .. J.1he 

· d-etermi.na:ti Gp' lil ra hona.l ( invol nl'lg ~AJ ss,1;~ for a lll;1ni!;~EI· . 
qaaaratiO'A;ltriti:l?nal1 ty. whhli, may 1Je 'tak$-~·.to be!i~O:"';~?;> :'•>;< .· 

:N'· . '.-·:;:;, . , , --- - • • • - (' . 

''"''ionic~,?,;":\:':, !1 ,!::: .: ol•< '""• . _.,~~~ #~J'~!;i•i.: 
From;}~lr.:~nc~~~~ ·'f ·. Ot.•·.l i'l. .. ···· .... · .. 

· .... · ... /\ e? .;~: .>'(1/~2Je$2 o:3; · .. ; · .. 

From:;~l~~,1f~~~-Ji~P:,~ .,·)~ •.. ·. ··, .•....•. ·.·· .. 
., ........ ~ ..... , .. ""· cr.t~r· ·1. .J;· 

... ~~~~~a~i;~;tc··.(·'"'.e$a·.~3.3 

. ~: ;L~~~t·r·;~Q~39 • -1 .• 
· ' ·· : ~')i.J.· .... :,eoll) "'9° .. " • 

__ ,;::-;ft ' -/."<t ---; -;, t.) ,_ -~~ - -, 

--;-_-__ 

;~ . . .. 
' .· 



Ji'rem 

'•'" 

:~; 

clO = .. c cFtlJe 47 · 
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',-' --~ 

!'r-om (6}0. (8) 1 , ( 15) •, and · ( 8 1) " . · 
,- ·.-: 

,_·.,_· .•. ·· ... ···( .;·. 1 ~1 ,, -1 -1 •1 . •l 
. ·i ·· .· ; •· ~e • ·· _1 · :;~r'z~· ()2il:32 °'3;3 c 34. <:~.135° 41 

F'roll! (1). (6)'; (a J}.,. ~d (r5l1 , •. ' 

.,_,···· ··-·. tl:/·"· .. 2<}· '<..;l'' -1 -1 ' ' 
' .}J. ..., -_, ' p ' 019()~~ :32 °:33 °35. 

-' ·-- ' ' ' , · .. ,·" ·c'" ,. , - , .. ,, 

, (:1,6) I 

(17} t 

. We sbal:t· r<l.t'lrin o8 11-$- bmp_oi'i;.lr'ily undetermined. 
.(15) reads ~ ... ,, -

T"'·e,.;· .. ,. , " 
,U.J i,.lil <'' 

' 
s < ., ... ·•·.··• >hi~·~:·-~~:()45 ~ ' . 

. · lroro';(2}l',(1'7J,'t.a.;d {ls},•"we )m~e; · 

< .. : :c .: ~<ll! 'e c: · o ..• ··· .... ~ :..1 o - 1 :·.:.1 · · . c · ; : 
,,,,. ,':'\:!':: ···:&,:•<·:z ••.. , . .,8.):.9 20:~21 .25' 32.' ·3·3.' 035 45, :,;:.: ·,,.; •. 
. ···:rrol£·>(3}' 6./i},.:;•;~~;,li~}'· k·n.a.'\te ··:ror 1/e· '• iff•.t~ifurs., 

o~ c§~ • t~W:fo.:i~win~, . • · ·•··· ·· .. ··•···•· . · .. · ·· 11 ,,, 
.. ,··,.l/cidfF'~'{·32l2cBol9e20c2lc22e~3c24 e;;c;·; c§5'()4Q()45:ctl7 . (ro )t 

:-.-. ',_; ',._---.:-"-'\,'-_.,_.., :: -. _:, _.-':- ' " . __ ' ' - - ' -, - -.. ' - ..) _- ::· ·-- :·:- ' 

S.olVl•hg l¢i;it, we· o.btain using tl-15)~· (3) f, and {l:!ll,•)/1• . 
·'.··,. ' <x\} ·- "2c ,:;.,: ', .".-.. ·.·.-1_ ... _, ·.··.'' ~ •.··.~···c ' . c ·1 " ' ·' n .·· n : \ ;),, ;;,i'},,l.) -:.· . ,, ·f::.>-~~8-" o":.~5"29 "'32"33 M 3q "39~41~47 :;,;:_.'}[,r 

. Aiis o .from -{1.7.) , · · (s ) ~ , · <.!hid ( 1} • • , :\:' · • · 

-;; ~·? ,~;~'·:.: :..320 c c " .. 1 c o c -l o - ~',- ·• ,·r {2J'l)' · 
.. ·... : 5,9_ ' > . 0 32 33 34 35 39 41 47 -

· :o:iitt1~at.in~l\'b¢;tween(2I)' ami (22.)',we (!~tail;l •· 

· · o· e2 . e2 c · ... ···-= . •c ... c2 .-.·~- ...... • · ;··;_•.•.·._ ..•.. \2~).'.·.· 
. " ' 25 . 34 41 . 50 29 .· 35 48 ••, _,.. ' ; ·. 

T~_:rn I_ •• " .. g. ':firia_ Ily to_ the_ .. ·.·-.·. g __ l:iar eO.IlJ(J.iti(;l .e o.er£.i_c i ent_ .. ~. :L:e_a,d __ •··. i_n_ 1!_ '_fr_ 'bm_._· .. 
the rnonder'ahks:, We have ·i'rorn, (15) •. ll4} •. {15) res;pee;~f'veJ;>')·. 

,. . c• c · = ~ c ·l e : c e .· . . ;·~\ :),, :·;~·;·'t~4)~ 
,; 1 .42 ·. 0 34 · 3!3 39 47 ''t-· <' · , .:;•;,c' , ... • · ·· 

J• 6• o --:~. fr/32_}.~-:1_ .· c .':-1 e. •_,••·.· ' 'L .,,(2~Yf 
.•... ,·.:2 ~4 ' ·.'32 33 43::. . 
· · 'c'·cr = ·e ·a Al3~)·• · . 

.. -i: .· ;, ~ 46 8' -~·-·· .' •· .•. ··. · ... ,., 
···· . For·c,onveniehc~' irr>tu~~~e 'rJ;J:t''erenoe, 

result~' a.re gi'!'en as f'~l1bws in aequenil-e ~ . 
-~\ ' .-', 

tl}_~ 1~ti~.~~~!r' · 
·". ,· .. ·:";<:,_;,. 

.. ---; 

.··· ,·,, '-, 

' .. · ·• 
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... _, 

(15}* ( 

'(17).' .· .. 

.(19}' 

(14) I 

.·, (.q ,;,: . 

. :. : 

.( l) 

(2}: ' 
---. :, ·'-

Cit~ 

.· .t~.t 
;-!(5) '. 

(6) 

. ·- ----- .. ,~ 

. ~ '' 



( 23). 

To this list we may a.pnend for the recorder ratioS' 

For the 

( 24) I 

(25)• 

{ :36)' 

ri 

rii 

rr;rr 

·. rlV 

'il>v 

~. 

"VI 

crank 

::. 0
51 

=. 0
52 

- c,.,3 - ,) 

= 0
54 

:: 0
55 

:: c56 

gear c ouulinr.r .• 0 coefficients, we have 

( 23) 

B. '_!nequaliti~...for Conversion and Co.':!12ling Coeff!Eie!!,!.~· 

1. Travel Lir~ita. 

' Th,e travel limits for the seua.rate aub.'!lach,i.hes were 
mentioned i";t the description of the Differential Analyzer. Sonia 
addi tionaJ>eomments a.re cnlled for in this connection du.e to 
the forl!l 'aritt '.use of the Mnonical ta.g:uat ions. · 

The following ballistic functions b.ave ordinarily 
for their maximuili values on o.ny one trajectory the tnitia~ 
va.lueB, and in t'Lny c~t,se (allowing a little margin) the.· · 
initia.l values may be used as satisfactory a.p:proxiii.Ia;tions 
to the DJaiximum values. This holds. even in the case of 
U = Y/A, 'despite the decrease of A with altitude. 

<xt · '' V "" Y' "{t . Y' X1 ,'. s• . .n..5 ,. t ,.i, 3 , ' 1 , A, H, . , 

The respective initi'l.l values may t)e designated as fbllgws, 
since :in particular X!, a!'ld X' have the same initial value, and 
also Y$ and. Y' ha:ve Jne sa.l'ne initial value.. . 

. ·· .. X~, H6 , V0 , U0 , Y~, W~, A
0

, H
0

0c Y~, Xb• 
0 



' '-' ,_' ' __ · 

.. 'It~ ~Y u~~ J\n ~$ t~efW'~~tE1i- {J,f 1!3 an4 !{.~.· • and VQ/A
0 

:for U
0

• 
,_,. · _.:·. _ '~_,;, .. ~.-.:·_:;;··,..;.-:--: ·'r··"·-,.: ,. __ -· 0 

:rr()ri~~x. -b~t~il.$;.Jn' tw~ values ~:r the variables given 
above, we mat ,\.l.se with \g;,margin of sa;f'ety tbe value ·.:.e.ero in 
each,zq,'<e~ \\)ai~~>t~ Y~ andiY.t .:for both of which the negativ!t. 
vaiue<.-Y''may.bif.:·•1l3'eg~.·· ;,·.• ·· · · ' · 

'"''!:;' __ -, Q ··- .:y,'·_·.-- __ ,-::_- '' --.:,>;:--~~~- ·" ,-:,~----.:,,.~< 
" ::'· ' -. · .. --:<-r-<·;··t~.\'-.:;:-:-- _- ' : '----:: . "--. ;·' _., . 

. . .. ·. . l;n oontr!;i$.t cl.'r'i'YJ;i the foregoing lt is oonv.enient to.· 
use a:'speci~~yl'>otll:t~~~·:S4;~.for th<;~ :positive intervo.l betwli1e.n· 
l1)lnitnl;ll1) ~.n!i mp:l,nn~:rn·Y,;;l:aEf6 of B(U} .for" the telllplate considered. 
This i!ltJ;n•:YJitl\;:i:::$,A rfr.il:l depend upon the typo of projectile 
used but not lil:Pan th$;,::t>a;tlit:rtic coefficient, muzzle Velocity, 
or angle o:f 4-eP'\"J:'~l.!te .. of t~e Particular tra.j ecto.r:v• ·· 

. ·. 
A gf.ven <t elilplate ·JJ,a;~ ;for its lJll'l;:xiroum a,bscis sa a 

·determinate v:;;lu:e of y. If lai-ge~ val(.lea of u are needt'ld on 
some tt'ajeoi:¢~:f't;_.a; n~'W' template is ca.Jled for •. This mweiraum. 
'va:l!Je, of U'ij\'qfi•Whic'h the giveli template, giving B(U), can be ·· 
used may 'be: designated by U;B• It may of course hll.:ppen that .. 
!).. given t1·ajectory doe I'!. not use the full range of' the template, 
flO thi,.t tit~ )'IL;<J.y e:xcee€1 tt~~ If however a group of. tra.jectdr1es 
'have tb;r'oiTghout a common mttzz1e velocity, V

0
, such that V/A

0 i!il yery riltich, less than t}l.e UB of the g~vt'ln -cenrplatc, a ne-i . 
tenro1ate may,be used.dis]llaY,1ng the same functional !'eli:l;tiol'iah.ip 
B.(p), .but wHh greatly .reiluO:ed numerical. range for tr an4 hence 

· ... vri t'h,. gl'-eatly .. incr.!>a.<Jed scale and correspondingly .improved 
a,'¢cufacy,o; ; · t. ··•·•· · ·· · · • ;· ,' . .,. - -- ' ; ' ., '_,\,·. . ' - ' ' 

-.. ,in s<:~~;i'/~a£' ~>ili).il.t\~ rrianner, one may remar}l: that 
or4i,n~:l,lj in the {\Q'll'tpC(tation of trajectories,· the work is 
not oon±:i1:l~dto ~ airlgJ:e-'trejedtory, rut rMJ;w.r to a set of· 
tra.jectill-ies alike save f.'0r N!ch differences as follow' .. · 

f'r.om ·.· c·.M·.·.····!l·g· 'iil··.~ .. -· .. •. tw.· ·fti···.:. 'il··.·n ... g§;i;.le.'..:.,Q.i'.;«td:eP,'-'J:,;t .. UrJ...,. . . f.Jio. ~ q_ne tra .. je ct ory.· to a!JO'tneti~ . fJ'cf~e~~irgJ.~'1fi"or lle:p-frt.ur~··are usually .. 
dist:r~i'b~tea .i'rt;~ril nearly oo to nearly goo, the maximum value, 

•- sa;r,~~. ~-g~a. tor X' ·al',l4 W'. qn the s'(lt of traje ctor'ies• i:;; . 
likely' t~<'1~l;i' a~proxir<nt~ 1~ .v;;. ··and similarly. the llJaximuw · 

v .. a.·l·.u .. ·.···e··· , ·. a.a.· .. ·Y ..... ··.Y ... ·."·.''r' ... ·.·.·.o·.·.f.·.· ... ·.·X· .. ···.·.' ... is .. ··.·.ai·l'··· ao. li···.·k· .e.ly t. o ··be app .. r. oxim.at.·.ely V 0 , e_ve~ thaqgh ~- l:!fTJ.d·'l'~ cannot b.oth be used on any single . 
tl"a.Jec-rory.. ·· ·· · · 

2. · !!J.s Inegu&lttill_Ba:s~d on Travel,· Derived. 
~ ,.-~ - ' .-.J ~. 

· \ ..••• • ......... · .... ·On ea.C.Ji',of.tile integrating units the integrand a.s 
e.kpressed. in' :revolution~. of the· lead screw .is free to:ra.n(;f: 
~ .. · .. #!)fJ: tl.;P.Proxi.Jqa.;tel·y· !•40.· ,tQ !4,0. ,· The. discussion ferr> th. e first 

·'rnt(igratortunt .• girl:fl.g .. S, ... JnV·dT roay serve to illustrate the 
,. ·,- ,, -., c-·-. , -. '--'-, , - ,_Q - , ,-- - . 
m~t;hoq J,bT' ti:J;e ;ot}a.ers •.. ·· +'he lllaximum valu~ of .. V is V 

0
• Now, by 

-~:~;;_ ,,-

·;-·· 
.. 

,'! ' :,_~ ··:, 
-79~ 

-::. 



. , 

definition o:f COifVersion coeffi.cieilt, one compl-e-te t:ur!l o.f the 
primary shaft .'of v yields an .i,ncrement of ci units in v~ ~nd .. 
also one contj;jlete turn of the. secondary shaJ.t car:t'yin& V', (whio): 
shaft is gear ocm::pled te its ~rimary ahaft by a gea.r coupling 
with coupling co,effident c 19 ) it.y:l,elda c 9e19 un~t.;i·;;aigeb.raic 
increment in v. · Jl:ence. 40 ~ti:f'ns y1elds 40 I o9c19f umta- increase 

.in V, so that one has · · ' 
; ,' .. •' 

In a s:imila:J? manner for the. other integrator units' eme o.btains t -,_. 

.40 .l 015°2~~ Mfll 

40 1°11°231~~· 
40 I c. 6c2'4~1l\, ' .. l .-0 

40 fc13°27l~X~ .. 
40 I a . c I> X' 17 29- m 

40 jcl6°311G~ri 
40 I esc ::~31~ 1\Jl 

.. 
',: 

.. t~l';,.· 

.·.· ... (~)' 
..... i~l'. 

. (5}' 

... (&}' 

( 7)' 

: ·(5" '·" · .... 
' ,, } :, 

· There ~r~ similar ineque>.li Ue s derir.aJ:rle fro~ ttu!l 
limite.t:ions on tr~.'o/el for th<:,l,.ta.o1e~ •. as fcllo'l'lil• · · 

For• the Ve-ctor Ta'ble, gi'Ving V = .Yw•2 + 'y•2, *'. i~ . 
.. allow~d to -vary. over positiya. value. a \.!P to &.bout X:' • · The. Table 

slilemingly. offers for. positive va·l'li.es mea!lttrsd frw.IIJ ts. center, 
24.0 turns· of the abscissa lead. acl'QW, IIowevert th~.r.~>dial bar 
oarrying V on :the facie of the table is a,de.pted to on.ly a slight 
':r.argin ov.;:r a travel in V of. 180 turn.s of ita lead scre"v" 
Since 110tn w• 'lflQc Y' remain in a.bsolute value assential,ly 
not greater',;than. V, W'€1 have· Gj,S ,:practicetl limits. y•.:': Vlll$ . ·. 
IY'I < vm, v:~ vl!l. . These lead respectively to the .,ihequsli ties 

. J,El(') I el3c341 .~ vm ·. (9) I 

isc I e16 c
35

l ;a Vm ·' (10} 1 

.. leo I e 9J ~ vm · . (11}1 

For the Division Tahle giving U::: V/A, the. extreme 
bound is ir.1PO!i!';'dl.>y the initial.conditions. At the eti;J:rt A :i;B 
evaluated fd:r th& group e.nd has the known constant 'ValuJi A

0 
• 

. 
..:..so'~ 
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Here V is· bounded by V • 'l'o make the moat use of the 
range provided. by trie ~abl~, ·the tnitia.l setting shot~.l;$. .be 
fOr the radia.l ba:r. which carries the follower marking tr on 
the face of. the Table to be' in approximately a 450 position., 
Then A0 ie out atl80 turns_lilf its lead screv1, and Vm at · 
180 turns of_ its lead sere'i"!• In this angular position the 
follower for the quotient, U, has its displacement fixed, 
The output of the· machine is provided by 1a hea,vy lead screw· 
placed paral_le I to the a,bscisaa lead screw a.nd with a ten·_ 
turn p;'l.r inch 1)1 tch.. The. nut· earrilH'l a sleeve in \vhich 
slides a imT.;set rigidly at r'ight 'aneles to the r.9,dial bar 
in the fade of.the'table. ·In extr:eme :positiorr, it is also· 
a little more than ·nine inches from the center on this lead 
sorevt,,a,nd iiue. to a. 4 t()-1 gear reduction built Into the 
table, records the yalue of 360 turns for the output shaft. 
Mence fol" the Division Table we nave (save for a little . 
ll!lil>rgj,n} th¢ fo Uowing, · · ·· · 

, 'Is{)ial4c361~ . Ao• 

lfW _I c 9c 37 I ~ V m• . 

.. "3&;~ l e 10 \ ~ . V /A • . 
, __ .. _ <,.· . _ rn o. - . _ . -.· 

The _exact' va.lue. of A0,i,t"o aix a.ig!'l.ificant places is 10~ 52?4 •. 
However d,w to the avnilable margin, we may u_se 2V2 1n · · 
p~a.qe of Aofor the'pl(l'_poae of tnese inequ~lities •. ln;plMe 
ex the firat i!lequality lt9.ted abovel we··wr·1te an equat1on 

+~J 1 c14~ 301 = 2112 

li.nd .i~ pil:lloil of· the 
inequaHt.:t •. 

·.• .• s6o I a I -
. . · . 10 

Henes we <w:rfte 

i . ' . 

. , 1dJ.4e
36

1_.::a .· 7/120 

J.1;!~oml -~- · · ··· Vm/l~Hf 
, -··. · · {c

10 
1 . >- V~/31~0 · ·.--. 

•·. {l2J' .· 
..;· 

. ( 13) • . . 
( 14 )! 

. ·. . rue Temp;tat~ Tabie giving directly .B (U) as a ... 
function ot,TJ; ... and t\irough calibration giving 'S(u) :: B~(UJ + r 
'1Yheran~!5'~ ~irio.a.Fcoilllt.ant o-n any t;i-ven tr3.je~:;to:h. 
involveadin cont.:r'8\·5t .to the other, tables) only two lead 

, ·• I·,- .· . , , . • . . , -
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\f~6l ·l 61 g0 ~5°}'gc 4<7'f > Vm/40 

feel·! c~~c 451 . ~ }ftn/40 ·•·'' ,". ,· .. ·.· , ·.· . ,·.". 
~it~Jc;~ c;t'e:z-{fc2~1 e;f c32c3ii;~l.c;J· 

•"·:•11'•~~::. J c25 c39~4'7J . ~.. ~/'¥) 

•C'i,;•t;:·i 
'{e) ,", .. ,,,·." ., ... ",.'"" 

! J "c2;11a41ri35e 39c·47l•: ~ .q/40 

Pzs e:5f.c35q3 ~te4i1 0-~.; L > .,"· W 40 

,"f15). 
.-,·;--,· 

;. ;/fl~) t . 
,_ .- ~ 

\(.t!Ull•:l.J," .. ,~., •a, t~ oii t4L si)lCl!t· e ·,~~",_, e~., 
" . ,. •,C/" ,, " :- " • ," ",2,5; ,; . .... 

31 , ,, .). " ~~4~ .~'-'. < 

,.,,,,,,,-~·Ce:39 c);;l<·{ Vm/lM ,", • 

l;l\P;l.J,Ca>c;es (IJ), 
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• 

J'' 

-t,._-- m.Tiltt-:ED .. 
_ __ , 

"(l}" 

{2) 

"{$) 

. (4} 

(5) 

(6') 

","(7). 

<e) 
(.9} 

·:,_ 

",{l.o) r 

Ull 

(;1.2) 

(13) 

(14) "" 

\loJ 

-
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x.>,:r ; ' ···~~~t'o! the 6:~Mie~dana.1 
within• th~

1

1Jif;ferential ···,······ . 
··~~~l'''ii:re•'eith~P t;:l::PJ:ilti looked in.tern;;;U:y _,r: opeJ:'a.te · 

. t)l~ugh :il.n a:ti't!!Jruit!tc f.f\11;1 cwar with ;!);'ash:. psw.er input" . ' •. . ·.·. 
·. · .. ~~~oue .. s'~~.·.~p~ ~·i'c .. :\ba·,···. c.•·.¥ lallh. ·~ .•. ·. trie~f9n' a,nd loa.d ar,l!:le,., but.routlll:Y , 
.H1~a~ing,·~·lfc a• ~l.rbma.ehin~.·(·other than an. integrator unit/ 

.. :o:p'er4,Ji,~'$'.o;~~~.it}J.· un.de,r·? 11g1vs~ loa~,. t't operates·· <>at:tafaiotor<t;tYo 
.• 'In th~ ·e~·. o:e an inte ~a,tiil;'· Ut!i t f .,b.,owe-ver, where fUri!be:r'l'oor~ 

' . :. the·· ~utpu~ :JI.a-l!'~J!i .··tltrou gh a tot que fllll:Plifi el" 1• t het'e ia alwayl:r 
the }}oSI5i:bf:f.i,ty. of slippaglll · betw~en wheel and d'fi!o• of t'W;l . · 
integra.tpl" but ev~n mar.<~· biiitweerl band .and ctrt~m of. tAiil tl~rqua ..... . 
anlipUf!e:t~ Tbi:o :H£ppr'j.ge Js oftoili a]>asmodic and s~etim~s < •• 

~ro<b~~~~:l.,l:tl,d~ ci;ed~ . · ·. •••.·.. · ··· · · · " 

, . , .wit~ lts. own motdP.d:r;ve~: , "· · . 
. ene:rgy, and power.· In.opdei', to 

· itts .. w9ll for the reader to·.·.· . 
n ~b.e-·d:tatfn.ctiona among theseterma.·· 

"'"''"''·~"'"'" "tor~j'! is ·adequately underat q.qd,. . · . 
retJ.d•er,'"'w";:r•iA 1 tha.t~'to.rqqe ia a moment• The . . . 

. )JI'oiiuct or the tangential force . ; 
· · ·. Th!'l" introduction of a gear coup~:tng. 

'trlanl~·u" .. tell.•, The output bus sht.-l.ft of . 
f:terent ial Analyzer has tbe ssme · 

t~ij;,·ijrpu.t)'b1.. rsh~ft-out ma;v provide a gre~t~r ,,, 
·~!~{~~·ti:~:~.~~it· ,by :bl;!:tng so geared aa to.· turn lease:·;.·· 
: · •··input s):laft. The< enere;v,, however, save fol' . · 

, · retnai]la conl3tant 011. pass ine th:t"ough a ·· • ... , . 
~ll:pli~gcJ· · ·. The ~a:t'gy of' u steadily ro.ta t il'lg bu.e. s)l:a,ft .·. 

··}is :P:Z:O:Poi'tional to the product of''the ·. 
. by.ctc~ angular distance• through which · 
.tCJ:I"9'U~ ';;.ds.: •···· .. Whan>a gear coupling inerea~>es 

the eoat ol' .. reQ!lcing :t.he relative 
n''","'""01'tltHj.at$ly thus keening constant: 

&s through :f;!>ict ion). The power 
·.&haft .h itr;; r~te of suppling en.,rgy. : 
. doitlg w-ork~ One could, .if deai;roed,. . 
th;;tn·enei'gy· being tr!lJ1smitted tlu'P~gh ,; ··· 

~r~.:~~~~~~~,~~~:~/>1~~· wi>:ulii .C~rry out. au somputatil}nlil' :. · . 
:1. l'Jewer' · ed.;wouid depend upon. · 

tlriN>•.n.l!.·itn,,. "'""'""'<to rqU!3. ~inc e<,the · 

·~~:~~::~:,:i;~:r;,~·~~·~·,~ involves .ea~,enM,$Uy.; t it seems"llet'I;'!U'. 

~·~~~!~~~l~f~~i!~J'i~~i~~ .:Power a..a such.·. ·~:f eu;;~h· .•si:l~',l<i'Ji-',of :the prime mot or woul<l,; . · ..• 
·t'f)';t:a~'t;i•i:ll:l~· a.mong energi~a a:nd ~torques. 

·~~i>:re the speadJO o.f rotation 
' • ' - I 

·-/ '- i 

,.. ' 



"--. 

and cGnsider essentially only .ta-ngential forces, or ~ere 
cenvenieritly since 'Dna shafts are concerned. only torques. 
This is ap;pro-pl:'iate for f'riotional loadS under steady · · ·· 
rotatlen,.. "" aubmachine ;H.eme11t being driveh by an .integr-ator 

; ol.ltptit ahaft coniumes to J::u1ilitain its .o;perati<Jn a 'eerta.i,n· · .. 
t~rque rather than a c~rta.ih quantity ot energy. By .sufficient 
reduct io;U. o.f" rela Uv<;; speed a, arty given "at of :::mbllmHlhint:lb 
can he ope.rated l:i'J a ai ngle integrator unit tr..:rough its 
torque aliiplif ier ~ . . • . '· . : ' ·, .. · .. ·.· . ., . . c 

. I.t seems sa:re· to. as~uma ·.that in ordinary' pr$.~Jtiee· 
the loads placed ti:pon. 'motor.!.'l.riven el.erin"'nts other t}l~·fl· tne ·· 
:to:('qu.e ampl{fie? •'pttra.ting lntel¢ator Olltput · nev,er e:x:oe.ed:s · 
th~.e torque proy:ide!l,, ~i!i~ee. ,when :no fu.rth~r pre.cautiol'lS on 
load. are adeilted, t}t!}P'e ill .. nQ · r:t~'O~page of.· btl$ shafts. ' 

' ' ~-, . . :'._ . " ·'• ''\.,-'. '~ _- ·. . ' .; -- - - - - '- ,,· - . 

.. . NoYv tho~, lallMii 11Qrd~ 1w a machine ele~~nt ol'diria;dy• ·. 
is caf.ried'ne:··!urther. The I!lilJ.c)line ele!!lent ei·ther ie a · · 
na:tura1 ter.m:lliU's ·l!tS itt tne Clal>Ef .of a printer uNit, or else . 
the S\l"br~achine'Clf which it i;f.! an input element suppli;Ers 
frelilh t~<>wlllr::to itrs t;>utput. ~he adders, hawever, constitl!te 
,a 'notabl~ exception ta tnis ge:ner-al remtJ:rk. Any lo~ '· , · . 
carried by· the output element of an adder is also cl.l.l.~ried.. 
by one or the~.other or both of the inpu·t elements of this', 
adder •. AS a· .. aillllJle, although crude method of obtaining. , 
an estimate ~;.f .the tota;l load borne by a 'give:ri.c integra. tor 
output sha.ft, we- .adqpt the p~Q~edure o.f cornputil'lg any loads 
ca.rried by a.n ·adder which ia gaar-.connacted to a given 
integra tor output all.a:ft, aa though the ·second input· of. 
thia !ld;~er remains stationary-- ~>ave for one ex.ceptil!nal 
t;rpe of caf!e ;thich we· now note. ln the· ease only of the 
adders yielding earth ;r'Ot!iti'On effects. Y' :, y~ +A x_ and 
xt ::: X~ ...,,/);'!£, due to the .smallness of the correction tei':rna. 
AX, and-AY respectively, the load on the sbafta 'bearing 
these 091~rect.ion varia,bles is 1'eckonecd· as not including any 
further l,oails c13:rried by the.· outputs. Y' a.nd x•· respectively,; 

4. Th.e .. Lill't...:,.of Loaded Gear Couplings fol' the 
~e~:r·,.te ;J;ntegrator f)t!t:put Shafts. ·. 

l':b.era are eight integrator tJ.nits which. hav'e been 
as£igned. the' nulnbe1•s l to 8;. · These same nriml:ers are also" 
~~taaigned to the ~eapective output shaft$.· ~ach of tuese 
shaftS lead to at least one .input ma.eh:i'l'le el!llment throUgh 
a gee;r: cQupling .. , The input rrEchine e;tement and the 
o.ouplil!g il:hrough.whil.:h it is driven have.been aar.iigned a 
eommdnl'Hiinber .. We shal:t preee.ntly list these numbers.' . 

TO simplify the pr,oblem of tra.cing the load 

'· -,. 



i: ' ·, 
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. d~~ried 'b;t;~ giv~m,:i,ntegra.to;r ~ut'put. we shall u:nd~rsoore ;···· 
'in ea:qb. · C;J,f16 thfr ntltnbe:I': cd any a.dd,er who ee 'outpu:fMs · .·. ·· ..• · , . 
f(f:rther ··llia!la coutri but'i:n::g, t~ );.he tota.l load .. of ,the·. in.te.~t9r 

. out;put. ·.'1Jilt'i'~·furt}Jer loa~ w~~l. be in.dicate.d by plaqipg .~nc 
PBJ'Sl'lthea.es··the !:\~PElrl!:o:f. $¢~· inpllt .maohine.·&leJII(:l.nt.r· a~;~ 

· dri!e11 tl'1rou@..the adO:er con~.l'l:fued •. If amongcth~ee occ.~s .. · 
.ai\oth;e:r adder with :fl.U"t.hel' .tfi);~itted ·load • tM· :mnnber. of this 
sec\tll<} adtie·!' will '!Xi; tmdlll:lsc:o.I'e~ in. the pa:renth~ses ~nd will 
·contt':i:tute a.subpe.:renth~·ti·ee.l s.~qbtenue .of num.'bera .• , ... · .. · · 

' ,> -, . ' _.·' •. .--' ':.,, .-.. ' -' ' - --~ .-_. ,. __ - ' ' ,\ -_.,- - ' -' : - -
'',• 

. · ,:Fcir (.'~nve~i.,nce Jn computing the lo~d.~;'wa $.b.an 
· cl,assify by t;<l];lf! t}ile separate losic!,s c:o'noerned'.i~>•each Cafil.e 
and ~il.\l i<'1.!llte theix; .tntal: number. · Tne typee will b~· af:} : 
~ollOYJs:~·&~J.:Pl:tfel:!entialinput.to .a:ri i)'ltegratorti'Ii~tv· · .. ·. 
H~J.I~t~~~·~d::·~~put tq ~?''.int.fll.)irator unit~ (:iii{.;nwt:' .. /C .·· 
to B.}t~:p.;te,,,,U_11:},(i)'~W.t · .. to;!Ul a5ld~r, {vi ;In;p1Jt ·~~),,lil;·l?T!int~l~,t·: 

, - ,. -,-'·:·_e<:~-~:·._,:}L::'-,'5:_- <··;_ :_-,_:·>·-::,·';_':::·~_. ~_--. - ·< \. _ ' ._~_-;.' '·_' ' · , . · · ". _ _-:' ·_;_ , -· __ · _ '":':_;: .. :v· ,r_::;{~·-:<~,.:- :-_ -_:\-~(-· i'-· .. . ,. . 

. . :. , , .··•· ···. >;*::tt,.Jl!ay .~~~~Y~ .;anl~gi:lt~!lil:lg t6 .•. tr~el~; ·th!>p;i't~ ·()nJ3' p:f': ... 
: the ·til&re \@~p1l,.ci.1'J;'Ii~li:;¢~s~;;~·::tea'Ving .. ei'J;~ie::r O&IHJI!I.•to: :\)e ,.q,ll>rrieP, 

· ~·through :i;'h l,;i~~ ~Al'l~.:tti."'~f.,tb.~.·reader .•... :,yfe aelect·:f'o:t>'.· : · 
· +Uustfiat~(!nt·t~~~:i~!J.f,~:ztJi'>,tor Unit #a~. ,,'ll:lie y1e ld~. trri th. .• . 

·. !'t:r,!j>F'~ palip+:at,J,G.nt.~~~~:;~1 -..joW'. da•.;;,.O:nly a Si!l'~l,#l;g,ear\ .'·· .. · .. ·•· 
, ~.0,1JP:l:tn···g·· <~.~.;·a·t .. t~~.~.~ .. · .... ~.·.·.·.·fi·~.r .... f:!. p~.l~ .. t.·t~ the .ou .• t:put .lilha.t. t.· .• :"tJJ.!' .. ~~·.·<'·· .... · . . l,'larnelw•.tl'J.<t .~~.4de:r,"f:4h ~J~·.il)~~~!hr~a X'' ~··X;:· .. 4 'i ·• .• 'f':ne. ~n:t~1>e · 
• '·lpa'!i .. f'P!',~!i.· i~. :t~.c.f?"tt9~':l\•;t,-e~~~ .. pa.~t of ~}lelo;i.4 :fGr. ~~.:;' :.r 

'l:hCi ns.t::~~·.,g~a~~-oli~'ltttgs .~(!c> this int&~~atot> unit. I'e~tt,A.a; · ,'' . · 
(at the at~t-Y a~·~.aia:owlf" ·49 · ( , 1• The. \.mde.Tsoor;Wg · . 

· 9f: 4~ i~'.1'of! tM ~~fit$J')J'l e.x.plad:~ed ... alloy~ •. 'The ~ on'$t1:E!ta· of 
· fhe p~!ftrritlje~~· · ·~: ly as fot' ;x;t ·~t.seU.;. ,.T~ ~1~. ·.· 

. &P.aft :f'(>r',X*t'i~. :~> e~•t"~Jr .eutpu;; sba~t'''b}lt 'ii$' t1i~· . 
(Jutpq"b•of-1:~"V;~;a ·•·· .. , ,,li~ .. ~· Tl)<e.~. ~all ovd.n~ •. ;:J.re tl'l'e•:Pt!mbt}r;~, · ,· 

· , ,for.;~'he ·~~~:iU9:UJ:lfoos an~. th(lllil<Je• of thE} •,e:~1buachine ~l.e.l)(~.ta 
· , • driven b.:iii•iilf~~ +'ri~:.;;b!A!ill ·ab.a.ft for X' r.· 2~. 4l~ ,Q6• .HG~• 

.··41?.~ ~~,-r~~"tcli:,~·;IP,i~~~rt¥!: in:iiut • fo1: <l:f!t'<J~at~r~tfi ff?:•' ;:~ 
' · y:i.e.ldl.ns ~,,..:,~~f':.dt,., Sil7!narly .1156 give a. tb~ ,l';ritlter 'V:l•, · 

··· for X'.;. ~J!lt~ro( t'h~l!le a.r'E! termill<tl f~r load. ·· In "ent!"aat 
· #41 g;t"<:ls;.J.t!i ~:t~: .. , ~" ''.A.U4e:r '#il. }h:Ldmr wt -=- x• t awt,~,. 

.. lieiice tli'el~l·.~;~~~:~'f'}!\t: ;ts a:l'!b 'l?o ~ .. counted ae part o . .f. th'\i! .· 

.. ·1·.··0· ad··.:f'o:r···X ... ~.·.··.~. '.,j.':•.~!f!!1~ ~ .• t. a.t~<;l1l; tfl..' U.· .. s .. :f'.t;~: ... '.r d·· .... !.~Cu·· .. ss~d .. for tn·e· · .• l.'o.li!!.· .'d.· .... ele:ments.:fol'~.yi:el~s :!.!!.· (2ljl, . .t~; •.. ~~S.·t .· J), wnere t.hEl:" . 
1lflOO,!!!P1~.t~{(~ee,'!td_~, ~(It, e f: ~t'~nt!'J,US$ ;mar~J)l~ J.o.ad,f Of·····.·. . 

'•i. if:41 .• :oJ'·~h, .. ~;~~~~J'J"·;.~~s.~~h!'l,ft .. :i"G~f· . .w• hai!A;a1ta4J·~eli.•. , .. • . 
> c.&l. ,ro;r.· •··.d.·Q .. .n .. 'l'll.e .. '!ll·'!<·'l·' ... ~~ll> .... ·.·• ....... ·.·.!:l .•. ·~. ~l:;r ~. a ... ¥·Tl;\1ld ' ..... 34··· ·.•. ·. O.··f .... theee ...... ff2'J ...... l.e.·B;·4 ... !\' .. ··~o ... · ... · · ··. J:he iJi~~~).i:~ii · &t.J~.~l:l~at <t*' .~n~.t #5,. ;Y~!!Jlding ;q "'··x.t:e;;·J,;lt ¥1, 

. lne1,d~l:l'!i~;J;b;, the ;lll!1t,~S. . .t,.1;o~ w;:t'h, ;ll'h;~qh :we· et&rteii •. ' $l11j:tJ:a.rl;v, · 
· ;~£eatHt.to @'··~p~(rd'f .'rabltt1 #J,,·· ~h~.'.Vector·.·.'i'a:PJ.e.~ .~5;vligC~ 

· ' ··~·~';- Y}tt~ ,1;. ~1;~:;. ;:,.~fl;.h}~t;:tha~;a~l:::J;-eY"!llinal a~ tP,:.:.loli{l;.:' :oux:· 
.,;complete, !:tst o:f ;lG\FJ.i.EI :f'(l.<:e\th('l' o~t·:P~'t of :tn·t· e.g;r.ll;t ... o.l" Un.it ''/l5 · 

read:> a:Ji,f'~~;t~t· · .1.i\?:•\291 'Ja,·:56 .{27. 54)) •. ,. < 
·. -. _,-~:-,--·-:":/-:.:;~~-~-::_·,~-' ·, _,~_.-'. ·'··?' . ,,, ' ._ .. ,, 

.
··'· ,·- -· --:,' -. . •....... ' .-, .-. -.-.---" . 
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aqmpr1Jil!ag ? integr;and 'inpiltB; l table .input. 
.:·.,. 

This J..-ii!"j;• c.ansi sts of '6 loads, 
2. a.cl.de'!' inputs, and 1 pri ntel'. 

' ' ' ' ' '" ,,' .·. . . ...... · \ ·. ·.· .· .· .. . ' . .' .·· 

··The calll[}1ete l,is't is as fa:).lows:. 

_ .... 

"" 

-·1nte;ra~?~;- -~quation 

1· 

2· 

3 

4 

5 

6 

7 

8 

•· 
.,· 

-~---

s ·. ::.lv d'l' 

J :'::iHd3 
'. '· 0 

R ::._f;B d.J' 

K :0 jy• dR 
' 0 

X' ,s = x• -iW' dR 
' 0 0 ' ' 

X ~ j:X:• dT 
0 

y ::: [Y"' dT. 
Hll · ;;;; . H9 .,. { H6 .dY 

Gear·· _· 
Gcupli1,)g #s. 

aleo . 
. )!~o hip.e " 

Elej'ment :ffl!l 

' 2.0 

2'2 

' ;91 

s 

-·~---
';; "•i-r . 

~· 
. .·. 'd 

~<:• '. .::· ·<!> ,.. ~ 

kllil . ·~, 
. !J!>'+' . : . .. +' 
"" -~ . .\1) p 
-~ Ill<,_ .p. p; 
,,.. ~ J: !:l 
~-H H_H· 

-~ 

. 'it 
·l' 

l1l Ill 
.-P ...., 

p cl 
§· A 

i<l Ill 
t-1 t-1 '"' ·(!) 

1!:1 '"' +' 
rl <ll ~ 
·"' . 'd ... ., 
til 'd ·~;: li-t -~ 

"26 

40(47(25,~1.~5,5~) --' ,_-
2 . 1. 2 1 

j2(29,..1J.,56(27 ,MH . 

48,52 

32d:.S.,50,53,(36} 

33,45,(21) 

1 

2 1 

1 

.2 

2 

1 

2 

~ . 

1 

1 

1 

T Iii t_1;1.l 

~ 

1 

2 

6 

6 

2 

5 

3 

~ 
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5. . <iuamti tat!!!.J:.rinciple:s_for~Lo,!l-_d Limits. 

I,e.t ·r i'e,:pre sent the {appl:"o.J!Cimate ly eon stan t) 
torq1.1e of a single.wtorque a.mplifier .output in operation"' ~f 
a gear coup;I.ing w~!,h coupling coefficient e be introduced~ ; 
then !ln :l,)<l;sain"g. thro&!;!;n the gear coupling, th£1 angular speed, 
is divide;! by c •. Some torque is consumed in fl"ietion in the· 
gear coupling,'.:hut the torque'delivered is appro:;ima.tely e ,. 
times the initial•.torque. The energy remains uncha.:nged save 
for losB by frict:lion in the gear coupling. · 

. > .. ' 

Ex;parime~tli! with the. safe loads 11pon the torque 
amplified •output ot a,n integrator unit ;have led to the 
formulation of the followin.s principlesr · 

· . ·. ··· . · '.ll.J · the torque rec-uired to opera.te the dif:ferQnt::tal · 
input of :a.n. h\tee;rator unit {and its, interp.O.s€1d eear coup!l.inga) 
i.s a.ppfd.1!;1:rA~t~l.y !iJqua;L t~ T /3. · ... · . ·. . . · ··. • . · . . 

. . . ·.·· ·. ·· ..•. {a)' Th~ torque reouir~d to. o:pera,te the integranctc .· 
· input· of ·~~,r. i)tt,~e;rator unit (and its interposed, gear couplings) 

ia appro~dl!\8,tel;r. eqQa.l to·. T • 

. ' ' J · ······• (9y 'Tile t~i:que r~guiY"ed to' operate one· input to a 
tabl~ (~d lta i}rfer])osed gear eouplinga) is approxi;ma.tely 

>~ciua! t.& "t:/2. · 

adder 
equal 

. t;)<• The tol"'que rel}~irsd to operate one input to 
('l.nd its inter:QoS'ed gea'r.co~plings) is approximatiilly 
to T /!5. 

an 

'' -.. '-;-_- .:\ .. 

· · , ·. , · • (.~;i'} >In. order to. avoid'unneoessary fe'!ldfrig back o:f . 
vibra:n,9ils i:pcperience seems .t6 suggest that the gear co-upling 
from f!t'rl·~utput·o:f an inhg"I'ator unit to the differe:t;Jtia:l 
iu;put of:i!l.l;i' integ!'a.tor" u~it shou;td. yield a:., reduction of.· 
rel,a.tiv'e <.lt!:PeeO. to at );le.st 4/5 of the outpt:tt epee d. ··· ·•··· 

' ·, '•' '' ' . •'' ·<· ' ' ''' - . 

. . . · .. ·. ··. (6). I~ ol"der ,to avoid ~unnece~s~ry vibra;tion.in .an · 
·"''tder. i '\l,'d:~;> reg~ded ~s;de,sira.ple that no shaft . :tead'ing.:into 
an. adder r()'tate.f at. ~Q!'i\f'tJ]an halt' the s:peed f1:f. an. in:t'egra.tor 

·.output s~&ft 4ri~rig it:"~fogear~ooupling. . .·... ·. · ·.·· · · · 
' -_".,-------- :::~- ", ~ .<: _- ; ~<:·~· J . 

:;;:'1•'"C:7,} J\.a !l't' pi-licctie'ar 'p]oQoaq.ur~'~• if a.n·· integrator 
output ~~f't:.drivea::tevc?~ar.lo<i<da~ h in number.·. then one · . 

. part in:. •tti.::o'f<'t11o tQte,l_energy 0u,tp:ut is allotted to each load 
. t:n conrrru~in:g r{)ad):~mH$., ···. ll'ile load due· to a printer is co;mted 
·.· in .11\'ite:t'lnining,,,tl1i.s ,:n. a.lt'liough the· reatrieti<ms ·on energy· · 
~rhirig''ifronr a ]lr~n.ter;·,~J,.pne.,are found to be more than covered 

. by ,.:the t.lt~~r pri:nciples; ·"Furt'}1eP~O.re the . torque tra.na:mi tted. 
,' ' ' :- ' • ' _,, ,_ '' • > - ~. - • • ' ' : ' " • - • 

-~- ··. -
_, ; .··' 

. ' ' : ' ,:; < 
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-,;,.··- -: . 

I,,, 
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.. · .. t;]lroo~h a.n· a~de:r:.: t~ 'a,;~j)~ di sti);pt load' is ·:eo!I!P~-te& al ' . . . ' 
though it w$re:{,!eltve'i'1'ld d:i;t'Efctly f:ram the :l.ni;lfr~$tor .du'tptit. 

~>l;l.art •.. ·. ,, , .·.•·· . <!· :'' .. · ·.··.·· .··.· ..... _... . .. ·p .• ··~ .,1 . 

·. (s};.::wi;Jr 'l;he;;::r$~\,lcti9fl o.f iM!lt"Mlc :fr:te:tJ~rl',:t'P > 
'' an a.dder!:nGi<gea:t",coupling ,coe:t'fic111l#t feaer t'h,an uri tty ilhould · . 

. be ua,ed leading ·fmmedotate:ty into an adder if tlie, ou,t~t of this 
~dder' ·ill to .'fie ~el<l;red·, irmne:diately: w;i. th a. gear ,e!!lilJlling , 
coeffic;iont c(l;rl'es~~~·ingl;y · grea.t&:r: tmn unity• · , , 

., 
---~' Jr. lnegualHies drie 'to Lcral! lii.ll\ite • 
> -~ __ --·_ -_ ._,.,-,,::.,:' _ __,:: ----.--<>_.')/'S'_· ____ ;_~-- __ -::::_-_-:_. ;/ <·.·/ 

•' ' te,t.'ua illuftrnte 'th~. me'\lhod of obta:h1i~ ' 
• ineql.lalit.l~s •q.1,1.e to load lirid t$' 'b;j,r .•J:'S$tmfh'lg t,he. t:xreai.t~·:nt . 

of.th·l:l· .·· ;loa.·,·a: .. s U'!,lQJ) ... -~-.vh'a .. · outpqt. of. In· .. tegr. at. or Unii; {15· .. ·. W·hi.·f;l·l\·}. ,, . 
gives.~ =.XI.. ..;Jo,'.V• an •. · As.· we hav~ aee)'l the l();a;d numb<l:t'fli•' 

· for ~M~ v'<l.:L>:l!!:'l11~ .• Jt:&, .a:r,EP tj\29 ;4l1 lHH27, M) t "'M conai'~;rf•• 
. o:f six. load'll!~ ~eJ.~ ~ inte.,grand 'ftiJ?l;1b, 1 t;able.. :lcypt:l. ·. •:Cc.: .·. 

·.• 2 a.dder j:ncprrta, 3: pdrt•rr': inpl.lt ... ·· · OIJ.e sixth, of thf!l ·or!gi:r+~l·: •.. · 
o0u tpu t .·e.l1'li!~~' cf+"~. Int~£ra t!;lr ·~~n"'\, #51 1 s to. be, a;Ilo:t't~J'i,;' 
dire<l.tly: 'tOt 'eaeh.:~ot• t1;lih:~t"l.O~lte~: ir;L ad:.,Q:rdanC'e with·.· r . . 

. P:r.incipl'l} i't~/ 'r.he :r:~~:pective. t~i'q~el! suP,~lied are then a$ . 
. flflllvli'I+'J, ':a!'!~~tne; t~t; in the ):a;se of each' adder .~ondde'!'ed; 

·· . the othar'JJ,r;pu,;t may be.<;t.~el:l..~il!!d •·&~ .·:tllough stat.,iQrn,:ry •. 
" ."', ,. ~ - . ,' : - - - ' 

-. ' . - . - ' 

-; ,_- .: -

,·':>, 

..·; 
''' ',,;,, '.· . 

...... ~.! 

"' ;-

- '! 

. - } 

. ,) . 
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. 'i ~? 04 J: .::491 (T/6) ·.·.·~ r 

l%4 °41°491 . . '. . (T/6} ·.~ Tj2. 

Elim:tnatingT, VIe n&1V~ tne follawiri€;' five inequalities! 

I 04 91· ·. 'i! . o/5: 

fc29e491 .~> ··~ · . 

.• I c4l,c49 t d!. 6/5 

1°2'7 °41°491 . ~· 6 . 

··t0 ':34 941 °491 : ~ , 3 . 
,, ' -- . ' 

.:WoU~w:l.ng the pa ttenn o'f this example, the reader 
.. mar verify .e!i,<Jh of the fi:Jll,ow;l.rig colllP'lete list obtained by 
· use of P:r>:l:nci!>l.ei:L (:l.),..,{.2J, (3,) 1 (4} 0 (7} alone.·· 

' ~· ·:. -. .. -,:-<.";-:J· :~,::·--. ):;, ~.<:._--i;·<'::.'·,' .. ,;)~-li . ' ' 

<F~>~·.Integr~tor #1., · · ·• 

. ' 1~?~1:.:~ .· l/3 : •. .•.. . 
. _'.:: .. __ '/"~- --:~;~:-~~-_;_<::;-;.i;.~:.·;-_,' _.:·'· 

For· Iritetrato.r ~2 , 
· · .. · 1·· · 1 5 i'z · ... · · · 

. ~22 . - . .":•'.· .· 

Jfai:'tnte~a.tor .#J · 
-- '\ -, - . . ' 

.l e25 °~w 04?l 
·, • ·. L0h~4be471 

t;,Je~~c4~c47J ~ 3 

,, . 

· For'' Integrator ~~·· ai. already abta.ined 

. :'1°491 · .> 6/5. 

-90-

( l) ' 

. ·. {2}··· 

( 3)' .(a:r 
(3)' (iiJ 

'. (4)• hi) 
' ._-, ' 

'',(4)' {ia}·.· 

(4.) I (tv} 

(~)'.fvl 

(5)t (i).·.·. ·'·. 

·'·'.' 



. 

. 

·~. 

Jcz~·049l ~ 6 

. ~J,c4l c4~ 1 ~ o/o 
-"·l·c·~c .. c···l··~ 6 

. 27 41 4Q. 

···lc::;,1 °41°49~·~. 3 

. . . - ;· ... ·, · . 
. . ·. · .. · ·.·•lc 1· > 2/5 .· .. 

.•. 48 -:- : .• : · .. ;: 

·· .. ·For. lnt,ee,'t'ator. •#? 
J -' ·-

. ·Far b.tegrator II$ · 

..• ,~;3, .~ 3 .. 
1

.. 1 > . 3 15 e 45 - 'I 

. ·· · 1°21°431, ~···. i 

.··ld ··I··) .5'14 · . ZO •-. I 

' .. ,f ',. > 5/4 ' . 2.2' -. •, ',.,, 

· 1o . ·1 >· lli/4 
24 -' 

· · jc f .~ ' 5/4 ·· 
26 .. . 

I.e ··I···) 5'1 4 3 . ., - t ' "' ' 
' ..... 

' . ~-

obtain the 

Applying Pr:l.nc:l,ple (6), we ootain 

> 2 .,.. 

-91-.- ' 

{ 5) I (ii} 

(5}' {iii) 

{5) •• (iv) 

(5}' (v) 

(6) I 

(7)' (i) 

{'I) t hi) 

•· (7):1 (ili) 

· · (7}1 Civ) 

' > (8}1 (i) 

(sH(u). 

(8) t (iii) 

f' ollowing* 

.. {9) I · (ty 

( 9:) I {H) 

( 9) I (iii) 

{9}' {iv) 

( 9) I (v) 

{loJ I (!). 

(io)' (ii) 

(10) I (iii) 



.. 

\ 

I a 48t > 2 hoP . < 1v l 
·· .. fe4~!'~.2 (lo).'h} 

-·'. ·,' ,-,_ 

··l<:501 ?.. 2 · ·· · (10) 1 ·(vi} 

lt' become~ QOViOuS e~O)l'l upim CUrso-ry• ~nspedi.ori tfut t~e&e 
inequi'illiti&111. are iilo 1; all Jrrdependeht, ')Ji'Ol'. EI:X!i!lllpl.e f { :t) 1 sta.':tes .· 
tbo.t f c20 t ~~ 1/a. Whi:l,e: ·(g)' ,ti) llltat.~Jil, t'tla.tJc20 ~ 5/4• ·• ·•· .. • · . 

. -"~ 

. · ... k revised list meking use al.!i!~ qtc the follow'ing .. 
::elations,. · .. :pr.evioualy l'l~ate .. d~ c1.8:.c28 .:;.c;;0 r c2 ,t!i;.<J26 .. t and. <; 25::e31 , · 

. lS as fol101Je ~ranged .. ap \)J'o.erof :rncrea,sing eUlJecr:Lpt 111 . 
any given .lltiblist. · · · · · · 

- 'c ''/ • ' ? \·, 

From (9) 1 ·~i) a.."ld {11' 

From (9) i (u} and· (2) 1 . 

From (~·)t(fti} an.d {3) 1 (i) 

I c:.;ol ;::·. 5/4. t+f 
__ , ~ --

i 0221 ). 5/4 {2) 

1 o
24 
r ~ 5/4 .. · .·· . · •. · •... t3l 

. Using c24;c26 ,'(~) 1 (iv) and(::.)' (ii) yi!9ld no-thingr;~w •.. 
:-;:·, ... ' 

Fl'Or:l . ( 9) I ( v) and (7} I ( :i) 

FrQm (8)' {t) ··. 

From (10)' ( i) and ( 4)' ( i) 

By )?rinciple e 
From (10)' (H) ~d'(?)'.·(iii} 

From (10}' (iii},!l,nd (B)' (ii) 

. By P1>i nci -p le S' 

From (10}' (iV) and (a}• 

Fram (lo) • (v) &na · (5)' (i) . ·· 

From { 10 P · (vi L and ( 7) t ( ii) 
. ' ' 

/e32I 
I 0 aal 
le4ol 

!0 411 
h;;J 
1°451 

. 
I 04'7 I 
(c481 

I 0 491 
... 

I 0 ool 

> . 5/3,. (4} 
~ 

• "' y 3 {5) 

> 2 ( 6) ' 

~ 1 (?) 

.} - 2 (B) 
. 

) 2 tsr -
···) l \10) .,... 

'J . 
{nO 2 

>:. 2 
-,,_ 

(12) 

.) 2 (15) 

··. Next. for products cf two coupli~g coefficients,. 
ar1'.<u1ge d t,~,'S to 1ow.er su becript, . · · 

.From (8'' Hn) · . . 

hom .. ( 5 l'hiJ · • 
.I 0~n94sl 
I ez9c~~tl 

... -92- .· 

~ 

> 

3 

p 

(14} 

(15) 



. I 

• 

.. ...,... . ·· .. '' ,. ' ' -

-

Jl':l>am. { 7}' (:'1. v) (16) 

.. The ~ondit.ion (4)' (U) fol:lo~a !rom {6} and (10) .. 'The · .. · .· 
. condition {5}' (iU) aiinilarly follows from (•l) and (12) •. 

. . . . - . '· - ·. 

!~ext for 1JI'o4ucts of three cou);llin.g coefficients, 

From ( 4)' ( i iil I c25c~0.¥4.,!' ~ · 6 

From. T5) '. (1. v\ ' lc 6 'e · j···,).· ~; 

il7r · 

o:e> . 27 .~lJli~ ... .,.. 1'fi 
TM co.nditicin (4)' (iv) follows .f:rom f1'7·y·•'b;{U.ie ot' the. 
equation,;> o~5=o 31

• . · ·. · · · · · ··· ··· · · · 

. From ( 5) • ... (v ). · 
' > ' 

Fro rrr I 4 ) 1 (v } 

-·.' ,' ' 1°34°41°491 ~. ':.3 

I 0 35c 40° 47I ··~ ·. 3 

·' ·?. s;~etl ~imi t~ ·~f...P1:1!E!lrY·Bua• aoofts. · 

{19) 

(:?;Q;} .. 

.- _- - ·- .. · . , ';• <'-- ·- . ' ' /. ~ -· ·_ ' . ' . . - ' 

As e:tated pre:triOL'lsly, the act"al $p~E!il a.t. wh:l,eh; 
the nia.chir..e i$. ron doe:;~ npt .affect the I'ElCOrded resulta,~ 
if one observes a f!iJW sa.fe&U-ards. ·In :practice the p;dll!e.:•'' 

.·motor though r.ated at 1725 r.p .. m. a:Mually attai:as n•lil.r1~' 
24.00 r;p.m. whenever 0 it is driven at. :full apAed W.t '~'Jill 
not .run "lct .. gTt;l~ter speed on t}le present G1rcuit.' :Several. 
co.nditiona 'l'l'erve.usually tC!,keep the··a:peed mo~e rh~arl;t'l:l,t · 
or t!nder the rat.ed vq,lue., •. · 

'Le·t us> list e:ll:'pl:tHtlly aii)II:t$ .·pr'inci.ple·s concern~t\g . 
. speed<lbli ta. · 

. ' 

.. .. , (1) The prtmaory shaft tor 'X $~l¥never ·rotatf} • 
f~ster ·than 800 r.p.m. (automatieaJ.ly a.saured a:t present). 

·. . . · (2) . At the sfl~tt·t:'l5f a t:r~JeQtor.i th~ prima'r'y .. · 
ah.aft .tor. ·'f should :riot rotate faeter than abl!ut 480 r.p~m., 
due to tbe nmnb¢r of int.egrande then at <their extre:XJ,e valoue. 

· .. . . ~;~y,.~o~<tl,l~ pi.~per }V()l'~hig of tne to~que ~lifie.r · . 
in connectionJ!Vi tin arr ;i.nte-e:l'a:tor .un~ t output,: experience .•. ·.· 
il'ld.i~:;!i.tes an UpP(I!' lim:H of'.!.'!IO'O r.p.)rl •. fllr t~e OUt]:;tJt $haft 
of an:y inte,~tor unit •. ·. .: 

. In applicatiOl':\ ·.of' t'lie' t}l~rd o:f tha~e p;.inofpl~s ·· 
. an upper pound of BOO r.p.m •. :f'or t)aa main time &ha.ft .m~ght 
·be ma.de the .basis of co.n(puta,tion of: ~~!$I' coupling~~.,· l'n 
practice, hown.e.r, thlil operator wa;tiphe's the. taoh0!11ete1'~··· 
", ., ' 

'~·' 

-93-

-.. << -

' ·, ' 



,_: 

; ', 

\. {' 

attached to the T and :X: ehtl.:fts, which ehat'ts alone ,sho·<i critical. 
spee(!s .:md venif){ 'tha.t not ·ffiO!'<:l tb~l"l 480 r:p.m. H. regfatered 
torT. a.t .fh!)-atart of the trajl';lotary and 600 ;r-.p.m •. for 4 
at any ~iJhe•~ • In case of either oo1;1.nd beitlg.su~.assed, tbt> 
apeacLof 1;l:Ie entire ma..chine. wou J:d he Zjlgwed · ilpwn by tne hlknd. 
control until valw:>s below the allowa,ble 'limhs are reiic;hed. 

' ',: - - ' '~ - ' ' ' - ' - ' '- ' ' ' 

. tr,· m~ing the ,dtlm~utat ions vario.Us a.pproxi,llli;i;te .· 
eetima,t.es,~?;re adoptf,iid. One may note that 'fQr an i~t~.gra.tGt< 

·unit the m~;lmum val.ue. of the integrand is appt>o:xi!!l!J:tl!ll;y: fpr • 
forty t~rh~ ·of. the integran!i lead screw •.•.. ]'or the .if:itegranQ, .. 

. ·. disc at t4ais position the. o.utput si::.a.ft .ro'tates 40/3~4ilfre~~>·. 
· 5/4 tillies a,ll·. :rapidly as .c~he differential inpu.t ahafte1.-,.sirw,e, 

a.e noted e~irl:i.e:r •. the ·Oll tput shaH .and di:;fferent~a.lJrrp).l;#'i; .. · . 
::!')1.%£1;. rata:te .. 51:t .. the same ;re.te when :the ~ntegrr4).d'•riai~f thi:val~l!l·.· 

·. p2 ( tUl'ni!T •·•d3.nd'- far gi~et;r. ra.ie of cLifferan:tial. inll'!lF··~r:e · · · 
;output ia.)jropartion"'l·'to the. integrand. · .. · ,.•i;;'{>:( · · '• 

./.' ' - . '" :'"! .• ' • 

-~~;!;.· ... <·.~· . '. '. -: ·. - ' '-.-_-;·--,, ·_; .:·_~<:..->:-:':.-
. !:.'<;\$ us m!'lke some estir,ta.te fol" Se;l,'!'l·C:te4 ·p;ci!li.arY 

·. vc:.riableer. pl:rt\er. initial cond.i1:;:!on& eo~wtiild 'se.J?a;"at'l(ly .f!l·r .. 
zero a.n.tJ;~,of dep~r~ure; for· 4'50,f!t!g;J.;e. Of .de.:pa.rtur$!; J'>11d'.aa·. ·.· 
a-.lil'(litiljg;~ase, for vertical f.itre~ <• · ·. . 

,A • ":;{s} At zero angle of dep~~iure. '.! 

· J , :~.;~~:,'J'a~iaile s on ioo' au tput al}aft of~ t~·,;~t~~~~ , .. . . 
ihteg:rl(:l.t(')r.- :.t.lii:H; .will be turning at not more thap 15qo. .r.p.m• 
This 1im:i,t, given 1Jy Principle 3, may be. actually obt·?,;i:tlf:d a.t 
the sta,rt of the tra.jectory. At that moment the. input:Eltaft . 
for T will 'be rotating at about the rate 4fJCl/~8 , 1i:r. Pl'iritli.p:J.e .·. 
(2), <!nd~he:::·efore.the .. o.utput sb.a..ft at about (.)74).( .. ts.·'.P/~aJ..·:o>· .· ·. 

·600/o18 r.p.m. Th:~.a. output is sl.owed down to. 600/t~ac20 Lr.p.m. 
before' ente,rl.ng a.s di.fferential input into an integ!'atqr unit • 

. 
• .. v .•. '.i.·th ... H a··t·t·P, .. :e.eog···" o t.h!il second in·t.e(;ra.>to.r disc,.tn . .a:AJrim.'J>:r;Y' 
. shaft.for\.;f' ..•. i. s :r'e. S'tri.cted to.· (5/t;)6·0·0·r(o, 8 c.20 ) or·'l .. 50/lc18 e20 ) 
r.Jhm• .·· I.n.ent~~ely similar I:'1.a,."me:r- (Ill ttl0Ug11. B is .not. . .. · · 
:tacessl'l.r~.lyat•.a. ... ma.x-imum. init.J.'all:)T) ~11e pr.i~ .• ary shaft·.for R • •· 
1s restr1cted to l8"15/(2o,ft~c22 ) r.p.m. • oinc': we'<&l"e .. ~ow . 
taking zer.o·as the value 'lY:r r, 'the prima.r;v.ahaft for~x l:S .. • 
ap}lroXilllately statio:nary; however,. as above. and wi~h;~, 
change. o;f'sign, the ;primary shaft ·tor ~ ie restri.ct~d ·. 
absolute :1:-:'!<'to 9375/tSe18 o20 e22 c26 ) r .;p.m. . . · · 

;i$'t'a:r.t;ing ~fresh from. the :r shaft. ive obta'i.n ir{ 
similar rri"l;n'l')er' 600/c · :r.p .ro.. as ma.ximu.m. far the ;pri~ry · ··•· 
shaft for,/:\:~.· For. tb.&B.asauro.ed angle of depar'tlilre, tr~a speflds . 
fpr Y', Y. lfs• ;att?. ~re. ;:eelfgible. · · 

_;·1;::".':''."-
:F'o~ use in the· first. ta.'bie. ~e mist obtain an 

: ' . " . 

'.- -,-:' 

1. ,' 

_r- -. -

',,;' 
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eert:il!l!',te of the maximu.m :for W' under> conditions for ·which 
yt is z.ero or nearly zero, · 'l'his involves reference to 
Adders #5 and 1¥1. In Adder· #5, one can ignore for thlil: :present 

._purpose the zero term, -Ax,. so that, trom what went; oofore, 
the. p:riro.a:ry shaft for X'.will he.'Hl on its own p~ima;r:~;~haft 
a a upp~r bo.und 9575/(Bc+. 8 c20 c22 c26 e,1,9 ). r.p.m., ~nd· ifi_'"P_el'efore 

,. the :pnma.ry shaft for w ' lgnoring the term ~ wr. wtl$,; .. hav:e .· 
•·.· _ali max;mum 9375/(Bc1ac20 ~"2 c26 cuc49 J r.p.m .•. On ~~-'tiltf.:hg· 

·. :I'a.ble 'll'l; the slmft tor vl" has tlien as an upper· w. 1 ; · . 
aJ:lpri:Xlrimately 9575/{8c18 c20 c22 e,., 6 g54 c41 c4 g), Which''. ji'~ ' . 

. therefore,-,is·, under assl,U!H'ld angle of departure, als · m 
?·upper bound for the pri1nary shaft for V. · 

'(b)·· At 45°. a,ngle of departure. 

:At, the a~le of departure of 4r§J • the previous 
",· upper bou!:!.d\5 for :1,. J • .and R continue to hold •. However, 

Y' is nc l'o>nger. negligible. 3ut the maximum value to 
'l;le used' fil:ri• yt on tni s trajectory cannot ·oe regarded 
a:s located.. on the edge .of the disc at 4() complete tu1•ns. 
Indeed,. the maximu,m value of Y1 when used for the limiting 
case of.v:ertioal·fire is V , and only V0 /v:f is available 

. ,Mre~ or,~bou~J7/lO}V0',,w~ich.will be t'l.t.about .~8 complete 
turns of''the .lntegrs.l'ld.lead screw. ·Since 28/;)2 1s 7}8, ·. 
we have fcr~ an esti~at~ forK. [1875/(2c18 c90e.,2c.l1 4 U (7/8} . 
r,p.m·. Tims the prunary bus shaft for K, uha.e:!' tl'l.e · . · 
conditions stated, is restricted to an angular speed o'f not 

··n_l~e that! a. hout l3.125/(l6cl.Bc20;.2><e2..j,) r.p.m. · Sirdlarly, · 
·for the' :pril'J:i!'l,l'Y "bus shaft :ror 4 we now obtain as upper . 

, ' ;p~und a.rrprc\i:'imliitely l~l25/(16o18e20 c22 c26 ) r.p.m. • . . · . 

For· .int~gr~Wr• units #6 and #7, placing X' and 
. Y' ~t 28 .t,urns of the integr=d lead acr~:;nrrt we obtain, .. .·. 
under coridit~o~s as~umed, {7/8}(480/c28 ) : 420{c,8 r.p.m,. 
fO!' X, and· :nm~larly 420/c30 r.p.m. fBr Y,. on ch-eir · . ·: .. · 

· . re s-:peet i ve . primary shafts. · 1/e . shall not. need an estimate 
f9r. an up;Aer ooun4 for Ha• 

. • . . . . . .... T0 o'Qt::1i n ~n upper bound for v. we we fol·mula #9, 
·.·tor ,\t'e.ble 1¥1, and follow the varia,blee through adders until 
. we Teach integrator outputs, In . .A.dder #Ot we have ini ti.Ol.llY 

. for Tit~ ~1?per bound 480/o;s9 r.J:l.m~ and for K the upper .· 
·. -.QOL1·.n·@· .. )::.';12 •. J/(16clB. c"0 cr,9 p 24 c40 l r.p. olll~ Hence on the · ... ·. 
, .. p'l!':f~ry SJ:\,.<i;:N;. for Y'"'we""tl:ave as, UP:P<ll' bound on'· the spe~d, . 

tlf:~,'~<Uue. · [480/c."~f+[13125/(lfic18c2-0c2.,e24 e 40 JJ r.p:.m. ·· ·· 
: Ca.l"J,"Ying this to Xoder #4, and ignorln[;; 'i:he inftia·llY ,~ro. 
. 't~rm :AX,·.we have .as U]Jr;er .bo~,;rtd for Y1 the. valuj · ; 

·.·. · L480/(c3~.e47 )l. t [13125/ll6q18c20o22o24 c 40 c41 ) r.J!~m..· 
·, \ ' '' . ·, : . ·' . ... ,.'. . . •. ' ' 

-95:-: ... 
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ln Adder #5 • nec;lecting., -the .initj,allY' zero term, 
-.1\Y, an upper .bound for X~ is 1Sl25/(16c1Rc 20c 22c~p;C49~ r.p.m., 
whi'cb value ·j s also an upper bound for X1 e.n. 1 ts ovrn: :pr1mary 
shaf't; •' :Meglei.JtinE; the coprectiun' ter'ln, .6W~, ·one then has · 
from·.Atider ·#.1,_ the val,~e. o_f ~3l_2 __ .?_l_ ... f16c·.· 18c20c_·.?2 c 2s_c 41c 49 ) r.p.m. 
as anupper.bound for.w' on l.ts<Q.Wn prJ,ms:ry .. ~ta'r~ •... · 

,_?, 

·.:honi thereL'IitionV2 ::.:w•Zt Y'2, \ve ha-ve· 

V. dV ~·WI d..W' + Y' dY' 

Wlfere furt).lermore,· ... ttnder the conditions. he!'€); 1l.Sf!Umed, inftlal1y 
.W' : Y~. ::., y!j%.. Using this: es.timate we·~ve · . '•· .. , 

' 

Substituting the: uppe:r>bounds for.~p~ede~:of W' _andY1 f:ound, 
above wit'h':t'resl;i geqtr' cotqH~ng coef;ficienta foP us~.c'ht Ta,'ble in, 
one obtains a~a,nupper (i,ountlfor the $)(66a ofV,1:he .. Nll,P~I.i~g 

[480/(e~~c 39~7:J:J] +, [l3125;~;~c1$·1f2 p~2ic24 c30 c40 c47}j;· . ' ' 
· . , + [ l3J.~~f(J. 6018 °20c22°2i5~34° ~1 °49 l} ~~lh:tn: 

'(c).·· Fo:r -·vertf cal .fire· {use~· ~·a·~ limitingcai;Je)o 

.<For vertioEtl, fire the :Pr.,viOLlS up~el" bntu~da for·· 
S'i<I.:,R' can.tinu<;: 'to"_applY• li'o~, K,' •. aq.I;ntep4!;to;r Un:f.t#4~ 
Y'l'l'l;).;l n,ow Oil YQ>.ati~ w111····ne .. set a.t thli.edge of :the· .•.. · 
intEfe:t"aA; or disc. · !~nee !,or K on ita awn, prima.x'y shaft all. , , 
upper ~·tllf'.it f'o;l" t.h€ speed qnder tJ;le conditions h~;re <i't,s.ec:u·n~·d'fl; 

wil.1:. __ ·1l·e ... 9.3·7· 5/(_.··8. c_ .. _18e,,..;.0_ c ... · 2_,2. e24_·_J_·• .... :r>_._.··.P.· ·.•·.'II··.'Ii•_· .. rurni .. n.g n ___ ext_.···to. A .•.. ··.~ .• ·.d_,_e._r_ ..... ·.'/10, we oH.a.il'l fpr ·an· upiJer"'''linr:r:t ... "f.for': t,he ailgul;:w speed .P.f·:~he' 
prir~~ary S'J:m~t ·i'o~ Y! ,; th:e . lSurtl{ .;, : .···., · ·.· .. ··· .. · ... ·· .·' · · .. ·:. · · ·: ,,.. · 

. . ··•··-•··· ..•. f4a%ez91 +:[.9yttS/(ao1~od6P~%c24 c 40 lp. ~~p•m~ 
·on p~ssl~g ··· tll!:gl.l.l;'ih ~~9-er #4.~ a.nd~_aii?PI,Jing i~~· :i~\t~al::~l ~$~o · 
:· termAx, OJ:\e,•J;l!a:a aa ~ uppef .. bou·rrei;f_~;>"L' the angular, epe,ed ilf, 
Y' on its own -p;rii'J@.ry.sl'jaft~ .. ··... .. . . .... ··· .··. ,. _··· ..... 

·._,f4a?S~f_3.~.c4 -~J}· .• + .•..• [9_37o(f8c~8 e20a22~•24 e:iaJt~··~;r>·rn·. 
fi>i~ce .. a.t thi~:,tng,le'.'~'f>g,.~pa!<tura,:tf'. :ta')1eglfgiP.le, .w<\~·~'f&.in . : .. 
as a.n up"flei' bo11nd for the angular !'rp,eeP, of .v ori it.s .O:wn·•p:r'ima;ty 

. shaft · '·-'•·· · · · ' .. · '"' ' · " · · · ' ' ~.J:·'; -,<- _· 'i~.· / :--_.)->~f·_;· 

. [4s¢/(o~5c39c47)J'. ~;.[~~+~9fJ~J.se~:oc2~e2i~35o:oa~~-~·r~p.m·.~\. 
---··' 



For Y we h,:;,~~ :rEiac1Y:•' (m its o>:'~ ·lli'ima:ry sh~.:rt. 600/c30 r.p.m. 
.. .· ·Apply in~ th~· e)~~iiitfpps,. o1' .th~ third ;principle , 

st'1'ited· .. ai)o.ve; :we· have. 'i41;'l'il\fal~}ie.s;•.o:r.ig+J:$llY jh:rae$d· .• ifl:r 
....... tert~ta o.t: spe¢d, bitt by l{se of'' the ·n:rst prino.i;ple, thee.e 

are e:7;pre~>~i 'Qle in terms of gG!ar. co4pling caeffioie.nto {a!'l 
far' as.ope:Ni.tiona:rte:r :the. initia'l•B,low !!peed $t<~;ge·fO:r ... ttJ.e 
prime mgt or is.·palllt)~ · ,Assu_ming t)J.at the'J'i:~~mary T. shaft 
:rotate (.l ·~t anp:rox;t~te1,y 800 r.p.m. •'. the .. eomli ticm thi).t J10 
ifite~~t9r!,unit o~;t~ut Sha.ft 'shall.Totater · f'~ster tnan , · 
60.0 .ri1J,;m. ,· '®tild be made to yield. inequa;Uties. Hb"Vfeve:r,· 
aft<.lr the 4ni t.ial slow. speed stage is pas~V the integrand · · 
.vai'iables •Wi ll,not ,in g,ene:ral be at the.)..p extremer;•V!'>1ues' 
and r1o easJ,ly usable torrii o't inequalitY• f~lil!ll:ts. lnste~;~.d 
we use initial- eond~ tiO:rtll only. I't'int:ij>l~ ( 2')'• rather . · 
tha1;1 {1~,, wil:t l'e<jul<J,:te·the ~itnum tO lie used :l):r T~ }Ve '' 
shall' li'E~t·. the ineqpa.litiei'l'i;J' .chief .intt'lreat .so'obti).i!ie.d, 

··.in .smne ¢asee distinguiehing !'tl!long the thre.e 'Special qMe$.. · 
la.f (b) :"(e)•diselii:'i'aeGI.:a~~·· • • · ,.' ·· · :.•;/,''•"•' 

' .·· . . , :•{1} For$ . , ;~·. .. - ·; 1:'t9;' 

From-~QO(jol8{' ~· ~&oo, 

··let''s'l.· > · 1 
---~·--··~ . . 

.. (~).'; Jl'or J 

From 

;_ ',-,:-;" 

' 

(5/4Y .t3oo/io18c:;wl ·. s. e.o9;t we ·~ve .·· 
. .. :.lciol. ~ ts/4) 'r;'rcl~l · .. ,, . , 

( 3)''. )l'of ;R 
"•' 

F:ro:m C5/4)2E)OO/ie18 q20 c22 1's ~bo, we have 

l~22l ~ <5/ 4 )
2Vt c:iae2ol. ·. ,. 

(4) 'For·~···· .. 

····.In oase(c}, .iB~ onlyo~ae~:f signifie~nce for. a 
limit at ion of value: on ·K;' we have· · · · 

• ••,','rO • ,. , • - , "'·, • •• ·, • :• ' 

(5/i'}36:00(jd1krij6~'22 ~24 i .. ··. ·,! ·~00, &iving .·· .. 
, . ' ·.·· .·. . 3 .. ·. . · .. · . : 
'1°24] ~- f~:{4') .,::t/jcl8°20e221 

~-:· . 

. '''Ll').:' 
'''\'~-- .; ... 

. ·'·, 

.. i. 

,'' i•'' 

-· ~ 



•'/1 

·_.-. ··~ 

. ' •'. {5) ll'·~:r£·;~·· .. 
•J '-·~- > " '~~-,: '. "_'_-:··,.-· :~~<-.~-·.<·;·:·.-.:_ .. _'_·::/-~:;·:)~;}::: ':'·>\.<: .. ·,' ;: __ >:~:\;._/. ·-.. :, ·_ 

····.·'····. • ,, ':'( •:J:.n: ~&~'i'~,M..;lhe ~tll;Y;,·C'~a.e. of.' aign,f.fic~ee · .. fot' a. 
· l~m:ttatfi>:n •. o;t:;;l"~l'wa~:;ttf\·Jq pwa.l!av,~ · · .. , 

-~· :··, ' ·> ·,:· :\-'->·:·.'':·\:<_·,·"~' -':··'· ':_ ::_--:t~·_e_:~--------·.:-·;_._ ,· .. ___ : . _._·:_ . - _:_·.-", 

(5/4}~·~~%f:~l.8¢~6~~Be26 ~· < ~·. ~oo; giviAg 

,,l;'tl{)~~1· ~<i··N~~~1i:itr¢~~~9"z21 .·.····.· .. . ..... .. .. (5) •. 

. ' . .·· · ·, (~~,. ii~T'~}~~.Lr ·:·.~·"·'L ..... · .. , .. . . , .· ·'"' •· 
• .•. '· · .·. ), ·' )ni~a,se (~}~ ···th.e cnlY;¢a.se of significance fpr,<.a. 
.•.;!:j;mHa.'tJon o;f;.:\1'all1e':9llloX 1 we)iavethe s<'\llle situation. (),/!i < ' · 
. fer l?~.:.:;~J:70:rti.i':~lS'OO/]C\l2af. S ,, eoo, we find · .. ·'. 

··' .. /I.e. 2.a.J ... J .. ~ ·. · , . · . . . . 
> '" ··: 

.• > . .· (?}' l'ol" Y , <~· 

' . '•. 
' 

.. ... iri 6~ae '(c}~ the ~~~y case of significance ~~·ri.~ , 
lim/i ta.tlo,.n. o'Jt value of. Y, · we ·have simiiaz>iy, ;f'rom ··· ·\.· ,, · '· 

. 609 1°3ol · f.· ~qo. 
· :·} I·Pwc~·~;· 1 <: t?J, 

·.,'.;· 
. · .. ·· (8} For.H · ··· ·. · ... s. , •... 

ltl case {e), from (5/4)6()0/1 c30c5~j · L.. • 6fD,',!·~·ba)f:e: 
!c 1 :::. . ( 5/4)1/j c3{)1 ('a} 

. x!2wiil·~:soi"fideni, but not wholly nec~~aar:f. to 
a.eoe~pt in .place of these, the following.• ... . . . 

:fc1~1 ::: I c 213l.;. J c 30 l. ~· 1 · •···· 

}azdl .);. •5/4 

le ···1 ~· 5/4 
. 22 ..... 
lc I ). 5/4 

• . , .. )c:J: j .~/5/4 •... ' 
· •. fi),r\1'> 5/4'' . <:1' ~J,... . .· 

•·. ll.f'. ·. 
( 2) ' 

. (4)' 

.pjj( 

.. ,e}'):r~ead. :Limi:ts. for the .JLri~ters. 
· TJ;~··.,ixp:J:"il')te:r unHs' \vhil:ih:~ke up the OiPerating 

• ..- .. - - ; • ·- \ -- •• •' • • c ' -

· . .-,·:-·· 

:· ... ' 

-98--.·· 
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'· ' ·- d'i'': ',:;~-;-~,:~· -~,;~f:;-~;;(:.:_-,:~.:;~:{~ .. ~" 
part of the Reco1"d<>r. !>..ave i;ha respecti'(e apeed,Ei'·4ater&i~~d: .. :. i.t ·· 
cy trw corresponding spee\i:;j of. the real)ective bue ·shaft a :fg;c;,_ · '·' ·• 
the canonical. ya.I'iaibles· T, x,. y~ v, y•. X.'. save foP-t'IJ,lil . · .. ' 
interpositi Ol}.(il:( geQ.r cou:pU:rJ.gs, themselves subj~ot. to. . .·.•··· . 
opth~al deter11iination •.. On the. 1~a$;l.s of (O!Xper';i..Wen·(. thili _; 
fo llo•dng, :P1'indple. hs.s be.eh . enunciated... . . . . ' . . 

.. Princi'Qle. · li'o:r' thq accu~;·t;'e h:'l.Hil'l~~~ 
of sone rec or,'\er variable ,'1:!:1. a printer, the!'~··. is· 
for the J1rinte:r- which {leually lies between 
150 r.p.4m. l~o printer should .. 'oe o:perati1d:at:·f':>.at:e:Y'•:'i;h,:in 

.. 206. 1"".-•P .xa. 
0-:;, 

. . •. We sh::tll oot8.1.n sepij.~ately inequglities 
printer darres:pondi:ng to the ~6l:rdit:ton~:~ (a)~. (b), 
the preceding seotit;>n .•. · ... · · · 

> (IJ R<iloorder Variable T. 
,.ii' ' . . . ·. 7 

··• .... .• ..... 

. . :~ ... Singe the . :prim!l;ry ·. st;a:ft :f'o:r T oorn1e 
printer shaft for ! tb:i'ou gh the gear coupli 
coupli:ng->poeffieient o51 ~; rr, it follows 

-~.:Printt:><r.speed of. not mar\'! i!h~n l/,00 r.p 
. tr'l.j!ilCt;)ry', El;· reduction to one :f'oprth of tl::>*:',Ji)scr:ixriJ~m;.i!:tt~.iil4/;p·l; 
800 r.p.m.,, ·for T, is I'elitl.ired,· Hence 

·. (If,q5i,-.~ rr .~ .. · 4 

.This holds. for ~tl ca~es, (a.L ·{b), (c)iii; . 

R~corder Variable x/. 
~ . ' ·-

... · For !• we distinS'Uish ae t~ ~~"'~ (a} . 
(c) h .. trivi.~l, and (b) iscov~r .. ed :\Jy.('a) •. 
(a )• (the only case of aignifioa.nce) · ' . 

. ~~Q,/( c2ae~u~> .• !;~.~,,200 .. 
··. ;_ · . ' 652~::. rll'' -~. :Ojo2.8 • 
qii) . ':Rec~Pder vafiable !· 

For t '*~ ior · i. i'l. n.a.vie 
this time. (:a),. E;iVing .·.,. . .. 

;.;. 

',··· 

. . ' . - :· - ~ . .' '~:, . i _-_ ' 
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(IV) . Recorder Vari~,:loh,N~ . ' - ,-- ·,-t;,;~,--

'• ,. The three cases. fcl' v: mus<t be .. bn<iie9c ~I'Pa'ratel)T._' 
:I!' or (a), from .. 9.·.···.'5.7.5/( 8c18 .czi}o~2. c26 .. cMc .. 41c4g) ~or,;'fc·,9n,. ,it:~ .. · ... '. \ .. . ·Gwn·:pruna:r;y $baf't, ·>ve nave .. ·. ··· ·. ,- .... ·:: .. <!>. · ,.,. •.: 

- "• ', - -': :_,-_- __ " ;:~_: __ - :- ·<-- -_· ' . :'· . ;·_ -. :-:-. "_ . :_, -:_· - ' ': .. : . ' ' -~_._-_ -: :" . . ' ' ; -.:- -. ' ' '-~-: .• : · .. ::- : ·._ :: 

·· .•..... ·.· .. >·,;t~~B/(Bel8P2o~'kRc29c34~4Jc4~·c54) :.• .... s •• -.;20.0·····.·o~..... . ... ··· ... •··.·· 
• . . · • ~54~· = . rrv• ·.;. ;lk7~l'C94el:~Ci~o0 22°2~<~3:ki~Ji~4si!f la'}' 

,. ' - - .-.:. ·- '·, / - - ·- ' _. -.~// ,- ' • ' ' ';-·-- • -- ,-_,.,. - ' - ' r' ; '! 

For (b) i!<Wff (c) ' s.ill,!f1at;1;r- ' .• ' ' ., ' ' i;!· ' r 

r-t!'· ~(fie/(5cdcic.;;9 ~4;Jl··. + ·.:;~{~~~1~t'.':~i·::. :iu····' 
> ••••• • : .1~25/(; •• ,~;~(~ft~~lfi; 

· .. ·· ;.1. ·. ·· · jo2,5/( 12sct8026;c2~~~t14·~~.e4,1_91•~.~V~;;,', 
"_o"·'h: ·--·.,, ~ '.·_._,\·.:. -·-<- -- :' . -. "··-· "- ·.' .. : .· ·-:·.-·- ·-· .:·-•_.;c ,.,,~~~g·:<\C_f;:_: 

·~y:·~(~~~.\>4 • . .•... ,. 2 'ft2~{.5c~5c3 ~~47 ~'f + •· .:~·~ '·i .· .... , · :; }. 
, . ·: ..•..•...• ~.: .•. '.:.i .•. ·.£.;·~.;) .. . , . I.~?a/(54·c~~e ~ a22 e:4 ~~5 ~~~~-;.J{ , 

.. , .. · • • . . • : ~~0~HlJ:'!ifSTi7£~]:':i~'\:)~G .~1. )>'': ,, , : .'i., (::;;, i ··, 

. . . ,;&.,;~,:.:~:: ~~.:~:~~'in'tl:~~~:t- •• ,,~~*~~~J~~l~;f 
" ' · • ef55 • ~;.~~· .~·.· 1~2((5.ef,£h~417}1· + . , .. ,',, .r L ;)·';);; .. ;;.f" ' 

;':: '· .·· .. ,,. l375/(o4e18c20e22c24e46'·e4gX.\ :> .. .'_ ... ·. :·: 
-. ·-•'·;: .·.c:·< , ' ·~ ~ ' ' , 

·· c · ' (VI} . ·.Re>cp !lder Variet'ble 4' * · · ··, :-c:' ' . \·.' ,. .· 
. i... ;~:io~.~·~tui;:;eeorder .va~i~1il$' ~~;~C~li,~.·.Y····.·. ·a. ~Sl!f' .. ~~j'·l.~i,(~~~~.··.··· 

i:li~i,f:li<i\iri'd¢~··'We,· 'Oiitil! in · . . . . , 1 • ,, 
' ,.. ~ - ···. ' '" ,·.·-----,.-_." . ;,. '. '-· ....... ;;_, .. ,._ .... 

·. '' ' > ''e~~r~~9~~t.F~·· · 

~ ! - -· 

imrol.ve ~up 
· ar.e not all .:tndf;ii')e,n'l'l 
elimiru.ti;Yo.n 

,-, '·'· 

' 
"--~-- '~. ._ .~:,-:. .... ·.; 

);~e·p:re'VJl>~~r~~9i-;1~ns. ·· 
· l!!any ways •.. ·•. The origina1li!;relatio~s 

~>. aeeh in a··parUa.l. rli!'GiU.citi'l:in''#nd · ·· · 
ln.,eollaJ .. :i.tie.a. d,1s'Cu\ised.ea;r:J,$i.~;r~. 1The!'e .. · 

". ·~' ' .,. 

>c ·,:' ('.':.-: .. ·!_ :'/ .;: -~. - i'):' :-:;<_J.; . .-- \-;-.:::;.t;:·C·:;: . -
• , _ _.. y _., • ' • " ,.,. '• 

,_~: ;~ ,, . ·• 

' 
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'is indeed a :freedom- of choice in. obtaining mathe:mati cally 
·, a. solution of ;f;l:J.e formal syster11 of equations !').nc inequalities. 

One is. not inter~sted, however, in._!l.ll such possible theoretical 
s.olut5.ol'):o. There ~re .J,>:raetioa.l considerations which would 
serve to reject as:_trhial many formally correct soluti()ns •. · 
It is d.esirable :to av.ail onsself of -aubstn.y;tial:ly all the 

·.·. :permisaible tra.ve+ of! J;JoyablE:~ parta in. g.rder that the _scale 
be throughout.;;t'S .large; as :-convi<>niently possible. For 
examp<le .• -.if a giv"!n template were _such that for an extended 
:progr:all! of trajeotQTY computation only a s:.tn!l,ll horizontal 
:interval of the: tenrpl,a_te were used, one would ordina.ri'ly 

·prepare. a !J'>W taJiWiate reprodudn:S ·the same funet ionaJ. 
relationehip in the JJSrt u111ed 1 but spreading this. used 
interval of the variable,· U, over the whole avail.able 
horizoFrtaL range for tnia. table. 

-!n seeking:.: solution it. i.s convenient to 
distinguish lletween those data which depend upon the par'"­

. t1eula~lP~U~ of trajectory_ computation, (or even .. mo:;:ie. 
illlmedir£t:el.~'!Won the particular trajectory) and tho~>e •.-.· 

·which J'E:ll'{tl-.irt ,ilii/sentially col)st-"!nt for the m:..chine. as a • 
. who.le wlien aerv-:ipg for the. ccil'l!:putation of traJectories~ 
It is fou'nd that th~ freedG!!l of choice :I.!! ample to permit 
ailsigning at ·once certadn_ ya;lues from. MlOng the limiting 
values provided. by .the inequal.ities already given for 
J;:ravel, load; and Speed. \Ve might proceed ar;bitrarily: 

·to aasign .. certain values and. relations and justify this -"" 
cpoiee by :l'urpjshing later a;rne.thod for satisfying all 
the equations and inequ~.lities already stated. 

It will be convenient, however, prior to such 
arbi tra:ry assigning, to li at for reference all those 
equa.ticna and inequalities among gear coupling coefficients, 
other tr.an those for cr.3nks and printers.: O_om:parine; the lists 
:previously obtained, we have the following, involving {.save 
.for A in 7 and c

0 
in 6) cou},\ling coefficients only: 

Eguati£r.J!• From the final list in Pa!'t V, $ection A 4, we 
copy the following 

. From 

(19) 

(20 l . 

(.!3'1) 

·'"''l ,,(2 2) 
''•i"'' 

·.· c 
. J.8 

c"-- =-
2,5 °3l 

c2;,i4~e4? ;; c2?c41 cu 

-101-

(1) 

(2). 

( 3) 

. (4) 

·. ,_' 



•' 

' 

{23) 

(0) 

(lFl) 

.From 

B?(l.)'.·.·· .. • 

B 6 (1} 
l 

·jclel ~· : i' . .. , 
t2P :}rb } ··!ii/4 

. :;,;,,?0. ·. 
B 6 (2] .and B 7 (s)•. : '.fo22f~ 

.·. ::, ~ ... ,; ... 
B 6 ( 3) ~nd ·j ? (tt)• · .. · L,:i

4
\ ·"""'1· 

B ? <sl~ ·... I ei9l 
· .. · .. · . ·~~~·{ ·. ~·.. 1'~n{ij~~cl'··.~•· • . (1) :above · 

R 6 (4) and B? ~6) 1 ·· 
' 1°3~ I 'edi/~ 

.. reM} ~> B 6 (5} .· 

:a (:5 {6) 

B 8. {?) · 

B ~· (£) •· . ·.· ... ·· 
.·.' : ' \ ''" 

'·''-
B .. 6 (~) 

.B 6 (l~) 
/\·. 

ll 6 (11;} 

B 6 (t~) 
,-,-_ 

B 6 (1-3} 
'-;c· 

il 6 (14) 

',J 

, .. ,··. ;'1~4~1'.~· 2 

..,- . 

-.. ' . ·1~411 ~· 
~ · fc431· ~ 
·.···'le4~J····.~·· 

· .J0 47L ~, 1 

· ·1c. ·I·• ~i 2 .• 48 .• - . 

. ··•·· .... te49\ l 2 . 

· l 0~ol .~ 2 ' .. 
'.'•,1 . 

. · :·-·.-~, 

, . 
. J . • 

. . 

. '. 

- ,, . 

' \. 

.-.-,-· 

·;,' 



.. 

E 6 (17) 

B.6 (18) 

;13 6 {15} 

l3 .£ {19) ~~~494ic49[ ~ 

B 6 (20). .. ~~?504oc47j ~ 
l!'rom ··(a ),7'(1 5), · {leJ j <J.)Jove* 

:; .. 

3' ,'.'' 

-l'J3-

. _--~ . .::·,. 

-~--; 

. ,_,., 

'_, .. ~ ::·~·-

•, ··.• .. 
.;; 

I 

• 

{26) 

(2?) 

i('~s> 

( 29) 

(:30) 

··.· ... ( 31) 

,J. smrcsrr .... 



i;' 

•• ..... 
(J 

.('­
I 

• 

We have also froP.t Part V, Sec1flon B 2 the fol1.owing involving parameters, 

From, 

B 2 (8)'. ·.I e
8
J·I 

3
1 ~· Rin/40, (Integ. #8} · (32) 

£ {2)' ~c8l·lc:ne45 ( ~ Rin/4<J, {Integ. #2) (33) 

}3 2 (9)' . I coi·IC35c39c471.;) Yn:/180, (Vector Table) (34) 

.B 2 (1)' . J col· fc35c39c 47 f·fe19 j ~ Vrn/40, (Integ. ifl) (35) 

.B 2 fri)• lc0 l·lc55c39c
47

1·!c
37

1 ~ Vm/180, . {Dh. Table, V)(36) 

B2 (14)''Je0 l·lc 35 c 39 c 47 j.jc 37 J'!<:~32 c 3 :~}':s-61 c 4~.,1 1 ~ Vm/;).36, (Div. Table, U) (37) 

. :B 2 (15)1' i I ~O 1·1 c c39c 4rrl·lc 37 !·!c32c::, 3c3-6
1 e ,{31 1-Jc 30 \ .. ·~ Yn/ 448, (Template l'~bleX38) 

... }c0 l·lc
25

c::,gc 47 1 ~ ~/40, ...... (Integ. #.4} (39) 

IP0 ]·Ic 35c;:,gc47 Ho:271 -?;•:xm lc34 I/40, ... c .(Integ. #5) (40) 

jc
0 

l:]e;:,5c39c47J.Ic29!dc
4
i1 1. ~ ~ I c 34 \140~ . (Integ. #6) . {41) 

. le32c331 ~· 128 ··lh I osl: \c19c2002l c22c~~c.35c40c45c4'11/5, (Integ. i/3) (42) 

.B 2 (1 i5) ~ , Jc326 3:sJ ~.· 128 :a A fcsl·l 0 23l·lcl9°20°2l 0 2;;{24~:~5° 40°45°471/~5 • . . ' . .. 

.B 2 {J}' 

B 2 .(5) t. 

J3 2 {6)• 

132(3) 1 

{Template TableJ(43) 

The i:riequ~litieil 'he!'e :FAY be SCJJ.m;lwhat. simplified by lil]rlitting so as to obtain 
a set of su;f!~.icient conditions, -no ·one of which by ~tlielf can be strengthened 
by a. n1.uoorico,l f.Ofctor, but which not as a system •completely nedessa.ry. 

i 



. ' 

,.· 

..... 

.~·· . ~ 

. [C:sl . ~· ·. Hmfl2b / 

·· ... · Td reduce the fiv~ insgualities, (34) to (38). ·• 
l'es~ectively, tq a COmmOn :f'orm, t34), We i'J,COept ·fn [!.dd;J;~~On 
to (8} abOY<\! ~he. folloWing, ·· . . . · ·· 

' ., 

kl9r = . 9/2 .. 

1'lo/571 := . 1 

. :,~·g~,. :;· 3/4 ... 

- ··'/ 

·(~5/. 
t4§}··.· ·.• 

'l\ ·;·' 

•i.{}l,~l 
-. ,;"' ,_. ,. 

While it i·S t~'qe that .on a. given t:rf!'li~ct ory XJt may ~~f.:fet;. ' 
greatl)i :from Y~ 1 • yet as• remarked earlier, under ord,inaa~ : ··· · 
procedvr,e:r t'here will he a, set oJ; traJe~tories for whl¢h ~ 

·single a:F:t·.angeme,nt of ge&r couplif!gs i>> tq be used 
tllJ'oughout irrespective o:: .the angle t>f departti1'e. M, . 
these. angl{;l s rQ;nge . t)l.ro.ugh th!B first quadrant 1 the V<i.l;ue ·, 
of·¥! which covers all .. the trajectorH•s of. the $et w;ill ~ 
pr.;;tc't.te .. il~ly egu!l,l to. Vm~ · a.r~d similarly the value ?f. Yit. ~al·. 
~e :pr3ctlciil~y Vlll. For ~tl.cn a set C?f traj ecto rie'l), t't;.are, 
1 s no tHl§en:tJ.al l.ose;; of ~en~rali ty 1n · taJdng .!! a10t equal 
to ·~ anti,. o~th r;1e approximately equal .t() Vm• lil'ith this . 
consrderatio;tt in mind• we' seek to retluce .to. a sirdlar f.orm 
not only inequalities (40) an4 (41), 'invelving ~. ~t.a~so. 
(39) involvi~g 'YJ., and all thelOe three in col:lparrs.on ~· ', 
with ( 34). We tiiet'e:fora wt'i te · - . · 

.. ;2 I 0 ;:;51 =· 
•/,-'•· 

; .2 I ;0 271 = 
1°291 "' 

a-.· 

.. 
9 lc351 
9 I 0 341 

1°27°411 

(4e.) 

· · . c.a.sr .·· ... ,~o) 
·"•'• ' 

'; __ .,' 
';.:.---.. -.· 

'As was re.m~.rketl earlier, t.ht. 'bus sh~fts lie 
mutually li~l"allf!l. A bus sh,a.ft. ia regarded as rotaHn,fl; . . 
positively if;<.and only if, :it i$ rotating in t{J.e same arjgula,r 
direction as th6' prima.ry time shaft • ·0!'· what amounts b;> ·:tbe 
s<mte thi~g 'as the. i:wtput shaft of the prime rt9tor, .. wheh this. 
rotatl[;s .in.its norm3l dil"e'et1on •. A gear. couplingwhich<. .. 
preser'Vea' sinise hae a positive gear coupling.~c;,effici~:r!-t• .· 

. Ohe wh.fclii•everses· sense h'lS 1). nega,tiVe .Coefficient •. lt .·ia 
. ' . . 

. -105-



._.' 

,, 

·true th~t ~tie !night 'faters&'·the s~n se. thro1,1ghout aoroe 
f;?ubnetw~i'k 'llf>the ant;l'lyzor 'by changing the a igna of. all 
connectfo:q.a.t;of!nec't;!.ng,this' subnetwork with the rest of 
the Jre.oh1ill:l. We shall a,IHitr,un<; ho'Never positive gear conne6tiona 
:where:v~'r possible •. Ipcreasing functions· of T will .. then be 
parried .:>n pos:iti!el$ .tur;n~ng b!,ler> sl:lafts. It .on pusing. 
through .a' gea.r e{lU:JdlirJg rxri;al.g.ehraio ·change of· s:tt!¢ for the 
vari6,~; occur:s,. thil3 'l:(e@.ci:F. bdbpling bJ3;s a, :positive coeffi dent. 
With tnefl,e l(rfnc4p~e!3 · ir;, ~ind a:l.g,ns ·for oonver~>ion. co.eff.lcients. 
and ·gili.ar coupling coef':fie'f$n:ts ar(il readily chosen a13 ,fpll.o.ws:. 

'' . ' .... ' 1h.e conversion ~obffiei~nt]i! cf t? ?~~ c6 .~0 c{, . 
. are ·all,posi-j;ive. :The: g_ear cou:p:L1ng ooe:f':flClenta c.1B to . 
. c56 a.:T,'e .• :P.o.sttiv.e w1th. tqe. following e.xcept1ona~. ? 2'7~.·.··c;,.s• 
c 41 , ?42,. c 4.1:, 0::4:3:~ (;) 46 ,. c; 4 ..,. c 49 ~ whi<;h are def':tutdy ... 
nega tne • wh:f},~ .1itf& signa. of, c 48 ,. ~ 50 • (whe~· A lil; not ze~o) 
are ,!luch: thc'l~Ac48 is l'll';lga~1va·~nOJ.t\ c50 lS poslt;i:lTe. ·. · 

;~:> .· While,>ot.Hl~dering' eornteiFJ$r,jh coef:ficl;er)t~>the ... 
· '!:'~adell' ;may ectar:t to 'i'tonder .ho.v; it~b,appens' that a varia1>le .. ·· . 

}J?>J:i•·cMrlge "'sign w}len all. the. gear t:rairla fire left una.lterea • 
. aild henee.wr.eli no ge0-r cq~,tpl',t.ng ct)(.lff;icie.nt changes ~ign • 

. ·. fbe vari!fble. may chang~·. :;lign mecha.nicaJ:J;y a.s a oonst>(}uen~e . 
. for e:Xampleiillf anycone oftbe' f'oJ;lowing,three 8V<')lltl3l ,. ·· 

.'(:t} ~'!he integrart<l disc 9arril;ge in an i,ntegrai!'or o:n:tt~l!l<J.Y · 
move eer~tin~pp"ly l).Q th>TJ.f.~the rolli.r of the different';i:a~ · · 

• , irip~1t. slideS:,::;:HctSt :tl:l!'f ·!4er.Q position. When this occurs~ the 
'cmt!Ju·~. of this int~·~·!);tq,r;'un1t chang~s sig't• ~U} 'l'n(:t · .... 
:rad::!~l,,·a!'m in the, vector table ma,y :l,n · turnl·ng pass ·.·.· , 
continuously thrt;~Ugli.. the nOrizOhtal );Jq11iticn 1 and ~o· 
oe:rrespond to a. .i::h!J.nge o.f sign of Y1 • (i~!.} T'i'rc, · 
v.~iables .. of qJ)'prisi te s;t~.Sn be iflt; :fed ·iritq an !ldder may so 
ch~nge ir. ~el<ttive magnit\lde that 'the BUL!Lchanges. in sign. 
One should .recall• that the <Hrection of rot'itti()n of,a 
shaft d:et.erinines: whether the vari.!lible ia increasing. or 

.dec'Ma,sing, (~en once the ~a.ssocti~~ed constant· convers.;i.o~ 
eo.e:ffic~eJit; :i.Jtle:n9Wl'l) tru't dOes fiof dete:t;mipe whether the,·,.·. 
v.,:r-iable 1s\:~l')f411>i;ve >or' !}fi!gati~ •.. ··The sign of the ..,s.ri~;~;ble · .. · 
M$y indeed be a;j;te!"!tii'{h1!.m;:mf ~a>S€15) by the simple. ·. 
eX!Iect±ent ci:t; ch~e:~ng-.ttie,~CidH~Ye, ~Jonstl!l;nt carried 

ealiqr!ating il~m",;,,:,;: . ':: ~·:;,· .•.. ·· .' .···· .. ·~:j·'; • ·, .··.· . 
;3. ,,:'!?,f~itH X)etJ'tllnriinaj;ion <'i:f-•Geat; C:ouviing · 

· ··. ' ·. ::,~~,:·tl~f.fitlie;nts.· '( •. ... ... · . . j . > · ., 

., · .. i:. ·'( .• In );~~kn· te seonre t~ril:otic!t'J: ~k':J,ption for .. t'!W 
e:'$:tE!nlli1!ti:~ 'lY!!i~~~l {l.f\ e~~athllil anti 1nequlill:U111~> aJ,r:.ea.(:tJ. , 

.· .. ~:'3,id:.d,ol!<n; iil w&:Ll., l;Je'flln1:eJ;1ie:n.t apeO\ialhe llfit .<>n~e .·. 
·~~,,' () '~.·,·.-::. , ,<J::I/·.:-~;'t2>. ..- .,, >~:·*,': ;~,:/t~f 
. ,\' ! _, ._ •,_.;, .~· . "t:;·;~-~~·:-i;:-:,~ --. \-'- ·" 

' ,"' : - . - \.'.;." .• ,.·,·.·.,, ·,-.·.···:•. .. , 
·"· .- :<:''' ~.:_<;';. ~ 

·. ~1oL• · · 
1' -' .• 

,; · .. 
<-

. ' ' 

., 



most of the gear 0·0Upling coefficients, .. by asaigning to them 
t1te minimum absolute .. values .l:q.:;t le&a than unity) P,el'lllitted 
by the foregoing simultaneous syst~1.n, whet>e the signs of the 
co~ffieients are choGen as·descl"ibeG. above. We the.refore 
choo~:re ·the following.,. 

·From-

Section 0· 1 (9) 018 
;:; 1 

( 45} "HI 'A 9/2 

{10) 020 
:. 5/4 

.. ·' >.·, 
. By definition • e2l 

.,. 1 

t:lection C .1 {11) 022 
: 5/4 

(12} 0 24 
: 5/4 

(13) 0 26. 
: 5/4 

(14} 028 = 1 

-~- ' (U} c.,0 "' 1 
"· ~ ·: ., _., -, 

{16) -c,..~, ·~ 
"" ~ .... 

'I -3 

:By.definit:i:ort, 0 36 
... l .. ., 

,.., 4· .. 
">6CclOn Cl (46) c::,rr = 1 

( 41) 0"8 - 3/4 -J•- "'t. v· 

.J_' {1 ?} .and . (30} 0 40 
: 3 

(rs} 
~ 

041 = -1 

(?5) and'·(~q above . c45 : -3 

(21) 04? = -1 

We· shall accept al~e> the following eo,ua:L;tUes,1 

c2"' = -. c2., = c.-:9· . .:, c.,1 ::.,._,.' -· { - ., -·" v ' 
(1} .· . 

Hence. b;\"' (:l) , .. t4e) •. and { 4 9) • · 
' ' ,' 

. - ,. 
-._ ~' 

(2) .. : 
; ·. 

); . . 

''i, 

' :-~ - . i 

.,_ -



''), 

-:; 

' __ -_ ';~ ·. 

_- ._._., 

'.,} (j) 

; c .. : ~3 . .. (4} . 49 . . . 

. · ... · .. ··.>·· .. ·••· . n rau<iws froml;(29) i::'ti)at ~~~.H ~ 1 •. · :t:n vi~:: 
~1 1,(~). and. 1 1 (·49);. anQ: to simplify th!') gear i;;rains, wa . 

· ~dopt th<;.:fol~<:rwin~, ·· ..... . 

d,.:~ ::: 1 ••.. ·.· 
·.··~¥~> " . 
; ,~_- : ·,,:~ .:"'. . -, 

·_c>·.~·:::::t ·"'--. 3'5 . .. . • . .. ,~., .• 

('laJ arid l ~( 4~f. am:f .'tzy: ,B',{lJ. 
' . .. '-· . . . . 

:c~~ ~ 9/2 .· .·. 'y . ' 

. e2..; ::; -:-11/2: 

By' i;(s)''it .:r6t:fow!:l., that . 

. . . . ,·,~:~;'' ' ~4i/c ~k ~. ~ ~/!1'.; .···.·. ·.. . ' .. . . ' : ·. 

·· .. · ... ~chu· 1 (tii:·>> 1/G~ .. ~ .~iY3c32() 3\/2 · 

. ,,. 1. (;}, .• · 4~5~ =·'¥2A3 ~~c319) 
. t:s2~, :c6~·.-~-r~20 · .'. 

' '(§).;~~~:t.{M) ,• ~ 39 • ~ 3Z ~ 32vJJ75 
1 t4~W· ' o_

2
· .. ~ ... G'75 ~·~ .•. 

. " . ·. . . . 8 

\ ·-. 

i (13), 
•·/ ,i:-~. ' 

... c .. ..,, ... ,· ).. 75 c c a·< ' 
~"- · - . • · ·.. !3 23 A , .· . 

... ,_ 

-- ·-,·. 

. .,_.,,· 

'".':::---

'·; '" 

· rd)'' 
. . •.J'i') .. 

.·fa.~· 
< ; .,..,~,-J,~ ' 

' " , ... 

'h'/}~: 
·Jiiib) ... · 

(l;l} .· 
. ~ ' 

· .;)rder 

<',. 

We ·;soJ:ve the c tmdi tion:o of secti<m 3. irf the foilowin& 
;.;_; 

=-:. : 

--.' ~ 

-ios..:• : 
_; '' ,\,~·' 

. .- .--- ., . ' .· 

· .. ~·· ' ,- 2-, .:_. 

·. ~·':/. 
:>·; 

. .. :._ 

t ,>.' 

. ·'- ', 



c 8 : Hn/UlO 

From (11) then choose c 32 to 

c
02 

~· 675 BtJF 
8 --· ,. 

This condi~ion WilJ, be found in pract.i;ce to satisf'y Pai't 1il·l,(l5}. 

ll'r om 3. ( 5 }J c 43 i ~ th'en de t errained. 

· · c
4 

.~ : 28c 
3
. /5 · 

, .. ;;) 2' 

(It. is :pe:Mnissible to use an 
g:ears .,re'.')e:ing rn.ade Go tba.t 
!Day be c1s<;d;>) ..• 

equality sign hel"€ si:nca n~1~> •···.· 
e. train of gea~s eqU:al:J.i!lg 2q/5 

. . .· . 

'l:nis cno&.~.,oJ~ c suggests the roilowing single prac~i!O~ · ••. ·. 
:rood1fiea:'ljion.cif ~e ,theoretical arranger4ent of J"us sM:f:ta an:d 
conneCt iq'n .gear c odpli11gs. In ulaoe. of leading 't dfre.:tt:IY 
from· its 'ovin primary shaft to Adder #2, .... exhi'biting.tne- .. 
equation~)\/= (A0 .~ Y) +ilA.,-- th;rough gear coupling;if43:, · 
we aclopJ (the ·following. A perrrw.nent ge. a·.r cou. pling .. c."."' 1····"···.2·.··.• .. 
sat 1 s rYi ~g: -~': -· ~Q .~) 

' ·,-,' ,. 
is introd'ucedleading from the differential inp'ui: of .· .. ·· .. · 
Integr?.t6:r #8 to Adder· #2. This yields an tJltir:~<'l:te gef>:r:. 
oc.mplingj;!,O<f:ffi:oient, o4 , of the magnitude desired<~t ' '';• 
~voids :i.rftflo~cirig the cSnrplicated ge"l.r tra:in ccrresponditrg 

. to ,c32, n\~~6 than once. ·· 1f. · 

-satisfy 

0 2Z> .?' 0_3~(t1508 136) · .·· 

Next cl:lop~e c3 9 tct ~>ati~fy 3 (9/ 

. 039.~32. 032~/'75 \' 

ti~ve for tl}e geFiX. couplings which donnec't> ,theh~nd ' 
cranks. to the .rest ot .the mac.hine, tn.ere remains to··oo• ·, ·· · 
considersdori;Ly.c50 • :By3,(7). ·.· ·· 

e.15o :: f 2A3 032%9YA 
Here }l :!, s tlt[rul'jr ic'*lly a: srna:ll quaht i ty determined wUh. 
reasona'"le adcurq.cy fc.•Qm observation an4. a.dequatel~ ·· 

. . . . . - - . . ' 
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appr.n:dttk'ited by an obta inabie gea.l' eo"Upttng' eoe:f.'.fic;~nt. · .. 
U may happen that L\. is near zero~ \l'hi$.would o~se c 00 
toe be ntnn~ri;ally extreme~:y la:ge. , Tb&,oretically/~so ... ·.· .. · 
ccul~l be ltlfmite. Wi tlfput ca.us1ng any dlffiel.llty. · T~iJS 
situl!.tion WOll·l<,f involve the. shafts carryin€',1'\.X a!!d 1\._¥ 
res:pective1Y. te be stat~ona.ry. l)'ora.strm.da:t'dtrajecto'l."y 
Where rotation effects .are. ignored, we replace A by ~ro. 

. . ~. . . 

T_l;lere 1U'e, three .hand cran$:s whi<:::ll feed in t.he: ' 
corree,tions, (based on :m:'eteorological. ob&li.!rvations), to ._·. 
Wt, A, H re~pectiv~?ly •. These cranks turn (.aPbl:'eviat!i.!d) 

. bus shaft a, numbered 1', 2', 3' ~ respectiv~;ly, and. pass 
t!le ir motions through · gear eouplirags numbered 42; 44, 46 . 
reapMti ve).y, to fu:::-ther bus shafts similarly numbered. 
4g, 44, 46" respectively, leading into adders men,ti~mad 
below •. T"he <:onversian coe£;tic:tent~ ·ror. Ll W' P AAa. LlH, , 
re;>Pli!Ct:t vely -on these· b.tter_ bus shafts mu_s1; bi;i_· equal tc;~ · 
.the .. .s~nversion ooefficiepts for W', A, H. reapeet:i:vely 

. <en the rue Shafts: which, also e».ter the A4d~t];'S nu'pfbered 
r.espeotivfi;llY 1, 2, 3, or as surma chines numbered 13, 14, 
16 :reS_peatively. The.se e<;~nsideratio.ns Q.a.:ve:alrea.dy 1e;q, 

. to the 'qttatU'ns . ~- . . 

Fro)ll ·· 

Section A. 4 (24}1 ·oJ.e 42 =_(c-o) cz,~1 ·c 35e 39b 4;,· 

s~cttrin A (25} • .o2o '*4 • {l/32) Q;~1-_c; 3·t'e43 
~eetion i 4 (.;6)' o;,g

46 
~ (o

8
J '~46r>> ,, . 

·which# no!!·· be ~itll;piir!ad if d~~ir~d.' .. 

·,Th~re a;e rio i*her~,rt~ ~l~ti~nt;J· which>vHJuld ;aerve 
to :iSolate th~ Yalwi~. of\ .oili~• :e 4.\t P:n~ ; . fro~ out. 0f tne .. 
value a of the. eorresp(lnJ;!,int:r p:rc4uei;'s,~.c 1~2 • c 2c44 • c 3c46 --·· · re spec ti V?J.lY, Th~. ~Jj"•P"lrJ3:9t.1..';'~J-. <il~;~~ll.Ulilt'~Uons seem to · 
be. that· 1t sh,a.llMt .:tie· li-litQ~asary .~o., {urn th'ese cranks at .. _ 
an ul1Qomfori;ably high spa\!ld q;r, l:lo ... slowly as tG make .ca.re:f)l.l 
following. of tabulated. djij.~a. ~P:r'~Gti.~ble. ~he ;foll()w~ng·.,. 
Va.llleJt have bi'H~~ fouoo <'-.nven;Lent and t;~re pg_t:, ehfl,nge~ · 
"between ru:os• / . . . ' . ' -

>'-,,' 

. e 42 =· ;~'h . 0 44 = .:.""1f>t'f- ?~6 ·· 11 · "'l• · · · 
-" ,· 

-

-llO- .· 

. -~ 
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6. Recorder Ra.ti.e..!!.. · 

· T~e six reeorii~r ratios r 1 , rii, rlii' r 1v, rv• rVI' 
are respect1 vely equal to· the gear coupling coeffiii:lents 
c51• c52• c5 3 , c54• c55• c06 ., as bas been. noted alre,.dy. 
The:r carr;y the canonic~.l;:va.riables T, X, Y, V, Y1 , X', 
respectively into recorct~'l". V9,rlables !_, ;e, l• y, l' t !'. 
Up,1er lim.i ts on the speeds· of tho printer disco have led 
to certairi limits on gear. co'lpling coefficients already 
noted. To make accurate interpolation convenient, it is 
desirable to maintain ea,ch printer train rotating at 
apy,lroximately the m<l,Xil!lUm apeed permitted under the 
rel:ltrictions laid down. This is particularly true in case 
of the variable T. ' -

. i;lubstitutlng previously obtained values we find, 
choosing lower bounds, from Section B of P9.!'t B for c 51• = c

55
, 

~5.1 : 4 

0 52 
:: :.'5-

c53 = 3 

C54 :: (12/{ 5c :5\l)] +c [7/5] 
.
0 55 :: [12/{5c 39)] + r J \7/5 
e56 - :j. -

. . . 
Making .. use of known .values of the gear coupling 

coaffJ.cients, while lea,ving in literal form, ca. c2 ... c32 , 
c39 ,. we have the following from Section 4 of Part Av ano., 
Sectlon3.ofP!J:rt.Co · .. · · 

- .1,2{16 l'3 c32 °'39) ' 'U • 0 

~1 
;: ·l/(il6 ·a J. 

. ~ 3,t..-

0 = .5( c:e} /@,.( c32}) '2 
. ·<-- ·~;·· 

c3 = i/540 

c :: l2 c 39~8l3 0 32) ·.· ·4 
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~·· 

'"· 

; '>; 

.:.·:·~~f\. ~, .' 
:, .J~{.~·<t ' 

= .· v 2 ~r)g(l2~8 ;:v ':f e32) 

. 1/(96'~32). 

1/(96 e,32) 

e8 , de~~r~ined a~ in P~rt,B, 
e9 ~· 1J 2 'ej9~6' A c32 ) 

c10 = ~zc39;(2o16:U 3c32 ).· 

,c11 ·.··• e:;:/{27000 c 8c 23) · 

r;12 = ~.~·.· &~t,/~6 --J 3 · c32 ) 

/\~'].~ '"' V 2. c3/&6, i 3. c 32 • ) · .. 

3l15 = r:g . . , . . . · 

cl6 = (2 c39/§6 f 3 c32 ) 

c17 = '~ 2 .~39~6 ~ J en J 

. . ' 

.: ., ' 

. -112~ . 

; . ' -'"t-· 
Seq,tion 4· 

.·:%_ 
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The practfcal details of arr11nging the gear cbn­
neetions, of setting the int.egral'id discs of in,tegrato:r:. units, 
of·· using the matE}oroT,ogica). 'da,ta, a.nd so f orUJ, .. as well·. as· ·' · 

' ... the whole prior problem, oi'; arr:~riging '"t,~te actu&1 set"up of 
.. bus shafts on. the arw:J,{W,ze.p frarr,e. ,ts left .for the Su~pleroenti'/ ~ 
.There one finds, a~ tr,e {:'eStll t of a. sp.ecial study; a set'-up 
dtagr?m propose,d in:-lvr,ictl for practi.cal convenience, v:;ri~us 
!!JOdification~> from ti:te··~;'(iation hit):lerto. used have been in-:-.· 

. corpoJ;ated. :(Ji.:tl ~ea;i' gof!rtep\;ions wnich can. 'be maintaiflf?d, .: . 
· '!!lc~ange~ f'¢dtlli' 9ne ptqgram to the .tiext have been depr'l,yedof 
tnc~r special ser'l,l!t:t nmnberJng and indlcated merely by the·. 

·· .. g$ali' Patio involv<Jd• Tlre adder$ and tables have been'iglvi}n· 
_spao:J.al ri:smes,. the' :tn:t~er<,tQ:r unit;; have been numbered · 

, ; rto~ording· to. th~'rf,'locatton; and th0 ad.justable gears have 

•;,,;;; ,;;,·~:~.en .•• Sf.e ci;~:;t~:$~r::::q~1:' us i 1~ tl}i s . set -up··. di fJ g r anf,~nd .. ···., 
. . r; {1£ proceedi:{l~ d,ir*;j;~:f. fr<:rl,ll da,ts(. to.,r:eC<6rtJ ed runs, Gomnutirig · . 

.. :ii;ote .)if0< 4z•r•''j)J,,r-ect'ioif.i'J.~· :fP.r.F':i:.~~inl;\ .t)\Jt· '.P ecord f;Br . Analyz~r' ", . 
. i.s app(:;:nd~ey,. ·•·This"rrot,e .. refers ··co the blank fort~~;,. e..copy 011 .. ··.· 

·. whfch· ).s' '!else appeilQ.ed,. entitlf;d rw~•copd for Analyzer", end . , ·· 
calls forj~j).(l\~s<'! ofCotq;pl.lt~ri~ r.fot€,:No:cL~ aJ,s{) appendedi . 

X• Wlriel:Lis:;,a Jist Q;~,> gear ra'titOs ,ol:)t~:<.tnaDlec\"11 th. SO f.eyu 'i'cS 

. tl'lr&e. 'p~t:r~ of <~Y:aiJ,I:l b:Le ·t<~i!rs. · · · · · , 
c · .. :~:.~~:;~<_;::·~, >·.:." , ;. -~c\,,, .. ·. _,,. ' _..,..._,.' ' . 

·,·.··~······.·· . ' -, . 

... /1///. · .. ~·.··.·. ' · .. ·. ·,. '. ··.· 
~-' ' ' . ~ 
Albert A. Benhet t-', 

. }fa~ or.,· P;rdn,ance. D¢pt, 

~-

. r' 
·' 
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I. 
SIJB~MACHIN.ES 

(fCJi bUTPU T) 
.. TYPE ·. NO.·. 

,, o(:c 

:3 

(E) .. 4 
5 

" 
" 

·. i ~ " 
\s 

"'{·· 9 TABLE . 
(F) !0 •! 

II • 
.~ 12 A,DDER 

13 
' ~ 

(Gl :: 
16 

.7 
:A. ·. 

"'k> 

• 

" 
" 
" 

I 

2 
3. 
4. 

6' 

OUTLET ELEMENTS AND SHAFTS 
MACHINE ELEMfNiS 
:. {OUTPUT ELEM.) 

TYPE .· NO 

,. - ~-- - . 

z 
3 
4 
5 

!HTEGRATOR I 
~· 2 
.. 3 
.. 4 

" 5 

• 6 

• 7 
• •• 8 

TAB LEe 

" 2 

• 3 
APDER 0 

• I 

2 
• 3 

" 4 

" 5 

PR1MARY.(OUTPU T) SHA'FTS 
JOINING 

GEAR COIJPLING-S 

. 1'105. 

22 .. 
24, 26 3 

4. 
5 
6 
7 
8 

!0. (~,(25,31, 35,55 )) 
4.!1 (29,1! ,56,(27, 34)) 
48,52 

9 
ro 
ll 
12 
t3 

32, ~.50, 53,(36) 
:n, 4§,(21) 

.19,37,54 

38 
23 
!?,{25,31, 35, 55) 
27,34 

lA. . '36 

15 ?I ~- ~ 

16 .. ' 25, 31, 35, ss 
17 29, 4J, 56 (27, 34) 

./ 

EQUATiONS 
VAR. FORMUlA 

. ' 

· .. . 



2. GEAR COUPLINGS, INPUT ELEMENTS AND 
·SUB-MACHINES MACHINE ELEMENTS (INPUT) SHAFTS 

(FOR OUTPUT) (INPUT ELEM.) JOINING 

TYPE NO. TYPE 1\10. OIR GI1AR MACH. 
COUPLH\1&' ~l ELEM. 

NO. NO. 

IS COUPLING 18 INTEuRATOR , .. - 18 . 18 
19 • 19 • " t 19 19 
20 " 20 • 2 ..._ 20 20 

21 21 t 2 I .... ·~1· .. .. • • 
22. • 22 ,. 3 - 22 . 2z 
23 " 23 • • • 

f3 23 
24 " 24 " 4 - 24 24 
25 '25 ~ 25 " • 25 

(l) ;;.._ 28 ' . 26 " 5 - 26 26 
27 ,, 27 " t 27 27 
28 " 28 (H) " 6 - 28 28 
.29 29 t 29 29 ,, 

" 
30 • 3.0 .. 7 - 30 30 
31 ' 31 " t 31 31 

32 • 32 8 ..... 32 32 
33 " 33 • t 33 33 
34 • 34 TABLE I - 34 34 
35 ,. 35 .. t . 35 35 
36 " 36 2 - {J) 36 36 

t 3,7 ,, 37 37 37 

3S " 38 "' 3 - 38 38 

SHAFTS 

EQ. 
NO. 

2 
-t· 

~ _,<"· 3 

4 

5 

6 

7 

s 

9 

10 

II 

(TO 6f. CONTINUED) 

EQUATIONS 

VAR. ____....__. FORMULA 
NO, SYM. 

{~ ~}.£vdT=S 

{,~ s} . 
H f.H<~S • -1 

{~ J} jsdJ•R 
6 • 

D~ R} fY'JR•K Y' . • 
{,: R} . . X' -1 W'd R • X' W' o I) 4 

£~ 
~() 
16 

{~ 
{'3 

16 

f': 
10 

T} 'f.X'dT =X 
X' • 
1
,} 1 Y'dT •Y y • . 

y} H, -jH.dY•Hs 1\ • . 
w} vw• 1 +Y''" • v 
Y' 

:} 
u 

V/A•U 

s.(u) -rr ~a 

J 
j 

._:; 

' 



' .f . --...:· 

[ 
/-< 

3. GEAR COUPLINGS, INPUT ELEMENTS AND SHAFTS (CONTINUED) 

SU8-MACf.iiNES MACHINE ELEMENTS {INPUT) SHAFTS EQUATIONS 
(FOR. OUTPUT) (IN PIJT EI,.EM.} JOINING EQ VAR. FORMULA 

~ 
TYPE NO. LOAD TYPE NO. GEM! 1)- NJAC·L- NO. SYM. 

C<lUFL,HG-
11

,_ ELeM. 
'NO. .... 

39 COUPLI t\IG 39 - ADDER 0 39 3!l 
{~ ~} v: -(T~K) =Y~ 12 40 " 40 - " 40 40 

41 .. 41 - " 41 41 f(, X'} 
42. 42 

13 . X'+AW' •W' 42 42 - " • AW' . 
43 " 43 - 2 43 43 g_rn) .6:} (A.-Y) + f1A ·A 14 44 • 44 - ,. 

{K) 
44 44 

.45 ' 45 - 3 45 45 {:. H$} 15 H5 + AH • H 46 ... 46 - • 46. 46 f}.H 

47 .. 47 - " 4 47 47 c: ;;} 
48 48 

(H) 
48 48 16 Ys "' A Y. • Y' 

' .. • 
49 • 49 - .. :) i!9 49 (~ ~~} 50 50 50 50 17 X;-AY•X' • .. 
51 • 51 {PRINTER I 51 51 1 0 T • T• I ]; 

52 52 I ~ li 52 52 li 6 X r )( ·~ 2 '11:, 
53 " 53 

) 
0 " :m 

{L) 
53 53 m 7 y • Y•Y 

1- :ur -
54 54 ;;;:) .. lY 54 54 .][ 9 v ~111 V• y_ 
55 55 

a. y 55 55 y 16 Y' '":2' y'.,.Y' " ;z ,. 
!j6 • 56 '-... " II 56 56 ':2£ 17 X' ~ X'•X' :rr -
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EXPLANATION OF LETTERS USED 

QUANrtTY 

EARTH ROTA T!ON COEFFICIENT 

SOUND SPEED CORRECTION 

DENS/TV RATIO CORRECTION 

HEAD WINd 

TIME 

RANGE (HORIZONTAL) 
(CORRECTED FOR ROTATION) 

AL Tl TUDE 
{CORRECTED FOR ROTATION) 

GROUND SPEED 
(COPPECTED FOR ROTATION) 

VERTICAL VELOCITY 
(CORRECTED FOR ROTATION) 

VELOCITY, WITH RESPECT TO AIR 

' 

. 

SYMBOL FORMULA 

II. .0035342 SIN AZIMUTH 

L1 A (FROM OBSERVATION) 

Ll H (FROM OBSERVATION) 

LlW 

T 

X 

y 

X' 

V' 

v 

(FROM OBSERVATION) 

(INDEPENDENT) 

JrdT 
0 

X' - 1\Y s 

r+IIX 

ARC LENGTH, WITH PESPECT TO AlP S [ 1/dT 

SOUND SPEED RA T/0 (ACTUAL) A : (A. -Y) +.dA 
~~+-~----~~·----------~.--~~~~~~·---4--

A/R DENS/TV RATIO (STANDARD) /1.. <H, -jff.;dV 

tA t /0. 5_ .. 2::;..:7_;'4~)-....-.'-___ -+-~-
..;_g~-

'. 

AIR DENSITY RATIO (ACTUAL) 1 

AIR SPEED (HORIZONTAL) 

GROUND SPEED 
(UNCORRECTED FOR ROTATION) 

VERTICAL 1/ELOCJTV 
(UNCORRECTED FOP ROTATION) 

ADJUSTED VELOCITY 
(WITH RESPECT TO AIR) 

( H, ~ 1/C) 
l a , 
! 

H 

W' 

X' s 

u 

X'.,.. LIW' 

x; -jWdR (A,': HORIZONTAL COMPO­
" NENT OF MUZZLE VELOCITY) 

V:,'-(T+K) ();;''~VERTICAL COMPO-
NENT OF MUZZLE VELOCITY) 

V/A 

>-,---..-.f-~--~-·~~~,.,__,...-~-~·-~-~··-~- --·----+ ··-~------~-----·-------~--··~-~+-----
Bs(U)+r {Bs (U) FROM TEMPLATE ' 

··~ . 
. ~.·. 

DRAG COEFFICIENT 
(ADJUSTED FOR TIM£ OF FLIG-HT) 

REGRESSION 

''J ''-INTEGRAL 

"!("-INTEGRAL 

B 

R 

J 

K 

r ADJUSTMENT PARAMETER) 

jBc!J 
6 

jHdS 
• 
jV'dR 
• 





' 

' RECORD FOR AliALYZER 

FT 

Proj.ectile 

Fuze 

Drag B\mc.tion 

· Est:tm~ l>fJii.X.; v = 
Elflt.im. M;UL· C - · 

III= 

8. y 1 1 f;/s~ 
I . . 

7. h
5 

1 unit=· 

.-

6. i v 
i 
' 

'· h 

(same as. H) 

(.;;ame as 7) 

4· b 1 Wlit= 
., 

3. Y' (same as 8) 
-""-' 

2 w' (same as 8) 

1; as 8) 

T sec 

X ft~ 

.:R t 0.00231481 1J.!;l.; 

I''/ 

!1a:l(:imt!lll .. p ·= 
I 

· 1-Uni:Jh\lm b = 

Rot.= 

I. 
!I 

t .. l~.S •:! . 
1.Div. 

t.l.s.,i 
. . I ~ 

. :; 

' 

II 

• - -;'-

Wlit"' 
' .· 'I .>' .f/s 
' '• .i:' ' 

~;:r·· 

'-: 
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' ' 
· Ball;!.&!~;!& R ' · . · ... · · VQ~put1ng i'tote N~~afgh Labqrato;ty - Comput:l,ng Bra:rich 

• ·· · · .. . · * .. November 1942. 
L.i.st oJ: decimals from 0 • 5 t 2 0 . . ~r fewer av!lilable AbsoluteoGe~r·R:a~h ex~ressi~l: with three 
Notet- F'or values outside this .. t <;S ol the nnalyzer • 

. ·. positive .pb"*'s or 4/1 o~ ~n. J.n troduce ~•ppropriate, 
1 .sooo .,~ .. i . . 2 .5833 = ta ~ .~ 
3 • so62 = 4z:;:~ = i

4 
·<2.· > ~~ 3 • ss93 = u5 .. 6-. = ..u. 1 1. o4 . , 11 · , 7 • 2 • 4 

3 • 5079 :: .~ = ~ (2.) 2 3 • 597 4 = ,427·7 "' .a . ,Z.l l. 
. . . .. · u-' 7 3 · 7 Z2 '2 

2 ·· • 5091 = ~58 ,. A 2 . 3 J • 5978 .= .... .ll9 = i a.z..·· l. · 5 5 ·n ···· · 2 4 ·:n ·2 

3 .• 5101 = t.765 "'.~··./;..a J .6000 ·~ i, = ~ .lz. .l•' - ~· -~.., -' ~ 5 ·z · 
3 • 5104 "' .42

9
· L. • •• = <* .. ·)a 2. .3 .6074 = tf22 = l (2 ) 

8 

·o a···J · ~ 2'11 

) ,5120 ::: 1~~· = (~)I 2 · .6(}87 "' f~1 : ~ ,f1 

· 2 • 52~7 "' tf = .;u J. .3 .• 6095 = ~10 "' A. •·. 1£ £ 
. "i''t 22 • 2 . 5 •7 • 5 • .3 

. J .5238 ,t ff = ~·· "- .1 ) .6098 = 12~, = 21. 1..'2. 
. . , . . · . ..:,.:. t ' J ~ 2 Ozt 22 '8 ') 

, 3
1 

·:la3,. ~ = t j .f
1 

3 .6loo = £~~7 "" (~)~~ <i> 
• :3 '".'t.·,·~.3~Z "' ~ "'. ~.·• .. J.· Z.·.·.· 3 .6122 = ill = (A) ~ .. .. · .. ···. . 60'5 .. z:lr·s ·n 575 5 23 

3 •. 5326 :::r · 1~~!.>2, ... ~·,· 1 1.. J ;6125 = !/1.80 . = (1..)·
2 

A . 
· · . v.li . .o;J '8' '11 ·.. 8 

2 .53. 33 = ~5 .... ·.:! ·.1 J .6173 = ~~t = cf> ~ 14 

3 •54.6.5··· "'9532 = ( .. !U.·,.·)· l. 2 ~6250 = .i = 2 1 
· •.· •. ·. ·. <> .. 22 2 8 4 ·z 

j .. 5466 = ·
1 

... ~ .. 
1
!L, i

7
·•••·. ~ l 3 .6286 = ~32 = .U a:. J. 

•· .·" / '23"2 5. 7'5'2 
3 .540.9 .. .15.4 = .t .1 l 1 .6364 = l = l ·· ~ 4 s ·z 11 u 
3 .55 56 = 2

9 
.. ;o (~J a (2)· 2 • 6377 "' 41:..9 = "- ~ 

.• i 4 <> .. ;23'3 

2 • 55 6B = ~.·· ..; ·1.;·· 1...·. 2 • 6400 ::: (Bt) lll = (A) 
2 

oo · s . ·u 5 ~· 
3 .5576 = Hs .. ~ J .; :r .6531 = * ., (~) t 
:r .. 55so = l

77
3a = ~. 1 ~ 3 · .6534 = m .,.. 2 n 1 . . ... 23 • 8 • 3 176 4 • 22 • 2 

3 ·.5600 = ¥
5 

"' (A) 2 (2). · 3 .6563 = ~ = l 1 1. 
' . A 5 8 J~ 2 '8 '2 

.3 • 5625 8 2.16' . .:. 1l.) ll (1) 2 • 6653 "'. 21461 = 21 1 · · · ... ':z 4 . 2 22 ·u . 
2 • 5714 '"'· .!. ;:: §. . 1 1 .• 6667 = ~ "' .6 

<7. 7 '2 3 3 
3 • 5818 = ll

5
·· 
5 

= .§: ik. 1 3 • 6691 = l 78S: = n (A) 
11 

. . ' 7 '5 'll 2 5 22 , 
3 .5S.21 * 

1
1,.\

9
.:§ = tq. 2 .1.. 3 .6696 .,.17175 = ~ 1.. .. 11. 

. . . . .I 2,.; '8 '11 . 23 . $ • 5' 
3 .56'22 =.~·= (M)Il(!l) 3 .6699 "'~= (2)

3

' 
~ ~ 23 r1 3 6875 · .u 8 
. \ . • = 6=JJ. 11. ,.,1'\··· 1 . 7 '8 . 2 .v 

\ 



. "/ ., . 

. 2 ~7656 = ~· = (~)2 
' .· 3 • '7813 = ·•.42 "' (2.''11 ! 

. . 32 .. 4~ 2 

• 7811· .·.· "' 6:9' :a·· l. 6..a. . .·. J .•. · .. 3 '+ .. · ·ia .2 22 2 

') ·•····.·. ·~···· g i ... 
4 .785'7·= Uti/"' 7· '2' 

2 .• '1955 = ·~t·= l·h . 
3. 7965 = 184 ~ §..61.£ • . . 231 .. 7. 22 3 

3 • 7971 "' .u9·· .•.. = .i. 22 .4. 
. 69 4 23. 3 

1 :~\~;~0 ~··· ·~ ~J . 
. 3 8'004 .. ll:d1 "' ll (-87) 

2 

• . . . 1408 . 22 

3 s6o.6 = ~ ,.,(g4_)
2 (1). . . ro~ . 23 8 

3 .·· 98 ' 7 ·~ 
,8099 = m = 2 Cr:r). 
· ll n~ 4 

3 .8214 = i"1.4: = 7 . ;a . 2 

3 .8312; ,. % = (~)
11 

Ctt) 

3 83):6 = {!25 = .i . ~ . 7 
•. . 9 8 4 22 rr 

2 .6333 = t = £ . .i 
. . . 3 4 

3 .8:352 = ~1'*7' 67 .. .l.1.L 
2 8 11 

z ._s364 .... ~ = H·~ 

2 .8370 = = - . -. . .· ····~·. 22 7 
. 2 23 8 

3. ·8'."81 - 88 - 11. &.. 2 • / -105 - 7" 5 • 3 

3 .8485 = ~ = 2 4.L ·. 33 - •. 3 11 

3 .8571 = §.7 = .l.§..l 
· ... 2 7 2 

3 
·. ·.. 128 . 8 2 ') 

.8707 '"147 ;::. (7) (3) 
1 1.; <; 2'< 2 

3 .snz = m = t·~ . 3 



• 

) J 
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\3 

· .. · .. ,l' :~565·= ·~··= & . 
· ':'>'7 ·· · a3· 23 

.. ··~.·· (''~9~~o·.·= ··~?t·. = Ct> <t>li , 
3 ~~'~ = ~ =·~ (~)· 
; · .~sit ~ * .. ·Jf·i·~ 
3 . .. ·~~~ •:t$l· == (Z) a <f£) 

' '' ,,., .·,·' ' "' ' .... 
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2 1.2727 ~·tt = 2. il 
'l 1 27"4· •.• "' as =· ;, 2.fi .fl. 
,; • · .. " 69 ·". 2,3 • :; 

3 1.2$00;;: * = 2 (~/ ·. 

. • . . .2.4. A II 
. . . 2 l.JQpl = 49 = (7) 

. . m ~ ~ 
. 2 . Ji .• )068 "' ·. ss ·"' 4 '22 

~ JJ. .i 2. . !;:;, .1.3q95 = 42, '7 !,.J+ ',3 

" l "~"" _4J.: l 2 ·"" . ·.;~"' -. 16 2 ·s 
. •·••· ·. · .••.. · .. · 6 . U !.1 . ·· J. 

3, 1~:3~~«."' }i, .. 7 ' • 22 • 5 

. } l.i;L,g•= ;J.~~ =., ;tj ·i 
. .,;, ;li ill - . ll ' 2 

3 l.J~oo = 12J: - .;z. 22 : n 

2 1.,3~)~ ., f: 2. i 
\. 3 l.iq~~·: .. H$ = <~>~ <~) 

.,'" 3 . . 1.3662 = 'f~tl =. (~ 2 <f) 
······.· . . ~· i 8 .66. 

:; 1 ·~.668 = 161 = 4 ·7 '23 

J ,L:Wt2 = B~ = <f>'l i 
.3 1 .• n14 = ~ = ·~ .• , ·t 

····•· · ID l U 2 J l~{;7:C2.. = 3'52 "' 2 '.2Z '8 

.,·.• _:z2.2,.l ~.~~ 

.,1 . 
1 •·3724 - 529 .• 2 • (~3) 

2 1.)75(! : 1(: ,. ¥ . t 
'11•. 'l '>9"'9 - k2 - .., 5..1 ~ 
"' . ..., .,1 - JJ ":". "'. 22 'J 

.··. 2 '1/J. 
' } ~4000 "' 5 = 2. 8 • 5 

2 l.~~86 "' l.Q :;; .i . .a •. ·''> ..... ' 7 4 7 
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3 1.4318 ~ .l a ')_ = = (;c) <u> 44 

2 1.4348 = .l.l .l ~ \", 2.3 2 • 2.3' 

.3 1.4367 = ill = u §. .. 
245 "/' '7 '5 

3 1.4375' = 2J = ll ·.al 2 
16 7 ·~·;z··s ·.::: ' ' !\· . •, 

J 1.4378. ~ ll ~ ll = .370:3 "' ( 7 )(z~) 

3 1.4545 ·~ 2. ~ ;;'h = 11 = 7 

3 1.4927 = jJ.a 
343 "' (~) 8 

3 1.49.35
1 = m -.2. ·~ 1l 

77 - 4 'Z2 

1.494~ n fU= <t> 
2 '64 3 (2.3) 

l 1.5000 = .l = .l 2 2 

2 L ~o:u = fii = 1f ' ~ 
., '1 5" "8. · .. ,. 22. "' 2 !i .a 
-' • "-.;> . 21 • 7 • 3 

3 1.5.304 = g~ "' 2.~; ·~ 
' ·.li,!l_ 111 

J 1.5313 =3z- 2(8) 

2 1.5625 , H = <tl 2 

2 1 5682 - Sl·- .l .a.l . . . - 44'.:- 2 '22' 

1 1.5714 = ¥ "''l:f 
3 1.5909 = ~ = z.z ·fr 
2 1,6000 " ~· = ;L~ l 

' 
3 1.6198 = i~t = 4 • <!r> ll' 
3 1.6327 = :~ = (~)

2

(t) 
· .. ·-ill-'~ ll .u 3 1. 6335 - 352 - (4) (2z) 

3 1.6395 = l§ai ·~) ~~ 1 

;~~; . 

3 1.6398 .. ~®t .. i ·~ . * 
3 1.6406 ~ 3ft.·= ~ ·t ·i 

' '"''~.·<· .:· 

2 1.0429 = fi = ¥ -~ 
· .. ~ 1122. 

' 1 !£>4:63 ~· 147 ::: ( 7) (J) 

3 r .. 666b :-§~afi ·~ 
3 1~6'~~7 ~ ··~· = 2.~ .. f .. 

.6· ·7. "9' XL ,, 64 1 
3 l• ;~ "' 1.6 = 2. 2J • 8 

3 1.6970 • ;B:: 4. ~ • B.-
2 . 1. '7'143 .. >. "' i ·~ 

. .. ' .· . . ·. a 

3 1.717~ .. 5~ = <#}. ¥: 
' . .J,!Uk - ll s '" .. 

3 1.7178 ·~ !127 -: 7 '7 ·z~ 

. 3 1.7188 = ~,; ,. ·t ·i 
' . 2 ' 1 

·. ,2 1. 7500 = ;4 2.g 

:r \1.7778 = .1f = 4 <t) a 

42.- 2: 2 ! 3 l. 7857 = l:4 - (4~ 7' 

., l 7922 .:. u "' l ~ .a.l _, . • . . - '77' 2 '7 • 22 

3'. .1 79"'" - J.2.!i. ;.. .l ~ '" · -'" - '92- 2 '4 ·zJ 
2 1 7959 - 8.8 - ll 8 • . - ~- 7. •7 

J 1.8000. = '* = (~) 
2 

~ 
3 1 8~s6 - ~. - 2 ~ 4 . • "- - .3 5 - .7 • 5 

·.·.•·... . ill .aJ. 1 
.3 ;~~ 8295 "' 88 "' 2. 22 • 8 

.. · .29! . 44 I) 

.3 1..s299 = 529 = 2(z3) . 

2 1.8750 = ll .,. .l . .2.4 
. 8 2 
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Ballistic Hesearch Laboratory - Co!!iputing :Srat!Ch. 
·'""' 

Computing Note No. 2 Revision, February, 1943 

Direction§. t:,Q£ li'illing £!11 ~R§C2!'d fot Ana.lyaer• 

. ~d!l!(tia!!~ 'l'nill Noh i$ for the purpose of enabling a · 
comput-er; not already ramniar with the procedure, to fill out properly 
tP,e tom entitl!)d "Record fdr Analyzer (Set-lJp Plan Qf· January, 1943)•. 
This Note presupposes the Uli<> of Computing liote No. l which l.attEir 
exhibits a lilreqj.te!lree Of de.e;\.mals representin,g gear ratios obtainable 
t;~ gesr traiJ>B each using not more than three of' the gear-pairs now 
available for the Difi'arential Analyzer. The present Note &l!lo rellltell 
to· the n;>tione and concepts in the .ili\L "Report on the Differ-ential 
Analyzer", lloeember, 1942• .·In particular, of course, the reader of 
this Note ie e.uumed to Palfl at hand a copy of the blank form; "Raiford 
for Analyzer" • mentioned alilove. Sine'! for practical conveniel'lCe the 
.n»tatJon l'n this form ·dapar-~.e in aome respects from: that used in mc>flt 
llt :t;b;e Report, reference to the final diagram of analyzer. set-up 
ippeil.ring ae a ,Supplement llf .. that !l.epo1•t is appropria.t<!l. . . 

save'~ or the heading a!)d, the final apace res ened £·oi:­
"Re~~~arlm" the hlank for!!l of the "Rae:ord" may be viewed as .·divi!iad ~nl;o 

- !'out' parts respectively (l} "Data", (2) "·Gears" • {3) "Number. 'o.t'-. Tvrns · 
· of Lead 1lcri!w per Pllysieal Unit" • (4) "Number of Phy~ ica.l U~t~. per· 
Printer Unit", Each of these parts will ba discussed in turn• For 
. ~:reVity ·the nallles of these ·separa.te part~> are not printed -on tile 

. "Reooed.·~ .· II fifth eeotion\o! this Note. displays conversion i'!'~tore 

.. f'or the Integrator Units. ·. · ·· 

1.· ~ . . . 

. ".c. ·· · .At the top, left is a:place for the "l>cheda:&.e ~ .. " Pet' the 
· ,,Abe.tt.. Eaqb sheet formulates ll separate "Schedule"; these schad.ul~. 

(i../ta.:l\\.lillb&red lierially. A. "Schedule" applies to a gfo1lp of i;rll.jeetoriei! 
daeignad for the same firin,g tahle but havi~ for e:U:mpla dif.t' erent · . 
ang'iEill of departure. S9meti!!We the muule vel(Rlity is e~Ol'l to the · .· 

·· .. whqle gf~oup of traj!lct.aries eovliWed by a given I!Ched.ula, but often there 
· will be differ,f!pt •zones" •b with its own diatiilet.::!Wzzle'.velocity. 

Furthermore t'l.t,e. ballistic c~o!ficient inlll' vary elightlyi:"with .the 
muula velo.cit'y or elevation. A dnn ":nm• pr~!lents n)llller:l,~l value~ 
o~ II singl11 trajectory {for gi'von lll1lZZle velocity. angle of'c departure, 

·. :,;biy.li,tic · c_ol'li!icient. uilllut!l 'of fire IUld meteoro:j:ogical conditions) o 

The ~uns are num);}ered eer.ially in a aingle liet. 'i,lhe eeriaJ, numbers of 
·. tbe }nan~ rul'.lli for the _lila!lle JlchlldUle nil fonn a .!j:on&eeutiv!f· set to· be · 

indi!!at<id as usual by writing tlie first and last .numbex:s ~f tbe !leti 
.lle1JU4.hli bJI the w-d::"t~" at i;b.e upper right. ·· . ' · · · . . .· 

In <larryi~ ~t, t~~ ~~parat e.~li111l _baaed Up1!n a ~~OD lll'lllldule, 

... l. -

~-·· 

\ .. 
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: flll'ther <111.ta ll'~J<OW t~~ tba't fill the- "Record" ,we needed •. Jlr.>ua.lly, 

two ad.ditioMl ~>beet• .of data are pr&p!lrad f<lr. e;i,ch· run.· Theee sheet~• 
ilot 1'11rther dieo:uued in tjJ.ie ll;:ttj:!, incorporate tbe· euct muu.l.e · ·, 
Veloli»Y \r{ltber th!in merely ft;;W' bOLmd) t and the euct ballistic· . < 
ooetficien:t.cira:t.her than merely a.tll1fler bound)> the.angle cf'dll~rture, 
a!l,ll . .a~: :rortb, ~;,nd :S.hQw the I! ettinglf to be ueed at the v~;,rious tab lea, 
integn.ro\ie·1 and h~d. o~!i:IJ, •£or the p~ioular run coll<ierned. · .. · 

• • • •" • I 

. . · TnJ~~ ".J"l"' a.t tlie left refer& to the ·official Firing Tab).e 
d$a4&1'lntibti·~;;ll<11oh as ~rT 75-B-4" wbie.h is for a certain 75 1!1£ gun 
.and ·~"'llnitiou.·· 'l.'ha •Gull" 1 "Proje!l~lle" ,i and ~Fuze'' a paces at. 'l;he 
left e.all fo'r. i'i(l· :t;urthav explanatipn• ·. The ~Drag i'uncti'on" 1\18.Kel3 
~hr~nce "t.~. t)l,il a~,p,ri>priate .one of' :tile silt fun$tiona o1, •••• G-~;~ 

···(or S0!11Ert;im~s a.lac,~~.ign,ated as Jp .... J g) of which, h?wevar, .~3 .• 
. &.n<i G411ir~: prae<tic!illy obsolete, or else to the corraspondJ.ng .+unet~on 

dbidfid: ~J v, oe,lled r'!lspe<:tively Bl~ •• •• n(\'!' The ~ticuli\1' dta!i' 
:f'unc~ioll .~ed.dspends upon· the shape of the p~.ll~ile.: .~,other ,. , • ... 

. . che.racieri&'tiell o: the ,projec~il~ a:rs.ror ~t~11.l put'~Ol>es: ooe·en:J;ially .• 
·to b-Ill lUJ!jpsd: in wl.th thee hall:tshc eoe~ricient • .c. · ay Eatim. liax.< ·,vP 

, . iii IU~ll't. .an (~Jll;O:!tilllat~) ~·veloCity for all·runa. to lla:IUU'ried 
out on' th\:1' gi'tail. schedule •.• This Ma:t.' Y is either a. muule -t el.;ild tf• · 
or .slie 'an "~;,dj~~~Jtad velOa.ity", ·also called Ut obtained by'e.~rillon 
wi'iflJ ,'i;he nl.Qt!ity of s!)l.IMJ it ill till be carefully !ltstinguio~elf •.. 

· f'rom ·-.x~um·u~•liste'd iA the Z.fght hand eolUII!D wlli~h is a nUlllbor < .. 
fixed: for any •given teiii;P.~te independent or th~ indivlidlilil. ru~ of ... 
llc-hedule..o 'l'oi- \a: lllOy-~oli,.;d pTo~rli!l!thia "E11t ira .• Jlu. v" WO\lld b.t~ thE! · 
vel.ocrl.ty usl!d i.<ir the f'artiiest zone •. The baUbtic coefficient,· often 
.r~rded ae a constant detei'mined by the p1;ojectile a~one, ill "' 
param,t:r~ar .. adj.~t®. to fit oonrwed results • and in practiceilllay vary · · 

·.with angle of ei~tit;m and muu.le velocit¥ even wh~ acoeJ)ted as 
conatant du:ring.liny one run. .In .order to secure the effident \.tee of 
the J,Hl•.rmlttad :travel.r ori .the tablaa. and integrator units • there is nired 
not 9nly fol· an \tp}>'l'r bound (l:n muazle Y!!loo:l..ty but also £or a: stti,table 
lower bo11nd. for the v-ariouJJ ilaluet o(. the' ballistic coei'f'ieient (C) · 
cotresp.onding to different rurw on the gtven llchedule. An estiinata o£ 

:·.the m~nimutll va~:o e of G ie to l<le recorded in ,tb.& $pull marked "Estiln. 
Min~ en·, ··The. actual muulll>'v'eloeity and. hallieti6.'ccef£iciarit are · 
S'Ventuaily ua.ed on each t'Wl• but those are lie. ted.· OlJ: other sheet!! a~· 
e.n.ter t!)e eompute:tiorw iiHt different connection. By "Az. Fire, at 1 " . 

is .!Ue'ant the ui!auth 'Ot tl:le vel"ti~!al.plane. of' £ire. m~eured £rolll north 
throll$h · i:ia~t>t• Ulllfortunately the pr~otiee a't .the Proving Ground is to 
report a£~tb~S: clockwise bu;i frO!II 'the south. T!:u; IUi!auth .i~ used for 

· eli:minath!:g the: &fi'sct o£. earth's rotation fur-eduction of' obsaned 
. firings or f.or· e~;ti:mati~ ~iti ·prediateil affect• .4ometillle~ m0re thai) 
one az:i:muth :Ul .involved •. b'ut llill!l'e the uimuth 'is used, J.£ at all, in 
lifliierJI1ining 9ne of', th&. gS!lv ratiOs adopttildt any liti'U'I scbfillfule is sub­

•i!!taili;ially a:fthel" ·!'or .al;l; uimuths .. ~· else tor a single a.zi!auth· only. 
A rath-er. cl:ude approximation to the. az.i:muth w:I.J:l be e.dequlih except 
in. cas ea . of very lo:ng .range~ ·' · 

'·- 2-
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. . .·. ·~ ... ·' .'-at ila ~now tu~ i;o the· dat.r. .· \lllt;riee ·oo.· th;a right ha~ .aide. ot 
• the tof[',.:ection o:t: tha liheclt. A gi?en drag £unction• ie.y Ga. ·": B1 may 

!iie i:'e:r)r.eserited by~ll<')rt> than onei;Ellllj;>lat:e qarl'!'IIJHllid~gJc;~ :th.,r mng@ or 
'~te.19¢Hies ,ein~¥¥.: ~It j.a ,ptafa•·able ~~·us:e li templsl:r!~ wi4h,~!llll . 
. ~;I ted ve!ocH;Y· .abo\;it. t.e~ ·perolilnt in el(:lilafiEI·~r tho mu.lmum.·'t~ ~ .... 
inoo.untel'eil. i'il. w~ rune f'«>r the given ech~dule.- '.!.'be templat~ :tor II. . . . 

givo:iu)lraJ!i fu11cti:OU are themselves ~be~ed fiir eX!UliPle,:~~flll!Jfliate #14:(13)". 
:Art(;lr. daeid:i;~g·~J!On both tbe ."Dr!l.!il Ful!l'ltil)t)." and "E!ltim; llai.#r:r', one,. · · 
. uan p$-elc. a.n appropr;i.a.h .. template :am<Jng tl'los.e already on ha~tiior if . 

·. ~:Ctl$!i~·dlilij!tndet.(}aii'!Ai"re~e.to ha'l'e a.new tam;plate eli~;, •. ·•··• ... 

···.•. . ·.· A given ~~~J.«ta~)o~a '"B" funotion h~ ·~··• ~nd;~eatle~ a~gument, 
. not 'Ve:l.oe:ltY (..,itb ~w~: to gro~ •~'»" t;o aid. but. Jfua.(!yi?H.u;t, • · 
·. u :: .v/"&.t V/llifre v is ;t.he vat:ocity f.\t:'ttn<;;; 'prejec:tile with re~>r.t~t~t to '!1):19 
· .all', .and a· \t!;te tHI!H}d "peel!. ratiot ta tb~ velt~ci ty o£ sOilnC, !ji't, tile ..•. . 
,);ivena;ttitudq (rOt- ~~~~rd tempereturli! iltruot~.a) divid&d ~y thll .· ·.·. 

·. e.Qrr•. 1>9. >ndiJ:I. ·;·.· .velD«.· ity .. ·.Of·· .. ·. flllund .for ~a.ndard l>eG.,.leve.l colld ... lti .. ons..~. · .. :. 
A gbell~ate \ll;l.rriee t)l,l!l V~~.lu$11 .ot u in i'aet per second, fr<ilm · .. 
·~ = ()to,;·oertain ,.Je;&i'.UIJI uu, Cmaiimum>:tor the part~e.ub.r t'ellltris.te)~ 
~'~iwum u" f~ ~li,e 'teUlPJ.:ate differs fro~ that !'or another~ Irt, . ··· .· 
tn• ;P'Jl!<O~e. at c111\!ptl~~·'t't:Je''ld.'~ect .ot h). i,llcl'flll.l~<l ot ll!UUle vsl®itJt 
:o:;.(HJ·d~·i"Qa.a!J:·of tl;tnp.$.,ature (lOll iU'tt>ctipg:e].ptioity) :orJw1 ha.d 

·Wind:f tiiere,,JliaY t-'ell resul:t an inoi'eaee or. $®10 11$ in.u over. t'bat for : 
. thE!. lilt.andard·trajeeto:rlfJC llfifltM> '1!1 • v/a wl\ere v is the v~oeity with 

- ' - ' - _, - _, '':'~! - ' ;., ' - -~ -_.. ,_ " - ' ,.., - ' 

• rliS;jlE\Ot to the: fl.~l't a!ld, a•~ tll,e .l'li\tj,JI Ot tbe VelOcity .. Of.IIOUtld at . 
. . given temperature t9 the Vl!flodtf' of sol.ind at aea lsveJ_ uriller at~al"ll . 

conuiti:ene. ·• It.~ neire~aa.h(, thex:et'ore to lile ilur& .t~t tb*. es~~ted. 
max:im!UillllaZZlli v~.ooity l:>ecn,ot more thl!lll about .nine tenttul qf t!U. · 

. ma.ximUni' 1.1 p<n:'!littted by. the:tanJ)34tQ. ,<With. this pracAutiOfl. u wUJ: .. ~~:ot 
fall beyond the templah f.Or. the illltUdl/· Of: •uoh Bpeda,l effectiloo •' 

> •.. Thll ~:Lti~~ of the "B~ iun;;ticm in the selected d~lil: df ·u. 
He IHttW:!!M a minil)lura, ("Jliriimlllll b") ta.ken on for u shol/!tlN below the 
velo'citr ~f .SO:UI'ld and a mq,~Ulll .l"Jile.ximum b"). tak~ fOl; U Bhll!'tl1 ~~;bove . 
the veloe:~.ty Of round. 'I'IH1 tllll.plate is pr-eferably $o · pl.anned. that the · 
ma.o:ilnuilt and m:liiimlllll are raspeetively !rl the top and at the bottom or the 

· · table, ~;eparat.ed ·~ 18 ine~llee., or 360 tuM!f! of the ordinate. bad serew. · 
Let nb'" the actual nlllllbersib£ turne of the lead screw llepar~tin& the 
U1e ro~iJ!lum fl"'!!l the 1llliUI:Ini1ll!l •. The range oi' depend:errt variable eltbibited 
by ,tl1e temple.te~p!i.Jm th~ dii"ference, bb, • = bmax - b i • '!'he "Reeord~ 
&l<liib.its the valUEII!I of' "~imum u" ,. (for the tamplahT, n,lf!u:imum b", · 
"liliinimum b", and (vertiC'al)"nnge Of' b ... * .in·turns or vertical lead· 

· s.erew, takin~ thiil information from the let;end cut on t~e 't.plate. 

· ... ·The spaeee "Computed bid am·. "Checked tiy" .· oe.H for no special 
remll.rk. The "~:to" rehrs to tllfll ®!tie of computation ot t.he schedule 
sheet, rather tbll!l to any data of.'~pletion for analy:ter :run.i;; firings, 
reductiO:ml, ·or .. other a~utationfl• .· · · . 

-/ ' 



l 

' 

) 

'· 
" 

2~ ~-

There. are four to dlt ge~ar trains .to be determined afresh for 
ooch schedule \i;ut left unaltil!red from run to run in the sch~dule}, the 
other gear trains .in .the ~chin<:> being laid down in the set-up plan, 
~nd j•emaining Ul'l!l.lt.<~!!ed frQlll one echedule to .the nejtt. Eaflh; g-ear train 
is either (aJ "~er'!d~l being 0ne of three marked respeeti:V!J'l:f I, II, 
III, (b)."Punch"l. he ... ing. the gear t1•a;ln c. one. ernad '".·hell. y with .o. perating 

· .. the punch, or (c) ''l\ot", being one of two gear traine ,identipal:sa"e f'or 
lqeation, ·and concerned onl~ :;.'ith effactlil due to the earth.' a· rotatton, 
and hG>nce lahellild .. briefly ~ot"•·· As.eO!liated with the gear trains is · 

. a numer4al proportionality fa.etor <Hilled "p". • ' · · · 
' . . 

. • Each of thes.e gear trains yields a coupling coeff'iei~fl~ · 
expreeeible as a product of "simpl~ nega.tive ratios where aach of 
thass "idillple" negative ratios ie given by a single gear-pair. J!faeh 
is~one of the. following! -4/l, -2/I, -11/7, -3/2, -5/4, .,.s/7, -2.3/22, 
-lf:f,,•22/231 .,7/8 1 ·475 0 -2/3, -7/Ll, -1/2, -i/4:. Here the reciprocal 
ilf ·:Oac!Jl; ratio on the lil1lt is aleo.on t}!le list~ 

.. · ... By use of tile accOl'llp!Ulying list <lf ratios (compu'ting Note /h), 
onEvfirul.·s. a suitable prOduct raqli· for saoh elf the distinct gear 1>rains 
in ths listo We dii'!OUfHl thelile indivili1l.ally. 

. ' ' ' . 

(al !M lJumber§d ~ 'l);Aifm, - th!j! frgportj.onal~tY F~toro 
''. . ·(I) . Gear train I~ ca;ryin!l; b(u), reduces. the speed Of rot;atilln 
.from the output shaft of the f~J~~pkte Table to the int.J~grand of Integrator 
Unit 4, .llil.Qlle output in turn i~> tbe ragri!lildon, r (save for sigil)o .Now 
on, ~he T~e Table, ~ OCe!.lpies a givat~ nwnber of turllS of the .. 
. oroJ.nate l""'d' B!lrew, usually. 360 turns, trut more generally s 01:1e apecibed 
n\miber, SBl( n, not exceeding 360. The ge&r train l i.~ COO$ en SO !lB to 
re.duce "lolatimum b~ on the integrand of In~ egro tor Unit· 4• to about 36 
t.ur'!'ll!;.: This permits an approximate incr611Sa in b of lo% over recorded 
liaXimlllll to fall within the 40 turu which conatitute appro:ldmately: 
t.be. mu;imal radial dis.,tan~e available cw. the integrand disk •. By tll,is -
means an additive correcti.0nmay be. i11fPOiiHid upon the "B• function t'o 

· adju!'t.:.t'or tbe obeer,velt timea: of, flight of the projectile. · 

. . The firqt pr&bl~l!i' is t~ find how !l!!lfl1' turns of the vertical 
lsad ·screw on the Templ~te Table wnula correspond to' the interval from 
b.: 0 to b :: lllP!i.X" . It mi.y- be _rl!liia:r~ed that only rat.iQe ar~ ~llvo;tvad, 
so that the um.ts in which .b J.S meailurod are .ateri(l.l. Suppol!'" to· 
make the px;oblem general, one reai:\11 on the teJ!!plah that· (in C!f~tomary 
upit11l bma.x :: 0.00008430, and th~~:t biil:l: =. O.OOOQ3407 and one fin\is on ·. · 
II!,._S.i.tring· uponthe- t6111pkte ."', spr~d .,;f 16.5 inebea (illStl.i!l.d of ~uH 18) ·· 

.. or· n ,= 330 turns. trom b in to b..,;..;:.. Here ll.. = b .... b .. 1 ;; o.oooo. 50231 · · m -A ·o malt mn · · · 
· I!Jld this epread in b is QOverad in llll9 tn:ru. 'l:he nW!lber of turnS that 
would be required on tbe atl.!ne sed(! to reaeh tro& b l:. G to \llllji.X ie then 

'/ 
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(8430/502'3) 330 or -.bout ~54' t~~ns6 The . gea..r eoupliilg tb~tfi~~$bt. ot I. 
'which is t'o reduce. t4i!l to eomtlSo t)lrlle:or lfi!l, ~·a;bQI'l'tlS.4 .~ . ·. 
l.B.riler eo&rf~.ci 11.nt if! 'all:~~J.•,· byt. ~~~ ~· 111uch e194l1Jeu ~~1~lt~~g1i . ·2 .. · 
perl)Aps. the u&~·:o£, l$.00 ... \ll'oof.d lle · a(;~l!i}:>ta~l"&~ •.... ·'l'a](ing out :a factt!r. ~:f · 4! J' , . 

. W<il.liligllt tutn tot~~t~ahle':iii'~~:'!&n~;lJ'l'g~r golJplinfl:. o.cic~r:;ti,eJ1ta to · · 
t:Jn;tyll~.e. n~!"er.,'a~~ut equaf. te ·15~~~~~~:1:: 0.96 .. app!'u • .or aOI!l~t · 
l:@J-g'er;, For'ailltp1~city, thjlf, ~~lll'i:~ t~ige&.ITtl'!J,ill!iibort, ,ilrl~'ft~Je. 
l,~O(}::I.Jjs't!$a~~ :~r>c'fo,- .the wlliole~O:it!tl.j..ng;•·•·coerric~e~; ),6•·.ttefe1ifo; 'l:'hia ,is 

' •. p9Si'i: LV e w'#~r··i It qorl-61i ponde li:cr•'1J)1~ gear l'JB;it'lil.'of ·4/~< ~ch. ' :liat 
.· th,e eoqp.linl?;'c~~fj;~i(!nt t~· ~e apprl!~~~ be~~:b~.:l~· ·~··would· h11,ve ··.·· · 
, -OV!!Q 4,Z, llfld' lCJ.<~ked up in lilOllleutb;g"'~e 'Moo. ),, 1$/lfiif:.'i!' J.l;,81t &),lpl'$ll.i0 
· Wa w~yl~ p~~~~,£;o,und o.eo9\l = .. (~Jty;~~Jll, . Il!lnce '(to !{·~}~hll ~U!IIbar o~ .... · 
gear•pairr!\',.~v~);"•e !}i:lul.d in.lt}<i!l d~e have used. the pdi)~fiive •gear train · · , 
repres ep.t~d' bi (•4/lX"'2/l H';"2/:JJ \c:2/l} (,.'1/ll) {1""7/JJ.):,, 'llh+Si\·)lQweverJ .. < . .· ./' 

.. 1~Jo1y~e ... -~x pair~ i)f' ff!S.l'h:~~io'h., ill Ullriecellsarily'll,!!lltt~ Imtt.<i, we 
"~'r.!l!~<):1lS:'iill H~~'ijc/(;.4/lJ · ~;.2/3)\:.5j4r, a:.fot~r:. gear"~i~ .. ~iiit:f• ;ii:t.)l •. · ... > .• 

"'· .. ~~wJJlt,~t,g ~Mflici.~t .. ¢ ~0£~. ;: 13~3, ' Fff 11' ; ~6P.t· t}').e·'ti~~li\l?;t;,~~er. o~~: . . 
:~~'i;ri~.,'t~.li~;E!iJ?.Il{:tell.Jo t~•:"ava:iJ._~~e.tor the oJ'(\im#¢}.ead'.~r~:.:b.rr th~.•···· .. · .. 
,.'t~ll ~hle.- tha gear coupling c<lb;f'ficiant I, lllUSt sat:l,lili'Y,· .~r~x-
•:fl!\litely .· ·. . , • , · <'' · · · 

... ,::• : :.,\:ii;.~ ... 'i> :· (s~s~·/··.502Sh6o" £ ~(a6.> , .... ····;;k~ .•.. ··.; ... :.".·~.;.··;~.· .. ·} ... ·.,•.· 
. ;.,; ., ··;··· -:-~.- ·<'-:-~- _, ' -----· ' ; -·:>f: .. ~:~;~·,, 
.' Oir}:·- ·.-.: ·; .. --- .·,- ;- ;.~~ .•.. ·.·.·.:.·.\.· .· : .. ;<.: ... -~::\.;'.· ... •·.· •. , . . --- ·-- - , -. · ·. _.,- ,·-. -~ . _..' j_,._,_\'.'-U~.;~: ., 

·1. ,. 

i,'· 

.ci,[q; '. .•·. • ' :1:~ ~~~'7~38 • •• ' . ··' ' .. • ;. 

___ .. =-_--_ .. __ ·-( .... -• . ;_..:·~--:~-~,_--;--_-.~~~------ -----___ . ,.~.:-__ -,_ ..... - _-.=. :·---. ,~;-·;:~:;·_·-:·:~-:~~->:·:_~:.t,_:>~~!~~;r-.;~:·_;~., __ !_--:~_ >~~--- -- ·- --<> 
/ ~;:,.. , ~ ~.l\'.!51· i'll'!lfor +6 .,,,y:e im'"' l/16 appro~~ting ,fr~.I1J!;~1·/~f!~;l1~~~~~ . .·· .. · .. ·.:: 

.... ;';f:.i•l .· , !l!-PJ;>t'1J~:~tely. )We h!lv~ :two ~a.il.>fl) \)01l.¥ei;i~~-;,o~J~~·~,\t;,-.< · .. · ... · o · .... : ~i.i 
· · ••• :: .. a:Wf!~~~'b·q~}\.04-90 ··frQin.,~O¥:~>/~i!iel.f ( •fl/'t 1{4/a)~·.~ .• ~:O~rt~ i,,~~(;( ..23/22')t • ; /x> 

'1,;{19!¢;;.· ··Whn.e tile f1it'11!1lt miglrl w11ll suffice, we prefer to wre tf<e ~t~et, · . <<. · · 
ana:, s,f'W'IJ·, ~·l;;t.ll' ,. ~ ' . ' . ' . ; ' ' .: ' . . . . : )< • 

. ·~:·<,:, >'" ''· .· . ~= <·4/t}2 (~3fiia)2 :i'1.4s're.,.: .;:(, ·• 
._. -·::-:~~;7:,_.:, .,·~---~-- .. ·~-. ,. '· ' - ·---<'· -·- •. '<_ . :r-·"' 

·.· .··i~1~=~~~~~~~:i;:~~~:~~::Jt· !~e~·~~~~~~=~:;j{;~~!t~~~~·~~~··• · .. :~~;···· ···· ....... . 
·.· :~ .... ·· .·;t.··.·~.}.hii. '.t. :"'I. Itt~ ..•... ;~~.· ·.e.t·:.~~.ilt .. ·3·6· t.··u· r.····.·ll!····· ··.··.·.o.·r··· a.; .n.;t't .. ·J;·····.e .. ··.l&{il····. s·;c··.on iih:·e··.···.·.i .. ,.*t'·~.~.". •.· ..... ~!!d.> ~···' . ~.·~~egntor .unit. 40 .lil!lil:l, on .til~~. !J.e.m~ .. integrand. m~J~t !'lllve. su(lli a,· ·· .. · :· .. . ··· 

nu,;nb~r .ar .. tul"!'lfl u '.t9'·~~od.1A,elj>:!ar,• the; ~ntegran~ t~e. ,proper F!l'lii:tiiJ: •. · :;-. 
. .. b'~ll!i • ~!Inc~. by:'~~~racti\7n~ ~~ ,ri~dlj ,tl!e numh)u• P1' ,tl.l%-~•.ortne . . · · 

. ti,~~~F!I.Il~' leeid l!c~·.l!Yt' ~~t~w ponding to, tl:; .~. • 'ftl9n I mua .. t.: ~~r,l;~t_l.i} .. \~~&l,ly 
· . :'l~$q'}.\into th.i-/s number.· 'Jibe g~eral,f'!>nl\)ll&;•;ui: • · . , :,.H ·: ,;. ·: • .. , 

.. . <;; ... :::•:: : •;,'. •· ····. , ·.I· >··(,. •; .. )/.( .... ··~~')', . , '.' ·.• ·.··,·•.·.····-''.: ... ·~.·.-.·.··.· .. ··;.:, ... '.'····: ... (,···'··.····.'~ .. ·.' .. ,·.·· .. ·.· ... ·.·.·.•.·.: .... '· .. • .. ·.· .... · •··.· .. ·· -: ~ilt\x)t o0 7". ~~rox.• , . w .. 

. wbi¢b :fi:ir:tntr W!Ua.l. C,~J.tia ·Of n. ~ 3~o, red~c~ "tl •• • ; ·····'· · ,•! 

..... , :: .... , ..... ·.·. .. . ... ··· .. ···•····I''':~o .. ·b.•x ..... /br ..•.•... ·.·· ... '.appro~~ ····;·.·~·::•'c)~~~\~:.Ji'),:;; 
(1: j _;_~ .' .". 
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(II) Gear traill II, carrying y and a, regulates the tra~el of II 
on~Intagrand·Jfo. s, ·and>of. n1 on Integrand No. 7. 'I'be co~e,;sioll coetl:f'iohnt 
giving the l!UIIIber of tul"~ P<!lr unit of h or h8 ill ill eacH "express·ible 
in tho .following !le.Mml;f~ula (g~ li ·b$ )7(C h,l II n). H~e hl is a 
physical constant,= o.~OOS1S82a,,l, b6 ,n, a.t:"t,as;ab~e!.c ill the 
ballistic coefficient, :aDq li is tbe gear coup+i:~ l!Otfhc:~.ellj; \U}der 
dille union. In order t• ·alln f"<>t' as mucll as eome :w;( Jillu:"gin, sino ei foJ" 
reductio!!. runs, ll as rir'et chosen itr only an e•til!late. this travel 
should not eJCeeed about· llil tJJrf!lll• U$illg• theraforet .. Cmih' available for 
the entire schedule, we b&vil tbe ge~l formula, · ,';. · ... . . . . 

· ri ~·h!SO I lli )j{~rnfn a1 . ~) ap~rox• 
'n £ (I h;/nH7~9l~8 xlb6fcma) approL. (a) 
. . - -· ' - - ' . 

SiD ... c~ .... I b£ /n 2' biw/.36, ll~prox., .·lllld ·C!r. dlharily cl011. elyapprUiJ~~at.es .. tb11. 
latter .t ii often e\if.fices tit tttk• the e impler .fortrlll~ , · · · . . · 

,/' . . . ·. II '-;2~198S x ros b2,. )ci·· .. ;'' ·· (Z'). 
- ~ · · ~~ m n 

· For a. oonver~ient t!'Pical $~h~liu~e, ~tb b€ ,: Q.o~OQ05Q23~ .a = 36(;l, and 

. - ~"'-. . .. - .. : 

b~. = O.OOOOl3430,.f18 uaed, ab~a, up. I -.1'7.~'16 ~(tdlt\hl, we ~Yeas 
.IIU:L~able va1uo ~f em 'nt. tb:a llUl!lb$1', 2 .• u •. ·.lil~Jtce I~~ {1;.98 a~prox. from ·. 
til~ more exaet form~a1 .~r IliJ;c- a •. »2· tqi:P1'1A• f.rom tM: t.eo exa"t formula. 
~e nUmber,. 8.981 Vi! appro~e from 11.bov, by tbe four f~tor ...as. .' 
~ell!' cotipling coetf~cien.t · · · 
- ;'- -,J:-.~ ' -' 

,__-., 
. ' - ' . - ' - . .,.,~ "' - -. -_'; ,' . ·- ' -. - .. ' ' ' - . 
Cllmp!!~tion would apPly ill &aY; caai'e. 

' _. ~ - • - ·::. • •• h 

.· ......... ··.. .• <rrr, p) . iie~r train Hl~ earrz~e :t thto tae adder for Y!i• 6!tt$1'1 

·the qompt,rtatiQ,u only .in tb~ .:atio' J;II/p .;.;jlll~e p 'JJ, .:the pr.ol"ortioilltlity . 
!aehr l,lle~iqn$ii Dllrli«• It' would be p~eibJ.'•Htii keep III conetant'and 

. ·~:~.~sctr\1 ~l'tlle .. '\l~ili.i;i&n i!i,:tl.l41 ·variallla.S:~~ ~rain dl!lhmi,nati.on in 
the number j ~;cb e.nh~ eltl,y alta. conver•i• v!Jdficie~at .. · The. fac·tor 

:p (:nhred···· in-.. t.he l&f.t~han. d c .. o· .. lljlll. ·n. immed .. ia ... t·e .. ly·.·. u~~.··t"··.·.·.·:t •.... I,l~ .. III) f>tr"';ts U1, •i!£1 11.!1 auob ll!lii'Q.f. tbe .. ~!ill WI pe.J!~ihle (tile l!lU:I.m~ ,va:J,ue b~i~illg • 
el!tabliebed b{i t~h} whil• .'~here i& •·•lttlil'iy 1$.rgin on the . 

. integrands. O'll~ver, .i.t ia dellirabllo! to.keep p ve~l c~~e to b.ut not 
le&ll than unity, a)11i at the· ll!llllll t:l.me to JQake UI/p If ve.ry o).Gse 
approxlillatio~ .t9 an expression inv~J.vuig It Ilt and. ~1?.1aical constuts • 

.. ThWI .p 111a1. b"l l'agarded .a taking up thii l!l.l.Jlck ••a ueillg tor III, a 
· oonv ani ant avdb.b llll appr~Xilaat i Oil~ 'tb. e ~<>rimlla. ,ob-tained Jr· ooii!Pai'iJig 
t.h.e nUlllber c£ turu Jl&r u~•nd of t:l.me alon~ the t,r;ajector7, ·on two 
mutually g-.red butJ shafts, ie as follms 

in/p" : · (32 u b
1

. u.. 2)ps g) 

where g ie taker; to be 32.1522 t/a'~< Hence in general 

---s· ... 
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··. · · · , ····· .. · .. . txvi.:. ~.00t}Q6a~,_e:~.aa n ~2, · .. ·· . 
. <:,._·-:<._-·'·_ }'·:-<_· __ -_· __ · ·::.~ ,'/_·:_ ': ,·,·-< .·:·-_'·>·_-->-. _,:.· _-. __ ·> ,' _· .. :. _-~~--- -_-'. 

.. . ln-t~i;~~j4e\,o~tJ~rN'~1leve,II~9; ~d'Um:: 2;1.24r.4tja, aa· .; 
, .. ~~~·e~.~~"ll:'th~.~~;~t.'t;;~n¢~ :l.~;,;t!WI e.~_ple · .. ·· ····· ·· < :···:, · 

••.. {' .;., .•.• ,... ,,;• • ' • .. , .. ,,.,.:t,~~i·l,? .. &2.:!V •.. ' ' ' ;''.j 
,'',"·-:_··.-:>-t·1~~:;_ i:;_-.::·-':·-·:~-- .:_----~~:<,_-< _ _>·,_:.;_~_:·~::.~_:·' ,_'.·~----- -~-- .. ·._ ... _· . '· <.··;·:,_·:: , .. ,~JX_.-:' '··-~----- . ~-· -·:·· :_ ·· 

~e .. ~f':t.~~t~fillr$ ,.tO: '~\!OS e;, i'or · m,. a <:Qtt1Ji!ltiilnt ~ear 'trai~ witl+. g~ · 
aO.UilJI1$':c~ffieie~tt ~~ but ilC!~ .1~11 t. •. n.ooso, -. n ~.:l •. Qesg4 •... 
11ili l!i{ii!t. ~em> went appro~ti,<!lll to y~el,;l .a :l!~gbl g~r: ;tr.,i~ •. ~11 

..·.·xi-:s·f.~I'r'~"k;:;l··.:.~••· .· .i~~Ii R: I~~~)~~a~2··>2 .~·~.c~" ~4£f7&.~·.;. ·•~.· ·.·· · · ···· 
• ' Whit~. q~i't& lly c1iiincidll!l4'&, ill in ~lab ~;pl~~ i4!~t~al with I. 

· . :\I'Qr·j!J we• t;av:so. in tlliu. ·oamPH• · tb.e. l!'e1att¢Jt • ' ... ·· 1: ·: . • ·• ... · 
··,_;~ ·,\~:-·:"-<:~.,,.;~,·._:· . ,' _<;~- _-.:.::::_i·--~:>· -_ ', -:>~.>:.>_~:' '7,: "·- -~: -· .. _· . ' ,, . 

;:' •·<· . ~.;17~4~·uvu,{)~.·aa:,1~02729t , 

' ' \ ~- . -.-~. ·.·····;·:~····.· .. ;:.·;·~.•.·.: .• ·.· .•. ·.·.·.·.·.~~.,f:~.;.·.· .•... ~ .. · ...••. :.·.·.·.· .• ·.·.··:':····.t.·.·.-1i,· ..• ··~.~:b ...••.. ~ .•. ·.:~.•.·.·~··.· ... ·.~:: ... -Jt)······ :1,_:.-~.·.· .... ·.·.i::.~ ... ~ .. :~.·.:~.-.·.·.·.--~.'~.:.·:·.~.~.: .•. \~ .•••. ·.~.-t.-;-_: ; ... - ' . ' :<~~:~~:~--:~--~-. -', '" . >:·,~/ :- ... '-.. \" . ' ' ' -_ ~ ~ t~:-~~~:~-:~~~~11"'1~:~:~~~~~~-(~;-~·~~-: 
' . . p ... 1.01355+ ... ' > . ,, •. ' .• "'..:•> ·, • 

... , : .. ;;~i~i~~S1ft{I~·~e.ivil~e ·.!f' ~· snQllui,~ot';~~~Jl~ a~W {.i;;:'i;;·. 
' ·; ···. · ·•• ·.· · ;,<<(~1 iPu!!41"···· 

~ -_, .. 

''/ "' ;> ' ;:; -'\ ! c•, ;_:,"I"" • ;-i • J' 

--- •" '" •·. -~.:-- '-: ; . " - -- - ' - -- - ',_' ,_ . ' -- 'li ., ' ,. ' - ",_ ~ ';, --

··· . . :' .. J'~t,;·;~~ ~J?UIIl:'h". ~ear tra,in i't. ~ ll.(ll,f~~~ll:f'Y. ~tt.lij\111. a nrf. · 
. ,Q_~~~·l!:PR~~~~~-0~ ~ i1W rm!~ va.l.M. The.!!.li1 (lp~ra;t.es f'ot: . 
co~ent~n.t ~l·ii),lj:rv!l-11!. {~lu. ~o yardli) of·. the' h4rieont-.l ·. . 

·.· .. ~~i!~:~r~e, (- ,~~.:t:l:v~·&<!lo•~l~r .•. the t.~ t,·.~oH,tng;1;o .the,· 
we ~·· Wti,i~h tbe .t"'.feator,y •til pat .. ' ~ the s,hadlille. llla;Jlk~ ~~~arke of · 

. Pii4'1nt'bh~:.t~l.:J.ow t.l:le wq\'4."p~h",. fot: l.M!i!rtipn of t&e l.tter "II!'. 
Ol' "~~ .. ~t;;tllli'CU~·mJ,y;&e;' · .. ·· '·· . . '··· .. · ..... ·· .. ·. · ..... ·· .·· . ··. 

· ·•. · ... > · . ·;~e,w.i.s~ *J>~~h;'!' ~l!llllrintj.!li x, t~·a~~r~11111it~ c·~~4r· t~• 
.rl!.tio.wh:~.o~~llilllll14 g,tva;,ll•Jitly t!i-.u 'mimbar· ot.t~. ot t)e'lf~ bua 

·.• ~ .. ~.:111; ·tor)C~or ~h~;~ b'utlfu:!jd ye.rda (~,r fifi.eea hl.im\r¥)f.~e~F i:A~rease 
.;;9.~.t (th~ !lori,e~ range. t9 any Ilo~t f#',th~ tr,aJ~~J.., 'l'bis 1a .. 

.. ;ftf,teel1 ~~re~. t1m!W th.nUIIIbar. 96 ~ b), • llikieih l"epr~~~·:~~ .~~er · . 
.Of' tilJ>lllll,of'< tb~ll ~b.att. f.Ql' Qne fo.ot increaSe 111 X. . Rellle;;·"~ .. 

, ~pprlll!:~~elL'~> li:(I;OOB0315~.3 x l:S!JO,x 1I1 ~ • · . > '. ·~ 

;.:;.i,., .·· <. .. ;·~~ID~h C~)'* • ~s47a5 x fi . < . C . ,. i.:<~l · 
'.1.'1.1 "-i'~eilt '4',~1ostj:.~P'l>r<l.ltilm1.t:i:.(m,, lllOre cl~f!.': tQI;!l can. bill. -dly . · 
ace<9»1PMI\!J!.~ .bY;!\!~~: oJ,.~ e;ee.r. trqn eamp·~~ .~~· a .$P' a."MiaJ~;:t• gee,r 

. ·. pa~rl!l ~lone'-' ~•.: mat b.4fYe< NieOurfl.e to thfi ~evic:e of r<illlllWi!lS !!.ret ,a · ·' 
l'4cto.~ tl:n.ls r-.pl'eilontail:!;,!l•·· iiAA tbim eliPrelleing the q11~ierrt @ion will 
be<n'!!ii.r unity, lly.~e. ot a~·~ddet in the fQrm ± {l ;t G). wil!lre •cf: ill 

' • ' • --- ' .-- ,-' , - '' • - ' .1' 

-:- .< .: 

' ! 

. · ... '}' 
.... ·,,~ .. '. 

- ., ' ' 



+ 
'·;-~ 

'..-:..,_,./· 

' J -' ' . - .. ' ' _ .. , '. ~- • - - -_ ·;· <:·:_ -- _-_- --, ·: ·. _.·:.-._ . - - - ' --
. · GQ!ill:i.deration·.of':t~e. ·.ohal'!l:~ter o'f .. ~ ~Otilffieient w:ilion pr.oYid~ . 

the number ofpi>llitiv~ hi-~. ot a. lei!-~ •cr~()fDIIlll shiJift per unit ·. ·· 
· il1eroa$1!1 in tbe. alleQe:j.~ii~· phyili:llal ;(~riatll:$1. f~11.t.eli .thl!Lt the· sigh. 
of a.ddit. ion. must Ol!o!lr··.~t .. bet~. 'e. <~a. two .. ··· &\loh co~:r£. i. c~an. } .. ~~. ·:. l;mt. b. •r'!'~n .· J 

· tbeir reeiproaa.l:i!. IJtdeed ~Punob" lm,l$t b:e .or thtl'~~~ •a({h~)~ + (c)•l , 
where a. b, c are coupli~g o4effici<intil • .. each o.r~~ich ill ml)!lerieally ·. 
graa.t er than unity when a:n. incr'$1/.Be '9f torque b!i.t d!ic:r~e. in llp~&d 
Oc!n~i·:a · .br•. virtue. ot th!l gear trail'l. c'~erl\011~· ,::. . · ::;tt:. :, : · .; ·. ' . , · 

Lot. uu. mustratll this pl'Olled~re i;; the sch;d:t:a ~lriie.d~ 
mentioned, far .. wbioh II a 9. Her !!I "Fu~tch" ·• 4().93ollo · ·· AI{B, its:i-t .. ·. 
· rSJ!Il(Wing pwer11 of 4, we !lav;, · · · · · · · · 

"itm:h" • ~3· JI>0.6~9"1 • ~;i;:~&m~ ;: . •··· 

~::3!t !~:tr~c~~;:a~;jJ!~ 4;~~~0~~~ i!::e11:y a:~t~~l'f!!ion to . 
. ·,. ..· "fun.;b" ~; \43/ {[l/{4/5)2]+ o.QOll2J!'i' ... 

)¥'< . ·. .· .·· :. ' . . . . . ' . . .. :- : . . • . . . 
Wultiplyihg o~oou2 by sucee11sive pow.,_s of ~ untilJ& he:•e a: aU!!Ib.tr in 
our n~,nge. o£ aye,ilabh .gears we have 0,0011.2 "'! (l/4) ·1.15 11 (1/4)!)(6/7) 
.appro~.. Hence in thie. 111!-Bia : . ·· ·. · · ' · · · . . .· .. · .. , 

· · ... F~t~toh". ~ .. {~*/1>s/{[c.y5,~J-:t>.+ ~~/l>s <-7/a )]'"~ ·· •. •·•.··· 
. ' < "''_; ' : ' ' j ' •. 

;~ter~;eted .in the aotual:~et.;up or· ge$r trains, this elllllpl;e~ i'ra:t~tion 
indicates .tha.t frol)l tbiJ xo.ebe.ft fj'w!l g.-.r trainc. wi~b .t~EJ~lr aouplin~r;·:. . 
coefficients (-4/5 J2 ~m!l, (~/1} 5 {•7/8} re~~pect~vel)', l\\iaf\ tc.ehtit-te'" . 
meating .in an addert·' 'At& output o£ the'adder is th~n .affected with a . 
gear train _of (,.4/113 , after wbieb reductio~ 11 8~ Oll;.rri&e lt at tbe 
dedr'ed speed. One ·further cOilt!>UQation a.rillllll, .hwr.rer. .The abaft to 
the. P\llJCb. ill~eaM·yj,ng -x, s()'tlte flm\;1 external gear ·train :ussd .is 
(1/lH '/1)"' . . · . . · · . · ..... . 

- -';t" - . -~~~ . '. - ' • -~- - -, '_: -·,;. '. .- _. ·,_ - .. ·' -. ·.-: "-':.- • ' ' . 

!n tl\ie- ;aile of i; $1!' regularly printed n.riil.ble~ the pro~edul'ii . ~. 
ill easen;Hall.l 1-!:f}llam .. e. A.gain we seek an exprell$ i4n··.· of the f'6rin. c • ·.• 

-e/ {(b) + lc I for tltll pl.UI!lh gear train coeff'ieiant. . .. ·.. . .· ·· .•. · . 

. Taking the case of OM UCO~ (of i;ra.j ectort tiJ:ne) 11.8 ~nifO~ 
incram<(!nt • we wish "Pu11Ch0 to approlli~~B,h clo.S ely t.h'e t!l.:tio ·which would · 

. give· exactly the numbsr .of turns of "'lihe.pr~ry bus abaft for T. for 
inorllll,!;e. of one s ~con<! .in t. 'tbb lat'tsr b in geaerll.l the number 

384 I~~ U. .~• lt; OoQ(l242552 b: 11m p 
. " . . . . . .. . ·. ' - <i .. ' 

.·;: ·, 

' . 
'i 

. ,\ 

i ,., 

-. '' 
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ln the sched~le diac11-ssed hitb.11rto, II .:: 9t u,. ;: 2124.4 f/s, p _: 1.01355, 
H~m.ee . 

"Punch" " 47 .o034, • 43 x o.734·12B. 

Next we a~proximah 0,'134428 by (7/8)2(22/23), .t:Q,7323 a.pprox. But 
we desire to use this information in reciprocal form. _Whether at this 
stage or earlier .. we start to write reciprocals is immaterial. 

i-· 

1/0.734428 :. 1.36160 

. {s/7)2 (23/22) -:. 1~36549 

Henee in thia scbed.u1e, 

"Pu.nch (t)" .: 43/{g7/a)2(22/23)]-1 ;. o.ooas~}. 

Since (l/4)4 " 1/256 • 0,003906, this will serve aa satisfactory ... 
approxi!Datiolil. · Watcb.iQg signs throug!lout, we have finally in this · · 

. sebeduh, 

"Punch (t)" : -(-l/l)(•4/1)3J{~·7/8)2(.22/23U-1 + ~-4/1)4~-q 
The ·fixterna1. (~1/il jJ)· intrqduced hare to keep tbe proper eign for tht~ 
abaft which can·ieo 't itu1t, and not as in tlie previous can· because 

·the shaft carried. -x instead of x. 

(c) Th!l! Rotf.!tion Gear Trains. 

. Thera are two gear train~~~, identical save for position in tl:le 
·. JQ.chino; used. · Tb.eEfe a,re eroploy~~ when a:t all, iru'computing effects <If 

the earth 1 15·· rQta:tiol:l _upon x and Y• Eaob. is lal:leled "Rot". For traj ectoriefl 
of, .. a.t moat, li!Oderat-e.·laugth th<>se gear connections into the rotation 
add~ll are lock.i:i4 01,1t by the simpl<> deviee of lilatcbing against each 
otber on tb~t: e!illil' bull llbafts, two gear paira of.lll&rkedly differing 
ratUis while tlitl ~bWJ sbart coMeetione from the .integrator units are 
brioken~ The reader will r&Qal;L thli.t a large coupling eoeft'icient means 

·a large increan in torque and a co1·reeponding slowing·down in ra.te of 
rotation, 'llie limiting cture of colllplete locking would be ;represented 
by 8.11. infinite eoupling coefficiEmt. In practice thoraf'ore. one may 
start to oOlJipuh the vall! II of "Botn, and ·if tllia computed value turns 
out .to be wl)ry large, ~ merely l!lcks the gear connections, treating 
the comput'jill. val!ie as not difi'erkng from in£1,nity for AAY practical 
purpose. · 



. . 

...•.. ' ·.• .,(l.t .· ~~~~ v:.etor. :t'able, ~Jj9 t\il"~ of the't•/ ~bart.: ~ive& \l p/!80 f.l• . 
i.M:rea11e ~n :1• ~ H<!fice also .netweeri!tha "•:(•,)tot Oor1"ect~" ~'8 "Rat".;'i 
gear ~:r~~;itt.~ ~~~ ,tu~'; -of thll·A l !i~t giv'et~ ... ~(l:~· tf., · increas~ :in .J...·~ ·< .· 

or::u.., .. ~S!hill) fl;, ,:LI'lcr. ~~~.~~ .• :in,cx• .Slat. w .. ee··.~ .. •:l#.tEigrand of.·. Int.·sg.rahr U.· .U,t *. 1 

a!!d .·'Eli·~·. "Rot* s•r train, im~ t~rn ,of the. X 'haft givelil llri..·· p/ (Rot l,SGA) ft • 
. · ;iM~.s31in lit<. .·But from Inte~~~t;,;llnit ~o. l, o~;e turn pf' the X shaft 

gi ""!!I l,{\-9.6. U ~~ ft.; :l,.nerease :unt~. M~ll:ufe .. · • , ~ , , 

.. . . . um pf{Rot 1,~0 ) ,Is. l)\~l~ II h
1

} •. 

~ . · "Ro~"·:.. ·P e6 n n/'~iao A) 
. . . . ··,, . ' ~-:' : "._ .. ,_., __ 1 .. ~>--:/!; . . .' . 

or d~$ hl : o.OOo63ls$1$3 ~· A =. o. iioou2~2. ,dnlt '· we ~VII ,in 1'11!16~ •.. 
• . • . ·. . "J\&t" • ~+4'1~~ U ~tm; p/~ia~ ; . · .... (5) 

. • .. · .· ·.·. , , In thll seneduh used in the previOJlll illuet;ra.\iv<il e~lea, ... 
· U II '•· u;,.. = 2124•4 f/P, p = 1.()13550 while fL, the asimuth ~f the 

,Pl&ne1 of ?ireJ depends upon. the particUlar firf.... I'Qt- thiS oaee we have 

•ao,;t : 2898,3/ej,n ott 

. .. , On t.be P~ving Grou'AA lllliulutha !U'& report.ed'aa alocltlrl.a•·rran 
·~be so.uth •. For exalitple, a reported a,~imuth of 38° lll!lfi.n8 a. diJ+ttltion 0r 

· 180° + 30.0 · = 218° Jrqm t.he north tbro~tgh ea~~Jt. l!'o,r •uch a C.ll<t · 
·iii nil( :::: -$in 38° = ~0.61566. ·In thill. ~aae · ·· · · < · 

·" c., . ' ' 

··' ' '.-

.. · "Rot" "- ·4'7PY. 7 · 

. ~ept Jqr- an unusually l-ong traj aetory, this. wo~o~ld probablY' sugg~t 
'that ·the 't(ftation be locked out. • · 

' ' ' ·. .. . . ' 

. ' ' . . 
~r!)!Ji.'Q•puthlg lote lh..,' 
'··· ' _;., .. - .. ' 

·': 

··:.·--·-·- {-4/1}6 (~a/2H-7 fa)2 •. 47Q4.o. gear train ~ijd r0r "Rot~. 
. ;~ 

. - 10 ., 
... ' . :. 
--'-"" ·._· 

. ,~ . 

' .. ~ 

i 
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The abbnviatiollfl "t.l;.a."·• stand. tor "turtis< ~f tb.~ had .screw". The 
Integrator Units, Tablas 0 and. lietrb Cr~)ls app!le,lr on the Record sheet 
arranged to But!:,!lllt. their jj;rr~utgmnent on the Alll!llyzer, Jlll vie'ifad frOl!l 
.the front, · · .... • · ·· · · · 

,'', '. 

. . . We eball state the ns$dsa fCil'lllu:i.at ~hf'ly~· l 111ore Qqmple:tll. 
tab,la, giving the gen&i1U, !!Of1Vilria'ion fG!rlllula& ·fG!r ~tll·;'three partir of all 
eight Integrator Unite: will bo e:x,hibited a.t the end .of this Note. · 

,, '' - - - . -. . '·. __ , - - '. 

tor Integrand 111(1; a, 1 £/a " 40 I {u111 p) ', t.l.s. 
for Inhgrat~d ,l'lo. 7*, l unit • 2,84,970 ~~: 10 I bi j{c II n) .t.l.~. 
i'or Integrand ~o. 4, l unit, • y(I b,f ) . · · t.l.s • 

. For Ve~tO!.' Tabl.lll, l. t/tf,. 180/(Um p) t.;1,.,. 
For 'l'llli!pl!lte 'l'~tbh (Top), 1 t/a • 480/t~m. t.1,s. 

· .. For ll.et.ro C~*;:· .{h; 1 tmit = 2.84970 1t 1Q I bli /(C II n) t.l.a. 
. .·.. . . ·.·.· .. 1tlia ~a u tor .Itltegra.11d No. y) 
F.or lillltf'.O ~rilik; lW$ 1 J.. illi /h II 1056/(Um p) t.l~l. 

. . .- ~ . . . 

· . * .. 'I'he quantity C in tnitf';i'.on~~ula., retm~~.iM aa a letter and·. i11 
. co~stant thr;)u.gtiout the ub:adule. . It cbangeB with the runo .· 
the,.ctual 0~ • ~t th11 (;lmt,n• . . 

.. . ~: · .NIIl!!fer gr tMllie.l!.l unali per Pl'lJtt.er llDit· 

not 
'l'l!~ .. ·· is 

.. .. . · .. · ·. A flf.IX.il:tle llh~:t< l~;~adirtg to 11. pl'ini;er train turlW en.ce tor 
efl.(:l't anft e~)!.il!'! indicate~ 'by the printer train •. 'tp.is printer train 
pr~nta.l;l.ln te:~:thli ot'a printer unit (indicatedby"p.u.•). Pne has 
tn: succeseion,: ... ~ . . ~ 

:O·#·,·}t?.r ... ···n·····of'l rep,re,e~ta, J.549~lll{J;l. "m' .:Pi.< ~. eeo. 
()be't~ of ! re:Fellanta· 32!t.8S/II ·· · ·· ft~ 
\In$ tur.l1 of ! repre~~ts l/432, =.~.3148 lt 10"'3 units 

. • 0~ t-urn Qf ! 1 r$pr8l!!!nts um p/'i'20 . ,C . t/15 
. One turn of !• reprlllldntll u., p/'120 · tja. · 

Ozw turn of ! rojFese.nts.c lO~• 942/II · ·. ; yd. 

·· Reci~l·~Uy 1 A'or 72~/{~·p}·.t~r~;t~r~' 9r I~ reprel!~tll one }:js~ · 
-~-· --_,:~l-_.,-;:·-~-~,~ ,:.<,:-"Y":~··:_-·:· __ --·-_-.-,,._.·--:::~'- ·---:·· ., --./~_;_.;;._· -_._-_----.. - .r'_-- ··.- ... · 

: · . ·• .. • ';~· ~re 1$ i place. at tbe bottom oLf;he rigl'lt ·hand aolUilll'i to 
r~&ord •t equi\.1" ,;l.llt&rv~tl.s liirecbeing used. far opera;.Ung · t!>e, punch• 

whether !)00 .yards of range, 1 .eeooud ·in :tiinet or.~' II.BQ~II m. ti!U. ·.· 
-~- ·.: ' ,s..-' "i: ,- ;"_, -, . ... _.· ' . ' .-', ., : _._,' -.. "' -- . 

. ·:'' ' -. "'; ,_ __ ;; _-. ·. - ' . . ' . ___ . - . ·-·-- :_ .·;_. ;'[; \ ' ' - ' ' .. 

·· .. · . · .. ·· ... ··· Thsra ill daa; llt .•tll«~:and tif th.e" llll'aet. 111. · p+lc• fo:t- lillY 

. . . pl*'t :11.~~ ~R~~sl\ ~ . . >t. ' . .. . • : . •' ? ~ =~ ', )\:<(. ; .·. . . . .. . 
. . :; ·Followi!'.lg 'tl1ro.u~)!' tlf;i •t,lhwtrati-i~ a:ramp1a ,for1 pllrts {a) and · . 

. . '(4) llhE)n M'uaed~o.e I~a {-4/t~2~J!IlaJ2; H • {' .. aja}2(-4/l)( .. J./l)J 
.~:~}~0~35,5+; .bf: O~qpOQ5~.7i ~ ~ 2.1.2~~4 .f/si ti • S6o, one .be.sa .. 

",>f:.-,' ,- :,~: ----)·~- •. ,. ' 
·. - '.,·:· 

I 

/:• 

- ll .. 

.··.X·'. y , 

I 

" 
.l 
. 1 
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Jla .· · r'· ·l· f/s : 0.01657'11 . t.l..a. 

'(.; J • hs, ,). urdt « '17,258'/.&,/~t.i.s. 
Di 

.. : ... 
'VIo · .. {Top 

' B<:>t. 

a.: llini~ " +ao.oo 
vlfja·· 

y ··. ' <same u ~) ·. · ·. '· · 
•' Y~t •. 

tsiune a!l 'l) ·· · . 

' ' ,Ill' 

. y' 

1. tja ai. O.OS3!>9'7l t>l.e. 

1 r/s 

.· ,.a,. 
·<:.,I. 

~.~.. • > ll\ ~ . . .. ···.· .. . : (i;.am¢ as a.) 
,'· ' . 

'" . ~=~,.·-~-~~--
yd; Pr~Vi'h1~~,_h ·~ . 

lllqu.i1F:e,l~lrl to one printm- ~ll.it '(p~u~). · ~"" .t't .x ... ~ - "' -~<t~- - 'fi'. 
_,,,, ' ' 

. . ·· S:lnoe ~t iB, c~etomary \0, i'njmber tha iut~~tuat<>l· units :;;er1~1ly. 
frllJI4}r<>nt to rear, ,f;he liB,ting, if it ia to correspm.:,d to th,-, arrange-
111ent ;tn apac'e all l)rle look;s ~town t;pol'ttha machine fron~,;the Cperato-r's 
pos itio:n in front, mu&t ..,~> d.cVfh. tr0111 Moo 8 till No • .l in :ew\ier.. In each ·· 
inhgrator ui;lit ths sl!&tta f'r,l!)!!•f'ilr to near ·are res pootiv.elf {!) !liff"e~•ential, 
(ii) I;ntegr9.l; hii) IhhgrN:ld, .the ~entral one 'tieing the outpul1 fiom 
tbEi unit, tl;le other two baing ;\.n}ltltll it+to the unit. The list !ibowing 
the. numb1:1r, pf t.lri"nil. per pJifsiilal unit• rtltlf! as fl'>llc;>Wijl . . . . • . 

· . o.r {'tlcreas e J in 
·.. ot .. · I 
' .. " "l: 

· 'leee. 

':l £tl 
•. 1 't/s 

;_ :: -· 

t· 

'I 

. 1' 

T' ;diffil>r!ill')tial 
' . "· . .. -3 ' . 
2.~ xlG . I! ll:m p 

<'-'-' ~ . ' 

. •. t. : '· ~~~gral . 3.031~0. ¥ 10"'3;¥ 
.,',. 

Y' httegrand 

.. -.u .. 

,~1· . . / _, 



• 

Fer ineres.s;e 
of 

l fto 

No. '! l unit 

l unit 

'•;_ --; ___ , --J. s li#-c. 
_-_,:-. 

c)o~. ·li. · ·· :~, rt, •. 

··1c. £/s 

l.ft. 

If~;; :; l ft, 

... J~ 1 .uliit 

·<t l;~ .. I i N~~ 4t · 1 unit 

J·'/1/rt. 

f[un~-t -+ 

.llo• sl 1.::/a . 
1. 1 f/a 
··t ... 

' I •• 
J 

in 

'i 

~·· 
hs·· 

t 

II 

' 

j 

b. 

j 

. r 

b 

r 

k 

t' 

r 

.. 

• lt5 

~·, . 

.--·-_,. 

the~ •. for .the 
s ha.i) . ". -,.-

.., '-, 
.. 

y c,litferent,i:a:J, 
.----. 

:: -~ integra:!···· 

H . Jil. ii!~egrand · 

T 

Iii 

v 

· .~·· dur;u·e!l,t~h a~4am ·~ 1,0'"s ii. . . .~· .. 
11 ····•· ~egral •····· · .. '2~0Q l:~Y.• : 1 

\ • .. · ··l·. 
a . · .. int~~ra¢ . a.$i~,o~k;tf<b~'<(a IL~f~J· .. , 

.. ··· .... ]:; 
17::1801\(/n 

·.-, ,, --

-J 

.a · · . .in1ll!gral·· . . 
. 

B 

R 

K 

.y• 

integral 
f .. . . 

.. _,-_ .-. . . 
< int agre,nd . 

.,_ ': 

.. 



( 

• 

·~.· .. · 

2.42552 x 1o- u ~ P 

3.03190' ·xc·lo-3 II 

. 4o/(um :ll ). 

-ltXota: tile "C~ ~~~ as 11: lett.er in theJormula, as diacuas.ed~bov~J. 
'', "'· --, . ' ' - ,., . 

'~~' ·,· ; ' ' ' '' : ,- ' 

· 6. Metbqd of CWl~Mti~ .c'wv!lt'!fMf! aoet'fici;mta. 

····· ' ;•(a) For,'l'@li!@ 

< · . The-',~~plate. iii· cut. r;o; tfiat ~the .4SO tu1•ns of the a.b!ici$Qalsad · 
eere!V, ,o6rr.-~9~<'io a: rMge.;of f~. ~ to ~ • v;n /a. 0 unit~;~ IU!d ao ·that to 
evel"f V!j.lue~~ u"'~here. corrEII)!IOlld!! eJ!actly one value of h(u) Wb.ere the .. . .. 
v~1uea ,91 P"lfi!) r.t;.l'lge betW;Eian brirl.!l'!~.~-·. Sin~e th!tire 1!.1"~ •. .360 pOEJ>ible · · 

, .:t~~ of t~~t;~:rdllja.t.e lead ~c:rew,: .;tt, is~EII)~rable to ~~.tve.l:tma;,. • ~!!tin • bG = 
· 31i0?·•t.Urllll ,l):.f·,A;hlil :;Lead ii'>'N"'II• .·· ·· : .. • ·... .• . . · .. · .,, , · . · . 

-~ -- ,_·~.~,- ··.-<.:. ·;::~-.-~,--;_--··· _. - ., ' ,-_, ·, :-~--~--:< ', -. ._ : -- . 
/\ ·- '-· .... ,· 

. ~;::; ·.To'' g)iit tne·&;f.t:tng fq·r :.fi~e template tallla we eO!:!IIide):' the equation, 
$ ., . -·,i"" ' 

• .,\cf ~;n iiriitll :: .~,tur-ll,la e>f t~l? l,e.Ld llCl"EIWJ' 
. . . ' ,: '':. ::·,,·:." - ' - ' ' ' 

··or l.' .®i'!i. /' ~/U. t.urne, ~{ the lead seraw. 
. ' ' ' -;,· 

' . ' . ' ---~ :._ -.-. - _, -· ' - ' ) ' ' - ' - " .. 

. · . , ·•· . ·~w \~$,.1illitial 'et:t;ing', .for ·a &iven trnj ect~ey ,vibe.re the 
·. iil,itid v!ii!iil''Oi' u ifl,u4 l'·Would b,e:,.(4a0/Um)u0 turna. 'l'ba ~ue,4&0/Um• 

· · .itB cal-lied. the'>clll'.IVen!ie~ co'~t'ieiliit · (i. "'• the uUillb:e~ of .t\lrns of the · 
l~cl sere .. aqui'ffl.lent to on a tll:!il;. .of the 'varia,'bleJ . ' ' ' .. 

' ,.> ; ' ' • c- ; ' - ' : ·~ ',- -

: < · .llc~ut det~i:in;bwd e~rl.ier liy'~n~·~f apaad,l.iJ!Iitli,·loe.d limit~, 
e.l!l~f.tl:'av.e~ L#iits~ all ~t f!lw gear ratj,Ojll, we disedver that· all the con"" 
v6rli'i,o:n coeft't~Ullta ·.a& lite}l as tli.'ii rerilaining gear ratiO!! ara fh:ed by 
mer'& coruiide~tion Of'·::tn$, travellim.itlf t.>f the' vari!'q!l ~rts of the ~chine. 

.. ··· ..• ·. : .. · .... ·'jfll :~;;.~'lipan the.~:·~~~~ tu~ of the ehaf~ ~n~ering th~ .. t61!1plate ·. 
. <table: ber:re$,p~s 'to. l.~nft increau iit u. 'Thill shaft is oonnect.ad to the 
. ' l)t.v~put·•snari of tbs divtif:J,on t(lble by a 3/4 iDS.+• ln tema o£ llplled this 

lllllli.nll that j;he $haft leaving t!;.d division t,abls is turninl} .at a dower. · 
rate. than the shaft .el'liering.~h& teQplah table. :rn other wilrh one unit 
o:l: u. Cprresponds to 3/4 aB llll\n)' turns oil th.e llh&t't leaving the~. division . 

<-*"'ble as on the llhaft eute~illg the temp~il:te t;able. 
'. ,: r 

' . j 

. \-' ,;: ' 

, ._ r ~ •. , 



< ' ' 

• 

. . 

• 

1 unit (}f u 
. ltl:ie division table. 

=· (3/-iH,480/~)i ~ ti~)~l 't~<t~ ..• ~f tjla'sllaft.leaving 
1., 

. . . As bas been,mentiDl!Sd 0.1:1 }laS& 2ti 9:f ~he Report; ths Ou,tpuf a~t Of 
· the diviaion table i$ ~red to ita ~!i\iil.li acrew by !i g,.ar ratio o:t' 1/4. .h : 

l!!ent:ton1><1 above this gl)aring eauael!l•the·,.spee,;t. o:t' the· outpt~t .ll~ft ,to bi .. · 
inc:reaaed as it enters th!il anal.vS.~r. p.re~~r • . · ii!lnce. · · 

1 unit ().r u = h/4) {!JoO/~h ,; C~b{~mLt~ of tb~ divi&i~ii output 
· · · · ··• · · · · lea.d e.li:rew 

. .. N<!w u~ il! an upper bound fnr 11J;·~e u :t~fl.a scotew ~n.the li.f.vision, 
. table has 90 iurnt>~ tb,e '! lead. screw b~5'll30 ttu·oo~ It might .tih~m''reaal'l!lEihle~ 
therefore, so to sal.ect the conveTSiotl.:l:'aofi<u::~.ithat · • · · · 

' ' -·' •'> ' ' ,' ,' i '' /:•' ,.· ', ' - :' -· '·_ <c ;~ ••· 

l £/s ·of v =a • .. 90/~~m'" ha~f© ;turns oJ;:tl:livllr'ti~}~d serew •. 
- . . . ~ •\ " ' ; ' ' - . -- "'-\' .. , _- "~,_~' ._ ' ' - ,-___ ' 

· .. Howev.,r at this po~nt we introduce a. •p;OJi~~e..l,;trfact~~~ ~'. (a~ightly · 
. in 9Xe ell:& of unity J whQ&.e need: will. ll.l"iu :tat'ii~< {r~.)9}lich reason us- ·. · 

ev.lculatton V:ill be explainl'lli later) ~we m;;lta ... ;~·~ >~;' ·. . · · · 

} f/~ of v :;; 100/(U: pl t~~l\( of (~q.~ere~ ,,o!l:·~~yil>iott•'lfable • 
.. { This lead sere,; ill CCII!!1SCteJi .to ·th<il oiftput of tbe vilctor table by . 

. a l/1 g~r. 3i,nce there are 180 tur!'lll on et.i:.b lead set~ •,l(f the vee.tor 
table in ,any . one quadrall't we si)e · · .. . . ' · 

l £/s of v "' 180/{'i:n p) turns of' outpuil $baft on· the vector .tatlla. 

:&'han the all.gle of fire ill 0~, I y;'l l:: I vi ·. ~~· tll$t .; .. 

lBO t~rns on the l~:d, ~er~w for w' = ~ tP.(f/¥) .· 

or . ·1 ~/s of w' = 180/{~p) turrw of the h~~~~1!rd:l~d•~rit~ •. 

·Similarly, a.i 9Q9• jy'f•rilvl;eDl!llequentlr .... · ·' ... ,. J< .. . 
' . -. •' .' I~ • 

· 1 £/If of y' " lBOj(~ p} 1n;rr..i ef th~».rt!ca~T'l~d so~~. 
. '_-·-. . ·. .. . _, ' -; 

· .. .. 
l!i.-



i 
;,; 
i 

~' ' 

• 

• 

' __ ,,...._, 

. ·,' 

I ~o ttn~• :: u. m fr/ ,r) 

· 'l'emlll~h · tL l unit ··~···~···· :z 480/~ 'to loll. 

1J : b$ 1 (;; b~ .~ ~~ , Uni;t;e 

,; >:'j•,"< <,c,-; 

·:. 'irl:~;W . ;. U. · 

_,,·.-oiv{{j ~--~---. 

.A., 

,- . ~ 

. 1'·~i t o.f b, ~ ~~0/bf 

~ p tl~itl5 elf w' • lao t.l.e • 

f¥~nl~9£':.• •.1so;<Um p) .t.l .. •• 
. . . 

. t.t.,n• p unil ts oi' v => 180 t.,. 11. s" 

l,mlit of v :, :1.00/{~ • :p) t.l••· 

.. 1 f/s in· y• ~ +iJ6/(ulll p) t •. l.s. 

'.l~·t/s _otu=90 t.1.s. 

~ t/&. ot u)~ '9bj~ t;lo·lh 

1 unii ofa :; 1so t.l.-. 

• \.1-111,}) i'/a ~t V :.= ).80 '!;.loll• .· 

l rfe.ia, ;. 1SO/("m p} t •. l .. s. 

· ,: (o) »;.o_t irnegrj,t.Qr ftmtJK 
· .... ··•.. l!at' ~ fintl the co~~rel$ ooefi'ici~entll tor th~ .~&grat~r•• 

We ~ t'hi~ c;;> . , '" . . . · .. ·.··'' · ·· 
-_., · .. 

. · . i'• unit or a a ~(\·turn~ bf tb& ~utwt &!w.ft of t~• adder to~ 
· which the illputs a;r-s).,. ._il)'I;Illld .c'aa liWe we know t:l:lat t.he.c.llnvereion 
eoeft'il(i·~ntl>. Ol!l tbe thre.s ~hf4ts lep.ding into an addel" are identical we 
have•· · · · • •·· · 

J:'ulti t: iru;raa.11e i~ ~y :: _laO turne of the sbs,tt la~jflf!d "'"f. 
···.·.But llli!it i.n:creiUie in a '1. ,met>nll (i;a.

1
) unite increase in y. lfe11ce 

. . . 

1 ul'lit . incl"llaliS in y = ;l8Q ~ turll8 etoo 

.. 16 .~ 

'.· :c" __ , ______ .. ;.._,_ - .:. 

'•"'' 

"'" 

_-,-, 

i ., 
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' \ 

.· . · .. J1'ollovt!;.ng tne diagrf.m_· We see tnat. th.il!l. sbaf'i; is ¢.Oil~1.1Cted to ·... . .. 
a shaft Lit'iial,~ Y by e. g~~ar train.eCjUel to ":"28/l:>o Now in pe.Uing Jin a .· · ·· · ·. 
direction 'OppOilite to. t.lle a.rrowa $. ge'ar)ra.in with value greater .than l tE!nd& 
t.o sp11ed up the !!haft. ~· · · 

'lunit :iJier~e' 1tJ' y,,: (2a(!il ~SO "1. 11. 1008 a.1 , turru; eteo 

· . li>i.illilarly we ~ee that t~e c~h~~~d~ u~efficient. on the. ou'tpllt eb~ft oi' 
tbe .Stb .·i~h{!ire.tor il · ' 

, 1 t(idt iil~tr~e in y II. Il'~)OQ$ a t\l~llll !!too 

~ i"il'\d tha ccmversion 'coefficient tor the integrMd of No~ ~ we note tbet· ··. 
tbilil ie connected to the y' sbatt Of the \lector table by a (•"/2) gear tra,ill. . . . - . - . . . . . . . . 

l ~it inc~!lasa in i'~ =: U/ltHl~~ p/) 11 (40/(l)a.P)) tunw of' tb~ 
. ''· ·· ·.. . · · : . . . ·· ·· · illtagra3\ abaft. 

0 L o' ' 

· · Iu l'f.pie.u tmita .we 'bt!n tb11 relation 

'I :; I"· dt {1) 

In turns of' the integi'ka, dit'ferent:i.al and output sb$.fts 1 tbe 
relAtion is · · · 

· However fro.g~, the daf' :illitiol). of' conv er~;i-<ili · eo~:t'f:!.i!bnts we see. a<t the 
integrand shaft or Int&grntor lllo~ e 

Y' ~ (40/(ulll p)) y' . 

. . At the otltJIU'Ii ehai't of Integ.l'll.tor ~~. 8 
''('' 

·; · T :. (li•lOOB ll.l) y 

1\eplaeing b i~;"squaf.ian.C2) ~iven ahon. ·· •···.· 

· (~Js?if(~f(~ v»r• d'f :; . (lr • 1ooa -_.)r 
. ; . / . .--.-~:· . < / - - - - " 

- .; . ' ... 

-,.. -· 
.·.··_;-· .. : 

. · :· ,.-: ... -.- . ·;-

.... 1'1 • .. 

;/- -.:.· __ ·-. 

. ,: 

·- ~ . 

'- _:-

. ,_. 

-. " 
i 

. « ., 
.. ] 

i 

---_, 



( 

! 

or tli&c•~~i~ ~~fticiant Nr ¥pl{th11 difterent~l ~~i>t•\ .·. 
r;'j;.e[l;ratOr HQ. a ij! . . . . . 

' •\ 
~ai.r;'ai,t~/s., 

• 

'', '' .··:;:.-' ': - ~",', :,.:_~-,·-:,' ,. ·,.- '" .': "f.';' '---_ ' ' ''. ·- :- :· -'' . -'/ _: 

or at"i~ !(l;£.ferentilil.l ql'J~.ft of.• l'lo •• a, . 

. . . :''·.·. ·•·•·· T;)~ll2•I~~,U.:pJ5H.· 
. ,-_. 

Y~llQwing tllfl ~iagi.'IW. v;e ~~$ "!;hat we h{lve i'r:ed:Mitaly· the 
.· V:OilVBl'll.iOA ;(tlleff:i.o:!,lm'-t..ll fO.r tlie difi"~.fientill,~ ·J!;l!ld<. integr~lt ilh•aft& Of 
!)lt.B~?>"'tore No. :G aM. llo .. l~ .. · 

f~r .No;. 6 • tlt&r 6t,qr~ ~ ' ·. · · · ··· 

.·. ~;~{ljaa}Jv~.4.1: ~Q./s;Jf((4(J~~~~v (4Q~ J~ !-a.Um p/sl dt. ·. 

: : o,r ·· . Sf(100a;ti ail ;:,J v dt .~ a.. ., 
-,.,_ ' 

·n~~. .. . .. ·s.· .... (~clQap:.~> .. a 

Yor Jkl. 1~; · • , 

·.~ 

' 'x '.:(1/~J/r.• ;; ~(1/s2)jl4.9~ pJy.• t~~~.,tx ~i'\a p/s}di .· . 
... XAJ.ooa~~~z~}·J~'a.t•·, . /" ·: <,;~;~· ·· 

' 
li-ce· , X ;: (1008 l! ll.1)x ,, ... 

. . . l.Elt 'u.10 next. <:a:).i:1,1J.Ilte. the cOilvereion c!Setfic1enl; J'br k •. Jpllo-ri.~; · ... 
. the arrO\Wll ba:ek•rdfrom the.Y' .abatt·or the vector :t.d.b',la ,i;Q Int~tor No,, a,. 

we .h!uoea > , · .. 1 , • 

' 

, ''l:·~t"if j,nereaee in y = lBO/(~ p) tu~ ~ Y1 •¥t 
;· __ ,-

.. {;,m:it·i~ealil!l•1n, y~ ;t" .i.OO/~~ p) turns. o£ Y~ thaft ·.·· 

J'l,n.tir, 1' unit 1n~t-eull i~ i • 6> (l~~if(u. p) tutM" oi; oJit~t ahll.ft ~t · · 
. . · . ., ":, ·: •· . ··. .· ·.' • ·.· ... · .Jil . latagrator· l'ieo 3 · . 
. --· . --~- . .. ~ . ; . 

, · . The eonnrsion coe:rr'1eient f,~r y• o• the 1&t.s~lid. ~ha:tt 
111 the Sal\>.$ u for .No. 8 .. WE! ban tiien the rela:tioas·: ·' ·· 

. , ~·:~~.£~· drt .. tt,~(l/3~!/:y~ dR,, . . . ' ·· 

ana a;t t.ll~ intflgral)d. !ln.,i't of. uo.;a •• .. 

oi'.fio. a 

.·' .. 

. , '' 

- 18-
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• 

-·.,,)-' . 

,, 

and at the out put shaft · of Mo. S, 

or 

K ~:;: 540/ (~~m; p) k .. .·· •.. ···. · ·. 

(s40/ ('\l p)) k. • ({;s2lji4o/(~ p) > Y' d1l: 

(40,A(s4Q) (32lXJa :: · .dr 

at the diff'ereli.tial shaft of No. 3, _-:\ 

.:.,, 

' 
. . We> iUiy datel:'l!line ln this mann!lr tbe tOilV1b's~llil·C'I.Iefflcii$l!,tlfl 

\ 
'---: 

' ,, 
--! 

. < 

th~:'l'A·r.·fou: .. a sh.a!ts of thl'l ,l!lachiM, irwludin~ b pa~icallilr., 
f'or;'the cre,n!<e :which feed in the metaorolQg;tta,l .il.ata , o!;[~;r:!::~~i~l;~~-.. ~:i1.!¥11U''~ 

· ... Yal,Ji&e., · ·.It. 11!1 of inttrest to verify t~~ :the li!rillM · :r; · 
.' reaG}led Wb<!ln it •1.; oC!IIIputed in two ind~eia\ .. ,Jil!ll.f$,. · . , .. : .. ·.· 

_,-,, - ___ . '-- __ - --,:~--0 --___ '--- ,' _<---,~--<-----:">.-- __ :_~_-__ -__ ._-~\j·;-,-.::: ___ :, ___ ·:,.,.-. __ -:,:,) __ ;:>"';<_3\_::, 
. . . . . . .·. Wa will' do thiB for 'thil ~ sbat~. 'thereof dlclto~lfi.W,~ the. Yalue toi 
·.III an<t ll.li!O tbr»Wing light Oil .the intrG<!.uot:l.on of t.h~ pr.,PvtionalitJ ·. .. · 
rao:tOI", P• · , . . ·. . . . . . · . · . •. · . /' . . ·. · " . ' • .·.·.. : · ' · 

·· ·· C.lcul-.ting the eonve~ioa !lliHlflident from, tl'l~::.~~ :+n:te!tr'aiter 
111'8 S:!l'$ tbat · .. ' . . . . .· . . ' .·. .··. .·· :. :.•:!-' ' 

. ' (3)' 

· .. y' 
. ·· i.~t utJ' calculate thb converaio11. eoeff'ioient -~~ting with th~. ·.· 
s batt. of. thil Toot .Or table. ·· ·. · • ·· ·· .·. · c· • · ' : • · .·· ·· · · 

l unit' inereau. in .Y~ a 180/(~ p) t~L.Iil• 

Afl.er ·~~Jirig thtougn ~be ·4;• Rot IM\d.el" • · , 

l ~;. increue ~Y·· • . ~ · 1601{\i' 'p·) t.l •. e •. · • 
' ' . ' 'lil . 'I 1ll •. 

' ~· ' 

Athl- ~!ling th~ougb -y~. $dn.r and. gear .III·· (wke1ie 1: • yll~(k~~ ~~l· 
' ' ' - -- .-- ··- ' ' ---· -- ., - --· . 

1 unit incre&se.in gt • lf!O/(~ p) t.L.a •. 

. 1.unit. inol'eaea in t,• :LOO g III/('\. p) t.l • .t .. 
,:):~:;i-'::;';1 

Frmn (s) than• ·; ::• 

rii lao.!if(um p) = 4•lm•36•21t1i n um pj(s~u) 
-.--' l: 

_.,.,. ''.· 

[;., 19 .... ··••· 

-, __ ,·; . , . 

'' 

:; 
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{ ···~.' ., t·"-' . ', 

'. 

Rlfp~ e. •. 32 II ui/(75 g) ·.· 
, .,;.· .• ~ • . ·::.; :~ 1.- • 

· . We(.·~~ .11"" e.pp)'!e:xilliat a :rn . Eis. folloW~~ 

.. ,. 

' 

>~F ··~. 32 ±I .ui l t~~:g) , .. · .. ·.~ 
·, '. 

. ·. '·' 

·. .. 

,•·- .. f 

, .. ,.:.-·,:_. . . .' . .·· .. ' .. _. .· . ·'·> . ; .. ·-}~·-. ' '• ' 
... . . . ~1ri~. m .. pl'iee!!tl.a to ealc:uiB.te p'·4'om tli~ eql.lil:~t{ (4). Si.nce·· 

·• lll'is al!llost eq\ifil t'o·the Hght,llaJI4 ilill,ot•ttill):li~q~i.ty; pis very 
'close tn.J.. • The introductiQD, ,of 'tba:prw:t~:Uf fao:t~r~. p, p~ita , 
B. .:rath.er. crud a and ailllpleH;ppro::dllllnili~;~,t~L~utM.e~ t~~~r,. ,;II, · · · · "· ··. · 

. '. . ..... ·. : ·. ·' _· '. ·. ·; ·' . ' .. ·- .. ~ .-._ ~~> ·. ::.·:"":: :; .. ; . : ' . ' 

.... -.. 

., . / 
- ;r ·. 

'•' .-
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, I,,, 
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