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INTRODUCTION
Heretofore, the principal object in hsving a

I.

controlled bomb cerry & motion picture camera in its
nose hrs been to study the film for evidence of roll

and to determine by quelitsztive exswinetion whether the

bomb went through cny lsrge yewing or pitching motioms.

Up to the present, rnll "quentitetive” uezsureaments of

yew, pitch, snd roll, s we shzll define thew, were

mede with the full reslization thet the geometry of the

measuring method wes only & crude spproximstion to what

it should be.
The object of the film unelyzer shown in Pig. 3

' is to determine the trajectory of the bomb in z set of
rectenguler coordinates w«nd to determine the orientsation

of the bomb st =ny desired point on this trajectory.

Beving the ebove detz, some of the types of queations

that can then be answered sre:
(1) Does the bomb fall with & certein pitch angle even

though the elevztors ere set &t zero? In other words,

how stiff zre the bombs r.ow under development?

What is the roll torque produced when the bomb 1is

felling in combined pitch c¢nd yew?
How long does it tese for the bowb to reucn eguilib-

rium yew end pitch &fter the controls tre spplied to
give it this yaw end pitch? 2nc do these equilibrium
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velues of yaw end pitch egree with tihose deterwined

by wind tunnel wmeesurements? Wnot is the motion of

the bomb from the tiwe the controls ctre &pplied to

the time equilibrium is reeched?

(4) Summerizing: In what respect does the bowb's motion
depert from the motion zs predicted by trajectory

calculations? How should the equztions of motion be

modified to more accurztely predict the motion st

high speed? What eére the observed values of lift,

dreg, end moment coefficients &t high speed?
Thus, whereas the theodolite records give only

the trejectory of the bomb, the [ilm eznalyzer will, in
It is only by having

addition, give bomb orientetion.
both pieces of informetion that aero-dyntulc characteristics

at high speed cen be deterained.
It 1s the opinion of the k. I. T. group thet film

enelysis, s herein described, is & very potent tool for

the determination of asero-dynemic charecteristics &t high

Hence, the eleaentery aspects of film enslysis

speed.
theory &nd technique ctre covered in detuil in this report

in the hope thaet such informstion will «id in further use

end development of the method.
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1I. PRINCIP.LE OF THE FILM LNALYSIS METHOD
The Tilm from the nose of the bomb is shown in

a projector system capcble of motion in the six degrees

of freedom. The projected freame is mude to coincide with
the appropriate portion of & mep of the bombing renge by
sdjusting these six veriebles. When coincidence is ob~
tained, the position znd orientution of the projector in
a8 coordinste system erected on the mep will beesr & known
relationship to the position snd orientstion of the bomb

in « coordinate system erected on the bombing range.
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I1I. NECESS/RY EQUIPKRENT YOI FILW LNILYSES
The bomb under study should r~arry t motion

picture cemere in its nose, the opticel &xis of the camers

being coincident with the longltudinel i¢xis of the boab.

The lsrger the field of view of the cetmerg, the lower 1s

the error in the fintl trsjectory &nd orientztion dets ob-

teined, High shutter speeds ere desiruble, being most

importent necr the end of the bomb flight when slow shutter
If & bomb were

speeds permit blurring of the film image.
dropped from 15000 feet, & shutter speed of 8 frimes per

second would be setisfectory down to wbout 10000 feet.

From 10000 to 5000, 16 frewes per secona; from 5000 to 1000,
from 1000 feet to the ground, 64 fremes

32 fremes per secondg
With the present use ol spring-driven cemeres,

per second.
(. the upper liuit to the fraue speed ls determined mainly by

the length of time the cemers wili run =t this speed on one

This speed 1s ebout 25 frames per second for &
Since tne freume speed goes

winding.
bomb relessed from 15000 feet.
down during the drop of & spring-driven csamert und lignting

of the object cén change considerwbly and nigh imsge resolu-

tion is aesirable, & wide-latitude, flne-grein emulsion

should be used,
There should be incorporzted into the cemere system

¢ method of timing esech freme, und £lso & system whereby it

cen be determined &t which freme the controls were cpplied
In the Gulf

snd the smount of deflection of the controls.
System, & stop-watch dial, indicator lights end/or disls,
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end the terrein are photogriphed simultaneously onto each
freme. In the M. I. T. converted M-44 Bomb, & series of
timing spots were lald &long the mergin of the film by &
resistence-condenser-neon tube circuit carried in tne bomb
nose. The timing of the ¢pplications of the control wes
made in the plane, this method thus weking imgossible the
determinetion of the ley between tne time when the control
signal was sent from the plene to the bomb :nd the time
the bomb control surfaces went into motion.

The bombing range should be tnoroughly covered

by rouds end other contrasting lendmarks. Tais insures

that sufficient detail will elways be present to effect e
setisfectory slignment.

The processed film 1s shown from & projector
cerried in gimbel frames permitting the six degrees of
freedom, the projector carrying & lens hzving epproximately
the scme focel lengtih &¢s tne cemera in tne bomb, Roughly,
the greater the differences in tne focal lengths, the
grecter will be the probeble error in the trejectory end

orientetion date.
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IV. GEQAETRICAL CONSIDERATIONS IN PHOTOGKLPHINu Tiik GFOUND
FROM THE KQSE OF THE BOMB /ND 1N /LIGNINu THL PROJECIED
PICTURE WITH # XAP OF TUE GEOUND

f 4 4 To .

Assuming simple lens theory, let us exémine the
geometry in a plune determined by tne verticul to the ground
through the lens center znd tne optic zxis of the lens system.
Assume a distznce on the ground "s"™ lying shead of the &xis,
end e distence "e" behind. Let the sltitude of the lens
center be Zc and let the optic &xis meke in wngle 6 with the
ground, the distence from_tne lens center to the ground,
measured along the &xis, being u,. Let the image of M"z" on
the film be c; &nd the imege of "e" on the film be br.

See Fig. 1., If the object is vury fsr wwey from the cemera,

then the i1mege distence is very nearly fc, where fc is the

focel length of the csmeres. Then:

beaA &
ot




Gt = f AN  (-4)
be = & Tang (-2)
b= Uc Tang C=UcTana -394
FRom THE LAW OF SINES &
snT(qg_o-p) =5|-§l(:eTp= -C:s_p' | (II-5)
ComaniNg (B) ano'(3) ¢
e= Yo Swi (- o)

sin (8+8)
ALso:

- :
: ﬁh%lm) T SIN(G-A) (N'7)

. CovBinng  (4) anp (7)

= Uc SN -
e Sin (9--() (N 8)

B. Ihe Projector Setup.

We heve ¢ siwmjler diagram. See Fig. 2. Let
the scale of tne mep be "s%, Thus & distance "d" on the
ground is of length % on the mep. Let tue projector focel

length be fp, inage distonce be vp, and object distence
b. “pl




THUs ©

C'= Up ranu!

1. Ypsing!
@ SN (6=&)

b'= Up TAaN p/

1= Up sing'
€= SWiew 'éﬂy
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Now in operating the {iim znelyzer, we edjust our
six variables until the projected picture ls superimposed
in exsct glignment, is neerly :s we cun determine, on the
eppropriate portion of the map. I[ence for the "e¢® end Me®

lines our conditions of metch becomes

a=% =%

Hence Erom (10) Anp (12) ¢
e= ST o= 25 (-13,14)
We THen equate (13)To(6) ano (4 To ) :

SV IV Ue 5m% -
emie'-fp'g SiN (848 LCONDITIONS Fogm— l5

Up s PRYY = Ug SINA *RANGE" MarcH
am(e'-a.') SN (8-4) GI'M’)

.

Thus if we consider only the conditions for match in rapge
we solve equutions (15) end (16) simultaneously for 9, the
glencing engle at which the frame wes tiken, in terms of @Y,

the glancing tngle as recd on the gimbels. Dividing (15)

by (16):




Tous 1if a' = a end

pr =8

then @ = @' Zor :11 values of Of
Cr b o
Since ten a! = T &nd tén a = §=
i p ¢

to egutl a:
= fc, waich, &s cen be seen by siwiler trewtuwent,

then for af

u
[
is ¢lso tne condition for 3' to equul 3.

Thus, Af we gomsider getch in "renpe" elone «nd

since up virles during our filum enzlysis to ueintein focus
on the screen, we draw the following conclusions:

l. Ve cen et exect elignwent for, et best, one position
= fc. 411 other slignments

of the c¢nelyzer, thut 1s when up

will be zpproximcte, the operator in somewsy distributing

the distortions so s to give & Mbest" fit, or distributing

the distortions in & predetermined menner.

2. There :re three ways of gettinyg wround this 4iffi-

culty of inherent mlis~fit:
&. Use a projector lens heving v tremendous depth
In this

of focus -~ in the limit, & pin-fiole projector.

way up cen be equeted to £, &nd neld fixed; thus the

projected pictures will elweys be in focus regerdless

of the projector-to-map Gistince.
b. The operator, in zligning the projector, cen

distribute the distortions in & wey thut permits en

accurete calculation of © through equstions (15) cnd
(16). Tuals method will be discussed in detsil later.




ell-
I'he error in O cen be mede negligible in

c.
comperison with other inherent errors by proper choice

the projector. Tunls uethod

of the focal length of
will slso be discussed lecter,

there 18 enother line of length

Let us now assume
ng" on the ground, perpendicular to the "a® - fef line and

intersecting the optic txis of the cumerw.
Then, the wey "&" will photograph on the film will

not depend on ©, =nd will be of length (£- —5) on the filum.

In projection, thls objeet on the film is mngnitied by the

v
fector (3B). Hence for Mlutersl® metch:

] -4 =
o= Lot (z-17)

AINCE 1“‘ =‘fc+'b'——

Ue = StUp [ 5] (v-18)
Now Tana'= %P {'.‘T“""‘=Fm¢ﬂp 5= (TT-13)

®] @-29

A = TAN" [‘f’g'T‘ANcl (%,

forana (t.- %)
Nir £ man’a (-5

ana =

(z-2.1)




Svestirurng (18),(19),20, avp(21) 1 (6) We GeT:

SIM[G'-T‘AN-IA-HI-?A"' _ s (0-d)
TAN & = TEN

Expending the sbove end sinplifying:

sin 8' -A cos @' = sin & - ten 3 cos @ (IV~22)
wuich gives the relctionsnip betneen o' tnd @ in urder to
huve gimultsneously an oxtct rin.e wsten for ¢ perticulcr
point in the upper helf of the picture «nd exict letersl
metch through tine optic axis. Gince @'Y 0 and A is
never grester thzn about .l, Eq. (22) becomes:

sin 9' ¥ sin ¢ - (ten 0 - A ) cos @
or sin o' ¥ gin @ - El - fc(%p' %p;_l ten @ cos @ (IV~23)

From E¢. (23) it is eppurent:

1, 9' is t1lweys less then @ for £ L fp snu grecticel
values of Vo

2. Thet tue error in @ increcses witn a. (Unfortunctely,
we wint ¢ lcige a1, since tinils insures plenty of ground
deteil.)

3. Tnet the error in 9 decrecses with increcse in O.
flence, the percentage error is usuclly greater c¢t high

tltitudes where the btowmb is wore nesrly norizontel.
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& B fc = fp, the error in © will decrecse with incresse

in vp.

Equation {77 .liiisit, miuna error in 9 will

be kept to ¢ minimum if the projJector focel length is

slightly less thun tne comere foceél length.
equetion (22), for @' to equsl O

Sl g

P fc— f
If our totel renge in vp is from 10 inches to 100 inches

Thus from

end if fc = 2,000" and fp = 1.804" tnen for O = 45 deg.:
ot

44,3 deg. st Vp = 10"

Q' = 9 = 45 deg. somecwhere between
vp = 10" ¢nd 100"

l.ssuming

A=

o'

45.8 deg. &t vp = 100"

Thue we can Leep our error in @' ut a winimum by the proper
cnolce of tine focel length of tne projector.
To get e¢n idez of how fer 9' is off f{rom O for
the H. I. T. converted M-44 boubs, let us solve equztion (23)

for the following representetive datsa:

0 = 43.8 deg. a = 7 deg. (umax = 11 deg.)

fo=1% £ =20 v = 46,8

P P
Thus, sin @' = .692 - l:l s (% 2 Tz-—s):] x .1228 x .722 = .646
Therefore, 8' = 40.1 deg.

Tuus the operetor would set the
projector &t & sasller glencing zngle thin thet &t which

the picture wzs tzken. If this difference in the 9's were

not taxken into eccount in computing the trejectory, & consid-

ereble error in :ltitude would result.

By & similer treutment using eguetions (18), (15),
" end the 3' equivzlent of (20), we get the relutionsiip

between 9' end O in order to heve simulteneously &n exect
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repge mateh for & perticuler goint in the Jower helf of the
plcture tnd exect letersl wmt tch through the optic &exis:

sin Q' +\/ cos O' = sin @ + ten P cos O (Iv-24)
or: sin ©' Y sin © + E - tc(-tle- - %——ﬂ ten 3 cos 0 (1IV-25)
where ¥ = £, ten 5(%; - %;) = gan 3"D
(24) end (25) ere similar to (22) end (23) but dezznd thet

@' elways be leTger thnen 9, contrery to (22) wnd (23) ’
which demtnd theat ' elweys be smeller then O for fd< fp.
llence we hzve three incongjistent reletionships
between ©' end O:
. .For simultsneous fit_in upper :nd lower renge:

1 .8 fug? - .
sin a' sin (8'+37) ~ sin a sin (9+p

in

er renge «nd lstere

B. r_simultenoeous

distences;
sin O° -Aﬁ cos ' = sln © - ten a cos O
1
[A £, tan a (-t: - é;)]
C. [For simultaneous fit ig_lower range snd 1&
distencg:
sin @' +\J cos o' = sin 9 + ten 3 cos O I
EV £, ten 3 (%; - %—p—)] ;

Hence, in perforuing an elignment on the film

analyzer, the opercttor etteupts to get tue "best" solution

from the tbove three inconsistent relztionships, snd he hus

£

essenticlly but two vericblas by whieh to get tiuls fit:

' end .
8' &n 'p
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C. ethods of Getting & "Best" ution:
Suppose our &lignment 1is wsae it 0*

frou Ecuztions (6) end (12)

vp*omp _ Ueeinp
SiN (. + S s (04 = -l sin (%4 g')
: seuop‘ & SN 19495@ 5mp' (N-:'Z'G’)
N( P

= frectionel error in lower range ui.tch.

&nd v:‘ » then

Prom Ecuctions (3) und (1u)

¥ s U sina
SN (6%-o) _ semle=) _ WeSiNg SIN (O* 4
¥ <000 - 6 G (O-A)U' snd/ (m' 2-7)
SIN (6%~

= frectiontl error in uppe> renpe metch.

Now for &« letercl image Lf on tue Tili, the projected

imepe 1s: ,[: = 1

end the correct projected imuge is:
v
sz = Agf Eﬂ
P

Ind the coincident figure on tne wep is given by:

(b u,;*) (r-28)

= frectionsl error in leteril we tch.

Now {or &« given 0* snd vz" tuesc errors av not
tll heve the seme sign, hence, one ol tue possible metnods

for « best fit would require tne yegpitudes of tucse
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errors to oe the sawe. Using eygustion (1), we get:

. _Up(t-i-) _ & (1-1)3” s (65 8)
' Uf“t""u?} = |+ ﬁ::) up™ sinp!

fe v ('1’—"- sing SIN (9’-44)
=ii- = ;N ?elfl) U sIN &/ (N —23)

Using sowe détu frow tine film wntlysis of the
4, I. T. converted =44 let us compute tiec distortions
sccompanyin, csome of the possible "hestm elignments.
Let @ = B = 7 deg. a! = p! fc = 1" £f_= 2" v, = 46.80"

r p
Q= 43048' where the £bove v eénd @ vould be thc observed

velues on the tnelyzer system‘: provided ¢ perfect fit were
pocsible.
Cage 1. The enelyzer 1s edjusted to the correct velue of
vp end 9. lence Vo=V T 1.6.00“ end 0* =9 = I.3°1,8'.
Error in leterel direction = €, = 0%
Error in Jower range fit =€;g = + 5.92%
Error in ypper renge fit =€yp = - 7.647.
&end since zc = s fc vp[%; ~ %;] 3in @
letting s = 10400 our tltltuue would be cowm uted &8 13 437¢.
Then if the blue liines represent ueteil on the wep cnd the
red lines our projected picture our eiignment would &ppe&r

es follows:

T
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Cese 1. diminigh v_end very 9! until the megnitudes of
cse 1 We Vp_.,._. _

the errors by equction (29) zre the siae.

Thus for vf‘ = 44270 = 4P

eLl = - 5.99% Ind the elignuent would look like

€10 =599 Yo this:
Eyp = " 5_.9970

i, = 11& 72!

Cese 111. We Mp__dnu_mx__g_‘_ untﬁ “the magnitudes .
of the errors by equesion (29) sre tie suuwe.

3" = 50.35" and oF = 47%00

éLI = 7.34 74; ind the zllgnuwent would loosg like

5L6 =734 P this: T

€pp =-"724%

Z, = 15529 _l_

Cege IV. We keep vp equel to its tneor:t;ically correct

Then for v

velue but tdjust @' so thet tnere is sjwultineously en
exget fit in lower range ind lotersl distence.
x

Then for v = 46.30" ¢ = %0

L =0 7. , Inu the elignwent voula look like
€p=0% thiis:
Z, = 14393

Cese V. Ve keep vp ecusl to 1ts theoreticelly correct

velue but edjust 6' so there is giwulteneously tn exect
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4 uppe e wnd el

Then for Vr = 46,807 9*5 40025'

=0% Lnd our elignuwent would look like

=11.23% ° thist

=0 7h

12586

D. ‘onelu e metricel W uerstiol

From the foregoing trectument, it is cppsrent thet
it is both desireble ¢nd practiceble to sdjust the focel
lengths of the camers wnd of the projector to mecke negligible
the uncerteinty 1n 0 end hence in vp. From the cclculstions
on pegeld, it cen be seen thit tue uncertcinty in @ cen
be held to less then = degree torougnout the range of vp's
end of O's found from tie tnelyzer ¢s now designed., From
the experience at &. I. T. witu tue enelyzer, uncertsinties
of this wegnitude ere probebly within the huwen errors
introduced by the oper:ttor when he cells «¢n Llignment sztis-
fectory when it theoreticully is not. The uroper reletionsidp
between the foczl leniths wmould considerioly speed up un
enelysis since the oper:ztor could slweys find ¢ good alignuent,
while 1 there is & great difference in tue focel Lengtns
the o,eritor sesrches u long tlme for & cood clignment vinich

is inherently non-existent.




88 in example. Thus, even though the values of ¢ gpg vp

obtained were not the correct Values, the correct values
could be obtained through the equiations &ssoclated with the

Perticuler csge used.,
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V. DESCrIPTION AND OPERLTION OF M, I. T. ZNJLYLER
$. Description '

, See Fig. 3. The projector is cerried on three

. gimbel fremes, (&), (B), end (C), the &xes of which inter-

sect the optic &xis of the projector in the plene of the

film (D). Eech gimbel cerries & protrector, £, s°, c®,
by which bomb orientetion cen be determined.

The ovter giubel (1) is supported on & truck (E)
wuich is pushed beck end forth on tricks (F) by tne operu~

tor. The trecks ere perpendiculer to thne plune of thne

projecting screen (G), whicn carries the mep of the boabing

renge. The screen is ccptble »f motion in the x zna y

directions, being driven by motors controlled fyow penel
{#) on the glmbel truck.

The gimbsl truck cerries & pointer (I) which

' runs clong & tape divided into feet &nd inches, the tepe

being ptrellel to the trecss. The projecting screen

cerries two such tepes (J) end (K), one ¢long the left edge
for mecsuring x displucements,

énd one :(long tne bottom
edge for mezsuring y displiceucnts,

The verticel tupe 13
per&llel to the x-umotion of the¢ soreen zna tlso to the

fixed string (L). Ine horizontal tupge 1s psrellel to the

y motion of tine screen &nd alsc to the fixed string ().

- e

Thus, the intersection of the iorizontel string (ud) with
the verticel tupe (J) indicetes the x dispiccewent, ind
the intersection of the verticel string (L) with the
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horizontal tepe (K) gives & reading for y displecement.
Although the line :long which (D) moves, the projector 2
motion, does not intersect ti¢ string origin (N), She two
strings end the line :long which (D) moves, i, form a
fixed, rectenguler coordinzte system in which displacements
&re convenlently measured.

The perticular foru of gimbal system used wes

chosen because the roll &ngle could be reed directly off

tne c° protrector. /s will bc shown in the Ninth Progress

Report, the directional gyro systew used in both the Gulf
end ¥.I.T. bombs requires, for z bowb in 101l equilibriun,
that the line perpendicular tc¢ the longiuudiqal &xis of the
bomb end lying in the plane ol the verticel fins slways lie
in the plene represented by tnc verticel fins at the instent
of release. With the usual weinod of relegse, this plene

is coincident with the plsne determined by the line perpen-~
diculsr to the earth :nd the line represented by the bomb
velocity vector £t the instent of relesse.

The intersection of the three glmbsls is capeble
of being moved from ¢ position wbout 120" in front of the
screen to within about 8" of tue screen. The tottl motion
of the Bcreen in the x-direction is sbout 44"; in the
y-direction etbout 22.5%", The x end y motions cen effectively
be increzsed by zn origin shift. ?his is uone by either
moving the mtp on the screen or by moving the tracks in the
y-direction.
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B. Performing ep eljgnment
1. Place the center of the projected film in upproximete
coincidence with the mtp.
2. Make epproximette elignment by sdjusting x, y, 2
distances and /°, B®, C° gimbul engles.
3. ©Now study slignment and ge: ind c ent,

edjust +°, B®, ¢°, snd Z until the rosds ind lendmerks

in the projected picture &re "parallel" to the corres-
ponding mep detail.
4. Now keeping 2°, B”, C° and Z constent vary x :nd y
until the formerly "parallel® detail is superimposed.
5. HRepeat steps 3 and 4 unti. the elignuent is considered
setisfectory.

It is important that:
&. The map be flat &nd lie snugly wgeinst the projection
screen.
b. The map scele be so adjusted thet the operator can
work as fer beck from the screen as possible; thus,
misalignments, under this higher magnification, will be
easily discernable.
¢. The gimbel snd screen system be disturbed between
the slignments of consecutive frames so thit each &lign-
ment will be &3 free &8 possible from bius on the part
of the operator.
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FEDUCTION OF DLTA TO OBTAIN BOWB TRLJECTORY AND
ORIENTATION

& & Preps o d

We first define two yuantities assocluted with

the bomb traJectory? issume tine following thick-lens

optical system:

Naoirk FPoinT

Grrouwp 7 ’ Principle RoinT

where Bl end B, sre the prinelpal plenes of the lens.
Then if light enters the system from the right, it
eppears to enter plene Hl and t> emerge {rom 82. Then
4 is measured from H1 to the ground snd v is measured
from “2 to the image. The "nadir®™ point is the projec-
tion on the ground of the intersection of tne "entrsnce"
principel plane, H;, with the optic &xis. The "prineipel®
point is the point of intersection of the optic &axis with
the ground. Then:

a. The nadir point is spproximately the point on
% These definitions are besed on the pamphlet 'Sugplonnntal

Topics in Aerial Photogrsmmetry" by Earl Church, Syracuse
Ungvcrstty, November, 1933.
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the ground directly benecth the c.g. of the boab.

P Hence, the plot of the nedir points is the pro-

Jection on the ground, or x-y plane, of the bomb

trajectory.
b. The principel point is the point on the ground

at which the bomb is looking, or the intersectiom

of the‘g vector with the ground.
ifter the operator hes tchieved & satlsfectory

match, he records nine quantities:
Freme identification - either frume number or

1!
the time of the frume.
2. A number, R3, re&d on the projection screen at

the intersection of the horizontel string with the

) vertical tape.
L ' 3. & number, R‘, read on the projection screen &t

the intersection of the verticsl string with the

horizontal tape.
4. A number, RS’ reed at the intersection of the

pointer on the glmbal truck with the tepe whichn runs

elong the treck.
5. An angle A9 from the protractor on the outer

gimbal freme.
6. in angle B® rrom the srotractor on the widdle

gimbal frame.
7. An engle C° (the roll angle) from the protrector

on the inner gimbel.
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It is desired to obtain the ccordinates, (x,, Yi)’ of

(. . the projected gimbel intersection point in the mep
coordinate system (red). Let the coordinttes of the
projected gimbsl intersection point in tne siring co-
ordinete system be d:l. &nd dz. Let the wap &xes, extended,
intersect readings Rl and R2 on the tape:. Note that Rl'

Ryy d) and d, are constants taroughout tae anelysis,

unless there is =n origin shiit. Let R3 be the x reading

as recorded by operetor and let R4 be th: y reading.

Then, since, on the ¥.I.T. &na'yzer the vertical
tape increases from the top towards the hottom:

x; = (R, - 33) +dy = (R, +dy) - R, = const - Ry (vi-1)
end as the horizontal tape increases from left to right:
. ¥y =4 - (Ry - RL) =R, - (Rl - a7 =-R4 - const. (V1-2)
To get the distance from the gimbal intersection to the
screen (”1)‘

Cig © |

GrmpaL. InTERsecTioN

Fe—ds—>
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Since the numbers on the trzck tepe increcse &3 we go

towsrd the screen:.
z = (Fg - B) +d, = (Rg + dj) - K, = const. - Rg (VI-3)

The » protractor is o numberwd that when the projector

axis is pointed in the direction of positive x on the '

screen the protrasctor will reei between 90° &nd 180°.

When the projector is unywhere tlong & line parallel to

the screen horizontal string ¢xis t¢nd distance d2 below

1t (see Fig. 5), the protractor will resd 90°, &nd when

the axis is pointing toward nejative x the reading is

between 0° and 90°. We use th: angle: o = 2% - 90° (VI-4)

When the projector oatic &xis is pointing

towards positive y, B° reads b:tween 0° tnd 90°. When

the projector is pointing tloni a line perallel to the

verticel string cxis and distznce dl to tne right of it

(8ee Fig. 5), B® reads 90°, snd when the projector points

toward negative y, B® reads beiween 90° wnd 180°. We

use the engle: B = 90° - B° (vIi-5)

The roll angle protrector, U° is divided into 360° &nd

reads 0° when there is no roll. Loois’ine, aown the pro-

Jector exis towerds the screen, if the bowb rolls, say,

5° in the clockwise direction, the protrzctor will reed

355°; 1f the bomb rolls 5° in the counter-clociwlise

direction, the protrsctor will read 5°, For the determins-

tion of yaw end piteh (see page 39 ), we need not distinguish

between clockwise :nd counter-clocskwise roll end, instezad,

we define the roll angle,d) » by the equztion:

¢ = 360°- c° (VI-6)
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When the data have been taken, the map is removed from
the screen end the coordinates of the principel points

in the map coordinate system &re wmezsured with & ruler.

X, ¥y
We thus cen meesure directly —R and -fﬁ. 211 deta

perteining to distsnce ere taken in inchesj the
computetions &are made in inches, to be later converted
to feet.
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B. dyc ate fo So
We are interested in computing and plotting
three assécibted trejectories:
8. The x-y plot of the principal points;
b. The x-y plot of the Lomb trajectory, or the
nedir point curve;
c. The x-z plot of the tomb trejectory.
al Po rv
If 8 mmplete set of data is t.xen, the mep
will contein at the end of & run the who.e set of prin-
eipel points without further treatment. If, for some
reason, the principal points ere not recorded, or if
we wish to check some of the recorded points, we perform

the following calculation: Sce Fig. 7.

Fie 7
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Let x, y, z axes be erected on the msp with origin at 0%,
the projection of the gimbal intersection into the plene
of the string coordinates. Let this coordinate system

be parallel to the mep coordinute system. Thus, in our
‘new system, the projector is looking from the gimbsel inter-
section point, R, on the -z axis to the prinecipsl point

which hes coordinates x® end y™. dence:

x* =2 tena (vi-7)

v =2y oae : (vi-8)

where z; is given by Eq. (Vi-3), a by Eq. (VI-4), and
B by Eq. (VI-5). Since the coordinates ol 0® in the map
system are given by Ey. (VI-1), (VI-2), the coordinates
of the principel point in the uep system cre given by:
Xop = Xy * x™ . (V1-9)
Yop =¥y + ¥ (VI-10)
t end X-: .

From the definition of a nedir point, it is
apperent thet the projection of the gimbel intersection
into the plane of the string coordinetes is pot the nadir
,point of the projector system. We now wish to get the
nadir point of the projector system.
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et e (Prncimn. Poinm)

Fig. 8 is similer to Fig. 7. Ve wish to determine Ax*‘

andAy*, the coordinates of the nedir point in the

coordinete syatem erected over dr', the projection of the
gimbal intersection into the plene of the string coordineates.
The distance K - PP is the slent distence from the film to
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the screen, anc in terms of known quantities is given by:
R-PP = 3-6-;-&—538—5 = z, x (K= PP factor) (vI-12)
It will turn out thst we do not need to know R - PP
very sccurstely, hence prepare an (R - PP fsctor) chart
by which determine the multiplier of By«

We now wish to determine A , the difference
between R - PP and vy, 88 & function of A ~ PP. It will
turn out thet /A does not change very repidly with
R - PP, hence a rough value of R - PP will give us a
sufficiently accurzte value of A . Fig. 10 hes been
prepared from the 2" lens on the M.I.T. analyzer. The

optical constants of this lens are as shown below:

$= 2.000"
QF H dA, =050

Fig 1O

@', the glencing &sngle, can be got from o and B from the
equation cos B' = ./ coszp sin®a + sinzp (Vi-13)

From this equation, we prepzre Fig. 1l1. We thus compute
Az, A)", snd Ay¥from the equations:
Az = A- sin o (vi-14)
Ax*= Az-ten a (vi-15)
 Ay¥*= A-smp (VI-16)
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... SECRET

Thus the altitude of the poirt, the projection of which is the
projector nadir point is given in the msp coordinate system by:
Zpy = 24 -4z {(V1-17)
£nd the coordinates of the projector nadir point in the map
coordinate system &re
Xpy = Xy +&x* (vI-18)
Ypy =¥y * ay* {VI-19)
We now wish to find similar coordin: tes the bomb-csmera nzdir
point in the map coordinate syste: it une that the focal
lengths of the camera &nd projec rznt and that ey
zre so related to e other th d glenc
is equel to the tru ancing 1l prectie

See flg. 12.
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Let us erect a coordinate system over our newly found
projector nadir point where Zoy is the "altitude" of the
projector nadir point wnd ¥ iy the "altituser of the
camere nadir point in the mep coordinzte system. Now
from Eq. (Iv-18): '

‘sg = r v |.— i—]sin -]
x . rc[;m - sinEl . (vI-20)
P _

since vp sin 9 = Zoy-
rhe corrections to the projector nadir point
to ut the bomb nedir point are then given by (From Fig. 13):
Ax = eon - -39- ten @ (VvI-21)
¥ - 2&
Dy =53 tan B (Vvi-22)

And referred to the map system, the coordinates of the
bomb nadir point become:

+ Ax¥F o+ ax (VI-23)

X .
.8
Yo _
8

=y, + Ay¥+ by (VI-24)

[+] y _Q
'3 , 3 °Te the trajectory coordinates of the

bomb in the mep system, and if the bombing range system

Thus,

is coincident, the coordinstes in this system are X.»
Yor and 2z..

In case there is e considerable difference
between the focal lenzth of the pro,iect.or end the focal
length of the bomb cemers, (’PR - —-) s equations (vi-21),

(VI-22), becomes large compared to '—-- and -ﬁ + Thus,
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8msll errors in q and B cean cause considereble error in
the x-y trajectory. Under these cor.ditions, it 1s pref-
erable to compute Ax and Ay by proportional triangles
from Fig. 13. . Bince the coordinctes of the prinecipal
point sre known in the aap system (by actual lmeasurement),
thc;y cén be converted into coordinates XppNs Yppy in the

8ystem erected over the projector nedir point. Hence:

2%

Lx = Xppy -5 - ) (Vi-25)

“py

Ay = ppy —A—&. (vi-26)

Zpn

In the exemple to follow, equations (VI-25) ana (vI-26)

&re used because the focal lengths are considerably
different.

3. Exepple Case 1 fit. gsee pege 16,
1 = 12" -'1 3/87 = 145.375n
2

= 18" - 1 1/4n = 217.250n
16' - 10 1/27 = 202, 500w
11' = 2 1/27 = 134, 500n
-7 1/4" = 91.250m
9' ~ 8 1/27 = 134, 5000
1.400"
~ 40.562n
8.000"
135.0°
79.0°
5.0°




Prom Figs. 5 and & &nd Eqs. (VI-1) through (vI-6)-
*3 = (By +d3) - By = (217.250 - 40.562) - 202.500 = - 25.81r
¥3 =R, - (By - d)) = 134,500 - (145.375 - 1.400) = - 9,47n
33 = (Rg +dy) - Ry = (116.500 + 8.00) - 91.250 = 33.25n
A" -9’ = 135.0° - 90° = 45.0°
90° - B* = 90° - 79,0". = 5, .0°
360" - ¢® = 355
. For a = 45.9°, B = 11.0' ihe F = PP factor is
1.46. Hence from Eq. (VI-12):
E<7PP = 33,25 x 146 = 48.5n
From Fig. 9 for K= Fp = 48.57, A = 1, 58w
From Fig. 11 for o = 45.0', B = 11.0° o1 = 43.8°
From Egs, (Vz-ll., -15, -16):
Bz = A sin o' = 1,58 sin 43.8" = 1,09n
A = Az. tena = 1.09 tan 45.0° = 1.09n
Ay* = Asin g = 1.58 g3 11.0" = g.31n
Therefore, from Egs. (VI-17, -18, -19):

Zoy = 24 - Az = 33.25 . 1.G9 = 32,160
Xoy = X3 + Ax¥= L 25,87 . 1.09 = - 24.72n
Yon =y + A = L g 40, 0.31 = - 9,16m




From Eq. (VI-20):

fc[;iﬂ - sin e] = 1[3-1',_,-1é - sin 43.8‘]

2
-]
2
= = 15.39"

X .
Since —EB = 8.807 and Xpy = - 24,7720
then x5,y = 8.80 - (- 24.72) = 33.52n
similerly, yppy = - 0.60 - (- 9.16) = 8.56"

Thus, by Eqs. (VI-25, -26):

Zz
2. - &

Ax = xppy —?lz—;r—‘-—s- 33.52x02:48:2719:29 = 17, 46n

2
2. - -2

PN " 8
Ay = yppy Zpx

ind by Egqs. (VI-23, -24):

2.16 = 15.39 _
8.56 x 551 = 4. 46"

-:;—c- =xq + A* + Ax = - 25.81 + 1.09 + 17.46 = - 7.26n
139‘ =¥yt Ay*'s‘ Ay = = 947 + 031 + L.46 = = 4,707

Removiang the sczle factor:

= 22,39 10080 .. ;3920 reoet

- 7.26 x 840 = - 6100 foet
- 4.70 x 840 = - 3950 fest
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By *Determination of Boab Orientation® we shell

mean the determinztion of the direction cosines of the

. -
unit vector B, representing tne longitudinal uxis of the

bomb, in a rectanguler coordinate system erected on the
- hombing range.

This determination can be mede in two ways:

Method 1. From the rezdings on tne £° end B’ protrsctors.

Bince it leads tc simple reduction formules, the

operator chooses the various coordinate systems involved so

the coordinetes of the anslyzer syster are psarailel to both

the coordinstes erected on the map and &tne coordinetes
erected on the bombing renge.

Tone the direction cosines
of z line are the same in a2l three systemz.

In Fig. 13,
the gimbsl center is &t 0 on she §' z2xis with the optiec axis

or.E_vectar pointing &t the point P on the mzp, which lies
| in the x-y plsane.

Angles 14 and 8 are obtained from the
2* and B® gimbal protractors.

Fie 13




Then if
cos? = cos B sin a (VI-27)

=
If m_ig the direction engle of B with y:

cos m = sin 3 (vi-28)
If B 1s the direction angle or¥ wien st
cos n = cos 3 cos a (vi-29)
fence 'Ta'=[cos 8 sinalt +fsin 8] + fcos B cos alkc (VI-30)
Method 2. From the tralegctory plots.
The determination of ialorxg with other useful
quentities by this method &Te outlined in the following

peragrephs,
2, Determination of Xew, Piteh end Zngle of ftteck.’

After preparing & set of trajectories comparzble

to the one below, we measure the :‘.ndice!".ed &ngles by &

protractor from the drawing.
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In making the zbove plot, wn origin is chosen

on the mep (ususlly the intended tcrget), the x axis is

ortented so &3 to be the ground projection of the bombing

run, or more accurately, the projectich on the ground of

the longitudinal exis of the boub (theqﬁ-vector) at the

instent of release. The y axis is erected perpendicular

to the x and the x-z plane is lolded down 30 as to be

coplansr with the x~y plane. flence x corresponds to range,

¥y to position in s:imuth or side deflection end z to altitude.

Due to choice of origin and positive direction of x znd y,

ell the x coordinastes of the bowb will be negetive, provided

the bonb does not overshoot the tLerget, y coordinates will

be negstive if the bomb veers to the left of the bombing

Tun line, positive if the boamb veers %o Lhe right. 2, of

course, will always be positive.

In the diegrem, points !, [, C, D refer to the

bomb &t o particular tiwe instent., £ is pgosition of the

bomb on the ground, or the x-y coordinz%es of the nedir

point, Lk is the position of the bowt 1ln the folded x-z plane,

C i3 the point on the ground st which the bomb is looking

st this perticular time (the coordinectes of the fprincipaln

point), and ¥ is the position of tae prircipel point in the

folded x-2 plene., Ccnriect the polnts 1& shown end draw in

the trejectory tangents at A snd B. -~y £xes &re then

erected &t £ with positive directivns s shovn, und x-z!

axes ere erscted et E with positive direction &s shown.

With this layout x, y, and z' form & right-nsnded system.
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The labeled vectors are thus:
BG is the "ground® projection of the Zongitudinal
axis of thé bomb or B vector.
Vg 1= the ground projection of the trajectory tangent

or the instanteneous direction of the boub velocity vector.

.BA is the "zir"® projection of the'ﬁ vector.

VA is the air projection of the bomb velocity vectotr.

To determine the angle of attsck, we first I

determine the dirsction cosines of B tnd V in the x,y,2!
-8ystem. Thus given any unit vector L meking sngles © and

@ &s showns -7
! Fie. |15

: L
+2 A

-&nd letting the direction gngles with x, ¥, and 2! be
& m, and n.
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We solve the following equations:

I‘A sin 9 =cos n

cos ¢ = cos

Ly
LG s8in @ = cos £

!'G cos 9 =¢cos m

cos?€+ cos®m + cos®n =.'.l
Thus: cos n = tan ¢ cosf (Vi-31) - g
cog m = cot @ cos? (vI-32)

(VI-33)

Cos ‘g 3
-/l+cot.d+ tan%
- Thus we solv= equation (33) for and then determine n and m

through eguations (31) end (32).
4 B
After.getting cos my, cos my and cosfey for the B

vector and coo Ny, ¢S My, and cos ﬂv for thelv vector; we get

(_- the ungle between them (or what we shall call the angle of

attack) by the following equation:
cosine (ungle of attack) = cos y = :os 4‘, cos 1%

+ cos my 203 my + COS Dy €98 N . (V1i-34)

To be able to compare the results of our filw trajectory analysis

with the trajectory calculations we must Jetermine the ungles of X

sitch und yaw, which, comdbined, produce the angle of attack vy.

The pitch angle ¥ 1s defined as the zngle between the longltudinal

axls of the boan, the? vector, and the oomb velogliiy vwctor .

‘(anti-parallel to the wind vector) prujected into the plane of the i

vertical fins of the bomb. The yaw angle ¢ is the angle between

P
t.he's-vect.or ond the V vector projected into the plune of the
To give the pitch und yaw wngles tne proper

horigontsl fins.
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shere Fy lies in the plane of the vertical fins and Fy lies
in the plane of the horizontal fins. Let us look along the
dE-a:ltis from the positive end towurd the origin:

v

L
Then if the terminus of the v vector lies inm quadrant (1):
Pitch angle O is negative (Bomb diving)
fav ungle ¥ is negative {(Bomd veering towards left as

we look down on trajectory)
If the terminus of the‘vf vector lies in gquadrent (z):
?itech wngle @ is negative (Uomb diving)
{.‘law angle ¥ is positive (3omy vaering towards the right

as we louk down on trajectory)

-
If the V¥ veotor lies in quadrant (3):

Pitch angle @ is positive (Bomb sailing)
Yaw angle ¥ is pogitive (3omp veering towards right)
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If the V vector lics in quadrant (4):
C ' { Pitch sngle 9 is positive (Bomb sailing)

Yaw angle ¥ is pegative (Bomb veering towards left)
The problem now is to deteraine O and ¥ both in

mugnitude and sign havinyg been given the x, y, z' components
> .
of?and V and having veen given the angle of roll ¢ as read 1

off the film analyzer.
From the method of roll control that the directional

gyro exerts, we define a Wzero roll" plane =8 follows.

v Vie construct in xz' plane a
VAT, .

unit vector? perpendicular

IF‘G, |8 to B N being so directed us
i to obey the equation

i i -
7% h-=xx38
FEX:1

~uf — -
| The vectors N und B determine
|

Y the %zero roll" pjiang, which

! B has the following significance:

4 1z

The present gyro system .ttempts to keep the plane
If the

— o
of the vertical fins coincident with the N - B plane.

vertical fins are, for some reason, rolled out oI this plsane,
We call the

the gyro~-system attempts to restora coplanarity.

dihedral angle between the plane of the verticual fins and the
S_nce Fv is also perpendicu.lar

L e
N - B plane the roll angle 9.
to s, ¢1s the angle between ¥ and FV’ and is measured from N

proceeding clockwise to rv » while looking from the origin out

.
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towa'rd's the terminus ot.E-. Thus ¢ is always positive. To
deteraine 0 and ¥, we shull determine the components of v

in the B,? ¥y system of uxes. To do this, we shall obtain

b - s
first the x, ¥, 2! components of V, B, E, and Fy.

W
Fie (O

[

Ve deal with three orthogonal systems:
b L -l
X, ¥» 25 Dy W, BaN; B, Fy» Fye
el
B=Bd+d j + Bk (Unit vect.or)

T-3 ¥k . 1 ; k (uni tor)
- t vector
- z
\Tx'ﬂ'l iaf T B2 “-Bi + Bz
?xT— ‘r,==%- 2.==?—2' k¥ {(Unit vector)
B+B Bx'*.li \‘Bxfﬂz

How the component of FV on N is cos , hence thz components

M__E.‘!mm in the x, ¥, z' system are:




cos .,F.L-,

ony: cos g 0=

on z': -cosvyﬂ-!ﬁ—,
x* 5z

—— -l =iy
The component of Fy on B x K is sin ¢, hence the components

of this comooment in the X, y, &' system are:.

B ~—
on x: - sin QﬁBL?
+32
asin ([.\W

B

on z': - sin ¢ Z

x* By
=l —l
And since Fv has no components o 3, the components of—ﬁ

in the x, y, 2! system are then:

Ty - lcos °J"!"'1 - sing m}i + [rimpJ-a:—%-iq-y

Unit

- [sin vPﬁL? + cos WTT:—BE Vector

-_

= b 4 Fv
-1 ﬁLL-BxB + 3lcos @./3;" + Biz
35 + By % + < X7
x Tz Unit
) Vector
+k [:75.52-1-! B, - 7"1“—&1 Bsz]-
- 8y By * By ]
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Determination of ¥
In accordance with our sign convention, we define y by the

v
following equation: tan y = (V1i-35)

~= g
where V,, = V-8B = V. 3 . + VyBy + VB, = cos y (Vi-36) ,

gin 5:., 5275 B2
and VI'H ==V [T-,—% ./B‘d B} “x‘iy] + Vy[cos 3 Bx + Bz]

.sin [ _Lo8. & .}
* Y [ “"?‘*‘ v e J (VI-37)

Determination of 9

Siwilarly, we define 9 by the

vv
tan @ --vﬂ-
B

and VFV =YV

-v I ;&E.SLQ B,

lnlJ + Ll

Numerical wxample:
Ve draw up Jur plot «s shown on puge 40 and get the following
angles Ly measurement from th

9 = ;V

GatcRg S5 7
cat 9, = cot 109°
tan ¢, = tan 57°
from equation (VI-3
from equation (VI-31) cos

fron equation (VI-32) cos




cos 'Bv =
cos nv =

cos i =
from equstion (MI-34) :
oS y = .535 X .498 - .1842 x .1058 + .824 x .863 = ,9572

Therefore, y = 16°49' Angle attack

s cos «
Now ﬁé-? 2 = ,1942; TT’-ﬂ? . = .999
=" Bz ! Bx o Bz

and suvsbtituting into equation (VI-27):

Vpy = - 498 [- +1542 x .824 + .999 x .535 (- .1842)]
+ .1058 [.98163 x .982) + .263]- .1942 x .535 - .999 x
(- .1842) x .324}

Voo, = 2718

FH
From equstion (VI-35) tan v

Therefore § = - 15°52'
And froam equation (VI-39):
Vpy = 498 [.999 x .82 - (- .1942) (.525) (- .1842))]
+ 21058 |- .19081 x .982]
- .863[- .1942 x (- .1842) x .624 + .999 x .535]

v = - .1058

FvV
And from equation (VI-38) tan o =555 1105
Therefore, 9 = 6°18' 2jitch angle

Hence the bomb is sailir tch angle of

6°18!' and is veering towards the left with o yaw angle of

%621 .




VII. FILLD TESTS, IND EESULIS OF FILM fN/LYSES [ND
THEODOLITE PECOEDS

t. Introduction snd fostrect of ., [. T. Tests.

In the drop tests of Lecember 22, 1942, through
Jenuery 12, 1943, et bkglin Field, tne i. I. I. group
dropped five bombs &¢s described below:

&. Two frmy ii-44's, converted for direct-sight,
szimuth only. They were gyro-stibilized ind under
raedio control. See Fig. Z0.

b. One "replica” bowb conteinine television equip-
ment &nd & percchute sclveging mecnanisws, but
neither gyroscopes nor recio-control link, wes
dropped twice. On the first drop, the bomb wis
recovered undemiged, sc it wes dropped tgiin, this
time witnout the peractaute,

¢. One beab containing only television equipment
end gyro-stebilizer.

d. One boub contcining television equlpment, gyro-
steblilizetion, end redio control link.

Tne gbove bombs were described in deteil in
Sections 5 and 6 of the Sixti Progress Eeport.

The direct-sight bombs were successful to the
extent thit when control wes tpplied, . momentiry ceflection
of the bomb wes observed, but in neither ctse wes the bomb
steered continuously to the ground. Tne {ilm from one of

these bombs wes recovered in sufficiently good shape to

permit & film enelysis to be made from which the probeble
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cause of fsilure is determined. It wis observed in the
field tLat the operetor cun judge fairly well the error
in azimuth end to some extent the error in ringe.

The imeges received in the plene from the

television-equipped bombs tpupeirred to be more then adequete

for the purpase. Objects on the ground stood out sherply
end it wes evident thet e bombsrdier could rezdily recognize
his terget £na steer the bomh for it. Jflthough the tele-
vision wes sctisfactory, the bowd vhich fell under redio
control went into & spin znu, hence, bDrought feilure to

the proposed steering.

B. H-44's Converted for Direct-Sikht, /ziwuth Only.

On the first drop, tne plune cetle in frou tue
north-ecst, perellel to tne rnortu-eust leg ol the bombing
tritngle. This ls en equilcteral triengie, 2600 feet on &
side, =nd contsining & target at thue center. Bee Pig., 21.
The bomb weighed 920 lb., w&s relewsed lrow .5200' &t an
eirspeed of 150 m.p.h. The couputed renge [or this bomb
was 6430 feet end it was releused tanis distince behind the
center of the leg running nortn-eest. Inhe object of the
test wes to steer the bomb into zny .ortion of the
north-eest leg.

The flere, with whicn the bomb w&s equipped,
felled to ignite ufter releease; nevertheless, the bomb
could be seen frow the plsne for sbout 20 sec. L& long
&8 the detalled structure of the boub could be seen from

the plsne (6-8 secs.), it cppetred to be helc in proper
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orientetion by the gyro stebilizer. At the tiwme of
relezse, the bomb appeered from the plene to be not only
right of the north-etst leg, but slightly to the right
of the central target, snd efter 15 seconds of free fall .
the operator ettempted to correct this zzimuthel error
by &pplying left control. £ momentsry deviation 1ln the
proper direction was seen by sll observers, including the
bomberdier. Though this devistion ceased to exlst zfter
& few seconds, left control was applied throughout the
rest of the flight.

The bomb linded inside the triengle between the
central terget end the north-east leg, sbout helf-way
between the two in asziamuth end considerebly short of the
centrel terget in range. Thus, ignoring the effect of

misleeding perapective, the szimuthcl ceflection wes

epproximately 400 feet. Trejectory calcuiations, which

have been shown to be substantitlly correct, predict &
chenge in szimuth of &bout 3500 feet for this cese. Eence,
we conclude thct, though the bomb sterted to veer in the
proper direction, it went into & spin shortly sfter control
gpplication. The camere in the nose wes so bedly damaged
thet the film was lost for uwnslysis. No theodolite record
wes teken.

For the drop of the secong X-44, the plene ceme
in et 15100 feet from south -- 42°west, hesding for the
southern triangle corner. It wes relecsed £t zbout 22° with
the verticel at an sirspeed of 150 m.p.h. (ground-speed
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172 m.p.h.). The object of this test wis tg&in to boub

the north-eust triengle leg. The flere lit thls time,
gnd efter 15 seconds of free fall it &ppecred to the
operctor that left control wes necessary to steer the
boumb into the leg. 4 momentery devistion in the left
direction wes observed from bota the plene &nd the
theodolite stations. Shnortly afterwards, the bomb went
1ﬁto a spirel course, from walch it never recovered.
The cemerz in this bomb was slso bidly dameged though e
number of short pieces of film were recovered, thus
enebling & fairly setisfactory snelysis to be made.
1. Film Apnalysis_snd Taeodolite FRecord of Converted K¥-44.
The anelysis of this bomb &nd the analyses of
two other bombs, to be liter described, conform only
crudely to the principles laid down in Chipter IV.
t. Since the focel lengtns of the projector &«¢nd
bomb cemere did not satisfy the equations of
Chapter IV, excellent fits were impossible.
b. The theory of metching wes not completely
developed et the time the enslyses werc wede. Hence,
probably e£ll five ceses of Thest" fit were used &t
one time or inother, the operator being unawere of
which pearticuler case he wus using. dence our only
assumption csn be thst on the everuge, @' = Q.
¢. In two out of the three enslyses, it would heve

been possible to work further back from the screen,
thus incressing the accuracy.
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@, Zccurcte date on the orientstion of the bomb &t
the time of relecse were not elways avellsble.
This will cause error in the roll engle readings
because the projector-map setup is determined by
the initial orientetion of the boub.
€. BSince the i-44's were timed by light fleshes on
the mergin ol the film, the particl loss of the
film record mzde necesstry enother wethed of timing
the fremes, whicin left much to be desired.

Fig. 2% shows the principel point curve, the
x~-y plot, end the x-z plot from the Tilm enslysis «long
with the x-y &nd x-2 plots &«s obtcined {rom the theodolite
records. Nelther film nor theodolite record is complete
&8 ceén be seen frou tne plot. There wes & considercbdle
scettering of points on the film curves wnich masked the
spirelling effects, wnich were supposedly present. Tuere
is excellent correspondence between the tneodolite ground
plot end the film ground plot, but the &ltitude plcts
check very pdorly. The resson for the discrepency is not
very cleur, but the difference in focil lengths is
probebly z contributing factor.

To errive at & possible time scele, the &ccumulated
roll &ngle wes plotted egainst sititude. See Fig. 28, The
projector reeds only the roll angle; cnd since there wes
only & {regmentery record, it wus necessery to cdd the

eppropricte nuwber of 2x's to the roll ¢ngles from other

considerztions. Since the ¢;proximute frowe speed ves

known, 1t wes possible to e&ssociscte en engulir veloelty

with esch roll angle. hlso, the ultituue and, hence, the
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lpproiim&te time (from the tr:jectory ctlculetions)

essocitted with & perticulsr roll &ngle was known. It

wos elso noted thet the snguler velocity tended to in-

creese &s the bomb fell. Thus Fig. 23 wes constructed

by edding the right number of 2#'s to eeécn roll angle

to heve the angular velocity increcse ¢s the bomb fell,

end by heving the sccumulated roll ungle difference be-

tween two points &gree roughly with tne product of the

average sngulur velocity between the points :nd the time

difference between the points. Thus, though the ebsolute

times associated with the fremes wey be off by & metter

of seconds, it is probeble that the time difference be-

tween two frames npot too far sspuruted is suffuciently

&ccurate to merit celeulstion ol roll forces. The epproxi-

mate validity of the &ssumptions mude in obteining Fig. 2

is deusonstrated by the fairly smooth relutlionsnip obtzined.

Fig. <3 hes two igportant feetures:

1. The bomb held its roll orientetion setisfectorily
down to zn cltituce sligntly grecter then 11000 feet.
from then on it went into ¢ continuous spin with
&ppsrently ever increesing snguler velocity. It
should be rectlled in this conjunction thet for &ll
the ¥. I. T. bombs, the directionul gyro was limited
in its motion to zbout ¥ 45° by stops. lence, once
the bomb rolls more then 45°, the gyro hits the stop,

and the stebilizing system loges its "memory."
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2. The break-away point &t slightly better than
11000 feet checks with the treajectory calculations

&nd w»ith the time control was &pplied. The control

B
signel wes sent to the bomb 15 seconds after re-

lecse, end the trajectory celculetions put the
eltitude at this time at 11400 feet. Eence, the
bomb went into Ehe roll shortly &fter the controls

were applied.

lasuning the correlction between &ccumulsted

roll engle snd eltitude to be &s smooth e¢s we've drewn

it, we cen then get the spproximeie velocity in the z

direction by computing first the queantity ﬁ, znd then
computing 2% by using the frame speed of 22 per second.
Fig. 24 comperes the velocities obtained by the film

anelysis to the velocities computed from trejectory

celculstions. Considerinz the assumptions mede in

getting this relstionship, the correlstion is not bed.

The cross-over effect can be expleined if the cemera

sterted out the time intervel et faster then 22 frames

per second and ended up going somewhat less than 22.

Let us now &ssocist® times (through tne trejec-

tory celculstions) with even the off-curve points in
Fig. 22 by moving these horizontelly into the curve, and

plot engular velocity sgainst time. Fig. 25 shows &
smooth relationship snd indicates the bomb wes probably
spinning & revolution per second by the time it hit.
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Differentieting the curve of Fig. 23, we get
Fig. 26 Fig. 2% is edmittedly rough, tne height of the
first meximum being subject to considerable error, &nd

the very existence of the second wiximuw being questionsble.

However, using the rough velue of 7.2 slug-ft.2 for the

bomb moment of inertis &bout the longitudinzl &xis, let us
convert the eccelerttions to roll torgues. Tune roll torgues
ere then reducec to the value they would have 2t 150 m.p.h.,
throuéh the squares of the velocity ratios using total
velocities as obteined from the tueoretic&l calculations.
This "uncontrolled®" roll torque is the upper shaded aresz
in Fig. 2%, the lower wures being the estimated stebilizing
torque built into the bomb. Frowm Fig. 2°, we tnus conclude
the bomb would hive been held under roll control if the
eilerons hed been cepable of delivering 3.2 lb.-ft. of
torque at 150 m.p.h. insteed of 2.4 lb.-ft. Due to the
eppirent sharpness of the transient roll ecceleretion
which eccompanies the zpplication of control, znd, hence,
due to the difficulty of measuring the tcceleration
cccurstely, @ torque of from 6 to 7 lb.-ft. a2t 150 m.p.h.
is recoumended for this bomb. Thua the torqﬁe snould be
greater then the present design by & fzctor of from 2.5 to 3.
Finelly, from the methods outlined in Chepter VI,
Section C, we plot the yew, pitch, :nd atteck engles sgeinst
time for the first few seconds following tune epplicetion of

control. See Fig. 28. Since the pitch zngle should remein
constent, it cun be seen that control wes completely lost







1

11
1

§ij

L

1t
il







-58-

efter sbout 16.6 seconds, or tbout 1.6 seconds efter the

control was applied. Other conclu;ions thet csn be

drewn sre:
1. The period of oscillation about szny latersl
&xis is sbout .6 sec. &t 350 m.p.h. From Fig. 22,
Sixth Progress Report, Fin Type I, this perlod is
celeulated &s 0.56 seconds. Thus, this bomb would
heve & perliod of about l.4 sec. &t 150 m.p.h. end
ubout .36 sec. &t 590 m.p.h., the speed at iupect.
2, Using the asttack angle curve, the dewping con-
stant 1s sbout .8 sec™! &t 35u m.p.h., where the
desmping constant 1s used in the equution:

-. 81
O(ere) = 9"

3. Tguilibrium ysw zngle eppears to be &bout

€= period

13 degrees, checking roughly with the wind tunnel
value of 11.6°,

4. From other messurements on the trejectory,

there zppears to be a pltch cngle of &bout 3° or

4" (seiiing). This is to be expected, since the
bomb rolled counter-clockwise (looking along the
bomb, towerd the earth) when negetive yaw Wwes
épplied. See Seventh Progress Report for discussion
of this effect. *
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C. Television Lirigible Bombs.

In sll of four drops using television, &n
edequete picture was received in the plene, end motion
pictures of the screen ere uzvaileble for inspection.

More detail on television performance cin be obtained
from N. Bs C. No theodolite records were taken of sny
of the television drops.

For preliminezry testing, esch bomb wes set up
on the ground so it could groject its signel vertically
to en sirplene flying at 15000 ft. It wss found that a
good quelity picture could be received for sbout 10 miles
either side of the bomb in the correct polerization plene

and for about 5 miles either side of the bomb in the in-

correct polarization plene. Both receiver end trens-

mitter used watched dipole sntennts. On the besis of
these preliminary tests und the drop results, it czn be
said that sstisfectory propagation is now possible.

Before the tests &zt Eglin, similcor tests were
mede £t M. I. T. ¢t zltitudes up to 10000 ft. Consider-
able trouble wes encountered with the television reception
at this test because of interference from & Kedar stetion
in the Boston area. The result was that the picture
failed when the plene flew more then severel miles zwey
from the transmitter. During these tests, the control
transmitter was tried out, improved, und wes found to
work satisfactorily. It will be rectlled thet the cantrol
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transmitter operated on 84 megecycles with four &udlo
wodulations corresponding to up-down end left-right of the
bomb's control surfaces, end radisted 25 watts., It wes
found thet it produced no interference in the television
receiver tnd the control receilver got no interference
from the television transmitter.

Lt Eglin Field, the first boub dropped wes
equipped with a parechute i:nd contained nothing but &
television trensmitter. Generel Geardener, in cherge of
Eglin Field, end Generel Davidson were iir Corps observers,

The bomb was released at 110 m.p.h. from 10000 ft. end

while it was falling the airplane circled &nd climbed to

13500 f't. Throughout the 5 minute - 37 second flight of
the bomb, excellent detail of rosds, treses, etc., was
received in tne plene. The test showed thet there sre
no serious ground reflections, thet tne plane of polerize-
tion is not too critical, tnd thet the equipment is quite
rugged s it withstood both the impsct of the perachute
opening at 110 m.p.h. &nd the impact on lending. The
bomb weS recovered unharmed. It is worthy of note that
this equipment had been adjusted on the ground before
teke-off and wus not toucned agein until the tests were
completed.

This sswe bomb wes dropped & second time without
the chute. It was releused #t 150 m.p.n. from 15000 ft.,
and, &galn, during the 35 second flight an excellent
plcture wes received in the plane. On observing the
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picture, one does not get the feeling of high speed nor
does he feel the need for histe in msking & decision.
The observers were gble to tell from the television re-
ceiver within 100 ft. of where the bomb lended.
Acousticel disturbances essociated witn the high speed
apparently do not sffect seriously the picture quality.
Not heving &ny gyroscopic roll control, this bomb mede
several revolutions ebout its longitudinzl sxis during
its flignt.

The third television drop wes made with 2 bomd
containings television transmitter ena gyro roll cdntrol
but no control receiver. Prior to the drop, the bomb was
flown in the plane znd allowed to view the ground by
meens of & 45 deg. mirror. & winor contrzst adjustment
wes then mede &t 10000 ft. Thne bomb wss launched &t
150 m.p.h. from 15000 ft. et zn engle of 24.5 deg. between
the line pointing to the terget and the line pointing down
the verticel. The bomb welghed 500 lbs. ¢nd was the 1000 1b.

size. The signel from it wes received both in the plane

&nd by & receiver on the ground &end it wes felt by observers

at both receivers thet picture contraest :nd deteil wes
better then the requirements for which television bombing
cell. There wes spperently little &cousticzl disturbence
during the 32 seconds of flight.

The motion pictures of the receiver in plene
were run through the ¥, I. I. film znelyzer to try to
determine why the bomb rolled. To determine the effective
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focal lengtn et which the motion pictures were taken,
N. B. C. supp.ied the following dsata:
1, Focal length of lens in front of iconoscopet 8 1/4%.
2. Electrical megnification from iconoscope moseic to
kinescope surf&ce: &pprox. x 1.50.
3, Focal length of recording movie camera: 17,
4. Distance of movie cumere from sinescope: 15%.

From the zbove data, the effective focsl length
is gbout 0.88". If this focel lengtn is used to reduce
the en:zlyzer data there 1s e very poor check between
computed altitude of rele&ase i.nd the observed eltitude
of releese. Mence sn effective focal length of 1.412%
was used to bring the two eltitudes into coincldence.

From the known time of flight and trajectory celculations,
& frame speed of 21,6 fremes per second w&s used., [ com-
parison between altitude vs. time &= found by the enclyzer
end the ssme relation ss determined by trejectory calouls-
tions 1s shown in Fig. 29. From Fig. 29 it can be seen
that trajectory results fron the snzlyzer should be
subjected to some sort of "smoothing function.m®

Fig. 30 gives roll engle &geinst time znd cen
only be interpreted &«s showing thet there wzs no direc~-
tional gyro roll control at all, the slig ht return sterting
at 19 seconds being purely eccidentel. It snould be re-

celled thet the directional gyro in this bomb was limited

in its motion to ebout 45 deg. by stops, hence &ll
fmemory® wes lost after the llth second.
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The lcst drop was mede with a bowb contzining
a television transmitter, gyro roll control, &nd control
receiver. The bowb was released at 150 m.p.h. frouw
15000 ft. with tn engle of 20.5 deg. betmeen the direction
to the target snd the direction downwerd. There were
clouds which sometimes obscured the ground snd some elec-
trical interference with the television signel was observed,
This bomb rolled from the start ¢nd rolled even more
violently when the controls were applied. However, the
target wes clearly recognized end for ¢ few moments the
applicetion of control tended to bring the target eres
neerer the center of the picture. Since the gyro control
wes obviously inoperestive, no film &nelysis wus umeade on
this bomb.
D. u [*) levigion S

Since the problem of roll :nd remote control hes
been solved (See Gulf reports om recent drops), &nd the
.television espects of the tests described ebove uppesr
well under control, the problem of constructing a tele-
vision high-sngle dirigible bomb eppecrs merely to be the
inclusion of television equipment of the type described
above into the Gulf vehicle.
E. TIheodoljte Fecords.

4t the tiwe of the zbove tests, the Lrmy set up
two theodollte ststions &t Eglin Field for the purpose of

determining the tralectories of some of the bombs dropped
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by the groups from uulf, the Buresu of Standerds, and
M. I, 7. Twelve theodolite records were teken ind two

members of the M. I. T. group went to Camp Davis, N. C.,

to observe and essist in the reduciion of the films,

Out of these 12 records, 4 trejectorles ere presented
in this report, the other 3 being rejected for various

reesons &s explained below. It snould be remembered

thet the records were not teiken under the most fevoreble
conditions: the bese-line was probably too short (4460');
trees between the statlions made difficult the determinetions
from the films of the &zimuth orientetion corrections for
the camerasj there was not &always sufficient contrast
between the boumb &énd sky, tnus mefing embiguous the locsa-
tion of the bomb on the filw. It should be recalled thst
&n unsatisfactory record frow one station is sufficient
to mexe useless the run from the other stztion regardless
of the excellence of the film from thls second station.
Besides the difficulties inherent in teking the theodolite
records, & number of blunders were made by the Zrmy end by
people from the projects whose bombs were being tested,
these blunders either making the film useless, or so diffi-
cult to read that the resultant trajectories were obviously
wrong.

Tne tezble below covers ell the films extmined and

the disposition made of them. +he following explsnations
are necessary for a complete understending of the tsble:
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GRD--Gulf Resesrch end Devel opment Co.-~ followed by a
bomb number.

NBS--Netionsl Buresu of Standards--followed by ¢ bomb number.

MIT--l:ssachusetts Institute of Tecnnologyl-followed by
bomb number (bota are dirvct-sight). Tue one usrked
"flare™ was & 10 lbn prectice bowb equipped with e
flere to test visibllity.

Under "Counter Start" and "Counter Stop" ere given the tices
in seconds the theodolites stirted end stopped. /Zrbi-
trary origin. In tne cese of GED Ho. 1, tne wrong times
were recorded. However, the coriect tiues (denoted by
gsterigs) were leter &scertzined ind sre inserted.

Filter numbers are Jrmy designettions of filters used in the
theodolites to increcse contrest.

"Speed® is the camere speed in {remes per secoand.

Under "Army's Lemarks" ere recorded the lengtn of film shot,
their opinions of the record, ind orient.tion informe-
tion. /1l remarxs sttributed to the /rmy were copied
{ron the notebook kept by one of the Lrmy men sent
from Camp Davis to mezn one of the cemercs.

Under "Our Femirks™ cre given out oginion of tne runs, the
disposition of the record, ind the rewzson for the
disposition.

The north theodolite station is &lso refer:ed to us '01“

or cimera 73.

The south theodolite stetion is ¢lso referred to zs "02"
or camera lll.
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Fig. 31 is the result ol the theodolite en:tlysis
on Wulf Bomb No. 4. Only the lest gortion of tue flight
i1s svaileble. Thi: method of showing the trejectories is
explained under Chap. VI, Section C. See Fig. 14 for
comparison. This bomb lost roll cantrol st zbout the 21st
second, checking roughly with the theodolite-derived tra-
Jectory, which starts exhibiting "wiggle® £t about the third
second (different time origin). For zoupsrison see Fig. 11,

Gulf Progress Report of idercn 15, 1943; &nd Fig. 9,

Division 5 Bimontnly keport of Februzry 15, 1943.

Fi1g. 32 1s the trejectory of Gulf Bomb No. 7 as
obtained from the theodolite records. From the film en-
elyzer were obtsined Fig. 33, the trajectory of principal
points, &nd Fig. 34, siving the roli tngle ind sileron ection
as functions of time.

Fiz. 34 gives & good explanstion of the peculier
trajectory thls bomb took. It should be recelled that this
bomb hed the long "side-~burn" fins and, hence, was very
susceptable to the roll torgques developed in coubined pitch
end yaw. Aileron lights 1, 2, 3, #nd 4 were photographed
on the film in the nose of the bowb through a partislly
silvered mirror. If we define clockwise rotstion as that~
which seems clockwise to «n observer riding in the bomb
and looking out through the nose, tien the lights indiczte
the folloring:

No. 1. The c¢lockwise rotational velocity is greater
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thrn about 7 deg. per second.
Ko. 2. Ihe clockwise displacement is greater thsn
about 1 1/2 deg.
Wo. 3. The counter-clockwise displacement is greater
then about 1 1/2 deg.

¥o. 4. ‘ihe counter-clockwise rotstional velocity is

greater then ebout 7 deg. per second,
-
In all of the above cases when the lights go on they indi-

cate also that the &ilerons &re being sctuzted to oppose
the motion indicsted by the lights.

Referring to Fig. 34, not untll &bout 6.5 seconds
was the ground distinct enough to mske ¢lignments, indicated
by errow, hence (1l alignments up to this time were performed
by mesking the horizon, as seen on the film, coinecident with
2 line on the mzp znd normal to the originul direction of re-
lecse. For about 1 1/2 seconds, roll is sdeguately controlled,
but shortly afterwards a clocxwise torgue sets in (due pre-
sumably to Some momentary conditions of combined pitch and
yaw) which the zllerons gre unzble to oppose effectively.

The bomb continues to roll to &pproximctely 45 deg. st
which point the alrectional gyro nits the stop cnd loses
its orientetion. The subsequent rolling of the bomb re-
sulted in the elevstors, originally set for s&iling,
becoming rudders every quarter revolution. The shsrp
left turn 1s sccounted for by the 270 deg. roll of the

bomb. Since the bomb is in & nearly verticel position
at the time it makes the turn, it is apperent that after




-3~

the turn the bomb will find itself &gein in a sailing
position. 28 can be seen from the roll engle record,

no trensient conditions of combining pitch and yaw
existed in the latter part of the flight, hence Ehe

bomb meintained feirly good roll orientation, even though
the directionz) gyro was not operating properly. bince
the rete gyro is not affected by roll displacement, it
can be seen from the record thet it wes operating satis-
factorily during the lest portion of the fllght.
Apperently there was sufficlent time lag in the response
of the eilerons to the demends of the rete gyro that a
sustained roll oscillation was set up, the rate gyro thus
keeping the roll displacement constent to within 1w deg.
(neglecting the drift). For edditionzl inforuation on
this bomb, see Fig. 14, Gulf Progress heport of Merch 15,
1943; end Fig. 9, bivision 5 Bimontily Report of

Februsry 15, 1943.

Fig. 35 is the theodolite-derived trajectory of
one of the Bureau of Stendards boumbs. [s cen be seen
from the scettering of points, the last portion of the
flight is extremely uncerta%n. Since tnis is not & high-
sngle bomb, the trajectory is presented without comment.

The fourth theodolite twajectory is that of one
of the il, I. T. direct-sight boubs &nd hes alrecdy been
presented tnd discussed in Chap. VII, Section B.
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