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CHNICAL MEMORANDUM NO. 409.

bt

KINETOGRAPHIC DETERMIJATION OF AIRPLANE FLIGET CHARACTERISTICS.*

I. Kinetographic Flight Measurements.

By P. Raethjen.

‘In the "Zeitschrift fir Flugtechnik und Motorluftschiffahrt,”
for June 27, 1925, pages 335-240, I described a method by which
the flight characteristics (horizontal speed and attendant sink-
ing svpeed) of the Darmstadt glider "Konsul" were determined from
measurements of a glidinz flight in still air. The eveluation
of the flight characteristics of the Konsul was rend-wod very
¢ifficult by the fact that the mecasurements made with a theodo-
lite and telemster, according to a method intrbduced by H.
Koschmieder, ¢id not yield more than four points a minute; and
especlally by the fact fhat the time and distance coordinates
of these v»oints were very inaccurate. I was therefore obliged
to introduce a correction factor and to altér the flight charac-
teristics diagram until, by integration, it yielded the time-
and-space flight path found by measurcment. Nevertheless this
first exveriment demonstrated that an accurate flight-path meas-
urement would enable the determination of the polar diagram from
a gliding flight. Since then I have accordingly endeavored %o

obtain accurate flight measurements by means of a kinetograph
v O By

*Flugeigenschaftsbestirnung durch kinematographische Flugvermes—

'ﬁ{’

sung. From "Zeitschrift fur Flugtecnnik und Mo+ torluftscniffahrst,’
DecemUer 14 and 38, 1926.
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(motion-picture camera).

Thig method was fifﬂt emloyed at the 1926 Rhoén soaring-
flight contest. The result of the measurcment of a gliding
flight by the "Roemryke Berge' will be given by Mr. ¥nott as a
vart of this article. I will only mention herc that the object
in verforming this cxreriment was to obtain a polar dlagram of
the air forces by a method similar to the one employed in 1934
for determining the fiight chaieccteristics of the Konsul.

Since the accelerations developcd in this flight Were only
slight, I assumed that the air-force coefficients of unacceler—
ated flight were applioabie. The evaluation by Mr. Xnott, how-
-ever, shows deviations which contain obvious indications of

the effecf‘of acceleration. Thé resulf ig therefore not & rea}
volar diagram, but oﬁly an estimate of the effect of accelera-—
tion. Though the result is to be regarded for the preseﬁt,
only as an indication, it is nevertheless very valuable, be-
cauée the effect of the acoeleiations is the real object of

the kinetographic measurements. (See Appendix for further de-
tails.) Even if this indication shculd vrove to he an error
caused by atmospheric disturbances, the accompanying revort by
Mr. Knott continues to be of interest, as the first step in
kinetographic flight measurement. I will first describe the

avparatus and the experimental method.
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1. EYDCTIW ntal Task and Gynerﬂl Method
The object of the experiment is the determination of the

path followed by the center of gravity of ithe airplane with

reference to time and s

a3

3ce. The task is therefore to deter-

o

mine the time and distance ccerdinates of voints as near to-
wrether as possible in the wath of the airplane. As already
mentioned, these voints had Teen yreviously aeLe*mined_by
weans'of a. theodolite and telemeter by a aethod introduced by

E. Xoschnieder. The principal dieadvantages of tkls method

were the inaccuracy and infreguency {only 3-4 ver minute) of

O

the measured points. It was especially unsatisfactory that

the sighting and reading, the dictation and recording afforded

-

rmany chances for errors. Hence the new kinetographic method

was vased on frequent points of measurement (as meny as 20

per second) and on an entirely cbjective weasuring method.

For this purpose the airplane, the spatial coordinates and a

clock pointer were simultareously photographed.

4

The measurenents were rade from two fixed bases on the

"Weltensezlerhang," 200 » (656 ft.) apart, covering flights

from the "Kuope" toward the "Zuckerfeld" or "Zube." The direc-

o

tion of photographing was nearly horizontal, which was of con-
ciderable advantage for determining the flight altitude. The

fixed bases (Fiq- 1) were fitted out as follows. At the bhasic

voint itself there is an thel king€lograph stand with a top
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which can be rotated both horizontally and vertically by means
of two cranks XK. The kinetograoh is mounted on this sitard

and is constantly directed tovard the airplane by keeping the

h

latter in the field of the telescopic finder V. If the orien-

tation of the camera at the instant of exposure is known, the
picturé of the dirplane can be vhotogrammcirically evaluated.
-The orientation of the camera was therefore fixed on the nega-
tive by the simultanedus photograpby of stationary reference
tables (Fig. 2) together with the airplane. The pointer of &
clock was also photographed simultaneously, by means of a device
which will ve described later. |

Three of the reference tatles were placed behind each kine-
togréph at a distance of about 2 meters (€.58 feet), as shown
in Fig. 1. They were placed behind the camera, SO as not to
interfere'witz'tﬁe field of vision in front. They were there-

fore photographed fiom the direction opposite to the airplane
fow? . X Pl iy 3

Iy

[©)

N

the result being shown on the section of film in

g

ig. 3. The
reference tables consisted essentially of U-iron frémes about
1.5 m (4.92 ft.) square. Each table was civided into squares
by taut iron wires, which were drawn through holes bored with
e ¢rilling-jig, in the frame at intervals of exactly 5 cm |
(1.97 in.) between centers. BSehind this trellis there was
placed a frame covered with white airplane fabric, on which
the individual squeres were distinguished by numbers. The num-

bers were wriiten backward, becausc they appear in the evalua-
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t
-

tion as mirror pictures. In order to avoid confusion between

A A - £
U

G0 Torner

the wires and their shadows, vere intcrrupted Tv
white paint, so that they appear on the photograph as discon-
nectod crosses. The tables were adjusted with the aid of a
plumb line, so that the vertical wires were exactly nlumb.

The horizontal wifes should then have been exactly horizontal,
but slight deviations were found, which =zre attributable part—
1v to distortions during transoortation and partly to inaccura-
cies in dArilling the frames.

The vertical wires ars the iefercnce lincs for the horizon-
talvoscillatién of the camecra and the horivoﬁtal wires are the
reference lines for its vertical oscillation: The vertlcal
wires are therefore the ground-plan coordinates for the meas-

urements and the horizontal wires are the altitude coordinates.
2. The Einetozraph

This consists in part of an ordinary kinetopraph, as used

by motion-»icture producers. It was also constructed in vart

1

at the Fraankfort a. #. Institute for Scientifi

Q

Phrotomgraphy
and "in vart at the Research Institute of the “hon-Rossitten
Asgociation on the Wasgerkuppe.

mo, 2 .-
LNe 1tag

of takinz two pictures from opposite directions

e

¥’

on the a2n

¢

film was accomplished by meens of total-reflection

il
Fix. 7). Illustrative diagrams are given in the appen-

—~

.
prisms

Gix 4o my lscture "Accelerated Airplane Motions," delivered at
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the 1926 Rhon soaring-flight contest and already sent to the
NZ.FM.Y for pubviication. You are here referred to this avpen-
Gix.* The technical task was rendered mcore difficult by the
fect that neither time nor mecans were available for bulldiang an
entirely new measuring k ﬁ.tograph. Hence an ordinary mction—
picture camera was used and the special devices were added to
it. The camera accordingly consists of two parts: 1st, the
real measuring camera (Fig. 4) which carriss both reflecting
prisms and the revcelving shutter; 24, the film-driving mechon-
iem (Figs. 5-8), which consists largely of the normal avparatus
with the addition of the device for ﬁhotographing the clock
(Fig. 10). The two Darts must be separated to introcduce the
film, but can always be fastened together agein by the four
wing nuts.

The principal difficulty in arranging the reflecting prisms
lay in the circumstance that the individual image fields 3,
and B, were smaller than the lens apertures (Fig. 7). Hence
the whole aperture could not be used on the boundary between
the two fields. In order to eliminate this fault as much as
poesible, the opﬁical axes Al' and A, were so vlaced that
they dicd not fall in the middle but on the edge of the image
fields. Since even then the images mutually overlazpped one an—

other, long tubes were placed in front of both object lenses

*The abovementioned lectire was Dublished in the “Z.F.M." for
Dec. 29, 1226, and the sransiation of caid appendix is 1pcluded
in the preseant Technicul Xeworandum.
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and a partition was put betwzen the image fields Bl and By,
though this martition had to leave a free space for tho-revolv—
ing setmtter in front of the prism. The vartition S naturally
covered a strip of the film. Eence the photograph of the clock
face was projected from the back side on fhis strip B, (Figs.
3 and 7) wﬁich, moreover, runs around the image ficld B, (Fig.
3). The crosces F, and F, (Fig. 3) would have to be located
exactly on the optical axes A; anc A; or at least at the
corresoonding CGistance from one another, if the pivot of the
camera (stationary top) were on'the optical axis A,. Unfortu-.
nately, we had to dispense with such a Cardanic suspension and
use a simple Ertel trivod. With this support, the vertical axis
of rotation of the stationary top passes through the optical
axis #&,, Ddut not the horizontal axis of rotation, wihich lies

~

om (2.38 in.) below the optical axis A,. The diagrdm of the
optical axes passing in opposite directions through the pivot

can therefore, strictly speaking, bé utilized only for the hoxr-
izontal rotation of the camera, out not for the vertical. The
lateral rotation is made sbout a point on the opitical axis A4,
but, in changing the vertical direction, the optical axis moves
as 2 tangent about a circle K (Fig. 8). This motion producés
an error A/h in the vertical coordinates h on the reference
teble, which is a function of h, of the distanbo a and of

tre radius v (8 cm = 2.38 in.) of the circle of rotation.



N.A.C.A. Technical Memorendum No. 402 8
The following formulas (Fig. 8) avply here.
cos @
' 1
h + L"lh h ’ . ( )
tan @ = — 2 " a o hence approximately
/ h*
= 1 4+ ==
cos q) / a2 ..... (2)
hence T
. / n= \
ph=cx( fae 2o
1 ./ ae »/
or approximately
12 '
1 2 ag ( )
This error A,h can be vartially offset by locating the

cross wires of the image Bz a little tc one side of the op-

tical axis Az' (Fig. 7), so that the two axes F, and E

of the reticles (in contradistinction to the optical axes) do

not lie parallel, but make a small angle AP with cne another

(Fig. 9). 1In this case we have
Axh = —a Atan 9 = - a (1 + tan® @) A9 (4)
2
Aoh=-a(1l+ B g (5)
<2 \. a A

A®@ such a

The task is now to give

correction A;h + 4 h shall

Qil £ N
values 2 -4 for r=6 cm
in.). Thereby the constant

because 1t cdenotes only a shifting of

be as small
(2.36 in.)

afr? mayv be

value that the total

as possible within the

and a = 200 cm (78.7

eliminated at first,

the zero moint on the
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eference table. This constant shifting of the zero point is

elininated in the adjustment of the table. The variable error

Ah :‘:b':;f-{/l- — A$> . (6)

shall also be climinated &g far as possible. Preferably,

4

A = =— = 0.015 is chosen.

Through an error A% = 0.020 wus obitained for both meas-

uring kinetographs.

This causes an error. %f = - 0.005 §, which remains .

for inclinatlons % < % below the accuracy of the film reading.
For ¢reater inclinations, it can be easily introduced mathemat-
ically (though under consideration of the terms of higher order).

Accordin:

a
03

to these considerations, we can ftherefore oper-
ate with the two reticles F, and F, (Fig. 3) as though their
respective. axes were strictly varallel and as if the pivot of
the stationary top were exactly on the reticle axis F,. A
slight correction would be necessary under certain conditions,
only for inclinations exceeding 1 ¢ 4, hence for altitude
coordinates h exceeding 50 cn (19.7 in.).

In order to avoid changes in the mutual adjustment of the

lenscs and th

O

reflecting prisms, the base plate, which supporis
them, was made exceptionally strong. The lens on the side to-
ward the table was a Zeiss-Tessar with an aperture of 1 : 3.5

and a focal length of 10 cm (3.94 in.). On the airplane side,
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a Xenar lens made by Joseph Schneider, with an averture of
1 : 3.5 and a focal length of 32 cm (11.8 in.), was used.

The great focal length was chosen in order to enable the
mecasurement of the coordinates of the airplane image for fhe
single-station method and for the determination of the angular'
position of the airplane, the angle of orientation for the air-
plane axes. On thé table side, it was better for the focal
length not to be too long, so as not to have to make the table
divisions so small.

The most difficult task in making the measuring.kinetograph
was the inventvion of a device for the simultaneous photography
of the clock. 8Since there was no room in the camera in front
of the film, the clock had to be projected on the back side of
the film (Fig. 7). In this connection a device, which had al-
ready been used in ordinary kinetographs, was found very conven-
ient. It carries a tube R (Fig. 8), in which there is ordi-
narily a telescope for observing the object while taking the
victures. The third lens was mounted in this tube and at its
upper end a second shutter‘@as introduced which was coupled
with the first and exposed the clock only at the instants when -
the exposures were made for the airplane and the coordinate
tables. Above this shutter is *the clock face which is photo-
graphed, with tihe pointer, on a diapositive film by transmitted
daylight. In order that no disturbance can be created by the

sun, an adjustabie mirror S (Fig. 1) is so placed that the
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sun cammot shine in during the whole operation.

The double pointer 2 (Fig. 10), over the U-shaped dial,
is so operated by an-electric synchronous motor, that it ordi-
narily makes half a revolution per second and therefore makes
one-second periods. The pointer shaft itself drives, by means
of a gear, a seconds recording disk S (Fig. 10), which has
36 division marks on its periphery. After one bointer revolu~-
tion, these marks change, in rotatiocn, the place P at which
they are photographed. Hence they antomatically record the
seconds of the pointer Z. The synchronous motors are driven
by a three-phase alternating current supplied from a central
station consisting of a constant-speed motor driving a rotary,
revérsing switch. This rotary switch interrupts and reverses
the volarity of a 60 volt direct-current circuit and thereby
furnishes a nonsinusoidal alternating current for the synchro-
nous motors. This current-reversing motor runs syncironously
with the two three-phase motors at both measuring places and
is, so to speak, the central clock for both.

Fig. 11 shows this central clock with its storage batter-
ies, and Fig. 12 shows the inside mechanism of the clock. It
is so arranged that it can be enclosed in a protecting case.
The current-reversing motor M drives, through a worm gear, a
recording drum R. Marks were made on the soot-coated drum at

uniform time intervals (every 1/5 and every 3 seconds) with a

stylus S (Fig. 13) actuated by an electromagnet and controlled
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by a clock U. On its front side, this clock has the vlugs
and switches for the different wires, a three-wire cable for
each measuring place, with two Girect-current voltagés of 60
and 6 for field magnets, arrature and recording méchanism.

The time-mark record emnables the control of the revolution
speed of thé current-reversing motor and consequently of the
~revolution sweed of the clock pointeirs at the measurihg stations.
The recording drum has a total rammirg time of 7 minutes and
enables the evaluation of the revoluiion speed of the motor ev-
ery 1/5 second. The contact ciock U is an ordinary alarm
clock, ﬁhioh carries a contact point on the balance wheel and
on the balance lever and makes contacts at every oscillation
period (every 1/5 sec.) and at every period of the balance
wheel (ever& 3 sec.). The balance wheel of an ordinary alamm
clock does not oscillate in every period to within 0.01 sec.
and consequently this clock is not really accurate enough for
kinetographic measurements. It 1s to be replaced later by a
good pendulum clock. This wa.s not vossible at the time,.as the

clock had to be set up out of coors for every experiment.

3. Evaluation of the Experiments

a) Determination of the ground plan.- For the evaluation,
the ground vplan of the flight path is first drawn on a scale
of 1 ! 500. This is generally done as follows: The sighting

O

lines from the two base points are drawn in the ground plan and
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-
[éX]

their intersection voint is the ground-pylan position of the
airplane (Fig. 1%). The grcund plﬁn mast first show accurately
the two base D01nts ané tne reference tables in their relative
positions. For this purpose the distances between them must
be accurately measured. This 1s cdone by a combined measurement
with a theodolite snd a kinetograph in the folloving manner.
| First the two real bvase péints are plotted as the oscilla-
tion centers of the cameras at theif measured horizontal dis-
tance from each other. Then at each vase the location cf the
reference tables is plotted with reference to the oscillation
center by measuring the distances a from the first and last
vertical line of each table to the oscillation center B (Fig.
14). Since the distance b between the two wires is 1.4 m
(55 in.), the triangle including the oscillation center and the
table is determined by its three sides. The distances ¢ De-
tween the outer wires of adjacent'tables are likewise measured
‘and determine the relative position of the three triangles a b
to one another. |

Each base is thus plotted by itself and it only remains
to locate them exactly with reference to each other. This must
be done with the measuring kinetogreph, in order to avoid possi-
ble constant errors of angle in the kinetograph itself. Some
céntral landmark is theﬁ selected and photographed from each

base with the corresponding kinetograph, the uame as in a

flight test. A definite ground—blan 0001d1n1te of the central
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landmark is thus obtained at each base between the vertical
wires on the reference tables. This ground-plan coordinate is
plotted as point A in Fig. 14. The eame central landmark is
also measured with the theodolite by the well-known "two-station
method" from both bases and plotted in the 1 : 500 ground plan.
Then ihe reference tables are plottel as shown in Fig. 14,.so
that the voint B coincides wifh the base point and the line

AB  vaeses through the central tandzirk. Thereby the base lines
of the reference tables are preferabiy plotted on a larger scale
(e.g., 1 : 2 has been found satisfactory) and then reflected
into the measuring field in front, in order to save room on the
drawing boaxd.

For the determination of the flight-path points in the
ground pldn, it is first necessary to obtain simultaneous values
of thg coordinates. Since the clock pointers move synchronous-
1y, this is rendered possible by the clock photograph. The
ground-plan coordinates of- a series of film pictures are first
taken from one measuring place, e.g., once a second, O every
16th picture, thereby correcting the deviation of the airplane
- from the cross wires in the photograph of the table. Thus the
obliQue cross Fg of the small image field B, 1is corrected
corresponding to the deviation of the center of gravity of the
airplane from the cross ¥ (Fig. 3) of the larger image field.
The ground-plan coordinates thus ovtained are tabulated with

the corresvonding clock-time readings. From the other measuring

.
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place there are generélly no photographs which coincide exactly
in time with the ones in the table. Hence, for every victure in
the table from one measﬁring place, two pictureé from the other
measuring »lace must be utilized, one of which was takén short-
1y before and the .other shorfly after the.one from the first
measuring vlace. Setwesen these two, the ground-plan coordi-
nates will be interpolatcd in direct dependence on the time
:values. Since the successive exposures are dnly 1/16 second
apart, linear interpolation is possible within the accuracy of
the time measurements. Through this ihterpolation, we there-
fore obtain the ground—blan coordinates of the.second measuring
place, which belong to the table of the first measuring vplace.
Each of the two coordinates is plotted from the respective
measuring place, as a straight line from the base B 4o the
corresvnonding cecordinate point of the_referenee table, and the
intersection point of these lines is a voint in the flight

path;

If, for any reason, one of the two reasuring places.is mise~
ing, or if the clock fails, the determination of the flight path‘
is nevertheless possible in the "single-station method." Tais
single-station wethod deduces the distance between-the airplane
and the camera, from the magnitude coordinates of the airplane
pictures, the dimensions of the airplane itself and the focal
length of the lens. Under present conditions the calculation of

tals cdistance is very simple, because the geometric problem is
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almost two-dimensional, since the optical axis (sighting line)
lies nearly in %the plane of the airplane (fuselage-wing vlane) .
The general three-dimensional proﬁlem reads: "The lengths
c and & of two vectors (fuselage ¢ and wing d), which are per-
vendicular te each other, are given. The cartesian components
Ci, Cz,.4;, &z of these voctors, which lie in a plane perpen-
dicular to the optical axis, are phorographed." The first egua-
tions therefore express the reietions between the components

B

and the lengths of the vecvuors

1% + C2® + c3® = ¢

(8)
dlz + d32 + d:32 = d.2

L S ey

Thereto is added the perpendicularity condition between the vec-
tors ¢ and d

c, d, + 65 dy + c3 d; =0 (9)

Lastly, the relation between the natural-size components
and the image cdmponents, which latter will here be designated
as "image angles." These are obtained by dividing the coordi-
nate lengths of the film image by the focal length b. The
axes of the cross F,. can be used advantageously as the certe
sian system of the film image (Fig. 3). These coordinates are
thereforé

b &, & and b¥Y,, b Yz,

in which b denotes the focal length and ¥, & the "image
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s

angles." We then have for the distance a of the airpiane’

C, =afvY;, Cz=2afv; ‘ (10)

1)
-
i}

i, = a 8,, ds = a & (11)

~

Since the image coordinates Y and. & are known in. these
geven egquations (8 andAll), they contailn seven unknowns. The
distance of the airclane can theiefore pe determined from these
equations. The equatidns (8 - 11) neturally also enable the
determination‘of the comporents c,, Cp, Caz, 4., dz, ds and,
with the aid of the orientation of the camera, the evaluation
of the spatial zwosition angles of the airplane axes.

First equation (@) is squared and equation (8) inserted in

it A
(cp &1 + ¢z 42)° = (e® - ¢, - ¢2®) (&® - 4,2 - a.2)

Then equations (10) and {11) are introduced:
a®(v, &, + v, &)=~ a? (v + v2) ) {@- & (524 §°)}
2t {0y, & + 1, 807 - v ¢ ) (87 4 &7 b s

+ 2 [o?(67+ 857+ (VS + 7)) = Faf

or, after removing the coefficient brackets from a*:

—at(Yy &z - Y2 & )P+ a® {{02<612 + 85 )+ % (V2% + 22 ))', =&

(12)
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The coefficient of a* apparently disavpears,* when the
optical axis lies in the plene of the vectors c and d. Since

this is generally almost the case and since the coefficient of

a* is coascquently very small, eqguation (12) can be solved only

2s a linear equation of a®: 4 division by the very small guan—

sity (v, &5 - V» 61)2 would dburden the solution of the quad-

ratic equation of a® with great errors. It is therefore,

2 -2
a? = c__ & )13)

2 2 2, = S ow o - 2
c{8 + & )+ & (‘Yl + Yo - = ('Yl 2 - Yz &1)

It musf e borne in mind that the right-hand term in the
denominator, which contains a®, plays the role of a correc-
tion term, on account of its small coefficient. Therefore, a
first approximation e for the distance a can be determined

as.

a = (14)
2 2

)+ d (Y2 o+ Y2T)

This first approximation is sufficient when the optical axis
falls in the plane of the vectors c¢ and &. 1If this condition
ig only approximately fulfilled, the second approximation a
suffices, which is obtained by substituting in equation (13),
at the right in the denominator, a for a ané by developing

the geometrical series as far as the first terme '

) s / 6 - e = . ~

*The equation %4 = 5> shows that the fuselage axis and the
2 2

wing spar lie in the same straight l1ine on the picture.

°
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2 2 & ((Yl 62 - fY2 61}2

a =3 + 3 :
02(512 + 522) + (_ig('le + ’Yze )

(15)

The distance a 1is converted into a horizontal distance
by means of the vertical coordinates on the reference table.
This horizontal distance is then plotted in the ground plan on
the corrésponding sighting line, which passes through the base
voint B and the corresponding coordinate point on the ground -
plan of the reference table. (See H. Knott's ground plan of

the "Roemryke Berge" flight.)

b) Determination of the altitude.- First the zero line

must be located on every table, i.e., the number which, as a

coordinate, belongs to an object on a level with the measuring
place.' This zero line was 1ikewise determinsd by photograph-
ing the central landmark. As explained in the description of
the camera (Fig. 9}, it does not lie at the same height_és the
lens, but at an angle of A® Tbelow it. As demonstrated
above, we can proceed, notwithstanding the altitude evaluation,
as though the angle A9 were 0. Therefore, the zero line
on the tables is also determined on this plan.

From the photograph of the central landmark H, we obtain
an altitule coordinate H' on one of the tables. From the
measurement of the vertical angle ¢ toward the central land-

wark, we obtain a corresponding height h' wup to the zero

line on the table {Fig. 15) with the aid of the horizontal dis-
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tance a' taken from the ground vlan. If we subtract the:
height h' from the altitude coordinate H' of the central
landmark E, we obtain the zero coordinate N'. This differs
a 1ittle under different lateral coordinates, since the'hori—
.zontal Wires on the tables arz not strictly horizontal. Still
the inclination of the zevo line to the wires is determined by
a round measurement with the theodorite from the camera stand.
In this mamner the zero coordirates on the three fables are de-
termined and plotted for all wie laleral coordinates. The de-
termination of the altitude h of a point in the flight path
above the measuring place is now a simple calculation in pro-
vportion. It bears the same ratio to the coordinate height h!
as the gréund—plan distance a of the flight-path point to

the ground-plan dis%ance a' of the lateral coordinate.
4. TFocal Lengths and Accuracy of Measurement

The accuracy of measurement is chiefly determined by the
focal lengths. Knowledge of the focal lengths is especially
necesgary in the transfer of the coordinates measured in the
image Tield of the'airplane (deviations of the center of grav-
ity of the airplane from the cross wires) to the imege field
of the reference teble. The transfer is effected by shifting
the oblique cross F, (Fig. 3). The magnitude of this dis-
pnlacement bears the same ratio to the amount of the deviation

in the image field of the airplane; as the corresponding dis-
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tances of the image plane from the rain olane of the lens.

" Thie distance is the focal length iteself for photographs taken
at an infinite distance. This is 292 mm (11.5 in.) for the
alrplane photographs in both cemeras. Cn the other hand, the

image distances for the table photographs differ for the two

cameras at the 2-meter pceltion of the lens. For every camera,

therefore, correcticns were made for the corresponding displace-
ment of the oblique cross F, 1in the table image field from
the coordinates in the airplane imege field (Fig. 3). This
eveluation 1s made on & projected image magnified about fiftcen—
Told. It was found that an evaluation.of the film to 0.02 =m
(0.0008 inch) was the utmost possible. This accuracy cannot be.
attained, however, in the present arrangement of camera and ref-
erence table. Hence an evaluation to 0.C5 mm (0.002 in.) was
considered satisfactory, this value just corresponding tc the
thickness of the photogravhed wires and to the thickness of the
cross wires. The accuracy of the evaluatipn can be Qonsidera—
bly increased by evaluating all the film images and thus deter-
mining 16-30 flight-path points per second. The accuracy of
the result is considerably increased by averaging so.méﬁy meas-
urenents.

In the ground plan the flight-path points can be determined
by the two-station and 2lso by the single-station method as ap-
plied at each camera, hence as intersection points of swo cir-

cles an¢ two straight lines in the same point. The two-station
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method

11

11 cenerally give'the most accurate result, obut a sys-
tematic cdeviation in the anplication of the single-station meth-
od would at least show any disturverce in the experiment, e.g.,
any error in the swvnchronism of the clock pointer.

M

The altitude of the flight-path point is also determined

from voth measuring vlaces and systematic discrepancies in these

R

two determinations would likewise £how errors in measuring.
Such errvors were manifested in the first measurements witn the
"Roemryke Berge'" and "Westpreuvssen" by a displacement of the
ze;b coordinate on the réfercnce tebles. It was, however, Dos-
sible to determine the zero coordinete from the meaéurement it-
self, as will be explained by ¥r. Enott.

In concluding, I wish to discleim any idea that the kineto-
graph described in Sectiun 2 is a technically perfect instru-
ment. As already mentiorned, the described form was necessita-
ted by circumstances. A satisfactory kinetographic iﬁstrument

2d to be nroduced in a short time with very few technical re-
sources.

The equiprent of the measuring estation with a wooden stand
and makeshift reference tables was due to lack-of fundsf In
the evaluation of the first flight measurements it was possible,
only with the greatest pa;ns, to eliminate errors due to changes
in the position of the stand and tables. I+ is therefore essen-

tial, for very accurate measurements, to create perfectly stable

measuring stations. Horeover, the evaluation of the "Roemryke
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Berge" £light sﬁows that the determination of the altitude and
time are not vet sufficiently accurate for accelerated flights.
For these measurements we should have an angular accuracy of
0.0002° to 0.0001° and a time accuracy of 0.005" to 0.003".
Soncrete measuring-bases and greatAfocal lengths on the table
side, an accurate ccntact clock and a constant motor with con-
siderable reserve pcwer are the recoarces which render these
goals attainable. |

This improvement in the kinetographic records must be ac-
companied by accurate records made on the airplane, of the lon-
gitudinal inclinations, dynaﬁic pressure and angle of attack.
The first experiments with "Askania" dynamic-pressure recorders
were unsatisfactory. Accurate records can nrobably beAbest
obfained by photographing the instruments. A simultaneous ser—
ies of photographs taken on the airplane, of the horizon, clock,
dynamic-pressure indicator, angle-of-attack vane, and possibly
of the control stick, should supplement the kinetographic rec-
ords made from the ground stations. Only when this is accom-
plished, can free-flight experiments equal wind-tunnel -experi-

ments in accuracy.
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[AV]
>

cy  Grag cocfficient of airplane,

¢y, drag coefficient of wing section or profile,
Cn  1ift coefficient of airplune,

Y density of air lxg/u ),

= acceleration due %o gravity (m/s?),

F wing area {r?)

G weight of airplane (Xz),

v measured tangential sveed (n/s),

vy measured horizontal specd (n/s),
— . , s \
v speed in steady flight (w/s),

. - s P \
¥, horizontal speel in steady flignt (w/s),

3 angle of zlide in steady flight,

€ = - tan?® sgpatially neasured angle of flight,

t tirme {seconds),

A correction factor (%),
a constant (s°/m%),

b constant (m2/s2).

-

The remarkable flights of +the "Roemryke Berge," with

Nehring as pilot in the 193¢ rthon soaring-flignt contest, cre-

ated a desire to test the flight characteristics of this glider.
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This vas the'first opportunity to try the above-described method
of "kinetographic flight measurements" developed by Mr. P.
Raethjen. The intention was to determine the volar curve of

the glider by an experiment in which the glider was to vpass
through all the speeds at a low acceleration. In the evaluation,
however, it was found that the flight was affected by influences
Which'nade a direct determination of the velar impossible, co
that the work shows onlv an esvimate of these influences and the

calculation of an ¢—curve, which is to be regarded as an energy

balance of the testea

o)
h

e
*_l-
Q
o
ors

The Experiment

On the morning of August 8§, 1926, the velocity of +the wind
over the "Wasserkuppe" was almost zefo (less than 1 m/s). For
days there had been high-pressure weather. The day seemed suit-
able for the test flight and toward 9 o'clock a.m., the Roem—
ryke Eerge started. Nehring, as vilot, was instruoted.to push
the glider slowly from the minimum to the maxirum speed and tien
gradually slow abwn again, while maintaining as straight a
course as possible. The measurements were made from the ground
with the aid of the measuring kinetograph. The dynamic-pressure -
.recorder used on the glider was a special instrument made by the
Askania Works. Unfortunately, the clockwork for rapid record-
ing vroved very unreliable, rendering it impoésible to identify

°

the time. Nevertheless; the diagram furnishes a good record of
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the s»eeds in the range of the most favorable angle of glide,
so that it seemed appropriate to publish it (Fig. 19). The

speed range went only to 20 n/s (85.8 ft./sec.), so that the

b

maximum goeed could not be checked with the dynamic-pressure
recorder.

Fraluation

The evaluation mas made in the manner already described by
dr. P. Raethjen. Fig. 16 shows the ground plan of the flight
ﬁath. The reference tables wers dizwm half their natural size,
.ag reflected in front of the measuring places. The points,
which were obtained by the two-station method, arc represented
as full circles. They were determined by the intersection of
two steel wires, which are to be regarded as measuring wifeé
M, and ¥,. The steel wires can be wound around pins which fix
the position of the vertisal axes ¢f the kinetographs.

On account of the unfavorable location of the first meas-
uring stand and the lack of exverience in following an airplane
in the finder, the first 19 seconds could not be photographed
from the measuring stand I, so that they had to be calculated
oy the singleéstation method from measuring stand II, in the
mannar described above by ¥r. P. Raethjen. The calculated
voints are represented by crosses. The two-station method is
naturally more accurate than the single-station method. The
scattering of the single-station pcints is due to the impossi-

bility of accurately measuring the airplane coordinates, since
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cne wing %ip is hidden by the fuselcrge. At long distances the
single-stetion method gives only inaccurate results, since the
determinction of the wagnitudes is difficult, due to the small-

ress of the picturcs. We thercfore stopped calculating by the

)

- sinole-station method the distances of points cn the flight
onth whickh had already bcen definitely located by the fwo—
etasion method. When meacuring points were lacking on one film,
the neasuring rajs of tﬁe otner film were made to intersect‘

tie ground plan (representcd by the cross lines in the
flizht oath), in order to be 2ble to determine the flight dis-
tance and the altituce for these intersection points.

/) Ths ground vlan (Fig. 18) ehows slight oscillations which

<

93]

might indicnte weasuring errors. The slight curves sre, how-
ever, rezl because, according to Fekring, the glider was longi-

tudinally and laterally unstable and very difficult to hold to

a’ rectilinear flight path. The deviations of the measured
" points from a smooth ground-plan curve do not exceed 2 nm (6.56

f+.) 2% the voint of intersection br the two-station method.
Neverthelees, the accuracy of the flight-path determination
must be considerably greater, beoause the ground-vlen path 1is
smoothed out at numerous voints and especially, because the in-
tersections of the individual rmeasuring 1in¢s with the ground-
plan nath are considerably more blunt than the intersedtions
0f the measuring lines with one enother. The ground plan now

forms the basis for the altitude determination. The alsitudes



o0
oy

H.A.C A, Technical Heworandurm Ho. 409

v er

(&)

calculated by ¥r. Raethjen's method and plotted in Fig. 3

arainst the corrected flight path, as was likewisec the flight

o

I3

time, which was determined from the soot record of the operating
motor. There were some difficulities at first, in that the eval-
uations from the measuring base.II did not agrese with those from
base I. The error was dus to the fact that the reference points
had changed positioﬁ in the interva: {about 14 days) between the
calibration and the cxperiment. The fact that many reference
voints of the landscope could b= fogjd on the film itself, led
to a sastisfasctory result after :egalibrating the reference
points. The following table contains the results of the calcu-
lation and evaluation for the "Roemryke Berge."
Symbols
s  flight distance on ground plan (m),

altitude above measuring base I {(m),

g
g

nir altitude above measuring base II (m),
e in altitucde between the measuring

Ah differenc
= 6.7 n {about 233 ft.),

bases

ct

flight duration (secc.).
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Tabie
. S ni+4h i hiz g ! . g 8 hi+An niT t
HO. i Ho.
m m m S i m m m S
1 34,0 - 31.4 0 | 31| 391.5 11.9 123.2 27 .00
2 57.5 - 22.3| 0.98 i 321 396.5 - 11.6 | 27.24
3 75.5 - 29.0 2.00 & 331 410.0 9.9 10.0 28.02
4 96.5| - 30.91 3.00 g 34! 437.3 7.6 7.8 | 29.09
51111.0 - 22.1 4.08 | 35| 430.8 - 5.5 | 29.52
& | 124.5 - 33.5; 5-13 38§ 451.0 4.2 - 30.19
7 | 136.5 - 24.57 8.13 37 | 488.C 1.0 1.0 31.223
8 1148.0 1 ~ 25.11 7.22 381 436.8| - 2.8 |- 3.5 | 32.33
9 1153.51 - 35.2 1 8.24 | 39! 93.5 - |- 3.7 | 32.58
10 %15;.3 - 34.7 S.0 401 508.51 - 6.1 | - 5.8 33.38
11 . 181.0 - 4.0, 10.27 211 511.3 - - 6.2 33.46
12 1 182.5 - 33.7 0 11.42 L2 5%4.3)1 - 2.8 | - 9.1 34.40
12 | 204.5 - 23.4 ¢ 13.51 43 | 537.0 - -10.23 34,67
14 1 31€.5 - - {1 332.71 13.56 44 | 554.0 - -13.3 35.46
15 1 228.0 - 21.1 1 14.52 1 4ac | 53539.0 - -13.0 35.72
16 | 24C.3 1V — 30.2 1 15.86 | 461 330.5| -16.9 - 36.53
17 | 253.53 - 22.5 ! 158.78 47 | 535.3 — -17.8 36.78
18 {3564.5 -  37.3 | 17.78 48 | 802.0 1 -20.8 | =230.2 37.3
19 | 278.5 - 26.1{ 13.85 || 49 ; 613.3 - -21.0 37.87
20 j 28¢.5 | 25.1 25.01 12.6% 50 | 831.8 | ~23.6 | -22.9 38.623
21 | 282.3 - 24.51 12.90 51§ 863.3 | —-24.8 | -25.3 39.68
22 1 300.0 ! 22.2 23.0 1 20.70 5 388.0 | -25.5 | -35.2 40.76
23 1 302.4 - 22.2 1 21.00 53.1710.5| -25.3 | -86.3 | 41.78
24 1 313.0 | 30.8 20.7 + 31.7 54 1 738.3 | -25.9 | -23.8 42.89
25 | 315.8 - 20.4 | 32 08 55 780.8 | —-34.5 | -24.9 44,03
26 1 326.5118.7 1 139.07 33 &2 56 1 780.3) -31.4 | -31.5 45.08
27 1 342.0 | 16.7 17.1 1 33.85 57 1 803.3) -18.2 | -18.7 | 46.09
28 1 358.8 1 16.5 15.4 1 34.88 58 | @7.8 | -16.5 | -16.1 47 .21
29 | 375.8 | 13.7 14.2 | 25.95 539 | 846.3 - -16.1 48.34
30 | 381.0 i - 13.6 ! 28.03 !

Hopf's equations for accelerated flight were used for the

fiirther evaluation (Fuchs and Hopf, "Aerodynamik," 1922, p-346).

Cw

txy

fal

cos @

Z s8in®

+

09 |52

(1)

(2)
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On dividing equation (2) by equation -(lj), we obitain

_Cﬂz‘g._._ sin ~-§%}é .
Ca. cos® + év g—%
As the first approximation
- -1 av | | - 1 @_7.
¢ = |- tan® - c cos @ 4t | {7 g cos® dt l (3)

In our computation we put

— tan @ = ¢
4@ = _ (1 - ¢3) &<
at (1 - 7)) G (4)
1 €= -
= + —
cos @ 1 2 (O)

We then obtain

E"!}C'g<l+ 2 /4! | 2 g‘\l““ v (1 e)d‘t (2a)

. -\ . - .
Equation (3a, is approximately written

E(l-x);e—é%}ﬁ - (3b)
whereby the correction factor
Thode =i (6)
g dt
is introduced. Then
v = "h

cos®
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in which vy 1s the measuret horizontal speed.

dv 1 d vn tan® 42

= —— = Ty .

at cos @ dat cos @ at

If we introduce the values from equations (4)-(8), we have

avproximetely

e
[ ]
Il
m |-

2 _ ¢ A (7)

p_l
ct

1
g .
A being a small correstion factor tc pe added in per cent in
the vertical flight-path curves. In Fig. 18, A ‘was plotted
against the time and was taken into account when it was equai to

or greater than 2%.

Equation (3b) presents the task of plotting ¢ and é %%
‘against the time, in order to be able to deduce Z (1 - A)  from
the difference between the two curves. ¢ belongs 16 a Vh
which can be calculated from ecuations (22) and (8).

Y o V] ) G v ao

, Cq 5= T —L __ =G cosP + = —&_ = (2a)

2g cos @ g cos@® dt

For unacceleratcd flight, we have |

= 2
Y Vh“ —
Ca F - = G cos @ (8)

2 cos @

If we introduce the values from equations (4), (5), and (7),

we obtain aporoximately

vhe = 1 - A
: T
hence, _ ( AN
Ty T Vp o\ 1+ ’2‘/ (9)
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The evaluation was mece b7 drawing —olygon outlines through
- c by

the altitude and time vpoints, whose sections, according to the

conditions of +the altitude and time curves, extended over about

1 second ch. The nolygons. yield, between the corner noints,
constent gliding-angie valucs ¢ ancd epesd values Vg These

values were plotted as step curves against the time in seconds

(73 12). In the determination of ihese step curves, care was

02

taken that, for longer time intervals, they actually corresponded

to the measured loss in altitude, i.e., that the integrals for

.)

longer intervals were relatively more accurate than the separate
valueg for the ueparate polvgon sides. This wae done so that
the relatively large errors in the speed and angle of glide dur-
ingAl second should not enter intoc the result for longer flight
periods and distances. The polygons end the altitude diagram
of the flight vnath show that Nehring flew part of the time (con-
trary to ais instructions) with a very rapidly changing angle of
attack, which he explained as due to the longitudinal instabili-
ty of the glider. These fluctuations therefore require a smooth-
ing out of the step curves, since it is oovieus that the step
curves tnemselves cannot be integrated.

Moreover, the altitude determination which, especially on
the latter part of the flight-path curve, can be made exactly
only to wi%hin 30 cm (11.8 in.), requires the ﬁean value for

conds, since for shorter periods the errors in measur-

n
[¢]

atout 5

- -

ing the altitude are no louger small in comparison with the loss
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in altitude of the gliler. These mean values were obtained from
second to second over each t-second period. The smoothéd—but
curves of Fig. 18 are therefore the curves for these mean values.
The =nean speed ve 1h°s were obtained for the quantity vy itself,
co that the flight dlbu?HCp integral

f Vh d +
is maintained. The mean values of the spatial giiding-angle
were obtained over the gquautity vy €, so that the einking-
altitude integral

fvhe d t

is maintained.

o

(=0

The dynamic-pressure cisgram was then plotted for the deter-

mination of the vy curve (Fig. 19). As already mentioned, no
time identification was possible. The fluctuations in the basis
are not ascribable to gusts, but tc the fact that the prescure
recorder continued to run during transportation and therefore
shows the effect of éhaking. fevertheless, the base line, which
was recordéed before the start, can be easily recognized. in the
pressure Giagram, the bend, which lies between the 30th and the
20th second in the speed curve in Fig. 3, is very manifest.

A1s0 the rinimum opressure agrecs, within thé accuracy of the
vressure recorder, with the minimum measured flight speed, ac-
cor é' ng to the calibration by the Askania Works. The high speeds
obtained by the flizht-path meac"rﬁmeqts in the first 3 seconds"

after tne start, contradict the pressure diagram. Apparently
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they are not real since, in this field, the single-station
method is subject to large errors. A shifting of the ground-
plan path, within the accuracy of the single-station method
(dotted curve, Fig. 18) would eliminate these differences be-
tween the measured speeds and the dyuamic pressure. 'The mean

4 vy
values of _Hfg for £ seconds were again determined mathematic-

ally from the vy curve. From these values a curve was drawn

L dv,
at

Accordinz to equation (2b), +the differénce between ¢
Z q 3

according to equation (7) for the value

1 dy
S g aw’
angle of glide, which corresponcs, in unaccelerated flignht,

and when increased by A%, gives the aerodynamic
approximately to the same speed according to equation (9).
Equations (3a) and (9) therefore enable the determination of an
angle-of-glide diagram for unaccelerated flight from the
curves Vyp, € and 'é %%. The result of this determination

is introduced with tﬁe olain curve into the €/¥n diagram in
Fig. - 20. We may conclude from the great fluctuations of this
curve that the measurement admits of no pbssibility of the di-
rect determination of €. Our ?resent task is to inquire into
the causes of these fluctuations in the <€ curve. For compari-
son I have introduced iﬁto the € diagram (Fig. 20) the long-
dash curve calculated according to the wind-tunnel measurements
(Gottingen profile 428) for 1000 m (3280 ft.) altitude and

placed at my disposal by Mr. Koch of Darmstadt. With the aid
av

3

at

of this € curve, a curve wa.s determined according to

1
g
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equation (3b) and likewise long-dashed in Fig. 18, which satis-
fies the measured values ¢. and the theoretical ¢ diagram (Fig.
20). Furthermore, the values vy were integrated from the
15th to the 38th second over this curve dv/dt and a correspond-
ing long-dash curve vy was likewise plotted in Fig. 18. The
deviations of this curve vy fme the actually measured sveeds
(stev curve) are obriously greater than the errors in measuring.
1 dw

The deviations of the measured = 3
g ut

the theoretical values are so great up to the 10th second that

values (plain curve) from .

one is inclined to suspect very great disturbances in the ex-
'periMent. It has not been possible, howsver, to diécover any
such sources of error; except from the start up tc the 5th sec-
ond, a>region in which, as already remarked, errors may occur
by the single-station method. We are somewhat inclined, how-
~ever, to ascribe even these deviations to errors in the single-
station method.

The experimental results can, in general, be vitiated by
various causes in the following orders of magnitude. The time
ﬁay be regarded as accurate to within 0.02 second; the speed,
therefore, by determining the mean value for 5 seconds, up to
4% time erroT.

Tﬁe determination of the flight-path point oﬁ the ground
plan may be regerded as accurate to within 1 m (3.88'ft-), ma k-
ing, on an average, 75 m (246 ft.) in 5 seconds, an error of 1

to 1.5%. The altitude determination will have an accuracy of
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20 cm (7.87 in.) at short distancés and of 30 cm (11.8 in.) at
1oné diétances. This might cause errors of about 4% in the «
values for aerodynamic sinking speeds of 5m (16.4 ft.) in 5
seconds at short distances and for 8 m (28.25 ft.) in 5 seconds
at long distanceg. Thesce errors must be.regarded, however, as
maxima. They do not suffice, even wihen ail added together, to
exnlain the deviatiouns.

The atmospheric disturbancces are mors difficult to csti-
mate. At low speeds;'evén slight no.izonval gusts cpn.greatly
affect the ¢ values. This is impossible, however, at high
speeds. The surmise would rather be justified that the flight
had been affected by asceﬁding and dQSCending air currents. -
These currents must have changed rapidly, however. Their order

‘of magnitude would be about as follows:

At the 10th secoﬁd, €0 cm (23.6 in.)/sec. up{
"% 20th " 30 cm (11.8 in.)/sec. down;
Woon o 254h " 0 com/sec;

v 30th " 70 cm (27.6 in.)/sec. down;
v 3Eth " 45 cm (17.7 in.)/sec. up.

An up-wind might be caused by thermal currents, salthough at

9 o'clock in the morning théy would hardly be  expected to be
so strong. On the other hand, down-winds of 30 and 70 om/sec.
have never been observed in the lee of the Wasserkuppe with a
5w (16.4 ft.)-per-second wind. The flight might well be sub-

jected to an atmospheric flow up to the 15th second, but a down-
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wind of 70 cm/sec. at the 30th second seems impossible.

The conclusion cannot be escaped that these deviations are
due at least in vwart to the fact that the air-force coefficients
are dependent not only on the angle of attack but also on the
state of acceleration. This conclusion is suoported by the
circumstance that the theoretical ani measured € values coin-
cide in the field of the most favor@ble gliding angle, because
it is in this field that ithey are least affected by the speed.
Tﬁe second acceleraticn dgv/dbz' sexms to be especially effect-
ive. Hence this is also piotted in Fig. 18, though of course
there may be considerable errors in this third differentiation.

The deviations before the 15th second are hard to explain.
In each case I have tried to determine a mean curve € in the
diagram EVvh (short-dash curve in Fig. 20). This curve has
at least the Qalue of an energy balance for the accelerated'

flight under consideration, in so far as the corresponding val-

!

ues VhE’ furnish a mean horizontal force. It is also of inter
est to see how far an € dilagram can be evaluated from the ex-
periment under consideration. |

The following evaluation can be made for the determination
of the € values.

oy = Cy, + constant cg?

1
Ca = 'i%r' -
o v
38
Sw.g=av o+ 2 (11)
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in which a 1is a constant of the dimension s?/m® and b is
a constant of the dimension m?/s2.
According to the method of the least squares, the values of

a and b ocan be calculated, which determine, for the measured

€ velues, the least error-squares of € vy (equation 11).
The "error equations," according to which the constants a and

b were determined, therefore read

f=aiyt=-- vy (12)

The method of the least squares therefore furnishes, as
"normal equations" for the determination of the constants a

and b, the two equations.

_3
51
v

[-\73 ?7_3]'8,+!
i

p-[¥¥T ¥l=0 (13a)

P —3 K
v e+ | &
| LT

b-%é‘g“éx‘.rJzo (13b)
| %

<=

In the field between the 10th and 40th seconds the oonétants
were

a = 0.000104 s?/m?,

b = £.28 m2/s?.

’ dash-
The curve according to equation (11) is plotted as a short/-

line in Figf 20. The result is not at all satisfactory as a
flight-characteristic determination for unaccelerated flight

conditions, but the investigation nevertheless shows what possi-
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bilities kinetographic flight measurements offer and at the same
time indicates the field for which this method of measuring was
developed, namely, the investigation of aocelerated flight con-

ditions. In the evaluation it was found that records can be

1

made on the airplane itself, along with an exact ground measure
ment, which is only possible when the measuring bases, by being
concreted, render inmpcossible any ohahge in the reference sta—
tions. Along with an exuct mcaéurement of the dynamic pressure
an angle-of-attack recorccr 1s very impertant, as likewise the
recérding of the rudder and elevator deflections. In this way
it will probably be possible to learn more avout the problem of

accelerated flight.
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APPENDIX

Kinetographic Flight Measurements*

By P. Raethjen

In the Reéearoh Institute of the Rhon-Rossitten Associa-
tién on‘the Wasserkuppe, the investigation od accelerated aif—
plané motions is receiving special attention.** These investi-
fations must consist principally of the hechanical analysis of
airplane motions in free flight, because the unsteady air flow
conditions are very difficult to obtain in a wind tunnel.

For the mechanical analysis of an airplane motion, the
motion of the airvlane in space and the motion of the air about
the airplane must both be known. Thig constitutes a double
task. The flow of the air ageinst the airplane must be record-
ed by instruments carried on the airblane itself. In general,
a dynamic-pressure recorder and an angle-of-attack recorder
suffice for the 10ngitudina1 motions; and two each of these
instruments in curving flight. Moreover, the motion of the
aifplane must be measﬁred as the "motion of a rigid body" with
respect to both soace and time. This measurement can even be
made photogrammetiically on the airplane itself from the air-
plane itself. In this case the continuous photography of the

landscape, characterized by measured points, would suffice.
1t
*"Kinematographische Flugvermessung." From "Zeitschrift fur
Flugtechnik und Motorluftschiffahrt," Dec. 28, 1926, pp. 547-549.
**P, Raethjen, "Beschleunigte Flugzeugbewegungen," from "Z.F.M."
Dec. 28, 1936, »o. 537-547.
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This is a very elegant method, but necessitates the carrying,
of heavy apparatus and a complicated evaluation.

Another possibility is the two-station method from the
ground. In order to obtain accurate results, this method must
be carried out photogrammetrically.‘ The two-station method 1is
a simple trigonometrical method. By measuring the spatial
angle (azimuth and altitude angle) from two base points M
and M , the position of the airplane in space is found as the
interseotion point of two lines (Fig. 13). For the measurement
of accelerated airplane motions, I have déveloped the two-
station method as a kinetographio—photogramﬁetric method. This
method consists essentially inAtaking continuous motion pic-
tures, at both base points, of the airplane and of a reference
table - R divided into squares and located behind the camera
(Fig. 13). Thereby the camera is continuously directed (1ike
a theodolite) toward the airplane. The cameré is mounted so
it can be rotated horizontally and vertically by means of
cranks. Thus, with the ai® of a telescopic finder it can be
kept contimiously directed toward the airplane. With a suffi-
cient focal length of the object lens, large enough images of
the airplane can be obtained, even at>distances of 1000-3000 m
(3280-6580 ft.), to determine the position of the three air-
plane axes. Behind the camera, there is a vertical reference
table divided into squares, which is photographed simultaneous-

1ly with the air@lane. This is made vpossible by the apparatus
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shown diagrammatically in Figs. 7 and 21, in which there are
two object lenses Opr and Oj, with their optical axes parallel,
which throw images on a system bf mirrors E J and the same
film F. The two optical axes are indicated on the film F by
cross wires. If the camera is rotated, the iﬁage of the refer-
ence table R continuously shows the direction in space assumed
by the optical axes. Any deviatioﬁ of the position of the air-
plane from this optical axis can be determined from the picture
of‘the airplane. The accuracy of this method might theoretically
be still further inofease&, since itvincreases with increasing
focal 1ength‘of.the lens and with increasing distance of the
reference table R. With this apparatus, angles can bé measured
to within 0.0005 of a degree, i.e., at a distance of 1000 m
(3280 ft.), the position of the airplane can be determined to
within 0.5 m (1.64 ft.).

The chief .difficulty lies in the time identification of the
photographs for the two measuring stations. I have adopted the
method of photographing at both stations a synchronously running
clock pointer (Fig. 21, clock pointer Z). The image of this
pointer, which makes one revolution per second, is projected on
the back side of the film. Fig. 3.is a section of a film show-
ing the three image fields, one above the other: the square |
field of the airplane, the field of the reference table with the
numbers, and the U-shaped field of the clock scale with the

seconds pointer in the corner. It is a dcuble pointer, which
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completes a period every half-revolution. Hence the scale is

an open U, instead of a closed circle like ordinary clock
dials. On the film is seen only one or both tips of the pointer,
which appear as shadows on the U-chaped scale. The central por-
tion of the pointer is concealed under the dial. This arrange-
ment was adopted to save space.

The pointer is actﬁated at both measuring stations by elec-
trically synchronized motors, which are in turn operated from a
central station (Fig. 13). The central motor M, therefore
runs synchronously with the motors M; and Mz, with which it
is connected by three wires. In order to record the revolution
speed of these motors, a recording drum at the. central station
is driven by the motor M. On this drum; time marks are regis-
tered by clockwork at regular intervals of 0.3 and 3.0 seconds.
A telephone line between the two statlons enables their harmon-
ious cooperation. |

In this way, the airplane is continuously photographed from
both stations. The individual exposures are not simultaneous,
however, but the evaluation is enabled by the time pointer.

On one film the spatial angles are taken directly and on the
other the angles are-interpolated to correspond. This is en=
tirely possible, due to the'frequency of the exposures (16—20.
per second). The time can be determined to within 6.02 second.
As already menﬁioned, one can determine from the photo-

graphs, aside from the flight path of the airplane (the path of
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the center of gravity of the solid body), the rotation of the
airplane axes about the center of gravity, especially the longi-
tudinal inclination. The latter can be determined best by pho-
tographing the airplane from one side. The base points on the
Wasserkunpe ﬁere therefore selected to one side of the starting
‘place. At iong distances the determination of the positién of
the airplane axes is naturally inaccurate. " If, at a distance
of 500 m (1640 ft.) the msasursment is accurate only to within
0.25 m (0.82 ft.) (which is accurate enough, however, for the

determination of the path of the center of gravity), this en-

ables, for a fuselage 5 m (16.4 ft.) long, at best (with later
al photographs), a determination of the longitudinal altitude
with an accuracy of about 3 degrees. Errors of 3 degrees are
disagreeable, although the longitudinal inclination must be
measured only for the determination of the up-wind. Neverthe-
less, even this error can be considerably reduced by averaging
for the numerous individual pictures.

In any event, it is desirable to determine the altitude
of the airplane by a third kinetographic photograph from the
airplane, even if only with the American "Kymograph" by photo-
graphing the sun; Dbetter still, by photographing the horizon
by means of a rigidly mounted kinetograph.

Briefly stated, the problem is to obtain trustworthy data
which will enable a complete and reliable analysis of the com—

bined effect of the forces of inertia and of the air. These
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data can be ovbtained es follows:
- - . . .y - 4
1. Through the determination, with reference to both
space ani time, of the path followed by the glider (or airplane%

by means of the kinetographic two-station

ct

nod.

=

€

2. DBy the space and time measurement of the motion of the
three airplane axes. This can be made from the kinetogrephic
two-station method, but can be obtained more accurately by ki-

netographic photography of the horizon from the airplane.

3. By recording the dynamic pressure and angle of attack
. - \ 0y N - ) - .
at one ooint (fuselage) or at two points (wing tips). This

record indicates the air movemcnts (gusts or up-wind) which

might affect the victure of the airplane.

4. By recording the rudder and elevator deflections.
This is necessary only on piloted airplanes. On models these
deflections would be made in the desired direction by means
of clockwork. |

An essential condition is the time identification of all
the measurements on the airplane and on the ground. Thig can
be accomplished by simultaneous vhotography and registration
of time marks. The take-off and 1andiﬁg supply two time marks
which assisgst in the time identification.

I will add just a few remarks regarding the kinetographiec

photography. It can be exceelingly complicated and difficult
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if undertaken in an unpractical manner. It is imﬁortant to em-
ploy graphical methods and above all to adapt the evaluation to
the theoretical problems under investigation. It will seldom
be necessary to evaluate every individual picture, as a rough
evaluation of the whole flight will suffice. It is necessary
to evaluate exactly only the portions of the flight which are
essential for the actual problems of accelerated flight condi-
tions. On these portions, however, neither care, time nor
labor must be svared, in order to obtain accuraie results.

Here applies the fundamental principle of all experimental sci-
ences, that one accurate exverimenter and one carefully evalu-

ated experiment is worth more than a hundred inaccurate ones.

Translation by Dwight 1. Miner,
National Advisory Committee
for Aeronautics.
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K, Oscillation circlec
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