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GENERAL RETLATIONSEIPS BETWZIN THE VARIOUS SYSTEMS
OF REFERENCE AXIS EMPLOYZD IN FLIGHT MECHANICS*

3y H. J+ Rautenbers
SUMMARY

The different poseibilities of orientation of the
s¥stems of axes currently employed in flight mechanics are
compiled and described. OFf the three vossible couplings
between the wind and aircraft axes, the most suitabdle
coupling is that in which the ¥ axis is made the princi=
pal axis of rotation for one of the two coupling ansgles
(angle of attack a). This coupling is termed the "E
coupling,M

In connectior with tais coupling, an experimental
system of axes is introduced, whose axes Xg . andZia . are
situated in the plane of symmetry of the airplane and ro-
tate about the airplane lateral axis y = ¥a This svstem
of axes enables the utilization of the coefficients ob-
tained in the wind tunnel in the flizht-mochanic eguations
oy a simple transformation, with the aid of the angle of
attack o, measured in the plane of symmetry of the air-
rlane,

With the introduction of a third coupling angle, the
E coupling is extended to *he case of the airplane on a
ground plate. A special "svstem of wind axes to be used
for measurements with ground plate" is explained.

Of three vossible coupnlings between the aircraft axes

Xy Vo2 tor the' 'wind armes ' x Z, and the sround axes

’ o ?
a2 < o)

Xgs Fgs Zos thae most suitable coupling is odbtained if

the 2z axis of the bdasic ground system and the =x axis

of either the a rcraft or the wind svstenm, respectively,
f=)

are made the principal axes of rotation.

"Die geyenseitige Kopplung der flugmechanischen Achsen-
kreuge,! «Iuftfahrtforschiund; ¥ol. 17.%n0. &, Abril
20,0 12940 vy, 106-1227%
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I. INTRODUCTION

In the treatment of flight mechanic prodlems it is
alwvays necessary to emplov various systems of axes. Now,
there are different ways of introducing these axes and
particularly, their orientation. The definitions of the
reference axes published in national and interrzational
literature, their sense of positive direction, and their
mutual angle of reference are, in part,¢ much'at variance
so that in many cases it is impossitle to make a compari-
son of test data without first effecting more or less tedi-
ous conversions,

Attempts have therefore been made from time to time
to set up a standard system of definitions among the vari-
ous couantries, for the most important systems of axes and
angles of reference. The discussions regardirng such stané-
ardization so far. have always been hampered by tae neceg-
sity of preparing a complete list of all reference axes
and nutual refereance angles, showizng their advantages and
disadvantages when applied to flight mechanics. Such a
compilation of the pogsible and practical reference axes
and reference angles has, however, never been availadble,

In the present report, the various possibilitiecs of
coupling the individual axes are discusscd, and their
bpracticability critically analyzed. A standard system of
reference axes and angles is develoned. OCompliance with a
few fundamental requirements mzkes a logical development
of this standard system vossidle, which in nowise is in
contradiction with the requirements ¢f practical avplica-~
tions.

The 4eneral vasic laws applied in’ the orientation of
two spatial systems of axes are renresented in a form dis-
cussed in reference 9, which makes it oussible to applv -
these laws in a comprehensive manner to the systems of
axes needed in flight mechanics and their mutual coupiing,

The results of the present siudy assume that the read-
er is familiar with the cited report (reference 9).

II. GENERAL ASSUMPTICN

nre of the most esgential points

2
i e
of a system of refereace axes, is an ap te defini-
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tion of the reference or couplirg ansgles. The determina-
tion of the positive sense of direction of the individual
reference axes is far less important than a suitable dis-
position of the coupling angles.

All coupling angles of the flight-mechanic axes shall
satisfy the following basic requirements:

l. The individuval coupling angles must be unrelated:

This requirement is met when three Euler angles tie
two systems of axes together. For exact definition of these
angles, see reference 9, wrich also contains a detailed de-
scription of the model representation of the Euler angles
by a Cardan system.

2. A reference angle is positive when the rotation
about the axis of the particular angle follows the direc-
tion of the positive axis of rotation. viewed clockwicse
(right rotation). By "axis of rotation" is meant the axis
about which the rotation cceurs, which is measured by the
pertinent angle.

For the sake of clarity, we shall always give, apart
from the definitions, the axes of rotation of %
as well as the planes in which the angles =re measured.

As a 3Feneral rule, the axes of rctation of the Zuler
angles waich orientate the two systems of axes K, and
Koho follow the lawe

he axis of rotation of one of the three coupling
angles is an axis of the system X,, the axis of rotation
of a second coupling angle is an axis of system Xz, and
the axis of rotation of the third coupling angle is the

Junetion - line between K, ‘and Kg. {fig. 1

o

~s

The two systems of axes are, for the present, assumed
to be in agreement, so thaat the correspondirng axes are ico=
incident (xl vasGh ¥y ritl A Zy with Za)-

To analyze a certain nutunl pogsition of the two systems,
one of the systems (the system to be orientated) is turned
from the neutra. position relative o the assumedly re-
strained second system and termed the "directional system."
If this rotation is effected in the vositive sence about
the previously established axes of rotation, the angles of
reference are, by definition, vositive. The axis of the
orientating or directional system of axes formirg the axis
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of rotation for one of the Zuler angles is termed the
"principal axie of rotation" of the orientating system,

waile the axis of the system to be orientated relative ‘to %

the crientating system, which is tae axis of rotation for
one of the Euler angles, is called the "definitive axis of
rotation" of the axes to be orientated.

It follows from the report (reference 9) that the
coupling of one system with a second through three Zuler
angles, can be effected in more than one way; for arter
determination of one of the systems to be orientated as
the orientating system ard its »nrincipal axis of rotation,
it affords three different possibilities of defining the
anfles of reference, depending upon the selection of one
of the other three axes. as defirnitive axis of rotatiom.
The angles in all these three cases are Euler angles.

The irmmedlate vproblem is Yo establish the best prac-
tical coupling between the individual systems of axes.
Thi's inciudes ¢

1) the coupling bet wind axes;:

o
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the wind and ground axes;
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2) the coupling o
3) the coupling bvetween *he airplane and ground axes.

The mutual coupling of tae individual systems of axes
is to conform to the following rules:

1) The ground system is, in every case, the orien-
tating system; both the airplane and wiand axes rotate rel-
ative to the assumedly fixed Zround axes.

2:)is iIn e coupling Ttetween airplane aand wiand axes,
the latter shall constitute the wind axes of the orientat-
ing ‘swsbenm,  Thus, the alrplane axes rotate =ith respeect
to the assunedly fixed wind axese.

III. COUPLING OF AIRPLANE AND WIND AXES

In the orientation of a syster of alrolane axes x,
¥.Z +'velative, to' A wind-axes Syatep ‘x4 ¥.. . mo e ichlle

report (reference 9) cites a specific case wheére one of 4

*
These axes are defincd 'in reference 10,
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the three reference angles i always zero. Since at first
only one single axis - the relative w1nd axis x%* =ig o

wind-axes svstem is physically given, the orientation of
the airplane 2nd wind axes igs effected by two variable an-
gles - so-called "serodynamical angles" - waile the third
angle necessary to a complete orientation, is zero. 1t
has been shown (reference 9) that the Euler =angle, which
as axis of rotation possesses the only originally given
axis of the still incomplete system or orientatiag axes,
8 Z6r9. The introduction of axes Yo' abnd iZa, 0 Wit
which the wind-axes system becomes complete, is necessary
for the presentation of the forcese and roments. The Zen=-
eral laws are now to bo a2pplied %o the case in point.

As orientating-axes svstem, the wind axes of which,
however, only X5 1g 3ivem so far, are chosen. .The solp
completely known axis must bDe chosen as principal axis of
notations L 0F o  2nd zZg, it is mersely assumed. that they
are at right angles %o each other arnd io X, and Sthat

t~hand system of axes with =x,. To define

position o and z,, one of them must ve tied to
eraireraft svgtem X, ¥, %2, by a specified order,  Bu
en a rotation of axes x, r, z relative to the axes
Yas %5 abtout the princi pal axis of rotation x, be~
mes Iimpossible. Hence the angle of the principal axis

rotation is zero and the complete orientation vetween

Yas Za ‘and’ x, ¥y, 2z by two ancled can ve achleved.
ese conditions can equally be explained by stating that
the Ziven wind axis Xy 18 directed to’ the alrerafl axes,

for waich two angles are sufficient.

ct
Seslal i
D O
eq
NN

(@]

H

=]

2

H

e

Hy Jv
15)

3

B

4 0 M

M O 0O MW ckict ct

Sx )

b

Hy

When stating that, by tying one of the axes y, and
Z, Yo the airplare axes, no rotation of the aircraft-axes
system with resvect %o Xar Tav 2p  soout the “E ooxial
is poscidle, it rmust not be confused with the obvious fact
that the total Cardan system - consistinz of x, iz and
Xg» Tas Zg can be arditrarily rotated with respect %o a
system of space axes. Phvsically, tikis fact implies that
the flow condition describded bv th two a**odvnamic an-
gles is not changed by a rotation of the airplane (nor
hence of ithe wind axes tizd to the 2irplane) about tae
wingd ‘axis.

*By "wind axis" is meant an axis in the direction of flow
on the airplane, assumed as parallel flow. In general,

it may be presumed that the wind axis is practically coin-
cident with the tangent of the spatial flight path.
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On the Cardan model (fig. 1), the two angles which

direct the aircraft axes to the wind axes, can be described

bv the rotatior of the inner ring R, about axis 4,

(junction line), and by the rotation of body X (the air-
vlane in this case) about its definitive axis of rotation
e Hereby tue neutral mnosition of ring R, changes by
equal position of the airplane in space, depending on the

choice of one of the three aircraft axes ag definitive

axiisifof retatdion ;s

The only planc of the wind axes 3iven at start by the
wind axis, 1s the vlans ¢f the cross-wind force y, z5 at
right angles to the wind axis., The position of the rec-
tangular plane axes ¥a, %Za in this plene is, for the
vpresent, undetermined. The intersection of the plane
Yo %o and vlanes 'xy, yz, and zx of the aireraft system

furnishes a ‘straisght line, walch) for each of the three
cases defines the position of one of the two axes at right
angles to x,. These three potential intersections corre-

spond to three nossibilities of selecting one each of the
three aircratrt axes as definitive noxis of rotation (figs.
2, 3, and 5)s The definitive axis of rotation is always
at right angles to the contemporary straight line and car-
ries the notation wvhich is not contained in the notation of
this body plane at intersection of plane y, 2z, with one
of the three body plancs., The straight line itself is
identical with the junction line and represented by axis
A, (fig. 2) in the Cardan model. The tharee potential
couplings are appended in tadle I.

i 2 o a0 TABLE I _ Sy
Inter- Axdg Defini- Position
section defined tive off \Cardan

Desisgnation of plane by the vody rings for

Fo %a straizht axis aeutral
St 1 551 Ny
with line setting
of nxis

F coupling Xy I z Crossed

E coupliag 2X 39 hig Crossed

Not rdamed vz ¥n x Parallel

Cur next attempt is to analyze and disprove the prac-
tical uso of the third possidility for flight-mechanic ap-
plication.
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Cn studving the neutral setting in which the x axis
of the 2irplane coincides witi the wind axis o SR L
seen that the plans y, 2z, tersects only the two planes

se
It neplan e gz

woB

A7 518
R o A s S h o clod Wia O T

In this instance there is no straight line between
plare ¥y, z5 and yz, and the position of one of the

axes y andt g cannot be fefinitely established, hence
a a

remains undetermins

drie ST R 8t e i oidi i xis does not co-
daeide iwith bhedwiad

axis X tae two planes Ya Za
andi votlincet . The etraichti“liirce then defines the lcros s~
wind axis Y, The definitive body axis, which is always
at right angles to the straight line, is rterebzr thev. x
axis. How, it is quite possible that, inm an an lalygdl s ot
airnlane rmotion with respect * he surroundins ais . - 1n—

t
der normal flow conditions, %tae two syvstems of axes are
in neutral setting to each other where the body  x axis
coincides with the wind axis x_. On the Cardan svstem

)5 itne picture is as follows: The axes of rotation
’he two reference angles are A, = and the defin-

(=0
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-

body axis S Sumy s Ax ik cf the Cardan model

@ ct O H
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-

resents tihe wind axis Xy o In neutral settizng tae ian-
ring~ Ry is varallel wi$th the outer rine R,. Set-

an argle of autorotation »r a rotation abcut the de-~
Lhiyve axis 't ¥ while %he muﬁle which measures a rota~
A2, 1is to remain zero, this autorotation an-
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R
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(anzle of roll) does not at all describe the position
= ne

the Cardan axis A (wind axis X, ) relative to %}
1

system, dut it describes a rotatlon about the
ardan axis 4,; (vind =xis x,) with which the body x
coincides. Viewed physically, any rotation of the
axes about axis X, can take place witaout modifying
state of flow relative to the airplane. ' The autoro-
tation angle can therefore b7 bBecord of wind axis Xg

with body axis x, assume any valune without changing the
state of flow. In ecther words, it is unsuvitadle for coup-
ling the tod:r axes 3o the wind axes.
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It is emphasized tkhat, for irnstance, in ‘he choice
of the nrincipal axes of inertia as bod~ axes, the case

cited aere ~ where the x axis ecoinclides with thei " x
s

-

= can occur at practically any time tnder norral
ht positions and conditions of flow.
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F Couvling between Aircrnft and Wind Axes

The intersection of the plane yg 2z, at right an-
£les to the wind axis with the plane xy of the alr-
plane, manifests that tide straisght line between the two
planes definitely defines the cross-wind axis y, .and so
ties one of the two exes at right angles to wind axXis Xg
in a well-defined manner to the airplane axes, for ¥yg
always in the xy ©plane of the airplane axes, With the
thus—given position of z, and ¥y, the third, or 1ift

axis z,, 1is 2lso ascertained. It is always gsituated in

the plane 2z x,. The songe of direction of the positive

wind axes shall be defined conformadbly to the arguments ad-
is

opposite to the stream direction of the relative wind, 1
positive.. 'Tho positive .y, =xig, viewed opposits to th
rolative wind, points in normal flight to the right; the
positive axis, under the same conditions, downwarad.

a
vanced in reference 9, which are as follows? The X, ax
s
e

2

For this particular coupling of body axes and wind
axes, termed the "I coupling" and characterized by the
definition of the cross-wind axis as a troce detween the
planes Xy Sand | Yao O e o tde B Nand
ttlvodaxlis of. rotation of Gactalronaftitaros:

The two coupling angles of the F coupling dvetween air-
craft and wind system arc explained in
TARLE II
Test
Angle Symbol | Definition | plane Axig of rotation
of angle of of angle
anzle
XYy plane
Angle against x, Junetfion  I¥ne’, 1liee,
of ap or Za Xg v, axis
attack 7z against
)
x against
Angle ZoXg, plane Defilnitive body ‘axish
ot Bp or Xy dlsie oy izt 8l 1ts
r .
i ¥ 23ainst
Ya
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The trace between the planes ¥y, 25 and xy 1is no
longer defined at ap = 90°, ©because both planes then co-
idcide. . In this case the position of yg .and zg  become
undetermined.

The F coupling is illustrated on the Cardan model,
faaaires 3%

The two aerodynamic angles O and BF can also be
verw clearly defined with the velocity component v, Vyo

of the airplane in the direction of the body axes and the
resultant flight speed Vx, o The following relations are

applicable:

sin ap = .YZ__ Gl
SIYETRE |
PR RN i, e
cos CI.F = an ( =1 )
tan C(,F = -—-.__.NZZ_._.___ ( ;B
oS
v Vg <5 vy
A2

cosg BF e e (V)
an cos ap
v

tan Bp = -2 (V1)
X

The tie-up between the direction cosines and the ref-

erence anfgles ap and Bp that orientate the body axes

to the wind axes, is traced with the aid of fiszure 4,

The application of the cosine law vields:

S

Vg

)
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From ‘triangle x x, P: 1. cos (x xa) = ‘cosiapicos Bp

Pu tos(x ya) = ein B; 3
From trianzle x z, P: 3. cos (x za) = ~sin ap cos Py
Fromiirlengle y.x ) P:. 4. cos (zr xa) = -cos ay sin Py

5. cas .y iyl = cos B
From, triengle y 3, P: -6. cos>(y 2z, = sin ay sin Bp

7:icon (2 X, Miel Usid g
From triangle z y, P: &. cos (z ya) = 0

9. cos (z z_ ) = cos ap

fer fror aircra’t axes to wind axes, based on
T -~ 2

| :
j{//’/” Wedinad Sl il
. A
: Ta Tag ‘op
2 x +co8 ap cos By | +sin Bp -sin ap cos By ~
o m R s |
D g
+> N - % ’ .
e A B -cos op sin Bp +cos Py +sin ap sin Bp
Hobs
0o
T~
ol G <
< Z +ein ap 0 \\\1cos ap
\
(Hefar vt fie, 4)
It is again vointed out that .the axes  yg 'aad  zg
are differently defined for each of the two couplings: F
and E, and therefore do not a3ree; when in an analysis
of ‘a certain flow abtitude, Tor example, first the ¥

eoupling, =and then the'! Bl coupling Is'used asg basisgl @lihe

wind axis x, 1s unaffected by the choice of coupling.

Hence, ir comparative studies of E =and F couplings,
axes ¥y, and 2z, pust also carry the Subscripts’ 'BY iand
F, as rell as the zerodynamic angles’ a .and B (fig. 4,
Lable sl i1
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E Couplinz between Aircraft Axes and Wind Axes

B T Gan SLER
the 'zx' plane of the body axes, defines an axis at right
angles to the bodv axis, which is always in the plane of
gymmetry ‘zx' of the airplare. Since the 1iff ‘1s record-
gdf ndlonzbhie axis, 4t -is lcalted lift axi s e litntinerino==
gitior of the wind axis and of the 1ift axisg, the pogi-

The intersection of the cross—-wind nlan

+

vion of the cross-wirnd axis at right angles tc the other
two, is itself defined. The positive direction of the
axis is as stated on paze 8.

This coupling retwecn body axes and wind axes is
termed the "B coupling."! The definitive -axis of rotation
is the y axis. The two reference angles hetween body
axes and wind axes are explaired in

TABLE IV
Test
Angle Symbol Definition | plane Axi‘s <oiff rotatton
of angle of of angle
angle
X against
Angle S S e :
X,¥, Plane Defiritive body axis,
of amn ol R zZx » X
& tka e or = lis€e 3 | ¥ ARLE
28ainst Z,
Ldeie zZX plane
éf against xg, Junction line, i.e.,
B 2 3
vaw BE O -7 Xa v Za axils
| against ¥y
i a

The trace between plane Yo %a . and vlone egx - walech
defines the 1ift axis, is no lonzer defined at Bg = 90°,
thus leaving the vosition of ¥, and. z, in thias case un-
determined.

Tigure 5 shows the C~rdan model for the E coupling.

The two aerodynamic ansgles ap and Bg an 23ain
be defined with the help of the velocity com
Yys Vg of the airplane and the resultant f1

Vx, The following formulas are applicable:

onents vy

Y
ight speed
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v
sin op = —————Zo—e— SR

COTY Ty = = (VvIII)
] vxa cos Bg
Vi
ton ap = -2 (IX)
Vx
V.-
gin Bp = ;;— (%)
v/vxz . vzz
cos By = = (XT)
Xp
e
tan Bn = (XT1 )

The tie-up vetween the direction cosines and coupling
8. ap and BE is now deduced from fizure 6.

The followirg relations recsult:

From triangle x x, P: 1. cos (x x,) = cos ag cos Py
From triangle x y, P: 2. cos (x y,) = sin By cos ag
: B e siilx z?) = -sin o
4. cos (¥ i) ="~sin Bx
5 cos (= = Y= cos E
. 167 IS \ o a / E
From: triangle y oz, P2tif. cos' (e, ) =0
e (&7
From tridngle z x| Pav o720 cod iz xq) = sin ap cos Bgp
Frow trianzle z y_ P: 8, cos (z y,) = sin ap sin- By
9. ez g )i = "egs Gy
The transfer from body axes to wind axes, based on the
B coupling, is indicated in tadble T.
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e
Eggnﬁ T3 nadl &% clls
- 7. 6
rﬂ/ Xg, “ag ‘ag
2 ] = L e : s,
=
- +cog o 1 —_
°ou X cos ap cos Bp cos ap sin By sin ag
I
(%] .
E: v -gin BE = COS BE 0
(SIS ——
a0 X . :
O z +sin apy cos Bgp +sin og sin By +cos ap

A comparison with table III shows that tedble V is ob-

tained Dy reflection of the separate expressions on tae
dashed diagoral of table III. The prefixes of the re-
flected exnressions are reverced.

The Zxperimental System of Axes
The £ coupling beitween body ares ard wind axes leads
to a further system of axes whose significance is fully
proved dater on.

Since angle cgp in the E coupling has the y axis of
e

the 20dr system as axis of rotation, and is therefore meas-
ured in the plane of symmetry of %the airplane, the axes

Xo:» Ypo: 2o can be defined as follows:

1) The trace of the intersection of the plane of
symmetry with the plane Xq Jgn 3ives an axis zxg = OP
. x ‘:‘
(fig. 6). This axis X, 1g therefore always in the plane
of symmetry 2zx of the eirplane (fig. 7).

5 < =% :
2) Since Xe 1lies in the plane

is, at right angles to the btodr latera v¥is ¥y —-.%the body

lateral axis is a further axis of this system of axes:

hence, Pl s e

de

3) The third axis Zg, vhich must bYe at right an-
Bilos- bos x . . and Yos therefore lies also ‘in the plane of
symmetry of the airnlene. The 1

rosition . of .z, «7ls Tdikoe
wise defirned b7 the trace passing throuzh the plane cof sym-
metry and the cross-wind rlane Yo Zap: Since, iz addi-
oy
-
tion, this trace deofincs the 13ift axis g4 itself, we
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= 1t <
have 3z, = zaE. The x, Je %o axes are caldeditexperi

mental axes" because of their general use for presentation
of wind-tunnel data. Axes x, and 2z, 'form a system of

axes bound to_ the plane of symmetry, which can rotate about
¥ in the plane of symmetry.

Axis Xe Can also be explained as followe s " (BirTsts,
Xe¢ Tresults when the body axis =x inclined at angle ay

relative to plane Xy Vag is: visuslized as veing turned

back tarouza the very angle o, in the plane of symmetry.

This backward rotation has the:' y axis of the body system
asaxie iof "robtations Secondiw, tae ix axis results from
visuwalizing the wind axis X n ned through angle By

rellative to. zx =ag'b

Zgle Bl inie t bra S

i
ck through ths same an-
B i

s backward rotation

nasithe 13 TEN axis zaE as axis of rotatione.

0f the three axes of the experimental system, one re-

£

to the body axes (y, = y), cne to the wind axes

), defined by the E coupling, and the third, to

fers

(zo = B

the trace Dbetween a plane of the body axes (zx) and a
plane of the wind axes (x, ¥o). In addition, the axis
of the experimental system related to the wind axes
i s " - -
(2o = 2..), 1s at the same time a trace between a plane
e aF -

(zx) and a plane ), and the axis of the experimen=-

(Yag Zag
tal belonsging to the body axes (y, = ¥y) 1is at the same
a

time the trace between a plane of body
plane of the wind axes (x, vaE).

xes (yz) and a

o

Because of the described connections, the experimental
axes srstem can be looked uvon as a type of body and of
wind system. In fact, it represents to a certain extent,

a combination of both systems and is an excellent bdbridge

between the body axes xyz and the wind axes x, yaE Zog:
defined by the E coupling, which affords a simple way of
brideging the two systems. The excellent position of the
plane of symmetry of the airplane and %he body ¥ axis at
right angles to it, is readily apparent., TWith tae E coup-
ling the plane of symmetry is the natural mediator between
the body-axes and the wind-axes systems.

Particular imnortance is attached to the experimental
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azxes in wind-tunnel tests. It hag already been pointed
out {(reference 9) tktat "vind zxis" and "tunnel axis" are

merely two different ternms for one a2nd the same cornicept,
hence X Tith the conventional suspension systems

<

in tunnels, the setting of an angle of yaw is achieved by
virning the model asbout the vertical axis at right angies
to the flow axis - whick is =zt the same time, the 1ift

axis. The total bazlance system turns . wi
1

ct
P’
=

X abodtbhd g
vertical axis. The monment reference axes in the Zreat

majority of German wind tunnels therefore are -

For'the ywawing moment : the wertical 1ifbiaxis
A=t :
2 20

For the rolling moment: an axis in tae horizontal

drag; lateral force plane Xg., yaK, rotated about
angle of yaw BE with respect to Taye This axis
4.

s also defined 2s the trace between the plane.of
svmmetry of the model and the drz2g, cross-force
plane

e

tudinal nitching moment: 'ar axis ia the
o<
>

-7 i 1
, ecross-force piane xaK 3&K turned
through angle of yaw Bp with respect to Fa"’
-~

123

lewithathe -y Jaxis ofiiheimodely

It is readily seen that these momert reference axes ar
in agreement witha the axes Xg» Jes Zg Of tte experimental
system and therefore forms an excellent bridge ovetween
wind-tunnel measurements and anplications in flight mechan-
Hs@Sie

ain pmointed out that the experimental system
s siznl icance only in combination with the =
e airvlane axes aad wind axes, wiere ore of
¢ anzles, nramely, thae angle of attck op

L s e,
possesses thi
couviing detv

the two aero

i
on.,'adas ¥he 'y saxmisg.ab rishitransdiesichio
e

aigraxi st of T reotat
g 3try - hence, is measured ir the planc of

tke plane of
symmetry.
In couelusgion, it is noted that the axes  x,, Yos Zg

~

agreec with those termed "wind axes" in U.5. ant British
literature.

The connection between the direction cosines and angle
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which directs
tal axes’ x4, ¥g.

Tae transfer from airplane axes to experimental axes,
obtainable from table 7V,
form indicated in

the body axes

"
&

e

z to the exverimen-
is easlly seen in figure 7.

when putting BE = 0
TABLE VI
Experimental Axis ;
; EEAS I DR ) T
cos 0 -sin ap
o el 2R -
S 0 1 0
m | —
l z sin ag 0 cos ag

The connections bDetween the direction cosines
BE orientating the wind axes

are seen at a glance 'irn fisure 1ll.
table from wind axes to experimental axes, which are also
ottainable from tadle V,
form Siven in

after putting ag = 0,

TABLE VII
1] .
g Wi Said AT

x Z
— a ay
& ———t
= cos B sin Bm 0
o H o) Ali20) ;
2 o
5 -gsin BF co 0
() o
5 9 .

An attempt

made to ascertain the
one or the other coupnling methods.

Tke Practicability of the E and
Alrcraft Axes and Wind Axes in the ;Solution
Flight-Meckhanic Provlems

has the

has the

Couplings bvetween

of

superiority of

In any anpraisal of the advantages and disadvantages

and an-
to trhe experimental

The transfer
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of these coupling methods, representation of the aerodv-
namic princinies of a theoretical and recordable nature
edpioyed in the treatment of fliga%-mechanic problems in
stability and rmotion equations, must form the starting
point. So from tais voint of view, it should prove ex-
tremely acdvantagecous if the same coupling of angles be-
tween aircraft and wind axes can be used as basis. Theth-
er this accord can be achieved without inviting disadvan-
tages of another kird, forms 2z part of the study.

We proceed from the wind-tunnel test, from which a
large share of the aerodynamic data is odtained. In the
tunnel tkhe model is directed to the flow by the angles
oy and Bg  of the E gouplineg. That the B couplins is
the natural coupling between axes solidly connected with
the model and the flow in wind-tunnel tests, is easily
understood. Reference 9 also points out that in the study
0f a wing model in the wind tunnel, a definite body axis -
in this case a model-fixed, longitudinal axis x and con-
sequently, a definite normal sxig z —-is .nolt giyen,
whereas an axis a%t rigat angles to the plane of symmetry
of the pertinent airfoil parts is alwarys definitely known.
This axis is Yody y axis (lateral axis). For this rea-
son, the ¥y axis - the only known axis of a system of
body axes from tae start - becomss the definitive axis of
rotation., The choice of y &axis as definitive axis of
rotation indicates, however, (see table I), the use of the
angles of the E coupling to direct the body axes to the
flow in the tunnel, 7From it follows the conventional ap-
plication of the wind-tunnel Talances of horizontal wind
tunnels, where one veriical axis at right anzles to the
stream axis, is the axis of rotation For the angle of yvaw
Bz and so, for the moment reference aves Xt Kge o oDe

wingd’ axes X, Z defined by the E courling, are

T
E’ “am

& o
therefore identical with the tunnel axes x z .

ag’ Yag' %ag
With this application of the E coupling, it is. very simple
to transfer moment coefficients referred to e axes, to
ary body axes by means of angle of attack Gpe ¥y Dbeing

equal to Je» makes a conversion for the longitudinal mo-
meat Iy, superfluous. The tuanel rolling roment Lg s

and the tuanel rawinz rmoment Jo are, conformable to table
VI, transferred to body axes in the following mazner:

58 . B -
“airnlane = Le cos ag = Ng sin ag (1)

G0 i 4 !
I\‘alrplane = Ng cos ap + Lg sin agp CREY
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Here L. denote moments re-

airplane 224 Ny:ppia
ferred to any selected body - x ax
tively. The angle of attzck o

tween the chosen x axis, to wh
n

e
s or z axis, respec-
s defined as ansle Dpe-—

L
Ian

He e r_{

. 1 o
alrplane 18 8aL80 5T

B
e
da e

v b‘

ferred, and the drsg, cross-uwi xaK yaK.

If the body reference axis for am 1is other than the

body moment refererce axis =x, the transfer is easy, as
a;p is measured.in the plane of symmetry. To illustrate:

The angle of attack az, is defined as the angle be-

tareeniz e no M isfiteta s and the draz, cross—-wind plane

01
xaF yax. The moments Lg, ig, Ng are distributed over a
systiem lof. hoay axe s i x vl Ne rhose ix ¢ axid g Misod ven Wby
the line interseciing the plane of symmetry and -nlane of

the wing chord (chord axis), the wing being assumed with

zZerol twiste

The angle of attack ap Dbetween tlke body moment ref-
erence axis x (chord axis) and the drag, cross—force

plane xaK YaK 3 shulilit s npsof T angle aEO and the constant

angle ayr Ybetween the zero 1ift axis and the chord axis x.
I
Hence,

§
|
Q
=]
+
S
A}

Consequently,

4 5 ey f e ¢ e
Loirplane = Le €08 ‘log + cp) = Ng sin {ag  + o) (ir)

A = N ( ! 3 il
Woirplane = Ng cos (ag  + che) hNE o din (azo g ) DR
The transfer from one system of dbody axes x,, ¥, ., 2, to
ahothery Xa, Fai Zg.ooksresdily achieved with the E coup-
1ing, since a rotation of the body axes in the vlane of
symmetry produces a change in Qg o which merely consists
of the addition of the constant angle o to the angle ag,

referred to x,. Here c«p 1s the a2n3le between X3 and x,
or between 1z, and 2z, respectively. These connections
are cxplained in continuation of the above example:

The components . P Po iPsl ‘0T @ directed quantity P
(moment, angular velocity, etc.) are first referred to a
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syster of body axes x,, T1s» Zy+ Yow if they are to be re=-

ferred to another system Xgs Ta9 Z,, the following con-
wersions  apply e
(X
Py, = Px, cos ox - Py sin ey (V)
Py =R cos oy + P sin o (V1)
Z5 % k X, e
Be' =P : (Vi)
v I
52 01
or, since
Sa dnesitel S 20
\
Fg = Py 008 (Om ~0m Y = P, "‘sin (om ~0ip. ) (VIII)
X, X, ( 5 b Zq By —E;
2 =P cos (ap -a= ) + P sin (@q =-om ) LIX)
Z 5 7 Ba X, 7B,
el = P (x)
i VLA
Vo 7y

For flight-mechanic applications, thi
fer from one system of bvody axes %o anothe
startial advantage.

The problem involved is as follows: The forces and
monents of an airfoil or of 2 complete airplane model, are
recorded by wind-tunnel tests. The recorded coe’ficients
are then to be introduced in the motion and stability equa-
tions. Vhile the coefficients in the tunnel tests referred
to any one system of axes dcermed svitable in practical ap-
plication, the moment couations are usually referred to
the principal axes of inertia of the airplane. To refer
these coefficients to principal axes of inertia in tunnel
tests, is usually unsuccessful for the reason that in a
tunnel study the actual position of the principal axes of
inertia of the subsequent full-secale design of the airplane,
is not lnown at all.

The problem tkerefore consisis in transferring the co-
efficicnts from one system - say, e axes - tp another
system of body axes. Likewise, a change in the position
of the principal zxes of inertia of the same airplane, for
instance, br sudscouent structural chanrges, may make it
necessary to transfer the coefficients or angular veloci-
ties referred to principal axes of ineriia Xys o viiBie o 90

another system Xas Y. Zg, Wwhose Xx,, zZ, axes are rotat-
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ed through angle “k in the »nlane of symmetry with respect
B E L B

that tae tise of the coeff

This shows icients from wiand-
tunnel tests in fligkt-mechanic equationeg is narticularly
simple with the gidicf lhe :an=sles 0f the B couplingishencen
from this point of wview the choice of the E coupling in
tne mathenatical treatment of flisht-mechznic problems, ‘i
advantazeous. Another advantage acerues from the fact taat,
because of the simple trarsfor from ons sustem. cf Hody axes

to anpther, no previocus body axes =, z ,are AsCestSarye
This latier advantage became narticularly apvarent in a
generalized represeatation of the lateral stavpility theory
where, if the eduaitions are writbten so that thel deriva=
tives of moments L and: N ‘are referred btg ‘e _axesy. the
representation can be largely formulated indeperdent of

the: size of the ansgle of nttack. 1t mervly inwelves, Thens
a sinmple transformasion of the derivatives of e | axes to
body axes; the transfer ' Hreom axes (i Xg, g o ithe prined
pal axes of inertis =x, z isiextremely simple with the
2id of a=ngle ay vetween x, and X. By effecting this
transformation, the size of Oy i's..C ‘o lcoursel, unresitricls

leo

ed.,., This is a substantial advantage, esneclally when for-
nulating the laterall stability equaticzn,; where it pecomes

evident that the effectuated omissiors ian nowise deperd
upon the size of the angle nf attack.

The F coupling bretween body and wind axes offers far
s advantages. The aaz

les les Dby ich a model, and hence
1tis relabed axesiy X s el il 83 Cirected with respect to
tas tunnel axes, are the argles ap and fr of the E
coupling. Ifuin. She . nunericar treatment ot iy

ig
neckanic equations the angles op and Bp of th
ling are employed, the transfer of the tunnel data
flight-mechanic applications requires a conversion cf the
quantities recorded’ in the tunrel wrich,' as will ve shown;
is guite complicated.

23|

Fron the equations (I) to (XII), the following equa-
tions between the angles of the F and E couplings can

be derived:

gin ap = sin oy cos By @ ars)
gsin Bp = sin By cos ap (XI1)
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ben s Tl (ZIz D)
cos dp i

tan Qp

tan R e (EIY)
cos Pp

From (XI) and (XIV) or equations (V) and (VIII), follows:

( YT
cos ap cos Pg = cos ap cos Bp (XV)
In addition, it reguircs a %table for transferring di-
rected quantities fron the wind axes - S 733’ Zo define
-
by the E coupling, to the wind axes RS yaF, B defined
by the F coupling.
The tadle is obtained by the following metlhod: Vis-
ualize figures 4 and 6 plotted tozether, waile dearinsg in
nind that the four axes Yop: Yan: ZaE’ zaF are situated
in the same plane, narely, the cross—-wind plane ot right
angles to Xye ' Irn this instance, the followiri relal crs
Jrodid s
Fam: = Top COS 5 + Sap S1B 8 (&
z = cos & -y sin § (2)
Q: ‘A = an

8 r.‘en S ‘t‘rl 2 o = \ - q G A T 3 158]

denote he angle between Zon aR4d Zg . and }aE an
Y orespect Tvely.
aF =
Sirce the plane 2 i is at right angles to
og aF

plane - 2z 'x,° in ‘which ay is neasured, it follows for
cos §&:

cos 6 = —————=
COS ¥,
and, since planes =xy and x. ¥ reet ot ansgle o it
. a “axm ; E»
follows from triangle = g i i

2]
'
o]
(o]
1l
m
[
=]
Q
&3}
w
e
a]
™
b=
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Thus the complete transfer fron =x,, 7, zaF to ‘xg,
Yag: Zano has the forn given ir -
&
TABLE VIII
———— 130
T iin @ A x e s (F Coupiing)
w ¥ ¥y Z2a
() u iE = __MaF S 2 F
Wz, 1 0 0
d~|—| —
o i) & ro I
5y
Xy
o) v g CCS Qm 2
-1 235 0 Bl SR sin ap sin By
A cos g >
- b—_——_——e—eee
i z cos &
8 0 ~gin lop sin BF Sieel
g e,
B
From (XI) to (XV) further, follow:
cos amg cos By
= = ~ (XvVI)
cos G:F 2 B .
L poes Oy BEAT O
] ! sin ap sin Bp
sin op sin By = - (XVITY
2 w e
4/; = /eog” enusln’®  Bg
Coq. G cos aq
ki pigr g 8 308060
cos U
J’l = 8in  op ' cos o
i -
sin ap sin By 5
sin ag sin By = - (XIX)
2 2
Jfl sfsind op cod 7w
Through these formulas table VIII can equally well be

written with
F coupling.

Now the following
Cxoi-Cane Sz recorded

referred to ‘el axes.

the angles of the E

coupling

case ig analyzed:
in the wind tunnel

The equations are to he computed ”

or those

of the

The coefficients
are,

as usual,
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with the angles of the F couplin

principal inertia axes. The recorded wind-tunnel coeffi-
cients nmust therefore be transferred to principal inertia
axes D B R DA

& on, vand BF and with

Based upon the angles ap and By, the conversion
formulas for the coefficients Cx» Cys C referred to the

principal inertias axes, ‘Tead as follows:

z

AR cxe cos ap - cZe sin ag (XX}
cy = oy GXXI)

= I i XX I ¥
c, cze cos ag cxe sin ag ( )

Then with a3 and Py from equations (XVI) 2nd (XVII)

7 F

instead of ap, the three conversion formulas read:

cos i dp ico s B sin @
X" "Xe RS i i T Ze 5 5

vfi-cos ap -sin BF v/l--cos aq a1n BF

cv'—'cy . . . . . . . . ¢ . . - . . . . . . . . . . . (XXI&)
2 e

co8.- O cos B sin «o
2=Cy — e Biloood Lespre)

o 2 N KT 2 g
l-cos™ ap sin” By l-cos® ap sin~ By

Tt £

It is readily apparent that the use of the F coupling
entails a lot of paper work; and the superioritr of the E
coupling with respect to simplicity of conversion when
transferring from one syvsitem of bvody axes Xy Ty 2y boO

allother =x2., ¥., 2,, 18 algo plain. Olearly, suchia

transfer is much more readily accomplished with the E
coupling, since a rotation of axes x, z in the plane of
symmetry of the airplane, modifies only one of the two an-
gles (az); while with the F coupling, both ap and By
are changed. This is due to the fact that in the case of
the E coupling, the plane fixed to the body, as used for
defining the asrodynamic angles, is the plare of symmetry
zx, which does not change position dy a rotation of the
axes z,x oJut changes if the F coupling is resorted to.
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es from one system
inrg method, there-
f both’ op’ -and . %

The transfer of directeod g
of body axes to another % h
ereY, is aececompanied by ot o]
eh are, in consequence,
e

Yor the derivation' cf these reduction forrulas, thé
m

corresponding equations for the E coupling, anplicable when
trgnsferring - from Xy, 2y %o xp,lz,, ' are repeabeds:

achieved oy means of formulas (XVI) and (XVII). It gives

cos op. cos PR
cos ag, = X z (XVIa)

v/_ 2 -
L& icgeh o i8in <P

/ 8 \ -
Ty 20X4 o8 fon =aal ) ba el (i g L) (XXTED)
) ’ v i ; 5, \
Zg = zy cos {ag, mEl) S LT (a38 ag ) (XXIV)
or
= ‘ in i a
% %, Slcon ag, cos oF, + gin o= gin cEl)
- z, (sin ag, cos aEl - cos ag_ sin mEl) (XXIITla)
vt Ty cos o cos am + sin sdns e )
2 2k Ep B, TWEE B, .
: by i3
o i o, cos ag =~ cos ag, sin mEl) (XXIVa) :
m - o £ s
The transfer from aﬁl, aEa to aFl, aFa, is

baf

0
=)
=
Q
3|

1l
i

(XVIIa)

Corresponding formulas for ag can be written.
2

The expressions for sin . COIS Qi sinoan lcoS @

(equations (XXIII) and (XXIV)) written in, zgive:
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ces ap cos a?z cos BFl cos Bp2+sin g sin on
; it

[
bx
n

F 2 a BT o
T S R e e L B W e Bl
By e Fl F, &y

g2

cos ap cos Bp sin ap - sin ayp cos ap cos B,
1 1 2

2 1 oz
i . (XXV)
2 e 2 . 2
J[fl-cos ap sin” Bp ) (1-cos® ap sin” By )
sk 1 2 2
S a s aies sin s
g0 gy w8 ¥, cOs EFl cos BF2+ i e T,
Z2=Zl o SE b
4/?1 2 Pk = By, )
i@ g i - sin -
cos oFl sin BFl l- cos GFa ¥s
cos ap cos By sin an -sin ap cos @n  cos By
¥y 1 - ! *g Lo s
X, e R TR i —= [(XXVI)
2
J[ZI-cos ap gin” Bn ) (1- cos” an vein® €5
1 £ 2 Te

According to these formulas, the use of the B coup=—
ling affords substantial advantasges by enabling a con-
venient transfer from one srstem of body axes to another,
with tiae aid of a single angle measured in the plane of
syrmmetry,

onf's (reference 2) claim o< superiority wof the F
coupling over the E coupling is, that the resultant air

~ tased upon the F coupling - is largely denendent
upon the angle of atiack only, and is not changed by small
angles ‘of Faw. Citing a circular plate as example, he
states that in a rotation of the disk about the axis.,
erected in the disk center at right angles to the disk sur—
face, the position of the disk in rezard to the flow and
hence on the flow conditions, remains the same. This ob-
Jection to trhe E coupling is row investigated from the

~

roint of view of practiecal arplication,

|

Since on an airplane it does not entail a rotational-
ly symmetrical body, as on the cited circular disk, it may
be exvected that the indenendence of the resultant aerody-
namic force — that is, princivally of tie 1ift from an an—
gle of yaw Pp - really exists only within a very restrict-—
ed range of EF' Naturally, there always will be an axis
(optimum axis) for a certain airfoil in the angie-of-attack
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range of normal, unstalled flight waich-has the property
that, in a rotation of the wing about this axis the 1ift
coefficient ¢, bhas 2 minimum of deperdence upon this ro=-
tation. Oomplete independence of 1ift upon angle of yaw
in ansymletrlca* flow is not Dresent, even in a small

range of Bﬁ, as long as the Cgo values are no longer

small - this, even if the cited optimum axis is chosen as
axis of rotation for PBp. For an untwvisted wing of the
usual contours, this optinmum axis is ir approximate a“ree-
ment with the axis at right angles to the nlane of the
chord which passes through the center of gravity.

Toleirgail: oe shown on Shree examples frcm thtin%en
wind-tunnel tests, to what extent the 1ift depends on tie
angle of yaw if one or the other angle coupling Is used
a8 pbasis.

st measurement was made on the complete model
ng landplane. The "¢ c recorded at

of a high-wi an cq, 4
different a in relation to the 2n3le of yaw, are uscd.
The angls of wvaw was veried from 0° to 45°9.

The second "ensu"emnnt was made on the conmplete model
of a nigh-wing flying boat in the same way os on the land-
plane model; the anzle of yaw varied from 0% o 189,

The third measurerment was made in the same way on t?e
rodel of a low-wing landplare. The angles used in the Got-
tingen measurements to orientate the model with respect %o

1
the flow, ars ag and BE. The recorded 1lift coefficient
is caE.

=

The transfer from ¢, to e was effected by trans-—
axp

cal

formation of angles ay and Bz degscribing a certain state
of flow into ap and By with the help of formulas EXTH)

to (XV), ‘Then ¢,. ' is computed from e,. and cq., by

b E

reans of table TIII. By *his complete transformation of

the angles and forces, the pertinent flow condition can
then be described by the angles of the F coupling and re-
lated wind axes X, ¥gn. Zagp defined by:.tke Ficounling

e}

n this marner a clear vpicture may be Zalned of the
extent of dependence existing in a number of flow condi-
tions, bvetween G f(gE, and Bag f(fp). But even

then, no direct comparigson of the curves ¢, = f£(Bg) and
o

=
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cap = f(Bp) can be effected. Whil

irg the neasurement and By

couverciton thath iapn  Fitia aftee 1iheen e
* "

ofithe wvariable

a

ap, Dbe corrected.

as a result of the rising

not only

morandun Yo.

varies,

Gy

cbtained from the conversion nust,

958

£ g 5 28 constant dur-=

it follows ' freom the
is variable., "so that
because

becomes smaller,

caF
angle of yaw dut also

owing to the decrease in angle ap caused.by the conver-—
sion. 'The correction for Cy., Wwas made with the aid of

1]

-
the curve ¢ = flap)  for . Bm = 0 "‘sidce, dn the case of

avm L4 d
-t
symmetrical flow - i.e., absence of angle of vaw - caE =
caF.
Fijgure 8 showsg the curve (o = f(Bv) for g hisgh-
aE )
wing landplane ags recorded in the wind tunnel, and the
Y 7 A £ 3

corrected caF f(BF). The body reference axis for ag
i1s the chord axis.

The curves discloce the following:

1. Compnlete independence of c,‘_q1 from BF does not
eéxigt, even in the' refion of smalll ansgles:i of yaw.

£y T s it .

2 The curves ¢, = f(BE) and caF = f(ﬁy) are not
nmaterially cifferent in the range of small an-
2les of vaw. At 11,5° angle of attack and 20°
angle of yaw, c¢,_ has dropped to 88.2 percent

‘E
of the walue recorded at B = 0, and ca to
91.5 percent of the value recorded at ﬁ
3. TWhile Can Grops much more than ¢, at hisgher
7
-
anzles of ‘wvaw, tihkeiinbsolute drop efibeth caE
and c5, 1is substantial. Accordingly, the
choice of Cap O Bp > 20° opresents no mate-
rial advantage over Came
Y
It should ailso be remembered that the tody refercnce
axis of Gn was the chord axis. Hence, a coaversion to
the angles of the F coupling 3ives an .angle fp walch has

a body normal axis perpendicular to

the nlane of the chord
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as axis of rotation. Eerewith the measurements are re-

ferred to the previously quotsd approximate opitirum axis,

and the presented devendence o f(By) approximately J
represents the most favorable casc.

Fizures 9 and 10 show measurements on model high-wing
seanlanes and low-wing landplarnes, taken at different an-

gles of attack., The curves of Cag = f(8p) and Cap
f(By) are fundamentally similar for the most dissimilar
types.  The relation of 1ift te anzle of vaw withinO=to
20" ‘angle of yaw is sipillar iz

1A

a
in ordexr of nagnitude. One
zeneralization at least is readily apparent, nanely, that
even with the P coupling as choice, a2 complete independ-
ence of lift from angle of yaw Goes not exist even at

.

small angles of yaw, up to adout 20° if no smell c_, value

a
is present. 1Ian this case, however, Cag is practically as
little variable as cap in the range of small B, and

then the
over the

F coupling presents no anpreciabdbie superiority
El coupnling.,

In this connection, the only case encountered in prac-
tice where largse B occurs needs mertioning, namely, the
case of the seaplane afloat on water and subject to any .
angle of yraw.

In this range of large B, two objectilons may ve

Ll

raised against the use of the ¥ coupling:

1, «The positioni ot Ji1f% Bxle Zag ig. noilonger def-
initely i defined. at BE = 90°;

&p, & Enie SR caE is markedly affected by BE and
becomes, in fact, altogether indemendent at Bg = 909 be-
cause in this case the axis of rotation of angle ax (¥
axis) coincides with the wind axis. Anent these two ob—
jections, the following should be noted:

1 i The  pogitioniof it axls Zag tecomes undeter-
mined only when By actuallv amounts to exactly 90°. A%
the least departure from it, Zag is definitely fixed.
Zag is wholly independent of the magnitude of the angle
of yaw in accord with 2z, - i,e., with the axis of rota-

tion of angle PBy, whose position is practically always
defined.

4
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Moreover, with the. . F coupling for axis Yap: the

conditions are entirely similar mhen oap = 90°; and ay =

90° 1is attainable in a flat spin, So from this point of
view, the F coupling is nowise more provitious than the E
coupling,

2¢ According to figures 8, 9, and 10, a passable in-
P

dependence of caF, as of e rora the angle of yaw
L]
prevails only at very small angles of yaw. Hence, in the

range of high angles of yaw, the dependence of the 1lift
upon the angle of vaw must be experimentally ascertained
for the different walues of angle of attack, no matter
waat coupling is chosen between the body and the wind axes.

However, the two oBbjections cited agninst the E coup=—
ling at large angles of yaw can de ignored from the very
bezinning for a much deoper reascn; Tor the larse ansles
of yaw are practically confined to seaplanes floating on
the water. And in this case, stability droblems of the
seaplane as floating bodr are usually involved rather taan
a purely flizht-mechanic application. Then the seaplane
is, in fact, orientated in a plare which in the practical
application, is given by the surface of the water, in the
wind-tunnel test by o ground »nlate. This implies, however,
that the body axes in this instance must be orientated with
respect to a second complete system of axes, two axes of
which are situated in the plane of the water surface or
ground plate, respectively, while the third axis is at
right angles to the other two. This orientation requires,
as described in reference 9, three Zuler angles which gen-
erally are other than zero, whereas in the case of orien-
tation of the bodv axes relative to o svstem of wind axes -
ot which, for the time boeing, the position of only one
axis (wind axis) is given - one of the three Euler argles,
through a ‘certain arbvitrary tic of wirnd axis Vg 0T 2y
to the body axis, is zero. This special case of orienta-—
tion by two angles only is utterly inapplicable to the
conplete orientation of an airplane relative to a ground
Plate. For by the orientation of one svstem of axes with
respect to another by means of three Euler angles, it is
impossible to vprescridbe beforehand a-~certeain tile of. an
axis of the orientating system to =2 plane of the axes sys-—
tem to be orientated - as achieved in the case. of coupling
between bodv axes and wind axes,

The orientation of a seaplane afloat on the water re-
quires the use of an angle that enadles, at B = 90°, the
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definition of the inclination of the wings with resmect to
tae surface of the'water, This:case therefore calis for
an extension of the coupling between the bHody and wind
axes. The appropriate coupling angle to be used in this
case is described in section IV.

IV. EXTEISION OF

=]

=4

HE COUPLING BETWEEN THZ =O0DY AND WIND AXES

TO INCLUDE

=l
oz}
td

CASE CF AN AIRPLANE IN A FLOW OVER

A GROUNWD PLATE

The case of an airplane in a flow above a ground
plate - while being orientated in resvect to the flow and
the ground plate ~ is practically realized by a seaplane
afloat on the water. (Since tais case involves aerodynam-—
ic problems of static stadbility, the presence of a ground
rlate - i,e., surface of water in the case of a seaplane =

s physically conditioned and the orientation must be made

i
with regard to this surface.)

A

This case goes veyond the previousl; described coup-
ling between a system of body axes ard a system of wind axes
achieyed by two engles. Through the ziven surface, a com=
plete system of axes is zgiven as orientating system, in
respect to whick the Dbody axes are directed by three Euler
angles. The -orientatinzg axes (xab, yap, Zap) conditioned

by the ground plate, are explained as follows:

The orizin of axes Kap' Yap’ Zap is placed in the

center of 3gravity of the airplane; that is, the ground
plate is, similar to the ground axes, shifted parallel
along the earth's vertical axis into the center of gravity
of the airplane.

Axis Xa, asrees with the axis of flow located in

the plane of the plate (plane of water surface).

Ax¥s ¥ya ig at right anfles %o :c{,10 in the plane
D .

of the plate.

(72}

Axis zap is at right angles to xap and yap; i.e4,

also at'.rizht angles to the plane of . the plate.
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The axis of flow, bheing always in the planc of the
plate, 24 itgelf is at right angles to the axis of flowe

wind~tunnel data with and without

An examin hig
es the followine:e

a
eround plate, d

Generally, the plans of plate Xap Yap &%Tees with

the resistance transverse force plane xaK gaK of the tun-—

<

ntel s ‘becaunse the axis of robtation of angls BE(ZaK) SRR
right angles to the plane of tae plate.. In practice, the
ehoice of the B coupling, theorefore. in whilch the wind
axes of the tunnel Xays Yag: Zag 2re tcal with the

oo

o
U
o)
3

mind axes X | yaE, zaE used in free flisght, would make
the surface of the water correspord with the tangential
fdow plene . X, Tays that is, 1zgp would =agree wvith Zap:
il réality, however, the conditions between the plane of
the plate Xap Tan and the plane Tar Yay ofi.the drag

transverse force, manifest a fundamental difference de~-

spite formal] azreement. The position of axes yay and
‘9

o3

/ s
Fa s NOZ s yav) ie

- L

zay and hence, that of plane x4

at firet daysically unirportant, snd- is.only definpd in
the above-~described manner by one of the two couplings for
reasons oI expediency. Onlv the flow axis Fay 5= R0 s

£

practical significence in wind-tunnel *ests without ground
plate, which corresponds % e cornditions eof an airplanc
inefirae flisht., To divect this' axis te thewibodyviisyston
roguires. only two angles. On the other haand, the grouad
plate Ta yap (in practical application to seapleanes,
the surface of the water) roprescnts, throuszh the special
type of problems involved in this:case, a physical oppor-
tunity which is definitely known from the very starts To
direct the Dbody axes to this plane of the plate, requires
however, three angles.

Tarouzh the formal*zzrecemrent bebtircen tae plarne o ithe
plate and xaK yay, tho-orientating axe s’ siyent by tae
ground plate, cian be explalned as 'a 'special typo of wind
axesiof' the “bunnel . Hor 'x =t %al Z =gl SR eniee

ap & ap ayg

Yage By proper transfer of the E coupling fo the

yap
discussed oricntation of tae body axes to the orientating
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axes Xag yan, zap given by the flow, the principal axis
of rotation of the orientating system is axis zaP = zaK,

and the definitive axis of rotation of the body system to
be orientated is forhed by axis y. With tae axes of rotaw
tion for two of the three coupling angles known, it be-
comes readily apparent that the angles ap (axis of rota-

tion y) and By (azis of rotation Zag = zaK) in their
original definition, also appear as coupling angles be~

tween the body axes and the axes of the ground plate. The
third angle is ©gy,  termed "angle of roll of the tunnel,”

whose axis of rotation is immediately given dby the junc-—
tion ‘line between body axes x, ¥, 2 and the ground-

plate axes Xap' yap, Zap° This junction line is in fore
mal agreement with axis x of the axes of the plane of

e
symmetry.

Yow it is to be noted that axis in whose di-

2
.aK,

rection the 1ift is measured is, 1in.the presence of an
angle ®,, no lonzer in the plane of synmetry of the air- £

plane, but rather tiat the plane of symmetry inclines at
an3le @, with respect to axis = Zg - The prenise

thaet the 1ift .axis ‘shall be at. pi&nt anclea to the axie

of flow in the plane of symmetry of tie alrplane can.srin
this case, no lonser be vositively nmaintained since, by
orientation of one system of axes with resp ect to another
complete system ty three Evler angles, every prescribed
anchorase of one axis of the orientating system to a plane
of the system to be orientated represents an agreement and,
consequently, a contradiction. Such & prescribed anchor-
age is timely and necessary only in the case where 2 sys-
tem is to be orientated with respect to a knpwn axis.

V4
S

D Ul

- Y

The application of the conditions obtaining in wind-
tunnel tests on a nodel with 3round plate, to the proc-
tical case of a seapvlanc afloat cn the water can be effect~
ed forthwith 1f, as in' theé wind tunnel, angles om' and

Bg ore identical witk two of the three coupling angles

betwcen the body axes and the axes of the water surface.

In- this case,; thelaxesi 'x, 7 z of the system de-
Y VO ? a
°D b iy
scribing the flow on the seaplane, ovecame the axes Xags
o = . - = Gy 'y
Yag: Zagp OF the tunnel systen. Xy And. T AEe in the

plane of the water surface or parallel to it.  The axes .
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stem xan, yan, z.‘:,'13 is, as in the wind tunnel, termed

s i

the "wind axes system for measurements with 3Iround »nlate."

The seaplane is orientated with resmect to the water
surface through the following three angles:

ag angle of attack: The angle between dody x axis
and the line of intersection betweer airplane
plane of symmetry and plaze x, 7, (»lane
D P
parallel to water surface through the center of
) The body y axis 1s the axis of robta=—
he angle, the »nlane cf symmetry of
rne, the piane of measurement,

Be ongle of yaw: The angle between axis x 3 and

the Ilne of intorsection of plane X

ap Yay

with the plane of symmetry of the airplane,
Axis of rotation of the angle is axis Z, at

p

right angles to water surface; plane of measure-
ment the water surfnce or onc porallel to it.

Pe onsle of roll: Angle vetween axis Zg and the
D

plane of symmetry of the airpl
tation of angie is the %race de
lane

ane., Axis of ‘ro-
i t
symnetry of airplane 'and p

ween plane of

X, yap. Planec

of measurement is plane

i

The line of intersection detwoern the planc of symmetry
of the airplanc and plane of the nlate Xon  Ta occurring
by the deofinition of ag oand PBg ard formiag
rotation for ®os 1is none other thm S
perinental svsten,

b
)
#

The relations bvetween the dircction cosine and the
coupling angles oag, BE, () oetweger the dody sxo8  =x, ¥, 2

5 e
- +1 ~ BTy .
and the wind axesg Xa. s Ta_ s Zg 1n measurenents with'sg
P b b
ground nlate, can be deduced from figurc 11 with the n~id of
the cosine 1aw. All =2ngles shown arc positive.

The following relations nold trucs:
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in

TABLE

ixX

trizngle xF an: It Ecosix xan) = cos oy cos By
- -~ S 3
~sin ap sin By sin @,
triangle xF 7, : 2. cos(x y, ) = cos ag sin PBg
+ccs Pp sin ag sin @,
trinngle: xB g% Blleosg(z gy s seka Go com ity
Lu.‘: < n -
trianele «yh =, v, 4 eoalynixili) =" —~asin Bnicos i
(A-p dp
triangle -yvA Tay & 1B, cos(y Vap) = cos By cos @,
i / R )
6. cos\y Zﬁn) = sin @,
triangle gl =i W icaglel gy Jusiladnta, ooy B
+ces ap sin By sin @
triangle  sF g, ¢ 9Bl cowlz g4 ) = sindxisin e
1 B :
~cos g cos PBp sin @,
triangle z3B an: S. cos(z Zaj) = cos ap cos @
The transfer from body axes to wind axes in presence
ground plate, hence cf an angle of roll @, has the

Wind Axes for

MYeasurements

with Ground Plate

Body axes

x y Z
°p ®p A ®p
cos cos Bx sin By cos o
°E i L i | -sin ap cos @
-sin ag sin By sin Q| +cos Pg sin Op sin Qg
-sin BE cos @, cos SE cos @ sin @,

sin Qp cos BE

+ cos ag sin BE sin \*8

e e e — —

sin op sin By

~Co0s ap COS SE sin we

cos (g cos Pg
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Equating Pe to . 04, 'table IX becomes tablie V. whicha

contains the transfer from body axes x y z to wind axes

Sy R Zo Tt uged ‘with i ‘the airplane in free filighi.
<]

a aE

But there is yet another coupling possibility, for on
selecting axis x of the aircraft system as definitiwve
axis of rotation, the orientation of tkhe aircraft system

with respect to a2xes Xap- yap, z,lP giver bv the 3Zground

plate and the flow, ig made through three angles, waich
formally asree with the ansgles o, 3, ¥ (explained 2
(VI)), by which the body nxes are dirccted with respect to
the 3round axes. By *this coupling the ground plate is
supposed to explain a system of sround axes (reference 10);

.

theredby axis Xy is situanted in the herizontal plane pass—
ing through the center of sravity and is in agrcement wita
whetaxig of ‘the wind .strear, The drawback of 4thls icoupling
ig that axis x .as definitive axils of rotation, whosge 'po-
sition is never acflnltelr known from the start, is arbie
trarily defined from ore case to the next.

The third couplineg possibility, dn which axis ' 20 GF
the body axes system is chosen as definitive axis of rota-
tion, proves imwractical. The related Cardan model would
in neutral setting (all taree coupling anzles = 0) disclose
parallel rings,

V. THE COUPLING BETWZIEN RELATIVE WIND AXES AND RASIC

GRCUND SYSTEM, ARD DISCUSSION OF THE COUPLING

OF A SYSTEM FIXED TO.THEE. FPLIGHT PATE

WITE THE BASIC GROUND SYSTEM

<

By the coupling of the wiand axes Xas Fae Zn WEtH

the ground axes Xgs Vg Zao the ground axes shall be-

come, in conformity with the eariier statements - regard-
ing the orientation of the individual systems - the ori-
entating axes for the wind axes tc be orizntated. The one
axis of the ground system with definitelv known position

from the start, is the vertical axis z_,. In consequence,
)

Zg represents the natural principal axis of rotetion of

the otientating. syetem -x,, 'Fei e &
> > i



36 NACA Technical Memorandum No. 958

Selection of the definitive axig of rctation is not
difficult with the wind system. Physically conditioned
and known in position, for tae present, is the relative

wind axis x, only. The rosition of g and < zg ‘1g, at

first arbitrarily established, whereby the individual coup-
lings afford various possibilities. By choosing axis X,
as definitive axis of rotation, the three coupling angles
between the wind system and the ground system are ex-—
plained as follows:?

Y relative wind lonzitudinal angle of inclination -
the angle betweern x, and plane Xg ¥g! Axis of
rotation of angle is axis y, projected on hori-
zontal plane xg Vg i.6¢ ) a-horizontal axlisiab

z
right angles to x,, whose positive sense of di-
rection viewed against the flow, is to the right.
Plane x, zg 1s the nlane cf measurement,.

p relative wind lateral angle of inclination - angle
between =z, and plane x, zy8 &~xis =x, 1is axis
n

of rotation of the anegle. ' Cross-wind planc ¥

a Zg
is nlane of measurement.

X relative wind azimuth angle = angle between x,
projected cn plane Xg ¥g and axis Xg: Axis Zg
is axis of rotation of the angle. Plane Xg Yg
is the plane of measurcment.

The application of the cosine law gives, as seen from
figure 12, the following .relations between the direction
cosine and the coupling angies Y, p, ¥X-.

From triangle x, F xg? 1. cos(xyxg) = cos Y cos X
FProm triangle x, F y,: 2. cos(xay,) = cos Y sin X
] El
T cos(xazg) = —=gin Y 3
From triangle 3y, K Kot 4, cos(yexg) = —gin X cos W

+c0a X sin p sin Y

e
]

Erom“tiriangler vy K Yz

Vg cos(yayg) = cos X cos M

+sin X sin w sin ¥

From triangle ¥ 2ot 6, cos(Vazsr) = cos ¥ gip B
a g a Zg
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From triangle 1z, XK xg: 7. cos(z,%,) = sin p sin X

+cos W cos X sin Y

Trom triangle 'z, E yet B, cos(z ¥-) =-~-gin g coa X
a. 5 a“ 5 3 A Y
Feos Wisin OGEaIn
Eron triangle gz, X, w.: 9. cosl{f gz )= cod ¥ cde ik
, Zg 3

Now the transfer from wind axes Xgd. Taw by to ground

D

aXes Xz, Vz, Zg Bas the form of

ij G el e Ao g
p >
A Xg v g Z;_r,
....... i
s +cos Y cos X +cos Y gin X ' ~sin ¥
o i

Ta| +ein Y cos -#in ¥ |+eiz Nigia Keln b
5 +cog Y sim

=sin X cos W +eols i C

+sin Y cos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>