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SUMMARY

A method has been developed which makes possible the
determination of the time to make a horizontal turn of any
number of degrees, and also the control deflections necessary
to make the turn. Accelerations encountered during the man-
euver are easily obtained from the calculations which are
uged in obtaining the maneuvering time.

The method worked out is based on the six fundamental
stability equations. The mejor essumpbtions are angle of bank,
#, and no sideslip during turn i.e. V = 0, Only the use of
simple wind tunnelydata is necessary,.

| Several cases are worked out for different bank assump=-
tions for a twin engine attack bomber. The bank assumption
which gives the most reasonable control deflections and accel-
erations during the maneuver 1s one which produced & helix
angle of 0,090 end maximum bank of 75°,‘ For this particular
bank assumption caléﬁlatioms were cérried out for sea level
and 15,000 ft. altitude.

Calculations were also carried through for sea level
and 15,000 ft. for a modified single engine airplane . of same
welght and horsepower as the twin engine one, using the bank
assumption which geve @ max. of 75°%.

A method is presented for the direct calculation of the

stebility derivative, ﬁé, from wind tunnel data,



b

The improvement of the flying qualities of modern air=-
craft is impeded by the absence of quantitative maneuverabil-
ity and control criteria. As a result of several conferences

held with members of the Aerodynamics Department of both

ey

the Bl Segundo and Santa Monica plants of the Douglas Alr-

craft, it seems that a concise definition of maneuverability
is not yet avallable, As we know present day, modern air-
craft, they are best conceived of as some "flying hunk", and
to rate one alrplane better than another is a difficultb
problem. The effect of wing loading, span loading, power
loading, the effect of altitude and speed are all factors
influencing the behaviour of the aircraft. To get a concise
maneuverability criteria which takes into account all these
varisbles is extremely difficult and no attempt has been
made to do so in Tthis report.

As a result of éractical suggestions offered by Mr.
Benny Howard of‘Douglas Aircraft it was decided to arbitrarily
assign a flight path to the airplane and calculate the time
necessary to execute the maneuver as well as the control
motions. This may be considered a special definition of
"waneuverability criteria®,

The flight path chosen was simply a horizontal turn
with no gein or loss in altitude. For necessery simplifica-
tion constant power was considered throughout the turn. This

phase of maneuverability is of great importance in the case

of a might fighter plane where 1t is in pursult only by
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instrument, and a rapid horizontal turn at full power is a
necessity. The baszizs assumption for this designated flight
path was that of angle of bank as s function of time. This
was taken as an exponential function.

Calculations are worked out for a typical modern, btwin
engine, attack bomber. methcds presented in this paper are
based on the interpretation of wind-tunnel data. Fortunately,
such data will always be available at least in preliminary
form during the design stages of the large aircraft on which
rational analysis are important.

Several angles of bank and rolling velocities are
assumed by varying the various paramebters in the exponential
equation, and calculations carried through for each assump-
tion. Also the accelerations encountered for each maneuver
are presented along with the time to execute the manéuver
and the control deflections necessary as a function of time.

or the assumed bank which seems to give the most logical

trf

results, calculations are made considering an altitude of
15,000 feet, All caleculations come from the stability
equation, the three determining lateral motions being used
for all results except those pertaining to elevato: deflec=
tions. For the first angle of bank assumption, two complete
calculations are made, the first based on the simplifying
assumption that ¢f @ is the angle of bank, then sin ¢ = ¢,
end the second considering the actual value of sin 7.

The last part of the paper considers the effect on

maneuverability of engines mounted in the wings. A second



girplane is considered, identical to the first except that

o

Bl

.t is a single motored one, the motor being mounted in the

nose of the fusilage and weighing and developing the same

emount of horse power as the two engines installed in the

wing of the initial airplane,

All curves have been calculated for a conventionsal

airplane of about 20,000 pounds gross weight. Although

the above magnitudes are of no particular significance,

the general trends and relationships should hold for airplanes

of twice and

half this size. Since outside of general

specifications and speed conditions, the only factors

necessary are:

Yo, = Chenge

Lor - Chang
due to

Noy = Change
due to

Nog = Change
due %o

and
LIy = Change
Ly = Change

it

N'r - 1

in side force per unit mass due to unit rudder

deflection.

in rolling moment per unit moment of inertia
unit aileron deflection.

in yawing moment per unit moment of inertia
unit rudder deflection.

in yawing moment per unit moment of inertia
unit aileron deflection,

in rolling moment due to yawing velocity.

in rolling moment dus to rolling velocity.

k¢] y&Wiﬂg it b it ya’Wiﬂg 1

1 n i i1 11 o) 1lin g it

The methods developed here should be of broad applicsbility.



DIMENSIONS AND CHARACTERISTIOCS

OoF

TYPICAL TWIN MOTORED ATT

BOMBER CONSIDERED

Wing afea

Wing span

Aspect ratio of wing
Weight

Root chord

Tip Chord

M. A. Co

Vertical surface aresa, SV
Asvect ratlio vertical surface
surface

Span of wvertical

Distance of C.G
line, 1,
Distance of C.G.
hinge line, ly

to rudder hinge
to elevator

Wing loading, ly
Horizontal surface efficieﬁcys7lg

dCnig
aCy,

Horizontal surfsasce area, SE
Overall length

2
K5

2

EAY

wi

&b

N

f
.é.\er.K.

1

"

465 8g., ft.
8l.,33 £k,
8,09

19,300 lbs,
132,4 in.
49,8 in.
100.2 in.
63.28 sg. ft,
1.38

9.33 f£t.
50736 iﬂ-

516,95 in.

41,5 1lbs. / sqg. £t
.80 (Power on)
.72 (Power off)
=0,170 (Power on)
=0.271 (Power off)
101 sé. £t.

568 in,

49,2 ft.2

59.8 £t.2

104.1 £4.°

5~



BoHelPoe

FOR 15,000 FT.
60

280 M.P.H
410 F.P.S.
199.5

0.208

2400 (N.R.P.)

300 M.PoH,
440 F.PeSe

144,7
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CALCULATICN OF STABILITY DEREIVATIVES
AND ACCELERATICNS FCR UNIT CONIRCL

MOVE

FCR SEA LEVEL

NVENT FCR AIRPLANE CONSIDERED

RESTSTANCE AND RCTARY DERIVATIVES FCR LONGITUDINAL .

A
MCTICNS

Xy = =(2/mUpy q's Cp
20 (For power on)

Zy = =(2/mUg) q'S Cp
= “@151 )

I\Zq = . q?S/m'UG v % SH/S % 12/K22 % )zt’

| 1-

= = 6370-? (8@44) 101/4‘65 (26935 X 26935/5?»%} P 3@94’: b4 @60
2 =18,71

The calculation of l; presents some difficulty.

rom British Confidential 3744,

S. & C. 998,

g 2 - 4
T 7 = Con 8 m 3
Ele v w@f:_gte TC@ V@
Therefore, '
37 7. /3}
Wh@r@ ( 3@ indicates equilibrium
trim
For Normal Rated Fower,
BHP x
TCQ =2 - )?
© qa’ s -
BHPF = 2400
] = .80 (app.)
a' = 199.5
S = 485
. -



For ecuilibrium trim,

Ve = 410 ft. / sec.,
r v ©ME
TC@ b 602{}(

Plotting Cy ve. Cy for TQ; s ,0207 and shifting the.CL
axis to intercept the curve’at CL@ s the values of Cy

for various values of TCW at trim C; may be tabulated

as CEGQ Since V is a funection of Tce? it is also

possible to tabulate various values of V for corresponding

values of Cy',

Cy To v
=,010 0
O 021 407
.020 070 273
.046 0135 220
072 . 206 121

. 096 » 2686 175

uly =Cy xq' x8xtx m%_

4

W u
1 x t '
m, == x 8 x %y
" 1 av
Plotting CM“ vs. V and taking the slope at V ® 410 ft./sec
we find,
g
Cy _ =2-0.6000635
av '
(see Figure 6 )

Therefore,

Mﬁg £-199.5 x 465 x 335 x 0.0000635 x Oe09166?

=-49,1 x 0.001667
=-0,0820



and dividing by K% gives the desired value of M

M,
M. = =0,00137
U

B, RESISTANCE DERIVATIVES FOR LATERAL MOTION

= 1 T~ (’;"':: m eS8V )
R 2 /
= 1 x 1/4(" aCy
dly,

= .485 (NACA R 5
T o075 «485 (N4 eport 635)

%= ( -9.25) = =7.00
M, = & Tp
( 2 4
= To 3{pb/27)

dcy e
e = .01542
d{pb/2V) {(NACA Report 635)

= b {=0,1391) = -0,1051
55z (-0-13 1)

2
L= 1.1 (bfF ¢
I (@Q 3(rb/27)

acy, = L0580  (MACA Report 635
alro/2v)
= 1 — a‘
% (1.0668) = 0.805

2
N, =21 [ ac
ro7 (z:) EI?%7§?)

dCy |
, == 1 a. o2 2 Sy ac
a({rb/2v) =z Coy 7V %52 T "ci,'élﬁ

= "'all&

Np = & _ {-1.020) = -0.771




C, ACCELERATIONS FOR UNLT CONTROL MOVEMENT,
(FROM WIND TUNNEL DATA)

Y = { S /m
O, UYOT *l /]

= {.00586) (199.5) (465) /m = -0,905

Zog = 0y @ 8 /m
Ce
= (0.27) (199.5) (465) /m = -41.8
2
Mog = Clipg ¢ 8 % /m Ep
2
= (,022) (199.5) (465) (8.35) /mKp = =0.487
2
Lo, = C a8b /mK
©e. log ™= / A

= (,0040) (199.5) (465) (61.33) /m Kux® = 0,771

8,
Hop = Gnor ashbh /mXK
= (.00109) (199.5) (465) (61.33) /m K.° = 0,0993

o - 2
og = GnOa g8 b /m 0y

2
= (,00005) (199.5) (465) (61.33) /mEKyz = 0.00449

N

For 15,000 ft.

A, RESISTANCE AND ROTARY DERIVATIVES FCR LONGITUDINAL
HOTIONS

=0

"’61(}9

$
i

= =13,57

2 =
SR
|

= 19041

o

o RESISTANCE DERIVATIVES QR LATERAL MOTION

“4971

o
]

-0,0710

il

o]

Lp = .544
= =0,521

e
=3
I



C. ACCELERATIONS FOR UNIT CONTROL MOVEMENT
= -0,6586
Zog = =30.3
M. = =0.339
Log = 0.559

i

No, = 0.0720
No, = 0.003254
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BASIC BEQUATIONS AND ASSUMPTIONS

On account of the bilateral symmetry of the airplane
it is customary'to divide the notions into two independent
groups, the lateral and the longitudinal, each consisting

of three degrees of Ireedom:

? Rolling
1) Lateral motions Yawing
Side slipping
Pitching
2) TLongitudinal Vertical translation
motions - PForwerd translation

Presumably the reactions to small increments of longi=
tudinal speed or displacement do not ssnsibly influence the
lateral motions and the two groups may be treated independent-
1y,

Consider first the lateral motions. If the flight
path is assumed to be horizontal ( or nearly so) and the main
forward velocity Ug to be substantially constant, the equa-

tions of motion in a lateral disturbance may be written:

(In side slipping) QY = g sin § = rUy + viy + ¥,
dt
(In rolling) an
a‘{;':VLV"'pHQ'*'TLT'*'“O
(In yawing) -
' 42 = v, + pilj, + rilp g
The quantities that arise in the consideration of the

lateral motions are defined in the following table:
Velocities and displacements of alrplane axes:
Ugs, equilibrium flight velocity along X-axis.

v, component of flight velocity along ¥ - axis
{side slipping)



p, component of angular veloclity sbout X - axis
(rolling) ‘

r, component of angular velocity about Z - axis
(yawing)

@, angle of bank
Forces and moments resolved along airplane axes:
Y, component of force along ¥ - axis

I, component of moment asbout X - axls
(rolling moment) '

N, component of moment about Z - axis
(yvawing moment)

Accelerations of airplane:

Yo = Y/m (control force per unit mass)

- 2 . . .
I, = L/m Ky (control moment per unit moment of inertia)
: : 2 s .
NO = H/m KG {control moment per unit moment of inertia)

Airplane characteristics used as parometers:

Y . . . .

v . Stability derivatives in bterms of
Ig accelerations of airplane, thus:
v

I;:T B éz m

E‘év ‘ -y oV

N, ~ oL 2

'f\zp LI; S‘E': / me A

p - sp ./ ™

It has been found convenient to transform all stability
derivatives and disturbing effects into terms of accelerations
of the alrplane rather then retaining them as moments and
forces, This transformation is accomplished by dividing outb
the eppropriate moments of inertia end the mass of the air-

plane. For example, %%>//mﬂﬁ2 may be written simply as Ip;



similarls éﬁ//( K2 =y and 2¥ /m = Y.,
v $3 m a iy 5 Ii YI”

On the basis of these definitions, the sbove equations
for sideslipping, rolling and yawing were written. Since
the axes chosen will ordinarily lie near the axes of the
principle moments of inertia of the airplene, terms involving
the products of inertis have been neglectéd.

FOR SOLUTION OF THE LATERAL EQUATIONS

From the three lateral equations, the unknowns are:
g, rs Vs Yo, Lgs No
Therefore we have three equations and six unknowns.
However one of the unknowns can be eliminated if we let:
Yo =8y Yo,
L@ = 89. Lga
Hg = Op lgm + 045 N
o r Hox a Yog
For the two other unknowns, we can
1) Specify @,
2) Specify v
We shall take v = 0 (as suggested by Jones in
- NACA Report 560)
~-nt

For @, let & =4K l -0 1 - g ~in+m)t
I n-Hm

The three equations of lateral motion may now be written:

r Uy - Or Youn | =g sin ¢ (1)
r Ly + 3 Lo, = 2 - plp - (2)
4 = r Wy = 8p Ho, = 8y Nog = DNp (3)

db



where,

N

Or

N
A-Oa

it

acceleration sideways due t¢c unit ruvdder
deflection

rolling moment due to uvnit aileron
deflection

Yawing moment due tc uvnit rudder
deflection

Yawing moment due to unit aileron
deflection :

The three unknowns in equations (1), (2), and (3) are:

I‘, 8:‘{!5 :Sa
) i . No v Hoa
Multiplying (1) by §w§ » and (2) by i&&
Cp Og,
Ho N
r K wy — =0 .
r T Up = Op Noyp = 8 Tﬁ sin ¢ {4)
"'Or . OI:
o N N
= N T — Oa d. - oa o ’
I e IJ “+ E) }.‘d = e mﬁ - e —— =
8 a &
end rewrlting (3)
dr N, =1 XN W {
ﬁ r Nyp © .*.\ap + Op Np, *+ 2\)& J\xga {6)
From (5)
No Ho
. - r . r o
Er ‘(“\{OT = =g T sin Q{ + T Uo (37)
O Oy
From (8)
N ~
o Og & Yog BOg .
8pg Nog = e G2 e p 2B 7.
R CE o T i T (8)
substituting 3, No, and By o, in (6)
dr ; T Hoy, : O
a’%“ - I':gl‘! - p]\)‘}? F P e Uo = g e Si}i‘l ‘g’
. “Or “Or
T@QQ o . Neo
+ T " G}; =P T, g I_p I z—nwma L:f:a
Ca d Og, E‘Oa



or, rewriting

fekg Hog . Hop . -
3t +<~mw Ly ?gg Up = Nr> r = pHN

a b
o
-2 8% qin g + % dp_ . _8
Tor SOt ®ornl o (9)

From equation (7), the rudder deflection may be written,

Bp = =g A= gin gd+r Loy (10)

From equation (8), the aileron deflection may be written,

8:41;@ g‘ﬁmpm}m ar__;];_, 11
8T T, at "I, o T TR (11)

Since § is known, and p = %%, equation (9) is a first degree

linear differential equation in r end %.

Recalling @ = k (1—@"3t - l-e-(n+m)®

1 n-+u
The solution of (9) is grestly simplified by letting
sin @ = ¢

Putting ﬁﬂ% Lp = g Ug =Nr = A
O &5
Log Lo |

Bquation (9) may be written,

dr = -nt _={n+m) &

; " ]
=g Hor k lmﬁmnt - l-8" (n+m) b
Yoy n n+m

+_No§ “xne~2% 4 w(n+m) 6m(n+m;g _ Nog ke=nt _ pe={n+m)t
chja : Log Lp

P .

Collecting terms on right hand side,

_%% + Ap = 61‘+ Co e-nt + Cz e - (n+m) % (12)
Where,
N N
01 =-gdor k., o Nor x
1 OYOZ} = + Yor n-!—m)



i) i N
Hop k _ “O0g | =0 ~
VZ‘*I‘dpk’%‘“gmz» vima.z{n@?mé. _L‘};)k
*Qr Oa ...AO
¥ on No
C3 = <Npk = & mob & " 2 T
o oo Tim Loa k(n+m) + Too Lok

Solving equation (12)
-At Oy | Co -0t C3 ~{n+m)t
= Be ) e + :
A Aw © A={n+m) ©

B can be determined from the boundary conditions which are

obviouslys
r=0at t =0
B == ,...C.‘.Q; - L - 05
A ﬁa“n ﬁ\m(n-%m‘
G
- 4 =A 2 [o=-nt -At
r o= ry (i 8 j+ e ( )
C3 ={n+m) b =AL
F o L -
A=Tawm) (e ® (13)
IT the actual value of sin ¢ is used, rather than the
simplified case where sin @ = @, equation (9) may be written,

dr -nt ={n+m)t
It + Ap = P [%e = ke :]

No -nt ={n+m)%
== sin k( =o706 _ 1o0”{0Hm) )
0 n n-Hn

+ iza - kne 1% 4 k{nim) e (n*“{:] oa{%j e ™. ke@&l+m)t

a
ap — - -
H% + Ar = 0y e "0t 4 o5 6 (n+m) b % V sin ¢ (14)

...OI:
where . .
rt — Opg, Og,
Ml = Np k = A T '« ¢ . k
To, Tog P

# As a matbter of interest, equation (9) was solved by the
approximate method and also by the exect method for a reason-
ably small angle of meximum bank of only 67°, and the timse
to make a given turn calculebted, The results are shown in
figure IVs; and it is obvious that the error involved in the

gimplified (aoprOAlmatc) solution of r necessitates the exact
method of solution whenever accurate results are desired,



o = =K + ok (nm) + T

Solving equation (14)
=A% C1 _-nt Co o (nHm) %

r = Be P e S + -
- A-n A= (n+m)

N b
; 0 =4 A% _.
-8 gwﬁ & At//.e A sin ¢ at
~Or .
: 0
As before, the boﬁndarg conditions are:

r=0at t =0
Cy Co

B - -
A-n A={n+m)
n =cl egnt - emﬂt + {32 @“{n-ﬁ'm)t? - emé}t
A-n A= {n+m

';‘s.j‘o t
-z 2 oA [ o AT 4y 7 at

Xbr

o

The integral term in this equation must be evaluated.

¥ oAz
Let true integral T/'e ** gin @ (x) éx

0
b

Let approximate integral = sin ¢ (%)/ A%

dx

o

= True
Approximate

A
. Jé P gin ¢ (x) ax

Y
sin ¢ (t%/‘e Ax dx
o

& 3
af e A= Pann g (x) ax
R = °
-ﬁt)

smlg(t%lﬁ



wWe can s&ay,

Integrating by parts

A"
Ry s e &
O |

since @ (x) =k l-g™B% 1.g= (n+m)x
n n+m

%g = k(e -nxX _g w{n+m)x)

I =g () - ke -Ab o {&«n)tul e (Awnwm)tﬁl
' A-n A={n+m)

=g (t) -k <e“ﬂt-emﬁt _ e —(n+m)t_eagt>

A=n A={n-+m)

g {t)- k& (emnt=e»&t o= (n+m)t_ 4% )
R = o E L= b= nm)
7 (%) (lme=3t)

_ k
B = . git)

L=n A={n-+m)

1-e~AT (16)

Therefore for values of t up to approximately % second,

N .
| s \ At
/0 e A% sin ¢ (t) dt = R sin ¢ f(t/ e at
O



P
W
AN

For t lsrge

For values of t greater than % second, the sbove value of
R does not hold accurately for sin ¢ (£)#¢ (t)

However we can eveluate the integral by an assymptetic
evaluation,

We can say,
b

Io = e,“At// e M sin g (x) ax
o

Expressing sin ¢ (x) in a Taylor's series

sin @ (x) = sin @ (t) + cos ¢ (%) %% L%;Ei b oemm———

t kv
//’eéx sin @ (x) éx = sin ¢ (tb/.e AX gx + Cos g (%) x
° )

jr
af [ o= (.
o

. At_
= sin @ (%) Emwzfl + cos @ (%) %%f(§%? o A%

" £
R A=x
§§ e

O

. At
= sin § (t) &=k | oo g (t) &

R
ES

2%

Therefore

Ip = sin g (5) (1=e“’"%>+ mucog _{t) af (-=1+e“£‘t+ ﬁte"ﬁ‘t>

Ig = sinég (&) F,e”&t)< - COtA t) af 1-o=Ab_,i.-At

at Jee=Ab
FPor evaluation of the integral in equation (15) for

variocus wvaluss of %, cne method must be used for % less

1 "
than ¢ second and anobther method used for t greater than



% second.

Summarzing,

For t less than %

aa%/[t
&

o) where R is given in eguation (18)

o A% gin g (%) at = g &4 g (£) (1=e”At> (17)

For t greater than %

| 3 Cot g(t
e “"Ai/ e AL sin ﬁ (t) at = SN g (t) (lge”ﬁit> E = ::qu:ézugim) X
O

ag 1-6~Ab .ppe AT
At _g-At (18)

Therel'ore by solution of the lateral eguations of
motion through assuming a bank ¢ in a horizontal tura in
which there is no sideslip, the rudder deflection, Or ,
the aileron deflection 04, and the angular velocity of yaw,
r, can ve found in terms of the airplane accelerations for

unit control movement, Yop, Lpgs Hopos Noa and damping deriva-

tives I.:r, Itp, Np’ NT°



.

Consider now the longitudinal moticns.

1f the flight path is assumed to be horizontal and
the mein forwasrd velocity Uy, to be substantially constant,
the equations of motion in e longitudinal disturbance may

e written,

—7u3iu+WXW='g'9+XO

=
i

%‘%xuym+w%+qgo+20

&
i
A=

ul‘xfiu-i-wféw-!-q?’lq-&-%

o

(o]

The quantities which arise in the consideration of the
longitudinal motions are defined in the following table,
Velocities apnd displacements of airplane axes:

Uos equilibrium flight velocity along X-axis (same
as for lateral motion) ’

v, Component of flight velocity along X-axis,

w, Compenent of flight velocity along Z-axis.

@, Component of angular veloecity aboubt Y-axis (pitching)
Forces and moments resolved along airplane axes:

Xs Component of forece along X-axis,

Z, Compenent of force along Z-axis,

M, Component of moment about Y-axis (pitching moment)
Accelerations of airplane:

Xo = X/m (control force per unit mass)

Zo = Z/m (control force per unit mass)

My = M/m ng (control moment per unit moment of inertia)



Airplane characteristics used as paremeters:

Xu,

v Qi
Xy ’ éﬁ-"gﬁ,/m
%, ‘
Z M. = ol .
i Yq =53 /m I
Y

On the basis of these definitions, the above equations

were writiten.

FOR SOLUTION OF THE LONGITUDINAL EQUATIONS

From the three longitudinal equations, the unknowns are:
U, Wy 8, Xgs Zgs Mg
As in the case concerning the lateral equations, we have
three equations and éix unknowns. Cne of the unknowns cean
be eliminated if we let:
Mo = Be Mo,
Zo = Og Zog
And for the other two unknowns, we can assumes
1) X6 = 0 i.e. no change in thrust

2) ®

%& i.e. horizontal motion (Bulerian Axes)
o

z fata 4 du _ aw _
3) Steady state i.e. 3t = 0 it = 0.

A,
"

# Only the steady state ccndition of the turn will be

considered, for that will determine meximum elevator deflection.



For some relation to give g (pitching velocity), let
us consider the motion of the airplane as it executes a
horizontal turne.

We can says

e J—
3

w=pI+qg3i+rk

where,

o

w

Pt

angular velocity of codrdinate
If B = change of direction in horizontal plane from
original flight path (degree of turn executed), then,

ng‘g'm g’\i’é 1 Kl (3“ O8 %
w=g3g 1+ 58 sin g i+ ﬁ% cos ¥ k

Therefore,
_d
b=
_ 4B
r = ¢
5t cos g
- 4B o1,
Q= &2 sin o]
Eliminating &8
at,
g =r tan ¢ (18)
Rewriting r = &8 cos @,
dt
ab = 9
SE = T sec ] (19)

—

Using assumpticns 1, 2, and 3, and q = r tan §#, the

longitudinal equations

e
- )
&

may be written,

W

U = °



W Zy + W Zy + Se Zgg = =Up ¢

u My +w Ny + O ! (D - Mg)

O
)
i

Ei

Xy = 07 5 therefore w = 0 (see calculations of stabllity
derivatives)

!

8
[

O
fo

>3 Zu + ZOG ge
u My '+ Mo, Se = (D = lg) q
Solving for Jet

8o = - Uo Mu g + Zu (D - Mg) g
ZOG My = EOQ Zn (20)

Integrating equation (19) gives the turn as a function
of time
t N
b 2}/:? sec (21)
o
¥nowing B, the accelerstion produced during the turn
can be easily caleulated.

. . - £ 2
Wormal acceleration = an>;tﬁ/sec,

where,
W = 48
at

Gravitational scceleration = 32,2 s, / ece

Therefore,

a =«x/€an§2 + (ag)z ' ' (22)

where ap and ag ere normal and gravitational acceleration

respective

# The assumptions X = 0 and horizontal flight with X, =
are nobt consistent except the case for horizontal fli&bt in
a straight line at the speed Ug. The error produced by this

inconsistency is small.
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Recalling @ = k(i“e - =8
n

An examination of this exponential expressing the angle
of bank as a function of time will reveal that the parameter,
k, determines the maximum angle of bank, whereas the other
two parameters, n and m, determine the rolling veloci

and thersfore the helix angle »b/2V.

2

L helix angle of at least .070 1s necessary, and onse

I

UVJ

of 0,100 is desired for maximum alleron deflection as is
pointed out in WNACA Report 715,

For a maximuwa bank of 80° and a helix angle of approximate-

i

ly 0.100, the parameters should be:

k= 3.1
m = 3,0
n = 1@5 .
Therafore,
=1.,0% =4 .5%
_ 51 (l-e _ l-e "%
g = a,l,( s T

equa%;@n {15), and using the values of the stability deriva-
tives, and accelerations for unit control deflection for sea
level given in table A, vnasze (/3), we have:

A = 45,8

01 = -.2268



Ay

r = =0,00513 (e -1.5t . e“4598t)+ 0.00682

Solving this equation by the exact method previously
outlined and graphically integrating equation (21) in order
to‘determine By 1t is convenisnt to taballize the results.
Several of the items used in the solution of r are included

in table I (a).

Using equations (10) and (11l) and values (for sea levsel)

m

from table {(A), we can obtain the elevator and rudder deflec-
tions necessary to make the turn given in table I (a). Since
%% = r sec §, the acceleration produced during the bLturn may
be calculated.

dr

il
)]
C}‘l
@

¥
n
e

3
=,

§
s
1]
oY)

L5

be = 1.298 & + 9,07 p - 1.042 1

a =\/(8,)° + (ag)®

where,

s TT d 3
a.n P (o) aﬁ?{;

Table I (b) shows alleron and rudder deflections as well

8 acce

j&]

%

lerations. See page (43)
) . : R .
bonsidering only the meximum elevabor deflection, that
< P
is, %% = 0, where g = v tan @ as given in equation (18).

0e from equation {20) becomes

T 7 i

5 Uo My g 4 Zullg g

Oe -y M. = M 7 ==-Dxq
L0 .-.v’u I og “u

where, :
b -
D = _Uo My = Zy Mg

At

D De Efw = M e :ju



Refefring to table ( A ) for the values to determine

éré in the above mentioned equation , we have,

§o = -Dq = . 410 x -0.00137 + 0.151 x 18.71
- . =41.8 x -0.00137 + .467 x .151

(.384)

= -17.70 x .384

§8

-6.81°

FPigure 1 (a) shows @ and p plotted against time, tj
figure 1 (b) shows turn, elevator and rudder deflections
plotted agéinst time; and figure 1 (c¢) shows acceleration

produced in turn as a function of time, t.

1T, The control deflections necessary to execute the turn
a8 worked out for a maximum bank of 80° are of reasonable
magnitude. However, the maximum acceleration of 5.1 g is
extremely high and could be maintained for only a few geconds
by the average pilot. Considering a turn in which the maximum
angle of bank is 7569 an acceleration more nearly equal to
wﬁat the pilot may voluntarily develop will arise. Since
the parsmeter k determines the maximum bank, and m amé n
determine the helix angle, it is only necessary to change k
for the aileron control is sufficient to maintain the helix

angle of avproximately 0.100. The values of k,m,n will be



o= 2,95
m = 3,0
n = 195

Therefore,

~=1.5% =4.0%
_ 1= *° - 1=
g = 2.95( T8 o >

For this case, as the one previously discussed, only

|

p

the exact solution of v as given by eguation (15) will be
considered., Using the values of the stability derivatives
and accelerations for unit control deflection for sea level
given in table (A), page (13); we have:

A = 45,8

01 = =.2160

g = L.2680

And so eguation (15) may be written:
r = ~0.00488 (e”l‘ﬁt - 6740.8%) 4 o.oogso(e“4‘5tm 9“45»8t>

53 ¢ =40e8% e 498t g4p g at

(oY

+
0
Putting in tabular form various items necessary in bthe
exact solution of the above eguation, and graphically
integrating equation (21) in order to determine [, we have
table II (2a), page (44).
The expressions for O0p and O0g obtained from eguations

(10) and (11) are unchanged since sea level conditions are

those under considevation. Obtaining %% from table II (a),

the acceleration produced during the maneuver may be readily

calculated., Table II (b) shows the saileron and rudder



NP

deflections as well 28 the sccelerations for various value

of toe
Since B, = = D x.g for maximum deflection

where g o= oW tan g
2

B

It is seen that for a reduction of maximum bank from
80° to 75°, the acceleration is reduced from 5,1 g to 3.80 g
There is little change in control deflections, the initi

"

ion being reduced only one half of one degree,

[\l

5—.?0
=4
6]

=

(o]

%]
o

&)

[0

fedo
et
E‘h

and the final rudder position being only two degrees less,

However, the time to execute a turn of a given number of

degrees is much greater for the latter case as can be resdily
\ ..

Figure IL {(a) shows { and p plotted against time, %

T {a) and 17 {

i..!
D

w

seen Trom a comparison of tab

figure II (b} shows turn, elevator and rudder deflections
plotted ageinst time; and figure IL (c) shows accelerations
‘produced in turn as a function of the time, t,

Since 75° seems %to be the most logical value of @ max.,
it is of iﬁﬁereét to investigate for this same value of ¢
the maneuverability of the airplane at some altitude rather
than sea level as previously done. Let us arbitrarily assume
15,000 £t,

Aéaiﬁ considering only the exact solution of rg and

using the values of the stab bility derivatives and accelerations



for unit control deflections for 15,000 £t., given in btable
{(A), page (/3), we have:

A = 48,77

Cp = =.1544

Co = .2059

Therefore r may be written,

r = =0,00327 (e'mleﬁt - e =48,77t)+ 0.00465 x
(e 4.5 _ o ~48.778

+ 3,53 ¢ ~48.77% e 48,77%

sin @ d%

ks before, pubtting in tabular form various iltems
necessary in the exact solubion of the above equation, and
graphically integrating equation (2L) in order to determine
B, we have table IT (c) as given on page (46).

Using equations (10) and (11) and values from table
(A), we can cbtain, as before, the elevator and rudder
deflections necessar& to make the turn given in table II (c).
The acceleration can be obbained as previously described.

gr = 499;‘ si‘z} g"‘ 679:‘:‘

S = 1,922 %% + 8,44 p - 947 T
[%3
Table II (d) page (47) shows aileron and rudder

deflections. &lso accelerations produced,
Since 56 == xq for maximum deflection

where q = r tan

]

281
e hawva,

Oe = =3:940



W A

From examination of tables IL {(a) and II {c), it is
apparent that for the same bank assumption, there is little
difference in the time required to make a specified turne.

As would be expected, however, from tables II (b) and II (4)
it is shown that the control deflections must be considerably

increased for the high albtitude case. 3ince

c:“i'

developed in making the turn at sea level are aboulb the
meximum the pilot could exert, it is obvious tThat the
1titude maneuver will be considerably slower since not
enough alleron control will be available to produce the same
rolling velocity as in the previous case. The accelerations
produced are unchanged as regards to sea level.

Figure II (b) shows bturn, elevator and rudder deflections
plotted against time; and figure II (c) shows accelerations

produced in bturn as a function of the time.

o

III. ©o far we have considered a twin motored attack bomber
late design. For this particular plane the time to meke
a specified turn end the conbrol deflsctions necessary to
execute this turn have been worked out, both for sea level
and for 15,000 ft. As previously seen, the only major
assumpbion made in the calculations was the angle of bank
as a function of time, which was represented as an exponential
CULYVE o

As & metter of interest, let us investigate the mansuver-
ing characteristics of this same plane considering it a single

y

engine airplane rather than a twin engine one. The asrodynamic
o] L



gqualities necessary for the calculations remain unchanged,

and only the radii of gyration come in as influencing factors.
We shall assume ths "new" single engine airplane %o

have the one motor mounted in the fuselage and this mobor to

be of the same weight as the two motors on the previous

plane. The top speed remains unchanged. Also, this single

mobor will pe considered mounbted approximately six feot

forward of the two motors on the previously discussed airplane.
We have known: |

1) Radii of gyration on twin mobored alrplane.

K2 = 49,2 £6.2

. 2
Kz° = 59.8 £,
Ks° = 104.1 £5.°

2) Weight of engine on twin motored alrplane.
W o= 2590 lbs,
3} Weight of engine on single motored alrplane,
2W = 5380 1bs,

4) Distance of mobtor from fuselage on twin motored
airplane.

y = 8,75 £t.

(81
Saat

Distance moved forward of motor on single motored
airplane,

x = 6.00 %,
By denoting Ig and Ip as moment of inertia of single
and twin motored airplane respectivelys

I, = mass of airplane XK§ = inertia due to motor



= 600 x 49.2 = 187 x (8.75)° = 16720

2 2

KL = 18720/600 = 27.9 {%.
In 2 similar manner Kg and K% can be approximated for
the single motored airplane,
Finally, we have,

2 2
'L.A = 2‘7@;9 Ite

2 .
Ky = 69.8 £t.2

K2 = 92.9 .2

Y]
Using these new radii of gyration, the stability
derivatives and accelerations for unlt control deflechtion

for ses level come oub:

LI” = 15‘4&:21»
Ip = =12,37
Np = =0.865

Np = =0.1180

Yo, = =0.905

r
Loa = l@ 360
Nop = 0.1115

Nog = 0.00669

- Assuming the angle of maximum bank as 75%°, and consider-
ing only the exact solution of r, we have, using the above
values of the stablility derivatives and unit control accelera-
tions:

A = 51,37
01 = =,1907
Co = ,2342



Therefore,

o = =0.00383 (eﬂlgf}t mew;‘%l,:ﬁ'?t) + 0.00500 (54@5,2, 3*515’5’7‘5)
. t o )7_‘,5
4+ 5697 e “5;.934’45 e 51.37% sin ﬁ as
O

Pubting in tabular form necessary items in the exact
solution of the above equation and in the debermination of
Bs we have; Table III (a) page (43).

The elevator and rudder deflections necessary to make

Op = 36,6 sin @ - 453 (unchanged since Y, is independent
of moment of ineritia)

Og = 0,736

=

+ 9.09 p - 1.045

Table III (b) gives aileron and rudder deflections
and elso accelerations produced.
d¢ = D x q
wnere, as before,
q = rten §
= 4282

o7

= “’”15 QG@

5]

[
@

F

t is of interest to note that for this "new" airnl:

fule

W

r ne

w

ca

fte
(]

conslsting of one engine the maneuverability is pract Ly

the same as for the twin engine one, for the time Lo execute

Tt

a

the turn remains substantially the ssme. The initial aileron

deflection for this single engine airplane is fairly low,

but from table IIL (b) it is seen that the aileron position

mast reach in short time almost that required for the first



z

airplane considered. There 1s only a slight change in
maximum rudder deflection,; and the accelerations remain
unchanged.

Figure I1TI {(a) shows turn, elevator and rudder deflec-
tions plotbed against time; figure IIT (b) shows accelsra=
tions produced in turn as a function of timeab

Follawimﬁ the usual procedure,; the effect of altitude
mnay be seen for the single motored airvplane at 15,000 It.
from the tavles IIT (c¢) and IIT (4)

Using the correct stablility derivatives and unit control

accelerations:

Gy = =0.1358

0.1791

L]
o
i

= 54,73

=

r = -0.00255 (e“lef«"t ﬂe”53919t)+ QQOOBE?(em4°5twe”53°19 )

t

0

The aileron and rudder deflections necessary are:

O

£

i

49,1 sin @ - 871 »

8y = 1.016 %% + 8,49 p = 0.975 r

Table IITI {d) shows aileron and rudder deflections.

Also acoelersitions,

E)e = @4@07@



The effect of altitude in this case appears very
interesting. The time to execute the mansuver is only slightly
less at 15,000 ft., but the initial aileron deflection is
increased several degrees. However the maximum deflection of
the the aileron necessary to make the turn at this altitude
is exactly that required at sea level, and therefore the
aileron control necessary for these two cases is unchanged.
Prom an examination of tables III (e) and (d4) and Figure III
(), it is seen that the steady state positiocn of the rudder |
for the airplane at 15,000 ft. is practically the same as
for sea-level. The elevator angle is increased, but remains
small in comparisen with other control movements.

As a result, it seems in order to conclude that for
sea-level maneuverability there is little difference
between the twin engine airplane and the single engine one,
but that the effect of altitude is greater on the former
airplane than on the latter.

The results of tables III (e) and III (d) are plotted
in figure III (2) and TII (b,



CONCLUSION

-

In calculating the time to make an arbltrary turn
with no change in propeller thrust or gein or loss in
altitude and the control deflections necessary to execute
this maneuver, 1t appears that the fundamental assumpition
of angle of bank as a functilon of time is of great importance.
4 g, a maximum bank of 78 oblteined in epproximately four
seconds was used.,

The effect of altitude {15,000 ft.) on maﬁ@uveriﬁg
characteristics of a twin motored asirplasne is very apparent.
There appears to be little difference in the time to make
2 specified turn, but the aileron deflection must be consider

ably increased for the @igﬁ.altitude'casee

Investigation of the meneuvering characteristics at

423

Y

sea level of this same airplane considering 1t powered by

a single engine, but ctherwise uncian#ed, showed that for

this modified condition the time to make a given turn and

the rudder and alleron deflections necessary to execute

the maneuver differed little from that required for the

twin motored airplane. The initial aileron deflection
required for the modified airplane is less than that necessary

early

vy

5.‘

for the twin engine one, but guickly builds up o
the same maximum. Therefore, for this altitude, 1t sppsears

&

ity of

)

that there iz 1little difference in the maneuverabll

the bwo alrﬁlanﬁ"q



The effect of altitude on this single engine airplane
is very slight. The initial aileron deflection is in-
creased, but the maximum required remains the same. The
rudder deflections are only slightly affected. As before,
the time to make a gpecified turn is unchanged by altitude.
Since altitude has such a small effect on this modified

single engine airplane, it certainly should he superior in

1]

>

maneuvering qualities at 15,000 ft. to the twin engine one,

Aceelerations remain the same for all cases considered,
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TARLE I (b)

CONDITICHS

&) ; ) 1

Br 5& %_% ag segsa g

0 12,07 - 82,2 32,2 | 1,00 |

97?4: 12@59 = " 32¢2 i@(}o

"T.50 | 11,91 - T 80,0 | L.00 4
T.68 1 10.70 | .0222 n G5, | 1.08
1.60 5,08 | L0354 w B0 ol 1 Lodl
1.60 6.79 ¢ ,06b5 T 43,5 1 1.30

1,37 4,35 ' ,0990 " 55,56 | 1,060
1,01 2.25 { 1750 o 81,9 1| 2,04
. 50 1,00 | -2470 K 102,90 | B.01
o7 LAZ L3080 " 191.8 | Z2.09
.64 216 | o5Dd7 K 143,7 1§ 4,46

. 62 -.00 | .5058 7 1 165.9 1 5,00

.00 -.04 | ,3918 7 166,90 1§ 5,18 |
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TABLE II

(o)

A LBEVEL CONLITICNS)

v Oy Og %{% an ag 8 ;e
0 0 11,40 = - BT GI- = R NN 14)
“l?‘?’fﬁ 068 11999 = s v - 3298 15@0
_ o200 [ 1,82 11, 85 - - " BEL.e | 1.00
| .575 11,80 10,18 1| ,0210 | 8.6 T 3500 1 1.04
.500 | 1,74 8,01 | L0005 § 15,9 i 36,0 | l.io
L7600 | 1,56 6,46 | .0640 25,0 i 21,5 1 1.29
1,000 11,35 4,15 0000 (36,9 i 48,9 1 1.52
1.000 1 .99 2,12 1 ,1000 61,0 n BB.B 1 2.07
2,000 | .74 .58 | ,2048 84,0 i 86.5 1 2,60
2,000 | .64 W42 1 L2400 1 08,4 " 00,0 | 5,00
5,000 | .62 o1lb 1 L2666 | 109,2 1 114.2 | 2.55 |
4,000 | .62 -.08 o879 1 1i8.1 il 122.2 1 5.80
. 60 -, 08 | 2025 | 120,0 T 24,2 | 5.65 1
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