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TAIL LOAD VARIATION WITH ANY ELEVATOR MOTION

By Henry A. Pesrson
SUMMARY

The equations relating the wing and tail loads are
derived for a unit elevator displacement. These equations
are then converted into a nondimensional form and general
charts are given by which the wing and tail-load-increment
variation may be determined under dynamic conditions for
any type of elevator motion and for various degrees of
airplane stability. In order to illustrate the use of
the charts, several examples are included in which the
wing and tail loadsare evaluated for s number of types of

“elevator motion. Methods are given for determining the

necessary derivatives from results of wind-tunnel tests
when such tests are available.

INTRODUCTION

Because airplane failures in which tail surfaces were
involved have occurred in flight rescently, considerable
impetus has been given to the task of setting up more
rational methods of evaluating tail loads. Particular
interest has bteen shown in the analysis of dynamic tgil
loads associated with more or less sudden elevator motions.

The problem of determining the dynamic tail loads in |
a rational manner has been treated by many authors. Vari-
ous approaches and assumptions have teen emploved, but the
methods available at vpresent are too lengthy to be suitable
for the routine computations that would have to be made in
design studies. This statement is particularly true if the
critical types of elevator motion are to be vsaried consid-
erably frem the simple types that have usually teen
treated. Although equations were given in reference 1 for
determining the tail load with any variation of elevator
motion, the equations were not in the bvest form for making
computations. It has been found recently, as a result of



a number of computations, not only that the method of ref-
erence 1 can be shortened but also that some of the minor
factors which were previously omitted can now be included
in a method that will be suitable for use by designers.

SYMBOLS
| The following is a llst of the symbols employed in
this paper. y .
W '-airplane weight pbundé
£ Tacceleration of gravity, feét'per second?
m: ;airplane mass M/g, slugs

S »‘5ross wing areg including area within fuselage,
square feet

Sy egross horizontal-tail area including that intercepted
by fuselage, square feet

‘b Qing span, feet

ﬁ& tail span feét ,

kY, radlus of gyration‘abbﬁt ﬁitching.axis, feet

.xl:i‘pihching mqment_of:;pértia;islug—féet,séﬁére'

"Xt - length from center ;f g;av1tj of-dirnlané to aerody—
g ‘namic center of tail (negative for conventlonal

,alrplanes), feet '

Y‘:5a1rplane velocity, feet.per second

7p;p?ﬁéss den31ty of wmir, slﬁgs per cubic foot _

” “q dynamic pressure, poﬁnds per square foot <_pv3>
4n£:fta113effic§9ncy factor ! (qt/q)

L.. iff£, pounds o

CLV 1ift coefficient (L/qS).

M moment, foot—pounds
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m Ditching-moment coefficient of airplane without
horizontal tail (Mb/qS2)

a wing angle of attack, radians

ay tail angle of attack, radians

i, tail setting, radians

& elevator angle, radians

m

flownwash angle, radians (99 a>
. da
Y flight—path angle, radians

] angle of pitch (a + ¥), radians

X empirical constant denoting ratio of damping moment
of complete sirplane to damping moment of tail
alone

n airplane load factor

t time, seconds

T aerodynamic time, unit = m/pSV

L airplane density ratio (-m/pSxy)

a,b roots of basic 'differential equation when they are
imaginary

m,, mp Troots of basic differential equation when they
are real

K,, Kz, Kz dimensional constants occurring in basic
differential equation :

K;', Kg', Ka' nondimensional constants occurring in basic
differential equation

The notations & and &, 6 and &, and so forth denote
single and double differentiations with respect to either
t or T,



Subscripts

0 initial or selected value
t . tail

max maximum value

d down

lo zero lift

g£eo geometric

THEORETICAL RELATIONS BETWEEN WING AND T&IL LOAD

The mathematical treatment of the longitudinal motion
of an airplane following an elevator displacement involves
three simujftaneous nonlinear differential equations. The
correct analytical solution of these equations must be ob-—
tained either by a series substitution or by step-~by-—step
methods. A close approximation to the correct solution. is
obtained if it is assumed that, in the interval between
the start of the maneuver and the attainment of maximum
loads on the wing and tail surfaces, neither the initial
velocity nor the initial attitude changes materially, )
These assumptions eliminate one of the three equationsg of
motion and the trigonometric coefficients that occur in
the other two ecuations. In addition, the assumptions
agree with experimental flight results and have been gen-—
erally used in all treatments of the longitudinal motion
of an airplane following a control deflection.

If the sign conventions of figure 1 are used, the
following equations will apply to the steady flight con—
dition

T‘ dCL ’
W cos Yo - 7;— aqu = 0 (1)
Q@ .
2 acg, N da ,
Cpaie + ——ot !%/1 - g_g_/-.+ iy + —“E'—so](ntQ)Stxt =0 (2)
b day © a’ as

Equation (1) represents the summation of the forces
perpendicular to the instantaneous flight path and equa-

tion (2) represents the moments about the center of grav—
ityo .
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In accordance with the assumption that there is no
loss in speed during the null-up, the corresponding dy-
namic equations can be written as

acr, ' dCiy .
W ocos (Y, + A‘Y)——d—a—- (a,o-i-Acx,)qS-—-a-g— n.a8;48 + mYV = 0 (3)

for the vertical forces. In this equation the term

dac
—E§i n¢qS4A8  is dintroduced to allow for the change in

the 2 force that will occur with elevator deflection.
If the slope dCL/da is used for the complete airplane

with the tail surfaces in place and elevator fixed, most
of the effect of the tail load on the verticszl force will
be taken into account.

The moment equation is

ac : ix
(a+ 82 0oy __+___I:z[<%+m< g dxge D%k

da.( )” dCp 542
+ i, 4+ (8 +AB){MN:QStxsy — —,~—-—A5-—mk29=04
t* 75 o J £45 £ X4 A Y (4)

In equation (4) the term containing & is introduced to

correct for the effect of time lag in downwash at the

tail, the term containing 6 is introduced to account

for the change in tail angle due to rotation, and the
dCpy 5.2 . . ,

term —a5— N4Q Tﬂ; A8 is introduced to account for the

moment due to elevator camber, Computations have indi-
cated that in some cases it is necessary to include both
the camber term and the elevator—force term.

If equations (1) and (2) are subtracted from equa-—
tions (3) and (4), respectively, and if it is assumed
that only a small change in attitude takes place (so that
cos (Y, + AY) = cos (Y)), the following equations of mo—
tion are obtained

77 - 2°L paqs oL S§A8 = 0 (5)
m —_ ——— a — =
3 q 5 M aSt




ac 2 ac / X X
-.n Aagq _S.._ + __._L...t. Aall -— g¢ —_ _..._t. g‘e— — .__t. ..K_
da b an a V da BRI
da ACpy S.2 L
t t t 2
+ ——= ASj S,x, - —— A8 - mk 6 =0 6

From figure 1 the following relations are seen to
exist: ‘

8 = (ag + ba) + (Y, + AY)
9=C.x.+¥ - ‘ (7)
b o= o+ ¥

Thus, from equations (5) and (7)

N4a —% A8 (8)
m - .

‘y'='e'_;=___aq__+_-_.ntqié | (9)

If equations (8) and (9) are substituted into equa—
tion (6), the terms containing &, &, Aa, 46, and & are
segregated and, if the resulting equation ig d1v1ded by
_kaz = -1, there is obtained

+ .(EEEE. ( ) _EEE(]_ — g‘.f_ - dGL X E sxtﬁ\‘]= A _..__._('q q) _:___
dag Nyd N de do Vﬁ; 2 m - .

‘ N 4. kn.? 2, 2 L
a8 T Ivg day a8 Ly, 2 cml J- :

The effect of the term contairning 8 is small and may be
omitted. Thus, &quation (10) can be written as

o + Ko + Kpha = K3ab (11)



This equation is the equation fer a damped oscillatioh
with an impressed moment K408 where

. pV [dCLt Syxg? K, del, &y s]
» 1 — ——— S St s -’—"""5—' t S p— b 2 d henad meen 4

em Lda, ky J;; da da

S gy 2 ac
K, = - pVv {dcm S . L, " EEEE ‘:(1 _ de >_ dCy, K Sxﬂ}
2m da kYEb day t kYa da da n
ac ' 40y  dC 2 2¢ 2

Ky = O [ Ly Sexe Z7my o Se® 7Ly Le Kl opoxe TSy J

2m dd t kYE as: b bthB da’t as /nt 2 kaE

(115)

The increment in wing 1qad wing-load factor, and tail -
lead can bs feund by solving equation (11) for Aa and a
by the ususal methods. - The increment in wing lsad and wing-—
load factnr could ther be obtained from the equations

dCL- '
o .
(12)
dcC
An = ——E Aaq
da W S

It is seen from the brackcted term in equation (6)
that ) in order to determine the effective tail angle of

attack, Aoy at any time, the pitching velocity and the
rate of change of the wing ang¢e of attack must first be
known. If substitutions are made from equatisns (7) and

(8) into this bracketed term, the increment in effective
tail angle of attack at any time is very closely given by
the following equation

‘ / ac y X
Aat = Aak} —de _Z2L e § X?_\ ~ & b de L LV ~——A6 (13)
da da 2 m/m,/ V \ da )

The value of Aol élven in equation (13) is to e inserted
in the squation
dCLt ‘ 4
ALy = —== BAayngqSy (14)
. da @y .

to obtain the tail-lead increment at any time,



Up to this point the equations and method are straight—
forward and similar to the analysis previously presented in
reference 1 with the exception that the rate of change of
vertical force with elevator angle and the-change 'in moment
caused by tail camber have been irtroduced into the equa—
tions. These additional factors are usually small, but they
tend to gain in impertance as the amount of static stabil-
ity is inereased. For the case of a very stable airplane
their contributions may affect the results in the order of
about 5 to 10 percent. B

The solution of the differential equation of motlon
(equation (11)) is not particularly difficult but would
become rather tedious when the elevator motion is a com-
plicated function of the time or when various types of
elevator motion are to be considered. Also, in the form
given, new computations would be required for each alti-
tude and for each speed and the computations made for one
airplane would not be applicabdle to another.

The first difficulty can Ye av01ded by evaluating the
results for a unit instantaneous elevator—angle change;
then, since the equaticns are linear and the principle of
superposition applies, Carson's or Duhamel's integral
theorem may be used (see reference 2 for application) to
obtain results for any assumed elevntor.varlation, The
second difficulty can be partly overcome by selecting, as
did Glauert, new units of time and length and presenting
charts for the unit solutions of Aa and a for the
various degrees of stability that would be obtained for
center—of—gravity positions between the aerodynamic cen—
ter and .the neutral point, '

In line with these ideas, the increment in elevator
angle will be taken as unity and the unit of time, in-
stead of being taken as 1 second, will te taken as

m o
T = ——= seconds. The unit of length will be taken as

pS x. .
xy feet so that the unit of velocity will be ﬁé “or

V/u where u = —m/prt.. Since Xy is a neﬁativé qQuan—
tity, with the system of axes used, W will be a_ posi-
tive quantity the value of which may range from about 10
to 100.

Introducing the above. quantltles into equation (11)
allows a similar d1fferentipl equation to be obtained,
which can he written as



&+ K,'a + Kp'Ak = Ki '8 (1) (15)

where A8(l) is a unit displacement ard

¢

K,' = J.;EEB_ St x 2 n _E_+ Ei>+ 2% |
: 2iday 5 k.2 P \/7 . da/ da

K21 _ u{dcm S Xt . cht St Xt [/1 dz) aC1, K opPg Sxt
= = f 22 )= =}
2 \ do kYg b day S5 ky® \ d da /. 2 W
ac dC 2
Kal = — &[ Py By oxes o TPmy xSy
2L g5 't s ky® a6 b vy Sky®
4Cry 80Ly Kny2 p x4%542 ] (15a)
- I a
da, 48 Vny 2m Sky?
The value of X,;' is always positive and the valué of
Kpo' 1s positive if the center of gravity lies ahead ef

the rear neutral peint, . The rear neutral point is defined
here as the position along the mesn aerodynamic chord at
which the center of gravity would have to be in order that
the slope of the moment ecurve for the complete airplane
about this peint ve 0. The value of de/da that is

used in this report is taken about a forward neutral point
(vith tail off), which has been called the aerodynamic
center., The quantity K3s' 1is always negative and depends
only on the geemetric and aerodynamic qualities of the
tail, :

_ The solution of equation (15) can take any one of
three forms, depending on whether both rocts of the auxil-
iary equaticn are real and unegual (ml, mp), real and
equal (my, = Hy), or imaginary in the form of a+ib, With
the stipulation that the certer of gravity be forward of
the rear neutral point, the motion indicated by equation
(15) always subsides and the solutions for Aa and &
are as follows:
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Unequal real roots m, # mg

. . _k.
K, ™
A = e P 1 - £ 1 sinh /—i— o~ Koo't

2
I{ 2 ' ‘/ <r :\‘ 2 2 \ 2 /
fi g, -
\"z7/ . |

ICIUE
D T S . |
K 3'6(1) 2 , KI'\z
o = e sinh / <~—— o= Kt v
/ Kln\g . . 2 / A
ENN PR
\"27/
Equal real roots m; = my
Kt
Ky '8 (1) T TE kA
Ao = e 1 — e A==+ 1
K. ' B \ 2 /
Kz '8 (1) /’Kl' N\ 2 ! . i
a = \ ; t e J
A K, I\ 2

Imaginary roots ~ axid

,

KS ’5(1) ’ - —5— _' I Kl' 2\
Ao =~ Z1 + e 2 sin Ky - ~——> t
s V_(ENT N2

, e S
_ K3 '8(1) e = sin v/;g. -<-7§~’d t ~ (16b)
Kyt
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In these solutions, the boundary conditions are at
T =20, ba = a = 0, 456(1) = 1.0. References to equations
(5) and (7), however, indicate that the boundary condi-
tions should be at T = 0, Aa = 0, A8(1L) = 1.0, g = O, so
that & = =Y = EEL Eﬁ EE. The inclusion of these condi-

dé S 2 ’

tions complicates the solution and introduces factors that
prevent the presentation of results in a few basic charts.
Actual plots of the unit—solution curves obtained with
either boundary condition indicate, in examples that have
been tried, such small differences that the two curves
can be hardly distinguished. For these reasons, the sim-—
Ple boundary conditions have been used.

It has been found by direct substitution that the .
value of K;' will range from about 5 to 9 in the case
of conventional airplanes. (See equation (15a).) Similar
substitutions for- Kp' indicate that this quantity may
range from about 2 to about 300 when all possidle values,
of p and p are considered. There are, however, com—
pensating factors that enter into the problem so that the
likely range of Kg' is much smaller than this even when
the possitle present—day extremes of the separate items
are considered. -

CHARTS FOR DETERMINING Aa AND «

Charts are given in figures 2 to 6 showing the varia-—

tion of AaX,'/Xs' and o/Kz' against aerodynamic time
T for all values of X,;' and Kp' that are likely to
occur. The charts given apply as long as K;' remains a

vpositive quantity, which will always be the cese when
there is a small margin of static stability, namely, when
the center of gravity is ahead of the rear neutral point.
According to the bracketed term of equation (15a), the
center of gravity could bte slightly behind the neutral
point and the motion given by eguation (15) would still
subtside because of the greater statility which the air—
plane has on a curved path.

USE OF THE CHARTS IN & TYPICAL EXAMPLE

In order to illustrate the generality of the charts
given in figures 2 to 6, an example is worked for a
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typical fighter airplane which is now under investigation
for tail loads. The necessary geometric and aerodynanic
characterigstics of this airplane are a2s follows:

Geometric

Gross wing area, S, sq ft . . . . . . . . . . . . . 300~
Gross horizontsl tail area, Sy, sq ft. . . . . . . . 60
Kirplane weight, W, 1 . . . . . . . . . . . . . . 12,000
Wing svan, b, £t . . . .. .0 0 o0 00 0. 41
Tail span, by, £t . . . . . . 0. . . o0 ... L 18
Radius of gyration, ky, £t . . . . . c e e e . 6.4

Distance from serodynamic center of airplann less '
tail to aerodynamic center of tail, Xy ft . . .-21.0

Aerodynamic

: o 40~ . .
Siope of airplane 1ift curve, ——=, radians . . . ., . 4.87
. dCLt ,
Slope . of tail 1ift curve, ———=, radians : 3.15
day , '
Downwash factor, de¢/da . . . ..o v v « . . . . . . . 0.54
. Tail efficiency factor (qt/q),nt ¢« + + +« w « « . . 1,00
Empirical sirplane damping factor, X . . . . . . . . 1.1
dcCy, .
Zlevator effectiveness factor, —353' radiang , , . . 1.89
Rate of change of. tail moment with camber. due to
, dCmy
elevator angle, ?r——, readisn . . . . . . . J . . 0.57
ay . :
Rate of change of moment coefflclnnt with angle of
attack

(a) center of grav1ty, 30 percent, radian ., . . 0.703
(t) center of gravity, 25 percent, radian . . . 0.475

It was determined from tests of this airplane that
for the conditions desired the slope of the moment curve
per radian for the airplane less tail could be given by

Tdacy,

——— = =0.665 + 0.0445 c. g
da

Substitution of the geometric and aerodynamic values
into equation (15a) and the assumption that results are
required for an altitude of 19,100 feet (p = 0.001306)
give the following values for K,*, Kz', and Kz':
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K,' = 8,0

20,0

Ko!' (c.g. at 30 percent)

Kp!-(c.g. at 25 percent) = 40,0

K,' = -100.0
For these values of K,;' and K,', the variation of
Ky! @ . ' ) . ' .
Aa—-=— and ——— with T can be obtained from figures
Ks ' ) Ks : . ' . .
5(a) and 5(b) for an instantaneous unit elevator deflec—
tion. . A slight amount of labor can be saved at this

stage if the curves are taken directly from these figures
onto a2 work sheet (see middle group of curves in fig. 7)

without transforming them into curves of 4a and &. '
The transformation can, of course, be accomplished im—

mediately by multiplying the ordinates of the curves ob-

. . % ! . . .

tained by %37 and Xaz', respectively. . It has been

2

found more convenient, however, to make the change—over
as a final step.

The next step in the proced - e is to plot the assumed
elevator-motion curve on the work sheet using the same
abscissa (7). This change is accomplished by dividing the
actual assumed time variation of elevator deflection by
the factor m/PSV 1in order to obtain the variation in
aerodynamic units, For an indicated speed of 400 miles
per Lour at 19,100 feet, the factor m/PSV for the
airplane in question would be

/s - _ 490 = 1.202 seconds

(2p)VWpo/p (88/60)  0.0420x400x1.349x1.466

. : . (! o .
The determinsztion of  Ada kﬁT and E—T at any time
. , K3 3
T due to the assumed elevator motion is then found by
the following graphical construction, - This construction

is essentially that given in reference 2 except for minor

modifications that were found to be worth while in effect-—

. - K,! a

ing the computations. The values of Aa E_T and E—T at
. 5 5

the asrcdynamic time t_ = 1, for example, due to the

assumed elevator motion is found as follows: :
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1. First, the point on the A8 curve at T = 1 1is
projected herizontally in both directions until it strikes
the 45° lines, The intersections with these lines are
then projected or deflected vertically until they inter-
sect the -horizontal projections of the values of &/Ksa!'
% H

and Aa —Z- ‘at the time T equal to zero: The points ..
Ka! '

laveled (:) are thus establlshed

2. The ordinate of the A8 curve at, say, T = 0.8
is next  projected horizontally as before until it strikes
the 450-lines, where it is reflected and points of inter—
section with the horizontal projections of the values. of

yo- 4
Aa %37, and d/Ks‘ .at T = 0.2 second are established.

3 . :

The points labeled (@) _are ottsined in this manner,

Other points labeled (:) to (5) for T = 0.2, 0.1, and O
are then similarly obtsined to complete the curve for the
example chosen and for the time 7T, = 1.0, DNote that the
addition of on the elevator curve and T ¢n the unit—
function curve slways equals Tho Curves are then drawn
through these points and the areas under them are propor—
tlonal to. Ao -and - m for -the aerodynamlc time of 1 unit.

[y

: : The areas nre.found by-inteoratin~ in the direc—
tion shown that 1s,.<>, 1 y . , .and so forth.

It 1s important to follow .in thls d1rcct10n in order that
nevatlve areas, if they .shodld.occur, may be properly
taken into account. If.the points are Lollowed in the
order noted and a countercioc kwise path is’ followed in
"enclosing ‘the area, the vsl ae is pos1tiverc'rd1wq« of -

the quadrants involved and vice versa for clockwise in-
tegration.  When a figure-—-of—ecight area is involved, the
same statement clSO applies. The areas are then corverted
to Aa and & by multiplying ‘the number of sguere units
(squ?rc inches or square centimeters) by the apprepriate
conversion factors, which are ottained Yy multiplying the
ordinate scales of Ao or - '& by the ordinate scales of
A8 ‘curveés as the case may be:

. 4. Other céurves are similarly drawn in for the 4if-
ferent time intervals, To» @t which the values of Lo
and & eare desired. For example, see the heavy curve

drawn in for the time To = 2.2 with points labeled ,
, and-so forth..
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5. After a sufficient number of time intervals are
considered and the resulting areas determined, the finsl
step is to convert the areas into the values of Ac and
& associated with the elevator motion assumed. The var—
iation of load factor and tail-lecad increment may then
be found by substituting for 8o and & into equations
(12), (13), and (14). It is convenient at this stage to
arrange the results in tabular form and to convert from
time T to time =~ t. )

Figure 8 gives the final variastion of the load fac—
tor and tail-load increments for the example of figure 7.
The type of elevator motion used in these figures is that
previously suggested in reference -l in which the horizon-
tal tail would be designed to withstand a maneuver in
wvhich the V-G diagram from maximum positive to maximum
negative g would be covered. The duration of the time
intervals at which the elevator was held at maximum val-
ues +A8psx was adjusted so that the full acceleration
corresponding to each elevator -throw would be reached.
The rates c¢f movement were purposely token quite high in
order to obtain as large downtail or control loads as
possible without exceedinz the speed at which the pilot
Might move the controls, The relstion between the ele—
vator throw A8,y and the load factor increment An
that is finally reached is given by :

. N Kyt W/E

8 = An ——= ————

aex Kg' a0
do

This relation is easily obtained by substituting the val-—
ues for Aa from equations (18) (with t 1large) ints equa—
tion (12). '

In crder to obtain this range in acceleration, it is
not. necessary that the pilot restrict himself to the type
of elevator moticn assumed, as lLz may actually move the
elevator twice as far as is necessary and check the motion
earlier so as not to overchbot the desired acceleration.
Such a motion is illustrated by the results given in fig—
ures 9 and 10 for the same airplane (K,' = 8, Kp' = 20)
but with the elevator moticn required to cover approxi-—
mately the same accelersztion range, : :

It will be noted in figure 10 that the maximum accel—
eration reached with the elevator motion assumed was 8.75g
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instezd of ‘8g. A number  of trial computations made in

connectlon with the- flgure)lndlcated that, other things
being equal, a delay of as little as 0,06 second in the
time of the elevator reversal -would cause the accelera—

tion to overshoot by 1.5g. - This' delay indicates that

the part1calar type of elévator motion shown in figure

.10 would probably never be used by a pilot in a high g

pwll—out and where the elevator motion is small because
of the extremely fine timing regquired to prevent over-—
loading.

.Conmperison of the résults of- figure 10 with those

of figure 3 for the same values of Xy'. indicates a much

more rapid variation in load factor for the type.of mo—
tion used in figure 10, Jones and Fehlner, in reference
3, have shown that the transient effects of wing wake

on the tail are likely to be severe only when the rate of
change ¢f wing angle of attack is great. These effects
are not included in the method given because in the usual
case they apparently are of little importance in the de—
termination of the critical-maneuver t2il load:. In order
to illustrate the combined effects of aerodynamic lag and
transient wing wake on tail loads, a portion of the tail-
load curve in the critical region, including transient
effects, has been computed by R. T. Jones for the case
illustrated in figure 10. The comparison is given in fig—
ure 11 where it will be seen that even in this particu—
larly severe case the discrepancy amounts to only about
10 percent on the important maximum loads.

Because actual elevator mot ions are almost certain
to be less severe than the one illustrated, the transient ..

effect will be less than that shown and within the limits

of accuracy with which some itemc entering into the com-—
putations are known. Fer this reason, and because .of the
increased mathematical complexity that is introduced by

its inclu¢ion, transient effects are omitted. This state—

"ment, however, cannot be assumed to apply to the gust.

conditlon wbereln the angle-of-attack changes may. occur.

- more rapidly.

POSSIZLE SHORT(CUTS .

' The preceding section illustrated a general proce—

., dure that can be followed whern one or two elevator motions

 fare to be investlpated but tiere are a number of varisdations
wvhich might have been used. If, hcwever, the effects of a
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fairly large number of elevator motions are to be inves-—
tigated at a given speed and altitude, the following
method can be used with a saving in time.

1. Determine a unit tail load 4L,  and wing load
An directly by using values of & and Ao obtained
from figures 2 to 6 and substituting tbese values into
equations (12) and (14).

2. Plot the values 4&n and ALy of step 1 as a
function of time instead of plotting Aa and & as a
function of time as in figures 7 and 9.

2, Plot the elevator—motion curve to be investigated
‘and proceed as before. The areas now obtained will give
directly the increments of tail load and wing load.

A qiuicker method of obtsining the areas, in some
cases, and one that is readily apparent after a little
experience is gained, is to prepare grids for evsluating
either Aa and & or An and ALg. The abscissas of
the vertical lines of the grids are simply the ordinates
“of the considered elevator-motidon curve taken every 0.1
or 0.2 second, say; the ordinates of the horizontal lines
of the grid are then the ordinates of the respective unit

curves. Figure 12 shows such a ~rid for determining
Aa EEL for the conditions'of figure 7(a). ‘In order to
cbtﬁfn the valué of Aa %B% for the specific time of
To = 1.0, the points of i;tersection of the horizontal

and vertical grid lines adding up to 1.0 are connected.
Such a curve is shnown in figure 12 for comparison with
the similar one given in figure 7(a).

DSTERMINATION OF THE NECESSARY AZRODYNAMIC DEATVATIVES

The accuracy with which the lozd increments may be
determined for a given elevator motion depends largely
upon, the accuracy with which certain aerodynamic charac-
teristics are known and, in some measure, on how well
these characteristics mey be approximated by a straight .
line, The values reguired for the cocmputation may be .
cbtained with sufficient accuracy from wind—tunnel tests
of 2 model in which the 1ift, drag, and moment are meas-—
ured with and without the tsil in place and with the
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power condition for which calculations are to be made.

Lift and moment measurements should alsoc be made for a

rang: of elevator angles from +10°: then, with elevator
fixed, the 1ift and moment variation with tail setting

should be determined through a range of about 5°.

The value of dCp/da to be used should be that
obtained with the tail in place and should be based on
the gross wing area., By the use of this value, most of

the effect of tail load on normal acceleration will be
taken into account,

The vslue of dCp/da to be used is the slape of the
moment curve with the horizontal tail removed. Usually,
the moment variation is taken with respect to s selected
center—of—gravity position, but it is desirable that the
variation of dCp/da with center—of—gravity position be
determined for at least two center—-of—gravity positions.
For the conventional fighter airplane it appears that the
critical total down load at the tail will occur with the
center of gravity in its most forward position during
dive pull-outs at high altitude and at .the limiting-speed.
The maximum up—load at the tail is likely to occur during
pull—ups from high—-speed level flight with the center of
gravity in its most rearward position and at .a relatively
low altitude. : . '

. , ACLy ’ :

The value of the factor Ny==-= can be obtained

dC(.t
from moment differences obtained at the same angle. of
attack from two settings i, of the horizontal tail
plane. Thus,

g 01ydSyxy

It will not generally be necessary to separate the factor
Ny but this sepsration could be accomplished by reference
to tests. of i1solated tail surfaces of a similar plan fornm,
Reference 4 gives results for tests of a number of 1solated
tall surfaces.
dCy,
The previous value obtained for nt?ﬁﬂ} can be used
dc
to find the elevator effectiveness: dat/ds or -a§£ from
either the moment or the 1ift differences obtained from
tests in which the elevator angle was varied.
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dat - ACmavS2
as alr,
@y
2
. aCr, ACmavS.
toas T o
StxtbAS
Lift differences
dat ACL. .S
s . acy,
. acg, A0y S
t a5 SLAS

The differences AC; ~ and

same angle cf attack. In
will prove to be the most
involved are larger,

S

.‘
the basis of either moment
t

without the tail in place
acy,
obtained for Ny ———
d@t

ACp are to be taken at the
general, the moment differences
reliable because the quantities

milarly, the doewnwash factor can be determined on

or lift differences with and
together with the previous value

/ ZETIRN =
'1__d__€ f= A m/‘ s 1
N \da / 5, bx, acy,
[ Tlt Bt
dat
acy, ac
where A<———£‘-l> 1s the increment in the slope —-2
da . da

causad by the addition of the tail.
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Lift differences

QO SR 0
' da. s €n, L \da /411 on  NIO iy opp o

£y dat

The values obtained from the moment differences are the
more reliable., :

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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