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Absgtract.

ueasurements of the downwash were car-
ried out on a small A 145 transport aero-
plane not only at rectilinear steady flights
but also at unsteady flights. The method of
measuring the local dewnwash angle by meéans
of venes in frent of the horizontal tailpla-
ne was supplemented by the determinatien ef
the effective dewnwash angle from the di-
rectly megsured forces on the horizontal
tailplane., There were applied identificati-
on methods and statistical tests of signi-
ficance te judge the suitability ef the
mathematical models used,

The value of the downwash sngle deriva-
tive measured at unsteady flights was sig~
nificantly lower than that measured at ste-
ady flights. These phenomena have been ana-
lysed and 8 simple method of estimation of
a weighted effective value of the downwash
angle derivative has been proposed.

l. Introduction

On a small 4 145 transport aeéroplane
there were gradually performed since 1964
different flight measurements of the
longitudinel motion as e.g.: measurements
of load spectra of the hHorizontal tsailpla-
nes (9 | measurements of aerodynamic deri-
.vatives at longitudinel steady and unsteady
motion (20 | measurements of loads on hori-
zontal tailplane passing through a single
gust 9  and measurements of aerodynsmic
characteristics of tailplane and of stream
characteristics in the peint of the same

(”7) | From the comparison of measurements
and analyses results followed that the sta~
ted values of the downwash derivative in
the place of the tailplane, and of slow
down coefficient of the flow are for the
tailplane 1ift estimation at unsteady moti-
on very unreliable,

In order to get & more extensive physi-
cal knowledge of phenomena in the air stre-
am in the place of the tailplane the down-
wash measurements at steady flights were
supplemented also by measurements at unste-
ady flights and the method of the local
downwash measurement by vanes in front of
the tailplane was supplemented by the sta-
tement of the effective downwash from a di-
rect tailplane forces measurement.

Because the value of the aerodynamic ti-
me unit ¢, =lA/and therefore slso of the ki-
nematic similarity number «* = wl/V (the
Strouhal number) is growing when the flight
speed decreases at a constant wing chord,
there was verified the significance of the
effect of the unsteady flow on the airframe
by an analysis of a hypothetic small tran-
sport aeroplane flying at low speed.

2. The downwash messurement in flight
on the A 145 aereplane

As an experimental aeroplane there was
used the small A 145 transport aeroplane
with two Walter M332 piston engines of 180
HP, Its view is shown in Fig.l. Its main
nass and %eometric characteristica are gi-
ven in Tab. 1.

The horizontal tailplanes of the aero-
plane were hinged by four elements thst ma-
de possible to measure directly the resul-
ting normal forces on the tailplane.

2.1 The method of measurement

Measurements was performed at gliding
flights with engines out and feathered air-
screws, Before the down wash measurements
were done there was qualitatively Jjudged
the character of flow on the tailplane by
means of taking motion pictures of fila-
ments placed on a net in front of the tail-
plane. Quantitatively the character of flow
in front of the tailplane was judged on
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Fig.1. The A%5 small transport aeroplare .



Table 1. Basic characteristics of the

A 145 small twin — engined aeroplane

Fm | 1200 |/ m* | 331
:b_[m] | 1225 | 5, m | 339 |
em | ‘MBOj L, m | 1030 |
e | & | 2, | 34F

rt ] 4.880 | T, | 3.339

m (k] | 1530 | T,° 0.859

%, 027 | G=Frfp | 0647 |

£, 2.3% | § 1.741

ground of messurements by four Pitot-atatic
tubes with vanes, that were glaced gradually
in three heights 2z/b, = ~0,156, 0,062 and
0,282 relating to the tailplane and at
three side distances 2y/b, = 0,236, 0,531 and
0,826 relating to the seroplane symmetry
plane, At steady rectilinear flighte the
measurements were done at three velues of
c.g2. position X; = 0,214, 0,247, 0,289
using ususl methods., At unsteady flighta
the measurements were performed at the mean
value of c.g. position X, = 0,247 only and
individusal experiments were repeated seve-
ral times at the same conditions. When
flying in celm atmosphere the pulse inputs
by elevator of 0,2 til 0,4 sec and informa-
tively also harmonic imputs were used. The
mesn initisl velues of conditions from 11
experiments are given in Tab. 2, When mea=
sured informatively at gliding flights in
turbulent atmosphere a constent flight speed
was being maintained by elevator.

The results of repeated experiments to
-be comparable it was necessary to keep the
similarity conditions: ¢, = const.,

& = const.,, T = censt.,, I, = const.,
X; = const. From this it followed that at
the constant initial flight speed there was
necessary to incresse the height of flight
due to fuel mass diminuation in agreement

with the relation
- Am _ AV

ap
e m T

Table 2. Mean values of basic
conditions for steady — stafe flights

(1)

B H % mo|oa | T T
Reﬂr Ml m |[M6] | kg s | s
17 | 11%] 1390 | 54.20 | 1529 |712.96 | 3.085 | 00273
21| 7| 1020 52,81 | 1500 [10250 |3013 | 0.0260
20 | 5%| 1796 | 54.73 | 1496 | 103.1 | 2.788 | 0.0270
* pulse input , **vertical gust input

2.2 The measuring devices and the method

of treatment.

The measuring devices were common for
measurements at steady and unsteady flights.
The measured parameters were recorded by
oscillographs. The components of accelere-

tion a,, @,

and the pitching velocity w,
were measured by the sensors SFIM withe rcot
mean square error 0.1 to 0.4 per cent of
their meximum range (inherent frequency
without demping f, = 20 to 30 Hz, relative
damping § = 0,7). Angle of attack of the
aeroplane and of the taillplane were measu-
red by means of vanes ARTI with a root mean
square error 0,3% (f, = 8 Hz, § = 0,12).,
The maximum distorsion of the vanes fitting
during flight was 0,05 deg. The elevator
deflection was measured by means of AKRTI
sensor with the mean square error of 1%.
Further there were measured the temperature
and static pressure of the atmosphere and
the total pressure.
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aeroplane (pulse input , 47 ) -

Fig. 2.



The resulting normal force on the hori-
zontal tailplane was measured by means of
semiconductor strain-gages on four short
hinge perts which took just the component
of the resulting force perpendicular to the
tailplane. Electric signals from sensors
proportional to loads were recorded by an
oscillograph. The hinge parts were provided
by termistor temperature sensors to enable
to correct the strain-gages data by the
temperature effedt. Further there was mea-
sured the force in the last lever of the e-
levator control mechanism for to correct
the measured normal force on the tailplane.

At unsteady measurements in calm atmos-
phere the measured data 8f instruments, as
linear systems of the 2"° order, were cor-
rected by the effect of their dynamic cha-
racteristics and of other systematic errors
of various physical origin ?y means of a
correcting progremme, see”. Then a chec-
king of absence of systematic errors st cor-
rected parameters nF=—Ozm@ ) @y and «

was made‘ by the checking quantity '

va=]; (coy =573 -\% nF)dT —(oc - ) Lo (2)
by means of a computer programme. Some sam-
Ples of corrected time histories of the main

parameters are shown in fig. 2.
From the selected experiments the

frequency characteristics fyp, 4 Fyy 4 Fay

n7

Fepn @nd Ry, .« were calculated, and then
froh them for individual levels w; the mean
velues of amplitude ratio Rm and phase
angle ¥y; were stated and at the same time
there were estimated the experimental va-~
riances round the mean values s; and the
total experimental varience s + The
checking of the absence aof sulhstancial
errors was done by the Grubbs test and of
experimental variance homogeneity by the
Bartlets test.
From the mean values there were estimated
the trensfer coefficients k. , Koo (r= 0,1,
2; g=a , y , n , Cy ) by the least square
method and from them there were calculated
points of fitted frequency response curves
and their total variance S round the means
values at levels w; . To test the suitabi-
lity of the mathematidal model for fitting
in relation to the measurement precision

the test parameter éz)sg/sz wag used far s2> Si,
see e.g, ref, " e The detailed iden-~

tification analysis of Fau.a and I-Eau"'z is in
chapter 4,

In a turbulent atmosphere some samples
were measured informatively, which with res-
pect to the operating limitation following
from flight with feathered prolellers were
relatively short, 80 sec maximum. Correcti-
ons of the dynamic data distortions were
maede by time shifting of the records by va-
lues of time constants 7; of individusl in-
struments, The effect of unsteadiness of
rgndom process in the samples was limited
both by a filtration and by the method of
linear regression, see (21¥.

2.3 The results of measurements at ste-
ady flights.
Because the measurements at steady flights
were performed in the linear extent of the

A X *K A A )
F G| RIIET R R [ Ry | R
#2011 | [s2| 11| [s7) [s-2| [s-11| [1]
+
Frp | 1652 | 1199 L1 457 [ i
0, 2661 2%% |1 06 *0.66 | 043
F | s2cg2| 1334 4.95 -15.15 |-0103| __
%% |7S TTE| *0.44 044 £0.19 0.10 +0.54 | 20082
£ |stcs?| 1381 | 4.98 " |1252(+432 [+1.798
w7 |s TTE| 2008 *+0.25 *+1.24 | 065 | 0035
*Kr '_".RS (Kr) H €K g__lé_kir;l___ i t & 2'00
[t t [s-2] fes2(k,) © oo

lift coefficient and of the pitching moment

coefficient, the relations ( ¢,,@ ); (c,cl);
Cay M )i CCuyekyiCy) could be fitted by
straight lines simuﬁ.taneously for all the
three c.g. positions as a whole with the
adjoining conditions by the method of least
squares. The slopes of fitted lines that
are shown in tab. 3 were used to estimate
the aerodynamic derivatives and other data.

The measuring of derivative dc,,-k,/dc,
made possible to estimate besides usual de-
rivatives also the tailplane volume V , the
wing 1ift derivative a , the a.c. position
of the wing with fuselsge X,. and the deri-
vative a; k, . A survey of s)xpressions deri-
ved by Tichopéd in paper is in appendix.

Table 3. Basic resulls of steady flight measurements

(@) %%x& ii? (%%)Leﬁ! %%)Right (%)ef
Value [1]1| 4.92 21.5 | 0.716 | 0.750 | 0.304
R( )[11| t018 | 12 |#0028 | 0038 | —
Ro % | *37 | =55 | 39 | 51 -

5 T (deg] SN

X [1] | 0.214 70.247 0.289 | 0.2% ‘0.247 0.289
Value |-960 | -8.00 | -560 0.7671 0.202 | 0.270
R() 1017 | £0,18 | 2018 [*0.011|20.012 | 0011
R, % |18 | t23 ) 231 | 66 | 60 | 4.1
(kH)ef = 0.93

2.4 The results of unsteady flight mea-

surements.

The equency reaponse function for the

local angle-of-attack with « input, f

App-at

is shown in figs, 4 and 8, and the function
for tailplane 1ift coefficient with 7 input,

fe-n » 18 shown in fig. 3. For the frequen-
cy response functions of the short-period
motion of the aeroplane Fq , (iw) 2y , &, Cay )
there sre given in tab. 4 the values of the
transfer coefficients K. ,Kor (7= 0,1,2)
which were estimated by the least squares
method for a quasi-steady model of the type
Kgo + iwKqr +(iw)® Kq2
- - (2)

Ko+ iw Ky +(le)?

fo.p @)=

Table 4. Transfer function coefficients of the A 145aeroplane
estimated by the FRCF method, the variance esti-
mates and the test characteristics.




From this table it follows that in relation
to the measurements precision this model
does not satisfy for the F,, transfer
function and that the differencies AK, , 4K,
between the coefficients K, , K, of the
common polynomial in the denominator of eq.
(3) are significant in the functions K.
and K, « Therefore for further 1denti}1-
cation estimates of the weighted effective
value of the down-wash derivative, derived
from forces on the tailplane, there were
used the mean measured values of the frequen-
cy responses Fy_,Z and }3,? on individual

w; levels,

From informative measurements in turbu-

lent atmosphére there is shown in fig. 5
the measured spectrum of the vertlical tur-
bulence component and in fig, 6 there is
plotted a sample of the amplitude characte-
ristic of the normel scceleration transfer
function,|@q.wﬁm»
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3. The identificstion anslysis of re-
sults
3,1 The supplement models
It is possible to express analytically
the frequency response functions between

the angle-of-sttack deflection 4;,=4a-
in pointLbefore the tailplanc which was Car-
rected by the effect of pitching motion of
the aercplane relating to its c.g., and
between the sngle-of-attack deflecticn of
the wing, Axs= Ao , by means of approxima-
tive expreasions which are glven in chap.2,
that is

fappa @ = T p () o ) (4)

This transfer functions includes 18 con-~
stants., With respect to the attainable pre-
cision of the angle-of-attack @, measure-
ments, and also with respect on the limita-
tions following from it when using identifi-
cation methods, there must be found for the
identificetion aim some simpler models than
that one in ( 4),

The simplest generally used expression
for quasi-steady serodynamic model is:

. da, ’ [
fa g i@) = 1- Fa. (I-iwT,,) (5)
This expression is a relatively rough appro-

ximation of the expression with transporta-
tion lag:



Fig.5. Measured power spectrum of the vertical tur-
bulent velocity , w, (1), by means of the A 145
aercplane (height H, =750m , centre Bohemia).

} deay, L.

fapali@ =7- —55~ (cos @ Ty~ isinwT,) (6)
From a more detailed analysis it followed
that the physical nature of the approxima-
tive relation (4 ) is represented by the
expression:

| d cosw Ty -isin T,
E i) =1- daa. A . Lx - Lx
LA e T+ I.Q.)-’; + (iw) T2

From the fig. 2 it can be seen, however,
that the vane data are affected by the ele-
vator deflection, which changes the tailpla-
ne circulation. ﬁor this case there are
shown in fig. 7 various effects on the vane
deflection in front of the tailplane. The
frequency response, which expresses the
effect both of the wing and of the tailpla-
ne, is given by the full expression:

(7

FoLs . _ .
(@) 2 G, o (@) + f";aH.qH(l,Q)) .[/‘-;LA“ (i) +

F
oy | <_¥1> G (1 \N|L.m
VH F:x.? E+ Q4 Fo"'? e EILA.QE(LQ)

where /.«

eq. (7) and

(8)
is described approximatly by

B o ()= 4. ! (9)
Fan-%y de, TiwT, +iw)?. T,

The suffix E denotes paremeters or functi-

ona that were measured experimentally in
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Fig. 6. Amplitud frequency response curve Raz-w,, (w)
from the power spectra Sy, ., (@), Saz.a, (@)
estimated from the acceleration response a,(t)

of the A145 aeroplane to random vertical gusts
w, (t),see ref @n,

a ;
flight, end dZ:A =7, %ﬂ; and
Tie =Tz . To estimate the constants T

(r=1, .., , 7) there can be used the
least squares method.

The complex deviation w(iw;) = I;;rA « (@) +
g

"5;45("“)1)“110“'3 from the eq, (8). From the

condition ; w'iw)=> min there can be deri-
ved a system of n, normal equations general-
ly in thge (fox)'m: ¥
. w (1w,
Llw) =r= =0, r=12..,n,  (10)
As the equation for deviations w; in this

case is a nonlinear function for the sought
constants it is necessary to estimate the
constants 7. by an iterative method. For the

sth step there is:

Tnsy = Tois-1) * Blns) (11)

The estimate of the initial values T for
the first step, which can be usually done
by t?e equation-of-motion method TiM, see
ref.!"” | in this case for the complete
equation (8) fails. It is therefore necessa-
ry to start from the supposition that the
effect of the tailplane can be neglected,
i.e.,=0 , and to estimate the constants 7, ,
7, only and eventually the constants ,3;
by a minimaglisation of deviations according
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Fig. 7. Chart of the origin of the angle of incidence , Aa,, (t), due to the elevator deflection, an(t).

to eq. (7). If there is found out by F-test
that the variance s , stated from deviati-
ons of the mean experimental values on wj

levels from values of the fitted curve (7),
is not significent 1n relgtion to the expe-
rimental variance s} of the measured points
‘round their mesn values on w; levels, then
it is not necessary to estimate the cons-

tants T, , 7, of the complete equation (8).
The identification process then breake into
two groups: do
the froup A, when 7; = H‘Z:O and

the group B, when T, #0 .
For the solution of the both groups there
was worked out & digital computer programme,
see

To make easier the anelysis of the iden-
tification results from the physical point
of view there car(} be used expressions for

the derivative T, calculated for a rec-
tilinear steady flight, when w=0 and wy=0
and for quasi-cirlular flight, when w=0
and wy = const. Besidea there is possible to
estimate informatively the derivative %(‘:_L

in point [ for a quasi-steady eerodynami"c
model from the meassured values «,(f,) and

«(t,) for the time !, , when $=0 . To jud-
ge roughly the elatgve relation of the de-

Aqgt —
rivatives % (aa Steady 8Nd Ts‘ >Steady
in a rectilinear steady flight then can be
used the expression:

(d_m> _da (iz) .
T 1- do steady 31 \dx Steady 9
6 T+ Ty

(12)

An estimate ofc‘i the effective value of

(o
the derivative (af)er for the whole tailpla-
ne was done by Tichopad in paper ) with
using a quasi-cteady model for the frequency

transfer function (kHcAH) which was calcu-
lated directly from the measured values of
forces on the tailplane:

F(kHCAH)_?(iw) =03 + iwp) F, (zw) +35 . pliw) +8, (13)

where
dag T da, 7 1
=a, k e i - a 'w L
Pr=a,k, dex ;/ a,k, da e, V [s] (14)
ﬁz=a1ku<7_ d?:) (15)
¥ .
/33=a1k”-%=0.1k”7"\l/— (16)
H
B, = azky = ask, (?Tj) (17)

As the constants /3, to 3, are linesarly de-
pendent on each other it is necessary, when
estimating the constants by the least squa-
res method, to estimate one of them,best
being 3, f‘rom measurements at stea(Ly flights,
Because the eqe (13) is linear for the
sought constants, it is possible to calcu-
late directly their most probable values
for the measured values of the frequency
characteristics f, oE Fy.n and Fy e o

From the estimates j, /33 it is pos-
sible to calculate est

)

imﬂz ?

ates

(18)



B /3‘2 &, Ty 2

k”_(;aa-/;).(\/) (19)
av LA Ay 7

6-1 /33'/31 ku (20)

The value of 4, should not be significantly
different from the value a; which was sta-~
ted from measurements at steady flights,

From the physical point of view the ex-
pression of A3, by eq. (14) is just approxi-
mate, It would be more correct for to ex-
press it to use an unknown transportation
lag ¢, so that

do

Ay = (aky) - (Hogi . TH.) (s] (21)
and to suppose that the values of derivati-
ves a; , Q, are at unsteady flights in a
certain interval of circular frequencies
the sames as at steady flights. The soluti-
cn of normsl equations, given by eg. (13),
then should be repeated for values }3, getting
more accurate. From in this way calculated
estimates j3 , /32 » f3; 1t vould be then
possible to expresa:

A A &
b - (o) (22)
dag\ . A
da )ef_7 a; (23)
— (5] (24)

In the case when iél eq. (13) the constant

X,
downwash derivative (d—;)ef is supplemented
in a certain interval of circular frequen-
cies w; by the frequency response function

Fy.« =1~ Fag.a , there it is possible to
calculate this function from the expressiomr

' focw2lic) & T a

£ iw=[—%7—~—7"-—F ; __2]_7_

iy (2) ok, & e T G
1 (25)

where kK, is the emtimate of the effective

value at unsteady flight. Then it is possib-

le to identify the estimate of the frequency
response function f . by the eq. (7).

nge\ff.-r the calculations of estimates.
_Gdg

_ A\ da /efand Ex,,.., based on expressions
{(21) and (25) require very high sccuracy of
measurements of the used transfer functions

/-ancm.? ’ E‘-”Z and Fy,? .

3.2 Identification results.

The effect of horizontal tailplane on
the vane being not considered (group A, for
Ts =de, /day, =0 ) there were used for the i-
dentification of the local angle-of-attack
dependence on the geroplane angle-of-rattack
two methematical models: the quasi-steady
model (5) with only approximatively expres-
sed transportation lag and the model (7),
for which 2 to 4 constants were gradually
optimalised. The main results are given in
fig. 4, where in a table the estimates of
constants T, , 7, and l,=dag/da and the va-

lue of the test parameter fsz related to
its critical value for the significance
degree 5% are given, This ratiofs/Fu gives
an information about the "closeness" of the
fitted curve to the measured points with
respect to the messurement precision.

From the table it is evident that from
the point of view of closeness of the fitted
curve none of the modela used in the group
A satisfied end that the worst one is the
model (5), For the model (7) the least ra-
tio fg/ry = 1.55 was when optimalising
three constants, 7, , &, and T, for the gi-
ven values of transportation lag <,=0
and 0,049 secs. It is interesting that for
both velues of the transportation lag the
sum T, + T, is equal, i.e, 0.127 and U,124
secs. The mean square errors of the cons-
tants are the following: S (7)) 14 and 19%,

S (7,)=90% andS(7)=9 and 7%. Therefore it is
useless with respect to the measurement pre-
cision to celculate istimates of the cons-
tant , . 1t also follows from the table
that the effect of the transportation lag
is not significant, In the groups A always
5 iterations were sufficient.

5, |
c., I
04 @\// /11'\7
& 5(
- ALl ¥
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&7 17 E. o
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=5 03
Nj o measured dafa
- G (mean walues of |
& (5) 11 measurements)
> 02— o P A -
§ 1 &
o __4L ;
N
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2{ 14 o= R syl
7% 2Xo. 1%
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Real part of frequency response, Uy , o [1]

Eq. |Marking [T, {s] | T [s°] T {s] %{[ﬂ %%T“ T, [s] f:;E/'—;

5% — | — | — | — |0284|0049| —
b — | — | — | — |0.284|0049| —
———| 0.068/00060|0.056| 0083|0.284| 0 |086

8 | ——-—-|0.054|0.0056| 0148 | 0.124 | 0.284 | 0.049] 0.75

** | . |0.054]00056| 0.154 | 0162] 0.325| 0.049| 1.02 |

*Calculated ** Estimaled by FRCF method.

for the point L . (@) Steady state value-

(b) Steady state value corrected for d_ZL; =0.162.

Fig.8. Measured and fitted frequency response curves
Faus.c () for the L point ot the left -hand side
before the tailplare of the A 145 aeroplane .

(the influence of the lailplane considered)



Nithk respect to the unsatisfactory "clo-
seness” of the curves in the group A there
was necessary to calculate estimates using
the model (8) in the group B with consi-
deration of the tailplane offect on the va-
ne, The results are given in fig, 3, where
both the frequency response functionsf/,. ,
fitting the measured points including the
teilplane effect, and the frequency respon-
se functions fy,, o , calculated for the
constants values estimated when optimelising
by means of the model (8), are given. Besi-
des in the fig, 8 there are shown for in-
formation the curves calculated by means of
the models (5) and (6) for the downwash de-
rivative values, which were found out from
steady flights, To optimalise by means of
the model %8) there was selected for the
constant T; both the value stated at steady
flights dog/da = ©.284, and the value from
steady flights, which was corrected by the

tailplane effect, /4« = 0,325, The tran-
sportation lag was estimated as T.=7,=0
and 0,049 secs,

From the table in fig. 8 one cen see
that in group B when considering the "clo-
seness" of the fitted curve two cases for
the derivative 4%/, - 0.284 and for the
transportation lag 7,,=0 and 0.0495 secs sa-
tisfied and one case was on the significan-
ce boundary. In all these cases there was

T, = 0, because for T, + O the results were
not physically acceptable (7 < O), There
was also not acceptable ,=7, = O for toa
high values of T;, The mean square errors of
constants in the order of rank given, in the
table are high:S(7;) 22, 23 and 28%,S(%,)=48,
18 and 14%, S(7))=115, 59 and 47%,5(%,)=25,
26 and 20%, Therefor it is not too useful
to consider in the model (9) the constant

7; but just to consider the conatant 7, =

= dxHQaH . In the group B it was neces-

sary to use 10 to 15 iterations. The third
case in the table, though being the worst
gives the estimate of the constant7,=1,162,
which is the closest to the velues from the
check calculation from time histories fort,.
From this calculation there followed that

do /o = 0,170 * 0,009 end (d"‘“/dazmdy=0328

+0,002,

The curves which wére fitted according
to the equations (5) and (6) show in compa-
rison with the curves & ,.« fitted according
to the eq. (8) that for the usually useé mo-
del the transportation lag value 0,049 secs
is small., This value was calculated from
the distance of the point L behind the trai-
ling edge of the wing. This agrees with no-
tion given in paper®

As for the effective value of the down-
wash for the whole tailplane &n analysis in
accordance with the equatons (13) to (20)
has given the following estimates: (d%/4q),,=

= 0,234 and (k,)er = 0.92. These values which
are the mean values from the given interval
@; , are smaller then the values, which we-

re measured at steady flights, i.e, @kmAkQ#=

= 0,304 and (Ky)er=0.93. It is noteworthe
that frequency response curve shape er? R

calculated backword from estimates of these
constants according to the eq. (13), agrees
relatively well with the measured points in
fig. 3 (s/<si). The results of calculations
according to equations (22) to (25) are not
given here because the necessary data have
not been reasured with accuracy required
for this purpose,

4. Analyticel example

The aim of the exsmple is to prove the
effect of the Strouhal number on the longi-
tudinal short period motion at low veloci-
ties of a small aeroplane. The analysis was

da
=l = - a _
= T,=0065[s], L, =0092[s], —g-==0520 (7] @ dos
075 - 1- =
b E"HA'“ ! “da const
W 3621 ® d
. [t . (07 .
— 3 & Freque"%: @ [;.\Z] FOLHA.a =t= d(‘: (1_ 1w Taa)
) 167 20
30 gﬁ_ Q2 — 30 ) , . Dt 0T,
= 3 35 Bpa=1""do ©
~ o 12+ Cq
+ ~ @
g * 101 E =1~ ia_a- 1
. 8l F0\'a .o da 1+in Taa.
Noz2s 4
S - 1 « .
5 R ole) 61 \F@ _1_daa. cos T, - 1sin 4w
g " ] e da T 1w T,
5 s @ %a
g B o=1-E -F._, see®
Rp ) ] 30 g™ g r T
0 0.25 0.50 075 1004, 125 150
o/ 50 )
Real part of the frequency response , Uy {11
. Aoy, . . .
Fig.9. Frequency response curves fy o= 7.~ (w)=1- fag.a™ U“HA ot l\{lm.a relating the angle of
wy

attack at tailplane | Ac,,= Aa, -

v “ ) to these of aeroplane , Ax (hypothetical aeroplane) .
(



done for a hypothetical aeroplane, which
has the same main geometric and mass cha-
racteristics as had the A 145 aeroplane,
the aerodynamic characteristics of which
being a little different.

4.1 The basic relations

The longitudinal quasi-steady motion of
a rigid aeroplane at a constant value of
airspeed, which was excited by an elevator
deflection in flight in the calm atmosphere
is described by a system of two differentisl
equations, which can be expressed after a

Fourier transformetion is done in the matrix
form:

20 0 (T T, |G g
{‘" [0. —?;2“]”“{0, OH’O , 0"
i@%’é‘y*J [
= X

iw T C”_y*

. T
{CA.«* W@C %

T
!“(Ca.u“‘"ﬁcn.a* !

}

(26)

2 B

! I:C‘.'Z+ if"/’fi/c“'z* :| XATY
o (c,,_7+ iw T c,,',-z*)
where iw AT = ®,(iwand i Ao = Ad (i)

The first three square matrices relate
to non aerodynamic forces and the last
square matrix relates tc response aerody-
namic forceas and the last column matrix
relates to the input control aserodynamic
forces. In case, that there reveals an aero-
dynamic effect of unsteady flow on the air-
frame, then the matrices with aerodynamic
derivatives of forces and moments have to
be replaced by matrices of aerodynamic
frequency responses:

'LEA-“ (i) ! [w% FEA-)’* - }
o I'Eﬂ‘u(ico) , 0T "_c,,.y*("w) (27)
EA-? (iw)
af, . (@) (28)

The matrices of aerodynamic derivatives in
equation (26 ) followed from the linearisa-
tion of the aerodynamic 1ift coefficient c,
and moment coefficient ¢, which immediately
change their values with the changes of ki-
nematic parameters Ax, Ap , Ac , 4D ,A7 .

The aerodynesmic freguency functions are gi-
ven by Fourier transforms of aserocdynamic
admitances of the response valuey(t)to & unit
step input x = 1 by the expression:

Fxliw=iow Ay, (o) = Upy @) + iV, « @) (29)

where the imaginery part can be expressed
for y =¢, ¢, and x = a , 7 in the form
Vx @) = iCDVy’.x (@) = icoé\/y_;‘* (30)
To express these functions analytically the
aproximative relations for step admitences
by K.T.Jones ‘® @and J.A.Dritschler ©) we-

re used, in which exponential functions are
employed.

The aerodynamic frequency functions were
estimated in paper 2}

‘a) from the aerodynamic frequency function

Fepr.ap for an eliptical wing of the
aspect ratio 6, for uncompressible flow
and for a simultaneous change of angle
czg) attack on the whole wing according to

b) from the frequency function of a horizon-
tal tailplane of aspect ratio 3 and for
uncompressible flow according to

05 e :
. | |
A | G |
By Il o Caa
- 2, [
0 —
8 F % S~
W _cA_z/M ks
-
5
a. -05 10 ‘1‘
> wi
I
g Fro
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Real part of frequencylresponse, UcA.a (7]

,i:‘.u({w) = UC‘.q (a‘)) + l VCA.cx ((1)) = ,i:

+ F.
I N

Fig.10. Aerodynamic frequency responses of the lift
coefficient of the wing , fe,_ o (i0), of the tail-
plane, k,, .. (iw), and of the whole hypotheti -

cal aeroplane, f, . , and the frequency respon-

a !

- [/
se for downwash calculation, ¢, o -F ., for

the unsteady flight in calm atmosphere .
(see ©16) 4nd the d curve from Fig. 9. )
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Fig. 11. Aerodynamic frequency responses of the pitching
moment coefficient, f, o and ey 1 of the hy-

pothetical aeroplane for the unsteady fli?nf in
calm atmosphere .



both for a simultaneous change of angle

W
of attack on the whole tailplane,fc,, .«,,
and for a gradual change of angle of
attack from leading edge due to the down-

K
wash change, fc,, . o, ;
from the frequency function for the down-
wash angle of uncompressible airstream
behind a wing of aspect ratio 6 in place

of the tailplane according to 77 ,
Exn_.a.= aaa.r < aﬁ‘.a A (4)

These approximative expressions for the

frequency functions involve constants and

the expressions of the type of 3 i

T+ iwT;
The function f&a_,- involves moreover sn
integral exponencial function,
which expresses the effect of wake vortex
on the dowrwash in place of the horizontal
tailplanes. Some serodynamic transfer func-
tions, estimated for the hypothetical aero-
plane in accordance with the earlier given
relations, asre shown in fig. 9 (curve 4d),
10 and 11, The values of parameters “op T
T, correspond to parameters in the 1°“1i-
ne of table 2

4.2

c)

The Effect of Strouhal Number on
equency Transform functions of
the hypothetical aeroplane.

The Strouhal Number is a parameter of
the kinematic similarity, which expresses
the kinematic conditions on the model and

on the aeroplane for a given flight conditi-

on. So e.g. for a given flight it defines
the dimensionless time T,/

dimensionless flight path V{4 ., At a her-
monic motion the Strouhal Number characteri-

or the covered

ses the maximum velocity of a given aeropla-

ne point in relation to the flight speed,

“or the maximum locel deviation of the angle-

-of-attack at oscillations; so e.g. for a
single wing or horizontal tailplane it equ-

als the ratio m—\l/@= k or for the whole ae-

roplane it equals the ratio @WA, =} =2k 7, .

This Number is usually called "reduced fre-
quency” and in recent papers it is usually

defined by w*= @A/ = 2k = w?, (the circular
frequency multiplied by the serodynamic ti-
me unit)., It is clear that for a given har-
monic motion of an aeroplane fhe maximum
local deviations of the angle-of-attack
will be the greater the bigger is the refe-
rence geometric parameter of the seroplane
or the smaeller is its reference speed.

The effect of the Strouhal Number at a
slow flight of the hypothetical aeroplane

was proved by a comparison of frequency res-

ponse curves of short-period-motion with a

constant vealue of airspeed . There were cal-

culated three examples,

bxample 1,0: The "quasi~steady” aerodynamic
model. The aerodynamic derivatives in eq,
(26) are constants and the frequency trans-
fer function of the down-wash is given by
the expression

Fag - (i) = ‘% (- o), (31)

10

where the derivative daa/da relates to
steady flights (fig. 9, curve d).

bxample 2.1: The "unsteady” aerodynamic mo-
del. In eq. (26) there were used aerodyna-
mic frequency functions of which f,.o g »
cwa gy fey.q BTE with the imaginasry part in
accordince with (30) and F,.y* , F,.4* ac-
cording with (29). There were neglected the
imaginary parts of functions Vc‘.y* and
Ve,.5*. The frequency function of the down-
-wash is given by the expression
E!a.u (lm) = Exa.l' F

ra

(4)

gee fig. 9, curve d and ref, <,
Example 2.5: The "unsteady"” model for the
~downwash only. There were used the constant
Ko | '
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Fig. 12. Dependence of transfer function coefficients of
hypothetical aeroplane calculated by means of

three aerodynamic models on the frequency .
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aerodynamic derivatives as in the example

1.0, excepting Cy, &and c,yx which were

replaced by the frequency. transfer function
Feyalie) = Uey g@)+ i 7 Voa*x@r  (32)

that involves the aerodynamic derivatives

a,a, and the frequency transfer functi-
on I-;a_a (fw) 1ike in the example 2.1 only.

The frequency trensfer functions f-;_? (ilw) ,
Fy_y(z‘c.)) are given as ratios of polynomials

of the 1'P ang 2™ gegree, see the expres-
sion in fig. 1¢, In the example 1.0 the
transfer coefficients K. , K¢r are cons-
tants, in the example 2.1 they are functions
of iw and so they are in the example 2.2,
excepting K,, , K, which are constants,

o
The transfer coefficents are plotted for
individual examples in fig. 12. The effect

,f the angular frequency revealed mostly in

the real part Ui, @  and then in Uk, (w)
and UKyo((‘O) . Their differencés in the
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Fig. 13. Calculated frec;uency response curve Q?=Z\A—% (iw)

of the hypothetical aeroplane .

11

example 2.1 and 2.2 are relatively small

which proved that the unsteady aerodynamic
effect in the circular freguency boundaries
w=0 to 15 8~1 revealed mainly by means

of the transfer function £ _, (iw) .

The frequency trensfer function f,, ,(iw)
for the example 2.1 is given by the expres-
sion:

. ) Ko ; :
E‘H'Y(lw) =a,k, ["fg‘“’: « H(I(d) -"f'; An-«u(‘w) .f;aa (Lw)] @.?(lw) +
F T oew . Qo oW 5
’ Vk_n “ EAH'“N(W)'I-;"?(W) * a, Em-“u(w)} (33)

For the examples 1.0 and 2.2 there is

acz,,au E ,c:”,uﬂ =7 , The transfer function
Fes.« 18 defined for the example 1.0 by

the expression (31) and for the examples
2.1 and 2.2 by the expression (4 ).
The calculated frequency fransfer functi-

ons Fa.vg ! Fy.q and fc,.» from the examples
1.0, 2.1 and 2.2 are plotted in fig. 13,

14 and 15. From all the diagraemes it is
evident that the unsteady aerodynamic effect
reveals itself meinly by means of the down-
-wash frequency function f (@ . This

is true for the amplitude cheracteristics
in the whole circular frequency boundaries

@ =0 to 15 s~ and for the phase charac-
‘teristics in the boundsries w = O to 10s-1.
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In the amplitude characteristics in fig.l13
end 14 the unsteady effect acts mainly by
means of the transfer coefficient K, , as
it is seen from fig. 16, where the effect
of 1% error of coefficients Ko _ , K, , Ky ,

Kys is shown. For w =4 s~1 the error
in 'K, does not show by any error in the am-
plitude characteristic, so that the curves
of the example 1.0 intersect for this circu-
lar frequency the curves of the examples
2.1 and 2.2,
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5. The weighted effective value of the

downwash derivative, «

At higher values of Strouhel number
the constant aerodynamic derivatives in the

system of motion equations (26) come over
into frequency response funcitons. From the

chap. 4 it follows that in these transfer
functions asserts itsef with incresasing cir-
cular frequency first the frequency respon-
seffunction of the down-wash angle. A harmo-

nic input by elevator C?e"wt causes g si-
nusoidal response in the angle of attack in
place of the tailplane, A«, , in the form:

(;”.é\i‘:" = Ry (). r—;_?(im).c,z.‘éi&” (34
If the elevator motion is given in accordan-
ce with the Fourier development by a sum of

harmonic motions with & spectrum (,(iw;) then
from the equality of the resulting spectrum

k
A (i) of the hypothetical aeroplane.
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Fig.16. Jnfluence of the 1% relative systematic error

of transfer function coefficients, K,, K, K,

11 7y0
K,s, on the amplitude characteristics of the
frequency response Fy.p-

Gy, ({w;) both for the frequency response func-

tion fy,.« (iw;) and for the weighted mean
complex value “uva)w there follows:

(K“M'cl)w = (U(:‘l'“)w + (\(ZH-OK)W -
5 o (05 (i9)) . Cofico))
£ fap (1)) - Cy (i)

This expression represents a weighted mean

(35)

value with the weights R.o(iw).Cy (i) « This
velue makes possible to use the customary
model (31) in which there is:

dag _ ( %) _ gy

da = ol (U, o), (36)

an ' d&a (va.H.u)w '

e "'r(ﬂa— T, = o =(\é,,.a)w (37)

The weighted mean frequency ¢, can be sub-
stracted from the curve 4,..(w) for the

weighted mean value (\G,,.a)w . The expression
(37) defines the unity length on the straight
line (6) in fig. 9. If the derivatives of
the type c,;3* 1in eg. (26) are dimensionless
then it is necessary to divide the value
(37) by the aerodynamic time unity ¢, =1V .
Further there are considered two teeoreti-
cal deterministic inputs:
a) a pulse input having the Cpliw) =1 spect-
tru;

b) a step input having the (,(iw)= A L
spectrum for w>0 . v e “r
From spahes of the spectra L‘,z(iw) and /i,,l(ia))
it followg: d
_ Xa Xa
k, = (?Z&—>w / (G o <1 38



lhe value of this ratio, which was called
the "dynemic down-wash efficiency", depends
on the number of the circular frequency w;

levels which were considered in the harmo-
nic anslysis of the input 4y (t) , and of
course on the shape of the spectrum C,(iw) .
The value of this ratio for a hypo%heti-
cal aeroplane in the interval w<%16> sec™’
was for a pulse ~ 0,60 and for a step~ 0,80
For the 4 145 ameroplane by an analysis in
accordance with (35) from fitted curves in
fig, 8 in the interval w<7,70> this value
was for & pulse 0.70 to 0.80 and for a step
0.86 $o0 0.91. from measurements of the tail-
plane forces the value kaa for a pulse of
a mean time basis 0.25 sec was 0,77 and by
an analysis in accordance with (35) for the
model (6) with 7, 0.0 sec this value was
For the imaginary part in the interval
w<1,10> sec is valid (\gaa)v é\a',,a @)

The plots of frequency response curves
calculated for weighted effective velues of
the down-wash derivative are in gig. 13 to
15 for a hypothetical aeroplane and in fig.
3 for the A 145 aeroplane. Similar discre-
pances, which are evident in these figures,
wers ~oticed at frequency cheracteristics
measurements with various inputs in paper
/el/, see e.q. fig. 17.

Analogically there was derived from po-
wer gpectra an expressic i for the weighted
mean value of down-wahh for flights in tur-
bulent atmosphere. With respect to the sha-
pe of power spectrum of vertical gusts the
value of dynamic efficienty for the A 145
aeroplane was higher than 0,90 and its
effect on the freguency response function
of the aeroplane, fp,., , 1s relatively
small, see fig, 5. ,

6. The conclusive discussions

From results of the ight measurements
in chap. 2 it follows that the determinati-
on of the effective value of the down-wash
derivative for the whole tailplane by a va-
ne is unreliable, It is also difficult to
find a representative position of the vane,
This fact raises the significance of aero-
dynamic tailplane forces measurements which
make por=ible to gain from measurements at
steady flights very useful aerodynamic data,
see appendix A,

An identification analysis of measurements
at unsteady flights with deterministic in-
puts by elevator has shown substitutional
model (7) of the frequency transfer function
of the down-wash angle at the tailplane to
be applicable, This model involves a trans-
portation lag put in series with a frequency

transfer function for a system of ahd order.
Xa
da
—im(%?x“ T,,), which expresses roughly the
transfer function with a transportation lag

only d—c;“ (cosT,w - isinT,w), does not satisfy
for identification purposes. The expression
(7) for measurements by a vane had to be
supplemented yet by the effect of tailplane
circulation on the airflow in the vane place,
see (8),

The gererally used expression f, o = +
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Fig.17. Fitted frequency response curve of the A145
aeroplane relating the pitching velocity to
elevator deflection (the FRCF method) ,see(za)

The measurements by a vane at unsteady
flights make possible to get an information
about the values of time constants and of
transportation lag in the substitutional
models (7) or (8) for the down-wash transfer
function. Identification calculations of the
frequency transfer functions of the effecti-
ve down-wash from tailplane forces measure-
ments according to (25§ and of the mean va-
lue of the down-wash derivative according
to (13) require high accuracy snd precision
of the frequency response functions of the
short period motion of the aeroplane.

The causes of discrepances of the measu-
red shape of the freguency transfer functi-
on f,.« With respect to the expected shape
according to the approximative relation (4)

~were not yet explained. There offers hypo-



thesis that under the consideration of a
satisfactory rigid aeroplane the wake vor-
tices in form of vortex quantities will flow
from the wing or elementary wake vortices
in a certain distance behind the wing will
coil (Z&dnfk, ARTI).

The calculations in chap. 4 have shown
that at low flight velocities raises the
importance of Strouhal number . By the
hypothetical aeroplane there appeared the
effect of nonsteady aerodynamics just by an
unsteady down-wash in the interval of circu-

-1

lar frequencies © to 7 sec , where the ge-
nerally used expression (5) does not satis-
fy. Firgt at higher circular frequencies

> 7 sec! (> 0.19) there starts to
reveal gradually an effect of nonsteady ae-
rodynamics of the wing and of the tailplane;
The critical value of Strouhal number for
this interval is determined just by requi-
" rements on the accuracy and precision of
results,
From the identification analysis there

has followed also that the effective value -
of the down-wash derivative,(i?ﬁﬁ , from

measurements at unsteady flights is signi-
ficently lower, 0,234, than that from mea-
surements at steady flights, 0.304, The ana-
lysis in chap. 5 has explained this diffe-
rence in that way that the mean value de-
pends for a given aeroplane on the input pa-
rameter seectrum. When establishing a
"weighted” effective value, which can be
calculated according to eq. (35), it is
possible to use in the interval of lower
circular frequencies the simple expression
(5) to estimate amerodynamic date. The diffe-
rence between the value dawga from steady

flights and the wheighted mean value is ma-~
wimum for a pulse input by elevator, approx.
30%. Estimates of the tailplane lift using
data for steady flight give therefore more
favourable stresses on the tailplane than
in fact.

Anglogous concluasions as at deterministic
input by elevator are valid also for flight
in turbulent stmosphere. The power spectrum
of vertical gusts, S,, , according to Ury-
dens model decreases for the A 145 aeroplane
relatively little the dynamic down-wash
efficiency i.e., to 0.83,

In conclusion it is necessary to empha-
size that the aim of the paper was to point
out problems at unsteady flights of a small
aeroplane when flying at lower aerspeeds
and to show on an example possibilities of
their solution. :
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Appendix A

Expressions employed for calculation of aerodynamic

and other characleristics from derivatives % ' %%/
dcay-ky A

a, measured af steady flight . (%, =0.247)

Term Expression Value
e d
k|  A%/Agk ¢ IIETE k) 7-088 |
fo | (ha) 5
Xy ?s + Xis 0.397
e R ¥
V-ER| o% /o Sk 0675
25 SERAA S SIS e > I R S e
® VE 3483
dC - =~
a dea [1-Lpke £ 4735
B dea /o T dey ¥
7‘}_2/(;4 (Vikyaz)* g (Va+ Xy o E;) - ,L1'760_
x|
%/, | -4 0587
| ak, | ak,/ G 3.00
Vi v ky a2)/k, e, 06t8"
I (degy, K ~ dcyy-k ~ T
o ( dc, ")2 X5t~ ( éCA ")1.x52
XNF (dc Lk ) _ (7c .k,.,> 0106
L dea ) dea /1
Ryps | X — %, om1
m F - Xys 3.342
d T ae\[(dp N\ o dca-k
Lo | a(@)[(gE)-v 24N kya)]+1 | 0304
dc d
| Cia 2 (1-cay @) 7 | 540
CM.« Xys " 0.781"
| EhyE ow]
CH-'Z _(\/rkuaz)[7+ # Xy 7]*‘%‘47‘5 Q'JL 'LH/F' -1201
~ Tu _doa | kA
Ca¥|  hefi(ak) @ 2041
~ L, bh o
Cu.y* -7 (arky) " T Kay -7.388
* Valuable for hypothetical aeroglane
** For weighted effective value, H—‘;“ =0.234
T With respect to ot Ry, =0.126, % ¢ =0121.

Appendix B

Frequency response curve f,, (i) is given

with amplitude ratio Ry, (iw) and phase angle
Pyxliw), which are measured at discrete

frequencies w;for j = 1,2.,,, . The inde-
pendent measured data F, (iw;) for v = 1,2,
have a normal &istribution at eve-
ry value of wj; .

The sum of squares of residuals can be
expressed as

53| Fap-fyn| = 55 |, G~ f, @l

seey nj

oy T IFE) - @] = )+ (9

The first sum from the right-hand side,(E),
repregsents the variation of the measured
points about the estimated mean value, The
second sum (5) represents the variation of
estimated mean values about the theoretical
values. From the sum (S) after its lineari-
zation the normal equation was derived.

The estimate of the variances were cal-

~culated as follows:



2 _ (E) 2 _ (S)
(a) sE—kE, ss—ks,
where numbers of degrees of atatistical
freedom are ke=2k(n;-1), kg =2k- M.

() AR = s, [_2 a

nj Kp !

where 2 (E) +(S)
2 S T Tk vk
QK, are the elements of the inverse matrix
of normal eguations.

The estimate s2 representsthe precision
of measured data end the estimate s repre-
sente the vaeriation of estimated mean valu-
es of the measurements about the fitted cur-
ve. The weightshﬂ-=s§j/s§ were not used becau-

se the assumption of absence of systematical
arrors defining the accuracy of measurements
nas not been fulfilled.

Symbols.

and

dc
s Wing lift curve slope
F
a,= ai‘: Teilplane 1ift curve slope
a, = agéi‘
A A A, Lift or aeroplane, wing of tail-
plae respectively
Ay () Unit step admittance (response
y(t)on the unit stepdx = 1)
C, = QLF Lift coefficient of aeroplane
Cy = 9%— Moment coefficient of aeroplane
™ 3—‘;’ Aerodynamic derivative (y = A,
M or AF’ AH; X=a, 7, CZ*, ?*lw;iy*l
or Qg )
M Drag coefficient
F Wing sres, m
i Horizontal tailplane ares, o
52
£l = ssé < Random varigble with the Snede-
E cor s distribution (F-distribu-
tion)
Fy.x (iw) Frequency response function
(output y, input x )
Fe, s (w) Aerodynamic frequency response
4 func‘tion ( y=A)M1 X=CX,12,d'."; 1.2*!
wy=y*)
g9 Acgzleration due to gravity,
ms
=
ty =}J,/ml* Nondimensionel moment of iner-

tia about the y-axis

k Number of memsured values for
different velues of w (number
of w; levels)

ke, ks, ke Number of statistical freedom

k degrees

N 7;;/‘}

ke, Ratio of wing plus fuselage
da;mping to horizontel tail dem-
ping
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K. K Transfer function coefficients
ri gr (r=°,1’2;?=a, Q)yay ’ nFEn)
l Lenght of eerodynamic mean
chord, m
L Scale of turbulence, m
m Aeroplane mass, %8
M Pitching moment about the c.g.
of aeroplane
aZ
n.=- 9" Normael acceleration factor
n; Number of repeated measurements
for a given o;
N Number of unknown frequency res-
r . ponse coefficients
v
q= P Kinetic pressure
2,2
-S4
W=D s
r Distance between aerodynamic
centres of wing plus fuselage
and of tailplane, m
T Distance between c.g. and tail

aerodynamic centre, m
R(K) = 06755 (K)

s% sg, st Unbiased estimstes of the va-
risnces:

s(k) Root~-mesn-square error estima-
te of transfer function coeffi-
cient

t a) Time, aecs 5

b) Random variasble with Student s
distribution

Uyx @) Real part of frequency respor-
se

v True velocity of an aeroplane,
ms

V=F r/ri  Tail volume

Vo= R n/Fl

V.=7/1+k  Keduced tail volume, where

1+ k = CA.cx/a

\{,‘X(a.)) = o.)Vy'_x(co) =‘Ol/v Vy.5* Imsginery pert
of frequency response

X C.g. position on aerodynamic
chord, m
XNF Position of aerodynamic cettre

of wing plus fuselage on sero=-
dynamic chord, m.

Xys Stetic margin

@ a) Angle of attack of an aero-
plene
b) Level of significance

A Downwash angle (positiv in opo-
site aign of o )

o, Angle of attack of wing

@, , o, Angle of attack at tail or at

L point respectively




7 Elevator angle
7 Pitch angle of an seroplane
A Aspect ratio
2
M= ?#%' Relative mass parsmeter
3 Air density, kg/n'3
2 / .
°'(X; Variance for messurement of x
m
= i y,jé— Dynamic time unit, secs
5= YV Aerodynamic time unit, secs
- r,
'l},=7: ' ‘l’L=—t Time lag, secs )
' . &
Ty ‘\%‘ 1= vt‘ Time lag, secs
Tiy Estimate of time lag ¢, , secs
Py.x (@) Phase angle :
w ) Cirlular frequency, /s~1/
w* =4 Reduced circular frequency =
= Strouhal number for the har-
monic motion
Wy Pitching velocity, red.s™’
N Distance of leading edge of tail
or of the L point after wing
trailing edge, m
Denominations.
X Fourier transform of x variable
X Nondimensional quentity of type
¥ =Tk = ux : :
= v = Lx
X rstimate of x by least square
method
°% = X4y Normalized quantity
FRCF Frequency response curve fitting
method :
TEM Transformed-equation-of-motion
method
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