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SUMMARY 

Experimental values of the longitudinal stability derivatives of three 
tilt-wing VTOL aircraft configurations as obtained from tests of several 
models are presented. Results from the NASA full-scale wind tunnel at 
Langley Field, the Princeton track, the LTV Aerospace Corporation wind 
tunnel and flight test are included. An analysis is included which | 
utilizes root-locus and analog computer studies to compare the character- 
istic roots and transient response of the aircraft as the longitudinal 
derivatives are varied within the range exhibited by these data. Trim 
conditions at wing incidences from 20 to 90 degrees are considered. } 

The three configurations included in the analysis were found to exhibit 
quite similar stability characteristics in the low-speed regime. Good 
correlation was found to exist between NASA wind tunnel data and Princeton 
Dynamic Model Track data for the VZ-2 aircraft. 

Consideration is given to the importance of various derivatives in de- 
termining the response characteristics. A large number of analog computer 
traces are included, showing variations in response characteristics caused 
by changes in individual derivatives. 
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INTRODUCTION 

For many years the performance and stability and control characteristics 
of new aircraft designs have been predicted through the use of experiments 
with models. To enhance the usefulness and value of model data, a con- 
tinuing evaluation of these data from three points of view is desirable. 
These are: 

a. Correlation of model and full-scale data. This comparison is 
particularly useful in determining the na cure and importance 
of the scale effects. 

b. Correlation of data from similar models in various facilities. 
This comparison is valuable in estimating the sensitivity of the 
data to details of model design and construction, to the charac- 
teristics of the particular facility, and to test procedures, as 
well as to scale effect. 

c. Correlation of data from similar designs and the comparison of 
these data with theory. As a result of this approach, theoretical 
methods are developed that can be used with confidence to predict 
the significant phenomena of future designs. 

Continuous efforts of this kind in the area of conventional aircraft have 
resulted in a firm basis on which to predict the characteristics of new 
designs and to evaluate model tests with some confidence. 

Care must be taken, however, in extrapolating this fixed-wing background 
to radically different configurations, where the exact nature of the scale 
effects may be subtle and where the complexities of the flow fields pre- 
clude "exact" theoretical analyses. 

As new configurations arise, the relative importance of the various factors 
that contribute to the stability derivatives of a vehicle may be consider- 
ably altered. For example, the stability characteristics of a tilt-wing 
VTOL at low speeds are largely dominated by the nature of the propeller 
forces and moments and the forces produced by the wing-slipstream inter- 
action, effects that are usually of secondary importance on a conventional 
aircraft. Therefore, pursuit of the above three areas of correlation is 
desirable and necessary to gain confidence in future model tests and theo- 
retical predictions of the stability characteristics of tilt-wing VTOL 
aircraft. 

The above statements can be generalized to include all VTOL air&rai't, where 
the predominate effects on the stability characteristics that require de- 
tailed consideration may be referred to as power effects as in Reference 9, 
Chapter VIII. The phrase "power effects" then refers to any direct effects 
of the thrust producing device (the propeller forces and moments, for ex- 
ample) as well as indirect effects (the propeller slipstream). 



This study was directed toward the above objectives with respect to the 
longitudinal stability characteristics of tilt-wing aircraft. Comparison 
of model data from different facilities, as well as full-scale data where 
available, is included. Three different configurations are compared to 
determine the general trends of the longitudinal stability characteristics 
of these VTOL aircraft at low speeds. Because of similarities in the ex- 
perimentell data, it is possible to discuss the longitudinal stability 
characteristics of a "typical" tilt-wing VTOL at low speeds in quite 
general terms. 

The purpose of this study, then, is first to compare the longitudinal sta- 
bility derivatives of three VTOL aircraft as obtained from several sources, 
and then, using these experimental derivatives, to analyze the dynamic re- 
sponse of a "typical" VTOL aircraft in the transition regime. 

The data presented in this report are taken from different facilities. In- 
cluded is the NASA full-scale wind tunnel at Langley Field with a 30-by-60- 
foot test section (References 1, 2 sind k)  and the LTV Aerospace Corporation 
wind tunnel, 15-by-17-foot test section (Reference 12), flight test, and 
the Princeton Dynamic Model Track (Reference 16). The Princeton track con- 
sists of a servo-controlled carriage riding on a track enclosed in a 30-by- 
30-foot building, with accurate speed control from 0 to ho  feet per second. 
The data taken here consist only of force and moment measurements, al- 
though the dynamic model track may also be used for semi-free dynamic re- 
sponse tests, as well as the static measurements presented here. 



STATIC DERIVATIVE COMPARISON 

AIRCRAFT AND SOURCFS OF DATA 

Of the several tilt-wing VTOL designs of the past 5 or 6 years, three have 
been tested on the Princeton University Dynamic Model Track, and these are 
the aircraft studied in this report. They include models of the two
propeller VZ-2 research aircraft, a two-propeller VTOL transport, and a 
four-propeller tilt-wing transport. 

Data for the VZ-2 configuration consist of 1/4-scale model tests in the 
Langley full-scale tunnel (References l aud 2), full-scale tests ·in the 
Langley full-scale tunnel ~ Reference 4), flight test (Reference 3), and 
tests of a dynamically similar l/5.2-scale model on the Princeton Dynamic 
Model Track (R~ference 8). 

The two-propeller transport is represented by a l/10-scale powered model, 
and all data are taken from a Princeton report (Reference 7). Test re
sults for the four-propeller aircraft are obtai~ed from a to~be~ublish~d 
Princeton University report (Reference 15)and frclll ··some trim-velocity data 
from the LTV Aerospace Corporation; a NASA report of 1/9-scale model tests 
is also used (Reference 6). 

Fhotographs and sketches of some of the models appear in Figures 13 through 
18, along with a sketch of all three aircraft superimposed to show the geo
metric relationships with all of the aircraft scaled to the same gross 
weight (Figure 19). Equivalent full - scale characteristics are listed in 
Table VII. 

DISCUSSION OF DATA 

The object in using these various sources of data was to obtain the static 
longitudinal stability derivatives of t he various aircraft for comparison. 
These derivatives include the rates of change of vertical (Z) snd hori
zontal (X) force and pitching moment with angle of attack and forward 
velocity. All results are obtained for "trim" conditions: zero fuselage 
angle of attack and zero acceleration (horizontal force equals zero}. 

The stability derivatives are presented in dimensional form for an 
equivalent 40,009-pound aircraft. In this method of presentation,the 
pitching moment derivatives are divid~ d by the moment of inertia ·and the 
force derivatives are divided by the mass. Stability derivatives for geo
metrically similar aircraft of different sizes may be obtained through the 
use of the scale factors given in Table I. 

The relationship between the nondimensional C~ and its dimensional 
counterpart is given as (Reference 9) 

3 
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Although tests were conducted on only three aircraft designs, eight mod 1 
(including full-scale) were considered, and three facilities were repre
sented. Tests ranged from model track tests to full-scale flight tests, 
and configurations varied widely. There were 19 wing incidences, 8 flap 
sett~ngs, and 13 horizontal tail incidences. 

The presentation and comparison of the data involve both wing angle and 
trtm velocity. However, for each aircraft there is, of course, a unique 
relationship between trim velocity and wing incidence as shown in Figure 2. 
Previous investigations (Reference 17, Appendix III) have indicated that 
comparison based on trim velocit y should bring out the similarities among 
the three aircraft more clearly than one based on wing incidence angle. 
Tberefore,all stability derivatives are presented as functions of trim 
speed. The corresponding wing incidence angles are given in Figure 2. 

All data are presented in the wind-axis system, shown in Figure 1. Both 
in the wind tunnel and in the dynamic model track, forces were measured 
~rpendicular and parallel to the horizontal free stream velocity. For 
this reason, the forces will occasionally be referred to as "horizontal" 
or "vertical" forces, although this is only precisely true when the air
craft is in straight and level flight ( y = 0) • The forces could also be 
referred to as conventional lift and drag, but the inclusion of thrust 
components makes t~e use of X and Z preferable. In the NASA reports, 
- z =FL. 

w 
FaJRE I. AXIS SVS I EM AND NOI'ATION 
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EVAWATION OF STABILITY DERIVATIVES FROM DATA 

In the Introduction it was noted that the stability characteristics of 
tilt-wing VTOL aircraft at low speeds are dependent upon the forces and 
moments developed by the propellers as well as the interaction of the pro
peller slipstream with the wing. The presence of these effe~ts, which may 
be placed under the general heading of power effects, gives rise to one im
portant feature that should be considered in experiments conducted to de
termine stability derivatives. This is the fact that the force and moment 
variations with velocity cannot be readily calculated, as would be the 
case for an aircraft with no significant power or compressibility effects. 
Therefore,specific experiments should be conducted to determine these de
rivatives. 

For example, consider the calculation of the lift variation with velocity. 
By ::efini tion , 

L = ~ p s v- c~. . 

If the power and compressibility effects are negligible,then the lift 
coefficient is a function of angle of attack only, 

and the lift variation with velocity is 

(1) 

(2) 

Knowing the trim value of the lift coeffici~nt, this derivative may be 
readily calculated. If, however, a propeller-driven aircraft i s con
sidered, and power effects are important, then the lift coefficient will 
be a fUnction of propeller advance ratio, ~' and blade angle, e: 

The lift variation with velocity will be 

(3) 

Therefore,experiments should be conducted at constant angle of attack, 

with variable advance ratio to determine the additional term acL. 
a~ . The 

simplest way to conduct experiments to determine the velocity deri vatives 
is to vary only one parameter, either the propeller rotational speed or the 
tunnel speed. The results will be independent of which parameter is varied 
unless propeller blade flexibilit effects are importan~ , in which case 

5 
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only variation of twiUel speed will give the proper result. 

If the tunnel speed is varied, then the derivative is determined 1irectly. 
If propeller rotational speed is varied, then from the definition of lift 
coefficient, 

( 4) 

where, from the definition of ~ , 

v 
~ =-

OR 

(5) 

The !ierivative acb can then be detemined and ~ may be calculated 

from (3),where 
a~ av 

(6) 

The experiments described in References 1 and 3 were not conducted in 
either of these two ways, and so a slightly different technique must be 
used to obtain the velocity derivatives. There is insufficient dat~ in 
References 2 and 4 to determine the velocity derivatives. 

In References 1 and 3,dat a are presehted for accelerated and decelerated 
fl ight conditions. To i nvestigate the effect of acceleration and deceler
ation on the angle of attack derivatives, the propeller rotational speed 
and wind tunnel speed were varied to maintain a constant lift force at 
zero angle of attack. This information may be used in the following 
fashion to calculate the stability derivatives. By the condition of the 
experiment, 

and by definition, 

~ = 0 
dV 

dL = P s v cL + ! P s va acL ~ = o • 
dV 2 a~ dV 

6 
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Now ~ is known from the experiment and physically represents the change 
dV 

in tha advance ratio with tunnel velocity necessary to maintain the lift 

constant. 
ac 

Now ~ may be calculated f?om the above expression: 
a~ 

1 
= 

v ~ 
dV 

at And therefore from equation (3), we may calculate as .av 

where the partial derivative is calculated from the definition of ~' 
equation (6), and therefore 

at ( av = p s ., cl 1 -

(8) 

(9) 0 

(10) 

Now, in a similar fashion we may use the experimental results for ~ and 
dV 

dM dV' i.e., the drag and moment variations with velocity with both propeller 

rotational speed and tunnel speed varying to calculate an and ~ . Then . \ • av av 

~, 
dV cr=o 

(11) 

and, having solved for we find 

3D 
- = av (12) 

7 



with a similar solution for 
dM 
5^.  It should be noted that this interpre- 

tation is valid only if propeller blade flexibility is unimportant. 

SCALING 

For purposes of comparison, all data and results given in this report 
were adjusted to represent full-scale aircraft with a gross weight of 
^0,000 pounds. Only points of primary interest related to scaling will 
be discussed here; a more detailed discussion of dynamically similar 
models Is found in Reference 16. 

Data for the VZ-2 aircraft were available both from model and full-scale 
tests, so two scale factors are Involved. For scaling the full-scale 
aircraft at a gross weight of 3200 pounds to a weight corresponding to 
the actual full-scale for the VTOL transports, the data were adjusted 
according to Table I, but the scale factor, X, was equal to the cube 
root of the ratio of weights, or 

3/ÜÖÖ" 
V32 (13) 

All numbers ^.n this report can be scaled to represent any desired gross 
weight by simply determining X as in equation (13) and scaling according 
to Table I, Precisely speaking, the relationships given in Table I apply 
to a series of different size aircraft built from the same plans. 

There is one other point to consider in the area of scaling. When the 
model tests are performed, it is necessary to vary the thrust settings as 
the transition progresses. On the full-scale aircraft, this is normally 
accomplished by changing propeller pitch, as the engine rpra is usually 
governed. Fo~" small models, however, it Is both difficult and Impractical 
to control thrust accurately with variable propeller pitch alone. Hence, 
in Reference 1, rpm was varied to regulate the thrust setting, while ß 
remained fixed.  In the Princeton tests described in Reference 8, propeller 
blade angle and model velocity were adjusted as the wing incidence was re- 
duced from hovering. This procedure requires a number of runs to Iterate 
to the proper combination of model velocity and blade angle for level 
flight trim, with the horizontal force equal to zero and the vertical force 
equal to the scale weight of the model. To simplify the testing procedure 
in Reference 15, the bladn angle was set at the hovering value,sind the 
forward speed at wnich the horizontal force was zeru was determined ex- 
perimentally.  This generally resulted in too large a value of vertical 
force.  The data obtained from this type of experiment may be precisely 
Interpreted in terms of the full-scale aircraft at some altitude above sea 
level determined by the ratio of measured vertical force to scale weight. 



Use of the trim data from Reference 1 and the interpretation of the data 
of Reference 15 at sea level conditions depend on the assumption that 
blade angle and advance ratio are interchangeable; either may be varied 
so long as the proper ratio of disc loading to free stream dynamic 
pressure is maintained. This means that, since in both cases blade angle 
was fixed, propeller torque is not accurately simulated, and the ro- 
tation of the slipstream will not be the same on the scaled-up model as 
on the full-scale aircraft. While these effects may be negligible, this 
assumption has not been verified, ana an investigation into this particu- 
lar area is recommended. Presently, it is thought that as long as the 
blade angle is reasonably close to the correct value, this assumption is 
satisfactory and results in simplification of the static experiments. 

PRESENTATION OF DERIVATIVES 

Figures 2 through 9j which follow, present the longitudinal stability de- 
rivatives and wing incidence versus trim velocity. It is important to 
realize that many wing incidences are represented, as well as different 
aircraft and various sources of data, so that some special scheme is 
necessary to identify the points. As was previously mentioned, the wing 
incidence determines trim speed, so that, in the following presentations 
of derivatives, wing tilt angle has been omitted entirely. The key to be 
used is given in Table 11. 

As a cross-reference. Table III giveü the flap setting and horizontal tail 
incidences for each of the static derivative points of Figures 2 through 
9- The points are listed by data source. 

It is significant to note that a few of the derivative points were ob- 
tained from data which exhibited nonlinearitles, although most were ap- 
proximately linear for a reasonable range about the trim point. The two 
or three curves which were nonlinear over the entire range of a or u 
were not included. It is considered that the general nature of the ex- 
perimental data Justified the linearized analysis IrTmost cases. Care 
should be taken, however, in interpreting the linearized results in flight 
conditions where important derivatives (such as tyy) are zero or near zero. 

Further analysis must be made before any conclusions can be drawn from the 
graphs as precented; however, a few observations can be made. Note first 
that the "angle: of'attack" loses its significance in hover, where it is 
instantaneously 0 or + $& .    Thus, the angle-of-attack derivative curves 
as presented are not meaningful at zero velocity. Little or no data are 
available on the vertical velocity derivatives in hovering, so angle of 
attack was chosen as a variable. A rough estimate of the vertical ve- 
locity derivatives in hover may be obtained from the variation of the 
angle-of-attack derivatives with forward speed near zero forward speed. 

The X , Za,  Xu, and My curves seem to have well defined shapes, but the 

values of My   and Zu are slightly more scattered. It should be noted 

that the velocity stability (j^) tends to change sign at the trim speed 



associated with approximately 6cP  wing incidence, quite possibly due to 
small nonlinearities in the data. 

After determining the relative importance of scatter in the data, these 
graphs will be considered more carefully. 

10 



TABLE I 

SCALE FACTORS 

Linefi.r Dimension X 

Area X2 

Mass, Force X3 

Moment X* 

Moment of Inertia X5 

Linear Velocity x1/« 

Angular Velocity- x-1/2 

Time x1/- 

Disc Loading, Dynamic Pressure X 

Xa '  Za 1 

xu >  ^ x-1/3 

% x-1 

Mu xu.B 

Me x-1/« 

Note: Multiply model properties by 
properties. 

scale factor to obtain full-scale 

11 



TABLE II 

KEY TO SYMBOLS FOR FIGURES 2 THROUGH 9 

Airplane Data Source'' Symbol 

VZ- 

2-Propeller Transport 

^-Propeller Transport 

Tandem-Rotor Helicopter 

Single-Rotor Helicopter 

NASA 1 o 
Princeton 8 0 
Princeton** hover e 
NASA k D 
NASA 2 rigid 

propeller 
® 

Princeton 7 D 
Princeton 15 o 
Reference 12 ♦ 
Flight Test l8 0 
Princeton 10 ▲ 
Princeton 13 t 

Numbers correspond to references. 

**Unpublished. 
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TABLE III 

CONFIGURATIONS FOR DATA R>INTS OF FIGUR:m 2 THR:>UGH fJ 

Aircraft Reference 

VZ-2 NASA 1, 2 

Princeton 8 

NASA 4 

2-Propeller 
Transport Princeton 7 

4-Propeller 
Transport Princeton 15 

*erus = - tP for second 
**it = lrf for ~, Ma· 

Vtrim 
(ft/sec) 

22 
77 

111 
176 
200 

37 
66 
94 

93 
110 
121 
133 
154 
175 

0 
0 

25,27 
53,67* 
94,99* 

0 
32 
55 
8o 

Vtrim listed. 

13 

iw 
(deg) 

8o 
60 
4o 
20 

4 

70 
57 
44 

50 
45 
40 
35 
30 
25 

88.5 
8o 
70 
60 
50 

90 
70 
6o 
40 

6f 
(deg) 

none 
" 
" 
" 
" 

none 
" 
" 

none 
" 
" 
II 

II 

" 

0 
30 
30 
30 
30 

0 
15 
32 . 5 
55 

it 
(deg) 

off** 
" 
" 
" 
cf 

off 
" 
II 

(f 

" 
" 
II 

" 
" 

6o 
56 
44 
25 
0 

45 
50 
30 
0 



TA   LE III - Contd. 

Aircraft Reference Vtrini iw of it CT0 
(ft/sec) (deg) (deg) (deg) 

4-Propeller 
Transport UTV  12 0 90 0 off 1.0 

k2 60 ho ii 
0.95 

h9 ho 60 ii 
0.93 

6k 30 6o ii 0.85 
100 20 6o 7° G.6 

LTV 
Flight Test 3^ 65 0 32 

51 50 30 30.5 
73 ho 30 26 
90 30 30 19 

118 20 30 11.5 
208 0 30 0 

14 
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FIGURE 7.   Xu VERSUS TRIM SPEED, INCLUDING 
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ROOT-LOCUS ANALYSIS OF DERIVATIVES 

INTRODUCTION AND  EQUATIONS OF MOTION 

The analysis consists of two parts: a root-locus study of the charac- 
teristic roots of a typical VTOL, and an analog computer analysis of the 
transient response of the aircraft. The results of this study should 
give an estimate of the accuracy to which the stability derivatives of a 
tilt-wing VTOL should be measured. To firmly establish the importance 
of the variations of the derivatives, the handling qualities, i.e., the 
task of piloting the aircraft, must be considered. In this regard, it 
should be noted that a number of the stability derivatives have a dual 
importance since they determine the sensitivity of the aircraft to gust 
disturbances as well as the dynamic response characteristics. Further 
discussion of this relationship in hovering may be found in Reference 5- 
Detailed consideration of this aspect of the problem is outside the 
scope of this report. 

The root-locus analysis is based on conventional longitudinal, linearized, 
small-perturbation equations, as given by Seckel in Reference 9« A moment 
control was chosen for the input, which is reasonable for a constant- 
altitude transition. In the equations, W.'    was used as Mg, and M^ 

was neglected, since MA and M- were not available separately. 

For hovering, a two-degree-of-freedom approximation was employed in which 
the angle of attack variable was removed and the vertical mode of motion 
suppressed. This vertical mode is generally an uncoupled convergence that 
has little effect on the other modes, making the approximation useful for 
stability analyses. The wind-axis equations of motion, in Laplace trans- 
form notation, are 

(Xu - s) Au + (XQ, + g) Aa - g^e = 0 

-li Au + ^ — - s) A» + sAÖ 

-  Mu An - Ma Aa + (s - Mg') sAS = M6 A6, 

20 



and the characteristic determinant is 

Xu - s Xo + g - g 

s = 0 • 

-Mu -Ha s(s -Me') 

Mm'II)D OF ANALYSIS 

Averaging Concept 

The method of approach was to draw a "graphical average" line through the 
points for each derivative and then to consider points obtained from this 
line as ~al of a tilt-wing VTOL aircraft. This method allows a more 
general sis, since the individual aircraft have been replaced by an 
average one, and variations in period, damping, etc., will be more 
meaningful. The plots of derivatives (Figures 3 through 9) with the 
"envelope" of points, as well as the ranges of variation, are presented. 
Table IV lists these ranges in a more concise fona. 

Note that some of the figures contain derivative values representative of 
a tandem-rotor helicopter and that the MU curve includes a point for a 
single-rotor helicopter as well. It is hoped that these points, each of 
which is scaled to represent a 4o,OOO-pound aircraft, will be interesting 
and helpful for purposes of comparison with the tilt-wing data. 

It must be realized that there are many combinations of values for the 
coefficients in the equations of motion, and that the average values pre
sented here do not represent an aircraft with optimal stability character
istics. An analysis of the effects of the individual coefficients on the 
stability characteristics is desirable, however, and ~he average values 
represent useful initial conditions. 

Characteristic Roots 

The ensuing discussion is in terms of wing incidence angles rather than 
trim velocities. The trim velocity/wing incidence curve of Figure 2 i s 
used to obtain the representative wing incidence settings. 

Average or typical values of derivatives from Table IV are introduced into 
the equations of motion, and three sets of characteristic roots are calcu
lated, representing wing incidences of 4CP, 6oP, and 9CP (Figure 11). As 
was previously mentioned, the vertical degree of freedom is not included 
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for the hover case. The roots for the k(f  Incidence are a short-period 
oscillation with a period of about 6.2 seconds, and a lightly damped 
oscillation with a period of about 26 seconds. The 6cP case exhibits a 
very heavily damped oscillation with a period of about U5 seconds, and em 
unstable oscillation with a period of about 6,k  seconds, with a time to 
double amplitude of about TD seconds. The hovering roots represent a 
convergence and an unstable oscillation with a period of 9-5 seconds, with 
Ta =2.6 seconds. 

Root-Locus Equations 

A series of root-locus diagrams is constructed, corresponding to equations 
similar to the following one which represents a change in M^: 

^ [s' - ^ s - g J] 

[Characteristic Equation] 

LVL   represents the variation from the average value of ^ used to ob- 

tain the characteristic roots, and is also the gain along the locus of 
roots. Using this technique, it is possible to study the character of the 
aircraft roots as the individual derivatives are varied, and at the same 
time provide a guide for a subsequent analog computer analysis. 

RESULTS OF ROOT-LOCUS ANALYSIS 

The results of the root-locus study indicate the predominate effect of the 
pitching moment derivatives in determining the dynamic response character- 
istics of these tilt-wing VTOL aircraft. Root-locus sketches showing the 
effect of more important derivative variations are presented in Figures 
21 through 26. 

For the k<f  wing incidence, only ^ had a significant effect on the root 

locations. This sketch is shown along with X^ and M^    for the ktf   case 

in Figures 21 through 23. The variation of M^ had a large effect on the 

aircraft characteristic modes of motion; consequently, a considerable 
difference between a scaled-up VZ-2 and the two-propeller transport might 
be expected since these vehicles represent the two extreme values of M^ 

at this wing incidence. It is also important to note that these differ- 
ences in VL    were obtained from model tests, and may be caused by unusual 

horizontal tail incidences. 

For the 60P set of loci, alterations in Z^,  Za,  Xu, and MA / produced 

small changes in the dynamics, whereas alterations in M^ and M^ 
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resulted In significant variations (Figures 2k  and 25). The largest 
negative value of N^, was sufficient to make the dynamic motion of the 

aircraft stable. The maximum positive value of M^ resulted in an oscil- 

latory instability, while the maximum negative value gave rise to a pure 
divergence. The variation of the characteristic roots due to the range of 
the force derivatives at i,.r = 6(f    were all similar in magnitude to the 

trend shown for X^ at 

iw=6cP 

iw = ^ in Figure 22, 

The hovering roots were affected little by changes in Xu, and the period 

of oscillation was controlled by M^;    MA/ principally affected rate of 

growth of the unstable oscillation. In general, the dynamics of all three 
aircraft were quite sinilar in hover. 
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ANAIOO COMRJ'l'~ S'l\JDY OF AIICRAJo'T DElUVATIVES AND DYNAMIC RE.SR>NSE 

IN'l'R)DUCTION 

Tbe results of the root-locus analysis indicated that certain derivatives, 
when varied within the ranges exhibited by the aircraft concerned, caused 
very little change in the root locations; hence, period and damping re
mained nearly the same. Others, primarily pitching manent derivatives, 
caused onsiderable changes in root locations. In order to obtain further 
insight into the nature of the motions of the aircraft, the response of the 
various configurations to pulse input~ was studied using an analog com
puter. In some cases the root-locus plots may indicate substantial changes 
in root location when there are only small changes in the first few seconds 
of the response. The dynamic response of the a i rcraft must be studied be
fore any conclusions can be drawn about differences or similarities among 
aircraft, or, for that matter, about desired accuracies in model testing. 

To accomplish this study of transient responses, an analog computer program 
was undertaken, us ing a PACE TR-48 Analog Computer and a Sanborn four
channel recorder. The equations of motion which were set up on the com
puter are as follows: 

The derivatives were individually introduced through potentiometer settings 
and were varied for the different runs. The canputer diagram is given in 
Figure 27. 

SELECTION OF INPUTS 

The choice of inputs for the rw1n was based on several conr, idera ions. As 
was mentioned, only a mom nt disturbance was assumed so that the input 
corresponds to an increment ln longitudinal stick deflection, t.6s. ThP. 
character of the response t o a stick motion ls not dependent on the input; 
that is, the period and damping of the motion are not functions of the 
control deflection, owing to the aGsumptlolJ of linearity. Figure 1? shows 
a comparison between a step response and a pulse response for a typical 
case. The transient motion that results from a step input is excessive 
for an aircraft '«ith a low angle of attack stability, and is probably not a 
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practical input in flight tests of these aircraft. Consequently, a pulse 
input was selected. To obtain a readily repeatable pulse input, a first- 
order network as shown in Figure 10 was used. 

o 
10 voll ^> 

> 

FIGURE 10.   COMPUTER CRCUU TO GENERATE WPUT PULSE 

A l.O-second time constant was used at wing incidences below 5CP and a 
0.1-second time constant above 50P . The control sensitivity, M« , was 

equal to - 0.05 
rad/: 

M6s' 
sec' 

inch 
(Reference 5) 

RESULTS OF ANALOG ANALYSIS 

Discussion of Runs 

Nearly two hundred runs were made for wing incidences ranging from 2CP to 
9CP and trim velocities from zero to l60 feet per second. Responses were 
obtained for the basic sets of derivatives at nine wing incidences; for 
certain representative incidences, derivatives were varied within their 
respective ranges, with some being set equal to zero. 

The majority of runs were for comparison of the responses as the individual 
derivative was varied within its range obtained from the data. This was 
accomplished by first making a run with all derivatives set at their aver- 
age values; the derivative in question was then set for its maximum and 
minimum values, etc., until a set of traces was obtained for each deriva- 
tive. Superimposed traces are presented in Figures 28 through 38. 
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While no effort was made to conduct a detailed comparison, the response 
curves obtained from the computer study were found to be very similar to 
measured transient response data, as shown in References 3 and 6. 

To make a rough Judgment of the importance of variations in the transient 
response in the task of piloting the aircraft, it is assumed that any 
changes in the response that occur after 10 seconds would be of minor 
importance to the pilot. It should be noted,however, that some deriva- 
tives, such as My, while not causing significant changes in the initial 

response of the aircraft, will result in considerable variations in the 
gust sensitivity of the aircraft which would be of significance in 
piloting the aircraft (Reference 5). 

While flying qualities are not part of this study, the real significance 
of the variations in the derivatives is in relation to the task of 
piloting the aircraft. 

Comparison of Responses for Various Wing Incidences 

Let us first consider the various responses exhibited by the simulated 
aircraft for several transition states. In Figure 28, the responses are 
shown for wing angles of 9^  through h<f,  all for the same input. Below 
kcP ,  the responses to this pulse input are very small, by comparison. 
These responses, including iw = 5Cr , are shown in Figure 29, with ex- 

panded vertical scales. Note that an unstable oscillation exists for 
incidences above about 5CP >  or below a velocity of about 75 feet per 
second (^5 knots). Variations in the dynamics are very minor for the 
first 5 seconds after the input. 

Responses for Individual Derivative Variations 

Figures 30 through 38 represent the results of varying individual deriva- 
tives on the computer. The graphs themselves are superimposed analog 
computer traces, where in each case the dashed line represents the response 
when the particular derivative assumed its average, or typical, value. 
Many of the curves are Interesting from the standpoint that they exhibit 
no significant variations as the derivatives are changed within their re- 
spective ranges. These, however, do not warrant individual discussions, 
so they have been compiled and listed in Table V. 

Some of the figures present "borderline" cases, such as shown in Figure 
3^(B). This represents changes in Xa    for lw = 6cP,    and V0 = 55 feet 

per second. Within the first 10 seconds, there are about 3° of variation 
in pitch angle for the different derivative values, although the initial 
response commanded by the stick is the same. The velocity difference 
constitutes no more than a 5-percent change from trim, and maximum pitch 
rate is not more than 2° per second. While these variations are thought 
to be Insignificant, they are to be recognized since decreasing the value 
of drag due to angle of attack is a destabilizing effect. 
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In Figure 3l(F), the tmpo~ant effect of angle of attack stability is ex
eaplitied: ~ = 0 represents a slightly convergent mode.and any positive 
or statically unstable value leads to divergence which becomes increasingly 
rapid as ~ increases positively. 

It .ay be noted at this point that the significant variations in responses 
have been due almost entirely to fluctuations in moment derivatives, while 
force derivative variations have had little effect. Therefore, o~v the 
mcaent derivatives were varied for 2rfl, 5c:f, and 5rf wing incidences. 

Figure 32(A) is interesting in that a relatively short-period, divergent 
oscillation appears when the speed stability is increased sufficiently. 

Both Ftgures 32(B) and 33(B) indicate the effects ot ~ on the stability 
ot the aircraft; although a relatively large negative value is essential 
tor stability, the divergence rate is slow for the range of ~ investi
gated. 

Figure 34( ) shows the variation in response tor the ranges of Mu at 
V0 = 55 teet per second (iw = 6t:fJ). There is a considerable difference 
in the response after about 6 seconds; in fact, at 10 seconds, there is a 
2oP variation in pitch angle for the values of Mu considered. A 20-
percent reduction from the trtm speed is encountered after 10 seconds for 
1\t • - 0 .001. 

The variation in Mer for iw = 6t:fJ ·· is expressed by Figure 34(F), in which 
large positive ~ (statically unstable) leads to a rather rapid di
vergence in u and e. It is essential to note that the two data poi(lts 
which contribut~ to the upper (positive) values of ~ for iw = 5rfl 
through &:P are both for the two-propeller transport model. These values 
are appar~ntly due to the fact that the horizontal tail incidence was high: 
2'fJ tor iw = 6t:fJ, and 44° for iw = 7cf • In fact, ln Y.'igure 5, the 
data point at V0 = 65 feet per seco~d is for this configuration with 
iw = 60' and it = 2'f • The data point at V0 = 98 f eet per second i s 
for 1y = 5cP, but it ~ oP. As an be seen, a variation in ~ of 
about 2.6 separates the points. 

At a trtm velocity of 98 feet per second, this diffE-rence is of the same 
magnitude as the hori zontal tail contribution to the anf!lr of attack sta
bility. Thi s con:. r i LLlt 'on mn~ be estbtated from Ref'er~nce 9, page 6o us 

t, s, cl~, q ~,cl- ~) 

I;y 

Z8 

• 



where 

t, 

q 

s, 

CL 
cr, 

Iy 

11, 

de -da 

tail length, 28 feet 

free stream dynamic pressure, 11.5 p.s.f. 

tail area, 210 square feet 

lift curve slope of horizontal tail, 3.9 per radian 
{aspect ratio = 4) 

123,000 slug-feet squared 

tail efficiency factor 

rate of change of downwash with angle of attack 

There is a lack of experimental data for these configurations that makes 
it difficult to esttmate the last two factors. It would be expected that 
the tail efficiency would be greater than one duf.· to the effects of the 

slipstream that would tend to compensate for ~. Therefore, to obtain a 
da 

rough esttmate of the above ter.m, it is assumed that 

11 (1 - 4! ) = 1 . 
' ·.. da ~ 

Substituting these values, 

(~) = - 2 .? per second squared. 
T 

If' the horizontal tail were stalled, the lift curve slope would be approxi
mately zero and would provide no contribution to the angle of attack 
stability. 

This would indicate that the tail incidences used in some of the two
propeller transport tests are destabilizing and would not be recommended 
for use on the actual aircraft. (Information of this type is an objective 
of the Princeton Dynamic Model Track tests and should not detract from the 
model comparisons.) 

The effects of varying pitch dampin~ are evid nt in Figure 34(G),where a 
~ variation in e is found between the different values of Me' for 
iw = 6cP. Figure 35(C) shows more pronounced changes, mainly due to the 
possibility of a positiv value of l~ in hover. 

Z9 



Distortion of the response curve due to changes in Mu clearly shows a 

variation in period in Figure 35(B). As was expected frcm the root-locus 
diagraa (Figure 26) for this hovering case, the damping ratio remains 
essential.l.y uncb&Dsed as Mu is increased; however 1 the time to double 
amplitude is decreased. 

Discussion of Derivative Approximations 

A roush s~ ot the &D&log ccaputer results may be obtained by con
sideriDS vbat changes in the response are incurred if certain of the de
rivatives are simply set equal to zero. 

Remember that this &D&lysis is based on a set of linearized equations,and 
any approximations which appear to be good under this assumption might 
prove to be very unsatisfactory if the derivatives, in fact, exhibit non
linearities. Approxtmatioos to motions which are of large amplitude or 
long period would, in this cue, be most unsatisfactory. Note also that 
only u, e, and e have been considered for these approximations, so 
that the effect of setting ~ equal to zero on the angle of attack and 
nolWBl acceleration responses 1 tor example 1 hal' not been included. 

Figures 36(A) through 36(C) tor iw = 2d' and Ill • 0 show the cases of 
~, ~~ &Dd Za equal to zero. A reasonable approximation to the u, e, 
aD4 i is obtained with each of these derivat1vesequal to zero. · 

For the 4C:P case (V0 = 100 teet per second), the only reasonable approxi
mation was for Xoo • 0 (Figure 37) 1 although there is SCIIle change in the 

Au response. For iw = 6tf (Figure 38), the approximation for Zu = 0 
proved to be quite good. The results ot this phase of the study are 
presented in Table VI, and are meant to be no more than guidelines to 
silllpl.ifying assumptions. The variables listed are those which were closely 
approximated when the respective derivative equaled zero. 
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TABLE VT 

SUMMARY OF APPROXIMATION RESULTS 

Derivative 
equal  to  zero 

9& iw = 6CP iw = hCP iw =2CP 

Zw  = 

0 - e, e u, e, e 

0 u, e, e 
• 
e e, e 

0 Marginal - Marginal 

_ u, e, e u, e, e 

M, a \ = ü 

(Variables  listed are well approximated with derivative = 0) 

Two-degrees-of-freedom approximation assumption. 
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DISCUSSION OF RmULTS o·.~ COMRJTm AND ROOT-WCUS S'l'UDIES 

IMR)RTANCE OF SCATTER IN DATA 

The obJect of this study has been to evaluate and compare the long! tudlnal 
stability derivatives of models of three tilt-wing VTOL aircraft. In 
order to establish the degree of stmilarity between these VTOL types, as 
well as test facilities, a comprehensive analysis of the derivatives was 
undertaken. This analysis was necessitated by the appearance of ~catter 
in same of the derivative data, notably for Zu, Mu, and Ma (Figures 6, 
8, and 5, respectively). 

The results of the analysis indicat e that the effect of any variations of 
the force derivatives was minor on the dynamic response. Variations in 
the moment derivatives, however, were more significant and proved to be 
the important ones. The effects of Me,, while important, have been 
given only limited consideration because the limited availability of data 
made a thorough study of its effects unwarranted. 

The following sections cover the subJect of scatter in the data from the 
source and model standpoints. 

DATA FR>M Dm'EROO' SOURCES 

As is evident from Figures 3 through 9, there is excellent correlation be
tween NASA and Princeton data on the VZ-2 aircraft. This is especla~ly 
significant since different size models as well as different testing pro
cedures were used. 

COMPARISON OF DERIVATIVEE AMONG VTOL TYPES 

~esentation of the stabili ty derivatives of these tilt-wing aircraft as a 
function of forward speed results in a reasonably orderly variation of the 
derivatives through the transition regime. 

The maJority of the data for the force derivatives ~~ Xu, and ~ 
follow the average lines and thus appear to be insensitive to configuration 
diff~rences or variations in the wing incidence/forward speed relationship. 
The insensitivity in ~ arises from the fact that the major contribution 
to this derivative 1 ~ due to the tilting of t he thrust vector of the ve
hicle. Xa is equal to - 32 .2 ft/ser!' for all configurat i ons i n the 
limiting case of hover. 

The angle of attack stability of all the vehicles follow.:. a gener nl t r c:nd, 
being unstable at low speeds and changing sign and becoming stable as 
forward speed is increased. The primary source of this favorable trend is 
the stabilizing contribution of the horizontal tail increasing with in
creasing free stream dynamic pressure. Variations in the data indicate 
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that the horizontal tail is stalled on one configuration as discussed 
earlier. 

The derivatives Z^    and Mu show more variation among the configu- 

rations.  It would be expected that these derivatives are more sensitive 
to details of the individuell configurations and the wing incidence/forward 
speed relationship. Both of these terms would depend upon flap setting 
and tail incidence as well as propeller incidence, whereas the angle of 
attack derivatives would not be particularly sensitive to these quantities 
as long as the surfaces are not stalled. Note also that the speed sta- 
bility My is a function of the manner in which the alrcrait is trimmed; 

that is, It depends on the proportion of trimming moment supplied by the 
tall rotor or other trimming device compared to that provided by the hori- 
zontal tall. 

Thus, for various reasons, Including the probable existence of non- 
linearities, the velocity stability derivative variations among the models 
are difficult to explain in the region where the derivative is small. The 
variations of U^    exhibited in these tests, however, had little effect on 

the initial response of the simulated aircraft, even though Instabilities 
eventually resulted from values of My which were either too large or too 

small. For these reasons, it is believed that no appreciable differences 
in velocity stability exist among these tilt-wing VTOL aircraft, although 
more sensitive measurements in the tests for determining My would be 

beneficial to a more thorough analysis. 

These remarks refer only to the effects of My on the transient response. 

It should be noted that this derivative also has an important role in de- 
termining the gust sensitivity of the vehicle at low speeds (Reference 5), 
and in this respect the variations noted here may take on additional 
significance. 
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TABLE VII 

COMPARISON OF PULL-SCALE VTOL CHARACTERISTICS 

VZ-2 i4-Prop.  Transport      2-Prop.  Transport 

Gross Weight  (lb) 40,000 J+0,000 40,000 

ly          (Slug-ft3) 164,000 123,000 123,000 

Disc Loading (lb/ft3) 52.6 53.3 44.2 

Wing Span (ft) 58 67.5 56 

Wing Area (ft3) 636 535 470 

Propeller Type flapping rigid rigid 

Propeller Diameter (ft) 22 15.5 24 

Fuselage Length (ft) 61.2 50 50 

Full-scale VZ-2 scaled to 40,000-pound gross weight. 
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CONCLUSIONS 

Several conclusions have been made as a result of this study.    However, 
it is important to recognize the limitations  of the analysis:     it was 
first assumed that the motions of the aircraft could be represented by 
linearized equations,  and a subsequent averaging process was utilized 
to obtain coefficients for these equations. 

Based on these assumptions,   the following conclusions have evolved: 

1. Longitudinal force derivatives exhibited by the three types of tilt- 
wing VTOL aircraft considered are quite comparable.    Variations in 
the derivatives from average values do not exert significant effects 
on the dynamic response characteristics of these aircraft. 

2. The most critical derivatives are the pitching moment derivatives. 
The pitching moment variation with angle of attack is unstable at 
low speeds and stable at high speeds.    The pitching moment variation 
with horizontal velocity is large and positive at low speeds and 
decreases towards zero as forward speed increases. 

3-    No important approximations can be suggested for further analysis 
owing,  in part,  to the presence of nonlinearities in the derivatives 
as they become quite small.    It may be noted that    N^,    while very 
important at the lower speeds, becomes much less significant at ve- 
locities above about 100 feet per second. 
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RBCOMMENDATIONC 

1. Further analysts should be conducted to determine the significance of 
nonllnearlties in the static data from which the longitudinal deriva- 
tives are obtained. This study should include consideration of the 
dynamic motions in flight conditions where the linearized derivatives 
(in particular, VL^    and 1^) are zero or near zero. 

2. A thorough study should be made of the flow about the horizontal tail 
in order to detenrine the dynamic pressure and downwash angles at the 
tail at very low speeds. 

3. It is strongly recommended that stability and control tests of powered 
models be conducted in such a manner that the velocity derivatives can 
easily be obtained from wind tunnel and flight data, 

k.    A series of experiments should be conducted to determine the validity 
of the assumption that blade angle and advance ratio are interchangea- 
ble in model thrast settings. Measurements of forces and moments 
should be made and compared in experiments related to stability and 
control for various combinations of f} and u, and the question of 
preservation of slipstream rotation should be carefully considered. 
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