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LATERAL-DIRECTIONAL AERODYNAMIC CHARACTERISTICS OF 

LIGHT, TWIN-ENGINE, PROPELLER-DRIVEN AIR PLANES 

Chester H. Wolowicz and Roxanah B. Pancey 
Flight Research Center 

Representative state-of-the-art analytical procedures and design data for predicting 
the lateral-directional static and dynamic stability and control characteristics of light, 
twin-engine, propeller-driven airplanes for propeller-off and power-on conditions a re  
documented. Although the consideration of power effects is limited to twin-engine 
airplanes, the propeller-off considerations a re  applicable to single-engine airplanes a s  
well. 

The procedures a re  applied to a twin-engine, propeller-driven, semi-low-wing 
airplane in the clean configuration to determine the lateral and directional control deriv- 
atives as well as the static and dynamic stability derivatives as  functions of angle of 
attack and power condition through the linear lift range of the airplane. Also determined 
are  the spiral mode, roll mode, and Dutch roll characteristics for level-flight conditions 
over the speed range of the airplane. All calculations a re  documented. 

Attempts to calculate the weathercock stability characteristics indicated a need to 
account for wing-body interference effects on the body contribution as a function of angle 
of attack and vertical position of the wing relative to the body. Vertical-tail-off wind- 
tunnel data of a single-engine version of the subject airplane are  used to expand the 
design nomograph from which the body-plus -wing-body contribution to weathercock 
stability was determined in order to obtain the contribution for a semi-low-wing airplane 
as a function of angle of attack. Application of the expanded nomograph to the subject 
airplane resulted in improved correlation of calculated weathercock stability character- 
istics with wind-tunnel and flight data at low angles of attack. For additional improve- 
ment,in correlation, there is a need for design data to account for the effects of angle 
of attack on the sidewash acting on the vertical tail. 

The correlation of the calculated effective dihedral with wind-tunnel data was excel- 
lent through the linear lift range for all power conditions considered, However, flight- 
determined values were approximately 40 percent to 50 percent smaller than wind-tunnel 
values, Within the scope of this study, it was not possible to identify in-flight phenomena 
which altered the contribution of the wing o r  the wing-fuselage interference to the varia- 
tion of rolling-moment coefficient with sideslip and which were not accounted for in the 
full-scale wind-tunnel tests of the airplane. The effect of the discrepancy on several 
response characteristics is noted at  the end of this summary. 

The calculated directional control derivatives correlated well with wind-tunnel and 
flight data throughout the linear lift range and all power conditions investigated. 



The calculated rolling-moment lateral-control derivatives were approximately 
10 percent lower than the values obtained from wind-tunnel or flight data. Wind-tunnel 
and flight data correlated well, The calculated yawing-moment lateral-control deriva- 
tives correlated reasonably well with wind-tunnel data; flight values were more adverse 
than either the wind-tunnel or  the calculated values, 

Calculated values of the variation of yawing- and rolling-moment coefficients with 
yaw rate correlated well with flight data, No dynamic wind-tunnel data were available 
for comparison, 

The dynamic derivatives had a significant effect on the calculated Dutch roll fre- 
quency, The use of a simplified Dutch roll frequency equation, which included only the 
static derivatives, would have resulted in a difference of approximately 40 percent in 
the calculated roll subsidence root, 

The calculated Dutch roll period was generally 10 percent lower than the flight 
values, The calculated Dutch roll damping ratio correlated well with flight data; the 
correlation was improved when the flight-determined effective dihedral was substituted 
for the calculated effective dihedral. 

The calculated roll-to-sideslip amplitude ratio of the Dutch roll mode did not 
correlate well with flight data. When the flight values of the effective dihedral were 
substituted for the calculated values in the response equation, good correlation was 
obtained. 

Calculated roll-rate response to aileron input correlated well with flight data, Sub- 
stituting the flight values of the effective dihedral for the calculated values in the 
response equation improved the correlation. 

1.0 INTRODUCTION 

As part of a NASA program to improve general aviation safety and utility, the NASA 
Flight %search Center is documenting analytical procedures and design data for pre- 
dicting the subsonic static and dynamic stability and control characteristics of propeller- 
driven aircraft. 

In partial fulfillment of this project, representative state-of-the-art methods appli- 
cable to Mach numbers up to 0. 6 have been compiled and, in some instances, extensions 
in procedures proposed, The results have been applied to a representative light, low- 
wing, twin-engine, propeller-driven airplane in the clean configuration. The accuracy 
of the methods, within the Mach number limits (up to 0,25) of the airplane, has been 
determined by comparing calculated predictions with wind-tunnel and flight data. 

Longitudinal characteristics were considered in the first report (ref. 1) of a two- 
past study, Included were propeller-off and power-on stability and control charaeteris- 
ties in terms of coefficients a s  functions of angle of attack, elevator position, and 
power condition. Also included were short-period oscillatory and wind-up-turn charae- 
Leristics. 



This report covers lateral-directional characteristics. In comparisons of the cal- 
culated characteristics w i k  wind-tmel data, the calculated characteristics a re  related 
to the stability-axis system to conform to the axis system of the tunnel data (ref, 2), 
In comparisons of the calculated characteristies with flight data, the calculated charac- 
teristics a r e  related to the body-axis system to conform to the axis system of the 
flight data, 

The two reports provide a summary sf methods and guidelines which should enable 
a designer to obtain improved estimates of stability and control characteristics for 
propeller-off conditions in general and of the effects of power on twin-engine, propeller- 
driven aircraft in particular, 

Axis systems, sign conventions, and definitions of the stability and control deriv- 
atives a re  in accord with standard NASA practices, The positive directions of the 
X, Y, and Z axes a r e  forward, to the right, and down, respectively, The positive 
directions of the moments and angular rates a re  in accord with the right-hand rule, 
Deflection of the rudder to the left denotes a positive rudder input. The aileron deflec- 
tion that produces a right roll denotes a positive aileron input. The angle of attack is 
measured in the XZ plane of symmetry and is the angle between the X-body axis and 
the component of velocity along the X-stability axis. The sideslip angle is positive 
when the nose of the airplane is to the left of the velocity vector. 

2 . 0  SCOPE O F  THE STUDY 

As a logical starting point for the present study, use was made of the USAF Stability 
and Control Datcom handbook (ref. 3). This is a compendium of methods and design 
data for predicting the stability and control characteristics of jet and propeller-driven 
aircraft from subsonic through hypersonic regions of flight. A considerable portion of 
the material is based on NACA and NASA reports. In the present report, Datcom is 
listed as  the reference when it provides a unique treatment of information from other 
sources. The basic source is referenced when Datcsm repeats pertinent equations and 
design data. During this study, it became necessary to supplement the Datcom methods 
and to provide innovations, 

The analysis of lateral-directional characteristics in the form of derivatives ranges 
from,zero lift through the linear BiR range of the airplane. Propeller-off and power-on 
conditions a re  considered in all instances. Included are  analyses of the side force due 
to sideslip, weathercock stability, effective dihedral, yaw control, and roll control, a s  
well a s  dynamic stability derivatives, Also included a re  analyses sf spiral and roll 
mode characteristics, lateral-directional oscillatory period and damping characteris- 
tics, and roll response characteristics. 

The various sections include procedures, design charts, callculations , and figures 
that compare calculated results with wind-tunnel (ref, 2) or flight data or  both. No- 
tations and symbols a re  defined in each section. 



- 3 .0  THE AIRPLANE 

The airplane used in the analysis is representative of general aviation, personall- 
owner aircraft. It is a six-place, low-wing, twin-engine, propeller-driven, all-metal 
airplane with an all-movable horizontal stabilizer and a single vertical tail. Pertinent 
physical characteristics, as  provided by the manufacturer, a re  listed in table 3-1. A 
three-view drawing is presented in figure 3-1. 

Adjustable trim is provided longitudinally by the trailing-edge tab on the elevator 
and directionally by a bungee. No provisions were made for lateral trim adjustment. 



TABLE 3-1 

MANUFACTURER'S PHYSICAL CHARACTERISTICS OF THE SUBJECT AIRPLANE 

Wing - 
Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Low 
Loading, lb/sq ft . . . . . . . . . . . . . . . . . . . . . . . . . .  20.2 . . . . . . . . . . . . . . . . . . . . .  Airfoil section NACA 642, A215 (modified) 
Area) sq ft . . . . . . . . . . . . . . . I . . . . . . . . . e . . .  178.0 
Span9ft  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35.98 
Mean aerodynamic chord, f t  . . . . . . . a . e . . . . . . . . . .  5.00 
Aspect ra t io .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.30 
Dihedral, deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.00 
Incidence, deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.00 
Aerodynamic twist . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Power - 
~orsepower/engine . . . . . . . . . . . . . . . . . . . . . . . .  160.00 
Loading, lb/hp . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Engine 2 Lycoming 10-320-B 

Propellers - 
Type . . . . . . . . . . . .  Hartzell HC-E2YL-2A constant speed full feathering 
Blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7663-4 
Diameter, in. . . . . . . . . . . . . . . . . . . . . . . . . . . .  72.00 

Weight and balance - 
Maximum gross weight, lb . . . . . . . . . . . . . . . . . . . . .  3600.00 
Empty gross weight, lb  . . . . . . . . . . . . . . . . . . . . . . .  2160.00 
Allowable center of gravity for maximum gross weight, 

percent mean aerodynamic chord . . . . . . . . . . . . . . . .  12.5 to 28.6 
Allowable center of gravity for empty gross weight, 

percent mean aerodynamic chord . . . . . . . . . . . . . . . .  3.3 to 21.6 
Control-surface deflection, deg - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Aileron 18up, 14 down 

Elevator (stabilator). . . . . . . . . . . . . . . . . . . . . . . . .  14 up, 4 down . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Rudder 22 right, 20 left 
Flap (full) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

Adjustable t r im systems - 
Longitudinal . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Tab 
Directional . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Bungee 
Lateral . . . . . . . . . . . . . . . . . . . .  .... . . . . . . . . .  ------ 



Figure 3-1. Three-view drawing of the test airplane. Dimensions in feet. 



3, 1 Center-of-Gravity Positions Used in the Analysis 

The center of gravity of the airplane, for analytical purposes, was fixed at 10 per- 
cent of the wing mean aerodynamic chord and 12 inches below the X-body axis (located 
on the zero waterline) to conform with the full-scale wind-tunnel data (ref. 2) used in 
the correlation of analytically predicted characteristics, For preliminary design 
purposes, a more typical assumption of center-of-gravity position for the start  of 
analysis would be 25 percent of the wing mean aerodynamic chord. 

In correlations with flight data, both the analytically predicted characteristics and 
wind-tunnel data were modified to conform with the 12-percent mean aerodynamic chord 
center-of-gravity conditions of the flight data, 



3.2 Pertinent Geometric Parameters 

Figure 3.2-1 shows the geomaric parameters associated with the wing and ailerons 
as well as the general orientation of the wing, ailerons, fuselage, and nacelles. The 
wing parameters were established in reference 1. Of general interest, and to be con- 
sidered later, is the proximity of the nacelle relative to the fuselage and the lateral 
distance of the nacelle from the aileron. The proximity of the nacelle to the fuselage 
suggests that the curved airflow around the fuselage may interfere with the streamflow 
on the nacelle during sideslip maneuvers. The lateral position of the nacelle relative 
to the aileron indicates that the use of a propeller 6 feet in diameter will not immerse 
any part of the aileron in the propeller slipstream, 

Figure 3.2-2 shows the geometric parameters of the fuselage and nacelles pertinent 
to the analysis of lateral-directional characteristics. Because the design data used in 
calculating the body and wing-body interference effects were generally based on exper- 
imental data obtained from models with axisymmetric bodies, the actual fuselage was 
replaced by an approximately equivalent circular fuselage as  shown. The concept of an 
equivalent circular fuselage was also used in reference 1. 

Figure 3.2-3 shows the geometric parameters of the horizontal tail used to analyze 
the tail contribution to the damping-in-roll derivative, Cz The longitudinal position 

P' 
of the aerodynamic center was used to obtain the effective aspect ratio of the vertical 
tail. 

Figure 3.2-4 shows the geometric parameters required to obtain the effective 
aspect ratio of the single vertical tail, the lift-curve slope and side force due to side- 
slip of the tail, and the side force due to rudder deflection. These quantities were basic 
to the determination of single vertical-tail contribution to lateral-directional stability 
and control of the airplane. The establishment of the root chord of the vertical tail, 
crv, by extending the leading and trailing edges to the effective centerline of the fuselage, 

is in accordance with method 1 of reference 3 used to obtain vertical-tail character-, 
istics. 

Figure 3.2-5 presents geometric parameters in the XZ plane pertinent to the 
consideration of power effects on the stability characteristics. The lateral position of 
the thrust line is shown in figure 3.2-1. 

3.2.1 'Symbols 

% aspect ratio of the horizontal tail, vertical tail, and wing, 
respectively 

aerodynamic center of the horizontal tail and wing, 
respectively, as a fraction of the mean aerodynamic 
chord of the surface concerned 

bh9 bv$b, span of the horizontal tail, vertical tail, and wing, 
respectively, in. 



width of the aileron, in. 

width of the rudder, in. 

average ratio of the rudder chord to the vertical-tail chord 

width of the rudder at the inboard and outboard ends, 
respectively 

root chord of the horizontal tail, vertical tail, and wing, 
respectively, in. 

tip chord of the horizontal tail, vertical tail, and wing, 
respectively, in. 

vertical-tail chord, in, 

vertical-tail chord in the plane of the horizontal tail, in. 

chord of the vertical tail at  the inboard and outboard 
edge of the rudder, in. 

mean aerodynamic chord of the horizontal tail, vertical 
tail, and wing, respectively, in. 

depth of the fuselage at the quarter-root chord of the 
vertical tail, in. 

maximum depth of the nacelle forward of the wing 
leading edge, in. 

length of the fuselage, in. 

effective length of the nacelle (fig. 3.2-2), in. 

distance from the center of gravity to the quarter chord 
of the vertical-tail mean aerodynamic chord, measured 
parallel to the X-body axis, in. 

side area of the equivalent circular fuselage, sq ft 

area of the horizontal tail, vertical tail, and wing, 
respectively, sq f t  

effective maximum cross-sectional area of a nacelle, 
Td,2 

assumed to be equal to 4m), sq ft 



thickness ratio of the vertical tail and wing, respectively 

maximum width of the equivalent circular fuselage at the 
longitudinal station of the quarter-root chord of the 
exposed horizontal-tail panels, in. 

maximum width of the equivalent circular fuselage at  the 
longitudinal station of the quarter-root chord of the 
exposed wing panels, in. 

distance, parallel to the X-body axis, to the aerodynamic. 
center of the horizontal tail from the leading edge of 
the vertical-tail chord in the plane of the horizontal 
tail, in. 

distance, parallel to the X-body axis, from the center 
of gravity of the airplane to the center of pressure of 
the nacelle (fig. 3.2-2), in. 

distance, parallel to the X-body axis, from the center 
of gravity of the airplane to the propeller, in. 

lateral distance from the plane of symmetry to the mean 
aerodynamic chord of the horizontal tail and the wing, 
respectively, in. 

lateral distance from the plane of symmetry to the thrust 
axis, in. 

vertical distance to the root chord of the horizontal tail 
from the root chord of the vertical tail, positive down, in. 

vertical drstance from the X-body axis to the center of 
pressure on the effective side area of the nacelle 
(fig, 3.2-2),  positive down, in, 

vertical distance from the X-body axis to the thrust line 
of the propeller, positive down, in. 

vertical distance from the X-body axis to the mean 
aerodynamic chord of the vertical tail, positive down, in. 

vertical distance from the X-axis of the equivalent 
circular fuselage to the quarter chord of the root chord 
of the exposed wing panel, positive down, in. 

vertical distance from the X-axis of the airplane to the 
quarter chord of the root chord of the exposed wing 
panel, positive down, in. 



angle of attack of the airplane relative to the X-body 
axis, deg 

geometric dihedral of the wing, deg 

vertical distance from the root chord of the vertical tail 
to the mean aerodynamic chord of the vertical tail, 
positive down, in, 

ratio of the distance to the inboard edge of the control 
surface from the root chord of the panel on which the 
surface is mounted to the panel span 

ratio of the distance to the outboard edge of the control 
surface from the root chord of the panel on which the 
surface is mounted to the panel span 

sweep of the vertical-tail half-chord line, quarter-chord 
line, and leading edge, respectively, deg 

@ c/2) w 9  ("c/4),9(~l e )  sweep of wing half-chord line, quarter-chord line, and 
leading edge, respectively, deg 

tC/4)h9 @z;) sweep of the horizontal-tail quarter-chord line and 
leading edge, respectively, deg 

? hl)a sweep of the aileron Mnge line, deg 

Ah$ %v taper ratio of the horizontal tail, vertical tail, and wing, 
respectiveiy 

qte wing trailing-edge angle, deg 



Wing - 
Airfoil section: NACA 642,8215 

acw =0.25Cw 
Aw ~ 7 . 5  

=432 in. 
Sw = 178 sq ft 
r= 5.0" 
Pt, = 15.8" 
hw = 0.513 

Flgure 3.2-1. Geometric relations of wing, ailerons, and nacelles, including 
geometric parameters of wing and ailerons. Mrnensions in inches except as noted. 



Equivalent c i rcu lar  
fuselage (estimated) i ,- Actual fuselage r (Sf), =: 68.4 sq f t  

Waterl ine =0, parallel 

3 

exposed-wing root chord 
=290.O 

Portion of nacelle considered 
0 

-- -- 
effective in analysis / --7 

Estimated center \center of gravity (wind tunnel )  
of pressure 12 inches below 
of nacelle waterline = O  

Figure 3.2-2, Geometric parameters of fuselage and nacelle. 
Dimensions in inches except as noted. 



Horizontal tail - 
Airfoil section: NACA W Q ~  
ach = 0.25 

fuselage 

Figure 3.2-3. Geometric parameters of the horizontal tail. 
Dimensions in inches except as  noted. 





Propeller radius =36.O 

- 

Figure 3.2-5. Longitudinal and vertical orientation of thrust 
axis relative to body axes. Dimensions in inches. 



4.0 PREDICTION O F  PROPELLER-OFF AERODYNAMIC CHARACTERISTICS 

4. 1 Side-Force Derivative, Cy 
P 

The side-force derivative, Cy of the complete airplane in the clean configuration P ' 
is made up of contributions from the following: 

(1) Wing, including dihedral effects 

(2) Fuselage, including wing-fuselage interference effects 

(3) Nacelles 

(4) Vertical tail, including the interference effects of the wing, fuselage, and 
horizontal tail 

These contributions to Cy can be represented by P 

4.1.1 Wing Contribution, 
+ (CyOX 

For subcritical speeds and in the absence of dihedral, the wing contribution to Cy P 
may be obtained from equation (4.1.1-I), the low-speed equation presented in reference 
4 (based on strip theory and lifting-line theory) modified to account for the effects of 
compressibility according to the procedure given in reference 5. 

- - -  6 tan (A c/4)w sin C"/4 4), 
('yp)wr =o 

per deg (4.1. 1-1) 
aAw [AwB2 + 4 cos (A ~ / 4 ) ~ ]  

where 

CL, is the lift coefficient of the wing alone from figure 4.1.1-1 

Aw is the wing aspect ratio from figure 3.2-1 

( A ~ / ~ ) ,  is the sweep of the wing quarter-chord line from figure 3.2-1 

M is the Mach number 



The contribution of the wing dihedral, r, to the side-force derivative, Cyg,  can be 

approximately accounted for at low subsonic speeds by the following expression (from 
ref. 3): 

where F and p are  in degrees, 

The preceding expressions show that for general aviation aircraft, for which the 
wing aspect ratio i s  of the order of 6 or  higher and the quarter-chord sweep i s  moderate 
at best, the wing contribution to Cyg due to dihedral is the only wing contribution of 

any significance. As shown in table 4.1. 1-1, for the subject airplane 

2 
(C ~d wr =o 

= 7 . 3 8  x ~ O - ~ C ~  per deg 

(CYp)r = -0.0005 per deg 

The contribution due to dihedral (5" in this instance) is approximately 6 . 3  percent of 
the calculated C y  for the complete airplane. P 

4.1.2 Fuselage Contribution to C 
YP 

The fuselage contribution to C y  i s  composed of the contribution of the fuselage 
P 

alone plus an increment due to wing-fuselage interference. For subsonic conditions, 
up to subcritical Mach numbers, the net contribution of the fuselage to Cyg in the 

presence of the wing may be approximated by equation (4.1.2-1) from reference 3. On 
the basis of wing area, Sw, 

per deg 

where 

(C yd fV2/3 
is the contribution of the fuselage alone on the basis of two-thirds 

fuselage voiume and is considered to be equal but of opposite sign to the potential flow 
portion of the lift-curve slope of the fuselage as  obtained from section 4 . 3  in reference 1 

Ki i s  the wing-fuselage interference factor obtained from figure 4, 1.2-1 as a 

function of only the vertical position of the wing on the body 

The interference factor, Ki, i s  undoubted%y affected by angle of attack as well as  

wing position on the body. However, until experimental data a r e  assessed on a more 



refined basis and presented as  a function of angle of attack and wing position, the angle- 
of-attack effects a r e  not accounted'for. 

The contribution of the fuselage (including fuselage-wing interference) to C y  of P 
the subject airplane is calculated in table 4. 1.2-1 to be 

( C ~ T ) ~  = -0.00273 per deg 

This contribution is of the order of 34.3 percent of the calculated side-force derivative 
for the complete airplane (propellers-off), 

4.1.3 Nacelles Contribution to C 
YP 

The procedure for determining the contribution of the nacelles to Cy is similar 
P 

to that for determining the contribution of the fuselage, However, a number of uncer- 
tainties a r e  involved. No procedures appear to have been established to account for 
the effects of nacelle size o r  position relative to the wing and proximity to the fuselage; 
thus, the following empirical decisions were made for the subject airplane: 

(1) The nacelle's effective length was considered to extend to the wing leading edge 
only. 

(2) The contribution of a nacelle to C y  may be approximated from equatior, P 
(4.1.3-l), which is based on bodies of circular  cross  section. The equation is synony- 
mous to the potential-flow part of the lift equation of section 4.3 of reference 1, On 
the basis of wing area ,  S,, 

'(k2 - kl)(%n)max 
acelle = - 

57.3 S, per deg 

The cross  section area  of the nacelle, 
(%n)max 

, is an estimated effective area  con- 

sidered to be equal to a circular cross  section with a diameter equal to the maximum 
depth of the nacelle, dn, a s  indicated in figure 3.2-2. The fineness ratio of the nacelle 

required to  obtain (k2 - kl )  from figure 4.1.3-1 (obtained from ref. 6 )  is based on the 
effective nacelle length and the maximum depth of the nacelle. 

(39 Because of the proximity of the nacelles to the fuselage and the planform shape 
of the fuselage in the vicinity of the nacelles, flow interference from the fuselage flow 
field reduces the C y  contribution of the nacelles. In the absence of design data P 
indicating the extent of the interference, judgment was used in reducing the calculated 
contribution obtained from equation (4, l .  3-1) by one-third. Thus, for the subject air-  
plane, 

2 [Elk2 - k ~ ) ( ' f % n ) ~ ~ ]  
(CYP), -5 "n 5 7 , 3  S, per deg 



where nn is the number of nacelles. 

On the basis of the summary balculations of table 4.1.3-1, the contribution of the 
nacelles to CyP is 

(CYP), - 0.00037 per deg 

This contribution is 4.4 percent of the net calculated Cy of the airplane. P 

4.1.4 Vertical-Tail Contribution to  G 
YP 

At subsonic speeds the vertical-tail lift effectiveness, and thus its contribution to 
Cyg, is affected by the fuselage crossflow at the tail, the presence of the horizontal 

tail, and the wing-fuselage sidewash at the vertical tail, All three factors affect the 
flow on the vertical tail in such a way as  to increase i ts  effectiveness. 

The characteristics of body crossflow a re  similar to those of potential flow across 
a cylinder. Peak local velocity occurs at  the top of a cylinder and decays to free- 
stream crossflow with distance away from the cylinder surface. Thus, tail-body 
combinations with large bodies and small tails have a greater effectiveness per unit of 
tail area than combinations with small bodies and large tails (ref. 3). 

Horizontal-tail surfaces in the high or  low position in the vicinity of the vertical tail 
increase the pressure loading of the vertical surface. Horizontal surfaces in the mid- 
span position have relatively little effect (ref. 3). 

Sidewash from the wing in sideslip is small compared to the body sidewash due to 
sideslip. Above the wing-wake centerline, the wing-induced sidewash moves inboard 
and is stabilizing; below the wing-wake centerline, it moves outboard. A body in side- 
slip creates a body vortex system, which in turn induces lateral velocity components a t  
the vertical tail. Above o r  below the body, the body-induced sidewash moves inboard 
and is stabilizing. For conventional aircraft, the combination of wing-body sidewash 
flow fields has negligible sidewash effect below the wake centerline. 

Of the two procedures presented in reference 3 for obtaining the vertical-tail 
contribution to C y  (for a single-tail configuration) in the presence of the wing, body, P 
and horizontal tail, only the first is flexible enough to take into account the effects of 
the horizontal tail mounted on the vertical tail away from the body. This method is 
used herein. To obtain an effective aspect ratio, it makes use of empirical design 
charts, based on experimental data, which account for body erossflow and horizontal- 
tail effects on the vertical-tail lift-curve slope. The effective aspect ratio is then used 
in conjunction with section lift-curve slope to obtain the net lift-curve slope of the tail. 
The sidewash effects a re  then introduced to obtain the vertical-tail contribution to Cy P' 
4.1.4-1 Effective Aspect Ratio of the Vertical Tail, Av 

eff 

To determine the effective aspect ratio of the vertical tail in the single-tail 



configuration, the vertical-tail geometric parameters must be determined first. (They 
a r e  listed in figure 3.2-4 for the subject airplane. ) 

The effective aspect ratio of the vertical tail in the presence of the body and hori- 
zontal tail is obtained from 

where 

Av is the geometric aspect ratio of the isolated vertical tail, obtained from 
figure 3.2-4 

* is the ratio of the aspect ratio of the vertical tail in the presence of the body 
Av 

to that of the isolated panel, obtained from figure 4.1.4-l(a) using geometric parameters 
from figure 3.2-4 

A, fh -- is the ratio of the aspect ratio of the vertical tail in the presence of the body 
*v(4 

and horizontal tail to that of the vertical tail in the presence of the body only, obtained 
from figure 4.1.4-l(b) using geometric parameters from figure 3.2-4 

Kh is a factor accounting for the relative size of the horizontal and vertical tails, 
obtained from figure 4.1.4-l(c) using horizontal- and vertical-tail areas obtained from 
figures 3.2-3 and 3.2-4, respectively 

For the subject airplane, the summary calculations of table 4.1.4-l(a) show that 
Aveff = 2. 67. In this instance, the horizontal tail is practically coincident with the root 

chord of the vertical tail (fig. 3.2-4), s o  the effective aspect ratio is similar to the 
value that would be obtained using reflection plane principles. 

4.1.4-2 Lift-Cvrue Slope of the Vertical-Tail Panel, (CLJ dfh) 

The lift-curve slope of the single vertical tail in the presence of the fuselage and 
horizontal tail may be obtained from the following equation. The equation is synony- 
mous with equation (4.2-1) in reference 1, On the basis of the effective vertical-tail 
area, sv, 



where 

dV is the section lift-curve slope, obtained from section 4. P in reference 1 

M is the Mach number 

A 2 )  is the sweepback of the vertical-tail half-chord line 

For the subject airplane, the summary calculations of table 4.1.4- l(b) show that 

~@)V(fh) 
= 3.01 per rad = 0,0525 per deg 

on the basis of Sv = 17,7 sq ft, 

4.1.4-3 Summary of Vertical-Tail Contribution to C 
yi3 

The single vertical-tail contribution to C y  is obtained by modifying the single P 
vertical-tail lift curve to account for the effects of wing wake and body sidewash. Thus, 
in the presence of the wing, body, and horizontal tail, and on the basis of reference 3, 

where 

P 
kl i s  a factor accounting for the body size relative to the vertical-tail size 

bv 
represented by - (fig. 3.2-41, obtained from figure 41.4-1(d) using tail geometric 

(dfIv 
parameters from figure 3.2-4 

The combined effects of wing wake, body sidewash, and dynamic pressure can be 
approximated from empirical equation (4, 1,4-6) from reference 3. A qualitative in- 
sight into the angle-of-attack range of applicability of the equation may be obtained 
from figure 4 , l .  4-2 (from ref. 7). The figure shows wind-tunnel-determined sidewash 
characteristics of straight- and swept-wing models with the wings in three vertical 
positions. 



where 

( ~ , / 4 ) ~  is the sweep of the quarter-chord line of the vertical tail, obtained 
from figure 3.2-4 

zw is the vertical distance from the centerline of the equivalent fuselage to the 

quarter-chord point of the root chord of the exposed wing panel, obtained from 
figure 3.2-2 

(wf), is the depth of the equivalent circular fuselage at the wing, obtained 
from figure 3.2-2 

For the subject airplane, the summary calculations in table 4.1.4-l(c) indicate the 
vertical-tail contribution to Cyg to  be, on the basis of S, = 178 sq ft, 

= -0.0049 per deg 
Y Y p )  v(wfi) 

which is of the order of 54.7 percent of the calculated C y  for the complete airplane. 
P 

For a twin-vertical-tail configuration, the contribution of the twin tails to Cyq 

may be obtained from the design charts shown in figure 4.1.4-3. The charts are  repro- 
duced from reference 3. On the basis of these charts, which include the effects of 
wing-body wake and sidewash, 

1 

where 
> 

(CYB) veff 
is the lift-curve slope of one vertical-tail panel, obtained from j 

figure 4.1.4-3, based on the panel area, Sv 

i 
E 
5 is obtained from figure 4.1.4-3 
B 
$ 

4.1.5 C yp of the Complete Airplane 

The side-force-due-to-sideslip derivative, Cy of the subject airplane (obtained 
P ' 

2 3 



from table 4.1.5-1 on the basis of the contributions of the components as  summarized 
in eq. (4.1-1)) was calculated.to be 

! 

(Cyp)prop 
= -0.0085 per deg 

1 
off 

This result shows reasonably good correlation with full-scale wind-tunnel data 
1 (fig. 4.1.5-l), Calculated values a r e  less accurate than wind-tunnel data, probably 

1 because they do not reflect the effects of angle of attack on wing-body interference and 
sidewash on the vertical tail. 

i 
I 4.1.6 Symbols 
E 
1 Av geometric aspect ratio of the isolated vertical tail, obtained 

1 from figure 3.2-4 

effective aspect ratio of the vertical tail in the presence of the 
fuselage and the horizontal tail, obtained from equation 
(4.1.4-1) for single-tail configurations and from figure 4.1,4-3 
for twin-vertical-tail configurations 

ratio of the aspect ratio of a single vertical tail in the presence 
of the fuselage to that of the isolated tail, obtained from 
figure 4. 1.4-l(a) with geometric parameters from figure 3.2-4 

ratio of the aspect ratio of the vertical tail in the presence of the 
fuselage and the horizontal tail to that of the vertical tail in the 
presence of the fuselage, obtained from figure 4.1.4-l(b) 

I l 
I A, aspect ratio of the wing 

I 

2 B2 = (1 - cos ACl4) 
1/2 

1 
I 

I< 

'hy bv span of the horizontal and vertical tail, respectively, in. 

span of the twin vertical tail from the horizontal tail to the upper 
tip of the vertical tail, in. 

wing-lift coefficient 

fuselage lift-curve slope due to potential flow, referred to the 
two-thirds power of the fuselage volume, per deg 



YYP)  prop 
off 

vertical-tail lift-curve slope in the presence of the fuselage and 
horizontal tail, referred to the tail area, per deg 

variation of the side-force coefficient with sideslip angle, per deg 

fuselage contribution to Cy including wing-body interference, 
P 

referred to the wing area, per deg 

isolated fuselage contribution to Cy due to potential flow, 
P 

considered to be equal to ( fv2/3 
for the equivalent 

circular fuselage 

contribution of both nacelles to Cy referred to wing area, 

per deg 
P ' 

C of the complete airplane with propellers off, per deg 
yP 

lift-curve slope of one vertical-tail panel in the twin-vertical-tail 
configuration, obtained from figure 4.1.4-3 based on the area 
of one panel 

contribution of the vertical tail to CyQ in the presence of the 
tJ 

wing, fuselage, and horizontal tail, referred to the wing area, 
per deg 

contribution of the wing to Cy in the absence of geometric 
P 

dihedral, per deg 

contribution of the wing dihedral to C per deg 
y~ 

section lift-curve slope of the vertical tail, per rad 

vertical-tail chord in the plane of the horizontal tail, in. 

maximum diameter of the equivalent circular fuselage, obtained 
from figure 3.2-2, in. 

depth of the fuselage at  the quarter-root chord of the vertical tail, 
obtained from figure 3.2-4, in. 

maximum depth of the nacelle forward of the wing leading edge, 
obtained from figure 3.2-2, in. 



function of angle of attack 

factor accounting for the relative size of the horizontal and vertical 
tails, obtained from figure 4.1.4-1 

wing-fuselage interference factor, obtained from figure 4.1.2-1 

factor accounting for the body size relative to the vertical-tail 
size, obtained from figure 4.1.4-l(d) 

reduced mass factor, from potential-flow theory, obtained from 
figure 4.1.3-1 as  a function of fineness ratio 

length of the fuselage, in. 

effective length of the nacelle to the leading edge of the wing, in. 

Mach number 

number of nacelles 

effective dynamic pressure at  the vertical tail, lb/sq ft 

free-stream dynamic pressure, lb/sq f t  

area of the horizontal tail, vertical tail, and wing, respectively, 
sq ft 

effective maximum cross-sectional area of the nacelle, 

thrust of propellers, lb 

T thrust coefficient, -- 
L % V  

two-thirds power of the fuselage volume, sq ft 

depth of the equivalent circular fuselage at the wing, in. 

distance to the aerodynamic center of the horizontal tail from 
the leading edge of the vertical-tail chord in the plane of the 
horizontal tail, in. 



vertical distance to the root chord of the horizontal tail from the 
root chord of the vertical tail, positive down, in. 

vertical distance from the centerline of the equivalent circular 
fuselage to the quarter-root chord of the exposed wing panels, 
positive down, in. 

angle of attack of the airplane relative to the X-body axis, deg 

P sideslip angle, deg 

r wing geometric dihedral angle, deg 

(A c/2) ,, (A c/4)v sweep of the vertical-tail half-chord and quarter-chord line, 
respectively, deg 

sweep of the quarter-chord line, deg 

Pc/4) sweep of the wing quarter-chord line, deg 

Av vertical-tail taper ratio 

qte trailing-edge angle, deg 

a a - 
aP 

rate of change of the sidewash at the vertical tail with sideslip 



TABLE 4.1.1-1 

WING CONTRIBUTION TO CyP 

6 tan Ac/4 sin Ac/4 

Aw(AwB2 + 4 cos Ac/4) - O. oooir  

TABLE 4.1.2-1 

FUSELAGE CONTRIBUTION TO C y p  

Wing-body position parameter for obtaining Ki 

(considered equal but opposite in sign to 



TABLE 4.1.3-1 

NACELLES CONTRIBUTION TO Cy P 

Reference wing area, sq ft  

Effective fineness ratio of nacelle 



TABLE 4.1.4-1 

VERTICAL-TAIL CONTRIBUTION TO Cy B 

(a) Effective aspect ratio, Aveff 

Avo- 
Aveff = Av ( 4 )  jl + Kh [ AV(8 11 / 

Vertical-tail area, sq f t  

Vertical-tail span, in. 

Vertical-tail aspect ratio 

Vertical-tail chord in plane of horizontal tail, in. 

Parameter accounting for relative positions of horizontal and 
vertical tails 

--------------- 

Ratio of horizontal- to vertical-tail areas 



TABLE 4.1.4-1 (Concluded) 

(b) Lift-curve slope of the vertical tail, 

(c) Vertical-tail contribution to Cy  P 

where 

Sweepback of vertical-tail quarter-chord line, deg 

quarter chord, in. 

Maximum depth of equivalent fuselage at  the wing, in. 

Aspect ratio of the wing 

Wing wake and fuselage sidewash factor 

....................................................... 



TABLE 4.1.5-1 

C y ~  
OF THE COMPLETE AIRPLANE 

- - 
+ Cya + Ki Cy 

+ C  + C y  
Pyp)wr=O ( ) ( a), ( yo), ( a)v(wm) per deg 

off 

Contribution of wing without dihedral Table 4. 1. 1-1 

Contribution of wing dihedral Table 4. 1. 1-1 

Contribution of nacelles Table 4.1.3-1 



Figure 4.1.1- 
condition with 

C4r 
based on 

Sw = 178 sq 

1 Propeller-off lift characteristics of subject airplane for wing-alone 
stall extended to power-on stall angles (from fig. 5.1.1-8 of ref. 1). 



Figure 4.1.2-1. Wing-body interference. factor for wing-body side-force 
derivative, Cy (from ref. 3). P 



Zf Fineness ratio = - 
'df'rnax ' dn 

Figure 4.1.3-1. Reduced mass factor (from ref. 6). Subsonic speeds. 



Av(fi) (b) Determination of - 
Ap(f) " 

Figure 4.1.4-1. Charts for estimating the sideslip derivative parameters 
for single tails (from ref. 3). Subsonic speeds. 



(d) Determination of k;. 

Figure 4.1.4-1. Concluded. 



Wing position 
__I___ Low 
- _ s - -  Middle 

Figure 4.1.4-2. Experimentally determined sidewash characteristics of 
straight- and swept-wing models with varying wing position (from ref. 7). 
Aspect ratio = 4; taper ratio = 0, 6, 



per rad 

Figure 4.1.4-3. Charts for estimating the side-force derivative, 
, for twin vertical tails (from ref. 3). Subsonic speeds. 



off 
Per deg 

Figure 4.1.5-1. Comparison of calculated C y  with wind-tunnel data. Propellers off 
P 



4.2 Weathercock Stability, C np 

The weathercock stability derivative, C of the complete airplane in the clean, 9' 
propeller-off configuration is made up of contributions from the following: 

(1) Wing 

(2) Fuselage and fuselage -wing interference 

(3) Nacelles 

(4) Vertical tail, including the interference and sidewash effects of wing, 
fuselage, and horizontal tail 

These contributions to C in the order listed, can be represented by np' 
- ("4 prop 

+ C 
- + ('v)f(w) + ( C V ) ~  ( " ~ ) ~ ( w f h )  (4.2-1) 

off 

4.2.1 Wing Contribution to C 

The wing contribution to weathercock stability is primarily due to the asymmetrically 
induced drag distribution associated with asymmetrical lift distribution. Because the 
effect of wing taper ratio and dihedral on the contribution can be considered negligible 
(ref. 3), the wing contribution to Cg at  low incompressible speeds can be estimated 

from equation (4.2.1-1) from reference 4. The equation includes the effects of sweep, 
aspect ratio, and center-of-gravity location. 

speed 

where, as obtained from figure 3.2-1, 

Aw is the wing aspect ratio 

Ac/4 is the sweep of the wing quarter-chord line 

5, is the wing mean aerodynamic chord 

% is the location of the wing aerodynamic center behind the center of gravity 
on the mean aerodynamic chord 

The results obtained above for low speeds can be modified for compressible but 
subcritical speeds by using equation (4.2.1-2) from reference 5. This equation pro- 
vides a first-order approximation of wing contribution to C at compressible flow 



conditions. 

+ 4AwB2 cos Ac/4 - 8 cos2 A c/4 

4% cos nC/4 - 8 cos Ac/4 

where speed 

CL, is the wing lift coefficient from figure 4.1 .1-1 .  

The contribution of the wing to G of the subject airplane at M = 0.083 is calcu- 

lated in table 4 . 2 - 1 - 1  to be 
np 

speed 

= 0.000157 c2 per deg Lw 

Although this contribution seems to be small, it is of the order of 10 percent of the net 

C?s at high angles of attack. 

4.2.2 Fuselage Contribution to  C 

The fuselage contribution to C is independent of Mach number, according to 

slender body theory. The contribution of wing-fuselage interference is primarily a 
function of the vertical position of the wing on the fuselage. It has been concluded, on 
the basis of experimental evidence, that the interference contribution is independent of 
wing sweep, taper ratio, and Mach number. 

The net contribution of the fuselage and wing-fuselage interference to CnB (based 

on wing area and wing span and referenced to a selected center-of-gravity po'sition) 
may be obtained from the following equation: 

where 

(%)s is the fuselage side area from figure 3.2-2 

S, is the wing area from figure 3.2-1 
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2f is the fuselage length from figure 3.2-2 

The quantity KN in equation (4.2.2 1) is an empirical correlating factor for fuselage 
plus wing-fuselage interference. It was obtained from the nomograph of figure 4.2,2-1 
from reference 3. This nomograph, originally developed in reference 8, was designed 
for midwing configurations which show negligible angle-of-attack effects on the contri- 
bution of the fuselage and wing-fuselage interference to C In reference 3, on the 9' 
basis of wind-tunnel data, the effect of wing vertical position is considered to be small, 
and by implication the use of the nomograph for other than midwing configurations is 
recommended. 

In the absence of more refined procedures for other than midwing configurations, 
the nomograph provides a first approximation; however, wherever possible, effects of 
wing vertical position should be taken into account. Wing vertical position, in other than 
midwing configurations, significantly affects the influence of angle of attack on the con- 
tribution of fuselage plus wing-fuselage interference to weathercock stability. This 
influence is reflected in the full-scale wind-tunnel data of reference 9 for the single- 
engine version of the subject airplane (fig. 4.2.2-2). The wing-fuselage geometries of 
the single- and twin-engine versions of the airplane a re  very similar, The vertical- 
tail-off data in figure 4.2.2-2 obtained for I/, = 0 conditions show pronounced variations 

in weathercock stability with angle of attack. 

Using the wind-tunnel data of figure 4.2.2-2, the nomograph of figure 4.2.2-1 was 
extended to be applicable to aircraft with wings positioned below the centerline of the 
equivalent axisymmetric fuselage a distance of 50 percent of the fuselage radius. As 

2zw shown in figure 3.2-2, - of the subject airplane is 0.51; however, it was considered 
(wf), 2z--- 

to be 0.50 for the nomograph. The angle-of-attack effects on KN for -- 0.50 
(wdw 

were derived by subtracting the wing contributions (using eq. (4,2. 1-3)) and the propel- 
ler normal-force effects from the data of figure 4.2.2-2. Equation (4.2.2-1) was then 
used to obtain KN. 

The contribution of the fuselage (including wing-fuselage interference) of the subject 
airplane to C is calculated in table 4.2.2-1 following the procedure used in Datcom % 
(ref. 3). In this procedure the midwing configuration is considered to be applicable to 
other than midwing configurations. The calculations a re  also based on the extended 
KN nomograph (fig. 4.2.2-3), which i s  more representative of the subject airplane. 

The extended nomograph was used in the final calculation of the contribution of the fuse- 
lage to C np* 

The use of the extended nomograph improved the correlation between calculated and 
wind-tunnel-determined weathercock stability characteristics, as is shown in section 
4.2.5. 



4.2.3 Nacelles Contribution to Cn 
P - 

The contribution of the nacelles to the weathercock stability relative to the stability 
axes is obtained from 

xn cos orb + zn sin a b  

b, 

where 

("YP), 
is the contribution of the nacelles to the side force due to sideslip, 

obtained from section 4 . 1 . 3  

xn, zn are  the distances from the center of gravity of the airplane to the center of 

pressure of the nacelles parallel and perpendicular to the X-body axis, respectively, 
obtained from figure 3.2-2 

The contribution of the nacelles to the weathercock stability of the subject airplane 
is calculated in table 4.2.3-1, 

4.2.4 Vertical-Tail Contribution to  C 
nP 

The contribution of the vertical tail to  the weathercock stability relative to the 
stability axes and in the presence of the wing, fuselage, and horizontal tail is obtained 
from 

where 

(cydv(wm, 
is the contribution of the vertical tail to the side force due to sideslip, 

obtained from section 4 . 1 . 4  

Z v ,  zv a re  the distances from the center of gravity to the quarter chord of the 

vertical-tail mean aerodynamic chord, parallel and perpendicular, respectively, to the 
X-body axis with zv positive below the center of gravity, obtained from figure 3.2-4 

The contribution of the vertical tail to the weathercock stability of the subject air- 
plane is calculated in table 4.2.4-1. 

4.2.5 Weathercock Stability of the Complete Airplane 

The weathercock stability of the complete airplane is determined by summing the 



component contributions discussed in sections 4.2.1 to 4.2.4, or, a s  expressed pre- 
viously, 

off 

The calculated weathercock stability, C of the complete airplane is summarized 
np9 

in table 4.2.5-1, Values of C are shown that do and do not take into account the 
np 

influence of angle of attack and vertical wing position on the wing-body interference 
eontribution. 

When compared with full-scale wind-tunnel data, the calculated results that account 
for the effects of angle of attack and vertical wing position show improved correlation 
at low angles of attack and a tendency to follow the wind-tunnel data (fig. 4.2.5-1). If 
suitable design data had been available to account for angle-of-attack effects on the 
sidewash acting on the vertical tail, the correlation with wind-tunnel data would prob- 
ably have been improved throughout the angle-of-attack range investigated. 

4.2.6 Symbols 

Aw wing aspect ratio 

b, wing span, ft 

C~ wing lift coefficient 

weathercock stability derivative; variation of yawing-moment 
coefficient with sideslip, per deg 

fuselage contribution to C in the presence of the wing np 

( ' ~ ) n  
eontribution of the nacelles to Clb 

P.8) prop 
C of the complete airplane, propellers off 

nP 
off 

vertical-tail contribution to C in the presence of the wing, np 
fuselage, and horizontal tail 

wing contribution to C np 
net contribution of the wing, fuselage, and nacelles to C 93 



contribution of the vertical tail to the variation of the side-force 
coefficient, Cy, with sideslip, P, in the presence of the wing, 
fuselage, and horizontal tail, per deg 

mean aerodynamic chord of the wing, in. 

function of the angle of attack 

fuselage parameters, defined in figures 4.2.2-1 and 4.2.2-2 

empirical factor accounting for the wing-fuselage interference in 
calculating the fuselage contribution to C np 

fuselage length, ft  

distance along the X-body axis from the center of gravity to the 
quarter chord of the vertical-tail mean aerodynamic chord, in. 

Mach number 

Reynolds number 

free-stream dynamic pressure, lb/sq f t  

side area of the fuselage, sq f t  

reference wing area, sq ft 

thrust due to the propellers, lb 
rn 
I thrust coefficient, - 

6,Sw 

maximum width of the fuselage, in. 

width of the equivalent circular fuselage at the longitudinal 
station of the quarter-root chord of the exposed wing panels, in. 

distance from the center of gravity to the wing aerodynamic 
center a s  a fraction of the mean aerodynamic chord, in. 

distance from the center of gravity to the nose of the fuselage, in. 

distance along the X-body axis from the center of gravity to the 
center of pressure of the nacelle side force (fig. 3.2-2), in, 

perpendicular distance from the X-body axis to the center of 
pressure of the nacelle side force, positive down, in, 



distance along the Z-body axis from the center of gravity to the 
quarter chord of the vertical-tail mean aerodynamic chord, in. 

vertical distance from the axis of the equivalent circular fuselage 
to the quarter-root chord of the exposed wing panels (fig. 3.2-21, 
positive down, in. 

airplane angle of attack relative to the X-body axis, deg 

sweep of the wing quarter-chord line, deg 



TABLE 4.2.1-1 

WING CONTRIBUTION TO Cn 
B 

+ 4AwB2 cos Ac/4 - 8 cos2 A , , ~  

+ 4Aw cos - 8 cos2 Ac14 
speed 

tan Ac/4 - 
nAw(Aw + 4 cos Ac/4) 

speed 

Wing mean aerodynamic chord, in, 

Wing lift coefficient based on = 178 sq ft Figure 4.1. 1-1 



TABLE 4.2.2-1 

FUSELAGE C~NTRIBUTION TO c =v 

Fuselage side area ,  sq f t  

equivalent fuselage, in. 
Width of equivalent circular fuselage at the quarter- 

root chord of exposed wing panel, in. 

............................................... ------------ 

Figure 4.2.2-1 

Summary: If ab and vertical position of wing a r e  assumed to be negligible, 

= -0.000465 per deg 



TABLE 4.2.3-1 

NACELLE CONTRIBUTION TO Cn 
P 

x, cos a b  + z, sin a b  

= ( bw ) 

Distance along X-body axis from center of gravity 
to the center of pressure of the nacelle side 

(Cng)n = (cYp), (0.0579 cos a b  - 0.0162 sin ab) per deg 



TABLE 4.2.4-1 

VERTICAL-TAIL CONTRIBUTION TO Cv 

- I cos ab - zv sin cub 
(cnP )v(wth, - - PYP) v(wa) 

bw 

Distance along X-body axis from center of 
gravity to quarter chord of vertical-tail 
mean aerodynamic chord, in. 

quarter chord of vertical-tail mean 
aerodynamic chord, in. 

Wing span, in. 
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NRe based 
on fuselage 

length 

For subject airplane - 
xm =99.14 in. h ~ 5 4 . 0  in. 
lt ~ 2 9 0 . 0  in. h l = 3 8 - 0  in- 

wmax =48.O in. h2 =29.O in. 

(Sf)s = 68.4 sq ft 

NRe = 15.7 x 106 

x m - = 0. ,2 = 1.146 
Zf 

1: ~ 8 . 5 6  -- - 1.125 
(Sf)s Wmax 

t l  I 1 I I I I 2 
0 .001 .002 .003 .004 

nax 

KN 
Figure 4.2.2-1. Empirical factor, KN, related .to the derivative C for 9 
the fuselage plus wing-fuselage interference (from ref. 3). Midwing con- 
figuration. 
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Figure 4.2.2-2. Wind-tunnel-determined vertical-tail-off weathercock stability 
characteristics of a single-engine version of the subject airplane at  T: = 0. 



N ~ e  60 
based on 
fuselage 

length 20 

2zw = 0.50 .002 KN for - 
(wf 1, 

12 10 Equivalent c i rcu lar  fuselage 

Axis of equivalent fuselage 

Quarter chord of exposed wing-root chord 

Figure 4.2.2-3. Extension of the nomograph of figure 4.2.2-1 to obtain the empirical 

factor KN for low-wing configuratiorr where - 2zw = 0.50. 
Wf)W 





4,3 Effective Dihedral, 61 P 

The effective dihedral derivative, 61 of the complete airplane in its clean con- P ' 
figuration is considered to be made up of contributions from the following: 

(a) 'Wing in the absence of geometric dihedral 

(b) Wing geometric dihedral 

(c) Wing-fuselage interference effects in the absence of geometric dihedral 

(d) Fuselage interference effects on wing geometric dihedral 

(e) Vertical tail in the presence of the wing, fuselage, and horizontal tail 

These contributions to the airplane effective dihedral a re  represented, in the order 
listed, by 

- 
(c@)prop - (Clp) w r=o + (Czp )r + (C'P) f(w),=o ' (CZP) f(r) + ('la) v(wfh, (4,3-1) 

off 

It should be noted that a negative value of 61 signifies positive effective dihedral and P 
a positive value of Cl signifies negative effective dihedral. P 

The horizontal-tail contribution, for most general aviation configurations, is taken 
to be negligible. When the horizontal tail has significant geometric dihedral and a 
relatively large area, its contribution is a.ccounted for by analyzing it as  another wing. 
For the subject airplane, the horizontal-tail contribution to Clg of the complete air- 

plane was of the order of 1 percent. This is much less than the contributions listed 
and, consequently , is not included in the calculations. 

4.3.1 Wing Contribution to C l g  

For the subsonic speed conditions and angles of attack within the linear lift range, 
the wing contribution to Clg is primarily a function of aspect ratio, taper ratio, 

sweep, and geometric dihedral. Wing twist generally has a negligible effect on the 
Clp of general aviation aircraft. The wing contribution is accounted for by considering 

its contribution in the absence of geometric dihedral, adding the effect of geometric 
dihedral, and adding the effect of wing twist if pertinent. Thus, 

In the absence of wing twist and geometric dihedral, 61 may be obtained to a good P 
degree of accuracy from equation (4.3.1-2) which was derived in reference 10 on the 



basis of a modified lifting-line theory using a vortex system. 

where 

CL, is the lift coefficient of the wing, from figure 4.1.1-1 

is the low-speed derivation, obtained from figure 4.3.1-1, which 

is a graphical representation of 

(2)M is the influence of the compressible flow which is accounted for by 

2 2 AwM tan Ac/4 
perrad (4.3.14) 

[(A )2 - A;M~ + 41 'I2 
cos Ac/4 

In equation (4.3.1-4), y* is the spanwise position of the centroid of the angle-of-attack 

b, span loading as a ratio of the wing semispan, T, obtained from figure 4.3.1-2. 

The contribution of uniform geometric dihedral to Cz is accounted for by equation P 
(4,3.1-5) from references 11 and 3. (Nonuniform geometric dihedral effects a re  con- 
sidered in references 12 and 13. ) 

where 

r is the geometric dihedral in degrees 

is the effect of uniform geometric dihedral on Cz a t  low speeds, P 
obtained from figure 4,3.1-3 
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K M ~  is the compressibility correction factor (fig. 4.3. 1-4) 

The effeet of wing twist on Cz although generally negligible for general aviation P ' 
wing configurations, can be accounted for by the following equation from reference 3: 

( ) per deg (CzP) 8 = tan 8 tan Ac/4 

where 

8 is the wing twist between root and tip chord, deg 

ACzp 

8 tan Ac/4 
is the wing-twist correction factor (fig. 4.3.1-5) 

The contribution of the wing to CzP of the subject airplane is calculated in ta- 

ble 4.3.1-1. It should be pointed out that the compressibility correction for a Mach 
number of 0.083 is insignificant in this instance. 

4.3.2 Effect of Fuselage o n  Wing Contribution t o  CI 
P 

The contribution of the fuselage alone to Cz is negligible. However, the addition 
P 

of the fuselage to the wing results in several wing-fuselage interference effects which 
can alter the wing contributions significantly. 

One well-known interference effect is related to the vertical location of the wing on 
the fuselage. A high wing results in a more positive effective dihedral and a low wing 
in a less-positive effective dihedral than obtained for an isolated wing. A midwing 
position on the fuselage results in essentially zero interference effect. Wing position 
affects Cz because it affects the crossflow around the body, Changing the erossflow 
causes chaEges in the local angle of attack of the wing. This effect was treated theo- 
retically in reference 14 and was simplified to the following format in reference 15: 

A second interference effect, which is an extension of the first, involves geometric 
dihedral. Because the vertical position of the wing relative to the fuselage varies 
along the span of a wing having geometric dihedral, the fuselage-induced erossflow 
effeet on the wing must be modified, This fuselage interference effect may be accounted 



for by the following equation developed in reference 11: 

where 

(df), is the diameter of the equivalent circular fuselage at the wing, from 
figure 3.2-2 

b, is the wing span, from figure 3,2-1 

Aw is the wing aspect ratio, from figure 3.2-1 

r is the geometric dihedral, from figure 3.2-1 

A thi3d interference effect was shown by reference 11 to be associated with the 
length, If, of the fuselage forebody (from the nose to the midchord point of the tip 

l/f chord), wing span, and wing sweep. A decrease in Cz with increasing - and sweep P b, 
was observed. At zero sweep the effect was nil. This additional fuselage effect, a s  
indicated in reference 11, may be the result of a reduction of the wing effective side- 
slip angle due to the flow field of the fuselage. More research is required with regard 
to this fuselage effect. For the subject airplane, this effect may be considered to be 
negligible, 

The wing-fuselage interference effects on 61 of the subject airplane a re  calculated P 
in table 4.3.2-1. 

4.3.3 Vertical-Tail Contribution to Cz 
P 

The contribution of the vertical tail to Cl in the presence of the wing, fuselage, P 
and horizontal tail is obtained from equation (4.3.3-1). Relative to the stability system 
of axes, 

zV cos ab + lv sin oq, 

bw (4.3.3-1) 

where 

(Cyd ,(PI&) 
is the side force due to the sideslip of the vertical tail in the 

presence of the wing, fuselage, and horizontal tail, obtained from table 4,1. 4-l(e) 

z,, 2 are the distances from the center of grayity to the quarter chord of the 

vertical-tail mean aerodynamic chord perpendicular and parallel, respectively, to the 
X-body axes; zv is positive below the center of gravity, obtained from figure 3.2-4 



b, is the wing span 

The contribution of the vertical tail to the Cl of the subject airplane is calculated P 
in table 4.3,3-1. 

4.3.4 Czg of the Complete Airplane 

The C1 of the complete airplane is determined by summing the component con- 
P 

tributions discussed in sections 4.3.1 through 4.3.3 or  

+ Czfj + ClP @ZP) prop = (Clp)wr =0 ( )r ( )f(w)r =o + (aa 
off 

+ (Cl~)f(r)  ( )vcwm) (4.3-1) 

The component contributions are summarized in table 4.3.4-1. The calculated results, 
when compared with analyzed full-scale wind-tunnel tabulated data (fig. 4.3.4-I), show 
good correlation through the linear range of the lift curve. 

4.3.5 Symbols 

Aw wing aspect ratio 

("ld prop 
off 

wing span, in. 

wing lift coefficient 

effective dihedral parameter, variation of the rolling- 
moment coefficient with sideslip, per deg 

effective dihedral of the complete airplane with propellers 
off 

vertical-tail contribution to Cl P 

wing contribution to C1 
P 

contribution of the fuselage interference to the wing con- 
tribution to CIP in the absence of geometric dihedral 

contribution of the wing to Cz in the absence of 

geometric dihedral 
P 

contribution of the wing geometric dihedral to Cl 
P 



r 

0 tan Ac/4 

contribution of the fuselage interference to the wing 
g'eometric-dihedral contribution to 6 1  

P 

contribution of the wing twist to Cz 
P 

incompressible-flow contribution to as a 

function of the wing-lift coefficient 

incompressible-flow contribution to (CZP), a s  a function 

of the geometric dihedral, obtained from figure 4.3.1-3 

influence of subsonic flow compressibility on 
(C1p)w, =, 

as a function of the wing-lift coefficient 

wing-twist correction factor from figure 4.3.1-5 used 
to obtain ( c ~ ~ ) ~  

contribution of the vertical tail to the variation of the 
side-force coefficient with sideslip in the presence of 
the wing, fuselage, and horizontal tail, per deg 

diameter of the equivalent circular fuselage at the wing 
(similar to (wf),), in. 

function of the angle of attack 

height of the fuselage at the wing location (similar to 
(wfIw), in, 

compressibility factor from figure 4.3,l-4 
used to obtain 

length of the fuselage forebody extending from the nose to 
the midchord point of the tip chord, in. 

distance along the X-body axis from the airplane center 
of gravity to the quarter chord of the vertical-tail mean 
aerodynamic chord, in. 

Mach number 



width of the fuselage at the wing location (similar to 
(~fj,), in. 

maximum width of the equivalent circular fuselage at  the 
longitudinal station of the quarter-root chord of the 
exposed wing panels, in. 

spanwise position of the centroid of span loading as a 
fraction of the semispan 

distance from the X-body axis to the quarter chord of the 
vertical-tail mean aerodynamic chord (fig. 3.2-$), 
positive down, in. 

vertical distance from the axis of the equivalent circular 
fuselage to  the quarter-root chord of the exposed wing 
panels (fig. 3.2-2), positive down, in. 

airplane angle of attack relative to the X-body axis, deg 

sideslip angle, deg 

wing geometric dihedral, deg 

wing twist between the root and tip chord, deg 

wing sweep of the half -chord and quarter -chord line, 
respectively, deg 

wing taper ratio 



TABLE 4.3.1-1 

WING CONTRIBUTION TO CIB 

A$,M~ tan Ac/4 

- A:M2 + 4IV2  1 + [(A y - A i M 2  + 4 
cos A c/4 cos Ac/4 

Wing aspect ratio 

Compressibility correction factor 

(QP), = (Cld,, + (Cdr 
(CZP), = -0.000348Cq. - 0.00115 per deg 



TABLE 4.3.2-1 

E F F E C T  O F  FUSELAGE ON WING CONTRIBUTION TO Cz 
P 

Wing aspect ratio 



TABLE 4 . 3 . 3 - 1  

VERTICAL-TAIL CONTRIBUTION TO CzP 

zv cos a b  + 1, sin ab 

b w 

Distance from X-body axis to quarter chord of 
vertical-tail mean aerodynamic chord, in. 

to quarter chord of vertical-tail mean 
aerodynamic chord, in. 



TABLE 4.3.4-1 

C l B  OF THE COMPLETE AIRPLANE 

( ~ l i i )  Prop = (C2p) w1'=0 + (C2g)r +- (C2ii)f(w) 
r=o + (Clii)f(r, (C2/j)v(wfh) 

off 

-0.001512 

aLimit of linearity of lift curve. 



*W 

(a) hw = 0. 

*w 

(b) Aw = 0.25. 

Figure 4 .3 .1-  1. Variation of c* with aspect ratio, sweep, and taper 
C~ 

ratio (from ref. 10). M = 0. 



(a) A, = 1.0. 

Figure 4.3.1-1. Concluded. 



(a) hw = 0. 

Figure 4.3.1-2. Spanwise location of centroid of angle-of-attack loading 
(from ref. 10). 



(b) hw=0 .25 .  

Figure 4.3.1-2.  Continued. 



Figure 4.3.1-2. Continued. 



(d) 'X, = 1.0. 

Figure 4.3.1-2. Concluded. 





M cosACl2 

Figure 4.3.1-4. Compressibility correction to dihedral effect on wing 

(from ref. 3). Subsonic speeds. 
C l ~  

*ClB 
e tanA,lq ' 

per deg2 

Figure 4.3.1-5. Effect of wing twist on wing Clg (from ref. 3). 



Figure 4.3.4-1. Comparison of caIcuIated Cl with wind-tumel data. Propellers off. 
P 



4.4 Rolling and Yawing Moments Due to Aileron Deflection 

The rolling and yawing moments' due to aileron deflection to be considered a r e  for 
ailerons made up of plain, differentially operated trailing-edge flaps. The method to 
be used to obtain yawing moments due to aileron deflection, Cn6a9 i s  contingent on 

knowledge of the rolling moment due to aileron deflection, 6, ; thus, this i s  discussed 
first. 

4.4.1 Rolling Moment Due to Aileron Deflection, C1 
6, 

The method described in reference 13 was used to obtain the rolling-moment 
effectiveness, Cz 6 , for plain, differentially operated trailing-edge flaps. The method, 

a 
based on simplified lifting-surface theory, is applicable up to a Mach number of approx- 
imately 0.6 and i s  valid if no flow separation exists for the wing angle of attack and 
surface deflection being considered. 

For aileron panels rigged to have equal and opposite displacement, this method can 
be summarized by the following equation, in which the total aileron deflection is 
measured in a plane parallel to the plane of symmetry: 

For differentially operated ailerons, that i s ,  aileron panels having unequal and opposite 
displacement ( 6 ~ ~  6&), this equation takes the following form: 

When the aileron deflection is measured normal to the hinge line, 

C 1 

- - '6, 
Cz6, COS Ah2 

In equations (4.4.1-la) and (4.4.1-lb), loss in aileron panel effectiveness is 
accounted for by the section lift-effectiveness parameter, ( ' ~ 6 ) ~ ~ ~  which is based on 

the deflection of the individual aileron panels. For ailerons having chords equal to o r  
less than 25 percent of the wing chord, the loss in effectiveness does not s tar t  until the 
aileron panel is deflected beyond about 12 O. Thus, for equally deflected aileron panels, 
loss in effectiveness does not begin until the total aileron deflection, 6,, is about 24 ". 
For the subjecst airplane, which has differentially operated ailerons, the loss in effec- 
tiveness does not begin until the aileron deflection, Qa, is about 21 O. Because the 



predicted aileron effectiveness is to be compared eventually with wind-tunnel and flight 
data from which Cz is based on aileron deflections of less than 21°, the two equa- 

6a 
tions a r e  identical for present purposes. Thus the first  format (eq. (4.4.1-la)) will be 
used. 

In equations (4.4,l-la) and (4.4.1-lb), 

is the sweep of the hinge line, obtained from figure 3.2-1 

where cza is the section lift-curve slope in radians, from section 4.1 in reference 1 

The section lift-effectiveness parameter, (a6) in equations (4.4.1-la) and 
c i  ' 

(4.4* 1-lb) is obtained from 

where 

is as  defined from equation (4.4.1-4) 

6 
is the section-lift effectiveness of plain trailing-edge flaps, defined by 

- 1 '26 9 - - K (ref. 3) 
')theory (4.4. 1-6) B1 (%6)theory 

where 

(Ci6)theory 
is the theoretical section lift effectiveness of plain trailing-edge flaps 

(obtained from fig, 4.4. 1-1) as  a function of the airfoil section thickness ratio, t/c, 

and the effective ratio of the flap chord to the wing chord, (:)a,, within the aileron 

span 

Cz6 
is the empirical correction for the section lift effectiveness of 



plain trailing-edge flaps (obtained fr-om fig. 4,4.1-2) a s  a function of ( )  and 
av 

CL! 

a) theory 

in the ratio of is obtained from the following equation 
(Cz ")theory 

(eq. (4.1-1) in ref. I), in radians: 

K' is an empirical correction factor for the section-lift effectiveness of plain 
trailing-edge flaps at high flap deflections (obtained from fig. 4.4.1-3) a s  a function 

of flap deflection, 6f, and (2 )av 

The parameter A@ Ci6;) in equations (4.4.1-la) and (4.4.1-lb) defines the 

difference in the roll effectivenkss of a full-chord aileron extending from the plane of 
symmetry to the outboard tip of the aileron, 11, = yo/(b/2), and a full-chord aileron 

extending to the inboard tip, qi = yi/(b/2). This parameter (obtained from fig. 4.4.1-4) 
B1A 

is a function of q, - k , wing taper ratio, A,  and 

A = t an  
-1 tan Ac/4 

B1 B1 
in degrees 

Figure 4.4.1-5 shows a cross plot of figure 4.4.1-4 used to obtain 

A ( C )  for the subject airplane. The cross plots were obtained at qo = 0.977 

and qi = 0.685 for a wing taper ratio of Oi 51 and A gl = - 2.5". 

The calculations for the rolling-moment effectiveness of the ailerons of the subject 
airplane a re  summarized in table 4.4. 1-1. A comparison of the calculated Cz for 

6a 
the propeller-off condition with wind-tunnel data obtained at T: = 0 (fig. 4.4.1-6) 

shows reasonably good correlation. 

4.4.2 Yawing Moment Due to  Aileron Deflection, Cn 
&a 

Yawing moments due to aileron deflection depend upon the aileron geometry and a re  
primarily the result of antisymmetric change in induced drag of the wing due to the dis- 
placement of the ailerons. The yawing moments could be affected by a net antisymmetric 

7 9 



change in profile drag due to aileron deflection, depending on the nose shape and gear- 
ing of the ailerons. 

The antisymmetric change in induced drag due to aileron displacement produces an 
"adverse aileron yawn which yaws the nose of the airplane away from the turn roll pro- 
duced by the ailerons. This antisymmetric change in induced drag is not affected by 
differential gearing of the ailerons in normal aileron operation. For ailerons having 
equal and opposite displacement, the change in profile drag for each aileron is approx- 
imately equal and does not contribute to the yawing moments. However, for differen- 
tially geared ailerons, there is a net antisymmetric change in the profile drag which 
tends to alleviate the "adverse aileron yaw. 

Although the subject airplane has differentially geared ailerons and both antisym- 
metric induced drag and profile drag changes due to aileron deflection should be calcu- 
lated, there is a lack of design data from which to estimate the effect of the profile drag 
changes, Thus, for a first approximation, only the antisymmetric induced-drag effect 
is calculated, 

The antisymmetric induced effect has been recognized as being proportional to the 
wing lift coefficient, C b ,  and aileron rolling-moment effectiveness, C16ae As a 

result of these proportionalities, the yawing moments due to aileron deflection can be 
represented by 

where 

K is an empirical factor dependent on planform geometry 

CLw is the wing lift coefficient for zero aileron deflection 

is the rolling-moment effectiveness of the ailerons with aileron deflection 

measured perpendicular to the hinge line 

For plain flap-type ailerons extending to the wing tip, the factor K may be obtained 
from figure 4.4.2-1 as  a function of wing taper ratio, A, wing aspect ratio, A, and 
inboard-tip location, qi = yi/(b/2), of the aileron. This design chart, from reference 3, 
was originally presented in reference 8. 

For ailerons not extending to the wing tip, equation (4.4.2-2) is used to obtain the 
difference in the yawing moments of two hypothetical ailerons, One of the hypothetical 
ailerons is assumed to extend from the inboard tip of the actual aileron to the wing tip, 



and the other to extend from the outboard tip of the actual aileron to the wing tip. The 
difference in the yawing moments per unit ba thus obtained is the C 

nga 
ofthe actual 

aileron, 

The calculations for the yawing moment due to aileron deflection of the subject air- 
plane a re  summarized in table 4.4.2-1. A comparison of the calculated C for the 

nga 
propeller-off condition with wind-tunnel data obtained at  T: = 0 (fig. 4.4.2-2) shows 

reasonably good correlation. 

4.4.3 Symbols 

A wing aspect ratio 

wing span, in. 

wing-lift coefficient 

aileron rolling-moment effectiveness derivative with the 
aileron deflection measured perpendicular to the hinge 
line, per rad of differential aileron deflection unless 
otherwise noted 

"ga with aileron deflection measured in the plane parallel 

to the airplane plane of symmetry 

rate of change of the yawing-moment coefficient with the 
aileron deflection, per rad unless otherwise noted 

airfoil section chord, in. 

flap chord, in. 

average ratio af the flap chord to the airfoil-section chord 
within the flap span 

average (effective) ratio of the aileron chord to the wing 
chord within the aileron span 

aileron-flap chord (aileron width), in. 

experimental lift-curve slope of the wing airfoil section, 
per rad 



(Cz6) theory 

( theory 

theoretical lift-curve slope of the airfoil section obtained 
from equation (4.4. I-?), per rad 

section lift effectiveness of a plain trailing-edge flap, 
per rad 

theoretical section lift effectiveness of a plain trailing-edge 
flap, obtained from figure 4.4.1-1, per rad 

empirical correction factor (fig. 4.4.1-2) to obtain cz6 

from (" 6) theory 

wing chord, in. 

empirical correlation factor for determining C 
n6a 

(considered proportional to the wing lift coefficient, 
C b ,  and the aileron roll effectiveness, Cz ), 

6, 
obtained from figure 4.4.2-1 

empirical correction factor for the section-lift effectiveness 
of plain trailing-edge flaps at high flap deflections, 
obtained from figure 4.4.1-3 

Mach number 

free-stream dynamic pressure, lb/sq ft 

reference wing area,  sq ft 

thrust due to  propellers 

airfoil section thickness ratio 

distance from and normal to the plane of symmetry to 
the point of interest on the flap, in. 

distance from and normal to  the plane of symmetry to the 
inboard and outboard edge of the aileron, respectively, in. 

angle of attack of the airplane relative to the X-body axis, 
deg 



A 

Subscripts: 

av 

L, R 

section lift effectiveness parameter, -% 
a 

difference 

parameter defining the difference in the roll effectiveness 
of a full-chord aileron extending from the plane of 
symmetry to the outboard tip of the aileron and a full- 
chord aileron extending to the inboard tip, obtained from 
figure 4.4.1-4 as shown in figure 4.4.1-5 

differential aileron deflection measured normal to the hinge 
line, rad unless otherwise noted 

differential aileron deflection measured in the plane 
parallel to the plane of symmetry, rad 

flap deflection measured normal to the hinge line, rad 

aileron lateral coordinate, the distance y as  a ratio of 
the wing semispan 

distance yi and yo as a ratio of the wing semispan, 

respectively 

wing trailing-edge angle, deg 

compressible sweep parameter, tan-' deg 

sweep of the wing quarter-chord line and aileron hinge line, 
respectively, deg 

wing taper ratio 

average 

left and right, respectively 



TABLE 4.4.1-1 

ROLLING MOMENTS DUE TO AILERONS, Cz 
6a 

(a) Section lift-effectiveness parameter of ailerons, (03) 

within the aileron span 

Thickness ratio of wing-airfoil section 

Table 4.1-1 of 

6.28 + 4.7 (t/c)(l + 0.00375~~) Equation (4.4. 1-7) 

......................................... ....................... 

Empirical correction to Figure 4.4.1-2 

Figure 4.4.1-3 

Equation (4.4.1-6) 



TABLE 4.4.1-1 (Concluded) 

(b) Aileron mll-effectiveness parameter, A (2 c/~:) 

Wing taper ratio 

Equation (4.4.1-4) 

Outboard edge of aileron, y0/(b/2) 

(c) Roll effectiveness of ailerons, Cl 
6a 

1 Compressibility correction factor 

k C1, 
2?T 

Table 4.4.1-l(b) 

Table 4.4.1-l(b) 

Section lift-effectiveness parameter of ailerons Table 4.4.1-l(a) 

Aileron roll-effectiveness parameter Table 4.4. 1-l(b) 

Wing sweep along aileron hinge line, deg 

Summary: - l k  - -- - 1 
(a@ A (: Ci6:) -I = 0.0670 per rad 2 B1 

= 0.00117 per deg 



TABLE 4.4.2-1 

YAWING MOMENTS DUE TO AILERONS, Cn 
6, 

Aileron effectiveness in roll, per deg 

Wing sweep along aileron hinge line, deg 



per rad 

Figure 4.4. 1-1. Theoretical lift effectiveness of plain trailing-edge 
flaps (from ref. 3). 



Figure 4.4.1-2. Empirical correction for lift effectiveness of plain trailing-edge 
flaps (from ref. 3). 



Figure 4.4.1-3. Empirical correction for lift effectiveness of plain trailing-edge 
flaps at high flap deflections (from ref. 3). 



per rad 

(a) h = 0. 

Figure 4.4. 1-4. Subsonic aileron rolling-moment parameter (from ref. 13). 



(b) h = 0.5 .  

Figure 4.4. 1-4. Continued. 



per rad 

(c) A = 1.0. 

Figure 4.4. 1-4. Concluded. 



per rad 

Figure 4.4. 1-5. Cross plot of figure 4.4.1-4 to obtain A for subject 

airplane. AB1 = -2.5; A = 0.51. 



Figure 4.4.1-6. Comparison of calculated rolling-moment effectiveness of 
ailerons of subject airplane with wind-tunnel data. 



Figure 4.4.2-1. Correlation constant for determining yawing moment due 
to aileron deflection (from ref. 8). 



c ,  
"ga 

per deg 

Figure 4.4.2-2. Comparison of calculated yawing moment due to ailerons 
of subject airplane with wind-tunnel data. 



4.5 Yawing and Rolling Moments Due to Rudder Deflection 

The yawing and rolling moments'due to rudder deflection to be considered a re  for 
conventional rudders, which a re  essentially plain trailing-edge flaps. The method used 
to estimate these moments involves the determination of the side force due to rudder 
deflection, which is then multiplied by the appropriate moment arms to obtain the de- 
sired moments. 

4.5.1 Side Force Due to  Rudder Deflection, C 
Yar 

The side force due to rudder deflection, Cy , in the linear lift range of the vertical 
6 r  

tail can be obtained by using equation (4.5.1-1). This equation was developed in ref- 
erence 16 to obtain the lift increment of high-lift flaps and was used in reference 1 to 
determine the lift on the horizontal tail due to tab deflection. The equation, adapted to 
the present situation and based on wing area,  gives 

where 

i s  the effective lift-curve slope of the vertical tail as obtained from 

(cYp) with wing-wake and body-sidewash effects equal to zero; thus, from equ- 
v 

tion (4.1.4-5), 

(cla)v 
is the section lift-curve slope of the vertical tail, obtained from section 4.1 

of reference 1 

Kb is the rudder-span factor (obtained from fig. 4.5.1-1) as a function of the taper 

ratio, hv, and the span ratio, (fig. 3.2 -4) 

c'6r 
is the section lift effectiveness of the rudder (obtained from eq. (4.4. 1-6), 

which was applied in section 4.4.1 to obtain the section-lift effectiveness of the ailerons; 
the pertinent required geometric parameters of the rudder a re  obtained from fig. 3.4-2) 

is the rudder-chord factor (obtained' from fig. 4.5.1-2) as a function 

v 



of the vertical-tail aspect ratio, Aveff9 (from eq. (4. 1.4-1)) and 
(a6r)cz 

The (a6r)cz required to obtain from figure 4.5.1-2 may be 

v 
obtained, for a rudder having a constant ratio of flap chord to airfoil-section chord, 

6, 
from - - based on experimental data or  from the insert in figure 4.5.1-2 based cn 

Cl a 
theory. When ( a 6  r )  varies along the span, as  for a constant-chord rudder on a 

C?  
L. 

tapered surface, an average value of the chord ratio may be used with good accuracy, 
Otherwise, a s  discussed in reference 16, the effective (OL6r)Cz may be found by 

determining the value of a t  each of several locations across the rudder span 

and plotting these values against corresponding values of Kb. The area under the 

curve divided by AKb is the effective value of 

The calculations for the side force due to rudder deflection, Cy , of the subject 
6 r  

airplane, based on the preceding relations, a r e  summarized in table 4.5.1-1. A 
comparison of the calculated Cy6 with full-scale wind-tunnel data obtained at the 

T. 

/ 
- A  

power condition of Tc = 0 is shown in figure 4.5.2-1. 

4.5.2 Yawing and Rolling Moments Due to Rudder Deflection 

The yawing and rolling moments due to rudder deflection are  readily obtainable 
from the following simple relations, relative to the stability system of axes: 

- Z< cos ( ~ b  - 2; sin a b  
z 6r = ' ~ 6 ,  bw 

(4.5.2-2) 

where 1; and z< a r e  distances, relative to the X- and Z-body axes, respectively, 
from the center of gravity to the quarter chord of the mean aerodynamic chord of that 
portion of the vertical tail spanned by the rudder, (cAs),. This mean aerodynamic 

chord is obtained from 



where 

and where (cv) and (cv) a re  the chords of the vertical tail at  the outboard and 
70 Ti 

inboard ends of the rudder, respectively. 

The spanwise location of (cAq), from the inboard end of the rudder (cv) is 
qi 

obtained frorn 

where br is the rudder span. 

The calculations for the yawing and rolling moments due to rudder deflection, 

c%r 
and Cz6 , of the subject airplane, based on tire preceding relations, are sum- 

r 
marized in table 4.5.2-1. The correlation of calculated Cy6 , and Cz6 with 

r 
analyzed full-scale wind-tunnel data obtained at the power condition of T; = 0 (no 
propeller-off wind-tunnel data were available) is shown in figure 4.5.2-1. The correla- 
tion is considered to be good, although the calculated values are  slightly larger than the 
wind-tunnel values. 

4.5.3 Symbols 

effective aspect ratio of the vertical tail in the presence 
of the fuselage and the horizontal tail, obtained from 
equation (4. 1.4-1) for a single-tail configuration 

rudder span parallel to the Z-body axis, in. 

vertical-tail span, in. 

wing span, in. 

effective lift-curve slope of the vertical tail referred to 
the wing area, obtained from equation (4.5.1-2), per 
deg 

vertical-tail lift-curve slqpe referred to the tail area, 
obtained from equation (4.1.4-2), per rad or deg 



vertical-tail lift effectiveness of the rudder, referred to 
'the wing area, per deg 

rate of change of the rolling-moment coefficient with 
rudder deflection, per deg 

rudder effectiveness in yaw; rate of change in the yawing- 
moment coefficient with rudder deflection,, per deg 

vertical-tail contribution to the variation of the side-force 
coefficient with the sideslip 

rate of change of the side-force coefficient with rudder 
deflection, per rad or deg 

rudder-flap chord, in. 

average ratio of the rudder chord to the vertical-tail chord 
within the rudder span 

root chord of the vertical tail, in. 

vertical-tail chord, in. 

vertical-tail chord at  the inboard and outboard edge of the 
rudder, respectively, in. 

section lift-curve slope of the vertical tail, per rad 

theoretical section lift-curve slope of the vertical tail, 
per rad 

section lift effectiveness of the rudder, per rad 

theoretical section lift effectiveness of the rudder, per rad 

mean aerodynamic chord of the portion of the vertical tail 
spanned by the rudder, in. 

empirical correction factor for the section lift effectiveness 
of plain trailing-edge flaps at  high flap deflections, 
obtained from figure 4.4.1-3 

rudder span factor, obtained from figure 4.5.1-1 

factor accounting for the body size relative to the vertical- 
tail size, obtained from figure 4. 1.4-l(d) 



distance relative to the X- and Z-body axes, respectively, 
from tbe center of gravity to the quarter chord of the 
mean aerodynamic chord of the vertical tail, in. 

distance, relative to the X- and Z-body axes, respectively, 
from the center of gravity to the quarter chord of the 
mean aerodynamic chord, 

( '~q) r  
, of the portion of the 

vertical tail spanned by the rudder, in. 

Mach number 

free-stream dynamic pressure, lb/sq ft  

dynamic pressure at the vertical tail, lb/sq ft  

vertical-tail area, sq ft  

wing area, sq ft  

thrust due to the propellefs, lb 

airfoil-section thickness ratio of the vertical tail 

angle of attack relative to the X-body axis, deg 

flap- (rudder) chord factor (obtained from fig. 4.5.1-2) as 
a function of the vertical-tail aspect ratio, Aveff9 and 

difference 

spanwise location of the vertical-tail mean aerodynamic 
chord from the root chord, (cr),, of the tail, in. 



spanwise location of (EA~),  from (cv) , in. 
Si 

span ratio 

distance from the root chord of the vertical tail to the 
inboard and outboard edge of the rudder, respectively, 
as  a ratio of the vertical-tail span 

vertical-tail trailing-edge angle, deg 

sweep of the quarter-chord line of the vertical tail, deg 

vertical-tail taper ratio 

taper ratio of the portion of the vertical tail spanned by 
the rudder 



TABLE 4.5.1-1 

SIDE FORCE DUE TO RUDDER DEFLECTION, Cy6, 

Magnitude 

17.7 

178. 0 

.a525 

,889 

c 1 . 0  

,004E4 

0. 08 

Negligible 

6. 66 

6.25 

,938 

0.38 

4.88 

. 9 1  

. 997 

1.0 to 10 

4 .45 

2. 67 

-. 712 

1. 07 

0.433 

. 14 

1.00 

.80 

= 4.45 ( 6 0 2 Z F 3 )  (1.07)(0.80) 

= 0.16204 per rad 

= 0.00283 per deg referenced to Sw = 178 sq  f t  

Reference 

Figure 3.2-4 

Figure 3.2-1 

Table 4. 1.4-l(h) 

Table 4.1.4-l(c) 

----------.------------ 

Equation (4.5.1-2) 

NACA 0008 
....................... 

Equation (4.4. 1-7) 

Table 4.1.4-l(b) 

....................... 

Figure 3.2-4 

Figure 4.4.1-1 

Figure 4.4. 1-2 

Wind-tunnel tes t  condition 

Figure 4.4.1-3 

Equation (4.4.1-6) 

Table 4. 1.4-l(a) 

--------------- 

Figure 4.5.1-2 

Figure 3.2-4 

Figure 3.2-4 

Figure 3.2-4 

Figure 4.5.1-1 

Symbol 

s v  

Sw 

k l  

3 
q- 

t/c 

"te 

(C1")"theary 

Description 

Vertical-tail a rea ,  sq  f t  

Reference wing area ,  sq  f t  

Lift-curve slope of vertical tail ,  re fer red  to tail  
a rea ,  per deg 

Empirical correction factor accounting for  body 
s ize  relative to vertical-tail s ize  

~ynamic-pressure  ratio a t  vertical tail 

Effective lift-curve slope of vertical tail, 
referred to wing area ,  per deg 

~ h i c l m e s s  ratio of vertical-tail section 

vertical-tail trailing-edge angle, deg 

6.28 + 4.7(t/c) (1 + 0.00375 qte), per  rad 

Section lift-curve slope of vertical tail ,  per rad 

........................................ 

Rudder chord 
(Vertical-tail chord within rudder span)a,erage 

Theoretical rudder effectiveness of section, 

theory 

B1 

K' 

C16, 

A ~ e f f  

(a6r),l 

(.6r)cL 

(.6rLl 

A" 

"i 

'la 

Kb 

\II for wind-tunnel Mach number = 0.083 

Empirical correction factor for large flap 
deflections, deg 

K', rad  

Effective aspect ratio of vertical tail  

[ A ~ e f ~  (a6r),l] , 

Vertical-tail taper ratio 

Distance from root chord of vertical tail to 
inboard edge of rudder a s  fraction of 
vertical-tail span 

Distance from root chard of vertical tail  to 
outboard edge of rudder a s  fraction of 
vertical-tail span 

Span factor for rudder, f(Ay, qi, vo) 



TABLE 4.5.2-1 

YAWING AND ROLLING MOMENTS DUE TO RUDDER DEFLECTION 

1; cos crb - z;sin crb 
Cqr = - C ~ 6 r  41. 

-2: cos cub - 1: sin ab 

'~6, = ' ~ 6 ,  b, 

Symbol Description Reference 

Wing span, in. I Figure 3.2-1 

Rudder span parallel to 2-body axis, in. Figure 3.2-4 

Distance from center of gravity to quarter chord Figure 3.2-4 
of vertical-tail mean aerodynamic chord, in. I 

zv  Vertical distance from center of gravity to quarter Figure 3.2-4 
chord of vertical-tail mean aerodynamic chord, 
in. 

A,=/4 Sweepback of vertical-tail quarter-chord line, deg Figure 3.2-4 

Azv Spanwise location of vertical-tail mean aerody- Figure 3.2-4 
namic chord from crv, in. 

( c ~ ) ~ ~  Chord of vertical tail a t  outboard end of rudder, in. Figure 3.2-4 

(cv) I Chord of vertical tail a t  inboard end of rudder, in. I Figure 3.2-4 
% 

( E ~ ~ ) ~  1 Mean aerodynamic chord of portion of tail spanned --------------- I 
, in. 

qibV Spanwise location of Figure 3.2-4 

1; 1,- ( i  b + A z A  v n 

z 2, + ( i v  q b + AzAq - dzV)  cos nC/4, in. 

C 
ygr 

Referenced to Sw = 178 sq ft, per  deg Table 4.5.1-1 

Magnitude 

432.0 

I Summary: Cn6, = -0.001098 cos a b  - 0.000331 sin % 



Figure 4.5.1-1. Span factor for inboard flaps (from ref. 16). 



Figure 4.5.1-2. Flap-chord factor (from ref. 16). 



Figure 4.5.2-1. Comparison of calculated and wind-tunnel values of rudder side 
force and yawing- and rolling-moment effectiveness. 



5.0 PREDICTION O F  POWER-ON STATIC STABILITY AND 

CONTROL CHARACTERISTICS 

A general design procedure for determining the effects of power on the lateral- 
directional static stability and control characteristics of propeller-driven aircraft does 
not appear to be available. In single-engine airplanes the effects of power a r e  partic- 
ularly significant because the vertical tail is strongly affected by the propeller slip- 
stream and the wing-body interference with the slipstream. In the absence of reliable 
data for preliminary design purposes, tests of powered models in wind tunnels o r  
practical experience with similar airplane configurations is used. 

For twin-engine, propeller-driven aircraft, the vertical tail is normally outside 
the main propeller slipstream. Although the propeller slipstream may have some 
effect on the vertical tail-particularly with increasing power-the effect is usually 
small enough to be neglected in preliminary design calculations, 



5.1  Power -On Static Stability Characteristics 

The effect of power on the sidewash of the vertical tail of a twin-engine airplane for 
normal operating conditions is assumed to be negligible in a first order of approximation. 
Inasmuch as the tail is outside the main propeller slipstream under these operating 
conditions, the dynamic-pressure ratio is considered to be similar to 1.0. 

5.1.1 Power Effects on C y  
P 

Three power effects a re  added to the propeller-off side-force derivative to arrive 
at the power-on value. These are  the normal force (side force) of the propellers, the 
increased dynamic pressure behind the propeller as it affects the contribution of the 
nacelles, and the power-induced sidewash behind the propeller, which also affects the 
contribution of the nacelles. With these three power effects taken into account, the 
power-on equation for Cy can be represented by P 

= ( C Y O ) ~ ~ ~ ~  + (ACyP)Np + (ACYP)~(A$ (ACyP)ng ) (5.1.1-1) 
off P 

Propeller-off side-force derivative, (cyP) , was considered in section 4.1. 
prop 
off 

As calculated, the derivative provided reasonably good preliminary correlation with 
wind-tunnel data for the subject airplane. Because of a lack of design data, the calcu- 
lations did not show the influence of angle of attack on wing-body interference which 
was reflected in the wind-tunnel data. 

The increment of the side-force derivative due to propeller normal force, 
(ACyg) Np, is accounted for by equation (5.1.1-2). This equation is  an adaptation of 

equation (5.1.1-2) in reference 1, which accounted for the propeller normal-force 
contribution to lift, 

where 

n is the number of propellers 

f is the propeller inflow factor, the ratio of propeller normal-force (sideforce) 
coefficient at  power-on to power -off conditions, obtained from figure 5.1.1-1 (from 
ref. 17) 

Sdprop is the disk area of the propeller, equalto a~~~ 



(C~")p 
is the propeller normal-force parameter at T: = 0, per radian, obtained 

from the following equation from reference 8: 

where 

KN is the side-force factor obtained from the propeller manufacturer or  approxi- 

mated bv 

b~ in which - is the ratio of the blade width, bp, to the propeller radius, Rp, and the 
R~ 

subscripts 0. 3Rp, 0. 6Rp, and 0. 9Rp indicate the radial station of the ratio 

is the propeller normal -force derivative given by figure 5. 1. 1-2 
KN=80. 7 

as  a function of the blade angle, P', and the type of propeller 

The contributions of the propeller normal force to the side-force derivative of the 
subject airplane a re  summarized in table 5.1.1-l(a). 

The increment of the side-force derivative, C y  due to propeller-induced increase 
P ' 

in dynamic pressure acting on the nacelles is accounted for by 

Aq'n 
ACYP - - 

= A c y ~  ( [( ) n l  prop qm 
off 

where 

[ (ACy~)n I  prop 
is the propeller-off contribution of the nacelles to C y  obtained 

P ' 
off 

from table 4.1.3-1 

Aq'n - - is the increase in dynamic-pressure ratio at  the nacelle due to power, 
qm 



obtained from 

The contribution of to the side-force derivative of the subject airplane is 

summarized in table 5.1.1-l(b). 

The increment of Cy due to power-induced sidewash acting on the nacelles is 
P 

accounted for by 

a OP AGn PCyd n (AcyP)n] prop (v ) ( l i~)  03 

off 

where 

is the propeller-induced sidewash factor behind the propeller obtained from 

the following relation (from ref. 8) : 

in which the factors C1 and C2 are  obtained from figure 5.1.1-3. The contribution 

to the side-force derivative of the subject airplane is summarized in 

table 5 .1 .1  - l (k ) .  

Summary calculations for power-on Cy characteristics of the subject airplane P 
for vertical-tail-off and vertical-tail-on conditions a r e  presented in table 5.1.1-l(d) 
as  a function of power conditions. In figure 5.1. 1-4 the calculated characteristics 
a r e  compared with wind-tunnel data. The vertical-tail-off data imply that the contri- 
bution of the fuselage in the presence of the wing is a function of angle of attack. The 
difference in the tail-on and tail-off values for this twin-engine configuration when 
thrust coefficient is equal to zero and 0.44 indicates the vertical-tail contribution to 
Cyp to be a function of angle of attack with some dependence on the power condition 

over most of the linear angle-of-attack range. Because of the lack of appropriate 
design data, the contribution of the fuselage in the presence of the wing and the contri- 
bution of the vertical tail were considered to be independent of angle of attack in calcu- 
lating the Cyp characteristics. 



5.1.2 Power Effects on C . 
Power effects to be added onto the propeller-off weathercock stability, C%, a r e  

considered to be due to the same factors that affected the side-force derivative, Cyp 

The factors a r e  propeller normal force (side force), increased lateral forces on the 
nacelles due to propeller-induced increase in dynamic pressure, and propeller-induced 
sidewash. With these factors taken into account, the power-on equation for Cw can 

be represented by 

- 
+ (Acnp)Np + (Acn~)n (~ t j )  + ( A C n ~ )  n(crp) (5. 1.2-1) CnP - (C5)p,op 

off 

where 

is the propeller-off Cn accounted for in section 4.2.1. P 
off 

(Cn~)Np 
is the contribution due to the propeller side force and is determined by 

where 

( A c y ~  )Np 
is obtained from section 5.1.1-1 

xp and zp a re  the distances from the center of gravity to the propeller, from 

figure 3.2-5 

bw is the wing span, from figure 3.2-1 

a r e  the changes in nacelle contribution to C due 
nP 

to the propeller-induced increase in dynamic pressure and sidewash, respectively. 
Their net contribution is determined by 

Xn Cos crb + 2, sin ab + AC, 
(ACq)n(A@ ( P = [( ACy@)n(Aii) + ( ACy fi)n(crp) ) (5. 1.2-3) 

where 

(Acy~)  n(Atj) and ( A C y ~ )  n(o ) are  obtained from section 5.1.1-1 
P 
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xn and zn are  the distances from the center of gravity to the nacelle center of 

pressure (fig. 3.2-2) 

Summary calculations of power-on C characteristics of the subject airplane for 
n~ 

vertical-tail-on and vertical-tail-off conditions a re  presented in tables 5.1.2-l(a) and 
5.1.2-l(b) as  a function of angle of attack and power condition. In table 5.1.2-l(b) the 
propeller-off Cng characteristics listed in columns 2 and 3 were obtained from 

table 4.2.5-1 for the condition where wing-fuselage interference was accounted for as  
a function of angle of attack but vertical -tail effectiveness, ( c ~ ~ ) ~ ( ~ ~ ) ,  was not 

accounted for as a function of angle of attack because of the lack of appropriate design 
data. 

In figure 5.1.2-1 the calculated CnB characteristics are  compared with wind- 

tunnel data. The vertical-tail-off data 'show some increase in wing-fuselage interference 
with increasing power which was approximately accounted for in the calculations. The 
tail-on and tail-off data also show some change in tail effectiveness with increasing 
angle of attack. A s  was noted for C for propeller-off conditions (section 4.2. 5), nP 
lack of appropriate design data for sidewash effects as a function of angle of attack 
precluded the consideration of the angle-of-attack effects on the vertical tail. 

5.1.3 Power Effects o n  Cz 
B 

Power effects on the effective dihedral derivative, Clg9 to be added to the propeller- 

off derivative were considered to be the results of rolling: moments due to propeller 
normal force (side force) and rolling moments due to the sideslip-induced lateral dis- 
placement of the portion of the wing immersed in the propeller slipstream. The portion 
of the wing in the slipstream is affected by a propeller-induced increase in dynamic 
pressure and downwash. With these factors taken into account, the power-on equation 
for Cl is represented by 

P 

- 
- (C l~)p rop  + aclg 

off -I- ( A c z P ) ~ p  ( lw(Atj+, 

The Cl with propeller off, 
P 

, is accounted for in section 4.3, 

off 

The contribution of the propeller side force to Cl is obtained from 
P 

-zp cos a b  + xp sin a b  - 
(ACzp) Np - (ACYp)Np b~ 



where 

(""YP), 
i s  the propeller side-force derivative as  obtained from equation (5.1. 1-2) 

and table 5. 1. 1-l(a) 

xp and zp a r e  distances from the center of gravity to the propeller, from 

figure 3.2-5 

bw is the wing span, from figure 3.2-1 

The contribution of the portion of the wing immersed in the propeller slipstream 
to Cz is the result of a lateral shift of the immersed part of the wing. In sideslip, P 
in the absence of secondary effects, the centerline of the propeller slipstream i s  yawed 
from the thrust line by an amount equal to @ - cr ), where up i s  the propeller-induced 
sidewash. 

P 

The increments of lift, ( A C L ) ~ ( ~ ~ )  and (ACL) of the immersed portion of 

the wing due to the power-induced increase in dynamic pressure and downwash a re  
assumed to be effectively centered at the quarter chor9 of the wing. With the lateral 
shift in center of pressure considered to be equal to xp tan @ - o p), the contribution of 

the immersed portion of the wing to Cz is obtained from 
P 

However, the proximity of the fuselage and the curvature of the fuselage flow field alter 
the shift in propeller slipstream centerline. In the absence of more specific information, 
personal judgment was used in applying an interference factor of 0,5 to equation (5.1.3-3), 
which for the normal range of sideslip angles was used in the following format:: 

where 

x$ is the distance from the propeller to the quarter chord of the wing at the thrust 

line, scaled from figure 3.2-1 

bw i s  the wing span, from figure 3.2-1 

(ACL) , (~~)  is the increment of lift on the immersed wing area due to the power- 

induced increase in dynamic pressure, obtained from table 5.1.1-2(a)-3 of reference 1 



(AC L)W (E I)) 
is  the increment of lift on the immersed wing area due to power- 

induced downwash, obtained from table 5.1.1-2(b) -2 of reference 1 

ao 
- 
a0 

is the power-induced sidewash factor behind the propeller, obtained from 

Summary calculations of power-on Cl characteristics of the subject airplane a re  
P 

presented in tables 5. 1.3-l(a) and 5. 1. 3-l(b) as a function of angle of attack and power 
condition. As indicated in table 5. 1.3-l(b), the propeller side force (column 5) tends 
to increase the effective dihedral, and the sideslip-induced lateral displacement of the 
immersed portion of the wing (column 7) decreases the effective 
angle of attack and thrust coefficient. At a 12 O angle of attack, with as a 

base, the propeller side force increases the effective dihedral about 3 and 4 percent a t  
thrust coefficients of 0.20 and 0.44, respectively. At the same angle of attack, the 
sideslip-induced lateral displacement of the immersed portion of the wing decreases 
the effective dihedral about 8 and 14 percent at thrust coefficients at 0.20 and 0.44, 
respectively. Had an interference factor not been included in equation (5. 1.3-4) to 
obtain the latter contributions, the decrease in effective dihedral would have been 16 
and 28 percent instead of 8 and 14 percent. Because the interference factor used was 
based on personal judgment, i t  i s  apparent that a more rational basis is required for 
determining the interference factor to be used. 

A comparison of the calculated Cz characteristics with wind-tunnel data in P 
figure 5. 1.3-1 shows good correlation. 

5.1.4 Symbols 

b~ width of the propeller blade, ft 

bw wing span, in. 

factors for determining the propeller-induced sidewash 
and downwash behind the propeller, obtained from 
figure 5. 1:l-3 

L ) ~  (aq) 9 L) w(E p) 
increment of the lift coefficient due to the power-induced 

increase in the dynamic pressure and downwash, 
respectively, on the portion of the wing immersed in 
the propeller slipstreams 

effective dihedral derivative; rate of change of the rolling- 
moment coefficient with sideslip, per deg 

airplane C for propeller-off conditions 
P 

off 



contribution of the normal propeller force to Cl  P 

change in the wing contribution to Cz due to the power- P 
induced change in the dynamic pressure in the propeller 
slipstream and the power-induced downwash of the slip- 
stream acting on the wing 

/ 
propeller normal-force parameter at Tc = 0, per rad 

propeller normal-force parameter, a t  the reference 
K~=80.7 

side-force factor, KN = 80.7 (condition obtained from 
fig. 5. 1, 1-2) 

( c ~ ) p r o p  
off 

weathercock stability derivative; variation of the yawing- 
moment coefficient with sideslip, per deg 

airplane C for propeller-off conditions 
nP 

contribution of the propeller side force to C 

( A C ~  n(g 
change in the nacelle contributions to Cn due to the 

P 
propeller-induced increase in the dynamic pressure and 
sidewash, respectively, acting on the nacelles 

increment of the weathercock stability due to the power 
effects 

(Cn~)wfn 
vertical-tail-off C np 

off 

( CYP)prop 
off 

vertical-tail-off Cn at  propeller-off conditions 
P 

rate of change of the side-force coefficient with sideslip 
angle, per deg 

airplane C for propeller-off conditions 
yP 



[(ACY~)nl prop 
off 

contribution of the propeller side force to Cy P 

contribution of the nacelles to Cy for propeller-off P 
conditions 

change in the nacelle contributions to CyP due to the 

propeller-induced increase in the dynamic pressure and 
sidewash, respectively, acting on the nacelles 

[( cY~)wfiI  prop 
off 

contribution of the vertical tail to Cy in the presence P 
of the wing, fuselage, and horizontal tail, per deg 

vertical-tail-off C 
YP 

vertical-tail-off Cy at propeller-off conditions 
P 

f propeller inflow factor, obtained from figure 5. 1.1-1 

/ 
0 5  Xp K =  
57.3 bw (I - %), a function of T; 

K~ propeller side-force factor, obtained from equation (5.1.1-4) 

n number of propellers 
- 
4m 

free-stream dynamic pressure, lb/sq ft  

power-induced increase in the dynamic pressure acting 
on the nacelles, lb/sq f t  

propeller radius, ft 

2 propeller disk area, nRp , sq ft  

s, wing area, sq ft  

thrust due to the propellers, lb 

thrust coefficient, 
4,Sw 

T ( / P ~ ~ P  thrust coefficient of one propeller 



airplane velocity, ft/sec 

distance, parallel to the X-body axis, from the center of 
gravity to the nacelle center of pressure and to the 
propeller, respectively, obtained from figure 3.2-5, in. 

distance, parallel to the X-body axis, from the propeller 
to the quarter chord of the wing at the thrust line, 
obtained from figure 3.2-1, in. 

distance, parallel to the Z-body axis, from the center of 
gravity to the nacelle center of pressure and to the 
propeller, respectively, obtained from figure 3.2 -5, 
positive down, in. 

airplane angle of attack relative to the X-body axis, deg 

sideslip angle, deg 

propeller blade angle at 0. 75Rp, deg 

power-induced sidewash of the slipstream behind the 
propeller, deg 

rate of change of the power-induced sidewash behind the 
propeller with sideslip angle 



TABLE 5.1.1-1 

EFFECT OF POWER OK Cy 
P 

(a) Increment of CyP due to propeller normal force, 
@yo )Np 

Propeller radius, ft 

------------ 28.27 per  propeller 

Power parameter for obtaining ------------ 
inflow factor, f 

Figure 5.1.1-1 

Side -force factor, 

Propeller normal-force parameter Figure 5.1.1-2 



TABLE 5. 1.1-1 (Continued) 

(b) Increment of C y  due to propeller-induced increase in dynamic pressure  on nacelles, P 

- Ain - P C  ( 6  - [PCyP)nJprOp iw 
off 

Propeller radius, f t  

Reference wing area ,  sq ft  

-. 000233 





TABLE 5.1.2-1 

EFFECT OF W W E R  ON Cw 

(a) Increment of '2% due to propeller side force and power effects on nacelles 

Xn Cos a b  + zn sin cub 

m I m I I;\ I (8) I 

Xn cos LYb + zn sin c?b I 
0.20 0.44 o I 0.20 0.44 per deg i 

I 

From tables 5.1.1-l(b) and 5.1. 1-l(c), 
0 .05790 - 0.01620 From table 5.1.1-l(a), ( A C Y ~ ) ~ ~  = 

TA 

[ P Y P ) ~ ( A ~  + J = o 
0.20 0.44 

-0.000519 -0.000156 -0,000924 -0.000009 -0.000113 -0.000251 





TABLE 5.1.3-1 

EFFECT O F  POWER ON Clp 

- zpcosab+xps incub  0 5  Xp 

'28 = (Cldprop + @a)Np ( ) + $3 G (1 - g) [ ( q w ( A $  + ( A C L ) ~ ~ , ~ J  
off 

(a) Pertinent parameters 

Table 4.3.4-1 

Table 5. 1. 1-l(c) 

f lift on immersed wing area due to power-induced 

Clp = (Clp)prop + ( A C ~ ~ ) ~ ~  10.0241 cos a b  + 0. 1462 sin ab) 
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Figure 5. 1. 1-1. Propeller inflow factor (from ref. 17). 



Figure 5. 1. 1-2. Propeller normal-force parameter (from ref. 17). 



Figure 5. 1. 1-3. Factors for determining propeller downwash (from ref. 8). 



Calculated ---- Wind-tunnel data 

Figure 5. 1. 1-4. Comparison of calculated C y  with wind-tunnel data P 
a s  a function of angle of attack and thrust coefficient. 



s_l__ Ca Icu lated 
--e- Wind-tunnel data 

.001 

deg 

0 

Vertical 

-. 001 tail off 

Figure 5. 1.2-1. Comparison of calculated Cn with wind-tunnel data as 
P 

a function of angle of attack and thrust coefficient. 





5.2 Power-On Control Characteristics 

5.2.1 Aileron Parameters 

The ailerons on light aircraft a re  normally not significantly affected by the pro- 
peller slipstream. They a re  far enough away from the slipstream to be on the edge of 
or outside the influence of power-induced change in wing-span loading. Consequently, 
the values of the propeller-off aileron parameters, Cz6, and Cn6a, calculated in 

section 4.4, a re  considered to be valid estimates for all power conditions. 

The calculated characteristics of the aileron parameters, Cz6, and C , for the 
n6a 

subject airplane (from tables 4.4.1-1 and 4.4.2-1, respectively) a re  compared with 
wind-tunnel data in figure 5.2.1-1. The wind-tunnel data for Cz6 show some incon- 

a 
sistency in variation with angle of attack for the different power conditions, This may 
be more a matter of test technique than power effects, inasmuch as  the tunnel data were 
based on aileron settings of -32 O ,  - l a0 ,  0°, 16", and 32", which are  rather coarse for 
accurate determination of aileron characteristics. With this factor taken into considera- 
tion, the calculated aileron characteristics have been obtained to a reasonably good 
degree of accuracy. 

5.2.2 Rudder Parameters 

The rudder on a single vertical-tail installation on a twin-engine airplane can be 
considered to be outside the propeller slipstream for normal maneuvering and unaffected 
by power conditions. Thus the values of the propeller-off rudder parameters, Cysr, 

C , and Cz6 , calculated in section 4.5, a re  considered to be valid estimates for all 
n6r r 

power conditions. 

The calculated characteristics of the rudder parameters, Cy6 , CnSr, and Cz6 , 
r r - 

for the subject airplane (from tables 4.5.1-1 and 4.5.2-1) a re  compared with wind- 
tunnel data in figure 5.2.2-1. The calculated C and Cz parameters show the 

6, 
same good correlation with the power-on tunnel data as  was shown in figure 4.5.2-1 
for propeller-off conditions. Calculated Cn6r, which showed good correlation with 

propeller-off wind-tunnel data (fig. 4.5.2-l), shows poorer but reasonably good correla- 
tion with the power-on wind-tunnel data. It should be noted that although the power-on 
wind-tunnel data do not show any significant change with power in the linear angle-of- 
attack range, the values a re  smaller than the propeller-off values shown in figure 4.5.2-1. 
The reason for this difference is not clear. 

5.2.3 Symbols 

rate of change of the rolling-moment coefficient with the 
aileron deflection, per deg 

rate of change of the rolling-moment coefficient with the 
rudder deflection, per deg 



rate of change of the yawing-moment coefficient with the 
aileron deflection, per deg 

rate of change of the yawing-moment coefficient with the 
rudder deflection, per deg 

rate of change of the side-force coefficient with the 
rudder deflection, per deg 

thrust coefficient 

angle of attack relative to the X-body axis, deg 



- Ca Iculated ---- Wind-tunnel data 

Figure 5.2. 1-1. Comparison of calculated aileron characteristics with wind-tunnel data. 
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Figure 5.2.2-1. Comparison of calculated rudder characteristics with wind-tunnel data. 



5.3 Comparison of Predicted Static Stability and Control 
Characteristics With Flight Data 

Although the calculated static stability and control characteristics were compared 
with wind-tunnel data for validation, it is desirable to compare both calculated and 
wind-tunnel predictions with flight data. The methods by which the flight-determined 
derivatives used in the comparisons were obtained a r e  discussed in this section, and 
the flight results a r e  compared with predictions. In previous sections, calculated and 
wind-tunnel predictions were referenced to the stability sys tem of axes. In comparing 
predictions with flight results the predicted characteristics will be referenced to the 
body system of axes to conform with the flight data. Table 5.3-1 lists a complete set  
of transformation equations that reorient the predicted characteristics from stability 
to body axis. 

5.3.1 Flight-Test Conditions and Maneuvers 

The flight data for the subject airplane were obtained at  a pressure altitude of 
6000 feet and over a velocity range of 133 to  254 feet per second, with the airplane 
center of gravity at 12 percent of the mean aerodynamic chord. The data were obtained 
from Dutch roll oscillations and sideslip maneuvers. 

The Dutch roll maneuver was initiated by an aileron or rudder input when the air-  
plane was at  a steady-state l g  condition. Aileron inputs were of an abrupt pulse type 
to excite the transient oscillatory mode with the controls held fixed at  pre-maneuver 
tr im position during the oscillatory responses. The rudder inputs were of a doublet 
type to minimize rolloff tendencies which became evident when rudder pulse inputs were 
attempted. 

The increasing-sideslip maneuver was initiated from stabilized wings-level conditions. 
Sideslip was increased slowly to  provide essentially zero roll and yaw rates and accel- 
erations. 

5.3.2 Analysis of  the Dutch Roll Maneu.ver Flight Data 

Flight data from Dutch roll maneuvers were analyzed using the simplest proce- 
dures, commensurate with the need, to obtain the flight derivatives by manual manipula- 
tion of the data at  a desk, Thus primary consideration was given to the use of approxi- 
mate equations (ref. 18), with due regard to the limitations of their application. When 
the application of an approximate equation 'was questionable, as for C1 complete P ' 
graphical time-vector solutions involving dynamic derivatives (ref. 18) were used to 
supplement o r  replace the simpler approach. 

By using the graphical time-vector technique, C was obtained from 
*P 

c =--- l a t i  per deg 
yB 6s 

where 

W is the airplane weight, lb 



ij is the free-stream dynamic pressure, lb/sq ft 

latl - 
lPl 

is the amplitude ratio of the lateral acceleration (corrected to the center of 

gravity, in g units) to the sideslip angle (in deg) 

S is the wing area, sq ft 

In considering the application of an approximate equation to obtain C from the nP 
oscillatory flight data, several factors were taken into account. The product of inertia 
of the subject airplane is small and negligible for present purposes; also, a study of 
the control-fixed oscillatory responses to a control input showed the roll-rate vector to 
be approximately 180" out of phase with the sideslip vector. Consequently, the following 
equation, which is a refinement of an equation presented in reference 18, was formulated 
and used to obtain C 9: 

per deg 

where 

IZ is the moment of inertia about the Z-body axis, slug-ft2 

@ is the amplitude ratio of the yaw rate relative to sideslip, obtained directly 
lP l 

from flight records in the manner described in reference 18, (rad/sec)/rad 

is the amplitude ratio of the roll rate relative to sideslip (Because only a 
IP I 

limited number of p traces of suitable quality for analysis were available, a repre- 
sentative constant value was used for all maneuvers analyzed. ) 

wn is the undamped oscillatory frequency of the responses as obtained from 

and where 

P is the period of the oscillations obtained from flight records, sec 

5 is the damping ratio obtained from 

T1/2 is the time to damp to half amplitude, obtained from flight records 



C is  the calculated yawing-moment-due-to-roll-rate derivative, obtained from 

section 6.4. 

As a check on the flight-determined values of C (obtained by the approximate 9 
equation (5.3.2-2)), complete graphical time-vector solutions were obtained when the 
quality of the p traces permitted. The check cases involved refined techniques 

I r 1 (described in ref. 18) to obtain - and its corresponding phase angle, 0,8, more pre- IP I 
cisely than was possible using the flight records directly. 

The approximate equations for Cz (ref. 18) showed excessive sensitivity to slight B 
experimental e r rors ,  because small differences in two large numbers caused a dispro- 
portionately large variation in the derivative. This unreliability, along with an indica- 
tion that there was a discrepancy between flight-determined and predicted values of 
C2P, resulted in use of the graphical time-vector solution of the rolling-moment equa- 

tion whenever suitable data were available, As described in reference 18, the solution 
of the rolling-moment equation involves refined techniques for obtaining fairly precise 

values of - Ir '  and its corresponding phase relationship, or@, thus reducing experi- 
lPI 

mental error. Although Czp is of prime concern a t  this time, the use of the complete 

vector solution involves dynamic derivatives. 

The graphical time-vector solution of the rolling-moment equation involves the 
derivatives elp, CzD, and Cz, Only two of these can be solved for at the same time. 

For the subject airplane the p and P vectors were almost 180" out of phase and, a s  
a consequence, it was not possible to solve for Cz and Cl Slight experimental P P * 
e r ro r s  in the phase relationship of p and ,6 resulted in large changes in Cz and 

Clp Because C2 
P 

P 
can be theoretically predicted within 5 percent, i t  was decided to 

use calculated values of Cl a s  the known quantity and to solve for Cz and Cz, P P 

A typical vector diagram showing the rolling-moment equation being solved for 

C 2 ~  
and Clr  i s  shown in figure 5.3,2-1. The orientation of the vectors shows that 

IPI Cz8 is obtained with good accuracy (within 5 percent), since - and Cz 
irl @@r, lrl P 

a r e  known with a good degree of accuracy. The derivative Cl is determined with 

a smaller degree of accuracy (within 20 percent) because of the probable f5O er ror  in 
the phase angle between the p and r vectors. 

The control derivatives relative to the body axes may be obtained by manual calcu- 
lations from the initial portion of the maneuvers (from initiation of the input to the first  
peak of the dominant angular acceleration) using abbreviated yawing- and rolling- 
moment perturbation equations of motion related to the body-axes system. The degree 
of abbreviation permitted is a function of the type of airplane input a s  well a s  of airplane 
response characteristics. The following equations were used to obtain the aileron 



derivatives for the subject airplane from the initial portion of Dutch roll maneuvers 
initiated by abrupt, pulse-type inputs : 

The following equations were used to obtain the rudder derivatives from the initial 
portion of the Dutch roll maneuvers initiated by abrupt, doublet-type rudder inputs: 

In these equations, p, fi, r, and 5 are  in radians; /3 is in degrees. 

After studying the variation of the product of inertia, IXZ, for the range of airplane 
weight encompassed by the flight-test data and after several spot checks of its influence 
on the results, the product of inertia of the subject airplane was considered to be neg- 
ligible in all instances except in the determination of C (eq. (5.3.2-6)). The pro- 

n6a 
duct of inertia was between 20 and 40. The moments of inertia about the X-axis and 
Z-axis were of the order of 2700 and 4400, respectively. 

The static body-referenced stability derivatives, 
C n ~  

and Cz used in the equa- P ' 
tions were obtained from equation (5. 3.2-2) and from graphical time-vector techniques, 
respectively. 

The dynamic derivatives, 
C l ~  

and C,,, used in the equations are  calculated values 

(from section 6) transformed from the stability- to the body-axes system. The calcu- 
lated values of Cz,, used in the absence of flight values, are  considered to be within 

5 percent of the true value. Although flight-determined values of Cnr could have been 

used, calculated values, which correlated well with the flight data, were given prefer- 
ence because of the scatter in the flight data. 

The increment changes in ?, 6, r ,  p, and /3 correspond to the time increment, 
At, of the initial rapid control input, A6. Corrections for the phase lag in the response 
of the sensed quantities were applied a s  required. 



5.3.3 Analysis o f  the Increasing-Sideslip-Maneuver Flight Data 

The flight data from the increasing-sideslip maneuvers were analyzed for Cq and 

CzP. using the following equations from reference 18, to substantiate the values abtained 

from the analysis of the Dutch roll flight data, particularly the values of CzP: 

where 

6rp 9 aaito a r e  the variations of t r im values of rudder and aileron settings, respec- 
tively, with sideslip 

9 C ~ 6 a 9  a r e  the control-effectiveness parameters previously 

discussed 

Unless the sideslip maneuver is performed carefully, the sideslip parameters, 
6rp and Gap, a re  obtained inaccurately, thus precluding the successful application of 

equations (5,3.3-1) and (5-3.3-2). For the subject airplane the sideslip maneuvers 
were performed with precision, thus minimizing the e r ro r  in determining these side- 
slip parameters. Also, faired values of flight-determined Cngr, Cnsa, and Cz 

n 

were used to minimize the level of uncertainty of these parameters. Because czip 
could not be determined from the flight data available, calculated values were used: 

5.3.4 Comparison of  Predicted Stability and Conlrol Clzuructeristics Il'ilh Flight Dutu 

In figures 5.3.4-1 and 5.3.4-2 the predicted static stability and control characteris- 
t ics a re  compared with the flight-determined characteristics of the subject airplane. 

5.3.4-1 Static Stability Derivatives 

As indicated in figure 5.3.4-1, flight-determined Cyg shows excellent correlation 

with wind-tunnel data. Calculated Cyg shows good agreement at low angles of attack, 

but correlation deteriorates with increasing angle of attack, This deterioration is 
probably due to the inadequate allowance for wing-body interference and vertical-tail 
sidewash effects a s  a function of angle of attack. 

Considering the scatter of the data and the various techniques used in the analysis, 
flight values of C show good correlation with the wind-tunnel data through most of nL3 
the flight range. The calculated values show an increasing discrepancy with wind- 
tunnel and flight data with increasing angle of attack; however, the correlation i s  



reasonably good. The increasing discrepancy is undoubtedly due to some extent to 
inadequate allowance for vertical-tail sidewash effects a s  a function of angle of attack. 

Flight-determined Cz obtained from the graphical time-vector solution generally 
B 

shows the same variation ki th  angle of attack a s  predicted by calculations and wind- 
tunnel data; however, it does not correlate in magnitude. Flight Czp is approximately 

40 to 50 percent less than predicted. Although calculated values of Cz were used in 
P 

the graphical time-vector technique to obtain Cz this usage of calculated Cz was 
P ' P 

not a factor in the discrepancy. This is verified'by the somewhat less accurate but 
reasonable values of CzP obtained from increasing-sideslip maneuvers, which tend to 

correlate with the values obtained from the time-vector technique. The validity of 
flight-determined values of Cz, is substantiated in sections 7.3 and 7.4.2, in which 

tJ 
it is shown that improved correlation of the calculated response parameters 3 and 

IP I 
pb 

('v) were obtained when flight values of Cz were used in the response equations. T P 

A study of the factors that contributed to CzP under propeller-off conditions 

(table 4.3.4-1) and of the effect of power on C (table 5.1.3-l(b)) showed wing and 
Z B 

wing-fuselage interference to be the most likely' sources for the discrepancy. The 
vertical tail was not considered to be a potential source of discrepancy, because its 
contribution is much smaller than the magnitude of the discrepancy shown. 

A similar discrepancy in Czg was encountered in a Princeton University study 

(ref. 19) in correlating wind-tunnel and flight data for a light, single-ngine, propeller- 
driven airplane. Obviously , the discrepancy should be investigated further. 

5.3.4-2 Control Derivatives 

The correlation between flight, wind-tunnel, and calculated control derivatives, 
Cz6,, Cngr, and Cn6a is shown in figure 5.3.4-2. The derivative Cz is not 

6 r  
included because the quality of the flight data would not permit the determination of this 
parameter to any reasonable degree of reliability with the method of analysis used. 

The correlation is excellent between flight and wind-tunnel Cz and C 
6a 

calculated value of Cz is approximately 8 percent low at an angle of attack of 0" and 
6a 

14 percent low at an angle of attack of 10". The calculated value of C is approxi- 
n6r 

mately 10 percent high at an angle of attack of 0" and 15 percent high at an angle of 
attack of 10". 

Although calculated and wind-tunnel values of C show reasonably good corre la- % 
tion, flight data indicate larger negative values than The reason for this 



discrepancy has not been determined, 

5.3.5 Symbols 

Unless otherwise indicated, the mass properties and aerodynamic characteristics 
defined are  related to the body system of axes, Calculated and wind-tunnel-determined 
aerodynamic characteristics can be transformed to the body system, for use in section 
5,3 ,  by using table 5,3-1, 

% lateral (transverse) acceleration, g units 

b wing span, f t  

coefficient of the axial force along the X-body axis, 
positive to the rear  

drag coefficient; coefficient of the axial force along the 
X-stability axis, positive to the rear 

lift coefficient; coefficient of the lift force along the 
X-stability axis 

rolling-moment coefficient 

variation of the rolling-moment coefficient and the yawing- 
moment coefficient, respectively, with control deflec- 
tion 



pitching-moment coefficient 

normal-force coefficient; coefficient of the force 
parallel to the Z-body axis 

yawing-moment coefficient 

side -force (lateral-force) coefficient 



mass moment of inertia about the X-body axis and the 
Z-body axis, respectively, slug-ftz 

mass product of inertia referred to the X- and Z-body 
axes, slug-ft2 

period of the Dutch roll oscillation, sec  

rolling and yawing velocity about the X -body axis and the 
Z -body axis, respectively, rad/sec 

rolling and yawing acceleration about the ?-bod;. axis and 
the Z -body axis, respectively, rad/sec 

free-stream dynamic pressure, lb/sq f t  

wing area, sq ft 

thrust coefficient of the propellers, Thrust 
6s 

time required for the Dutch roll oscillatior~ to damp to 
one-half amplitude, sec 

true airspeed, ft/sec 

airplane weight, lb 

airplane angle of attack relative to the X-body axis, deg 

upper limit of linearity of the lift-curve slope 

angle of sideslip, deg (unless noted otherwise) 

rate of change of sideslip with time, rad/sec 

increment 

differential aileron and rudder deflection, respectively, 
deg 

damping ratio 



l i l  - 
ljl 

Subscript: 

s 

phase angle of a vector quantity i relative to a vector 
quantity j during the Dutch roll oscillation, deg 

bank angle, deg 

undamped natural frequency of the Dutch roll oscillation, 
rad/sec 

amplitude ratio of a vector quantity i relative to a 
vector quantity j during the Dutch roll oscillation 

relative to stability axis 



TABLE 5.3-1 

TRANSFORMATION O F  DERIVATIVES FROM STABILITY TO BODY AXIS 

C N a  
= C ~ , c o s a  + CD s i n a  1- Cc 

a 

Cca = CID, c o s  a - CL, s i n  a - CN 

C~ = (Cqn)s c o s a  + pip) s i n a  
S 

Cnr = (Cnr)s c0s2 + (CZp) sin2 a + (C + cZ ,) s in  cos a 
s n~ s 

C~ = (C$)s cos  a + (czb)s s i n a  

C n~ = (CnP), C O S ~  a - (Cz r)s sin2 a - (Cnr - cZp), s in  a c o s  a 

Cn6 = (Cn6), cos  01 -+ (cz6) s i n  a 
s 

Czp = (CZp), cos a - (Cnp), s i n  a 

2 Cz, = (Cl ,) cos a - (cnP) sin2 - (Cn, - cZp), s in  a cos  a 
s S 

C Z ~  = ( c ~ ~ ) ~  cos  a - (C46) s i n  a 
s 

Czp = (Czp) c0s2 a + (Cnr) sin2 a - (cg + c1 ,), s i n  a cos  a 
s 

cz 6 = (cZ6) cos  a - (Cns)s s i n  a 
s 

CYp = ( C Y ~ )  S 

cyp = (Cyp), cos  a. - ( ~ y , ) ~  s i n  a 

cyr = ( ~ y , ) ~  c o s  O! + (cyp) s i n  a 
S 



Figure 5.3.2-1. Typical graphical time-vector solution of Czp and Clr for the 

subject airplane using calculated C z ~  as  a known quantity. a! = 6 ". 
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Figure 5.3.4-1. Comparison of predicted static stability characteristics 
flight data relative to body axes. 
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Figure 5.3.4-2. Comparison of predicted control characteristics with 
flight data relative to body axes. 



6.0 DYNAMIC DERIVATIVE CHARACTERISTICS 

The calculations of the lateral-directional dynamic derivatives considered in this 
section take into account the effects of power when feasible. 

The methods used in calculating the contributions of the lifting surfaces to the dynam- 
ic  derivatives a re  based on lifting-surface theory and, a s  a consequence, on attached- 
flow conditions. Because the attached-flow conditions prevail up to stall angles for the 
high-aspect-ratio lifting surfaces, the methods used a re  valid up to near-stall conditions 
for the purposes of this report. As a result of the attached-flow conditions, the dynam- 
ic derivatives of conventional general aviation airplanes a r e  frequency-independent over 
the practical frequency range of operation of the airplane. 

In the following discussion of the methods for calculating the various dynamic deriva- 
tives, the derivatives a r e  referred to the stability-axes system. When the calculated 
dynamic derivatives a re  compared with flight data, the calculated characteristics a r e  
transformed to the body-axes system (using table 5.3-1) to be compatible with the flight 
data. 



6.1 Damping-in- Roll Derivative, C 2 ~  

Although the wing is generally the only significant contributor to Cz the contribu- 
P9 

tions of the horizontal- and vertical-tail surfaces, the nacelles, and the propellers are  
also accounted for. The modifying influence of the fuselage on the wing and horizontal- 
tail contributions is taken into account. 

In considering power effects, the power-induced change in dynamic pressure at the 
horizontal tail is accounted for as  a normal consideration in discussing the horizontal- 
tail contribution to Cz The effects of power on the wing, nacelles, and propeller 

Pa 
contribution to Czp are  discussed separately. 

Taking into account the types of contribution to the damping-in-roll derivative to be 
discussed, the Clp of the airplane may be represented by 

6.1.1 Wing-Body Contr.ibution to C 
Z P  

At low speeds (Mach numbers of less than 0.20), lift coefficients near zero, and 
fuselage-width to wing-span ratios of 0.25 or less, the contribution of a wing-fuselage 
combination to Cz is  similar to the contribution of the wing alone and may be obtained, 

P 
for zero dihedral conditions, from figure 6.1.1-1 (from ref. 12) as  a function of aspect 
ratio, taper ratio, and sweep angle of the quarter-chord line. In lieu of figure 6.1. 1-1 
or when fuselage width may be an influencing factor, 

'ZP 
for near zero -lift conditions 

may be obtained from the nomograph of figure 6. 1.1-2 (from ref. 3). This figure is 
based on lifting-surface theory (ref. 20) corrected for sweep by the method of refer- 
ence 4 and empirically modified, on the basis of available wind-tunnel data, for the 
effects of the fuselage. 

The effect of dihedral and change in the lift-curve slope at the higher lift coefficients 
on Cl at low-speed conditions a re  accounted for by the following equation: 

P 

where 

is the propeller-off lift-curve slope of the wing at zero lift 
("".)WCL=o 

(CL.)WCL 
is the propeller-off lift-curve slope of the wing at the airplane angle of 

attack being considered, obtained from a figure like figure 4.1.1-1 with stall extended 



to power-on stall angles 

'")' is the correction factor for dihedral, obtained from figure 6.1. 1-3 from 
Or_o 

reference 21; a s  can be noted in the figure, the influence of dihedral on the wing con- 
tribution to Cz is a function of the vertical displacement of the center of gravity from 

P 
the wing-root chord and can be significant 

(aCzp)Wdrae 
i s  the increment of CI due to wing drag in roll. For high-aspect- 

P 
ratio wings this Tncrement is negligible; however, i t s  effect is larger than the separate 
or  combined contributions of the tail surfaces. As accounted for by reference 22, 

To account for Mach number (compressibility) effects, the low-speed wing-body 
contribution to Cl is modified by the application of the Prandtl-Glauert rule. In 

P 
accordance with reference 5, 

where 

The calculations pertaining to the contribution of the wing-fuselage of the subject 
airplane, using the preceding relations, a re  summarized in table 6.1.1-1 for propeller- 
off conditions, In the nonlinear lift region (near stall), the stall characteristics of the 
propeller-off lift curve have been extended to the stall angles of the various power con- 
ditions (fig. 4.1.1-1) to obtain to a f irst  order of approximation the propeller-off 

near the stall angles for the powered conditions. From the results of table 
, , 

6.1.1-1, plotted in figure 6.1.1--4, it can be observed that ( Cz P)wf i s  relatively con- 

stant throughout the linear lift range of the wing. From the l imitof linearity (between 
10" and 11" of angle of attack) there is a rapid decrease in damping in roll of the wing 
to a value near zero at stall. Beyond stall, damping in roll becomes negative. 

6.1.2 tlorizontal-'lhil Contribution to C 
2, 

The contribution of the horizontal tail to C is usually negligible. When the tail 
P 

i s  large, however, its influence may not be negligible. In such instances, its contribu- 
tion may be determined by applying the procedures of section 6.1.1 and multiplying the 



. This adjusts the results to the reference result by the factor 0.5 

wing area and span and accounts for the rotation of flow at  the tail produced by the wing, 
a s  noted in reference 15. 

When the tail has zero dihedral and only the linear range of the tail lift-curve slope 
is of practical interest, the expanded form of equation (6. 1. 1-3) applied to the hori- 
zontal tail will result in 

where, with the quantities referenced to tail area  and geometrv. 

Applied to the subject airplane, the preceding relations indicate that the horizontal- 
tail contribution in ,ihe presence of the fuselage is of the order of 1 percent of the wing- 
body contribution (table 6. 1.2-1) and i s  due almost entirely to quantities involving 

in equation (6.1.2 -1). 
(Cip) h c  L=o 

6.1.3 Vertical-Tail Contribution to C 
2, 

The contribution of the vertical tail to CzD may be obtained from the following 

equation (based on ref. 22) which accounts fo; the sidewash caused by the unsymmetrical 
span loading on the wing during rolling: 

z, cos a b  + 1 , sin q, 
bw + ~1 a- Pbw (6. 1. 3-1) 

L 2v J 
where 

(cd" is the effective lift-curve slope of the vertical tail, obtained from equa- 

tion (4.5.1-2) referenced to the wing area,  5&, per deg 

zv is the vertical distance parallel to the Z-body axis from the center of gravity to  
the vertical-tail mean aerodynamic chord, positive when measured down from the center 
of gravity, obtained from figure 3.2-4 

1, i s  the distance parallel to the X-body axis from the center of gravity to the 

quarter chord of the vertical-tail mean aerodynamic chord, obtained from figure 3.2-4 

bw is the wing span, obtained from figure 3.2-1 



- acr is the rate of change df sidewash with wing-tip helix angle; positive value 
pbw a-- 
2 v  

indicates a sidewash a t  the tail in the same direction a s  the wing roll 

The sidewash factor, - acr is not easily determined. In reference 23, analysis 
pbw 9- - 
2 v  

of wind-tunnel data of a single-tail model indicated that the effect of the angle of attack 
on this factor was small through approximately 12" of angle of attack. It was concluded 
that a value of 0.25 was a fairly good approximate average value for the sidewash 
factor. In reference 24 it was determined that the magnitude of the factor and its 
variation with angle of attack were functions of wing aspect ratio and sweepback, vertical- 
tail span, and considerations associated with airplane geometry. As a result of a study 
of reference 24, a value of 0.20 was used in calculating the vertical-tail contribution of 
the subject airplane to C 

ZP* 

The calculatio~s in table 6.1.3-1 of the contribution of the vertical tail of the sub- 
ject airplane to Cz show that the vertical tail contributes less than one half of 1 

P 
percent of that contributed by the wing. The contribution of the sidewash factor (column 
9 in the table) tends to cancel out the effectiveness of the tail in roll. 

6.1.4 Nacelles Contribution to C 
Z P  

The propeller-off contribution of the nacelles to Cz is the result of roll-rate- 
P 

induced increments in angle of attack at  the nacelle.   his contribution is accounted for 
by the following equation: 

where 

yT is the lateral distance, parallel to'the Y-axis, from the X-axis to the thrust 

axis 

The lift-curve slope of the nacelles, , is obtained graphically from the lift curve 

of the two nacelles in figure 6.1.4-1 for the particular angle of attack being considered. 
The lift curve in figure 6.1.4-1 was plotted from the data in columns 5 and 6 of table 
4.4-2 in reference 1. 

Table 6. 1.4-1 summarizes the propeller-off contribution of the nacelles of the 
subject airplane. 



6.1.5 Power C:ontributions to 
f) 

Power contributions to the damping-in-roll derivative of the subject airplane arise 
from: 

(1) The power-induced increase in dynamic-pressure ratio on the horizontal tail, 
obtained from section 5.1.2 of reference 1. This was accounted for in the calculations 
for the horizontal-tail contribution to C1 (table 6. 1.2-1). 

P 

(2) The power-induced change in wing contribution to CID resulting from the incre- 

mental change in lift of the portions of the wing immersed in the propeller slipstream. 
Because the change in lift of the immersed portion of the wing per propeller is a 
function of power-induced change in dynamic pressure and downwash behind the pro- 
peller, both of which a re  functions of thrust coefficient and angle of attack, 

where 

n i s  the number of propellers 

/propeller is the change in lift-curve slope due to the change in dynamic 

pressure acting'on the wing immersed in the slipstream of one propeller, obtained by 
measuring the slope of (ACL) 

w(Aq') 
versus a b  in figure 6. 1. 5-1 (obtained from table 

5. 1. 1-2 of ref. 1) 

/propeller is the change in lift-curve slope due to power-induced change 

in the downwash behind the propeller acting on the wing area immersed in the slipstream 
of one propeller, obtained from figure 6.1.5-1 in the same manner a s  / 

propeller 

The calculations of table 6.1.5-1 that account for the power-induced change in wing 
contribution to C1 of the subject airplane indicate that: 

P 

(a) The power-induced change in dynamic pressure increases the wing contribution 
to Ci with increasing power at  any one angle of attack through the linear lift range 

P 



with a maximum effect at zero lift and a minimum positive effect at  the limit of linearity 
of the lift-curve slope. 

(b) The influence of the power-induced change in downwash, E p, is similar to Aq 

but of opposite sign, which tends to cancel the Aq' effects. (A proper assessment of 
power effects on the wing requires that both Aq and ep  effects be accounted for. ) 

(3) The power-induced contribution of the propeller normal force to Cz results 
P 

from roll-rate-induced change in angle of attack of the propeller plane.  his is readily 
accounted for by the following equation (for two propellers): 

The lift-curve slope of the propeller normal force i s  obtained graphically from the lift 
curve of the propeller in figure 6.1.5-2 for the particular angle of attack being con- 
sidered. The lift curve was plotted from the data in column 6 of table 5.1.1-l(c) in 
reference 1. 

Table 6.1.5-2 summarizes the contributions of the normal forces of the propellers 
to Cz of the subject airplane. 

P 

(4) The power-induced change in nacelle contribution to Cz results from the 
P 

power-induced change in dynamic pressure and downwash behind the propeller acting on 
the nacelles immersed in the propeller slipstreams. 

The change in nacelle contribution to Cz due to power-induced change in dynamic P 
pressure i s  accounted for by 

*Cz ( p)n(Ag) = (: ) (c'P) n 
off 

where 

-. i s  the change in the dynamic-pressure ratio behind the propeller, obtained 
9 

w 

from table 5.1.1-2(a)-2 in reference 1 

i s  the propeller-off contribution of the nacelles to Cz obtained from 
P' 

of 
equation (6. 1.4- 1) 



The change in nacelle contribution to Cz due to the power-induced increment of 
P 

downwash on the nacelles is obtained from the following equation, derived from relations 
given in section 5.1 of reference 1: 

= 114.6 (CL, jn ( I +  9 ) (  (6.1.5-4) 

where 

a E ~  - is the rate of change of the propeller downwash with the propeller angle of 
a o l ~  

attack, obtained from table 5, 1.1-2(a)-2 in reference 1 

a.5 u - is the upwash gradient a t  the propeller, obtained from table 5.1.1-1 in saw 
reference 1 

A comparison of equation (6.1.5-4) with equation (6.1.4-1) shows that equation (6.1.5-4) 
can be modified to 

- - - (6. 1. 5-5) 
(Czp)n prop 

off 

The net effect of the power-induced dynamic pressure and downwash increments on 
the contribution of the nacelles to Cz is accounted for by combining equations 

P 
(6.1.5-3) and (6,l.  5-5). This results in 

off 

Table 6.1.5-3 summarizes the contributions to Cz P of the subject airplane due to 

power-induced increments of dynamic pressure and downwash acting on the nacelles. 



6.1.6 Surnmury of Contributions to C 
2, 

Table 6.1. 6-1 summarizes the contributions to Cl of the subject airplane, For 
P 

propellers-off conditions, the wing i s  the only significant contributor. With the wing 
contribution a s  a base value, the horizontal tail and the nacelles each contribute approxi- 
mately 1 percent. The vertical-tail contribution is negligible. 

The effect of power on the C1 of the subject airplane is a function of thrust coeffi- 
/ P 

cient, T;. At T, = 0, the effect of power is nil. The small but negligible increase in 

damping in roll due to the propeller normal force (column 7) i s  canceled by the adverse 
effects of power on the immersed wing area and the nacelles (columns 6 and 8). With 
increase in thrust, the propeller normal forces and the power-induced effects on the 
nacelles and immersed wing areas increase the damping in roll. At T,/ = 0.44 the 

largest power-induced effect i s  due to the immersed wing area (column 6), which con- 
tributes from approximately 8 percent (at cq, = -4") to 4 percent (at % = 8 ") to the 

damping in roll, At this high thrust condition, the propeller normal forces and the 
power-induced effects on the nacelles each contribute less than 1 percent. 

Figure 6. 1. 6-1 shows the variation of the calculated Clp of the subject airplane a s  

a function of angle of attack and thrust coefficient. No wind-tunnel data were available 
for comparison. Comparisons with flight data a re  made in section 6.5. 

6.1.7 Symbols 

A aspect ratio 

aspect ratio of the horizontal tail and wing, respectively 

b span of the lifting surface, in. 

bh9 bw span of the horizontal tail and wing, respectively, in. 

zero-lift drag coefficient of the horizontal tail and wing, 
respectively, at  incompressible flow conditions based 
on respective areas 

C ~ h 9  CI& lift coefficient of the horizontal tail and wing, respectively, 
based on the respective surface areas 

CLn9 ( CL) lift coefficient of the nacelles and normal forces of the 
N~ propellers, respectively, based on wing area 



lift-curve slope of the propeller normal force, based on 
the wing area,  per deg 

lift-curve slope of the nacelles and effective lift-curve 
slope of the vertical tail, respectively, based on the 
wing area, per deg 

( C ~ a >  wCL=o , (CL,) lift-curve slope of the wing for propeller-off conditions 

W c ~  at the wing zero-lift coefficient and wing lift coefficient, 
respectively, per deg 

(AcL)w(Aij) (AC~)W(Ep)  increment of the wing lift coefficient due to the power- 
induced change in the dynamic pressure and the change 
in downwash, respectively, acting on the portion of 
the wing immersed in the slipstream of one propeller 

/propeller, increment in the wing lift-curve slope due to the power- 
induced change in the dynamic pressure and the change 

/propeller in downwash, respectively, acting on the portion of 
the wing immersed in the slipstream of one propeller, 
per deg 

z rolling-moment coefficient 

damping-in-roll derivative, per rad 
- pb, 

horizontal-tail contribution to Cz at  the zero lift of P 
the tail due to the lift characteristics of the tail at  
incompressible flow conditions with fuselage effects 
on the tail taken into account, based on the tail span 
and area, obtained from figure 6.1.1-2 

net contribution of the horizontal tail to C2 including 
P' 

the fuselage'effect on the tail and the tail drag effects, 
based on the wing span and area 

contribution of the nacelles to Cl for propellers-off 
P 

conditions, based on the wing span and area 

contribution of the vertical tail to C2 based on the 
P 

wing span and area 

propeller-off wing contribution to Cz at  the zero lift of 
P 

the wing due to the lift characteristics of the wing, at  
incompressible flow conditions, with the fuselage effects 



on the wing taken into account, obtained from 
+ figure 6.1.1-2 

net propeller-off wing contribution to Cz including the 
P9 

fuselage effect on the wing, dihedral effects, and the 
wing drag effects 

correction factor to be applied to to account 

for the wing geometric dihedral, obtained from 
figure 6.1.1-3 

A C ~  increment of the horizontal-tail and wing contribution, pczp) h d r a i  ( p)w drag respectively, to Ci due to the roll-induced d r y  
P 

of the surfaces under incompressible flow conditions 
and based on the respective surface span and area 

incremental contribution of the propeller normal force 
to Cz 

P 

ACz 
4CzP)n(Aij) ( P) n(Ed 

increment of the nacelle contribution to CL due to the 
P r 

power-induced change in the dynamic pressure and the 
change in downwash, respectively, acting on the 
nacelles 

? p) pow e r  
net contribution of the power effects to Cl 

P 

increment of the wing contribution to Cz due to the 
P 

power-induced change in the dynamic pressure and the 
change in downwash, respectively, acting on the 
portions of the wing immersed in the propeller slip- 
streams 

d width of the body at the lifting surface, in. 

width of the fuselage at  the horizontal tail and wing, 
respectively, in. 



distance parallel to the X-body axis from the center of 
gravity to the quarter chord of the horizontal- and 
vertical-tail mean aerodynamic chord, respectively, in. 

Mach number 

number of propellers 

roll rate, rad/sec 

pitch rate, rad/sec 

dynamic pressure a t  the horizontal tail, lb/sq f t  

dynamic pressure a t  the vertical tail, lb/sq ft  

free-stream dynamic pressure, lb/sq ft 

power-induced change in the dynamic pressure in the 
propeller slipstream behind the propeller, lb/sq ft 

area  of the horizontal tail and wing, respectively, sq ft  

thrust of the propellers, lb 

T thrust coefficient of the propellers, --- 
S,% 

free-stream velocity, ft/sec 

distance from the XZ plane of symmetry to the thrust 
line of the propeller, in. 

vertical distance parallel to Z-body axis from the center 
of gravity to the vertical-tail mean aerodynamic chord, 
positive down, in. 

vertical distance from the center of gravity to the quarter 
chord of the wing root chord, positive down, in. 

airplane angle of attack relative to the X-body axis, deg 

horizontal-tail angle of attack, a b  - E i. 5 7 . 3  9 , deg 



elevator deflection, deg 

downwash at the horizontal tail, deg 

power-induced downwash behind the propeller in the 
propeller slipstream, deg 

rate of change of E with the effective angle of attack of 
P 

the propeller 

upwash gradient of the propeller; rate of change in the 
wing upwash at  the propeller with wing angle of attack 

wing geometric dihedral, deg 

taper ratio 

taper ratio of the horizontal tail and wing, respectively 

sweep of the quarter-chord line of the lifting surface, deg 

sweep of the quarter-chord line of the horizontal tail and 
wing, respectively, deg 

rate of change of the sidewash on the vertical tail 
(induced by the wing rolling rate) with the rolling 
helix angle 



TABLE 6.1.1-1 

WINGFUSELAGE CONTRIBUTION TO CL, 

-. 46091 -. 00226 -. 46317 l ; l . 0 7 3 3 1 : 4 ~ ~ l  

0.0733 0.584 -0.46091 -0.00306 -0.46397 

.0733 -. 46091 -. 00409 -. 46500 

0.0733 0.875 -0.46091 -0.00533 -0.46624 

10 .0733 1.023 -. 46091 -. 00683 -. 46774 

Proneller-off characteristics in stall reeion with stall extended to m e r - o n  stall anzles 

Equation (6.1.1-4) 

Wing aspect ratio 

Wing sweep along quarter-chord line, deg 

Wing taper ratio 

wing span, in. 

Width of fuselage at wing, in. 

224 - 
bw 

r 

KL 
C ( L J ~ ~ ~ = ~  

Wing dihedral, deg 

Factor to account for ellect of dihedral on CLp 

Wing lift-curve slope a t  CLw = 0, deg 

Wing lift-curve slope at Cb, deg 

Zero-lift drag of isolated wing 

........................ 

Figure 3.2-1 

Figure 6.1.1-3 

Figure 4.1.1-1 

Figure 4.1.1-1 

Table 4.12.1-2 of 
reference 1 

.0185 

5.0 

-1.0 

0.0733 

f(ab) 

0.00993 



TABLE 6.1.2-1 

HORIZONTAL-TAIL CONTRIBUTION TO C1 
P 

Horizontal-tail taper ratio 

Horizontal-tail span, in. 

Reference wing area, sq ft 



?ABLE 6.1.3-1 

VERTICAL-TAIL COKTRIBUTION TO C 6 

z, cos ab + 1 , sin 
z )  = - ) bw C 

rolling wing on tail 



TABLE 6.1.4-1 

CONTRIBUTION OF NACELLES TO PROPELLER-OFF C2 
P 

Wing span, in. 

Lift-curve slope of two nacelles with 



TABLE 6.1.5-1 

EFFECT O F  WWER ON WING CONTRIBUTION TO C l p  



TABLE 6.1.5-2 



TABLE 6.1.5-3 

POPirER-INDUCED CHANGE IN NACELLE CONTRIBUTION TO Czp 



TABLE 6.1. 6-1 

SUMMARY OF CONTRIBUTIONS TO Cl 
P 

'values for propellemff Clp)wi in s W g  regions for the power conditions &tad (obtained fmm fig. 6.1.14). 
( 

b " P s t ~  angles for T; = 0,0.20, and 0.44. ~ s p e c t i ~ e ~ y .  



# . - _ _ .  60 - - - Reference 5 VI\--O) 

(b) Aw = 0.5 .  (c) Aw = 1. 0. (a) Aw = 0. 

Figure 6.1.1-1. Values of Cz P for wings of various taper ratios, sweeps, and aspect ratios a s  

calculated by the seven-point method of Weissinger (ref. 12). C L ~  = 0; NI < 0.2; dihedral = 0. 



Figure 6. 1. 1-2. Nomograph for  determining wing and horizontal-tail contributions to Cz including fuselage 
P' effects a t  low speeds (M c 0 2) a t  CL = 0 of the respective surfaces and excluding zero-lift drag effects 

(from ref. 3). 



Figure 6. 1. 1-3. Effect of dihedral on wing-fuselage damping-in-roll derivative, Cl p, at subsonic 

speeds (from ref. 21). 



per rad 

Figure 6. 1. 1-4. Calculated variation of damping-in-roll derivative of wing-body combination 
(propellers off) with angle of attack. Based on column 6 of table 6. 1. 1-1. 



Figure 6. 1. 4-1. Variation in lift of two nacelles of subject airplane with angle 
of attack (from columns 5 and 6, table 4.4-1, ref. 1). Propellers off; referred 
to Sw = 178 sq ft. 



( A C ~ ) ~ ( ~ ~ )  f rom table 5.1.1-21al-3 (ref. 1) 

- - -(ACL),~~) f rom table 5.1.1-21b)-2 (ref. 1) 

Figure 6. 1.5-1. Variation in incremental lift per propeller due to power-induced 
increase in dynamic pressure and downwash behind propeller on portion of wing 
immersed in propeller slipstream (from ref. 1). Based on S, = 178 sq ft. 

176 



Figure 6. 1. 5-2. Variation in lift with angle of attack of propeller normal forces 
of subject airplane; for two propellers (from column 6, table 5.1.1-l(c), ref. 1). 
Referred to Sw = 178 sq ft. 



czp 9 

per rad 

Figure 6. 1. 6-1. Variation of calculated damping-in-roll derivative of the subject airplane with 
angle of attack and power. 



6 . 2  Damping-in-Yaw Derivative, 'nr 

The vertical tail is the prime contributor to the damping-in-yaw derivative, Cnr. 

The wing contribution, although much smaller, is not necessarily negligible. The 
fuselage contribution is normally negligible for the wing-fuselage geometric proportions 
of general-aviation airpianes. However, the fuselage contribution could be important 
if  the fuselage is large relative to the wing (ref. 15). The influence of power on Cnr 

could be significant, bui; may be difficult to assess in the absence of general design pro- 
cedure. 

The following discussion considers the contributions of the wing, fuselage, vertical 
tail, and power effects on the damping-in-yaw derivative. On this basis, the damping- 
in-yaw derivative of the airplane is represented by 

6.2.1 Wing Contributio~ to C, 
r 

Wing contributions to Cnr are due to asymmetric lift and drag distributions over 

the wing resulting from yawing velocity. Normally the calculations for Cnr due to the 

wing are  based on low-speed incompressible flow conditions. No comprehensive methods 
have been developed to account for compressibility effects in the subsonic and transonic 
regions. One procedure for obtaining the wing contribution to Cnr is to use the 

following incompressible flow equation from reference 4, in which the profile-drag 
coefficient is evaluated for the desired Mach number: 

In this equation the first  term, P n r )  1 may be considered to be a result of the lift and 
c$ ' 

induced forces resulting from the yawing of the isolated wing about its aerodynamic 
center plus an increment correction for displacement of the aerodynamic center from 
the yawing center (center of gravity) of the airplane. It does not include the effects of 
unsymmetrical spanwise distribution of profile drag, which is accounted for by the 

When the wing aerodynamic center and the airplane center of gravity coincide, the 



first  term, 
)l 

is obtained from the following equation (from ref. 4): 

C ~ 2  

This equation is plotted a s  a function of wing aspect ratio, Aw, taper ratio, Aw, and 
sweep angle of the quarter-chord line, Ac/4, in figure 6,Z.l-1. 

When the wing aerodynamic center and the airplane center of gravity do not coincide, 
the following increment should be added to equation (6.2,l-2): 

4 cos Ac/4 

(6.2.1-3) 
'o/4'O 

where 

ii i s  the distance parallel to the wing mean aerodynamic chord from the center of 
gravity to the wing aerodynamic center 

Ew is the wing mean aerodynamic chord 

the quarter-chord line, obtained from figure 6.2. 1-1 a s  a function of the wing aspect 
ratio and taper ratio for A 4 4  = 0 

The significance of increases with increasing distance and sweep angle, 

It decreases with increasing aspect ratio. For the subject airplane, the term is insig- 
nificant, a s  will be shown. 

The effect of unsymmetrical spanwise distribution of profile drag on yawing moment 
due to yaw, accounted for by the second term in equation (6.2.1-I), is approximated by 
assuming the profile drag to be constant over the wing surface. As a result of this 



figure 6.2.1-2, which is reproduced from reference 4. The profile drag of the wing 
itself, (CD0),, in equation (6.2.1-lj is obtained from section 4.12.1 of reference 1 o r  

from table 6. 1.1-1 of this report for the subject airplane. 

The contribution of the wing can now be represented by 

The degree of accuracy which can be expected from this equation can be inferred from 
figure 6.2.1-3 (from ref. 25) which compares calculated values of ( c ~ , ) ~  with wind- 

tunnel data a s  functions of angle of attack for three aspect ratios and three sweep angles 
at  a taper ratio of 1.0. At zero sweep, the correlation is good through the linear lift 
range. The lift range for good correlation decreases with increasing sweep. 

The calculated Cnr contribution of the subject airplane wing is given in table 

6.2.1-1 a s  a function of angle of attack. The term is similar to zero in 

- 
X 

this instance. 

6.2.2 Fuselage Contribution to Cn 
r 

As mentioned, the fuselage contribution to Cnr could be important if the fuselage 

is large relative to the wing. Fuselages with flat sides o r  flattened cross sections with 
the major axis vertical may also make important contributions to Cnr, especially at  

high angle of attack (ref. 15). On the other hand, fuselages with flattened cross  sections 
with the major axis horizontal can have negative damping in yaw at  moderate o r  high 
angles of attack. Systematic design data correlating the effects of fuselage and wing- 
fuselage geometry on Cnr do not appear to be available. 

For the subject airplane and on the basis of reference 26, which contains wind- 
tunnel data for a configuration which approximates the subject airplane (model 4 in the 
reference), 

(c,,)~ = -0.002 per rad 

6.2.3 Vertical-Tail Contribution to Cn 
r 

Because the vertical tail is the primary contributor to the damping-in-yaw deriva- 
tive, Cnr, particular attention should be given to the sidewash due to yaw rate, 



to which the vertical tail will be subjected. No general design procedures appear 
rb, ' a- 
2v  

to be available to obtain this sidewash factor as a function of wing-fuselage-tail geometry. 

Reference 27 shows that on a midwing model tested at steady yaw-rate conditions 
with the wings off, the fuselage sidewash effects were the probable cause of a large 
increase in damping in yaw of the vertical tail with increase in angle of attack. Addition 
of a midwing resslted in little variation with angle of attack of the tail contribution to 
Cnr, indicating a wing interference which approximately canceled the fuselage sidewash 

effects. This relative independence of the vertical tail of the midwing model from 

au apparent sidewash effects due to yaw rate, - = 0, has been observed on a number 
rbw a- 
2v 

of other models. 

On the assumption that wing effects approximately cancel the fuselage sidewash 
effects on the vertical tail, the following equation was used to obtain the vertical-tail 
contribution to en,: 

1, cos olb - z, sin ocb 
(cnr)v = -114.6 b, ) 

where ( c ; ~ ) ~ ,  Z v 9  and zV a re  a s  defined in section 6.1.3.  

The calculations for the vertical-tail contribution to Cnr of the subject airplane 

a re  summarized in table 6.2.3-1. 

6.2.4 Power Contributions to Cn and Summary 
r 

Systematic procedures to account for power effects on Cnr a r e  not available. 

Consequently, it is necessary to find Cnr data for powered models similar to the 

airplane being analyzed. Such data a r e  scarce. 

Power effects on the Cnr of the subject airplane were estimated by using data 

from reference 26 for a powered, two-engine model similar to the subject airplane. A 
geometric comparison of the reference model and the subject airplane is  included in 
figure 6.2.4-1, which shows the variation of Cnr of the reference model with 

Tc = Thrust at  CL = 0.7. Superimposed on the plot a r e  the subject airplane thrust 
, O V ~ D ~ ~  

P 
coefficients, Tc = Thrust, used in the analysis. 

"i% 



In using the reference model data to obtain an estimate of power effects on the Cnr 

of the subject airplane, it was assumed for a f irst  order of approximation that: 

(1) The variation of Cnr of the reference model with power at  CL = 0.7 was 

representative of the variation at other lift coefficients in the linear lift range. 

(2) The Cnr with the propeller off was similar to Cnr at zero thrust. 

(3) The proportionz;lity relationship in equation (6.2.4-1) between the reference 
twin-engine model and the subject airplane was qualitatively valid. 

model 

The estimated power effects on Cnr of the subject airplane a re  summarized in 

table 6.2.4-1, which also summarizes the contributions of the wing, body, and vertical 
tail to the derivative. The results show the vertical tail to be the major contributor to 
Cnr. The wing contribution is negligible a t  zero lift but not at  high lift. The power 

effects a r e  small in the normal operating range of the airplane (T: < 0.1) and moderate 
a t  the extreme thrust condition (TO = 0.44). 

The calculated damping-in-yaw derivative, Cnr, is plotted in figure 6.2.4-2 a s  a 

function of angle of attack and thrust coefficient. Lack of appropriate wind-tunnel data 
precludes comparison. Comparisons with flight data a r e  made in section 6.5. 

6.2.5 Symbols 

A, wing aspect ratio 

aerodynamic center of the wing a s  a fraction of the wing 
mean aerodynamic chord 

hv wing span, in. 

zero-lift drag coefficient of the wing 

C~ lift coefficient 

C~ 
wing-lift coefficient 

effective lift-curve slope of the vertical tail, based on 
the wing area, per deg 



)prop 
off 

model 

yawing-moment coefficient 

a c n  
damping-in-yaw derivative, ---- per rad 

rbw 

fuselage contribution to Cnr for propeller-off conditions 

airplane Cnr for propeller-off conditions 

airplane Cnr at  zero and non-zero propeller-thrust 

conditions, respectively 

correction factor for the propeller-off C to account nr 
for the power effects on Cnr, based on wind-tunnel 

data for a powered model similar to the subject air- 
plane 

vertical-tail contribution to Cnr for propeller-off 
conditions 

wing contribution to C for propeller-off conditions 
n r  

contribution to Cnr as a ratio of C 2 ,  due to the lift 
Lw 

and induced forces of the wing, resulting from the 
yawing of the wing about the airplane center of gravity 
(does not include the effects of the unsymmetrical 
spanwise distribution of the profile drag) 

contribution to C a s  a ratio of C 2 ,  due to the lift r L, 
and induced forces of a wing, with sweep of the quarter- 
chord line, when the wing aerodynamic center and 
airplane center of gravity coincide longitudinally 

contribution to Cnr as a ratio of C 2 ,  due to the lift z, 
and induced forces of a wing with zero sweep of the 
quarter-chord line, when the wing aerodynamic center 
and airplane center of gravity coincide longitudinally 



contribution of power effects to Cnr 

increment correction for the displacement of the wing 
aerodynamic center from the center of gravity to be 

applied to 
P n r  )l 

to obtain 
P n r  )l 

C 2  
Lw H=o 

c ~ 2  

contribution to C as  a ratio of ( C D ~ ) ~ ,  due to the 
n r  

effects of the unsymmetrical spanwise distribution of 
the wing profile drag during yawing 

wing mean aerodynamic chord, in. 

propeller diameter, ft 

distance, parallel to the X-body axis, from the center 
of gravity to the quarter chord of the vertical-tail 
mean aerodynamic chord, in. 

free-stream dynamic pressure, lb/sq ft 

yaw rate, rad/sec 

wing area, sq ft 

thrust of the propellers, lb 

time, sec 

airspeed, ft/see 

distance parallel to the wing mean aerodynamic chord 
from the center of gravity to the wing aerodynamic 
center, in. 



distance parallel to the Z-body axis from the center of 
gravity to the vertical-tail mean aerodynamic chord, 
in. 

airplane angle of attack relative to the X-body axis, deg 

sweep of the wing quarter-chord line, deg 

wing taper ratio 

mass density of the a i r ,  slugs/cu ft 

rate of change of the sidewash on the vertical tail 

rbw induced by the yaw rate, r, with -- 



TABLE 6.2. 1-1 

WING CONTRIBUTION TO Cnr 

Wing taper ratio 

Sweep of wing quarter-chord line, deg 

Wing aerodynamic center 

ac, - center of gravity 
________________---- 

Figure 6.2.1-1 

Equation (6.2. 1-3) 

Table 6. 1. 1-1 



TABLE 6.2.3-1 

VER TICAL-TAIL CONTRIBUTION TO Cnr 

COS Qb - zv sin a! 
C n v  = . j"~ " ~ 7  

Vertical distance parallel to Z-body axis from 
center of gravity to tail mean aerodynamic 
chord, positive down, in. 

0.382 cos O L ~  + 0.106 sin ab) 2 



TABLE 6.2.4-1 

SUMMARY O F  CONTRIBUTIONS TO Cnr INCLUDING POWER 

off 

C = 
nr (Cnr )Tko ('nr > ~ O P  1 re fe r ence  off 

model  



Figure 6.2. 1-1. Chart (from ref. 15) for estimating the portion of the wing 
contribution to Cnr due to the lift and induced forces resulting from yawing 

of the wing about i ts  aerodynamic center (2 = 0) in subsonic incompressible 
flow on the basis of the method of reference 4. 



Figure 6.2.1-2. Chart for estimating approximate values of increment of yawing 
moment due to the yawing resulting from wing profile drag (from ref. 4). Taper 
ratios of 0.5 to 1.0. 
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(a) Aw = 1.34. (b) Aw = 2. 61. 

Figure 6.2.1-3. Variation of experimental and theoretical values of Cnr with lift coefficient and aspect 
ratio for a ser ies  of swept wings (from ref. 25). Taper ratio of 1. 0. 

( )w 



reproduced from figure 5 of reference 26; GL = 0.7 .  



Cnr9 

per rad 

Figure 6.2.4-2. Variation of calculated damping-in-yaw derivative of complete airplane with power and 
angle of attack. 



6.3 Roll-Due-to- Yawing Derivative, 
'lr 

The wing and vertical tail are  the only surface components that make significant 
contributions to the rolling-moment-due-to-yawing derivative, Clr, and thus a re  the 

only components considered in this section. An estimate of the effect of power on Clr 

is included. On this basis, the Cz of the airplane is represented by 
r 

- 
+ ' ~ ~ - ( C l r ) ~ +  ( c ~ r ) ~  ( power 

6.3.1 Wing Contribution to Cz 
r 

For low speeds, the wing contribution to Cl may be approximated from 
r 

where 

is the low-speed wing contribution to Cz in the absence of the 
r 

dihedral angle and when the center of gravity is at the same vertical height a s  the aero- 
dynamic center of the wing mean aerodynamic chord 

(*) is the increment of Clr due to the dihedral angle 

The first  term of equation (6.3.1-I), , has been particularly trouble- 

some to determine. In reference 4 theoretical relations were developed which appear 
to work well for unswept wings with aspect ratios greater than approximately 3 .0 .  As 
shown in reference 25, however, correlation deteriorates a s  the sweep angle of the 
quarter-chord line increases. In reference 3, on the basis of theoretical work by 
W. J. Pinsker of the Royal Aircraft Establishment and experimental data from references 

25 and 28 a nomograph procedure for determining (2) was developed, 
C~ F=M=O 

Although the nomograph, shown in figure 6.3.1-1, provides good correlation with wind- 
tunnel data through the linear lift range when the sweep is zero, the lift range for 



correlation decreases with increasing sweep in a manner similar to that shown for Cn r 
in figure 6.2.1-3. 

Compressibility effects on the low-speed values of (%) a r e  accounted for 
C ~ w  r=o 

by the following equation from reference 5: 

where 

(2) is obtained from figure 6.3.1-1 
r =M=O 

The increment contribution to Cz due to wing dihedral is approximated by the 
r 

following equation from reference 29: 

nAw sin A c/4 
(6.3.1-3) 

Two additional contributions to Cz,, due to the wing, have not been accounted for 
- I 

because the basic effects of sweep on these contributions a r e  not known to  a reasonable 
degree of accuracy and because the contributions a r e  generally small. The contributions 
consist of: 

(1) The increment of Czr due to the fore and aft movement of the center of gravity 

relative to the aerodynamic center of the wing mean aerodynamic chord (for zero sweep 
the contribution is zero) 

(2) The increment of Cz due to ( C Y , ) ~  when the center of gravity is not at  the 
r 

same vertical height a s  the aerodynamic center of the wing mean aerodynamic chord 
(for zero sweep, the contribution is zero) 

The contribution of the wing to the Czr of the subject airplane is summarized in 

table 6.3.1-1. 



6.3.2 Vertical-Tail Contribution to C 
zr 

In considering the contribution of the vertical tail to Cnr in section 6.2.3, it was 

indicated that in the model data the effects of sidewash on the vertical tail due to yaw 

ao were negligible for common airplane configurations. If these sidewash rate, - 
_ rbw 

effects a r e  excluded, the contribution of the vertical tail to Czr can be obtained from 

The calculations for the vertical-tail contribution to Cz of the subject airplane a r e  
r 

summarized in table 6.3.2-1. 

6.3.3 Power Contributions to Cz 
r 

Power effects on the Czr contribution of the single vertical tail of the twin-engine 

airplane a r e  negligible and a r e  not included in the calculations. The power effects on 
the contribution of the wing to  Czr a r e  also negligible, a s  is shown in the following 

discussion. 

The propeller slipstream has some effect on the contribution of the wing to Czr a s  

a result of the lateral displacement of this slipstream caused by yawing, The change 
in lift of the portion of the wing immersed in the propeller slipstream coupled with the 
lateral displacement of the immersed area due to yawing flight produces a yaw-induced 
roll. An equation that takes this effect into account can be developed a s  follows: 

Consider the lift due to the increase in dynam- 
ic  pressure and propeller-induced downwash 

v on the immersed portion of the wing per pro- 
peller to be ( ACL) 

w(Aiji) 
/propeller and 

'AC L'W (' 
/propeller, respectively (obtained 

from a figure like fig. 6.1.5-1). Assume the 
curvature of the propeller slipstream to be 
the same a s  the instantaneous radius of cur- 
vature of the yawing airplane flight path. (See 
sketch. ) Also assume the lateral displace- 
ment of the propeller slipstream at  the aero- 
dynamic center of the mean aerodynamic 
chord of the immersed portion of the wing to 



be similar to the displacement at the radial to the center of gravity, 

From the preceding discussion and sketch, i t  is apparent that the increment of roll 
due to the two immersed wing areas  is approximated by 

However, for small angles, 

Hence, 

Since 

' P v A+ a - and R1= - 
R1 r 

then 

2 

/propeller + (ACL) 
rbw 

?')power (2) 57746.3.3-41 

from which 

2 

P z r ) p o w e r  
propeller + (ACL)w( (6* 3.3-5) 

bw 

The calculations for the effects of power on the wing contribution to Cz of the 
.L 

subject airplane a re  summarized in table 6.3.3-1. Comparison with the propeller-off 
wing contribution (table 6.3. 1-1) shows the power effects to be negligible. 

6.3.4 Summary of Contributions to Cz 
r 

The contributions to Cz of the subject airplane a re  summarized in table 6.3.4-1. r 



The effect of power on the CIT of the subject airplane is negligible. The vertical tail 
- 

contributes a significant percentage of the net Czr a t  low angles of attack. However, 

a s  the contribution of the wing increases with increasing angle of attack, the contribution 
of the tail becomes smaller. It should be noted that the contribution of the wing would 
increase with increase in sweepback angle, and the significance of the contribution of 
the tail would thus decrease. 

The calculated roll-due-to-yawing derivative is plotted in figure 6.3 .4-1  a s  a 
function of angle of attack and thrust coefficient. Lack of appropriate wind-tunnel data 
precluded comparison of calculated values with tunnel data, but i t  was possible to 
obtain flight values of the derivative. Calculated values of Cl a r e  compared with 

r 
flight data in section 6. 6 .2 .  

6.3.5 Symbols 

wing aspect ratio 

wing span, in. 

wing-lift coefficient at propeller-off conditions 

change in the wing-lift coefficient due to the power- 
induced increase in dynamic pressure on the portion 
of the wing area immersed in the slipstream of one 
propeller 

change in the wing-lift coefficient due to the power- 
induced downwash behind the propeller acting on the 
wing area immersed in the slipstream of one 
propeller 

effective lift-curve slope of the vertical tail based on 
the wing area,  per deg 

rolling-moment coefficient 

vertical-tail contribution to Cz 
r 



propeller-off contribution of the wing to Cz at subsonic 
T. 
L 

compressible and incompressible flow conditions, 
respectively 

propeller-off contribution of the wing to Cz a s  a ratio 
r' 

of the wing-lift coefficient with wing diheiral effects 
unaccounted for 

propeller-off contribution of the wing to Cz a s  a ratio - 
L 

of the wing-lift coefficient at  zero dihedral and 
incompressible-flow conditions 

increment of C2 due to power effects 
r 

increment of C2 due to the wing dihedral 
r 

increment of Cz due to the unit change in the wing 
r 

dihedral, per rad 

damping-in-yaw derivative, per rad 

side-force coefficient 
ac, 

nondimensional derivative, 
I 

defining the wing 
. /rbw \ ' 

contribution to the side-force coefficient per unit 
change in the yaw rate, r, expressed a s  a nondimen- 

bw sional quantity, - 2V , per rad 

distance parallel to the X-body axis from the propeller 
plane to  the center of gravity, in. 

distance parallel to the X-body axis from the center of 
gravity to the quarter chord of the vertical-tail mean 
aerodynamic chord, in. 

Mach number 

dynamic pressure, lb/sq ft 



instantaneous radius of curvature of the yawing flight 
paith, in. 

yaw rate, rad/sec 

wing area,  sq ft 

propeller thrust, lb 

true airspeed, ft/sec 

vertical distance parallel to the Z-body axis from the 
center of gravity to the vertical-tail mean aerodynamic 
chord, in. 

angle of attack relative to the X-body axis, deg 

wing geometric dihedral, deg 

incremental angular displacement of the airplane flight 
path in yaw, rad 

sweep of the wing quarter-chord line, deg 

wing taper ratio 

rate of change of the sidewash on the vertical tail 

rbw (induced by yaw rate, r )  with 2~ 



TABLE 6.3.1-1 

-WING CONTRIBUTION TO C L  
r 

Wing taper ratio 

Wing dihedral, deg 

dihedral is zero and IvI * 0 

dihedral is zero, corrected for 

change in dihedral 



TABLE 6.3.2-1 

VERTICAE-TAIL CONTRIBUTION T O  Cz 

mean aerodynamic chord (positive 

Distance parallel to X-body axis from 
center of gravity to quarter chord of 
vertical-tail mean aerodynamic chord 
(positive back), in, 

Summary: ( ~ ~ 3 ~  = -0.5317 (-0.10625 cos a b  + 0.3817 sinQb) 



TABLE 6.3.3-1 

EFFECT OF-POWER ON WING CONTRIBUTION TO Cz 
r - - 2 ( A C ~ ) ~ ( ~ ~ ~ / p r o p e l l e r  + (ACL) /propeller] (2) [ ~ ( 6  

downwash behind the propeller acting on the 
immersed area 

Distance parallel to X-body axis from pro- 
peller plane to the center of gravity, in. 



TABLE 6.3.4-1 

SUMMARY O F  CONTRIBUTIONS T O  C l r  



I - 
C ~ w  

based on tests, per rad 

Figure 6.3.1-1. Wing yawing derivative, Cz a t  incompressible speeds and zero dihedral (ref. 3). r' 



per rad 

Figure 6.3.4-1.  Variation of calculated Cz 1: derivative of the complete airplane with power and angle of attack. 



6.4 Yaw-Due-to-Rolling Derivative, C n ~  

The wing and vertical tail a r e  the only airplane surface components considered a t  
this time since they a re  the only significant contributors to the derivative C Power 

n ~ "  
effects on Cnp are  not calculated because of the lack of suitable design information. 

On this basis, 

6.4.1 Wing Contribution t o  Cn 
P 

The contributions of the wing to C a re  the result of antisymmetrical lift loading 
n~ 

and induced drag due to rolling, and change in viscous drag due to roll-induced change 
in angle of attack. The contribution of antisymmetrical lift and induced drag i s  calculated 
by first considering the wing with zero dihedral and then adding the incremental effects 
of dihedral. The following equation summarizes the wing contribution to Cnp: 

For low-speed and zero-dihedral conditions, the antisymmetrical lift and induced- 

drag contribution, , may be obtained from equation (6.4,l-2). The first 

term in the equation was derived in reference 4. The second and third terms, which 
account for tip-suction effects, were derived in reference 30. The equation accounts 
for the longitudinal deviation of the airplane center of gravity from the aerodynamic 
center of the wing, f (Z is positive when the aerodynamic center is aft of the center of 
gravity). 

where is obtained from figure 6.4. 1-1. 

A c/4=0 



Compressibility effects on the low-speed values of a re  accounted for 

by the following equation from reference 5: 

+ $ ( A , B ~  + COS A c/4) tan2 A ,-./4 

1 c ( A ~  + cos hC/q) tan2~c/4 (6,4.1-3) 

2 where B2 = dl - cos Ac/4. 

The incremental effect of dihedral angle, I?, on Cnp is accounted for by the following 

equation from reference 2 1: 

where ( 'ZP) 
is obtained from section 6. 1. 1 with compressibility effects accounted 

for. 

The incremental effect of viscous drag on Cnp, the third term of equation (6.4.1-I),  

is approximately accounted for on a semiempirical basis by the following equation: 

The parameter is obtained from figure 6.4.1-2, which was empirically 

determined from experimental model data in reference 30. 
I 

~ C D ~  
The rate of change of viscous drag with angle of attack, r, may be obtained by 

calculating the viscous drag by the method given in section 4.12.4 of reference 1 as  a 
function of angle of attack and obtaining the slopes from the plotted results. In reference 
1 the viscous drag is represented by k3Aw instead of by the term cb0 used herein. 

The importance of including the incremental effect of viscous drag on the predicted 
wing contribution to C is shown in figure 6.4.1-3 (from ref. 30). The figure shows 

n~ 
the correlation between calculated and wind-tunnel-determined Cnp as a function of 

angle of attack for several wings of different aspect ratios and sweepback. Inclusion of 



the viscous drag term improved the correlation significantly at  higher angles of attack 
in practically all instances. - 

The calculated contributions of the subject airplane wing to C a r e  summarized n~ 
in tables 6.4. 1-l(a) to 6.4. 1-l(e) a s  a function of airplane angle of attack. 

In table 6.4. I-l(c), the value of used in determining the increment of 

Cnp due to dihedral was obtained from column 6 of table 6.1.1-1. The results in this 

column were actually calculated with dihedral and body interference accounted for; 
however, the dihedral and body-interference effects were both negligible. 

In table 6,4.l-l(d), the rate of change of viscous drag with angle of attack, 

sc6, 
P sol , was obtained by measuring the slope of the viscous drag curve in figure 6.4.1-4. 

The figure is based on columns 1 and 8 in table 4.12.4-l(b) of reference 1. 

The summary of wing contributions to Cnp in table 6.4.1-l(e) shows the contribu- 

tion due to dihedral to be negligible. The viscous drag contribution, however, becomes 
more important with increasing angle of attack. 

6.4.2 Vertical-Tail Contribution to C, 
P 

The vertical-tail contribution to Cn, i s  accounted for by the following equation, 
r ao which takes into consideration the sidewash on the tail due to roll, -: 

- pbw 

r 2(zV cos % + 2, sin ab ) (C"p)v = -579 3 b, bw + 

The calculations for the vertical-tail contribution to C of the subject airplane 
n~ 

a re  summarized in table 6.4.2-1. 

6.4.3 Power Contributions to Cn 
P 

For a single-engine, propeller-driven airplane, the effects of power on the contri- 
bution of the vertical tail to C would be difficult to determine because of the lack of n~ 
general design procedures accounting for this power effect and the scarcity of wind- 
tunnel data for similar geometric configurations, The effect of power on the wing con- 
tribution would be small. 

For a twin-engine airplane like the subject airplane, the effect of power on the 
vertical-tail contribution is  considered to be negligible. The effect of power on the 



wing contribution is primarily the result of change in the induced drag of the portions 
of the wing immersed in the propelfer slipstream due to roll-induced change in angle 
of attack. On the basis of section 5.3 of reference 1, it appears that the induced drag 
is affected by the proportions and location of the nacelles. Because of the uncertain 
magnitude of the changes in induced drag due to roll-induced change in angle of attack, 
no attempt is made to account for power effects on the wing contribution to Cnpe 

6.4.4 Summary of Contributions to C, 
P 

The calculated net C of the subject airplane is listed in table 6.4.4-1 a s  a function 
n~ 

of angle of attack on the basis of wing and vertical-tail contributions. The results a re  
also plotted in figure 6,4.4-1. Although the wing is the major contributor to the deriva- 
tive, the contribution of the vertical tail is appreciable. 

Lack of appropriate wind-tunnel data precludes a comparison to assess the validity 
of the calculations. 

6.4.5 Symbols 

*w wing aspect ratio 

aerodynamic center of the wing as  a fraction of the wing 
mean aerodynamic chord 

bw wing span, in. 

"Lo viscous drag coefficient of the wing 

/ 
variation of CD with angle of attack, per deg 

0 

wing-lift coefficient for propeller-off conditions 

effective lift-curve slope of the vertical tail based on the 
wing area,  per deg 

rolling-moment coefficient 

wing contribution to Cz at zero dihedral and propeller- 
P 

off conditions 



yawing-moment coefficient 

vertical-tail contribution to C 
n~ 

wing contribution to C 
np 

antisymmetric lift contribution of the wing, due to the 
roll rate, to ( C n ~ ) w  

at zero dihedral and propeller- 

off conditions 

rate of change of ( CnP)l 
with the wing C 

r=o Lw 

rate of change of Cn ( ) with CL, at  incompress- 

ible flow conditions (M = 0) 

incompressible flow antisymmetric lift contribution of 
the wing, due to the roll rate, to 

c n w  at 
sweep of the quarter-chord line, zero dihedral, and 
propeller-off conditions per unit change in C L ~  

increment of ( C nP)w due to CD I 
0 

increment of due to the wing dihedral 

rate of change of the increment of ( C )  , due to the 
W ., 

wing dihedral, with the wing dihedral angle, per rad 

rate of change of the increment of , due to viscous 

8'6, 
drag, with aa  



wing mean aerodynamic chord, in. 

distance parallel to the X-body axis from the center of 
gravity to the quarter chord of the vertical-tail mean 
aerodynamic chord, in. 

Mach number 

roll rate, rad/sec 

wing area, sq f t  

airspeed, ft/sec 

distance parallel to the wing mean aerodynamic chord 
from the center of gravity to the wing aerodynamic 
center, in. 

vertical distance parallel to the Z-body axis from the 
center of gravity to the vertical-tail mean aerodynamic 
chord, positive down, in. 

angle of attack relative to the X-body axis, deg 

wing dihedral angle, deg 

sweep of the wing quarter-chord line, deg 

wing taper ratio 

rate of change of the sidewash on the vertical tail 

pbw 
(induced by the wing roll rate) with 2~ 



TABLE 6.4.1-1 

WING CONTRIBUTIONS TO Cnp 

(a) Basic parameters 

Wing taper ratio 

Wing span, in. 

.................................. 

(b) Antisymmetrical-lift and induced-drag contribution, r= 0 

(C"p)lp=o 
= -0. 06631CLw (based on eqs. (6.4.1-2) and (6.4.1-3)) 



TABLE 6.4. 1-1 (Continued) 

(c) Incremental effect of dihedral on Cnp 

(d) Incremental effect of viscous drag on C "P 



TABLE 6.4.1-1 (Concluded) 

(e) Summary of wing contributions to C n~ 



TABLE 6.4.2-1 

VERTICAL-TAIL CONTRIBUTION TO Cnp 

1, cos ab - zV sin a b  

a- 
2 v  

i c  chord (positive back), in. 

f rom center of gravity to tail  mean 
aerodynamic chord (positive down), in. 



TABLE 6.4.4-1 

SUMMARY OF CONTRIBUTIONS T O  C 
n~ 





*Cnp 
Figure 6.4. 1-2. Variation of -7 with aspect ratio (from ref. 30). 

~ C D ~  - a @  



o Experimental 
-- Equation (6.4.1-3) ---- Equations (6.4.1-3) and (6.4.1-5) 

(a) Aw = 1.34. (b) A, = 2. 61. (c) A, = 5. 16. 

Figure 6.4.1-3. Variation of the experimental and calculated values of Ynp) w 
with lift coefficient for a 

series of swept wings (from ref. 30). 
c.3 
Ca 
w 



Figure 6.4. 1-4. Calculated variation of viscous drag  of subject airplane wing with angle of attack (from 
column 8 of table 4. 12.4-l(b) of reference 1, with % = 178 sq ft). 





6. 5- The Derivatives Cna and Cl 
P P 

The derivatives C$ and Cld a re  the result of lag in the sidewash effects that act 

on the vertical tail during the rate of change of sideslip with time. 

If a pure sideslipping motion is considered, the effective angle of attack of the verti- 
cal tail i s  composed of a geometric sideslip angle, 6 ,  and an induced angle, a. This 
effective angle af attack of the vertical tail during sideslip (involving time-varying side- 
slip) may be written a s  

a, = p + *@ - 87) in degrees 
a@ (6. 5-1) 

The second term accounts for the effects of sidewash on the vertical tail with a time lag 
in change of sideslip at  the vertical tail taken into account. The time lag, 7 ,  is equal 

It 
to T. 

2 t 
Regrouping equation (6.5-1) and substituting - for T ,  v 

a v  = B (1 + &) ap + r' (-% 2) in degrees 

The first  term is the effective angle of attack of the vertical tail a s  used in equation 
(4. 1.4-5) to obtain the vertical-tail contribution to C y p ;  namely, 

Using the second term of equation (6.5-2), the derivative of Cy with respect to 

Bbw - 
2v can readily be shown to be 

a, zvcosab  - 
= 114.6 (Cia)v ( per radian 

bw 

where - 
per degree (eq. (4.5.1-2)) 



k; is a factor accounting for the body size relative to the vertical-tail size, obtained 

from figure 4.1.4-l(d) 

("4, is the lift-curve slope of the vertical tail, per degree, based on the effective 

aspect ratio of the vertical tail, obtained from equation (4.1.4-2), referenced to the 
tail area, Sv, and a dynamic-pressure ratio of 1.0 

- 
qv 
7 is the dynamic-pressure ratio of the vertical tail (assumed to be 1.0 for twin- 
q 
00 

engine airplanes) 

Z V ,  zv a r e  the distances from the center of gravity to the quarter chord of the 
vertical-tail mean aerodynamic chord parallel to the X-body axis and Z -body axis, 
respectively (zv, positive down) 

qv is estimated from equation (4.1.4-6) assuming - = 1.0 
aP Sioo 
On the basis of the expression for Cy- given by equation (6.5-3), the following 

P 
equations were obtained for C and Cz : 73 B 

a, (2 ,  cos %b; zv sin ab 
CnB = -114.6 ( C  ' per radian 

Cl j  = -114.6(~'  per radian (6.5-5) 

The magnitude of these derivatives, and therefore their significance in the equations of 

motion, is reflected in the magnitude of the sidewash factor, - Equation (4. 1.4-6) aB ' 
shows the sidewash factor to be primarily a function of the vertical position of the wing 
on the fuselage and of wing sweep. Because the equation is empirical and based on the 
sidewash at  low angles of attack, i t  does not take into account the large changes in the 
sidewash factor which can take place at  higher angles of attack. Such large changes a re  
shown in figure 4.1.4-2. 

The derivative Cn(i is pertinent in the damping of the Dutch roll mode (lateral- 
r- 

directional transient oscillations). Normally, 6 is approximately 180 " out of phase 
with yaw rate, r ,  in the Dutch roll mode. As a result, C can be combined with Cnr 73 
to provide an effective Dutch roll damping-in-yaw derivative, 

derivative is obtained from 



When results of wind-tunnel investigations of damping in yaw a re  reported in the 
form (cnr - C*), it is implied that the tests were conducted about the stability axes, 

using oscillating model techniques in which $ = -/3 and in which the amplitude ratio, 

is therefore equal to 1.0. 
Ir I '  

In flight-test investigations of the Dutch roll mode, in which the de~ivatives a re  

commonly referred to the body system of axes, the amplitude ratio, i r l  , i s  similar to 

1.0 a t  low angles of attack and decreases with increasing angle of attack. It i s  not 
practical to attempt to obtain flight-determined Crib by itself because of the approxi- 

mate 180' phase relationship of with r, so in reducing the flight data the combined 

effective derivative 

The preceding remarks about Cnr and Cnj ,are also pertinent to 

No attempt was made to calculate Cn= P and Clii 
for the subject airplane: for this 

airplane is of the order of 0.02, which indicates that these derivations a re  negligibh 
P 

6.5.1 Symbols 

bw wing span, in. or  ft 

lift-curve slope of the vertical tail, based on the effective 
aspect ratio of the tail (obtained from eq. (4.1.4-2)), 
referenced to the tail area and a dynamic-pressure 
ratio of 1.0, per deg 

effective lift-curve slope of the vertical tail (obtained 
from eq. (4.5.1-2)), referenced to the wing area and 
the dynamic pressure at the tail, per deg 

Cz rolling-moment coefficient 

- 
r 
- , p e r r a d  

Clii = 
, per rad 



- 11 

c n j  - , per rad 
a(&) 

c -= - per deg 
Y p  ap 

yawing-moment coefficient 

side-force coefficient 

vertical-tail contribution to Cy per deg 
P ' 

factor accounting for the body size relative to the 
vertical-tail size, obtained from figure 4. 1.4-l(d) 

2 = 2, cos a b  - zv sin a b 9  in. or  f t  

distance parallel to the X-body axis from the center of 
gravity to the quarter chord of the vertical-tail mean 
aerodynamic chord, in. or ft 

Gv dynamic pressure at  the vertical tail, lb/sq f t  

free-stream dynamic pressure, lb/sq ft  

r yaw rate, rad/sec 

%, %v vertical-tail and wing area,  respectively, sq f t  

t time, sec 

V free-stream velocity, ft/sec 

distance parallel to the Z-body axis from the center of 
gravity to the vertical-tail mean aerodynamic chord, 
in. 

OCb angle of attack, deg 



angle of attack of the vertical tail, deg 

sideslip angle, deg o r  rad 

amplitude ratio of the sideslip vector and rate-of- 
sideslip vector to the yaw-rate vector, respectively, 
in the Dutch roll oscillation 

induced-sidewash angle at  the vertical tail, deg 

rate of change of o with P ,  deg/deg 

t time lag, - V , set 



6.6 Comparison of Predicted Dynamic Derivatives With Flight Data 

In the absence of dynamic wind-tunnel data, the calculated dynamic derivatives 

- Mc 
'2, IrI ZB and 'nr- u C n b  lr l are  compared with flight data for validation. No 

attempt is made to compare calculated Cz and Cn with the flight data for reasons 
P P 

stated in section 6.6.1. The flight data were analyzed with techniques suitable for 
use at a desk. 

Heretofore the calculated derivatives have been referenced to the stability system 
of axes, In comparing the predictions with flight results (referenced to the body system 
of axes), the predicted derivatives a re  referenced to the body system of axes to conform 
with the flight data. Table 5.3-1 l ists  a complete set  of transformation equations to 
reorient the predicted characteristics from stability to body axes. 

6.6.1 Analysis of Flight Data 

The magnitude of Cnp is generally small in comparison to the magnitudes of the 
- 

other yawing-moment derivatives, so it is difficult to extract reasonably accurate values 
from flight data. As a result, no attempt was made to obtain flight values of C to 

n~ 
validate the calculated values. 

The derivatives C2 - IJJ 
r and c n  r - M C  ~ r ~ n b  were obtained from graphical 

time-vector analysis of the flight data (ref. 18), from which the static derivatives Cz P 
and CnQ were obtained concurrently. As pointed out in section 5.3.2(c), Cz is not 

y. 

normal6 solved for a s  an unknown quantity when the time-vector technique i A s e d  
because its time-vector representation is small compared to the other derivatives in 
the rolling-moment equation. However, as explained in section 5.3.2(c), for the subject 
airplane the magnitude of the Cz vector and i ts  orientation with respect to the other 

y. 
I 

vectors in the graphical representation of the rolling-moment equation permitted the 

solution of Cz - 4 C z S ,  a s  well a s  of Cz in lieu of Cz r P ' P* 

The derivative Cz could not be obtained from the graphical time-vector solution 
P 

of the rolling-momentequation because the roll rate, p, was approximately 180" out of 
phase with the sideslip, P. This phase relationship, coupled with an experimental un- 
certainty of approximately * l o 0  in phase angle, necessitated the use of the calculated 
values of either Cz or  Cz in the rolling-moment equation. Since C can be 

P B 13 
calculated to within 5 the calculated value of Cz was used and ^Cz and 

I . I  P P 
- !Ac 

iri  Z j  were solved for. 

Although some consideration was given to obtaining flight values of Cz from the 
P 

229 



one-degree-of-freedom roll-mode equation (eq, (7.2.2-5)), the equation was considered 
to be too approximate for critical comparison of calculated and flight values of Czp. 

6.6.2 Comparison of Predicted and Flight-Determined Dynamic Derivatives 

Figure 6.6.2-1 shows the degree of correlation between flight-determined and ealcu- 

lated Cz - U C  and Cnr - r irr z j  U C  as a function of angle of attack for level-mght 
ir I nj 

conditions. The flight -determined derivative, - C shows unusually good ir 1 Z j 9  
correlation with calculated values. Generally, the flight values a r e  difficult to obtain 
to a reasonable degree of consistency and accuracy. However, the orientation and 
magnitude of the vectors in the graphical time-vector representation of the rolling- 
moment equation for the subject airplane were conducive to the accuracy with which 

- uCz was obtained. (See section 5.3.2(c). ) Ir I a 
In general, there is good correlation between flight and calculated values of 

- M C  The flight values were obtained from a graphical time-vector solution 'nr IrI $ 0  

of the yawing-moment equation, from which the static derivative, Cn , was determined 
P 

simultaneously. (See section 5.3.2(b). ) Because the accuracy of the flight values of 

18-lC is dependent largely on the phase angle, 6 ~ , ,  which could be obtained 
'nr- lr I 73 
within l o ,  the flight valaes for the subject airplane a r e  considered to be accurate to 
within 10 percent, 

6.6.3 Symbols 

b, wing span, ft 

c 2 rolling-moment coefficient 

c = -  per deg zp aP 

c . =  acz -, per rad 
la ~ b ,  

u - 
C ~ p  - , per rad 

a (2) 



yawing-moment coefficient 

roll rate, rad/'sec 

free-stream dynamic pressure, lb/sq ft 

yaw rate, rad/sec 

wing area, sq ft 

thrust of the propellers, lb 

time, sec. 

airspeed, ft/sec 

airplane angle of attack relative to the X-body axis, deg 

sideslip angle, deg or  rad 

amplitude ratio of the rate-of-sideslip vector to the yaw- 
rate vector in the Dutch roll oscillation 



- phase angle of the ,6 vector relative to the yaw-rate 
vector in the Dutch roll oscillation 



o Flight data 
Calculated 

per rad 
-. 08 I 

per rad 

Figure 6. 6.2-1. Comparison of flight-determined and calculated dynamic 
stability derivatives relative to the body axes a s  a function of angle of attack. 



7.0 DYNAMIC STABILITY CHARACTERISTICS 

In the following discussion of the dynamic stability characteristics, consideration is 
given first to the equations of motion that constitute the mathematical model of the air- 
plane. This mathematical model is then manipulated to provide dynamic response 
expressions of various degrees of accuracy. Response characteristics accounted for 
include Dutch roll period and damping, roll subsidence, spiral divergence, roll-to- 

sideslip ratio, maximum roll rate due to aileron input, and factors affecting roll IPI'  
performance. Calculated characteristics a re  compared with flight data whenever flight 
data a re  available, 



7 . 1  Equations of Motion 

Dynamic stability characteristics a r e  normally based on the following linearized 
small-perturbation equations, which are  referenced to the body-axes system (angles, 
rates, and accelerations a r e  in radians) : 

mvtd + ~r - o r o ~ p l  - -(sin B, A+' + cos 0, cos  rp A rp) = cyg 40 + C Y ~ ~  A6r + C y  A%$~s (7* 1-1) ( 6, 

where 

The Laplace transform of equations (7.1-1) to (7.1-3) may be represented by the 
following matrix: 

where 

gl = f sin 8, = g cos B,COS 9 g2 v 



and 

* 4 = Cy, mV 

2 saw 
Rr = Cnr 

2 
esbw 2 Rp = C $- (7. 1-9) 

- 32 N6r=C - 6% - 
'6, - ' ~ 6 ,  m v  

- 6% 
n6r I z  

- L6r - 
Ix 

- - gS qsbw - 
'6a - 'yga m v  ~6~ = C, - - qsbw - 

6a IZ L6a - '26, 
The denominator determinant, represented by the first matrix on the left side of 

equation (7.1-6), constitutes the characteristic equation which may be arranged in the 
following general form to obtain its roots: 

4 S(S + bs3 + C S ~  + ds + e) = 0 

where 

- -1-/ -,-/ - g2Lp - (NB Lr - NrLB) sin a, 

and where the primed derivatives a r e  equal to 



For example, 

The modes of the aircraft's motions a re  dependent upon the roots of the characteristic 
equation. The modes may be: 

(1) Spiral divergence, roll subsidence, and Dutch roll oscillation, for which the 
characteristic equation is 

(2) Coupled spiral and roll modes (lateral phugoid) and Dutch roll, for which the 
characteristic equation is 

The following criterion from reference 31, if satisfied, indicates the existence of the 
lateral phugoid and Dutch roll modes: 

The criterion implies that the product ec is positive. 

The spiral divergence, roll subsidence, and Dutch roll modes a re  considered in the 
following sections because of their more common occurrence. The lateral phugoid is 
considered in reference 31. 

7.1.1 Symbols 

coefficients in a fifth-order characteristic equation 
(eq, (7..1-10)) as  defined in equations (7.1-11) 

bw wing span, ft 

rolling-moment coefficient 

- L. 

Czp - , per rad 



a c n  C =-  
n~ 9 per rad 

- 
Cnr - a c n  -------, per rad 

C3 = qj-, per rad 

Cn6a = r9 per "d 
a 

'nsr = T, per rad 

C = ZY ya aP , per rad 

a C ~  
C y  = -86, per rad 

6a a 

a C ~  
= r, per rad 

y6r r 

yawing-moment coefficient 

side -force coefficient 

acceleration of gravity, ft/sec2 

a s  defined in equations (7.1-7) 



m = ~ / g ,  slugs 

P, r 

6,; 
Ap, Ar, A+, A; 

- 
'4 

S 

mass moment of inertia of the airplane about the X- and 
Z7body axes, respectively, slug-ft2 

mass product of inertia, slug-ft 2 

a s  defined in equations (7.1-8) 

a s  defined in equations (7.1-9) 

a s  defined in equations (7.1-12) 

a s  defined in equations (7,l-9) 

a s  defined in equations (7.1-12) 

roll and yaw rate, respectively, rad/sec 

roll and yaw acceleration, respectively, rad/sec 2 

perturbed value of p, r, fi, and ?, respectively 

dynamic pressure, lb/sq ft 

wing area,  sq ft 

Laplace transform variable 

roll mode and spiral mode time constant, respectively, 
sec 

time, sec  

true airspeed, ft/sec 

airplane weight, lb 

a s  defined in equations (7 , l -9)  

airplane angle of attack relative to the X-body axis in 
a trimmed condition, rad 

sideslip angle, rad 



perturbed value of P and a ,  respectively 

6a 9 6r - aileron and rudder position, respectively, rad 

A 9 = J(Ap)dt, rad 

A)' = J(Ar)dt, rad 

perturbed value of aileron and rudder deflection, 
respectively, rad 

damping ratio of the Dutch roll and lateral-phugoid 
oscillation, respectively 

trimmed pitch attitude of the X-body axis, rad 

roll attitude about the X-body axis, f pdt, rad 

amplitude ratio of 9 to in the Dutch roll oscillation 

undamped natural frequency of the Dutch roll and 
lateral-phugoid oscillation, respectively, rad/sec 



7.2 Determination of Roots of Characteristic Equation When Spiral 
Divergence, Roll subsidence, and Dutch Roll Modes Exist 

When the spiral divergence, roll subsidence, and Dutch roll modes exist, the coeffi- 
cients b y  c, d, and e of the characteristic equation 

can be readily shown to be equal to: 

In most instances, the spiral mode factor, 1, is much smaller than the roll mode 
T s  

1 factor, - and the coefficients a re  approximated by 
TR , 

7.2.1 Spiral Divergence Root 

Because the spiral divergence root is very small compared to the roots of the roll 
subsidence and Dutch roll modes, it may be estimated to a good degree of accuracy by 
considering only the last two terms of the characteristic equation (eq. (7.1-10)) This 
first approximation gives 

By substituting the dimensional derivative equivalents of the coefficients d and e from 
equations (7. 1-11) and simplifying by eliminating the minor quantities, the following 
approximation is obtained: 



In terms of dimensionless derivatives, 

Equations (7.2,l-2) and (7.2.1-3) show that the spiral mode involves sideslip, P ,  yaw 
rate, r ,  and roll rate, p, 

The criterion for stability is provided by the numerator of equation (7.2.1-3). Thus 

> 0 Spirally convergent 

- c  C Cnr cza Z r  n~ = 0 Neutral spiral stability (7.2.1-4) 
< 0 Spirally divergent 

Because Cnr and Cz are  both normally negative, the product Cnr C favors spiral 
P ZP 

stability. However, the product Cz, Cn is generally positive (since C is positive 
P np 

for positive directional stability and Czr is normally positive) and tends to decrease 

spiral stability. The derivatives Czr and Cz are  primarily dependent upon the 
B 

wing for their magnitudes. Because Cz is essentially a linear function of CL r 
(section 6.31, an increase in angle of attack is accompanied by a positive increase in 

r 
, which decreases spiral stability. To provide an acceptable degree of spiral 

stability at high angles of attack (the critical condition), sufficient geometric dihedral 
is incorporated to provide sufficient C2 for stability. 

P 

Accepta' le spiral stability is specified by reference 32 in terms of minimum time 
to double the spiral amplitude where 

For light aircraft, section 3,3.1-3 of reference 32 stipulates that (T2) should not s m  
be less than 12 seconds for clearly adequate operation nor less than 4 seconds for 
minimum acceptable operation. 



The predicted spiral stability claaracteristics of the subject airplane over its speed 
range at  trimmed, level-flight power conditions (from fig. 5.2-8 of ref. 1) a r e  sum- 
marized in figure 7.2.1-1 on the basis of the derivatives calculated in this report. 
Because the flight-determined values of C2 were markedly different from predicted 

P 
(and wind-tunnel) values, the figure also includes predicted spiral stability characteristics 
in which flight values of Cz (fig. 5.3.3-I), obtained from oscillatory maneuvers, were 

P 
used in place of calculated values. 

7.2.2 Roll Subsidence Root 

The roll subsidence root may be obtained from the following relation obtained from 
equations (7.2-2) : 

1 d - -- = -.---- per second 
2 

Upon replacing the coefficient d by its dimensional derivative equivalent, and 
simplifying by eliminating the quantities which a r e  minor for conventional aircraft con- 
figurations, the following approximation is obtained: 

In terms of nondimensional derivatives and with wDR replaced by its approximate 

derivative equivalent a s  obtained in section 7.2.3,  

- -9  
In accordance with reference 31, equation (7.2.2-3) is valid if YPLr < < E; and if the 

-9 - Dutch roll damping ratio is of the order of 0.2 or  less. If Lp(Yp + Ri)  < < <;, the 

dynamic derivatives in the denominator can be disregarded and the equation becomes 



For a f irst  approximation, n 

The predicted roll subsidence characteristics of the subject airplane over its speed 
range a t  trimmed, level-flight conditions a r e  summarized in figure 7.2,2-1 on the basis 
of equation (7.2,2-3). This equation was used rather than equation (7.2,2-4) because 
its denominator, wDRZ9 was significantly affected by the dynamic terms. (See section 

7.2.3. ) Included in the figure for comparison a re  roll-mode characteristics calculated 
by using flight values of Cz which did not affect the results significantly. Also in- 

P' 
eluded a re  the predicted roll-mode characteristics based on the single-degree-of- 
freedom equation (eq, (7.2.2-5)). The results indicate that the roll subsidence mode 
is primarily a single-degree-of-freedom rotation about the X-axis and is heavily depend- 
ent on Cl Because Cz is essentially determined by the wing, heavy damping of the 

P* P 
roll modecan be expected for light aircraft configurations. Also, because Cz is a 

P 
function of the wing Iift-curve slope, which is not significantly affected by compressi- 
bility up to a Mach number of approximately 0.6, the roll subsidence will decrease with 
increase in pressure altitude for constant-dynamic-pressure flight a s  a result of the 

- 
q decrease in - v*  

Acceptable roll-mode characteristics a r e  specified by reference 32 in terms of the 

, which reflects roll damping. For light aircraft, roll mode time constant, TR = - - 
Arm 

section 3.3,1,2 of reference 32 stipulates that TR should not be greater than 1 .4  sec- 

onds for clearly adequate operation nor.greater than 10 seconds for minimum acceptable 
operation. 

The roll mode time constant is discussed further in section 7.4.3 in relation to the 
influence of the convergent spiral mode on the apparent flight value of TR. 

7.2.3 Roots of the Dutch Roll Mode 

The oscillatory frequency of the Dutch roll mode is obtained to a good degree of 
accuracy from the following relation (from eqs. (7.2-2) and (7.1-l l)) ,  if the damping 
ratio is of the order of 0.2 o r  less: 

W~~ 
2 W C  

-t' -/ -/-/ -/- 
a Np - Lp sin a! + NrLp + LpYp 



In terms of nondimensional derivatives, 

-/  - 
For the more normal situations where Lp(Yp + R:) < < equation (7.2.3-2) can be 

reduced to the following more commonly used format: 

Equation (7.2.3-3) was not applicable to the subject airplane, because the dynamic 
derivative terms in equation (7.2.3-2) had a significant effect on the frequency, as  
shown in figure 7.2.3-1. 

The Dutch roll damping constant, S D R ~ D R ,  and damping ratio, CDR. have not been 

estimated satisfactorily by the greatly simplified expressions which have appeared in 
the literature. The utility of these expressions is restricted to very small angles of 
attack. A fairly accurate estimate of the damping constant may be obtained from the 
following equation, derived from equations (7.2-2) : 

where 



The period, PDR, of the Dutch roll oscillations and the time, (T1/2)DR9 for the 

oscillations to damp to half a'mplitude a re  obtained from: 

For normal cruise and approach configurations, minimum adequate Dutch roll 
frequency and damping requirements for light aircraft a r e  specified by section 3,3,1,1 
of reference 32 to be: 

Minimum wDR = 0.4 rad/sec (cruise) 

= 1.0 rad/sec (approach) 

Minimum g =0.08 DR 

Minimum S DR uDR = 0.15 

In the damping requirements, indicated by cDR and tDRwDR9 the governing require- 

ment is the one that yields the larger value of ZDRe 

Additional insight into more desirable Dutch roll characteristics for small general 
aviation airplanes is provided in reference 33. On the basis of a flight test  investigation 
of Dutch roll mode frequency and damping in which a variable-stability airplane was 
used, the reference concluded that for a small airplane with good roll mode and near- 
neutral spiral characteristics flown on an ILS approach: 

(1) The best level of Dutch roll frequency is between 1.8 and 2,3 radians per second, 
This represents a compromise in which the level of directional stability is large enough 
to provide good dynamics, but not large enough to cause excessive yawing in turbulence, 

(2) Dutch roll frequencies near 3 radians per second lead to excessive yaw in 
turbulence, Frequencies lower than 1.4 radians per second a re  undesirable because 
they require the pilot to compensate for poor heading control, large sideslip excursions, 
and difficulty in trimming the airplane in roll and yaw. 

(3) The instrument approach task becomes rapidly more difficult with Dutch roll 
damping ratios less than 8.10. However, relatively little is gained by increasing the 
damping ratio beyond this value, at  least for Dutch roll excitation in roll response. In 
some instances of high Dutch roll excitation, higher damping would undoubtedly be 
desirable. 



czpisa, 
(4) The best range of dihedral effect is XP = = -8 to -16 radians per 

*x 
second2 per radian, butthere is little penalty for lower values (such a s  -6 or  -4). 
Large dihedral effect (L@ = -20 o r  more negative) is undesirable because it produces 

excessive rolling due to turbulence, 

Predicted Dutch roll characteristics of the subject airplane were based on the pre- 
ceding derived relations (eqs . (7.2.3 -2) and (7.2.3 -4) to (7.2.3 -7)) and on calculated 
derivatives. Predictions were obtained for PDR, (T1/2)DRy and t~~ for typical 

flight conditions at 6000 feet pressure altitude as  a function of velocity. The results a re  
compared with predicted characteristics based on wind-tunnel data and with flight data 
in figure 7.&3-2, 

The predicted period characteristics a r e  slightly lower than flight values. Substi- 
tution of flight values of CI (which were approximately 40 percent lower than pre- 

P 
dicted) into the equations had a negligible effect on the predicted period. 

The predicted time to  damp to half amplitude, (T1/2)DR, is slightly longer in the 

low-speed region than indicated by the flight data. Substitution of flight values of Cz 
P 

into the equations resulted in improved correlation of predicted (T1/2) with flight 
DR 

data in the low-speed region. 

7.2.4 Symbols 

coefficients in a fifth-order characteristic equation 
(eq. (7. 1-10)) a s  defined in equations (7.1-11) and 
(7.2-1) 

bw wing span, ft 

L airplane lift coefficient 

1 rolling-moment coefficient 

- 
elP - , per rad 

- 
r 
- , per rad 

- - -  acz 
a@ , per rad 



cn yawing-moment coefficient 
8% Cnp = -- , per rad 

- a 'n 
Cnr 

- -, per rad 

a 

acn 
C n p =  ap , per rad 

C = 8 c ~  
Yp  a6 

, per rad 

side-force coefficient 

acceleration of gravity, ft/secZ 

mass moment of inertia of the airplane about the X- 
and Z-body axis, respectively, slug-ft2 

mass product of inertia, slug-ft2 

a s  defined in equations (7,l-12) 

a s  defined in equations (7,l-12) 

period of the Butch roll oscillation, sec 

roll and yaw rate, respectively, rad/sec 

dynamic pressure, Ib/sq ft 

wing area, sq ft 

Laplace transform variable 

thrust of the propellers, Ib 



roll mode and spiral mode time constant, respectively, 
sec 

time required to decrease the Dutch roll oscillation to 
half amplitude, sec 

time required for the spiral mode to double its amplitude, 
see 

V true airspeed, ft/sec 

v c  calibrated airspeed, knots 

W airplane weight, lb 
- 

-%?- , per rad/sec y~ = ~ y ~ ( m v )  

airplane angle of attack relative to the X-body axis, 
rad (unless noted otherwise) 

P angle of sideslip, rad 

damping ratio of the Dutch roll oscillation 

Oo trimmed pitch attitude of the X-body axis, rad 

1 roll subsidence root, equal to -- 
TR 

1 
spiral divergence root, equal to -- 

TS 

40 roll attitude about the X-body axis, rad 

undamped natural frequency of the Dutch roll oscillation, 
rad/sec 



0 Flight data - Calculated ---- Calculated with f l ight C 
Z P  

VG knots 

Figure 7.2.1-1. Predicted spiral stability characteristics of the subject airplane over its speed 
range at trimmed, level -flight power conditions. 



a Flight data 
Calculated ---- I Equation (7.2.2-31 
Calculated wi th  f l ight C b --- Calculated, equation (7.2.2-5) 

Arm 

V ,  knots 

Figure 7 .2 .2 -1 .  Predicted roll mode stabil'ity characteristics of the subject airplane 
aver the speed range of the airplane a t  trimmed level-flight powered conditions. 
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0 
Vc, knots 

Figure 7.2 .3-1 .  Effect of exclusion of dynamic derivative terms from Dutch roll 
frequency equation on predicted frequency characteristics of the subject airplane. 



0 Flight data 
A l l  derivatives calculated ---- Flight CIR; other derivatives calculated 

-=A wind - tunhe l  static derivatives and 
calculated dynamic derivatives 

5 DR 

Vc, knots 
Figure 7 . 2 . 3 - 2 .  Predicted period and damping characteristics of the subject 
airplane compared with flight data. 



7.3 Ratio of Roll to Sideslip in the Dutch Roll Mode 

Experience has shown that the pilot may be sensitive to the roll-to-sideslip response 
ratio a s  well a s  to the damping and frequency of the Dutch roll mode. As a result, the 

roll-to-sideslip ratio, w, and the phase angle, Q , are factors that should be taken IPI  V P  
into account when considering dynamic stability characteristics. 

7.3.1 Roll-To-Sid~zlip Ratio 

With low roll-to-sideslip ratios, sideslip is the disturbing factor to the pilot, If 
roll rate or aileron control excite the sideslip, oscillations of the nose on the horizon 
during a turn or  a lag in yaw rate during entry into a turn may make it difficult for the 
pilot to quickly or precisely track a new heading, Mso, rudder inputs may be required 
to damp the oscillations, 

With large ratios, it is difficult to control roll rate or  bank angle precisely. With 
very large ratios, the sensitivity of roll to rudder movements or lateral gusts makes 
i t  difficult to control the airplane. 

From the equations of motion (eq. (7.1-6)), with control inputs set at  zero, several 
different equations may be arrived a t  for the Laplace transform of the roll-to-sideslip 
ratio, depending upon which two of the three equations a re  considered. The following 
transfer function is obtained from a simultaneous solution of the rolling- and yawing- 
moment equations: 

In terms of nondimensional derivatives, 

where 

a l =  - 

(Equation continued on next page) 



The amplitude ratio may be obtained by substituting the following complex Dutch roll 
root of the characteristic equation for s in equation (7.3.1-1) or  (7.3.1-2): 

" -6 DRuDR+ iW DR for g D R <  0 . 2  

When % and IN, and RD and ID indicate the real 
- .  

merator and denominator, respectively, the amplitude 
from 

and 

and imaginary parts of the nu- 

ratio and phase angle a re  found 

A qualitative insight into the effects of the major parameters on I P I  is obtained 

from the following approximate equation: 

This equation shows that a decrease in effective dihedral, an increase in directional 



stability, an increase in Cz , or  a decrease in IZ will decrease the roll-to-sideslip 
P Ix 

ratio and tend to result in a predominantly yawing motion. A reverse trend in these 
parameters will tend toward large rolling motions. Since the pilot controls turning by 
gaging the bank angle, it may be desirable to minimize the amount of roll per unit of 
sideslip of the Dutch roll mode. 

For typical light airplanes the roll-to-sideslip ratio is of the order of 1 o r  less; for 
high-performance fighter airplanes the ratio may be of the order of 10. For the subject 
airplane, the ratio is of the order of 0.5. 

7.3.2 Roll-To-Sideslip Phase Angle 

The effect of the phase angle, on the pilot's coordination of control inputs is 

often neglected. For the subject airplane, 4, is of the order of 80" . This means (PP 
that the maximum amplitude of bank angle in the Dutch roll mode leads the maximum 

amplitude of sideslip by 80' (or 80 P DR seconds of the Dutch roll period, PDR). In 

a typical high-performance fighter aircraft, 4, is of the order of 45O. 
(PP 

- 
The phase angle, O , is primarily affected by the parameters $ and z' If 

- (PP P "  
is large at positive dihedral conditions, the phase angle will move toward 90°. If 

- $ is small, the phase angle will tend toward 0'. Figure 7.3.2-1 (based on ref. 34) 

shows the qualitative effects of Z' on the phase angle for both positive and negative 
P 

dihedral conditions. 

7.3.3 Comparison of Predicted Characteristics With Flight Data 

The predicted roll-to-sideslip ratio and phase angle of the subject airplane are  
presented in figure 7-3.3-1 for trimmed, level-flight power conditions as a function 
of calibrated airspeed. Included lor comparison a re  several flight-determined values. 
The correlations are  relatively poor when the predicted characteristics a re  based 
entirely on calculated derivatives. However, when flight-determined values of C 

lP 
are substituted for the calculated values in the prediction equation, good correlations 
are  obtained. Although very good correlations of calculated and wind-tunnel values of 

C r P  
had been obtained (section 4.3.4), flight values of C1 were approximately 40 to 

P 
50 percent lower than predicted. This discrepancy is discussed in section 5.3.4. 

7.3.4 Symbols 

coefficients of a f irst-order differential equation 
in the numerator of equation (7.3.1-2) as  defined 
in equations (7.3.1-3) 



- - L 

Cz r , per rad 

= -  per rad 

- 
Cnp - 

"n , per rad 

- 
Cnr - per rad 

- acn 
Cng - per rad 

coefficients of a second-order differential equation 
- in  the denominator of equation (7.3.1-2) as 
defined in equations (7.3.1-3) 

wing span, ft 

rolling-moment coefficient 

yawing-moment coefficient 

net value of the imaginary parts of the nume rator 
and denominator, respectively, of equation 
(7.3.1-5) 

mass moment of inertia of the airplane about the 
X- and Z-body axes, respectively, slug -ft2 

mass product of inertia, slug-ft 2 

imaginary 

a s  defined in equations (7.1-12) 



-/ -/ -/ 
NP9 Nr9 No 

P~~ 

PY r 
- 

R N ~  RD 

S 

S 

T 

/ T Tc = - sS_s 

v 

vc 

a! 

P 

~ D R  

cP 

ALL! 
I P I  

as defined in equations (7.1-12) 

period of the Dutch roll oscillation, sec 

roll and yaw rate, respectively, rad/sec 

dynamic pressure, lb/sq ft 

net value of the real parts of the numerator and 
denominator, respectively, of equation (7.3.1-5) 

wing area, sq f t  

Laplace transform variable 

thrust of the propellers, 1b 

true airspeed, ft/sec 

calibrated airspeed, Icnots 

airplane angle of attack relative to the X-body axis, 
deg 

sideslip angle, rad 

damping ratio of the Dutch roll oscillation 

roll attitude about the X-body axis, rad 

amplitude ratio of 50 to P in the Dutch roll 
oscillation 

Laplace transform of the equation for fl 
IP  I 

Dutch roll mode damping angle, deg 

phase angle of the p-vector relative to the 
P-vector in the Dutch roll oscillation 

undamped natural frequency of the Dutch roll 
oscillation, rad/ sec 



cp leads P by 90" 
p leads P by 180" 

cp in phase w i th  P 
p leads P by 90" 

- smlgl I- 
$. / 

large and  negat~ve 
/ 

large and  posit ive 

270" 

cp leads P by 180" 
p lags P by 90" 

cp lags f3 by 90" 
p i n  phase w i th  P 

cp 

P 

P 

Figure 7.3.2-1.  Effect of effective dihedral and roll damping on roll-sideslip 
phasing in the Dutch roll mode (based on ref. 34). 

259 



o Flight data 
A l l  derivatives calculated - - -- Flight CIP;  other derivatives calculated 

Vc, knots 

Figure 7.3.3-1.  Predicted amplitude ratio and phase angle characteristics of the 
subject airplane for trimmed, level-flight conditions compared with several flight- 
determined values. 



7.4 Roll Performance 

The manner in which the airplane responds to the application of aileron is a primary 
factor in the consideration of the stability characteristics of the airplane. The following 
roll performance pa rme te r s  have been proposed and used: 

(1) Steady-state roll rate, pss, per unit of aileron deflection 

P b 
SS W, per unit of step input of aileron o r  (2) Steady-state wing-tip helix angle, 2~ 

per maximum deflection (step input) of aileron 

(3) The time required for the roll rate to attain 63.2 percent of its steady-state 
value, expressed a s  a roll mode time constant, TR 

(4) The amount of Dutch roll excited due to an aileron step input. 

Because roll performance characteristics are  a function of many interrelated factors, 
a roll equation is derived to illustrate the complexity of the factors involved and for use 
as  the basis for detailed considerations of the factors affecting rolling performance. 

7.4.1 Derivation of the Roll Equation 

The first  step in deriving the roll performance equation is to obtain the following 
Laplace transform from the lateral-directional equations of motion (eq. (7.1-6)) and 
the characteristic equation (eq. (7.1-1 0)): 



where, with Y6 considered negligible, and in terms of primed derivatives defined by a 
equations (7.1-12), 

and where 

(7.4.1-3) 
-1-1 - g / z /  

C~ = - (i;i;~i~ - R~EL,) - ( L ~ N ~ ~  r 'a)% 

D = - ( - gl (considered negligible) 

'a 
For an aileron step input, 6,(s) in equation (7.4.1-2c) is replaced by x. By 

factoring the resulting equation and performing the inverse Laplace transformation, 
the following approximate real-time equation (from ref. 35), in which 5 is considered 

50 
to be negligible and bDR is considered to be small, can be obtained for roll rate, p: 



where TS and TR are spiral and roll mode time constants, respectively, obtained 

from equations (7.2.1-3) and (7.2.2-2) on the basis that 

The three terms in equations (7.4.1-6a) and (7.4.1-6b) identify the rolling motions 
attributed to the spiral, roll subsidence, and Dutch roll modes, respectively. 

7.4.2 Steady-State Roll Rate  

One means of assessing rolling performance has been to determine the roll response 

P S S ~ W  This to an aileron step input in the form of steady-state wing-tip helix angle, 7. 
steady-state helix angle is not always attainable realistically. In the following con- 

P b 
SS W, it is assumed that positive Dutch roll damping (cDR > 0) and roll sideration of - 2v  

subsidence conditions prevail. 

For convergent spiral conditions, equations (7.4.1-6a) and (7.4.1-6b) indicate that 
the rolling velocity approaches zero as t -t m. In effect, there is no rolling velocity 

1 
which can be considered to be steady state for large values of -. For small values 

pssbw Ts 
of - an effective may be approached; however, it occurs at large bank angles 

(106': for example) and is not practical. , 

1 
For divergent spiral conditions, large values of - do not permit a well-defined 

1 Ts  
steady-state roll rate. For small values of -, the small rate of divergence allows an 

PS sbw Ts 
effective - 2 v  to be defined, because the steady-state roll rate is reached before the 

spiral motion has progressed to any significant degree. Thus, for conventional steady- 
1 

state roll rate consideration, since - 1 < <  - 1 , the spiral parameter - can be con- 
T~ TR T~ 

sidered to be equal to zero. 

With the motions due to the spiral mode equal to zero (I = 0), equation (7.4.1-6a) 
Ts  
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may be reduced to the following steady-state roll rate expression: 

Substituting for w (eq. (7.4.1-513)) and - (using eq. (7.2.2-2)), v TR 

In terms of nondimensional derivatives, and with higher order terms eliminated, equa- 
tion (7.4.2-2) takes the following form: 

A study of equation (7.4.2-3) indicates roll power per unit input to be primarily a 
function of Cz and C . Effective dihedral, however, tends to decrease the roll 

P b a  
power to some extent with increasing angle of attack. These observations show that for 

2 v  
geometrically similar airplanes and lateral control arrangements, - tends to be of 

pssbw 6a 
similar magnitude. The roll power, - 2v  , that can be produced by full aileron step 

input is a measure of the relative control power available. Minimum acceptable roll 
control power for light aircraft calls for sufficient maximum deflection to be available 

P s sbw to produce - = 
2 v  

0.09 radian (ref. 35). 

Recent investigations have shown the wing-tip helix angle to be deficient as  a design 
criterion. Current roll-control-effectiveness requirements are  based on the time 
interval between an initial step input and the attainment of a specific roll displacement. 
Section 3.3.4 of reference 32 stipul.ates that for light aircraft under cruise conditions 
o r  in a climb, clearly adequate roll control effectiveness is demonstrated if 60' of bank 
is attained in 1.7 seconds; minimum adequate roll control effectiveness is defined a s  
attaining 60' of bank in 3.4 seconds. Corresponding criteria for takeoff and approach 
conditions a re  30' of bank in 1 .3  seconds and 30' of bank in 2.6 seconds, respectively. 

Figure 7.4.2-1 (a) shows the aileron step input roll rate response flight time histories 
of the subject airplane obtained a t  84 and 134 knots calibrated airspeed. The results of 



Pssbw 
the analysis of the flight data in the form of 7 a s  a function of 6, and a compari- 

son of these results with corresponding predicted characteristics are  shown in figure 
7.4.2-1 (b). As shown, reasonably good correlation was obtained when the predicted 
characteristics were based on calculated derivatives. Substitution of flight values of 

CzP 
for the calculated values in the response equation resulted in improved correlation. 

The discrepancy between flight and predicted values of Cz is discussed in section 

5.3.4. P 

7.4.3 Apparent Roll Mode Time Constant 

Although roll response characteristics a re  influenced by the spiral and Dutch roll 
modes, the primary response to an aileron input is provided by the roll mode. This 

1 
response can be reduced significantly by a stable spiral mode (- - < 0) even though 

1 
TS 

the spiral root may be much smaller than the roll root (- -) . The effect of the stable 
TR 

spiral mode is of interest for two reasons. First, the roll mode time constant, TR, 

is an important parameter which has been used, as  illustrated by figure 7.4.3-1 from 
reference 36, to assess the degree of acceptability of the airplane's initial rates of 
response to aileron step inputs. For a given aileron step input, the second term of 
equation (7.4.1-6a) indicates that a very large value of TR will result in a sluggish 

initial roll-rate response; a very small value of TR indicates a trend toward excessive 

initial roll rate response. Both extremes are  objectionable to a pilot. Second, the 
roll mode time constant, TR, has usually been estimated from flight records of the 
roll rate response to aileron step inputs on the assumption that only the single-degree- 
of-freedom roll mode is excited during the initial response. Thus, the roll mode time 
constant obtained from analysis of the flight data may differ considerably from the true 
constant. 

For a single-degree-of-freedom roll mode response to an aileron step input, the 
roll mode time constant can be considered to be the length of time after the step input 
i s  initiated that would be required for the roll rate to attain 63.2 percent of its steady- 
state value (fig. 7.4.3-2(a)). This percentage is arrived a t  by reducing equation 
(7.4.1-6a) to the single-degree-of-freedolri roll mode (retaining only the second term). 
The ratio of roll rate, p, a t  time, t, to steady-state roll rate, pss, at t = is readily 

determined to be 



The significance of the roll mode time constant, TR9 is placed in another perspective 

if it is defined a s  the time that would be required to obtain steady-state conditions, pss9 

after a step input if the single-degree-of-freedom roll rate response changed at a con- 
stant rate equal to the actual initial rate of change (fig. 7.4.3-2(a)). 

1 
When the spiral mode is not equal to zero and is convergent (- i s  positive), the 

Ts 
presence of the convergent spiral mode reduces the roll response. The degree of 

1 
degradation depends upon the magnitude of -. Attempts to use the single-degree-of- 

T s  
freedom roll mode procedure of equation (7.4.3-2) to obtain the roll mode constant, 
TR, from flight records involving convergent spiral modes resulted in an apparent value 

of the roll time constant, TA, which was smaller than the actual TR. This apparent 

roll time constant, TA, is  defined in figure 7.4.3-2(b), which also shows the resulting 
1 

apparent pss in relation to the pss for - - - 0. 
Ts 

The apparent roll time constant, TA, and apparent pss as ratios of TR and pss, 

respectively, were obtained from the following equation (from ref. 37) a s  a function of 
TR and TS: 

I 
Figure 7 -4.3-3 shows that the presence of a converging spiral mode, - > 0, makes 

T s  
the apparent roll time constant, TA, smaller than the actual roll time constant, TR, 

I because of the reduction in maximum roll rate caused by -;;;I- > 0. The sensitivity of 
IS 

is clearly indicated by the figure. For - - maximum roll rate to - 
Ts 

the roll rate is  reduced 15 percent. It appears, therefore, that a criterion such a s  that 
in figure 7.4.3-1 should take the spiral mode into account a s  a third dimension. 

7.4.4 Roll and Dutch Roll Mode Coupling 

In considering the roll response of an airplane to an aileron step input, the general 



lateral-directional response characteristics are of concern to the pilot. These charac- 
/ . \ 2  

teristics a re  dependent upon TR9 5 DRuDR' and a s  well as  TS. The param- 
2 

eter, (2) , which, together with TR9 greatly influenced steady- state roll rate, pss 

(eq. (7.4.2-I)), is also a major contributing factor to the amount of Dutch roll in roll 
rate response. This is reflected in the third term of equation (7.4.1-6b). This param- 
eter may be approximated by the following expression on the basis of equations (7.2.3-1) 
and (7.4.1-5b), if the dynamic derivative and angle-of-attack terms are  assumed to be 
negligible : 

2 
Although ( )  must always be positive (greater than nem) to obtain roll velocity 

in the correct direction, roll reversal is possible within certain bounds of the param- 
eter as  a result of the Dutch roll term in equation (7.4.1-6b). In addition, the signs 

of and 5; , which appear in the expression for 
P a 

(z)~~ and the sign of (E' p - s, V 9  

which appears in the equations for Dutch roll damping (eq. (7.2.3-4)), roll subsidence 
(eq. (7.2.2-2)), and sideslip response to aileron input all have important bearing on the 
airplane1 s response to an aileron step input and the pilot1 s acceptance of that response. 

The effect of (z)~ on the roll rate, sideslip, and yaw rate of an airplane is 

shown in figure 7.4.4-1 (from ref. 38). For a value of unity, the Dutch roll mode is 
zero. Sideslip, however, is present. The response in sideslip is due primarily to the 
lateral gravity component resulting from bank angle. For values greater than unity, 
the sideslip response due to gravity is reduced, initially causing the aircraft to slip 
out of the turn while yawing into it. For values less than unity, the amount of sideslip 

increases with decreasing values of , with consequent roll reversal (due to ) P 
when the ratio decreases below a value which is dependent upon the Dutch roll damping 
ratio, cDR. 

1 
Roll reversal is discussed in reference 35. As indicated by the reference, if - 

Ts 
is assumed to be zero, it is possible to compute the value of ( ~ ) 2  by using equa- 

tion (7.4.1-6b), which corresponds to incipient rolling velocity reversal (change in 
roll rate sign) as sketched in figure 7.4.4-2(a) (from ref. 35). Incipient roll reversal 
is a function of TRY y,R, and 5 DR* For zero Dutch roll damping, 5 figure 

DR' 



7.4,4-2(b) (from ref. 35) shows that should be greater than 0.5. As the Dutch 

roll damping increases, the value of a t  which roll reversal will occur decrease 

a 
(27, affects not only the roll The sign of R i  , which appears in the equation for - 

power but also the phasing and magnitude of the sideslip-in-roll response to aileron 
inputs and the ability of the pilot to make aileron-only turns. The effects of Ni on 

a 
roll rate and sideslip responses to a step aileron input a re  shown by the sketches in 
figures 7.4,4-3(a) and 7.4,4-3(b) (from ref. 34). 

The aerodynamic parameter Rg - -f- also affects the phasing and magnitude of the 

sideslip-in-roll response and the ability of the pilot to make aileron-only turns. It also 
influences roll power. This is shown by the sketches in figures 7.4.4-4(a) and 
7.4.4-4(b) (from ref. 34). 

The pilot1 s acceptance of the roll performance of an airplane appears to be related 

to (2)Z and the task to be performed. Several interdependent parameters a re  

involved; These include Dutch roll characteristics such as damping, frequency, and 

roll-to-sideslip ratio, a s  well as roll power and R' and HL - $. Improper combina- 
6 2  

tions of basic parameters can result in decreasing the effective roll power and thus 
increasing the tendency toward pilot-induced oscillations (PIO) and the associated de- 
crease in the effective damping with the pilot in the loop. Reference 39 discusses the 

interrelated effects of and the Dutch roll damping ratio on handling qualities 
%Rp 10 1' W.- 

in terms of pilot ratings. The parameter - measures effects that are  sensitive to 
%R 

a number of the parameters and responses, although it does not account for the inter- 
related effects of damping. This is itlustrated to some extent by figure 7.4.4-5. The 
figure includes flight data for the subject airplane. On the basis of the plotted points, 
an increase in angle of attack from -0.65' to 10.5' results in a decrease in 
W - " from 0.990 to 0.967 and some decrease in roll power, as  well a s  an increase in 
OR 

and some increase in adverse yaw due to aileron. 
IP I 

W 
The pilot' s opinion of roll performance improves when - " , for low positive damp- 

%R 
ing, is equal to or  slightly less than 1.0. Under'these conditions the Dutch roll mode, 
which is troublesome in turns, is effectively eliminated. 



7.4.5 Symbols 

Aq9 Bq e CSO 9 Dq 

per rad 
= a($) 

C = -, perrad  zp ap 

acz c = -  , per rad 

%a %a 

8% 
cnp = , per rad 

- -, per rad 

C = En, per rad 
%a 

sin O0 

coefficients of a third-order differential equation 
in the numerator of equations (7.4.1-2a) and 
(7.4.1-2b), a s  defined in equations (7.4.1-3) 

wing span, ft 

rolling-moment coefficient 

yawing-moment coefficient 

acceleration of gravity, ft/sec 2 

mass moment of inertia of the airplane about the 
X- and Z-body axis, respectively, slug-ft2 

mass product of inertia, slug-ft2 



W m = -, slugs 
g 

Nr, Np 9N6a 

- /  - /  - /  - /  
Np, Nrp Np, Nsa 

as  defined in equations ( 7 , l - 9 )  

a s  defined in equations (7.1-12) 

a s  defined in equations (7.1-9) 

a s  defined in equations (7.1-12) 

roll and yaw rate, respectively, rad/sec 

maximum roll rate, rad/sec 

maximum roll rate in the absence of the spiral mode 

steady- state roll rate, rad/ sec 

apparent steady-state roll rate 

steady-state roll rate in the absence of the spiral 
mode 

Laplace transform of the roll rate response to an 
aileron input 

dynamic pressure, lb/sq f t  

wing area, sq ft 

Laplace transform variable 

apparent roll mode time constant, sec 

roll mode and spiral mode time constant, 
respectively, sec 

time, sec 



true airspeed, ft/sec 

calibrated airspeed, knots 

airplane weight, lb 

as defined in equations (7.1-9) 

angle of attack, deg 

sideslip angle, rad 

differential aileron deflection, rad 

maximum aileron deflection, rad 

Laplace transform of an aileron input 

damping ratio of the Dutch roll mode 

damping ratio of the second-order differential 
equation in the numerator of equation (7.4.1-2c) 

trimmed pitch attitude of the X-body axis, rad 

1 
roll mode root, - - 

TR 

1 
spiral mode root, -- 

T~ 

roll attitude about the X-body axis, rad 

Laplace transform of the roll attitude 

amplitude ratio of to P in the Dutch roll 
oscillation 

Laplace transform of the equation for M 
l P  l 

undamped natural frequency of the Dutch roll 
oscillation, rad/ sec 

undamped natural frequency of the second-order 
differential equation in the numerator of equation 
(7.4.1-2~) 



0 1 2 3 4 
t, sec 

(a) Time histories of roll rate. 

0 Flight data - A l l  derivatives calculated 
--- Flight Clg; other 

0 1 2 3 
t, sec 

(b) Wing-tip helix angle. 

Figure 7.4.2-1. Time histories of roll rate response to aileron input and the wing- 

pssbw tip helix angle, - 
2v 

, shown a s  a function of 6,. 



TR, sec 

Figure 7.4 .3-1 .  Proposed roll criterion for fighter aircraft, including pilot 
comments (from ref. 36). 



(a) Single-degree-of-freedom roll mode re sponse to aileron step input. 
Relationship of steady-state roll rate, pss, to true roll mode time con- 
stant, TR. 

(b) Relationship of two-degree-of-freedom (convergent spiral mode and roll mode) 
response and single-degree-of-freedom (roll mode) response to an aileron step 
input (from ref. 37). (The two-degree-of-freedom data analyzed on a single-degree- 
of-freedom basis result in an apparent roll mode time constant, TA.) 

Figure 7.4.3-2.  Definitions of true and apparent roll mode time constants. 



Figure 7 4 a 3-3. Apparent roll mode time constant (from ref. 37). 



(2 7 on response lo  aileron step input (from ref. 38). Figure 7.4.4-1. Effect of - 
High C ; low Cn ; high a; f DR = 0.16; %R = 1.16 rad/sec. 

lP P 



- Motion including Dutch roll 
_ - _ _  Motion not including Dutch roll 

(a) Incipient roll reversal. 

(b) Conditions for incipient rolling velocity reversal. 

Figure 7.4.4-2. Roll reversal (from ref. 35). 



6a 
t 

(a) Adverse ; ' is negative. 
a P 

(b) Proverse N' (positive); is negative. 
6, P 

Figure 7.4.4-3. Effect of G i  on time history responses of roll rate and sideslip 
a 

for an aileron step input (from ref. 34). 



(a) Adverse ki - is negative; P is negative. 

(b) Proverse 6 ' - is positive; 5;' is negative. 
P v P 

Figure 7.4.4-4. Effect of N; - on time history responses of roll rate and 

sideslip for an aileron step input (from ref. 34). 



Flight data 

Figure 7.4.4-5. Factors affecting roll performance. 
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