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LONGITUDINAL AERODYNAMIC CHARACTERISTICS OF LIGHT, TWIN-ENGINE,
PROPELLER-DRIVEN AIRPLANES

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

SUMMARY

Representative state-of-the-art analytical procedures and design data for pre-
dicting the subsonic longitudinal static and dynamic stability and control characteristics
of light, propeller-driven airplanes are documented. Procedures for predicting drag
characteristics are also included.

The procedures are applied to a twin-engine, propeller-driven airplane in the clean
configuration to determine the lift, pitching-moment, and drag characteristics from
zero lift to stall conditions. Also determined are level-flight trim characteristics,
period and damping of the short-period oscillatory mode, and windup-turn character-
istics. All calculations are documented.

The calculated lift characteristics correlated well with full-scale wind-tunnel data
as a function of angle of attack, elevator settings, and power conditions.

The calculated drag characteristics also correlated well with full-scale wind-
tunnel data as a function of angle of attack, lift coefficient, and power settings in the
linear range at zero thrust conditions. With increasing thrust, the correlation was
good at the lower angles of attack, but tended to deteriorate with increasing angle of
attack. When the increment of induced drag due to power was omitted, good correlation
resulted throughout the power range at the high angles of attack. It was surmised that
the wide, built-in nacelles had a significant nullifying effect on the power-induced drag
of the immersed portion of the wing.

Calculated propeller-off pitching-moment characteristics agreed well with wind-
tunnel data for zero elevator deflection. When different elevator settings were included,
slope correlation was good but larger calculated control effectiveness in pitch was in-
dicated than was reflected by tunnel data. Study of this discrepancy indicated that tail
lift-carryover effects onto the body are nil for the horizontal-tail and body configuration
of the airplane investigated. Correlation of pitch control effectiveness would have been
improved if this carryover effect had been eliminated from the calculations.

The addition of power effects to the calculated pitching-moment characteristics
resulted in an increasing disparity between the calculated and the wind-tunnel-derived
pitching-moment slopes with increasing power. It was deduced that the deterioration
in correlation with increasing power was due to inadequate design data for the power-
induced downwash increment at the tail. When the power-induced downwash was re-
duced by 40 percent, good correlation of slopes for all power conditions resulted. It

H-646



was concluded that the design data used to obtain the downwash due to power did not
properly account for the slipstream-flow interference of wide, built-in nacelles of the
type used on the airplane analyzed.

Using the modified power-induced downwash, the calculated elevator hinge mo-
ments correlated relatively well with wind-tunnel data. Calculated stick-force char-
acteristics for level flight and windup turns agreed reasonably well with flight data.

1.0 INTRODUCTION

As part of a NASA program to enhance general aviation safety and utility, the
NASA Flight Research Center has undertaken the documentation of analytical proce-
dures and design data, oriented to the needs of the industry, for predicting the subsonic
static and dynamic stability and control characteristics of propeller-driven aircratft.

In partial fulfillment of this project, representative state-of-the-art methods have been
compiled and, in some instances, extensions proposed. The results have been applied
to a representative light, low-wing, twin-engine, propeller-driven airplane in the clean
configuration, and the accuracy of the methods has been determined by comparing cal-
culated characteristics with wind-tunnel and flight data.

This report summarizes methods and guidelines which should enable a designer to
obtain improved estimates of the stability and control characteristics for propeller-off
conditions in general and the power effects on twin-engine, propeller-driven designs
in particular.

Axis systems, sign conventions, and definitions of stability and control derivatives
are in accord with standard NASA practice and usage.

2.0 SCOPE OF THE STUDY

As a logical starting point for the study, use was made of the USAF Stability and
Control Datcom handbook (ref. 1). 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. It deals primarily with
winged configurations with untwisted constant airfoil sections. 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 Datcom repeats pertinent equations and
design data from another source, During this study, it became necessary to supplement
the Datcom methods and to provide some innovations,

The analysis of longitudinal characteristics in the clean configuration ranged from
zero lift to stall and involved stall conditions of the elevator. Propeller-off and power-
on conditions are considered in all instances. Included are analyses of the lift, pitching-
moment, drag, and hinge-moment-coefficient characteristics as functions of angle of
attack and elevator position. Elevator trim and stick-force characteristics for 1 g
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flight and windup turns are also included, as well as short-period and damping charac-
teristics. In the systematic buildup of the predicted longitudinal characteristics,
procedures, design charts, calculations, and correlating figures used to illustrate the
accuracy of the results are presented.

The report is divided into three phases: propeller-off static characteristics;
effect of power on the static characteristics; and dynamic characteristics, both with
the propeller off and with the power on. The propeller-off static characteristic buildup
initially considers tail-off lift and pitching moments in sequence. This is followed by
a consideration of the effects of the horizontal tail on the characteristics, drag buildup
of the complete airplane, and, finally, the derivation of the horizontal-tail hinge-
moment characteristics.

The effects of power on the lift, pitch, drag, and hinge moments are considered in
the second phase. The third phase considers the derivation of the dynamic-stability
derivatives.

Throughout the report, comparisons are made with wind-tunnel and flight data
when appropriate data are available. Notations and symbols are defined in each section
as they are used.

3.0 THE AIRPLANE

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

The all-movable horizontal tail (referred to herein as a stabilator or elevator) is
equipped with a trailing-edge antiservo tab geared to move in the same direction as the
tail with a gear ratio of 1. 5° tab per degree of stabilator. The servo tab is geared to
increase the elevator control-force gradient.
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TABLE 3-1
MANUFACTURER'S PHYSICAL CHARACTERISTICS OF THE SUBJECT AIRPLANE

Wing —
Location .« « « v « ¢ s o o s s s 0 00 e s e e e e s e e e s e Low
Loading, lb/sq ft . . . . . . e e e e e e e e e e e e 20.2
Airfoil section + « « v ¢ o o o v v a0 e e .. ... NACA 649, A215 (modified)
Area, sqQft + o v v v v o s e e e e e e e e e e e s 178.0
Span, ft . . . . . .. 35,98
Mean aerodynamic chord, ft . . . . .« . . .. . e e e e e e 5.00
Aspect TALIO v « v v 0 v v e e e e e s e e e e e e 7.30
Dihedral, deg . . v « v o ¢ ¢ ¢ o s 0000 e e e e e e 5.00
Incidence, deg « « ¢ ¢« v ¢ vt s e b s e e e e e e 2.00
Aerodynamic twist . . . . o000 v e e e e e e e e 0
Power —
Horsepower/engine .« « o « v o o o o o o o o 000w e e e e 160, 00
Loading, Ib/Ap + « v v v o v v v v i n e e e 11.3
Engine . ¢ ¢ ¢ o v o 000 e o s e e s a e . v+ ... 2LycomingI0-320-B
Propellers —
Type « + + o « ... .... Hartzell HC-E2YL-2A constant speed full feathering
Blades . . ¢« ¢« o o s e e e e e 7663-4
Diameter, iN.  « « v+ v v o ¢« 4 s o et e e e e e e 72.00
Weight and balance —
Maximum gross weight, 1b . « v v v v v v e v v e e e e 3600.00
Empty gross weight, Ib. . . . .. . .. e e e e e e e e e s 2160.00
Allowable center of gravity for maximum gross weight,
percent mean aerodynamic chord .. .. ..., e e e 12.5 to 28.6
Allowable center of gravity for empty gross weight,
percent mean aerodynamic chord . . . . .. e e e e e e s 3.3t0 21.6
Control-surface deflection, deg —
ATlETOI « ¢ o ¢ o o & v o s s s s 8 s s s o o s s 4 0 8w v s e e 18 up, 14 down
Elevator (stabilator). . . . . . . .. e e e et e e e e e e e 14 up, 4 down
Rudder . . « + « ¢ ¢« v o o s & e e e e e e e e e e e e e e . 22right, 20 left
Flap (full)  + @ v v v v o v v o v o v v oo s v e e . 27
Adjustable trim systems —
Longitudinal . . v v o v o o v o 0 0 0o e e e e e e e s Tab
Directional . . . ¢« « .« ¢ . Bungee
LateTal « o o o o v o o 0 v s b s s e e e e e e e e e s TTTTTT
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Figure 3-1. Three-view drawing of the test airplane. Dimensions in fect.
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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
onh 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.
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3.2 Geometric Parameters of the Wing and Horizontal Tail Used in the Analysis

In analytically predicting the longitudinal characteristics, the wing and horizontal
tail were considered on the basis of total planform and exposed panel planform, de-
pending on the characteristics being determined. Total planform was considered to
extend through the nacelle and the fuselage; exposed panel planform terminated at the
fuselage. Pertinent dimensions for the wing and tail are shown in figures 3.2-1 to
3.2-3.

The wing was considered to have zero leading-edge sweep, although there is
actually some sweepback between the fuselage and the nacelle. As a result of the
assumption of zero leading-edge sweep, the reference total planform area used in de-
termining the characteristics was 172.3 square feet in contrast to the manufacturer's
reference area of 178 square feet, based on a projection of the actual leading edge
through the fuselage. Because wind-tunnel data and flight-determined characteristics
were based on the 178-square-foot area, the predicted characteristics were ultimately
referenced to this area for comparison purposes.

Table 3.2-1 lists the geometric parameters of the wing and horizontal tail pertinent
to the analysis.

3.2.1 Symbols

A aspect ratio, 22

b span, ft or in.

b, span of the exposed panels, ft or in.

biap tab span, in.

c mean aerodynamic chord, in.

Ce mean aerodynamic chord of the exposed panel, in.

Cp root chord, in.

(cr)e root chord of the exposed panel, in.

Ct tip chord, in.

Ctab tab chord, in.

AN distance from the aircraft center of gravity to the quarter chord
of the horizontal-tail mean aerodynamic chord, in.

S area, sq ft

Y& lateral distance to the mean aerodynamic chord from the root
chord, in.

ve) e lateral distance to the mean aerodynamic chord of the exposed

panel from the exposed panel root chord, in.



Acy2
Ac/a

Ale

dihedral angle, deg
sweep of the half-chord line, deg
sweep of the quarter-chord line, deg
sweep of the leading edge, deg

Ct

taper ratio, oo
T
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TABLE 3.2-1

PERTINENT WING AND HORIZONTAL-TAIL GEOMETRIC PARAMETERS
USED IN THE ANALYSIS

. . . -
Symbol Description Wing Horizontal tail | Vertical tail
Total | Exposed | Total | Exposed Exposed

S Area, sq ft €172.3 148.0 32,5 | 28.73 14.6
b Span, ft 36.0 32.0 12.5] 11.25 4.67

Aspect ratio, ]-;- 7.5 6.9 4.8 4.4 1.49
Cy Tip chord, in. 39.0 39.0 21. 21.4 24.0
Cy Root chord, in. 76.0 71.9 41.5 39.3 51.0

c
A Taper ratio, C—t 513 . 544 515 . 945 471
T
c 4Mean aerodynamic chord, in, 59.50 | 57.10 |32.45 31.2 39,2
N Lateral position of mean acrodynamic 96.48 86.58 33.10| 30.10 dog ¢
chord, in.

I Dihedral angle, deg 5 5 0 0 -——-
Ale Leading-edge sweep, deg 0 0 12 12 35
Ac/d Sweep of c¢/4 line, deg -2.5 -2.5 8 8 30
Ac/2 Sweep of c¢/2 line, deg -5 -5 5 5 25

aE=2—C (]+)\+)\2
3T\ 1+

b

l(l+2_>\7 b
C o3V 1+r/2

CArea used as basic reference in theoretical determination of characteristics. The final values of calculated

characteristics are based on 178 square feet, the reference area for the wind-tunnel and flight data.

9From root chord of exposed vertical-tail panel as given in figure 3.2-3.
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lh = 173.94

T (wind tunnel)
(1 = 172.75, flight)

T

chord
line

Quarter-/

' Ct=21.4 —=

Tab

'/—Station 259,33

75

TI=
"

Plap _

59.4

! _~ Torque tube
(station 260, 50)
M

Figure 3.2-2.

¢ :

All dimensions in inches except as noted.
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Pertinent horizontal-tail dimensions used in the analysis.



12

56.0

(Cr)e = 51, 0

Figure 3.2-3. Pertinent dimensions of exposed vertical-tail panel used in drag
calculations. All dimensions in inches except as noted.
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4,0 PREDICTION OF PROPELLER-OFF AERODYNAMIC CHARACTERISTICS

4.1 Wing and Horizontal-Tail Airfoil Section Characteristics

Some success has been achieved in predicting airfoil section characteristics; how-
ever, where possible, section characteristics should be based on experimental data
(ref. 3, for example) with the maximum lift coefficient corrected to the Reynolds num-
ber being considered. The discussion in this section is presented to show the trends
created by the variation of pertinent section geometric characteristics.

Theoretically, airfoil section lift-curve slopes for nonseparated, incompressible
flow conditions are affected by airfoil thickness ratio, t/c, and to a much lesser
extent by trailing-edge angle, %e (fig. 4.1-1), as shown by the following equation from
reference 1:

c; =6.28 +4. T(t/c) (1 + 0.00375(pte) per radian “4.1-1)
o

where e is in degrees. Practically, boundary layer (which is influenced by surface

roughness, leading-edge sharpness, surface curvature, and pressure gradients) re-
duces the section lift-curve slope significantly. Leading-edge sharpness is normally
expressed as a leading-edge-sharpness parameter, Ay (fig. 4.1-2). Effects of
leading-edge sharpness and surface roughness are illustrated in this section. The
variables @, and Ay are used as correlating parameters throughout the discussion

of section characteristics.

Section zero-lift angle of attack cannot be predicted accurately. It is affected only
slightly by Reynolds number and surface roughness (ref. 4); Mach number effects, how-
ever, can be significant in the higher subsonic regions as indicated in reference 5 and
shown in figure 4.1-3 (from ref. 1).

Low-speed section stalling characteristics can be classified into three "pure"
types of stall separation patterns and a fourth " impure" type (ref. 6) as shown in the
adjacent sketch.

o Leading-edge stali Combined stal}
Trailing-edge stali - Rt
railing-edge sta A\ \Th'" airfoil stall Combined (a) Trailing -edge stall is character-
stall ized by a gradual turbulent boundary-

layer separation starting at the section
trailing edge and moving forward with
increasing angle of attack. This type of
stall occurs on wings having a thickness
of 12 percent or greater. The stall is
mild with a gradual rounding of the lift
and moment curves near maximum lift
coefficient,

T

Lift coefficient

Angle of attack ——m=

(b) Leading-edge stall is character-
ized by an abrupt local (small bubble)
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flow separation near the leading edge. For this separation pattern the lift and pitching-
moment curves show little or no change in lift-curve slope prior to maximum lift and
an abrupt, often large, change in lift and pitching moment after maximum lift is attained.

(c) Thin-airfoil stall is characterized by laminar flow separation from the leading
edge, followed by a turbulent reattachment at a point along the chord which moves
progressively downstream with increasing angle of attack. The stall is characterized
by a rounded lift-curve peak, generally preceded by an inflection in the force and
moment variation in the linear range for airfoils with rounded leading edges.

(d) Combined trailing-edge and leading-edge stall is characterized by either a semi-
rounded or relatively sharp lift-curve peak and followed by either an abrupt or
relatively rapid decrease in lift.

The type of leading-edge stall, (b) and (c), and the occurrence of trailing-edge and
combined stall are dependent on leading-edge geometry and on the Reynolds number of
the boundary layer at the point of separation and thus on the free-stream Reynolds
number. This is reflected in figure 4.1-4, from reference 6, where the upper surface
ordinate at the 0.0125 chord was used as a correlating parameter. The type of leading-
edge stall affects the section maximum lift coefficient. This is reflected in figure 4.1-5,
from reference 1, for an uncambered airfoil at a Reynolds number of 9 X 106; the
leading-edge-sharpness parameter, Ay (fig. 4.1-2), is the correlating parameter.

The effect of Reynolds number on the maximum section lift coefficient can be
accounted for by using figure 4.1-6, from reference 1, which uses the leading-edge-
sharpness parameter, Ay, as the correlating parameter. The effects of surface
roughness on maximum section lift coefficient are not so readily accounted for. Fig-
ure 4.1-7, from reference 3, shows the effects of Reynolds number and NACA standard
roughness on an airfoil section. Figures 4.1-8 and 4.1-9, also from reference 3,
show the effects of roughness at the leading edge and at various chordwise locations.

It should be noted that NACA standard roughness is considered to be more severe than
that caused by the usual manufacturing irregularities or deterioration in service.

The aerodynamic center of thin airfoil sections at subsonic conditions is theoret-
ically located at the quarter-chord point. Experimentally, the aerodynamic center is
a function of section thickness ratio and trailing-edge angle, as shown in figure 4.1-10.

For the subject airplane the section airfoil characteristics of the wing and hori-
zontal tail, summarized in table 4.1-1, were determined from table 4.1-2 (from
ref. 1), which is a summary of experimental data (at NRe = 9 X 108) for NACA four-

and five-digit airfoils and NACA six-series airfoils reported in reference 3. The
section characteristics of the wing airfoil (NACA 649A215) were obtained directly from

table 4. 1-2; the characteristics of the horizontal-tail airfoil (NACA 0008) were ob-
tained from a linear interpolation of the characteristics listed for the NACA 0006 and
0009 airfoils.

The upper limit of linearity, o*, indicated in table 4.1-2 is the upper angle-of-
attack limit of the linear portion of the lift-curve slope.
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4.1.1 Symbols

a.c.

C
lmax

c
( ¢ Ilrlax)base

max

x/c,y/c

Ay

max
c/4
“Ae

H-646

aerodynamic center of an airfoil section, fraction or percent of chord

section chord, in. or ft

section drag coefficient
section lift coefficient

section maximum lift coefficient

section maximum lift coefficient at reference Reynolds number of
9 X 106 based on section chord, ft

correction of c; for Reynolds number

max

section lift-curve slope, rad or deg

section pitching-moment coefficient at zero lift

section pitching-moment coefficient about the quarter-chord point
Mach number

Reynolds number, based on the chord in ft

maximum thickness ratio

section coordinate dimensions (fig. 4.1-7)

section leading-edge-sharpness parameter (fig. 4.1-2), percent
of chord

angle of attack, rad or deg
angle of attack for zero lift
limit of linearity of ¢y

o

angle of attack at % max

sweep of the quarter-chord line, deg

section trailing-edge angle (fig. 4.1-1), deg
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TABLE 4.1-2

EXPERIMENTAL LOW-SPEED AIRFOIL SECTION AERODYNAMIC CHARACTERISTICS!
[ Ref. 1]

(a) 4- and 5-digit airfoils, NRe = 9 % 106, smooth leading edge

Airfoil | «,, deg cm, €, Per deg a,c. %lmax' deg clmax o*, deg
0006 0 0 0,108 0.250 9.0 0,92 9.0
0009 0 0 . 109 .2560 13.4 1.32 11.4
1408 .8 ~-. 023 .109 . 250 14.0 1.35 10,0
1410 -1.0 -.020 . 108 .247 14.3 1.30 11.0
1412 -1.1 -.025 . 108 . 252 15.2 1.58 12.0
2412 -2,0 -, 047 . 105 . 2417 16.8 1.68 9.5
2415 -2.0 -. 049 . 106 . 246 16.4 1.63 10.0
2418 -2.3 -, 050 . 103 .241 14.0 1.47 10.0
2421 -1.8 -. 040 . 103 . 241 16.0 1.47 8.0
2424 -1.8 -.040 .098 .231 16.0 1.29 8.4
4412 -3.8 -.093 . 105 .247 14.0 1.67 7.5
4415 -4.3 -.093 . 105 ,245 15.0 1.64 8.0
4418 -3.8 -. 088 . 105 . 242 4.0 1.33 7.2
4421 -3.8 -. 085 . 103 238 16.0 1.47 6.0
4424 -3.8 -.082 . 100 .239 16.0 1.38 4.8
23012 -1.4 -. 014 . 107 .247 18.0 1.79 12,0
23015 -1.0 -.007 . 107 .243 18.0 1.72 10.0
23018 -1.2 -.005 . 104 .243 16.0 1.60 11.8
23021 -1.2 0 . 103 .238 15.0 1.50 10.3
23024 -.8 0 . 097 .231 15.0 1.40 9.7
(b) 6G-series airfoils, NRe = 9 X 108, smooth leading edge
irfoil d d L. , d g o*, d
Airfoi g, deg cmo claper cg a.c a’cl max eg | ¢ max eg
63-006 0 0.005 0.112 0.258 10.0 0.87 7.7
63-009 0 0 111 .258 11.0 1. 15 10.7
63-206 -1.9 -.037 .112 . 254 10.5 1.06 6.0
63-209 -1.4 -.032 .110 .262 12.0 1.40 10.8
63-210 -1.2 -.035 . 113 .261 14.5 1.56 9.6
63,-012 0 0 116 .265 14.0 1.45 12,8
631—212 -2.0 -.035 114 . 263 14.5 1.63 11.4
63;-412 -2.8 -.075 L 117 .271 15.0 1.77 9.6
635-015 0 0 117 .271 14.5 1.47 11.0
635-215 -1.0 -, 030 .116 .267 15.0 1. 60 8.8
639-415 -2.8 -. 069 118 262 15.0 1.68 10.0
633-615 -3.6 -.108 . 117 . 266 15.0 1.67 8.6
633-018 ] 0 .118 .271 15.5 1.54 11.2
633-218 -1.4 -.033 .118 .27 14.5 1.85 8.0
635-418 -2.7 -. 064 .118 .272 16.0 1.57 7.0
633-618 -3.8 -.097 .118 . 267 16.0 1.59 4.2
634-021 0 0 .118 .273 17.0 1.38 9.0
634-221 -1.5 -.035 . 118 . 269 15.0 1.44 9.2
634-421 -2.8 -.062 . 120 .275 16.0 1.48 6.7
63,4-420 -2.2 -. 059 . 109 .265 14,0 1.42 7.6
63,4-420a = ,3 -2.4 -.037 L111 .265 16.0 1.35 6.0
63(420)-422 -3.2 -.065 .112 .271 14.0 1.36 6.0
63(420)-517 -3.0 -.084 . 108 .264 15.0 1.60 8.0
64-006 0 0 .109 .256 9.0 .8 7.2
64-009 0 0 .110 .262 11.0 .17 10.0
64-108 0 -.015 .110 .255 10.0 1.10 10.0
64-110 -1.0 -.020 .110 .261 13.0 1.40 10,0
64-206 -1, 0 -. 040 .110 . 253 12.0 1,03 8.0
64-208 -1.2 -.039 .113 .257 10.5 1.23 8.8
64-209 -1.5 -. 040 . 107 .261 13.0 1.40 8.9
64-210 -1.6 -, 040 .110 .258 14.0 1.45 10.8
64,-012 0 [ 111 .262 14.5 1.45 11.0
64;-112 -.8 -.017 . 113 .267 14.0 1.50 12.2
64,-212 -1.3 -.027 .113 .262 15.0 1.55 11.0
641412 -2.6 -.065 112 .267 15.0 1. 67 8.0

TLift coefficients used in these charts are based on chord,
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TABLE 4.1-2 (Concluded)

Airfoil «,, deg Cmo € . Per deg a.c. |ae , deg chaX o, deg
max
(542—015 Q 0 0.112 0,267 15.0 1.48 13.0
612-215 -1.6 -.030 . 112 .265 15.0 1.57 10.0
6-12—415 -2.8 ~-. 070 . 115 .264 15,0 1.65 8.0
643-018 0 . 004 L1111 L2686 17.0 1.50 12.0
643-218 -1.3 -. 027 L 115 .271 16.0 1.53 10.0
(543—418 -2.9 -.065 . 116 .273 14,0 1.57 8.0
643-(318 -3.8 -.095 116 .273 16.0 1.58 5.6
644-021 0 . 005 . 110 .274 14.0 1.30 10.3
644-221 -1.2 -. 029 11T 271 13.0 1.32 6.8
644—421 -2.8 -.068 . 120 276 13.0 1.42 6.4
65-006 0 0 . 105 .258 12.0 .92 7.6
65-009 0 0 . 107 . 264 11.0 1.08 9.8
65-206 -1.6 -.031 . 105 L2587 12,0 1.03 6.0
65-209 -1.2 -.031 . 106 .259 12,0 1.30 10.0
65-210 -1.6 -, 034 . 108 .262 13.0 1.40 9.6
65410 -2.5 -. 067 112 . 262 14.0 1.52 8.0
651—012 0 0 . 110 . 261 14.0 1.36 10.0
651-212 -1.0 -.032 . 108 . 261 14.0 1.47 9.4
654-212a=.6 -1.4 -.033 .108 .269 14.0 1.50 9.6
651—412 -3.0 -.070 111 . 265 15.5 1.66 10.5
659-015 0 0 111 .257 15.0 1.42 11.2
652—215 -1.2 -.032 112 .269 15.5 1.53 10,0
652-415 -2.6 -.060 111 . 268 16.0 1.61 8.7
652-415a = .5 -2.6 -.051 . 111 .264 20.0 1.60 7.0
65(215)-114 -7 -.019 L 112 .265 15.0 1.44 10.5
65(216)-415a = .5 -3.0 -. 057 . 106 .267 18.0 1.60 6.0
65,3-018 0 0 .100 .262 17.0 1.44 10.0
65418a =.8 -3.0 -.081 .112 . 266 20.0 1.58 4,4
65-618 4.0 -, 100 .110 273 20.0 1.60 4.9
653-018 0 0 .100 .267 16.0 1.37 10.0
653—218 -1.2 -.030 . 100 .263 18.0 1.48 8.8
653-4 18 -2.4 -.059 .110 265 18.0 1.54 4.9
653—418 a=.5 -2.8 -.055 115 .267 18.0 1.50 6.0
653-618 -4.0 -.102 . 113 .276 18.0 1.64 5.2
653—618 a=.5 -4.2 -.078 . 104 .265 20.0 1.51 5.3
654-021 4] 0 .112 . 267 18.5 1,40 7.4
654—221 -1.3 -.029 . 115 .274 20.5 1.46 6.0
654-421 -2.8 -, 066 .116 .272 22,0 1.56 5,0
654421 a = .5 -2.8 -. 052 .116 L272 20.0 1.43 5.6
65(421)-420 -2.4 -.061 . 116 276 20.0 1.52 4.7
66-006 0 0 . 100 .252 9.0 .80 6.5
66-009 0 0 . 103 .2569 10.0 1.05 10.0
66-206 -1.6 | -.038 .108 .257 10,5 1.00 7.0
66-209 -1.0 -.034 . 107 .257 11.0 1.17 9.0
66-210 -1.3 -.035 110 .261 11,0 1.27 10.0
661-012 g 0 . 106 .258 14.0 1.25 11.2
661—212 -1.2 -.032 .102 .259 15.0 1.46 11.6
669-015 0 . 005 . 105 .265 15.5 1.35 12.0
662—215 -1.3 -.031 . 106 . 260 16.0 1.50 11.4
662—415 -2.6 -.069 . 106 .260 17.0 1,60 10.0
66{215)-016 0 4] .105 . 260 14.0 1.33 10.0
66(215)-216 -2.0 -, 044 .114 .262 16.0 1.55 8.8
66(215)-216a = .6 -1.2 -.030 .100 . 257 16.0 1.46 7.0
66(215)-416 -2.6 -. 068 . 100 . 265 18.0 1,60 4,0
63A010 0 . 005 . 105 .254 13.0 1.20 10.0
63A210 -1.5 | -.040 . 103 . 257 14.0 1.43 10.0
64A010 0 0 .110 .253 12,0 1.23 10,0
64A210 -1.5 -.040 . 105 .251 3.0 1.44 10.0
64A410 -3.0 -. 080 . 100 254 15.0 1,61 10.0
641A212 -2.0 -, 040 . 100 .252 14.0 1.54 11.0
649A215 -2.0 -. 040 . 095 .252 15.0 1.50 12,0
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Figure 4.1-1. Variation of trailing-edge angle with airfoil thickness ratio (ref. 1).
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Figure 4, 1-2, Variation of leading-edge sharpness parameter with airfoil thickness
ratio (ref, 1).
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Figure 4, 1-3. Mach number correction for zero-lift angle of attack (ref. 1).
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Figure 4.1-4. Low-speed stalling characteristics of airfoil sections correlated with
Reynolds number and upper-surface ordinates of the airfoil sections at the 0.0125-
chord station (ref. 6).
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Figure 4.1-6. Effect of Reynolds number on section maximum lift (ref. 1).
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Figure 4.1-10. Effect of trailing-edge angle on section aerodynamic-center location
(ref. 1). Subsonic speed.
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4.2 Lift Characteristics of the Wing and Horizontal Tail

Lift characteristics of the wing and horizontal tail are considered in terms of total
(which includes the portion covered by the body) and exposed areas of the respective
surfaces (section 3.2). Body in this context includes fuselage and nacelles. The ex-
posed panel concept is used in obtaining the net propeller-off 1ift and pitching-moment
characteristics of the airplane; the total wing concept is used in determining maximum
lift coefficient, drag, and power effects on the lift and pitching moment. The procedures
of this section are restricted to untwisted wings; lift characteristics of twisted wings
are considered in reference 7. In the following discussion the expression "wing" is
used as a general term and applied to both wings and tail surfaces. The wing and
horizontal-tail lift curves of the subject airplane, as determined by the following pro-
cedures, are shown in figure 4.2-1.

Zero-lift angle of attack for untwisted, constant section airfoil wings is relatively
unaffected by wing planform geometry. It is primarily a function of section geometry
(section 4.1). Therefore, the section zero-lift angle can be assumed to be the value
for the overall wing.

Lift-curve slopes of tapered wings, in the subsonic region up to M = 0.6, can be
determined by the modified lifting-line theory method of reference 8. The method is
simple and does not require the use of the taper ratio as a parameter because the mid-
chord sweep angle, rather than the quarter chord, is used as the sweep angle. The
lift-curve slope is determined as a function of aspect ratio, A, midchord sweep angle,
Ac/2s Mach number, M, and section lift-curve slope, Cly by the following equation

developed in reference 8:

CL
Aoz = > 2n per radian 4.2-1)
A 2
2 — tan +4
+\/ " @+ AC/Z)
€1
where 62 =1-M2 and k= 2—7?" . Figure 4.2-2 is the graphical equivalent of the

equation.

The upper limit of linearity of the wing lift-curve slope is considered to be equal
to the section airfoil limit of linearity, o* (section4.1and fig. 4.2-1).

The maximum lift coefficient and angle of attack for the maximum lift of wings at
subsonic conditions (up to M = 0. 6) may be determined by the empirical method of
reference 1. The reference considered procedures for both high- and low-aspect-
ratio wings; however, because general aviation aircraft are concerned with high-aspect-
ratio wings as defined by

3

> “4.2-2)
(c1 + 1) cosA,

A

where C1 is given in figure 4.2-3 as a function of taper ratio, only the high-aspect-
ratio data are presented.
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For high-aspect-ratio, untwisted, constant section wings,

Lmax
L =z <, + ACq, 4.2-3)
max lmax max max
_ CLmax A ’
ozCL = + o, + aCL “4.2-4)
max Cp max
o

where, as functions of leading-edge sweep, Nes and leading-edge sharpness ratio,
Ay (fig. 4.1-2),

CL
c max is obtained from figure 4.2-4 for M = 0.2
Imax
Aac is the angle-of-attack correction at CLmax for flow

max separation from figure 4.2-5

AC is the Mach number correction from figure 4.2-6
Lmax

and where

Cp, s the lift-curve slope obtained from equation (4.2-1) or figure 4.2-2
a

Cl is the section airfoil maximum lift coefficient obtained from section 4.1
max

a, is the zero-lift angle obtained from section 4.1

It should be noted that, on the basis of equation (4.2-3) and figures 4.2-4 and 4.2-6,

Cy, is not a function of wing area or aspect ratio.
max

Pertinent aspects of the calculation for the lift characteristics of the wing and
horizontal tail of the subject airplane at wind-tunnel Mach conditions are summarized
in table 4.2-1. The results were applied to the lift curves shown in figure 4.2-1,

The fairings of the curves in figure 4.2-1 from the upper limits of linearity, o*, to

the stall angle of attack, ag » were based on the stall characteristics of section
max

airfoils (section 4.1). Regardless of where the separation first appears on three-

dimensional wings (inboard or tips), it is the type of separation on the section airfoil

that determines the lift-curve shape near maximum lift. In figure 4.2-1, it is evident

that rounding of the lift curves occurs near Cr, ...
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The shape of the lift curve beyond stall is not so easily approximated. Although
reference 1 provided a technique for estimating the shape of the lift curve beyond stall,
the technique could not be applied satisfactorily to the subject airplane. Thus, for the
wing, the lift curve was terminated at maximum lift, However, because a study of
the pitch characteristics of the subject airplane involved stalled regions of the tail,
the shape of the horizontal-tail 1ift curve in the stalled region was estimated on the
basis of a study of the stall characteristics of various tails in reference 9.

4.2.1 Symbols

A aspect ratio
Cy constant (from fig, 4.2-3) used in equation (4. 2-2) defining high
aspect ratio
CL, lift coefficient of a finite surface at the subsonic Mach number
considered
Cy, maximum lift coefficient of a finite surface at the Mach number
max considered, obtained from equation (4, 2-3)
C
L
max
maximum-lift-coefficient factor at M = 0, 2, obtained from fig-
] ure 4.2-4
max
ACq, Mach number correction of the incompressible maximum lift coef-
max ficient, obtained from figure 4.2-6
CL lift~curve slope of a finite surface at the Mach number considered,
a obtained from equation (4. 2-1) or figure 4, 2-2, per rad
cy maximum section lift coefficient at incompressible (M < 0. 2) con-
max ditions, obtained from section 4, 1
) section lift-curve slope at incompressible (M < 0, 2) conditions,
o obtained from section 4. 1, per rad
C
_ la
T 2r
M Mach number
S planform surface area, sq ft
Ay leading-edge-sharpness parameter as defined in section 4. 1.1
o angle of attack, rad or deg
N angle of attack of surface for zero lift, deg

H-646 29



Ale
Ac/2

A

Subscripts:

30

limit of linearity of the lift curve of a surface, deg

angle of attack of a surface at its Cy, , obtained from equation
(4.2-4) max

angle-of-attack correction at Cy, for flow separation, obtained
from figure 4. 2-5, deg max

sweep of the surface leading edge, deg

sweep of the surface midchord line, deg

taper ratio of surface
exposed panel

horizontal tail

wing
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Figure 4.2-4. Subsonic maximum lift of high-aspect ratio, untwisted,
constant airfoil section wings (ref. 1). M x0.2.
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Figure 4.2-5. Angle-of-attack increment for subsonic maximum lift of

high-aspect-ratio, untwisted, constant airfoil section wings (ref. 1).
M=x0.2 to 0.6.
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4.3 Lift Due to Fuselage and Nacelles

Techniques for predicting the lift contribution of bodies assume that the normal
forces acting on bodies of revolution at angles of attack consist of a linear combination
of potential flow and viscous crossflow contributions. As indicated by reference 10,
the normal forces acting on the forward or expanding portions of the bodies agree well
with those predicted by potential theory, whereas poor agreement occurs for the aft or
contracting portions where viscosity effects become more important. By assuming
potential flow over only a forward portion of the body and viscous flow for the re-
mainder of the body, reference 10 arrived at equations for lift, pitching moment, and
drag of bodies which showed good correlation with experimental data for a number of
bodies of revolution up to 16° to 18° angle of attack. The method of reference 10 is
empirical only to the extent of the definition of the arbitrary longitudinal boundary
between potential and viscous flow,

On the basis of reference 10, the lift coefficient of a body of revolution, based on the
two-thirds power of the body volume, Vg is obtained from the expression
Potential flow Viscous flow
4 x A} 4 2& 2 N
_2aBeff(k2 "~ kly OdSo Bt
0

!B
= dx + f Nrc,y; dx 4.3-1)
57.3(Vp)? > dx (67.32(vp)?3 . de

C

Lp

o}

where

k., - kl) is the apparent mass factor, and n is the drag proportionality factor,

2

obtained from figures 4.3-1 and 4.3-2, respectively, as a function of body fineness
max

lg

ratio,

cq 1s the steady-state crossflow drag coefficient for circular cylinders, a
c

function of crossflow Mach number, M, obtained from figure 4.3-3

ap " is the angle of attack of the equivalent body relative to its zero-lift line,
e

degrees

X, is the limit of integration in feet (the arbitrary boundary between the two flows)
X
determined from figure 4.3-4 as a function of T where X, 1Is the point at which the
B s
o
rate of change of the cross-section area, S,, with x, et is a negative maximum

To simplify the application of cquation (4.3-1), reference 1 corsidered the limit
X
of integration, x _, to he determir & by
o ZB

, but - ith x. assumed i.. e the point at
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ds
0
which % is a minimum, that is, Xy is the point of maximum cross section. As a

result of this simplifying assumption which results in slightly optimistic contributions
of bodies,

_ 20n 2 l
- 20p ¢plka - K1) Sopqy N Betr f Bnrc dx 4.3-2)
Lp ™ 2 d -3-
B 57.3 (V) 2/3 (57.3)2 (Vp) /3 . c
[0}

which is the equation used in this report.

Because the equation for lift of bodies is based on bodies of revolution, it is nec-
essary to replace the actual body of the airplane by an approximate equivalent body of
revolution to serve as a mathematical model for analysis. This requires study of the
profile as well as the plan-view outline of the body to arrive at the shape, based on
judgment, which will provide the same lift characteristics. For the subject airplane,
figure 4.3-5(a) shows the estimated equivalent circular fuselage in relation to the
actual fuselage. It should be noted that the equivalent fuselage has a zero-lift angle 3°
below the reference X-body axis. The nacelle, shown in figure 4.3-5(b), does not
lend itself to such a simple estimate of equivalence because of its wide rectangular
shape and irregular profile. As an approximation for equivalence, the cross-
sectional area of an equivalent circular nacelle at any one point, X, was assumed to
be equal to the actual cross-sectional arca. The axis of the equivalent nacelle was
assumed to be parallel to the X-body axis (reference axis of the airplane).

Table 4.3-1 lists the pertinent aspects of the calculations for the lift contributions
of the fuselage and nacelles of the subject airplane as summarized by the following in
terms of wing area (Sy, = 172.3):

Fuselage Nacelles

N

f \
Potential Crossflow ! Potential Crossflow
s N

4 \ f

AY AY 2
Cre+Cry = [o. 00218 (g - 3) + 0.0000309(opg - 3)2] +[E. 001600 + 0. 00001005 ] @.3-3)

where

ap 1is the angle of attack of the airplane, relative to the body X-axis, deg

1L.3.1 Symbols

CLB lift coefficient of the body (where body is a general term) referred
to two-thirds power of the body volume or to the wing area as
noted
CLf, CLn lift coefficient of the body, CLB, applied specifically to the fuse-

lage and nacelle, respectively

cq steady-state crossflow drag coefficient, a function of crossflow
¢ Mach number, Mg, obtained from figure 4.3-3
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dpax maximum diameter of an equivalent circular body, in.

ko - kq reduced mass factor from potential flow theory as listed in figure 4.3-1

lp body length, ft or in. as noted

Ifsin body length, 1p, applied specifically to the fuselage and nacelle,
respectively

M Mach number

M M sin OB ¢

T radius of an equivalent circular body at the body cross section being

considered, in. or ft

So cross-section area of an equivalent circular body, sq ft

Somax maximum cross-section area of an equivalent circular body, sq ft

Sw reference wing area, sq ft

VB volume of an equivalent circular body, cu ft

Vi, Vi body volume, Vg, applied specifically to the fuselage and nacelle,
respectively

X, distance from the nose of the body to the point where potential flow
ceases, in. or ft

Xq distance from the nose of the body to the point of maximum negative rate
of change of body cross-sectional area with body length, in. or ft

dx, Ax increment length of the body, in. or ft

ag angle of attack of the actual body, synonymous to airplane angle of
attack, @, using X-body axis as reference, deg

oy o effective angle of attack of an equivalent circular body, op + Uop»

€ deg

o , O effective angle of attack, «o , applied specifically to the fuselage and
nacelle, respectively

Qy zero-lift angle of an equivalent circular hody relative to the reference

B X-body axis of the airplane, deg
aof zero-lift angle, onB, applied specifically to the fuselage
n drag proportionality factor from figure 4.3-2
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1.8 P
1.6 _
CdC
1.4 ]
1.2 . N |
0 .2 .4 6 .8 1.0

Mc = M sin (“B + u°B>

Figure 4.3-3. Steady-state crossflow drag coefficient for circular cylinders (two

dimensional).
1.0 ——— x X ——
70 .0.374/+ 0,533 L
g (g
9 S - 4

>

X1
g
Figure 4.3-4. Extent of applicability of potential theory as a function of the maximum
negative rate of change of body cross-sectional area with body length (ref. 10).
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Figure 4.3-5. Concluded.



4,4 Lift Due to Combined Wing-Fuselage~Nacelle

The addition of a body to a wing results in mutual interference effects. Lift of the
wing-body combination is influenced by the body upwash effect on wing 1ift and the 1ift
carryover of wing panel loading onto the body. Net wing upwash and downwash effects
on the body influence body pitching moments primarily. Symmetrical body vortices
which result from flow separation just behind or above the area of minimum pressure
along the side of the body near the nose are normally negligible for most airplane
types of wing-body combinations.

The lift of the wing-fuselage-nacelle combination accounting for the mutual inter-
ference effects of wing and fuselage may be estimated from

Swe
CLan = CLf + CLn + [Kw(f) + Kf(W)] <CL01>WeawabS Sw (4.4—1)

where
CLf is the fuselage lift from equation (4.3-3)
CLn is the nacelle lift from equation 4.3-3)

Kw(f) is the ratio of the lift on the wing in the presence of the body to the lift on

an isolated wing, obtained from figure 4.4-1 and reference 11

Kf(w) is the ratio of wing lift carryover onto the body to wing lift alone, obtained

from figure 4.4-1

(CL )“ is the lift-curve slope of the exposed wing panels, obtained from table
aWe

4.2-1

Oy, is the absolute angle of attack of the wing, equal to «+ i, - Yo,

abs

Because of the lack of suitable data, the interference effects of the nacelles are
not accounted for,
The use of the interference factors, Kw(f) and Kf(w)' from reference 11 is re-

stricted to wings which do not have sweptback trailing edges or sweptforward leading
edges. The factors were obtained for wings mounted as midwings on bodies of revolu-
tion but have been used for other configurations.

For the subject airplane, the lift of the wing in the presence of the body and the
carryover of the wing lift onto the body is calculated in table 4.4-1(a) to be equal to

= . = . 4.4_
CLw(f)+f(w) 0.079(c + 4)(referenced to Sy, = 172.3 sq {t) ( 2)
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The net lift of the wing, fuselage, and nacelle combination in the linear lift range
is obtained by summarizing the fuselage and nacelle contributions as obtained from
table 4.3-1 and the lift of the wing in the presence of the body as obtained from
table 4.4-1(a). Thus

- C C
CLytn Lf * Cr, * ¥ Ly (+f(w)
=[0.00218(a - 3) + 0.0000309 (« - 3)2] + [0. 00160 + 0.000010c2] + 0.079 (v + 4)
4.4-3)

The addition of a body to the wing in most airplane configurations tends to de-
crease the maximum lift coefficient and corresponding angle of attack, although an in-
crease in the geometric stall angle is possible in some circumstances. The wing
planform is a primary consideration. In the absence of theoretical methods, refer-
ence 1 devised empirical relations for predicting maximum lift coefficient, (CLmax)Wf’

and corresponding stall angle, (aCL , for wing-body combinations up to

max)wf
M = 0.6. The method uses an empirical taper ratio correction factor, c, (fig. 4.4-2),

in determining, in the following equations, the empirical correction factors,
o
(CLmax)wf ( CLmax) wf

= — and
(C Lmax) w (aCLmax)W

and the ratio of the fuselage diameter to the wing span, % :

, from figure 4.4-3 as functions of (cy + 1)A tan A4

(Cnga’; wf
(CLmaX>wf ) (CLmaXy; (CLmax>w (1.4-4)
d
an . (aCLmax)wf fas
<aCLmax)wf i (aCLmaX)w (a CLmax)w fam
where

(CLmax)w and (aCLmax)w (the absolute stall angle from zero lift) are for
total wing alone from section 4.2
Pertinent aspects of the calculations for (C and (o for the sub-
P ( Lmax)wf ( CLmax)wf
ject airplane are listed in table 4.4-1(b).

The net lift of the wing-fuselage-nacelle combination for the subject airplane in
terms of a reference wing area of 172.3 square feet (reference area of analysis) and
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178.0 square feet (reference area of wind-tunnel data) is summarized in table 4.4-2,
The results for a wing area of 178. 0 square feet are plotted and compared with wind-
tunnel data in figure 4.4-4. The fairing from the limit of linearity to the maximum lift
coefficient was performed in the same manner as for the wing alone (section 4.2).

In summary, the lift contributions attributed to the fuselage and nacelle crossflow
effects are insignificant. The contributions due to the potential -flow effects on the
fuselage and nacelles are negligible for preliminary estimates but are large enough to
be significant for refined estimates. Although these fuselage contributions may be
negligible or small for lift considerations, they are not necessarily negligible with
regard to pitching-moment considerations, as discussed in section 4.8.

4.4.1 Symbols

A

b

48

wing aspect ratio
wing span, ft
lift coefficient of the fuselage based on the wing area

maximum lift coefficient of the wing alone, obtained from table
4,2-1

maximum lift coefficient of the wing-fuselage combination, obtain-
ed from figure 4. 4-3

lift coefficient of the nacelles based on wing area

lift coefficient of the wing including mutual wing-fuselage inter-
ference effects =

lift coefficient of the wing-fuselage-nacelle assembly

lift-curve slope of the exposed wing panels, obtained from table
4,2-1, per deg

taper ratio correction factor from figure 4. 4-2
fuselage width at the wing, ft

wing incidence, angle between the wing chord and reference
X-body axis, deg

ratio of wing lift carryover on the fuselage to the wing alone, ob-
tained from figure 4. 4-1

ratio of the lift on the wing in the presence of the fuselage to the
wing alone, obtained from figure 4.4-1

Mach number

H-646
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reference wing area, sq ft
area of the exposed wing panels, sq ft
angle of attack relative to the reference X-body axis, deg

stall angle of attack of the wing alone relative to the zero-lift line
of the wing, deg

stall angle of attack of the wing-fuselage combination relative to
the zero-lift line of wing, deg

wing zero-lift angle of attack relative to the wing chord, deg

wing angle of attack relative to the wing zero-lift line,
a - ozow + iy, deg

sweep of the wing leading edge, deg

wing taper ratio
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TABLE 4.4-1

WING LIFT OF AIRPLANE INCLUDING MUTUAL WING-FUSELAGE INTERFERENCE

(@) In linear range

Sw
Wa

CLW(D”(‘V) ) [K“vm * Kf(“‘)](CLa)W “abs S
e

Symbol Description Refcrence Magnitude
d Fuselage width at wing, ft Figure 3.2-1 | 4.0
b Wing span, ft Figure 3.2-1 36.0
Sw Reference wing area, sq ft Table 3.2-1 172.3
SWC Area of exposed wing panels, sq ft Table 3.2-1 148.0
0N Zero-lift angle of attack relative to wing chord,] Table 4.2-1 -2.0
w deg
iy Wing incidence relative to X-body axis, deg Table 3-1 2.0
Qy b Wing angle of attack relative to zero lift, | --=—------- o +4
abs @- o, + Ly deg
(CL(Y> Lift-curve slope of exposed wing panels per deg| Table 4.2-1 L0747
\Ve
% Fuselage-width to wing-span ratio | --——-7----- 0.111
K, ) Ratio of lift on wing in presence of fuselage Figure 4.4-1 1.09
to wing alone
Kf(w) Ratio of wing lift carryover on fuselage to Figure 4.4-1 .14
wing alone
Summary: CLw(f)+f(w) =0.079(ax 4+ 4)
(b) Maximum lift of wing with mutual wing-body interference
v
(CLma.\')wf ( CLmax>wf
R e (L S I | o [
A/ wr z Lmax)“, A% w Lmax wi chaxT Lmax w
w
Symbeol ) Description Reference Magnitude
A Wing taper ratio Table 3.2-1 | 0.513
€y Taper ratio correction factor Figure 4.4-2].103
Mo Leading-edge sweep of wing, deg Table 3.2-1 {0
A Wing aspect ratio Table 3.2-1 [ 7.5
(cg + DA tan A | ———------7--o - | =TT 0
% --------------------------- 11
(chax)“f
e Ratio of Cy,____ of wing -fuselage to wing alone Figure 4.4-3]1.0
( Lmax)
(cvc Lmax)
-\a —_— Ratio of stall angle of wing-fuselage to wing alone | Figure 4.4-3]1.025
CLmax)W
(CI ) Maximum lift coefficient of wing alone Table 4.2-1 ]1.23
‘max/y,
((YCL ) Stall angle of wing alone relative to zero lift, deg | Table 4.2-1 }15.5 +2 = 17.5
max
w

Summary: (C =1.23; /@
ary ( Lmax)wf ( CLmaX)

=17.8
wi
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Kwith  Kiow)

/<f(W)

0 .2 A 6 .8 1.0

Figure 4.4-1. Lift ratios Kw(f) and Kf(w) based on slender-body theory with the

wing at fixed incidence relative to the fuselage (ref. 11). Applicable at all speeds.

1.5
1.0 —\\ I
L\
7,
.5 A —
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A

Figure 4.4-2. Taper ratio correction factors (ref. 1).
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Figure 4.4-3. Wing-body maximum lift and angle of attack for maximum lift below

M = 0.6 (ref. 1).
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Figure 4.4-4. Comparison of predicted wing-fuselage-nacelle lift curve with
wind-tunnel data. SW = 178 sq ft.
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4.5 Cmo and Aerodynamic Center of the Wing and Horizontal Tail

Subsonic zero-lift pitching-moment coefficients for untwisted, constant section air-
foil lifting surfaces can be determined approximately from the following empirical
equation from reference 1:

A cos Ac/4 142

0 0A+200s/\c/4 2

Cm cos Ac/4 “4.5-1)

where cmo is the section zero-lift pitching-moment coefficient (section 4. 1).

The aerodynamic center, the point about which the lifting surface pitching-moment
coefficient is invariant with lift, may be determined relative to a desired reference
center on and as a ratio of the lifting surface mean aerodynamic chord by using fig-
ure 4.5-1 (from ref. 1) and the equation

dCy X Xyc\ C
S (i U4 & @.5-2)
dCy, Cp cr/ o
where
dC
-dc is the static margin, the distance from the reference center on the mean
L

aerodynamic chord of the lifting surface to the aerodynamic center of the surface as a
ratio of the mean aerodynamic chord

X
C—n is the distance from the lifting surface apex to the desired reference center
by

in terms of root chord of the surface, positive rearward

X
—2% s the distance from the apex of the lifting surface to the aerodynamic center

c
T
of the surface in terms of its root C}/I\OI‘d, positive aft, obtained from figure 4.5-1 as a
an
function of A, A tan Ajg, and — le

c
—L is the ratio of the root chord to the mean aerodynamic chord of the surface
¢

Xac
Care is required in using figure 4.5-1 to determine < In this study the best re-

tanA, '
le
sults were obtained by crossplotting, at the desired 5 to obtain a family of
X

, ac
A tan A, curves as functions of <. versus A, and crossplotting again to obtain a
r

Xa
curve for the desired A as a function of C—C versus A tan Mes
T
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Table 4.5-1 summarizes the calculations made to determine the Cp of the wing

and horizontal tail of the subject airplane and the location of the aerodynamic centers
of the surfaces relative to the leading edges of the mean aerodynamic chords of the

surfaces.

4.5.1 Symbols - The following symbols are related to the particular lifting surface under
consideration, that is, the wing or the horizontal tail.

A aspect ratio

ac aerodynamic center relative to the leading edge of the mean aero-
dynamic chord as a ratio of the mean aerodynamic chord

Cy, lift coefficient of the surface

pitching-moment coefficient about the reference center on the mean
aerodynamic chord of the surface

Cm, zero-lift pitching-moment coefficient of the surface

T mean aerodynamic chord, in.

°m, section zero-lift pitching-moment coefficient

Cp root chord of the surface, in.

M Mach number

Xac distance from the lifting-surface apex to the aerodynamic center of
the surface, obtained from figure 4. 5-1 as a ratio of the root
chord, in.

Xn distance from the lifting surface apex to the desired reference
center, in.

Y& lateral distance from the root chord of the surface to its mean
aerodynamic chord, in.

1/2

8 (1 - M2)

Ac/d sweep of the quarter-chord line, deg

Ale sweep of the leading edge, deg

A taper ratio
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Figure 4.5-1. Wing aerodynamic-center position for subsonic conditions (ref. 1).
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4,6 Wing-Fuselage Pitching Moment at Zero Lift

The addition of a fuselage to a wing results in a fuselage contribution to the pitching
moment at zero lift, This contribution, (Cmo)f’ may be estimated from figure 4, 6-1

(from ref. 12) which is based on streamline bodies of circular or near circular cross
section for midwing conditions, For high- or low-wing configurations a positive or
negative increment, (ACmo)f, of 0. 004 is added, respectively, to the value obtained

from the figure. In the absence of suitable data, the effects of the nacelles on Cmo
are considered to be zero.
The wing-fuselage pitching moment at zero lift for the subject airplane is deter-

mined in table 4. 6-1, The summary results, on the basis of a reference wing area of
172. 3 square feet, show the fuselage effect to be significant:

Crmoluta = Oy + Cmo)i+ (Bme);

= -0, 0240 - 0,0183 - 0. 004 (4.6-1)
= -0, 0463
4.6.1 Symbols
Cmo zero-lift pitching-moment coefficient
(Cmo) fuselage contribution to the zero-lift pitching-moment coeffi-
f cient for the midwing configuration from figure 4. 6-1
(Cm()) zero-lift pitching-moment coefficient of the wing from table
w 4,5-1
(Cmcg net zero-lift pitching-moment coefficient for the wing-fuselage-
win nacelles assembly
c wing mean aerodynamic chord, ft
iw incidence of the wing chord line relative to the X-body axis, deg
(iw)0 incidence of the zero-lift line of the wing relative to the refer-
ence X-body axis, Qo + iy, rad
lg fuselage length, ft
Zf distance from the nose of the fiselage to the quarter chord of
the wing, ft
S¢ planform area of the fuselage, sq ft
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planform area of the fuselage forward of the quarter chord of
the wing mean aerodynamic chord, sq ft

reference wing area, sq ft
width of the fuselage at the wing, ft

zero-lift angle of attack of the wing relative to the wing chord
line, deg

correction to (Cmo> for the non-midwing configuration equal
f

to 0. 004 and -0. 004 for high- and low-wing configurations,
respectively
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TABLE 4.6-1
WING-FUSELAGE PITCHING MOMENTS OF AIRPLANE AT ZERO LIFT

(), = (Eme) # (o) (8ms)

(a) Wing contribution

Symbol Description Reference Magnitude

(cm ) Cm, of wing Table 4.5-1 -0,0240
Ol
(b) Effect of fuselage on CmO
( ) (Cmo)fsw6 -(iW)oSf{ f
Cng ), + (ACm, ) <[ 73 +(AC_ )
Mo/ o /f (lw)osflf Su& ( mo)f

Symbol Description Reference Magnitude
w Width of fuselage at the wing, ft Figure 3.2-1 1.0
lf Fuselage length, ft Figurc 4,3-5 24,2
l_f Distance from nose of fuselage to ¢/4 of wing, ft Figure 3.2-1 9.01
Sw Reference wing arca, sq ft Table 3.,2-1 172.3
S¢ Planform area of fuselage, sq ft From drawings | =65.8
S-f Planform area of fuselage forward of ¢/4 of wing, sq ft | From drawings | =26.3
c Wing mean aerodynamic chord, ft Table 3.2-1 4,96
(’iw) Incidence of zero-lift line of wing = —aow + iw, rad Table 4,4-1 1/57.3 =.0698
"o
W2
§ Parameter used in figure 4.6-1 | —mmmmmmmm 0.239
&I
Sf—f Parameter used in figure 4.6-1 | —mmmmmmomo . 149
S ¢

:m()) Sy @

[G__sfi‘__} ———————————————————————————— Figure 4.6-1 -. 141
(‘w)o fl g [
(Acm ) Correction for low-wing configuration of airplane Section 4.6 -0, 004
(&) f
Summary: (C + (AC = -0.0183 - 0. 004 = -0.0223
7 (Cmg)y +(BCmo) g
(c) Summary
(Cm ) =-0.0240 - 0.0183 - 0.004 -- -0. 0463 on basis of Sy~ 172.3 sq It
O Jwf
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Figure 4.6-1, Effect of a fuselage on Cmge Midwing configuration (ref. 12).
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4.7 Fuselage and Nacelle Pitching Moments

The slope of the pitching-moment curve of the fuselage and nacelles at subsonic
Mach numbers may be determined from the following equation, from reference 10,
based on potential-flow lift effects on the forebody and on viscous-flow lift effects on
the afterbody, which were discussed in section 4.3:

Potential flow Viscous crossflow
£ A Y r AY
[2(1{2 - ky) fo 4ncdca lp VB
C N = (X - XdSx + —-————f T (X, - X)dx = “4.7-1)
( ma)B (57.3)VB . (57°3)2VB s SwC
0

where

(Cma) is based on the reference wing area about a chosen moment center x,,
B
distance from the nose of the body, per deg

S, 1is the cross-section area of the body at distance x from the body nose, sq ft

X, is the distance from the nose of the body to the chosen moment center, ft

Vg is the total volume of the body, cu ft

« is angle of attack, deg

The remaining symbols are defined below and also in table 4, 7-1, which summarizes
the calculation of the slope of the pitching-moment curve of the fuselage and nacelles of
the subject airplane about the leading edge of the total wing mean aerodynamic chord.
Table 4.7-2 shows the tabular integration procedure used to obtain the values of the
integrals for the fuselage. The same procedure was used for the nacelles when x,

was taken to be 53 inches from the nose of the nacelles (propellers off).
The slope of the pitching-moment curve of the fuselage and nacelles of the subject

airplane about the leading edge of the total wing mean aerodynamic chord, as sum-
marized in table 4.7-1, is accounted for by

(Cm ) =0,00375 - 0.000128¢ “4.7-2)
Y/fn
4.7.1 Symbols
(Cm ) variation of the body pitching-moment coefficient (based on refer-
®/B ence wing area) with angle of attack

(Cmo!) , (Cma> variation of the body pitching-moment coefficient with angle of
f n attack, (Cma) , applied specifically to the fuselage and nacelles,
B

respectively
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(Cma)fn - (Cmoz)f + (Cma)n

C

Cdc

kg -k

lg
Zf,Zn

Ve, Vn

H-646

wing mean aerodynamic chord, ft
steady-state crossflow drag coefficient, obtained from table 4.3-1

reduced mass factor, from potential-flow theory, obtained from
table 4.3-1

body length, ft or in,

body length, [g, applied specifically to the fuselage and nacelles,
respectively

effective body radius of Ax segment of the afterbody length, ft or in.
reference wing area, sq ft

cross-section area of an equivalent circular body at the foregoing
station being considered, sq ft

volume of an equivalent circular body, cu ft

body volume, Vg, applied specifically to the fuselage and nacelle,
respectively

width (diameter) of an equivalent circular body at the foregoing
station being considered, in.

distance from the nose of the body to the centroid of AS, for the

forebody, and to the centroid of Ax for the afterbody, ft or in.
distance from the nose of the body to the chosen moment center
(leading edge of the mean aerodynamic chord in this instance),
ft or in.
distance from the nose of the body to the point (demarcation of fore-
body and afterbody in this instance) where the potential flow
ceases, ft or in,

angle of attack, deg

change in the cross-section area of the body across the Ax seg-
ment of the body length being considered, sq ft

incremental length of the body, ft or in.

drag proportionality factor from table 4.3-1
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TABLE 4.7-2
TABULAR INTEGRATION OF FUSELAGE PITCHING-MOMENT PARAMETERS
Xo:167

Xo
1 § : 93.2 -
(a) l—zf (X - X)dSy = (—12_X1ASX
0 0

Distance from nose S = W
to area Sy, X, in. | w, in. X T 4(144)° A8y, sq ft | (93.2 - x), in. (93.2 - x)AS,
in. sq ft
0 0 0
6 1.39 87.2 121
9 16 1.396
19 2.59 74,2 192
25 27 3.98
37 3.50 56,2 197
44 37 7.47
55 2.15 38.2 82.1
63.5 42 9,62
72 1.42 21.2 30.1
80 45 11.04
87 1.26 6.2 7.8
94.5 47.5 12.3
106.5 0.8 -13.3 -10.6
119 49,0 13.1
123 -0.3 -29.8 8.9
127.5 48.5 12.8
139 -0.2 -45.8 9.16
150 48 12,6
157 -2,0 -63.8 127,06
167 44 10.6
Xo
1 765.5 =765.5
ET) /:)(’Sn‘x)dsx: v =63.8 cu ft E
1 lf lf = 287
_ _ r(93.2 - x)Ax
® Trzg [ T0m - 0dx = E 1728
X, XO:167
Distance .from nose, Ax, in. r, in. | x, in. 93.2 - x), in. 1‘(93.2'~ X)AX,
in, cu in.
167
20 21 177 -83.8 =35, 200—
187
20 18 197 -103,8 —4+—— -37,400 —
207
20 15 217 -123.8 ——— -37,140 —
227
20 12 237 -143.8 —4—— -34,510—
247
20 9 257 -163.8 —1— -29,480~—
267
20 8 277 -183.8 —4——— -29,400 —
287
! = -203,130
L ffr(x —x)dx:m =-117.6 cu ft z
1728 m 1728 .
Xo
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4.8 Wing-Fuselage-Nacelle Pitching Moments

The wing-fuselage-nacelle pitching-moment characteristics are considered in
terms of pitching-moment slopes, aerodynamic center, and pitching-moment
coefficient. A first-order approximation of the variation of the pitching-moment
coefficient beyond the limit of linearity of the lift-curve slope up to the stall is also
considered.

4.8.1 Contributing Factors to Wing-Fuselage-Nacelle Pitching Moments

Zero-lift pitching moments: The zero-lift pitching moments of the wing, fuselage,
nacelles, and wing-fuselage interference were accounted for in section 4.6. For the
subject airplane, from table 4.6-1(c),

(Cmo)wfn = -0. 0463 @4.6-1)

Fuselage and nacelle pitching moments: The fuselage and nacelle pitching mo-
ments due to potential- and viscous-flow lift effects were accounted for in section 4.7.
For the subject airplane, with the moment center about the leading edge of the total
wing mean aerodynamic chord, the results of table 4.7-1 indicate that

(Cma)fn = 0.00375 - 0.000128« @.7-2)

Wing pitching moments: The wing pitching moments due to effective wing lift,

which includes the effects of body upwash on the wing and wing 1ift carryover onto the

fuselage, can be accounted for (on the basis of relations in ref. 11) by equation (4.8.1-
1) for a moment center about the leading edge of the root chord of the exposed wing
panels. For the subject airplane, because of the zero sweep of the leading edge, this
is synonymous to the moment center about the leading edge of the reference mean

aerodynamic chord of the wing.

c [( xac) K g+ (xac> X ] <Cre>(swe) (C )
= -\ n oo —N\s—
( mC“)W(f) +(w) “Te /v () B \ere/s) T\ &g/\Sw J\ e

w

e
4.8.1-1)
where
(Cm ) is in terms of total wing area and mean aerodynamic chord about
%) (£)+£(w)

the leading edge of the total wing mean aerodynamic chord

X
<_c_a_c_) is the aerodynamic center of the wing in the presence of the fuselage
e ()

as a fraction of and about the leading edge of the root chord of the exposed wing panels,
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obtained from figure 4.5-1

and

Xac
(E— is the contribution to the aerodynamic center due to the lift carryover
r
f(w)

of the wing on the fuselage

For Aw\/l -M2 >4 and body-width-to-wing-span ratios, k —g, less than 0, 5,
which is normal for general aviation airplanes, the contribution to the aerodynamic
center due to lift carryover of the wing onto the body is

X, L obd . g\fl-Zkln(1;k+% 1—2) - k
Crg) AR M ler|TTR TUTT 1 b kz (4.8.1-2)
e/t (w) e ——(~;Jzn( }'( s V1 —21\\) 5(—};_)_ - LA

241 "2k
The wing pitching-moment slope for the subject airplane about the leading edge of the
mean aerodynamic chord due to the effective wing lift in the presence of the body is

summarized in table 4.8,1-1(a) in terms of the reference wing area of 172.3 square
feet, or

c = - 0.0195 per d 4.8.1-3
( ma)w(t)+f(w) perdee ( )

Wing pitching moment due to wing drag: The wing pitching moment due to wing
drag can be accounted for by the following relationship:

<d0m> Zw (dCD>
L) T T, \de,
L w(D) Cw L w

_c 2 7w
Ly [neAw] (‘:w

4.8.1-4)

where
Zoy is the vertical distance from the X-axis to the ¢/4 of the wing, positive down

EW is the wing mean aerodynamic chord, feet

A, is the wing aspect ratio

w
e is the wing efficiency factor for induced drag

CLW is the wing lift coefficient
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After converting and expressing CLW in terms of Cwan’

e [Crdy J[2Cra | 515
( ma)W(D) Lyfn (CLoz)anJ TeAy, ;. 8.

Wing pitching-moment slope due to drag for the subject airplane is summarized in
table 4.8.1-1(b) in terms of wing area equal to 172.3 square feet, or

C = 0,000197 4.8.1-6
( ma)w(D) 197 CL, 4, Per deg ( )

Fuselage and nacelle '"free moments'": The fuselage and nacelle ''free moments™
due to induced flow from the wing can be estimated by the technique developed by
Multhopp in reference 13. Multhopp indicates that, in considering wing lift carryover
onto the body, there remains an essentially free moment (or couple) of the body due
to wing upwash ahead of the wing and downwash behind the wing. This wing interference
contribution was accounted for by the following equation, which indicates the free
moment to be a function of angle of attack:

)
fwzgédx
OBda

1
Cm =
( O‘)B(e) 36. 58,8y 1728
@.8.1-7)
1 & wp? Ax dg
36.SSWEW 5 1728 da

where

wg is the mean width of the body planform segment, Ax

g% is the variation of local flow with « (considered to be zero in the body plan-

form area overlapped by the wing)

Curves of g(% are shown in figure 4.8.1-1 as a function of Ax segment position
X

ahead of the wing leading edge, C—l, where cy is the root chord of the wing for the
w

fuselage, and the chord at the centerline of the nacelle for the nacelle. TFor Ax

segments immediately ahead of the wing leading edge, %% rises so abruptly that in-

tegrated values, g% , are given based on the length of the segment adjacent to the

wing leading edge. For segments aft of the trailing edge of the wing, g—% is assumed
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to vary linearly and is obtained from

x1( 8
d €w
ag =Z-h—<1 __8?> “4.8.1-8)
where
BEW aEh
— ig considered to be similar to { —] , from table 4. 9. 1-2, column 24
o o0 /M
Zh is the distance from the wing trailing edge to the last Ax segment
x{ is the distance from the wing trailing edge to the Ax segment

Fuselage and nacelle ''free moments" for the subject airplane are summarized in
table 4.8.1-2 in terms of a wing area of 172.3 square feet, or

(Cmoz)f(

o Cmag* Cma)y

€)+n
= 0. 00558 + 0, 0053 (4.8.1-9)
=0,0109 per deg

1.8.2 Static Margin of Wing-Fuselage-Nacelles

The pitching-moment characteristics in terms of the static margin, the distance
from the center of gravity to the aerodynamic center, are obtained from the expression

_<d_c_“_‘> _Feg _ Z@mO)le @.8.2-1)

L )g By >CL,
where
X
__c_g_ is the distance to the center of gravity from the leading edge of the total wing
c
w

mean aerodynamic chord as a ratio of the mean aerodynamic chord
(Zcma> is the pitching-moment slope about the leading edge of the mean aero-
le '
dynamic chord

For the wing-fuselage-nacelle configuration of this analysis,

_(dcm> __Xeg [(Cma i T (Cma)w(i)+f(w) f(cma)w(D) +(Cma) f(€)+n(e)]le
cg

36; ¢ (CLODfn * (CLO’)w(f)+f(w)

4.8.2-2)

The static margin of the subject airplane, relative to the center of gravity at 0. 10c
(which corresponds to the reference center of the wind-tunnel data), is thus estimated
to be
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(0.00375 - 0,000128q) - 0.0195 + 0.000197 Cwan + 0,0109
_ 99.1.!1. =-0.10 -
dCL _ 0.0831
. 10Ty,

4.8.2-3)
The preceding Cma quantities in the numerator were obtained from section 4.8. 1.
The net CLa quantity in the denominator was obtained from equation (4.4-3), with

the higher order « terms considered to be negligible.

To express the static margin as a function of CLan only, replace « in the

above equation by

Cy, CL

win win o

o= +a = =——— -3.7 4.8.2-4)
(CLozi - o 0.0831

where -3.7° is the zero-lift angle of attack from figure 4.4-4.

Thus, on the basis of a 172. 3-square-foot reference wing area, the static margin
of the subject airplane in the linear range of the lift-curve slope is

dCpy

(= = -0. 0456 + 0.0162C 4.8.2-5
(ch ) _ * Lfn ( )
. 100W

1.8.3 Pitching-moment cocfficient of wing-fuselage-nacelles

Linear lift range: The pitching-moment coefficient in the linear range of the lift-
curve slope is determined from

dCpy
C = - (——) dc +(C 4.8.3-1)
( mwfn). 10y, [ dCy, 103, Lwfn ( mo)

For the subject airplane, with —(ﬁ) obtained from equation (4. 8.2-5) and
. 10cy,

(Cmo) from table 4.6-1(c) or equation (4.6-1), the pitching-moment coefficient
win :

about 0.10¢, on the basis of the reference wing area of 172.3 square feet, is deter-
mined to be

2
= - - -9
(mefn)_ 10¢y, 0.0456 Cp,, . - 0.0081CL, . - 0.0463 (4.8.3-2)

The calculation of (C for the linear lift range is summarized in table

m -
an). 10cy,
4.8.3-1, which also includes the results for the nonlinear range to be discussed.
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Nonlinear lift range: No methods appeared to be available for determining the
pitching-moment coefficient in the lift region between the upper limit of linearity of
the lift-curve slope and stall. The apparent need to account for the pitching-moment
characteristics in this region resulted in an empirical approach to the problem to
provide a first approximation of the variation of Cp, with Cy for the wing-fuselage-

nacelle configuration.

The empirical approach takes into consideration equations {4.8.2-2) and (4. 8.2-3).
The equations were simplified by eliminating the pitching-moment contributions of the
wing-induced drag effects. Because the stall characteristics of the wing-fuselage-
nacelle configuration are generally governed by the stall characteristics of the wing,
it was assumed that the potential flow and crossflow contributions of the fuselage and
nacelles were unaffected. It was also assumed that the free moment contributions of
the fuselage and nacelles were not significantly affected through most of the nonlinear
range of the lift-curve slope approaching stall. This assumption is based on the fact
that most of the free moment contributions are from the upwash of the wing.

As a result of the preceding assumptions and the fact that the stall characteristics
of the wing-fuselage-nacelle characteristics are generally governed by wing stall
characteristics, the format of equation (4.8.2-2) was modified to that of equation
(4.8.3-3). The equation is restricted to the region extending from the upper limit of
linearity of the lift-curve slope to stall.

dCp - (Cma,)fn * (Cma)Ws * (Crna,) f(e)+n(e)
d—C'— ~ 0,10 + C —(AC (4.8.3-3)
L/s [n= ( La) ( La)
. 10¢, win Wy
For the subject airplane, with data substituted from equation ¢4.8.2-3),
dCp, (0.00375 - 0.000128) + (Cma) w. +0.0109
FTon =0.10 + 0,083 = 4.8.3-4)
L _ . 1 - (ACLCY)
5,108y Vs

where
b?s is the average « in the nonlinear range
( Cm oz) is the average value of total wing Cp, o in the nonlinear range to stall
Ws

(ACLa) is a correction to reduce (CLO‘)wfn to an average slope in the non-
w
S

linear range
Because the aerodynamic center of the wing is normally at 0. 256w in the linear
range of the lift curve and moves aft with increasing « in the nonlinear range to

0.50c at stall, an average value of the aerodynamic center in the nonlinear range,
(ac)yg» is assumed to be 0.375C.
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An average value of (CLa) of the total wing in the nonlinear range approaching
w

stall, used to obtain (ACLQ) , is considered to be the average of the sum of (CL(y)

Wg w
in the linear range and the slope of the line connecting the upper limit of linearity of
the Cr,, versus « curve and the Cr, ., point. This average slope, referred to as

(CLa)WS, may be determined from
(CLmax)w " (CLOZ)W(Q'* )

(CLa)W Z% (CLOZ>W * oo - o*
S Lmax

4.8.3-5)
= 0.063
for the subject airplane using the total wing lift characteristics in table 4.2-1.
The difference in linear and nonlinear lift-curve slopes is determined from
AC = (C - (C
(acLy), = (CLa), - €La),,

0.0759 - 0.063 4.8.3-6)

= 0.0129 per deg for the subject airplane

An average value of (Cma) of the total wing in the nonlinear range is determined
from w

(Cma)wS = ~(@c)w, (CLQ)WS

-0.375 (0.063) 4.8.3-7)

-0.0236 per deg for the subject airplane

The average value of « in the nonlinear range was determined from figure 4.4-4
to be

(Ozk * OCLmaX)

(10 + 13.8) (4.8.3-8)

&S:

il

D= DO

~12°

Substituting the determined values of (Cma) , (ACLO[) , and o for the subject
Wg Wq
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airplane into equation (4.8.3-4) results in the pitching-moment slope

= -0,0496
g -
. 1ch

4.8.3-9)

dCm
dCq,

This slope is drawn, as in figure 4.8.3-1, from the point on the pitching-moment

curve representing the upper limit of linearity, Ciwfn’ to (CLmax)

reasonably flat curve is drawn from, and tangent to, the Ci

Finally, a

point to (C Lmax)

win wfn'

Summary: The pitching-moment characteristics of the subject airplane, including
the nonlinear region, are summarized in table 4.8.3-1. The results, referenced to a
wing area of 178 square feet, are compared with full-scale wind-tunnel data in fig-
ure 4.8.3-2. The lift coefficients for the mefn versus Cwan plot were obtained

from figure 4.4-4.

The agreement between predicted and wind-tunnel-measured

pitching-moment data is good. All contributions were pertinent.

4.8.4 Symbols

Ay

(ac)WS

CLwin

*
C Lwin

(C Lmax>w
(CLmax)

<CI"O‘)fn

(C LO‘)W ()+f(w)

win

H-646

wing aspect ratio

average value of the aerodynamic center of the wing in the non-
linear range of the wing lift-curve slope to stall expressed as
a fraction of the wing mean aerodynamic chord

wing span, in,

lift coefficient

maximum lift coefficient

lift coefficient of the wing alone

lift coefficient of the wing-fuselage-nacelle configuration

magnitude of the lift coefficient, Cwan’ at the upper limit of

linearity of the lift-curve slope, <CL >
%) win

lift coefficient of the wing at stall

lift coefficient of the wing-fuselage-nacelle configuration at stall
lift-curve slope of the fuselage and nacelles, per deg

variation of the lift of the wing in the presence of the fuselage, in-

cluding the wing lift carryover onto the fuselage, with angle of
attack, per deg

75



(CL ) lift-curve slope of the isolated wing, per deg
o

w
(CL Ol)w lift-curve slope of the exposed wing panels, per deg
e
(CLa) ; ,EcLa lift-curve slope of the wing-fuselage-nacelle configuration, per
deg
(CL a) average lift-curve slope of (CL > in the nonlinear range
Wg i ®/win
approaching stall, per deg
AC correction to reduce <C )w to an average slope in the
( LO’)W Lo fn
nonlinear range approaching stall, per deg
Chm pitching-moment coefficient
(Cmo win zero-lift pitching-moment coefficient of the wing-fuselage-

nacelle configuration

(mefn> _ pitching-moment coefficient of the wing-fuselage-nacelle con-
“ - 10cy figuration relative to the 10-percent mean-aerodynamic-
chord point

(Cma)B( ) slope of the "free moment" coefficient of the body, per deg
€

C , (C "free moment" slope, (C ) , applied specifically to the
( ma)f(e) ( ma)n(e) Ma)p(c)

fuselage and nacelle, respectively

(Cma)f(€)+n(€) - (Cmoz)f(e) + (Cma\)n(g)

(Cm ) slope of the pitching-moment coefficient of the fuselage and
@’fn nacelles about the leading edge of the wing mean aerodynamic
chord as obtained from section 4, 7 (does not include "free
moments"), per deg

slope of the pitching-moment coefficient due to the wing drag,

C
( m‘)‘)w(D) per deg
(Cm ) slope of the pitching-moment coefficient about the leading edge
&y (f)+f(w) of the wing mean aerodynamic chord due to the effective wing
lift, including the effects of the fuselage upwash on the wing
and wing lift carryover onto the fuselage, per deg

(Cm oz) average slope of the wing pitching-moment coefficient about the
Wg leading edge of the wing mean aerodynamic chord in the non-
linear lift range to stall, per deg
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summation of the contributions of the wing, fuselage, nacelles,
and interacting effects to the slope of the pitching moment
about the leading edge of the wing mean aerodynamic chord,
per deg

rate of change of the wing drag with wing lift

static margin relative to the center of gravity as a fraction
of the wing mean aerodynamic chord

static margin relative to the center of gravity as a fraction of
the wing mean aerodynamic chord with the center of gravity
at 0. 10Cy

average static margin in the nonlinear region to stall relative
to the center of gravity at 0. 10Cy,

rate of change of the pitching-moment coefficient, due to wing
drag, with the wing lift coefficient

chord of the wing at the centerline of the nacelle, in.

root chord of the wing at the centerline of the fuselage, in,
root chord of the exposed wing panel, in.

wing chord, in,

wing mean aerodynamic chord, in, or ft

width of the fuselage at the wing, in.

wing efficiency factor for induced drag (assumed equal to 1.0)

ratio of the wing lift carryover onto the fuselage to the wing alone,
obtained from table 4, 4-1(a)

ratio of the wing lift in the presence of the fuselage to the wing
alone, obtained from table 4. 4-1(a)

upper limit of integration in equation (4, 8, 1-7); the distance
from the leading edge of the wing at the body to the nose of
the body, in,
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Wf, Wn

distance from the wing trailing edge to the centroid of the last
aft Ax segment of the fuselage length (table 4. 8. 1-2), in.

Mach number

reference wing area, sq ft

area of the exposed wing panels, sq ft

mean width of the body planform segment, Ax, in.

mean width, wg, specifically applied to the fuselage and nacelle,

respectively

distance from the wing leading edge to the centroid of the for-
ward Ax segment of the body planform area, in.

length of the Ax segment of the body planform area adjacent
to and forward of the wing leading edge, in,

distance from the wing trailing edge to the centroid of the aft
Ax segment of the body planform area, in.

length of the segment of the body planform area, in,

contribution to the aerodynamic center due to the lift carryover
of the wing onto the fuselage, as a fraction of the root chord
of the exposed wing panels

aerodynamic center of the wing with the wing in the presence of
the fuselage, as a fraction of and about the leading edge of the
root chord of the exposed wing panels

distance to the center of gravity from the leading edge of and
as a ratio of the wing mean aerodynamic chord

vertical distance from the center of gravity to the quarter-
chord point of the wing mean aerodynamic chord, in,

angle of attack, deg

angle of attack at the upper limit of linearity of the lift-curve
slope, deg

angle of attack for zero lift, deg
angle of attack at maximum lift, deg

average value of angle of attack from a* to a¢
max
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variation of upwash and downwash with angle of attack at the
Ax segment of the body forward of the wing leading edge
and aft of the wing trailing edge, respectively

variation of upwash with angle of attack of the Ax segment
of the body forward of and adjacent to the wing leading edge

average downwash gradient at and across the horizontal tail
with compressibility accounted for

rate of change of downwash, behind the wing, with angle of
attack

sweep of the quarter-chord line of wing, deg
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TABLE 4.8.1-1
WING PITCHING MOMENTS OF THE AIRPLANE

(a) Due to wing lift including mutual wing-fuselage interaction

CRIS AP (2 ()(S
m v Nep wf) "\c,. TN > Vs,
Fw D+ w) Te w(f) ‘re f{w) Cw W

) e,

Symbol Description Reference Magnitude
Ew Total wing mean aerodynamic chord, in. Table 3.2-1 59,5
Crg Root chord of exposed wing panels, in. Table 3.2-1 71.9
Sw Reference wing area, sq ft Table 3.2-1 172.3
Swe Exposed panel wing area, sq ft Table 3.2-1 148.0
(CLQ) Lift-curve slope of exposed wing panels per deg Table 4.2-1 L0747

We

Kw(f) Ratio of lift of wing in presence of fuselage to wing alone Table 4.4-1(a) 1.09
Kf(w) Ratio of wing lift carryover onto fuselage to wing alone Table 4.4-1(a) 14

X

E& Aerodynamic center of wing with wing in presence of fuselage, as| Table 4.5-1(b) . 198

Te fraction of and about leading edge of ¢
w(h) Te
d Fuselage width at wing, in. Figure 3.2-1 48.0
b Wing span, in. Figure 3.2-1 432.0
% ----------- . 0555

Ao/a Sweep of wing quarter-chord line, deg Table 3,2-1 -2.5

Xa0 5
(E_a_(_) Contribution to the aerodynamic center due to lift carryover of Equation -25

Te f(w) wing onto fuselage, as fraction of Cre (4.8.2-1)
Summary: (cm ) = -0.0195 per deg
Y w (D+(w)
() Due to wing drag

o) ()] e [ECN] 2

My T\ L wim| € TeA El

w(D) ( La’)wfn w Cw
Symbol Description Reference Magnitude

Aspect ratio of total wing Table 3.2-1 7.5
Ew Mean aerodynamic chord of total wing, in. Table 3.2-1 59.5
oy Vertical distance from wind-tunnel center of gravity to Ew/4, From draw- ~~2.0
positive down, in. ings
(CLU) Total wing lift-curve slope, based on Sy, = 172.3 square feet per| Table 4,2-1 0759
w deg
(C Lo Tail-off lift-curve slope, based on 8§, = 172.3 square feet per From columns L0831
win deg 1 and 8 of
table 4.4-2

e Wing efficiency factor ~} -===-----—- 1.0 (as-

sumed)

S : =0, 7
Summary: (Cma)w(D) 0.000197Cy,_ .~ per deg
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TABLE 4.8.1-2 (Concluded)

(b) Fuselage

o2
( ) 1 Z\\f AX dag
Marli)  36.58 &, 1728 do
L2 d a8 _ P 2AX
: 2 |WiTAX N & da T ap
Segment | Ax, in. Wy Wy 1728 Xy, in o Zh do )—(—1-(1 i 2(_ 1738 da
(fig. 4.8.1-1) | I
1 | 9.0 8.0] 64| 0.33 | 88.7 | 1.17 | ---- 1,15 ——- 0.38
2 16.0 |21.25| 450| 4.17 | 76.2 | 1.00 | ---- 1.20 ——— 5.00
3 18.5 32.011020]10.90 58.9 L8 ] ---- 1.23 -——— 13.40
4 18.5 39.25] 1540} 16.50 40,4 0,53 | ---- 1.32 -— 21.78
5=n 31.2 44,5 ] 1980} 35.80 15.6 21 ) ---- 3.50 -——— 125.3
76:n+1 5.1 44.0 | 1936 5.7 2.8 --——}10.02 -——— 0.01 0,06
7 27.5 38.25] 14631 23.3 18.0 ----10.15 -——— 0,08 1.86
8 41.0 |27.75f 770| 18.3 | 52.0 | --—- | .45 -—-- .23 4,21
9 35.4 16.0| 256| 5.24 | 88.0 | --—-]0.76 -—- 0.40 2.10
10=m 17.0 5.0 25 .25 |116.0 --—— | 1.00 -—— .52 .13
'WIZAX
798 %% =174.22
Summary: (Cm ) = 0,00558 per deg based on Sy, = 172.3 sq ft
(o)
{¢) Nacelles
1 anAx gé
(Cm ) = (2 nacelles) — Z 1728 do
, n(() 36. t)SwC“Y
5 w,2Ax Xy dg wpZax dg
Segment | Ax, in. | wp wn? | =555 | X¢0 In| —— do =
1728 1 °n | (fig. 4.8.1-1) 1728 de
1 7 16.0 2566 1.04 48,0 0.75 1.25 1.29
2 3 32.5] 1055 1.83 44.0 0.69 1.27 2,32
3 10 35.0 | 1225 7.09 | 38.0 .59 1.32 9.36
4 710 35.5 | 1260 7.29 28.0 0.44 1.38 10.06
5=n 23 35.0 | 1225 | 16.30 11.5 .18 3.65 59.50
;2
w_“AX
—55 & - g2.53
Summary: (Cm ) = 0. 0053 per deg based on
*’n(e)
Sy = 172.3 sa ft
(d) Summary
C = (C + (C = 0.0109 per deg
( m‘l’)f(e)+n(e) (m"‘)f(e) ( m“’)n(s)
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For (C other than 0.08,
\ Cua),,
4B ang B
At - : o and s are each
2 1 dp direct ratios of (CLQ)
B B for | — — versus W
i’ da 4 c da

2 ~J
\
—I-VBI'SUS(—lg
—_1 /‘c
1 1
0 q 8 1.2 _ 1.6 2.0 2.4 2.8
X1 X

" Cw

Figure 4.8, 1-1, Variation of the wing upwash derivative with position along the body
from the leading edge of the wing. For use in determining Ufree moments" of the
body (ref. 13).
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Analytical
®) Wind tunnel

Mwf -
( Wn).lOCW OC O o—o— 1O 0O D O D‘O
_.2
-4 0 4 8 12 16 20
a, deg
.2 7
CEW Ot 0O | © O G © U‘o
_‘2
0 2 A .6 .8 1.0 1.2 1.4
Clutn

Figure 4, 8. 3-2. Comparison of calculated tail-off pitching-moment characteristics
with wind-tunnel data, Sy = 178 sq ft,
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4.9 Downwash and Dynamic Pressure at the Horizontal Tail

The methods presented for predicting the subsonic downwash and dynamic pres-
sure in the region of the tail plane for preliminary design purposes were developed for
the linear lift region for swept- and unswept-wing airplanes. Their use in the nonlinear
region below stall, however, provides reasonable approximations. The total downwash
picture is complex, as the following discussion illustrates.

A limitation of the method for downwash determination is its neglect of the inter-
ference from fuselage and nacelles. Also neglected is the small effect of the tail itself
on the flow ahead of it, For conventional configurations of general aviation aircraft,
and propeller-off conditions at least, the interference effects do not appear to he signif-
icant,

4.9.1 Downwash

The downwash behind a wing at subsonic flow conditions is the result of the wing's
vortex system. A vortex sheet, shed by the lifting wing as in figure 4.9,1-1, is de-
flected downwind by the bound (lifting) and trailing (tip) vortices. The curvature of the
vortex sheet is relatively small in the plane of symmetry for straight wings with
reasonably large aspect ratios. Wings with large trailing-edge sweepback produce a
vortex sheet that is bowed upward in the plane of symmetry.

The vortex sheet does not extend unaltered indefinitely downstream but, as it is
displaced vertically, distends rapidly and rolls up like a volute about the tip-vortex
cores. The tip vortexes have a relatively small vertical displacement from free-
stream direction as they tend to move inboard. When all the vorticity is transferred
from the sheet to the tip vortexes, the vortex system is considered to be rolled up.

Rational tail-plane design depends on a knowledge of the velocity and direction of
the airflow in the region behind the wing. The shape of the vortex sheet significantly
influences the downwash experienced by the tail in the flow field of the wing. For a
complete rollup the spanwise downwash distribution is dependent upon the spanwise
lift distribution of the wing. When the rollup is complete, however, the downwash
angles for all wings of equal lift and equal effective span at the tail are identical. Since
the tip vortexes are somewhat above the vortex sheet, the downwash above the sheet is
somewhat greater than the downwash below the sheet.

The tip vortexes originate at the wing tips at angles of attack for which the flow is
unseparated. Certain thin, highly swept wings have a significantly different flow
pattern in the higher angle-of-attack range, These wings are characterized by a
leading-edge separation vortex that lies above the surface of the wing. From its in-
ception near the plane of symmetry, it moves outboard in the approximate direction of
the wing leading edge and is finally shed in a streamwise direction near the wing tip.

For wings stalled at the tip—a characteristic of highly tapered, untwisted,
straight wings and highly swept wings— the downwash in the region of the tail will be
greater for a stalled wing than for an unstalled wing for a given lift coefficient. Wings
with low taper ratio, or with washout, stall first at the center, and the wake does not
leave the wing at the trailing edge but at a point % sin « above the trailing edge. In
general, when the wing stalls at the center, the center of the wake moves upward and
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the vortexes rolling off the edge of the stalled portion reduce the downwash.

Several methods are available for predicting downwash at subsonic conditions.
Reference 14 considers wings with zero sweep of the quarter-chord line and presents
design charts for various taper ratios and aspect ratios for incompressible flow condi-
tions. The design charts are for flapped as well as unflapped configurations and in-
clude load distribution, downwash displacement, and downwash angles. Reference 15
considers unflapped swept wings and compressible flow conditions. Reference 16 uses
graphical procedures and considers unflapped wings of various sweeps at compressible
flow conditions. Because of its relative simplicity and versatility, the method of
reference 16 (also considered in ref. 1) is presented and applied to the subject airplane.

The method of reference 16 is for configurations in which the tail span is less than
two-thirds of the wing span. The basic approach of the method is to:

(1) Determine the downwash in the plane of symmetry at the height of the tip
vortexes at the longitudinal station of the horizontal tail mean aerodynamic chord
quarter chord.

(2) Correct this value for tail height above the vortexes.

(3) Evaluate the effect of tail span by relating the average downwash at the tail to
the downwash determined from step 2.

Details of the development of the method are included in reference 16. It should be
noted, however, that the method assumes the vortexes to be essentially rolled up at
the longitudinal -tail station. Thus it is fortunate that the vortexes roll up in a shorter
distance as the angle of attack increases, because downwash effects become in-
creasingly important at the higher angles of attack,

The procedural steps in applying the method are as follows (pertinent dimensions
defined in fig. 4.9.1-1):

Aweff . - Pwet
o and effective span ratio, oo are
w w

determined from figure 4.9.1-2 as functions of wing angle-of-attack ratio,
% ~ %
oc, %

(1) The effective aspect ratio,

» taper ratio, }‘w , and sweep of the quarter chord, ( Ac/4)w'

max Bey
(2) The low-speed downwash gradient, <8a ) , in the plane of
Vlow speed
symmetry at the height of the vortex core is obtained from figure 4.9.1-3 as a function

. 2 . .
of tail length E, effective aspect ratio, AWeff’ quarter-chord sweep, (Ac/4)w,

and downwash gradient at infinity obtained from

%€w  2(57.3)
oo TAy, (CLQ')W (4.9.1-1)
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where <CLaf> is in degrees. At the wing trailing edge, % =1.
w

(3) The vertical position, a, of the horizontal-tail quarter-chord point relative to
the vortex core depends upon the type of wing separation as determined from fig-
ure 4.9.1-4 as a function of leading-edge-sharpness parameter, Ay (from section 4.1),
and quarter-chord sweep, (Ac/4) o' For trailing-edge separation,

g Oy 0.41CL,, _bweff
a7 Zh " feff{57.3 Ay ot 2

tan T 4.9.1-2)

where [, is the distance in the wing-chord plane from the vortex tip of the quarter
chord of bWeff

the dihedral angle of the wing. For leading-edge separation,

, 0.41CLW
a=zh - (e +B)\573 - Aot

to the quarter chord of the tail mean aerodynamic chord, and I' is

4.9.1-3)

where [g is the distance from the leading edge of the wing mean aerodynamic chord to

the trailing edge of the wing root chord, and [y is as defined in figure 4.9.1-1.

(4) The span, by, of the vortexes at the longitudinal location of the quarter

chord of the tail mean aerodynamic chord is determined from the following equation
originally obtained from reference 16 but also included in reference 1:

1/2
b —h b b [ Pletf \
vor =~ Weff -< Weff ~ ru) bwlru 4.9.1-4)

where by, the span of the completely rolled up vortexes, is obtained from

by = [0-78 +0.10(Ay, - 0.4) +0.003( Ac/a)y,] bwe gy 4.9.1-5)
and
| _0.56Ay
leu = CL, 4.9.1-6)

(5) The average downwash gradient acting on the tail is obtained from

d€h -y de
oo ve
<8a> “oe. <3a ) 4.9.1-7)

low speed ve low speed

low speed
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where the | b] quantity is obtained from figure 4.9.1-5 (ref. 17) as a function of
h

2a
b and g
vor vor

(6) Because the preceding result is for low-speed conditions, an adjustment to
higher subsonic Mach numbers is made, on the basis of reference 1, by

< ae“h) (ae‘h) (CLO) Wa1
o =\ 4,9,1-8
0/ p \9% /10w speed (C ( )

)w
Lo
low speed

Figure 4.9.1-6, from reference 16, compares the calculated and experimentally
determined downwash variation with « for several airplanes and provides a qualitative
index for the accuracy of the prediction procedure for propeller-off conditions.

Figure 4.9.1-7 shows the calculated downwash characteristics for the subject air-
plane. No test data were available for comparison. However, on the basis of the cor-
relation of calculated and experimentally determined propeller-off pitching-moment
characteristics presented in section 4.11, the calculated downwash characteristics ap-
pear to be accurate. Tables 4.9.1-1 and 4.9.1-2 list the pertinent parameters and
summary calculations, respectively, for the subject airplane.

4.9.2 Dynamic-Pressure Ratio

A horizontal tail operating in the wake of a wing experiences a loss in effectiveness
due to the decrease in dynamic pressure in the wake. This decrease is caused by the
loss in flow energy in the form of friction and separation drag of the wing; the greater
the drag, the greater the pressure loss.

The wake, usually thin and intense near the trailing edge, spreads and decays with
increasing downstream distance from the trailing edge in a manner such that the inte-
grated momentum across the wake is constant and not a function of longitudinal distance.
The centerline of the wake coincides with the centerline of the trailing vortex sheet.

The wake occurs in all speed regions.

A basic method for predicting the dynamic pressure at the horizontal tail in the
linear lift range up to a Mach number of approximately 0.65 is given in reference 14.
This method, which was applied to the subject airplane, neglects fuselage interference
effects and was developed on the basis of wings with zero sweep of the quarter chord.
Reference 18 extends the application of the method to nonlinear conditions approaching
stall. A modification of the basic method, to account for fuselage interference and wing
sweep, is presented in reference 19. The procedures of the basic method are con-
sidered at this time.

On the basis of reference 14, the half-width of the wake, Azygke, at distance X

from the wing-root trailing edge to the horizontal-tail mean-aerodynamic-chord
quarter chord (fig. 4.9.2-~1) is given by

AZyak

— 2% —o.68 }ch(:’-‘— +0.15) (4.9.2-1)
[¢]
w

Cw
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where, in accordance with references 14 and 1, CDf, is the wing zero-lift drag
coefficient. Curves of this equation are shown in figure 4.9.2-2 for different values
of CD .

f

The maximum loss of dynamic pressure in the wake at the tail which occurs at
the wake centerline is obtained from

1/2
- 2.42Cp
<Aq_> = f 4.9.2-2)
0

a X
q - 4+ 0.3
Cw

0

or its graphical representation, figure 4.9.2-3.

The dynamic-pressure loss at any point in the wake normal to and from the wake
centerline is obtained from

{4
- - zZ
<_A<1> _ <§_9_> cos? (% Fh""“> (4.9.2-3)
q, b q_ wake

/
Z'

or its graphical representation, figure 4.9.2-4, When is greater than 1,

. . AZyake
the dynamic-pressure loss is zero.

The vertical distance, zﬁ, is given by the equation
zg:xtan (v + enh - o) 4.9.2-4)

where €, 1s the downwash in the plane of symmetry and is given by

1.62Cg,, 92.83CL,,

€y = 97.3 . Ay in degrees 4.9.2-5)
and where vy is defined in figure 4.9.2-1.
The dynamic pressure is then determined to be
LI —(é—q) @4.9.2-6)
qao a, b

Although the preceding relations were developed from results obtained at lifts
below the stall, reference 18 indicates that they apply with reasonable accuracy above
the stall if the profile drag coefficient of the stalled wing is known.
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The accuracy of the procedure, developed on the basis of unswept wings, may be
estimated from table 4.9.2-1 (from ref. 1) which includes swept as well as unswept
configurations. The table compares calculated dynamic-pressure ratios with the low-
speed model test data of references 20 and 21.

The foregoing procedures for determining the dynamic-pressure ratios at the
horizontal tail were applied to the subject airplane. Basic pertinent parameters and
a summary of the calculations are listed in table 4.9.2-2. The results indicated that
the horizontal tail is outside the wake and thus the dynamic-pressure loss is zero in
the linear and incipient stall region. At full stall, in the absence of an applicable
profile-drag coefficient, the dynamic-pressure ratio was assumed to be equal to 1.00,
although a more realistic value would probably have been closer to 0.80. The results
are included in figure 4. 9. 1-7,

Although not used, a modification of the preceding method which considers wing
sweep and combined wing-body profile drag was given in reference 19. The procedure
is in the form of a nomograph (fig. 4.9.2-5). The accuracy of the method may be
estimated from figure 4.9.2-6 (from ref. 19) which uses data from references 21 to
26.

4.9.3 Symbols

Ay wing aspect ratio

Aweff effective aspect ratio of the wing (from fig. 4.9.1-2)

a vertical position of the horizontal-tail quarter-chord
point relative to the vortex core (fig. 4.9.1-1), in.

by horizontal-tail span, ft

bru span of the completely rolled up tip vortexes, ft

byor span of the tip vortexes at the longitudinal location of the
quarter chord of the horizontal-tail mean aerodynamic
chord (fig. 4.9.1-1), ft

by wing span, ft

bweff effective span of the wing (from fig. 4.9.1-2), ft

CDf, EDf . wing and wing-body zero-lift drag coefficient, respectively

CLy wing lift coefficient

CLa>W wing lift-curve slope, per deg

(CLa> , (CL Oi)w wing lift-curve slope with compressibility unaccounted
Wlow speed M and accounted for, respectively

c chord, ft
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mean aerodynamic chord, ft

mean aerodynamic chord of the wing, ft

incidence of the wing relative to the X-body axis, deg

distance, in the wing root-chord plane, from the tip
vortex at the quarter chord of the bWe £f to the
quarter chord of the horizontal-tail mean aerodynamic

chord (fig. 9.4.1-1), ft

distance required for the complete rollup of the wing-
tip vortices, ft

tail length in the wing root-chord plane from the root-chord
trailing edge to the quarter chord of the horizontal-tail
mean aerodynamic chord (fig. 4.9.1-~1), ft

distance from the leading edge of the wing mean aero-
dynamic chord to the trailing edge of the wing root
chord, ft

Mach number

free-stream dynamic pressure, 1b/sq ft

ratio of the horizontal-tail to free-stream dynamic pressure

dynamic-pressure loss at the horizontal tail as a ratio of
q

o0

dynamic-pressure loss at the wake centerline as a ratio of
a

0

wing area, sq ft

airspeed, ft/sec

distance, parallel to the centerline of the wake, from
the trailing edge of the wing root chord to the quarter
chord of the horizontal-tail mean aerodynamic chord
(fig. 4.9.2-1), ft

leading-edge-sharpness parameter

vertical distance from the root-chord plane of the wing

to the quarter-chord point of the horizontal-tail mean
aerodynamic chord (fig. 4.9.1-1), ft
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vertical distance from the centerline of the wake to the
quarter chord of the horizontal-tail mean aerodynamic
chord (fig. 4.9.2-1)

half-width of the wake at a distance x from trailing edge
of the wing root chord (fig. 4.9.2-1), ft

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

angle of attack of the wing, relative to the chord, at
CLlmax
wing zero-lift angle relative to the wing chord, deg

wing angle of attack relative to the wing chord, ap + iy,
deg

absolute angle of attack of the wing, ay - ag

angle between the wing chord plane and the line connecting
the trailing edge of the wing root chord and the quarter
chord of the horizontal-tail mean aerodynamic chord
(fig. 4.9.2-1), deg

downwash, deg

downwash in the plane of symmetry at the vortex sheet
(fig. 4.9.2-1), deg

average downwash across the horizontal tail, deg

rate of change of downwash, in the plane of symmetry at
the height of the vortex core, with the absolute angle
of attack

downwash gradient at infinity

average downwash gradient at and across the horizontal
tail with compressibility unaccounted and accounted

for, respectively

wing taper ratio

sweep of the wing leading edge, deg

sweep of the wing quarter-chord line, deg
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wing dihedral angle, deg
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TABLE 4.9.1-1

PERTINENT PARAMETERS FOR COMPUTING AVERAGE DOWNWASH AT
HORIZONTAL TAIL OF SUBJECT AIRPLANE

Symbol Description Reference Magnitude
ag Wing zero-l1ift angle relative to chord, deg Table 4.2-1 -2
oCy Wing angle of attack at maximum lift coefficient, relative to Table 4.2-1 15.4
max chord, deg
(Ac/a) Wing sweep along c/4 line, deg Table 3.2-1 -2.5
Ay Wing leading-edge-sharpness parameter, chord lengths Table 4.1-1 .0316¢
Ay Wing taper ratio Table 3.2-1 .513
Aw Wing aspect ratio Table 3.2-1 7.5
bw Wing span, ft Table 3.2-1 36.0
r Wing dihedral, deg Table 3.2-1 5.0
z}: Perpendicular distance from wing-chord plane to c/4 of Scaled from draw- | 2.5
horizontal tail, ft ings
2 Tail length in wing root-chord plane from wing-root trailing Figure 3.2-1 8.68
edge to &/4 of horizontal tail, ft and 3.2-2
13 Distance from leading-edge wing mean aerodynamic chord to | Figure 3,2-1 6.33
trailing edge of wing root chord, ft; used only if flow
separation is at leading edge (fig. 4.8.1-4)
Ay
——‘g Ratio of effective to geometric aspect ratio Figure 4.9.1-2 1.00
W
bwe f
B Ratio of effective to geometric wing span Figure 4.9.1-2 1.00
w
Lot Tail length in root-chord plane from vortex tip of c/4 of Scaled from draw- 14.18
bWeff to ¢/4 of horizontal tail, ft; function of bygge ings
(CL ) Lift-curve slope of wing, deg Table 4.2-1 0.0759
Oy
9o e _ 114.6
Pa Downwash gradient at infinity = A (CLa)w Equation (4.9.1-1) .369
2_12 ------- B T et S B ittt bt bt 482
;w
€y,
(8 VC) Downwash gradient in plane of symmetry at height of Figure 4.9.1-3 472
@ /low speed vortex core
bry Span of completely rolled up wing-tip vortexes, Equation (4.9.1-5) 0.7836 bweff
[0.78 + 0.10(0, - 0.4) + 0.003({A/4), ] besf ft
lru Distance required for complete rollup ofwwing—txp vortexes Equation (4.9.1-6) 4.20/CLw
in chord plane, O—JLbSGA , semispans
byor Span of vortexes at longitudinal locanon of c, il/zof Equation (4.9.1-4) Variable
horizontal tail, by (bw bry ( =36
0. 7888 /2" eft = bru) bwlry
-[36 - b ]( ) ft
rull 7,
a Vertical distance from hosiionéa ~tail Boot chord to vortex Equation (4.9.1-2) Variable
core, 2y -1 ff( ———L ) “P’ff n I if
’ e
h ~ 57.3 7 “rAwgy/ 2
separation is at trailing edge, ft
BEh
gg Ratio of average downwash acting on horizontt]htail to Figure 4,9.1-5 Variable
ve

da  Jiow speed

()
o M

downwash at vortex-core height, f(zL , -——)
or’ bvor

Downwash gradient at horizontal tail at Mach number,
LO’)WM

(5)
h N
9% Aow speed ( La)w low speed

Equation (4.9.1-8)

)
— at
3¢ low speed

wind-tunnel Mach
number

96

H-646




paads mof
(1)
L Wy “MEp PUNTI-PUAL JO SIQUIMK [V D 'ERD0 = W IV,
(.
{"15)
00°8 £9v” 86" 88¢° 091"~ gg gt 18%° 9°¢ 08G "2~ L8°1 poel
19°9 ZLE” 00°1 e %601 *~ z8°2E 999" 96°¢ 08L 1~ 151 ot
98" 98¥"* 0£0°1 8LE" €350 "~ L0°EE 9L8" 9s°¢ y98° - L8671 9
€6 °¢C 68% " 9801 TL€° T£00" 2L7EE 262" €276 %0 " PR e
96 °0 18%°0 201 09€°0 BGG0°0 89°vE 691°0 €9°LT 1960 Le°1 [
§ (@©® @ oo
39| 1x X = paaxds Mo 81 - 9Ev0°0 9o
GO T g 2L @ n | @D @@ ©- | jupe, |'® A @@, | ek
4 poads #ol /5o W/ 5o LLYAED 108 0Rg ion ™q n , z L a
= 13 - )= = = = = - = ¢
i FBA 1 ov r:wmv Afmv 'G-176h 2anBd Y9 h ! 2\ ¥ ? ® Juwy Womg | SRS
16°¢ 9LYT” ¥120° €71 2'RZ 2Ly’ 81°%1 0°9¢ S°L 00°1 001 00°1 LY 89¢° | ¥°c1 ¥Uel
1L°¢2 161" 810" 090 °1 2°82 oLy 81°¥1 0°9¢ Gl 00°1 00°1 P08 1 602° | 21 ot
L1 S92t ¥1e10° 5GL° [ 14 gLy 10 4 0°9¢ 6L 00°1 00°1 QLS 01 96€T1" | 8 9
8LB" 6190° z6L00 " jeich A ¢ '8% cLY" A 4 0°9¢ 5L 001 00°T ¥Pe " 9 8690° | ¥ 4
$LE0 "0~ | ¥9200°0- +9200 "0 2610 2’82 LYo 81yl 098 [ 00°1 00°1 s11°0 4 0 0 z-
YLIO O 99 g 9o
@ Homy, R | posds ot , g 3 u o ng | my vL1/(®) P ped P 3op
@ X@ @ - @ = X ‘Zwent= #sf(® 9882 "0 A.‘.;wmv ] @ s L .CWBQ .—u03< X8 +0p _ My paoys sgixe-X 03
1140 |*1-gp 2andig =g | oy 13, Hoy a To, | . 59, gy | Sy
g-1'6'v 2anBid [‘1-1'6"v3[QeL [ = ®q | = V[ 716 p oandig |- 2= = (M) | 03 aane[aa 2ATIB[O
) % - %

ANVIJYIV LDACdAS 40 TIVL TVINOZIMOH 1V HSYMNMOd IDVHIAY A0 NOLLVINDTVD AHVININAS
2-1°'6"y ATdVL

97

H-646



TABLE 4,9.2-1

COMPARISON OF CALCULATED AND TEST-DETERMINED DYNAMIC-PRESSURE RATIOS AT
THE HORIZONTAL TAIL (FROM REF. 1)

[ Calculations based on the procedures of reference 14]

zf! q q
[« . h h
Source Ay (Ale) , deg | Ay E_X Ei w (__) (_—) Percent error
w w w deg 1 \d /calculated| \dxttest

. 0 0. 88 0.90 -2.2
Reference 20 3 0 1.0 2 0 1 “89 92 3.3
2 0.92 0.9%4 -2.1
. __ _— _— - —— 3 .95 .95 0
Figure 27 4 .98 .96 2.1
6 1.0 . 96 4.2
0 0. 88 0. 87 1.1
1 .89 .89 0
» 2 .93 .92 1.1
Figure 12 6 0 1.0 2 0 3 97 "93 4.3
4 .99 .95 4,2
6 1.0 .97 3.1
6 1.0 0,97 3.1
Figure 12 6 0 1.0 2 10.28 8 .98 . 96 2.1
10 .91 .93 -2.2
0 0, 88 0. 96 -8.3
1 .89 . 96 -7.3
. ) 2 .92 .95 -3.2
Figure 30 4,5 30 1.0 2 0 3 ‘95 " 95 0
4 .98 .94 4,3
6 1.0 .98 2.0
0 0. 88 0,95 -7.4
1 .89 .94 -5.3
. 2 .92 .94 -2.1
Figure 15 5.2 30 1.0 2 0 3 T 96 o4 2.1
4 .99 .94 5.3
6 1.0 . 96 4,2
6 1.0 1.01 -1.0
. 8 ,996 1,02 -2.4
Figure 15 5.2 30 1.0 2 10.28 10 o4 1.02 7.8
12 .88 1.01 -13.0
0 0.89 0,95 -6.3
1 . 895 .95 -5.8
2 .91 .95 -4,2
Figure 36 1.5 60 1.0 2 0 3 .93 .M -1.1
4 . 96 .M 2.1
6 .99 .97 4.1
8 1.0 1.0 0
0 0.92 0.92 0
1 .93 . 93 0
Figure 24 3 60 1.0 3 0 2 .96 .95 1.1
3 .99 .97 2.1
4 1.0 .99 1.0
0 0.85 — |
1 .86 — | -
2 .89 o
Reference 21 | 3.5 47.5 0.5 }1.213 0 3 "93 0. 86 8.1
4 . 96 .88 9.1
6 1.0 .92 8.7
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TABLE 4,9.2-2

DYNAMIC-PRESSURE RATIO AT THE HORIZONTAL TAIL OF THE SUBJECT AIRPLANE

(a) Pertinent parameters

Symbol Description Reference Magnitude
o, Wing angle of attack relative to chord line = @y, + 1, deg Table 3-1 oy + 2
% Angle between wing chord plane and line connecting trailing | --—---——-- 15
B edge of wing root chord and ¢/4 of horizontal tail, deg
Cw Wing mean aerodynamic chord, ft Table 3.2-1 4.96
Ay Wing aspect ratio Table 3,2-1 7.5
x Distance from trailing edge of wing root chord to ¢/4 of | -——---——--- ~ §.68
horizontal tail measured along centerline of wake, ft
CDf Wing zero-lift drag coefficient of total wing per proce- Section 4. 12 . 0097
dure of table 4.12-1
€ Downwash in plane of symmetry at vortex sheet =~ Equation (4.9.2-5) | 3. %4 CLW
1.62CL,,
57.3 _WTW—— .
zg’ Vertical distance from vortex sheet to ¢/4 of horizontal Equation (4.9.2-4) | 8,68 tan [15 - (o - )]
tail=xtan(y - oy + &), f
Az Half-width of wake = 0. 68 £ \JCp¢(x/Cy, + 0.15), ft Equation (4.9.2-1) | . 458
wake f w _
o (fig. 4.9.2-2)
S 2.42 (ch)‘/‘
<—_——q> Dynamic-pressure loss at wake centerline = W Equation (4.9.2-2) | . 116
YA wtO (fig. 4.9.2-3) ”
- zj,
(g—[l)h Dynamic—pressure/l,oss at horizontal tail = Equation (4.9.2-3) | . 116 cosz(g m)
0, bt Z
(AQ\ os2(r_ "
3o /o 2 Azyake
3 -
Eh Dynamic-pressure ratio at horizontal tail = 1 —(‘/_31)" Equation (4.9.2-6) | Variable
0 20
(b) Summary calculations
Q) @ ® @ & ® ] @ O] @) @) @
Figure 4.2-1, Zh AG [N
. @y, = _ _ q Zh
o restve | wC s o | veseal ol L 0O Lol (7)) | 8
to X-axis, | “b+ < CLy 3.4, 15-@+@), 5.68 (§) deg *'h
deg deg deg deg : (7) /0.458 0,116 @ =1 - @
-4 -2 0 0 17.0 | 0.3057 | 2.65 5. 78 _ @4
0 2 .300 1.182 14.18 .2527 | 2.19 4.78 Since Ko is greater than 1.0,
4 6 - 604 2.380 11.38 2013 11,75 3.81 the hor%vz%n?al tail is outside of the
8 10 . 910 3.585 8.58 1509 | 1.31 2.85 wake. Thus
10 12 1. 060 4.176 7.18 . 1260 1.09 2.38 ﬁh
12 14 1.190 4.689 5.069 . 0996 0.86 1.88 — =1
13.4 15.4 1.23 4.846 4.45 L0778 .68 1.47 a,
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Figure 4.9.1-2. Effective wing aspect ratio and span for low speeds (from ref. 19).
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Figure 4.9.1-4. Type of flow separation as a function of airfoil and wing sweep
for subsonic speeds (ref. 1).
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Figure 4.9.1-5. Average downwash acting on aft lifting surface for low speeds (ref. 17).
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>\w = 0. 33
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by
O
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Figure 4.9.1-6. Comparison of calculated and test downwash angles (ref. 16).
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Figure 4.9.1-7. Calculated downwash and dynamic-pressure ratio at the horizontal
tail of the subject airplane.
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Wing \\//— C of horizontal tail
\ ‘

= Free stream

Wake limits

Centerline of wake and
vortex sheet

\Wing-chord plane

Figure 4.9.2-1. Relative positions of horizontal tail, wing wake, and wing-chord plane.
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Figure 4.9.2-4. Variation of dynamic-pressure loss across the wake (ref. 14).
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Figure 4.9.2-5. Nomograph for determining dynamic pressure at the horizontal tail
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Figure 4.9.2-6. Comparison of calculated dynamic-pressure ratios, using the nomograph
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of figure 4.9.2-5, with wind-tunnel data (from ref. 19).
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4.10 Lift of the Complete Airplane (6, = 0°)

The tail-off lift characteristics were previously considered in section 4.4, The
tail contribution to lift is considered in this section in order to obtain the lift of the
complete airplane. The net lift of the complete airplane in the linear range of the lift
curve may be summarized by

where
(CL)an is the tail-off lift coefficient considered in section 4.4 “4.4-1)
CLh (b) is the lift contribution of the horizontal tail including tail-fuselage
interactions, wing downwash, and dynamic-pressure effects

(ACL)h(fv) is the effect of fuselage vortexes on the lift coefficient of the horizontal
tail

The maximum or stall lift coefficient of the horizontal tail in the presence of the fuse-
lage is determined in a manner synonymous to that used to determine the wing-fuselage
maximum lift considered in section 4.4.

The lift contribution, CLh £’ of the horizontal tail in the presence of the fuselage,

due to angle of attack at the tail, is given by equation 4.10-2) from reference 11.

This equation, as noted in section 4.4, accounts for body-interference effects on the
lifting surface and lift carryover from the lifting surface onto the fuselage. It should
be noted that in the derivation of the equation, reference 11 considered a midwing con-
figuration on a cylindrical body. The horizontal-tail and fuselage configuration of the
subject airplane does not represent this idealized condition. The tail is near the top
surface and at the end of the fuselage; also, there is an air gap between the tail sur-
face and the body. Thus the application of the equation represents an approximation,
and the amount of lift carryover from the tail to the fuselage may be questioned. The
magnitude of this carryover would be of more concern in considering tail contributions
to pitching moments than to lift. On the basis of the principles of reference 11,

Sh q
CLh) (CLa)he [Kh(f) + Kf(h)] %(?j)(i ) (4.10-2)

where

(CLa) is the lift-curve slope of the exposed panels of the tail (section 4. 2)
h
e
Kph (f) is the ratio of the lift on the horizontal tail due to the local angle of attack,

in the presence of the body to tail alone, obtained from figure 4.4-1
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Kf(h) is the ratio of the tail-lift carryover onto the body to tail alone due to local
angle of attack, obtained from figure 4.4-1

(o), is the angle of attack at the tail, equal to (ap- €p)

€, 1is the average downwash acting on the tail (section 4.9.1)

q
—_b— is the dynamic-pressure ratio at the tail (section 4,9.2)
q

20

Pertinent parameters and summary calculations for CLh(hf) of the subject air-

plane are listed in table 4.10-1(a).

The effect of body vortexes on the lift of the horizontal tail can be considered
negligible when the tail span is greater than three times the body diameter at the tail.
This ratio is exceeded in general aviation aircraft; therefore, the effect of body
vortexes is neglected.

The maximum lift coefficient of the tail in the presence of the fuselage, Cr 54 hf)’

and the corresponding angle of attack, (ozc ) , are determined by the methods
Lmax h (hf)
used in section 4.4 (eqs. (4.4-3) and (4.4-4)) to obtain the stall characteristics of the

wing in the presence of the fuselage.

Pertinent parameters and summary calculations for (CLmaX)h(hﬂ and
(ac ) of the subject airplane are listed in table 4.10-1 ®).
Lmax h(hf)

At airplane stalled conditions, the lift contribution of the tail is dependent upon its
position relative to the wing wake. The wake of the stalled wing can be considered, in
accordance with reference 1, to be bounded by the lines emanating from the leading
and trailing edges of the wing parallel to the free-stream direction. For tails outside

the wake gﬂ and Eh can be assumed to be equal to zero.
o

Tor tails inside the wake, reference 1 recommends that the lift contribution of the
tail be assumed to be equal to zero at airplane stall. This does not appear to be a
realistic assumption because it implies complete loss of pitch effectiveness of the tail,
which is in contradiction with the statement on downwash in section 4,9.1 at stall:
" For wings stalled at the tip. ..the downwash in the region of the tail will be greater
for a stalled wing than for an unstalled wing for a given lift coefficient....when the
wing stalls at the center, the center of the wake moves upward and the vortexes rolling
off the edge of the stalled portion reduce the downwash. "

In the absence of specific quantitative procedures to estimate the downwash at the
tail at stall conditions, when the tail is inside the wake, the downwash as determined
from figure 4.9.1-7 was assumed, as a first approximation, to be fully effective up to
stall.
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The summary calculations for the lift of the subject airplane are presented in
tables 4.10-1 and 4. 10-2. The resulting lift curve is compared with wind-tunnel data
in figure 4.10-1. The shape of the curve from the limit of Iinearity to the stall was
obtained in the same manner as for wings alone (section 4. 2).

As a matter of interest, a buildup of calculated lift characteristics, from wing
alone to the complete airplane, is shown in figure 4.10-2.

4.10.1 Symbols

Ay horizontal -tail aspect ratio

by horizontal -tail span, ft

Cy, lift coefficient

CLh(hf) lift coefficient of the horizontal tail with tail-fuselage interaction

effects included, referred to the wing area and free-stream
dynamic pressure unless noted otherwise

CLwfn tail-off lift coefficient

(chax)h maximum lift coefficient of the isolated horizontal tail referred to
the tail area and a dynamic-pressure ratio of 1

(CLmax)h o) maximum value of Cry g
(ACL)h . increment lift coefficient of the horizontal tail due to the effect
(tv) of fuselage vortexes, referred to the wing area and free-stream
dynamic pressure
(CLa) . tail-off lift-curve slope, per deg
win
(ACLoz)h lift-curve slope of the exposed panels of the tail, per deg
e
cy taper-ratio correction factor
(df)h fuselage width at the horizontal tail, ft
iy incidence of the horizontal tail, equal to 0
Ky, ratio of the lift on the tail in the presence of the fuselage to the
() )
tail alone
Kf(h) ratio of the tail-lift carryover onto the fuselage to the tail alone
ih,c-loo dynamic pressure at the horizontal tail and in the free stream,
respectively, 1b/sq ft
Sh area of the horizontal tail, sq ft
She area of the exposed horizontal -tail panels, sq ft
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wing area, sq ft
airplane angle of attack relative to the X-body axis, deg

stall angle of the isolated horizontal tail, deg

stall angle of the horizontal tail in the presence of the fuselage,
deg

horizontal-tail angle of attack, oy, +1i - €, deg

horizontal-tail angle of attack at the limit of linearity of the tail
lift-curve slope, deg

elevator deflection, equal to 0 in the present analysis, deg

average downwash across the horizontal tail, deg
downwash gradient at the horizontal tail

sweep of the horizontal-tail leading edge, deg

horizontal -tail taper ratio
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TABLE 4.10-1

LIFT OF HORIZONTAL TAIL IN THE PRESENCE OF THE FUSELAGE (., = 0°)

(a) Lift of the horizontal tail in the linear range,

CLyhp

- (9 \h
CLh(hf) = (CLO‘)he [Kh(f) + Kf(h)] (ozb- ehﬁffs—;)

Symbol Description Reference Magnitude
of, Limit of linearity of horizontal tail, relative to tail chord,deg{Table 4.2-1 10. 6

dpy Fuselage width at horizontal tail, ft Figure 3.2-2 1.25

b, Horizontal-tail span, ft Table 3.2-1 12.5

e A R 10

bp

Kh(f) Ratio of lift on tail in presence of fuselage to tail alone Figure 4.4-1 1.075

Kih) Ratio of tail-lift carryover on fuselage to tail alone Figure 4.4-1 .13

(CLa/)h Lift-curve slope of exposed horizontal-tail panels, per deg |Table 4.2-1 0,070

e

She Area of exposed horizontal-tail panels, sq ft Table 3.2-1 28,173

Se Reference wing area, sq ft Table 3.2-1 172.3
—(jh Dynamic-pressure ratio at the horizontal tail Figure 4.9.1-1 | 1.0 (constant)
q)O

Summary: CLh(‘hi) = 0.01406(ozb - Eh) on basis of Sy = 172.3 sq ft up to cy*f) =10.6°

CLmax h(hf)
(CLmaX)h(hi) - (CLmaX h [(ZC_L:;E)_}I-] (OCLmaX)h(hf) ) (%Lmax)

(b) Maximum lift and stall angle of horizontal tail

({‘CLmax?h@f)

(CLmax)h(hf) =0.175 based on S, = 172.3 sq ft

(aCLmax)h(hf) = 14.45°

h (GCLmax>h
Symbol Description Reference Magnitude
(Ale)h Horizontal-tail leading-edge sweep, deg Table 3.2-1 12.0
Ap Horizontal-tail aspect ratio Table 3.2-1 4.8
A Horizontal-tail taper ratio Table 3.2-1 .515
(dp)
“h Ratio of body width to tail span at the tail Table 4. 10-1(a)] .10
bn
(CLmax) Horizontal-tail maximum lift coefficient (based on Table 4.2-1 . 935
hl s =32.5 sq ft)
(“C a)) Horizontal-tail stall angle, deg Table 4.2-1 14.45
Lm h
cy Taper-ratio correction factor Figure 4.4-2 1.06
{cy +1)Ap tan (/‘le)h ------------ 2.10
(CLmaX)h(hf)
e N Figure 4.4-3 .99
( Lmax)h
(aCLmax)h(hQ
—CYC——— Figure 4,4-3 1.00
(*CLmas),
Summary: (CLmax)h(hf) = 0.926 based on Sy = 32.5 sq ft
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Figure 4.10-1. Comparison of predicted airplane lift curve with wind-tunnel
data. 8, = 0°; Sy = 178 sq ft.
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CL P Wi'ng alone
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— --— Wing, fuselage, nacelles
—————— Total airplane
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Figure 4.10-2. Predicted buildup of the lift characteristics of the airplane. &g = 0°
Sw =178 sq ft. ©
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4.11 Pitching Moments of the Complete Airplane (6, = 0°)

The pitching moments of the complete airplane (6, = 0°) are determined by

synthesizing previously determined information in the following equation:

C =C

m = Cmy g * Cmyp g @.11-1)

where

C is the tail-off pitching-moment coefficient considered in section 4. 8

My fn
Cmp, (hf) is the contribution of the horizontal tail (including tail-fuselage inter-

ference effects) to the pitching-moment coefficient of the airplane

The pitching moments due to the horizontal tail are determined from

Cw Cw

B Xcg Xh
Crpmpy =\ 2“7 ) CLams 4.11-2)

where, parallel to the X-body axis,

X
_cg is the airplane center-of-gravity location from the wing leading edge

c

w
Xh ~
— 1is the distance to the Z— of the horizontal tail from the wing leading edge
c

w

CLh(hf) is the lift of the tail in the presence of the fuselage, considered in section 4.10

Summary calculations for the pitching moments of the subject airplane relative to
the center of gravity of the wind-tunnel data (0.10Cy) are presented in table 4.11-1.

The resulting pitching-moment characteristics are compared with wind-tunnel data in
figure 4.11-1. Although the correlation appears to be good, it should be noted that the
slope of the calculated C,, versus o curve is slightly more negative than in the

corresponding wind-tunnel data. Considering that the calculated tail-off Cy, versus ap

curve (fig. 4.8.3-2) had slightly more positive slope than the wind-tunnel data, it is
evident that the calculated pitch effectiveness of the tail is greater than reflected by
the wind-tunnel data.

For the geometric fuselage-tail configuration of the subject airplane it appearss
that the lift carryover from the tail to the fuselage may be insignificant not only be-
cause of its location on the fuselage (see section 4. 10) but also because of the gap
between the horizontal tail and the fuselage. This implies that the Kf(h) factor in the

tail-1ift equation (eq. (4.10-2)) should have been assumed to be equal to zero. It is
suggested that Kf(h) be considered negligible for tail-fuselage configurations similar
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to that of the subject aircraft.

Another contributing factor to the discrepancy between calculated and wind-tunnel
pitching moments is the neglect of the thickness of the boundary layer of the fuselage
at the tail. This neglect affects the effective fuselage diameter used in obtaining the
factor Ky f) from figure 4.4-1 for use in tail-lift equation (4.10-2).

The buildup of the calculated pitching-moment characteristics is shown in fig-

ure 4.11-2.

4.11.1 Symbols

CL

CLh(hf)

CLmax

(CL oz)wfn
Cm

Cmp )

C My fn

@p

aCLmax

118

lift coefficient

1ift coefficient of the horizontal tail with tail-fuselage interaction
effects included, referred to the wing area and free-stream
dynamic pressure

maximum lift coefficient

tail-off lift-curve slope

pitching-moment coefficient

horizontal -tail contribution to the pitching-moment coefficient
based on CLh(hf)

tail-off pitching-moment coefficient

mean aerodynamic chord, ft

wing mean aerodynamic chord, ft

ratio of the tail-lift carryover onto the fuselage to the tail alone

ratio of the lift on the tail in the presence of the fuselage to the
tail alone

wing area, sq ft

distance, parallel to the X-body axis, from the airplane center
of gravity and quarter chord of the horizontal-tail mean
aerodynamic chord, respectively, to the leading edge of the
wing mean aerodynamic chord, ft

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

stall angle of attack, deg

elevator deflection, equal to zero in the present analysis, deg
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PITCHING MOMENTS OF THE COMPLETE AIRPLANE (Ge =0°)

(a) Contribution of the horizontal tail, C

TABLE 4.11-1

Mhhi)
c Teg T ) c
Mhf)  \ G~z ) “Lhh
nwd "\ T &, ) Clhd
Symbol Description Reference Magnitude
X
Tcg Airplane center-of-gravity location from wing leading edge/wing | Wind-tunnel test conditions | 0. 10
Cw mean aerodynamic chord
Xp Distance to ¢/4 of the horizontal tail from wing leading edge, ft| Figures 3.2-1 and 3.2-2 15.0
Cw Wing mean aerodynamic chord, ft Table 3.2-1 4.96
Xh
— | e 3.024
Cw
C Lift coefficient of horizontal tail on basis of S, = 172.3 sq ft Figure 4,10-1 Variable
Lhf) W
Summary: thfhﬂ = -2.924 CLh(ht) on basis of S, =172.3 sq ft
(b) Summary
Cmp = mefn + th(hf)
@ ® ® @ | © ® @
Airplane Cj, . _
o deg on basis of On basis of S8 = 172.3 sq ft Cm
b SW = 178 sq ft, CLh(hf), thalf) = Cman’ Cm - on basis of
table 4.10-2 | table 4.10-2| -2.924(3) | table 4.8.3-1| W+ (B | Sy =178 sq ft
-4 -0.074 -0.056 0, 1637 -0,0472 0.1165 0,1128
-2 . 099 -, 042 .1228 -.0399 . 0829 . 0802
0 274 -.027 . 0789 -. 0330 . 0459 . 0444
2 447 -.013 . 0380 -. 0264 . 0116 .0113
4 . 622 . 002 -, 0058 -, 0204 -, 0262 -, 02b4
6 797 .016 -, 0468 -.0148 -.0616 -. 0596
8 . 972 . 031 ~-. 0906 -. 0096 ~, 1002 -. 097
10 1.149 L 047 -. 1374 -.0049 -. 1423 -, 1377
12 1.290 . 063 -.1842 -.0045 -. 1887 -. 1827
by3.8 1.355 . 077 -, 2251 -.0115 -.2366 -.2290
3Limit of linearity of (cL ) (fig. 4.44).
4/ win
bStall angle (table 4.4-2 or fig. 4.4-4).
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Figure 4.11-1. Comparison of predicted airplane pitching moments with
wind-tunnel data. 8, = 0°; Sy, = 178 sq ft; center of gravity = 0. 10Cy,.
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— — —— Wing alone

— ~— Wing, fuselage

— --— Wing, fuselage, nacelles
2 — — Total airplane

Figure 4.11-2. Predicted buildup of the pitching-moment characteristics
of the airplane. 8, =0°; 8, = 178 sq ft; center of gravity = 0. 10c,,.
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4,12 Drag of the Complete Airplane
The contributions to the drag of the complete airplane are as follows:
(1) Zero-lift drag of the wing, horizontal tail, and vertical tail
(2) Zero-lift drag of the fuselage and nacelles

(3) Zero-lift interference drag of the wing-fuselage, tail-fuselage, and wing-
nacelles

(4) Drag of the wing and horizontal tail at angle of attack
(5) Drag of the fuselage and nacelles at angle of attack
(6) Wing-fuselage interference drag at angle of attack
(7) Cooling drag due to nacelle inlets and cooling flaps

Each of these contributing factors is considered at this time and applied to the subject
airplane.

4.12.1 Zero-Lift Drag of Wing, Horizontal Tail, and Vertical Tail

The zero-lift or profile drag is composed of a skin-friction drag and a pressure
drag caused by the boundary layer, which prevents full pressure recovery at the
trailing edge. For subsonic conditions the pressure drag is usually small.

The magnitude of the skin-friction drag, caused by shearing stresses within the
boundary layer, depends upon the roughness of the surface and upon whether the flow
in the boundary layer is laminar or turbulent. According to reference 1, transition
from laminar to turbulent flow on a straight wing can be assumed to occur at a
Reynolds number of approximately 1 million, based on the distance from the leading
edge. Transition occurs at a lower Reynolds number on a swept wing. Thus, for all
practical purposes, the boundary layer is considered to be turbulent for the subsonic
conditions of general aviation airplanes.

For subsonic conditions (M < 0. 6), the profile drag coefficient of a lifting surface
may be accurately determined by using the following empirical equation (ref. 27) based
on the lifting surface area under consideration:

4
(CDO> - 2¢; [1 + 2@ + 120(—05) ] @.12.1-1)
ZS AN —7 N\ —_
/ Z Pressure drag term
Skin friction terms

Cy is the skin-friction coefficient of a flat plate, obtained from figure 4.12.1-1 as

where

a function of Reynolds number, Npg, and the parameter T
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{ 1is the reference length in inches, the mean aerodynamic chord of the lifting
surface

k is the surface-roughness height, estimated from table 4.12.1-1 on the basis of
surface finish, inches

% is the thickness ratio of the wing

It should be noted that only the exposed panels of the lifting surfaces are considered in
arriving at the zero-lift drag of the surfaces to avoid overlap with the fuselage surface
areas.

On the basis of equation (4.12.1-1) and the summary calculations of table 4,12.1-2,
the contributions of the exposed panels of the wing, horizontal tail, and vertical tail of
the subject airplane to the zero-lift drag of the airplane were determined, based on a
reference wing area of 172.3 square feet, to be as follows:

Swe
Wing (CDO>W =(CDO) Wy Bg = 0-00853

She
Horizontal tail (CDo>h Z(CDo)h —— =0.00159 4.12.1-2)

e W

Sve

Vertical tail (CD0> = (cDo> 5, = 000077 ]
v Ve

4.12.2 Zero-Lift Drag of Fuselage and Nacelles

The zero-lift drag of an isolated body may be estimated by using the following
empirical equation from reference 1 based on axisymmetric bodies of revolution. It
can be applied to non-body-of-revolution configurations by treating the actual body as an
equivalent body of revolution having an axially distributed circumferential area similar
to that of the actual body. For subsonic conditions (M = 0. 6), on the basis of the
frontal area, Sp,

5 154 Swet ) 4.12.2-1)
=Cs{l + ZB + 0, 0025 -a;j g];—-*- Dj
i /

Base drag

\ —

L pre ssure~-drag terms

Skin-friction term
where

Cp¢ is the skin-friction and pressure-drag coefficient of the body
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Cs is the skin-friction coefficient of a flat plate, obtained from figure 4.12.1-1 as
a function of Reynolds number, NRg, based on actual body length, lg, and the param-

l
eter —%\3- where k is obtained from table 4.12.1-1

dpg is the diameter of a circle having a perimeter equal to the perimeter of the

maximum frontal area of the body
Sg is the maximum frontal area of an axisymmetric body having a diameter, dg,

md
equal to 4B

Swet 18 the wetted surface area of the body, and may be approximated from fig-
ure 4.12.2-1 as a ratio of Sp

From reference 27
dy 3
CDb: 0.029 51—3 \chf 4.12.2-2)
where

db is the diameter of the equivalent circular perimeter of the base area

The preceding equations were applied to the estimation of the zero-lift drag of the
fuselage and nacelles of the subject airplane, as isolated bodies. The summary cal-
culations in table 4.12.2-1 show, on the basis of a reference wing area of 172.3 square
feet, the zero-lift drags to be as follows:

Fuselage (CDO\ ;= 0.00780
@4.12.2-3)

Nacelles <CDO) = 0.00374 per nacelle
n

4.12.3 Zero-Lift Interference Drag of Wing-Fuselage, Tail-Fuselage, and Wing-Nacelles

Zero-lift interference drag of wing-fuselage combinations is at a minimum and
tends toward zero at low subsonic speeds when the wing is at the nose or tail of the
fuselage. It is at a maximum when the wing is at approximately midlongitudinal posi-
tion on the body. This is substantiated by limited low-speed wind-tunnel data in
reference 27. When these data were applied to the subject airplane, the wing-fuselage
zero-lift interference drag was approximately 5 percent of the zero-lift fuselage drag.

A more up-to-date and substantial procedure to account for wing-fuselage zero-
lift interference drag for conventional orientation of a wing relative to a fuselage is
provided by the use of the correlation factor, Ryf, from figure 4.12.3-1, which is

the ratio of fuselage drag in the presence of the wing to fuselage alone with base drag
omitted. Thus the zero-lift drag of the fuselage in the presence of the wing, relative
to wing area, is obtained from
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where
(CDf>f is the zero-lift drag of the fuselage (section 4.12.2)

Ry is the ratio of the wing-fuselage to the fuselage-alone zero-lift drag, with
base drag omitted, as a function of Mach number and Reynolds number based on fuse-
lage length in figure 4.12.3-1.

The correlation factor was developed in reference 28 by determining the ratio of
test values of minimum drag coefficient to values predicted on the basis of Ryf= 1

for several wing-body combinations. The scarcity of quality test data required that
data for all classes of composite planforms be used in the correlation effort. No
distinction was made in planform type.

When the correction factor, Ryy¢, technique was applied to the subject airplane,

the net zero-lift wing-fuselage drag was (table 4.12.3-1(a))

B~ €00y (eor)mer+ eon) s

= 0.01688

4.12.3-2)

Zero-lift interference drag of tail-fuselage or tail-tail junctures: The zero-lift
interference of tail-fuselage or tail-tail junctures may be estimated from empirical
relations based on subsonic experimental data. When a tail panel intersects the fuse-
lage, the subsonic interference drag at the junction of the two surfaces may be approxi-
mated by equation (4.12.3-3), which was formulated in reference 27 for the interference
drag at the junction of a lifting surface (or strut) with a plane wall in turbulent flow
conditions. On the basis of a reference wing area, S, the increment of tail drag due

to fuselage interference is approximately
2

<ACDO)t(f) = nl{o. 8(%)3 - 0. 0005] Csre 4.12.3-3)

w

where
n, is the number of junctures of the tail surface with the fuselage

Cre is the root chord of the exposed panel

(2—) is the thickness ratio of the section at Cry

When the vertical tails intersect the horizontal tail, the interference drag due to
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each corner of the intersection may be approximated from the following empirical
equation from reference 27, based on the experimental data of intersecting stream-
lined struts:

Cint2
] 4.12.3-4)

S

W

n 4 2
(ACDO)v(h) i 72 [17(tg>int— > O5<%>int

where

ny is the number of corners (a cruciform intersection would have four corners)

(t_>. ¢ is the average thickness ratio of the intersecting surfaces at the inter-
in

section

Cint is the chord at the intersection

For the subject airplane, the horizontal and vertical tails intersect the fuselage in
an area where the fuselage contour is changing. In the absence of pertinent information
on the effects of surface contour, the zero-lift interference drag due to the juncture of
the tail surfaces with the fuselage was conservatively estimated on the basis of
equation (4.12.3-3), the equation for the juncture of a lifting surface with a plane wall.

On the basis of the summary calculations in table 4.12.3-1(b), the net zero-lift
vertical-tail -fuselage and horizontal-tail -fuselage interference drags are approximately

(C—Do)h :(CDo)h + (ACDO)h(ﬂ = 0.00159
(4.12.3-5)
(C_DO)V = (CDO)V + (ACDO)V(f) = 0.00077

Zero-lift interference drag of nacelle-wing combinations: The zero-lift interference
drag of nacelle-wing combinations in which a relatively slender nacelle is faired into
the wing was considered in reference 27, The study concluded that the interference -
drag of nacelles faired into the wing may be roughly accounted for by the increment of
zero-lift wing drag due to the wing area covered by the nacelle. Thus, for one nacelle

(ACDO)n(W) ) (CD°> W(ASSV:? - (¢.12.3-6)

where

(CDO) is the zero-lift drag of the exposed wing panels, based on equation (4.12,1-
w
1), in terms of the reference wing area

SW is the reference wing area, square feet
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(ASw)n is the wing area overlapped by one nacelle, square feet

When applied to the subject airplane, the summary calculations of table 4.12.3-1(c)
show the net zero-lift drag of the two nacelles to be, on the basis of the reference wing

area, Sw,
N , o 15 3.1
(CDO) ( )—— 2[(()Do)n +(A(ID )n(w)]— 0.00854 4.12.3-7)

Summary: The zero-lift drag of the components plus the interference drags be-
tween mating components is

Cp, =€y +(CDy),, +(Cp,),, +(CDO)n(W) (4.12.3-8)

For the subject airplane, as summarized in table 4.12.3-1(d),

Cp,, = 0.02778 (4.12.3-9)

based on a reference wing area of 172.3 square feet. When this is converted to the
reference area (178 sq ft) of the wind-tunnel data, CDO = 0.02681.

1.12.4 Drag of Wing and Horizontal Tail at Angle of Attack

The drag due to lift of a wing is made up of the induced drag due to vortex system
downwash and a viscous drag caused primarily by the upper-surface boundary layer
which increases in thickness as the angle of attack increases.

On the basis of simple theory the induced drag of a wing at subsonic conditions is
conventionally represented by

2
CLW

CDi - 7rAwe

@.12.4-1)

where e is the Oswald span-efficiency factor which is equal to 1 for elliptic wings and
can be calculated for wings having other shapes. The equation has limited utility. It
provides reasonable values for straight wings below the angle of attack for maximum
% . Above this angle, separation of flow at the trailing edge usually causes the drag
to increase significantly above the theoretical value obtained from the equation. The
equation becomes invalid for swept and low-aspect-ratio wings because the shedding

of the vortex inboard of the wing tips reduces the effective aspect ratio of the wing.

Many attempts have been made to develop empirical methods for predicting the
subsonic span-efficiency factor, e, over the parabolic-induced-drag region. Develop-
ment of empirical relations for predicting viscous drag has been handicapped by lack
of full-scale correlation data. Substantiation of proposed techniques for calculating
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the drag due to lift has been hindered by the need to refer to small-scale wind-tunnel
data.

Several methods were considered for application to general aviation aircraft.
These included the method of reference 29, which was refined in reference 28, and a
method presented in reference 1. A spot check of the results of applying the two
methods to the subject airplane and correlating them with the full -scale wind-tunnel
data of the airplane indicated that the former method predicted wing drag which
appeared to be excessive with increasing angle of attack. Predictions by the latter
method, which is used in this report, appeared to be more reasonable.

The drag of the untwisted wing (and horizontal tail) due to lift can be determined

from Induced Viscous
= w 5.0,) + koA (4.12.4-2)
(CDi W Ay (0102t e
whevre

Cq, is the lift coefficient of the lifting surface being considered and referenced to

its own lifting surface area

61 is a theoretically determined correction factor for the taper ratio of the sur-

face being considered, obtained from figure 4.12.4-1 as a function of taper ratio, A,

and aspect ratio, A,

by isa theoretically determined correction factor for the sweep angle of the sur-
face being considered, obtained from figure 4.12.4-2 as a function of sweep angle,
Ac/4 and aspect ratio, Ay

kg is an empirically determined sweep-angle correction factor for the viscous
drag of the surface being considered, obtained from figure 4.12.4-3 as a function of
sweep angle, Ao and a parameter, J, defined in equation (4. 12 .4-3)

A is an empirical viscous drag increment factor for the surface being considered,
an Qahs

tan(o‘abs)cL

obtained from figure 4.12.4-4 as a function of and the parameter J

max
and where

AW (co + 1) tan Ay
J=0.3(c; +1) N4 cos Ale (¢q + Dlcg + 1) - 7 ] (4.12.4-3)

with the taper ratio constants ¢, and cy obtained from figures 4.2-3 and 4.4-2,
respectively.

Applied to the subject aircraft, the summary calculations of table 4.12.4-1(a)

128 H-646



show that the lift-drag contributions of the wing and horizontal tail can be represented
by

(CD1>W =0.0432C,2 + Ay on the basis of S, = 172.3 sq ft
(4.12.4-4)
(CDi>h = 0.0669C” + Ap, on the basis of Sy =32.5 sq ft

These equations are applied in tables 4.12.4-1(b) and 4. 12. 4-1(c) to determine the lift-
drag contributions of the two surfaces as functions of o and S = 172.3 square feet

to be applied in the drag summation in section 4.12.7.
4.12.5 Drag of Fuselage and Nacelles at Angle of Attack

The drag of a body at angle of attack is related to its lift. By assuming that the
flow is potential over the forebody and is entirely viscous over the afterbody, as was
done for the lift of the body in section 4.3, the following equation for the subsonic drag
of a body due to angle of attack (in effect, due to lift) was arrived at in reference 10:

B VB2/3

S
w

2
2¢d (k2 - k].)SB 2013 j @.12.5-1)

Cp:) = + nreq  dx

%o

where

« is the angle of attack of the equivalent body of revolution relative to its zero-
lift line, radians

Sp is the maximum cross-section area of the equivalent circular body, square
feet

Vp 1is the volume of the equivalent circular body, cubic feet
(k2 - k1) is a reduced mass factor, obtained from figure 4.3-1

n is the ratio of drag coefficients of finite to infinite length cylinders, obtained
from figure 4.3-2

cd,, is a crossflow drag coefficient of an infinite length cylinder, obtained from

figure 4.3-3
lp 1s the length of the body, feet

X, 1s the location from the nose of the body where potential flow ceases, obtained

from figure 4.3-4, feet
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/rdx is half of the projected area of the equivalent circular body from x, to the

end, square feet

A comparison of equation (4.12.5-1) with the equation for the lift of a body in section 4.3
indicates that

(Cpy),, = CLB® 4.12.5-2)

where

CLB is the lift of the body per equation (4.4-2)
o is the angle of attack of the body, radians

Because the subsonic drag of a body due to lift is simply a matter of multiplying
its lift by the angle of attack, the drag due to lift of the fuselage and nacelles of the
subject airplane, on the basis of the treatment of these components in section 4.3 for

the lift of the components, is obtained from

Fuselage Two nacelles

(ab— 3)\/* o
(CDi)g, = CLsB7.3 *CIn57.3 (4.12.5-3)

where
Cypp is the sum of columns 3 and 4 in table 4.4-2

Cry is the sum of columns 5 and 6 in table 4.4-2

oy, i the reference angle of attack relative to the body axis

Table 4. 12.5-1 summarizes the calculation of the drag of the fuselage and nacelles of
the subject airplane due to lift. The calculations are based on a reference wing area.

4.12.6 Wing-Fuselage Interference Drag at Angle of Altack

Little appears to be known about wing-fuselage interference drag at angle of attack.
There is undoubtedly some increase in parasitic drag at the juncture of the lifting sur-
face and the body. There is also some modification of the induced drag of the wing due
to the upwash from the body acting on the wing. This upwash modifies the loading
across the span and, for an elliptic wing, could increase the induced drag. For a
rectangular wing, the resulting load across the span is made "more elliptic" (tending
toward lift distribution of an elliptic wing) and could result in some decrease in
induced drag.

In the absence of applicable representative data, no attempt is made to account for
wing-fuselage interference drag at angle of attack. However, it is believed that the
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omission of this factor would affect the total drag of the subject airplane by less than
5 percent at the angle of attack of incipient stall.

4.12.7 Cooling Drag

The discussion of nacelle drag in the previous section did not take into account the
effect of drag due to the cooling system, which could be a significant factor. An
analytical treatment of cooling drag is beyond the scope of this paper because of the
complexity and uncertainties in its determination. Some general considerations in its
analytical determination may be obtained from reference 27. To account for the cooling
drag in the predicted drag characteristics, which were to be compared with wind-
tunnel data, consideration was given to the fact that the wind-tunnel tests of the subject
airplane were conducted with the inlet and cooling flaps open and that unpublished,
propeller-off, wind-tunnel data were available for the increment of drag due to the
cooling system., These data, shown in figure 4.12.7-1, were used to account for the
cooling drag. It should be noted that this cooling drag has a characteristic reversal
in trends which would be difficult, if not impossible, to predict. The relatively sharp
increase in cooling drag above an angle of attack of approximately 8.5° is particularly
significant in providing improved correlation of predicted drag characteristics with
wind-tunnel data at high angles of attack, as is shown in the next section.

4.12.8 Summary Drag of the Complele Airplane

The net drag of the subject airplane is summarized in table 4. 12, 8-1 in the follow-
ing format. The data for the contributing factors, with the exception of the cooling
drag, were obtained from the tables noted above the individual terms. The cooling
drag data were obtained from figure 4.12.7-1.

Table
4.12.3-1  4,12.4-1(b) 4.12.4-1(c) 4.12.5-1 4.12.5-1

Cp = Cp, + (CDi)W + (CDi>h + (CDi)f + (CDi)n + (CD)cooling system 4.12.8-1)

The above result is for a reference wing area of 172.3 square feet. To permit a direct
comparison of the calculated drag with wind-tunnel data, the results are converted to
a reference wing area of 178 square feet in the last column of table 4.12. 8-1,

The calculated drag characteristics with the cooling drag increments omitted and
included are compared with wind-tunnel data in figures 4.12.8-1(a), 4.12.8-1(b), and
4.12.8-1(c) as functions of qo,, Cp, and Cp2, respectively., Although the calculated

drag with cooling drag increments omitted correlates well with the wind-tunnel data
through the angle-of-attack range of -4° to 12° in figure 4. 12.8-1(a) (and a correspond-
ing Cy range in fig. 4.12.8-1(b)), the addition of the cooling drag increment resulted

in excellent correlation up to 4° angle of attack. Whereas the Cp versus @, plot

(fig. 4.12.8-1(a)) shows a slight decrease in correlation over the remainder of the
angle-of-attack range, the Cp versus Cp, plot (fig. 4.12.8-1(b)) shows excellent

correlation at the limit of linearity (at Cyp, = 1. 15, which corresponds to o4 = 10°).

It should be noted that the appreciable, and important, increase in cooling drag in-
crement at high angles of attack is difficult to predict analytically.
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The predicted buildup of the drag characteristics shown in figure 4.12,8-2 in-
dicates that all contributing factors considered were important.

4.12.9 Symbols

The following list of symbols constitutes the basic symbols used. In several in-
stances, such as in the equation in table 4.12.1-2, a subscript "i" is applied to
parenthesized quantities, with an identifying notation on the left side of the equation
(such as i=w, h, v), to signify that the equation applies to the surfaces thus identified.
If the wing is being considered, i=w and all parenthesized quantities having an i
subscript apply to the wing; for example, Sj, = Swg» the area of the exposed wing

panels.

Ay

Cp

Chp

(CD)cooling system
CDf

(Cog);

CDi

(CDi)B

(Cp;)p Cpy)y» (CD1)

Coy),,

(CDi)fn

132

wing aspect ratio
drag coefficient

base drag coefficient referred to the maximum frontal
(cross section) area of the body involved

contribution of the cooling system to the airplane drag
coefficient

skin friction and pressure drag coefficient referred to the
maximum frontal area of the body involved

fuselage Cpy

induced drag coefficient referred to the wing area unless
noted otherwise

Cpy of the body (fuselage or nacelle)
contribution of the fuselage, horizontal tail, nacelles, and
wing, respectively, to CDi

net contribution of the fuselage and nacelles to Cpy

zero-lift drag coefficient referred to the wing area unless
noted otherwise

zero-lift drag coefficient of a body referenced to the frontal
area

Cp, of the isolated fuselage and one isolated nacelle,

respectively, referenced to the wing area

CDp, of the fuselage with wing-fuselage interference

accounted for, referenced to the wing area
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(CDO)h,(CDO)W,(CDO)V CDo of the exposed panels of the horizontal tail, wing,

and vertical tail, respectively, referenced to the wing
area

(CDO)he,(CDO)We, (CDO)Ve Cp, of the respective exposed panel surface areas

(CD ) zero-lift drag coefficient of the exposed panels of a lifting
o
Is surface, referenced to the exposed panel area

(CD ) ,(CDO) ,(CDO) net contribution of the horizontal tail, nacelles, and
°’h n v vertical tail, respectively, to the zero-lift drag coef-
ficient with interference effects accounted for, refer-
enced to the wing area

(€06 )y, =(@po),, +(Cn,),

(C_Do)wf =(Cpo),, *(© Do)f(w)

(ACD ) ,(ACD6> increment of the zero-lift drag coefficient of the horizontal
O/h(f) /v(f) and vertical tail, respectively, due to fuselage inter-
ference, referenced to the wing area

(ACD()) increment of the zero-lift drag coefficient of one nacelle

n(w) due to wing interference, referenced to the wing area

(CD ) net zero-lift drag coefficient of the nacclles in the presence

0/n(w) ,

of the wing

AC eneralized expression representing (AC or

(ACny) £ g P ¢ Do)h(i)
(ACDo)V(ﬂ’ referenced to the wing area

(ACDO> increment of the zero-lift drag coefficient of the vertical

v(h) tail due to the horizontal-tail interference when the

vertical tail intersects the horizontal tail, referenced to
the wing area

Ce skin-friction coefficient of a flat plate, based on a wet sur-
face area, obtained from figure 4.12.1-1

Cy, lift coefficient referred to the wing area unless noted other-
wise

CLB lift coefficient of the body (fuselage or nacelle), referenced
to the wing area

CLf’CLn’ CLw lift coefficient of the fuselage, nacelles, and wing, respec-

tively, referenced to the wing area
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Jh! Jw

kz—kl

=
w

Al wlle

lift coefficient of the horizontal tail referred to the tail
area

two-dimensional steady-state crossflow drag coefficient
for circular cylinders, obtained from figure 4,3-3

chord at the intersection of the vertical and horizontal tails
when the horizontal tail is mounted on the vertical tail or
vice versa, ft

root chord of the exposed portion of the tail surface inter-
secting the fuselage, ft

taper ratio correction factors, used in calculating the
parameter J, as obtained from figures 4.2-3 and 4.4-2,
respectively

diameter of the equivalent circular perimeter of the maxi-
mum frontal area of the body (fuselage or nacelle), ft

diameter of the equivalent circular perimeter of the base
area, ft

Oswald span-efficiency factor used in the induced-drag
equation (4.12.4-1)

parameter, defined by equation (4.12.4-3), used in ob-
taining the viscous drag increment, A, of a lifting sur-
face

the parameter J applied to the horizontal tail and wing,
respectively

equivalent sand roughness of a surface (table 4. 12.1-1),
in.

apparent mass factor, obtained from figure 4. 3-1

sweep-angle correction drag factor for the viscous drag
increment, A

lift-to-drag ratio of the wing

reference length, for lifting surfaces, equal to the mean
aerodynamic chord of the individual surface, for bodies,
equal to the length of the body, in.

reference length of the body (fuselage or nacelle), in.

reference length of the fuselage, in.
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Sh» Sw
She»SwesSve

wet

Mach number

Reynolds number

number of junctures of the tail surface with the fuselage

number of corners in the juncture of the vertical tail with
the horizontal tail (cruciform intersection would have

four corners)

ratio of the wing-fuselage to fuselage-alone zero-lift drag
with the base drag omitted

radius of the body, ft

maximum frontal area of the body (fuselage or nacelle),
sq ft

horizontal tail and wing area, respectively, sq ft

exposed-panel surface area of the horizontal tail, wing,
and vertical tail, respectively, sq ft

wetted surface area, sq ft

wing area overlapped by one nacelle, sq ft
airfoil section thickness ratio

average thickness ratio of intersecting vertical- and
horizontal-tail surfaces

body volume (fuselage or nacelle), cu ft

distance from the nose of the body to the point of maximum
cross-section area, ft

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

angle of attack of the fuselage and nacelle, respectively,
deg

absolute angle of attack of the horizontal tail and wing,
respectively, deg

absolute stall angle of attack, deg
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(ahabs) C Lmax,(awab S)C Lonax

7/

g’= (1 - M2)

Ap Ay

5,0,

136

1/2

absolute stall angle of attack of the horizontal tail
and wing, respectively, deg

viscous drag increment

viscous drag increment of the horizontal tail and wing,
respectively

elevator deflection, deg

correction factor for the taper ratio and sweep angle
of the quarter-chord line, respectively, in calcu-
lating the induced-drag coefficient of the wing and
horizontal tail

net downwash at the horizontal tail

ratio of the drag coefficient of finite to infinite length
cylinders

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

taper ratio of the wing
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TABLE 4.12.1-1

SURFACE ROUGHNESS HEIGHT k

[ ref. 1]

Type of surface

k, in.

Aerodynamically smooth
Polished metal or wood
Natural sheet metal

Dip galvanized metal surface
Natural surface of cast iron

Smooth matte paint, carefully applied
Standard camouflage paint, average application
Camouflage paint, mass production spray

0

.02 to .08 X 1073

.16 X 10~3
.25 X 1073
.40 x 10-3
1.20 X 10-3
6.0 X 10-3
10.0 x 10-3

TABLE 4.12.1-2
ZERO-LIFT DRAG OF WING, HORIZONTAL AND VERTICAL TAILS

= 2(Cy); [1 + 2(%)i + 120(%):] :iTe

C on basis of S, =172.3 sq ft
( DO)i=w,h,v w
Magnitude
Symbol Description Reference Exposed Exposed Exposed
wing panels | horizontal tail | vertical tail

k; Surface roughness height, in, Table 4,12.1-1 0.25 x 10™3 smooth matte paint
; Reference length, mean aerodynamic Table 3.2-1 57.1 31.2 39.2

chord of surfaces, in.
14
e T E—— 2.28x10% | 1.25 x 105 | 1.57 x 10°

1

NRe,i Reynolds number at 63.4 mph, sea level | Wind-tunnel test 3.09 x 10 1.69 x 108 2.12 x 108

_ 1%(0.65 x 106) condition
Cfi Skin-friction coefficient of flat plate Figure 4.12.1-1 3.65% 1073 4,08 x 1073 | 3.9 x 10-3
(tg) Thickness ratio of surface Table 4.1-1 .15 .08 .08

i
2(C).l 1| Zero-lift drag of component on basis of Equation (4.12,1-1)| 0.00993 0.00951 0.00909
! exposed panel area, Sj,

Sie Exposed panel area of component sur- Table 3.2-1 148, 0 28.73 14.6

face
(CDO)i Zero-lift drag of component on basis ofie -------------- (CDo)w = (CDo)h = (CDo)v =

reference wing area, (CDO)1= 2(Ce)i ]S— . 00853 . 00159 .00077

i W
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TABLE 4.12.2-1
ZERO-LIFT DRAG OF FUSELAGE AND NACELLES

[On basis of reference wing area, Sy, = 172.3 sq ft]

. 3 S
C =(Cps+C S—B—l-(c) 1452 +0.0025(& '—Et)i+0029<d—b> c —BJ
(“Do); ¢, n ( Pt Db)i Sw ittt ds/i| Sm; dB/ V( DO,
dp)i '
hY
Magnitude
Symbol Description Reference
Fuselage Nacelle
L Diameter of cquivalent perimeter of maximum } Airplane drawing 5.41 3.0
t frontal area, ft
SB: Frontal area of equivalent perimeter body, | -====---------- 23.0 7.07 per
By
mdp 2 nacelle
1 i , sq ft
i Length of body, ft Figure 4.3-5 24,2 8.82
dp. Diameter of base of equivalent body of | ===--==mro—mmm ~0.79 ~1.0
! revolution, it
l.
(dL> El_ --------------- 4,47 2.94
B/; dBi
d bi
(aﬁ) e .15 .33
B/i B;
(Swet) i
5B Ratio of wetted surface area to S, Figure 4.12.2-1 | 12.4 8.2
i
(Swet)i Wetted surface area of isolated body, @~} -==-====-7-———~- 285 58 per nacelle
(Swet)i
——SK— SBi’ sq ft
k; Surface roughness height (smooth matte finish) | Table 4.12.1-1 0.25 x1073 in. | 0.25x1073
L
= Ratio in common wnits | mm=mmmmmmmmmmee 1.16 %108 4,24 x 108
i
(NRe)i Reynolds number at 63. 4 mph (sea level); Wind-tunnel test | 1.57X 107 5.73 x 106
(Np.):= (0.65x100)7; condition
Rei
(Cr); |Skin friction of flat plate Figure 4.12.1-1 | 2.8Xx 1073 3.3%x1073
60 (Swet)'
(Cpg); |C0)|1 +75a +0-0025 <d—l) - Equation 0.0584 0.0912 per
< ) B/; Bi .12.2-1) nacelle
B/
(c ozo( 2 ’ (
D ) 0. 9(—— Cpy). Equation ~0 ~0
b/ 4B /; s 4.12.2-2)
c c °Bi basis of
(CDO)i ( Df)i +( Db)l Sw on basis ok ) TTTTTTITTTTITTT (CDo)f = (CD())n =
reference S, = 172.3 sq ft - 00780 - 00374 per
w nacelle
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TABLE 4,12,3-1
ZERO-LIFT DRAG OF THE COMPONENTS

(a) Net zero-lift drag of wing-fuselage comhination

. s
(CD0 Wi (CDO)W +[(C[)f) Rt + C[)b] —S%

Symbol Description Reference Magnitude
(CDO) Zero-lift drag of isolated exposed wing panels | Table 4,12.1-2 0, 00853
w
Cpy, Base drag of fuselage Table 4.12.2-1 Q
(CDf>f Zero-lift drag of isolated fuselage with base Table 4.12,2-1 . 0584
drag omitted
M Mach number Wind-tunnel condition 0,083
Sp Frontal area of fusclage, sq ft Table 4,12.2-} 23.0
I Length of the fuselage, ft Figure 4,3-5 24.2
Sw Reference wing area, sq ft Table 3.2-1 172.3
Npe Reynolds number = 0,65 X 108 x If Wind-tunnel test condition| 1.57 x 107
Ry ¢ Wing-body interference correlation factor Figure 4,12,3-1 1,071
Summary: (CDO) wE™ 0.01688
(b) Net zero-lift drag of tail surfaces in presence of fuselage
3 =(Cn,), +(€ny), = (cDo) +(AC ) (cp,) +(acp,)
( Do)hv ( Do)h ( Do)v DoJh Do hf) +(tD, v D, Vi)
itud
Symbhol Description Reference Magnxtu ad n -
Horizontal tail | Vertical tail
(CDO) Zero-1ift drag of isolated exposed horizontal- | Table 4.12.1-2 0,00159 | --————-
h tail panels
(CDO) Zero-lift drag of isolated exposed vertical - Table 4.12,1-2 | - 0.00077
v tail panel
ny Number of junctures of tail with fuselage | -————--------- 2 1
2-. Thickness ratio of tail surface at juncture Table 4. 1-1 .08 .08
Crc Root chord of exposed tail surface, ft Table 3.2-1 3.275 4.25
Sw Reference wing area, sq ft Table 3.2-1 172.3 172.3
(ACDO) Interference drag of horizontal-tail surface Equation (4.12.3-3) =0 | -
h{f) due to fuselage
(ACI)O) Interference drag of vertical-tail surface Equation (#.12.3-3) | ---=--- ~0
J v(f due to fuselage
Summary: (Cp ) =0.00159 + 0 + 0, 00077 + 0 = 0.00236
O hv
(c) Net zero-lift drag of nacelles in presence of wing
— (85),
(CDO)n =2 (C[)U)n * (CDO)W“ Sy
Sy mbol Description Reference Magnitude
(CDO) Zero-1ift drag of one isolated nacelle Table 4.12.2-1 | 0.00374 per nacelle
n

Reference wing area, sq ft

Wing area overlapped by one nacelle, sq ft

Figure 3.2-1
Table 3.2-1

10.7
172.3

Summary: (CDQ) " 2 [0. 00374 + 0. 00853
W

10.7
172.3

] = 0. 00854

(d) Summary zero-lift drag of the components; on basis of reference

Sy = 172.3 sq

ft

C :(C (C ) C , =0,01688 + 0,00236 + 0.00854 = 0.02778
Do D(’)wf *{*Do hy +( Do, n(w) e * >
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TABLE 4.12,4-1 (Concluded)

(b) Drag of wing due to 1ift - 0, 0432 CLi, + Ay

- . - 17.47 . =0.3134
Jy, = 7.86 (from (a)); (QWabS)C 17.4° (from (a)); tan (“Wabs)cI 1
Lmax ‘max
(a) )
fa
Wabs 2 2 tan “Wabs .
| 7 Cryr Oy 0043201, 2| tan oy, fanfowp ). Aw, (( Di)w
Qyy » G€: . 2 abs s
0r B - ayrz, | higure 4.2-1 [ @ | 00432 @] tan @ CLmax | figure 4.12.4-4 G+®
deg = (8)/0. 3134

- 0 0 0 0 0 0 0 0

-2 2 .150 L0225 | . 000972 . 0349 1114 0 .0010

) 4 0,305 0.0930 [ 0.00402 0.0699 0.223 0 0.0040

2 6 .450 .2025 . 00875 . 1051 .335 0025 01125

4 8 0.605 n.366 0.0158 0.1405 0.449 0.008 n.n238

6 10 . 759 L5176 . 0249 L1763 .562 .016 L0409

8 12 0.910 0. 828 0.0358 0.2126 0.678 0,026 n.0618

10 14 1.055 1.113 L0481 L2493 .796 L0395 L0876

12 16 1. 190 1.418 0.0612 0.2868 0.915 0.058 0.1192
13.4 17.4 1.23 1.513 . 0654 L3134 1.000 077 L1424

#0n basis of S, = 172.3 sq ft.

2
(c) Drag of horizontal tail due to lift = 0, 0669 CLh + Ap

Jp = 4.50 (from (a)); (“habs)c = 14,457 (from (a)); tan (“habs)cL = 0.2577
Lmax max
5 ®
~ “habs_ 2 5 abs (Cl)i)h,
v, h CREIEIY Cryp» Crp [0.0669CT, {tan Ohgps ] ta0 (ahabs) Ap, - (Cl)i)
) p on basis of
deg [figure 4.9.1-7)| =D -@, | figure 4.2-1| - @D 2| 0.0669@)]| - tan ) __‘i max | figure 4.12.4-4 :©+]® S = 172.3 sq fi
deg @ /0.2577 W

-4 0 -4 -0.284 0.0807 | 0.00540 | -0.0699 -0.271 0.001 0. 0064 0,0012

-2 .96 -2.96 -.210 . 0441 . 00295 | -, 0517 -.201 . 0002 . 0032 . 00060

0 1.90 -1.90 -0.135 0.0182 1 0.00122 | -0.0332 -0.129 =0 .00122 0. 0002

2 2.93 -, 93 -. 066 . 0044 . 00029 | -.0162 -.0629 =0 .0003 .0001

4 3,87 0.13 0. 009 0.0001 =0 | 0.0023 0.0089 =0 =0 0

6 4.86 1.14 . 081 . 0066 . 00044 .0199 0772 =0 . 0004 . 0001

8 5.77 2.23 0.159 0.0253 [ 0.00169 | 0,0389 0,151 0.0001 0.0018 . 0003

10 6.61 3.39 L241 .0581 . 00389 0592 . 230 0004 . 0043 . 0008

12 7.55 4.45 0.317 0.1005 | 0.00672 0.302 0.0017 0. 0084 0.0016
13.4 ———- el Bt Bl HErr e (e i S, el

*On basis of Sy, =32.5sq ft.
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Figure 4.12.2-1. Wetted area of blunt-base ogive bodies (ref. 1).
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Figure 4.12.3-1. Wing-body interference correlation factor (ref. 1).
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Figure 4.12.4-2, Sweep angle correction factor for 0o (from ref. 1).
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Figure 4.12.4-3. Sweep angle correction factor for k3 (from ref. 1).
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Figure 4.12.4-4. Variation with angle of attack of drag increment due to wing
shape (from ref. 1). Aze = 65°; Ay Z 2.
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Figure 4.12.7-1. Unpublished propeller-off, full-scale wind-tunnel data of
increment of drag of the subject airplane due to inlets and flaps of cooling

system being open. Sy =172.3 sq ft.
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o) Wind-tunnel data

32— Cooling drag included | caiculated
— - — Cooling drag omitted a
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Cyy linearity
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(a) Cp versus a,.

Figure 4.12.8-1. Comparison of predicted airplane drag characteristics with
wind-tunnel data. &, = 0°; propellers off; 8, = 178 sq ft.
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Figure 4.12,8-1. Continued.
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Figure 4.12.8-2. Predicted buildup of the drag characteristics of the airplane.
0e = 0°; Sy = 178 sq ft.
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4.13 Effect of Horizontal Tail and Tab Deflection on Lift and Pitching Moments

The contributions of the horizontal tail to the lift and pitching moments were con-
sidered in sections 4.10 and 4. 11 on the basis of a fixed tail at zero incidence setting.
In this section the tail is considered as an all-moving surface with a geared tab. In-
asmuch as the results from this section are to be used also in obtaining horizontal -tail
hinge moments, the tail lift is initially obtained referenced to the tail area.

4.13.1 Lift of the Horizontal Tail in the Linear Range

The lift of an all-moving horizontal tail equipped with a tab is attributed to three
superimposed sources: (1) lift due to angle of attack of the tail, with the tail at zero
incidence, (2) lift due to stabilizer deflection, 8e» from zero incidence position, and

(3) lift due to the tab. The tail lift in the presence of the fuselage, including carryover
effects onto the fuselage, is accounted for by the following equation referenced to the

horizontal-tail area, Sy:
0e + C1 “tab o h 4.13.1-1
© Otab\ 8, / "©|q (.13.1-1)

The three contributing sources for lift of the tail are considered separately.

“Lngp ~ [(CLa)h(ht) (e - 7) +(CL5e> Btabz0

Lift due to angle of attack of the tail, with the tail at zero incidence: On the basis
of tail area, the lift due to the angle of attack of the tail, ay, relative to the zero

incidence setting of the tail, is represented by

(4.13.1-2)

..Qll 1
3 =

(CLh(hD) 500 CLo)nmn @~ @)
64qp=0

This contribution, which includes the lift of the tail in the presence of the fuselage and
the lift on the fuselage due to lift carryover of the tail onto the fuselage, is accounted

for in section 4. 10 by equation (4.10-2), referenced to the wing area. When applied to
the subject airplane and referenced to the tail area, Sy, table 4.13.1-1(a) shows that

=0.0 ( - 4.13.1-
(CLh(hf)) 5c0 746 (o, eh) (4.13.1-3)
_ (Stab:0
for a dynamic-pressure ratio, :Q, equal to 1.0,
q
20

Lift due to stabilizer deflection from zero incidence position: The lift due to
stabilizer deflection, 04, with 6tab = 0 was obtained in 2 manner synonymous to that

used to obtain the lift due to angle of attack of the tail from equation (4.10.2). In this
equation the tail (abutting the fuselage) was considered to be fixed (0 = 0°) relative to
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the fuselage, and the lift of the tail due to angle of attack was considered on the basis
of the combined tail-fuselage movement relative to the local flow vector and consequent
interaction of lift effects. In accord with the principles developed in reference 11, this
interaction of lift effects was accounted for by the use of the factors Kh(f) + Kf(h)' In

the present instance where the lift due to the deflection, 0, of the tail surface is

desired, the tail is moving relative to the abutting fuselage which is considered to be
fixed and the interaction effects are accounted for by the factors ky ) + kf(h) on the

basis of reference 11. Thus, when the stabilizer is abutting the fuselage, the lift due
to stabilizer deflection, 04, relative to the fuselage is accounted for by the following

equation, which is subject to the same cautionary remarks as were made for equation
(4.10-2), which accounted for the tail lift due to the angle of attack at the tail, refer-
enced to the tail area:

(ACL) Se = (CLa)he (kh(t) + kf(h)) e SS—}:-GE) (4.13.1-4)

®
where
(CLa>he is the lift-curve slope of the exposed tail panels (section (4.2))
She is the area of the exposed tail panels

kh(f) is the ratio, due to stabilizer deflection, 6e’ of the lift on the stabilizer in the

presence of the fuselage to stabilizer alone, obtained from figure 4,13.1-1

kf(h) is the ratio, due to stabilizer deflection, of the stabilizer lift carryover onto

the fuselage to stabilizer alone, obtained from figure 4.13.1-1
q
c'l—h is the dynamic-pressure ratio of the tail (section 4.9.2)

20

Applied to the subject airplane and referenced to the tail area, Sy, table 4.13.1-1(b)
shows that

(ACL)g = (CL58> O¢ :E 0.06626, (4.13.1-5)
© Gtab:O 4
. . %
for a dynamic-pressure ratio, — , equal to 1.0.
qOO

Lift due to the tab: The lift on the horizontal tail due to tab deflection in the
linear lift range of the tail can be obtained by using the following equation which was
developed in reference 8 to obtain the lift increment of high lift flaps:

ACt = Ac K
L t\eg, (%)Cl b

4.13.1-6)
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When applied to the horizontal tail equipped with a tab, as for the subject airplane, the

lift contribution of the tab in terms of lift effectiveness (for 711 = 1.0) is obtained from
q

Crahe [ )
CLégap - ClatabW ((%ZZ)CCI; e e

(CLa>h B is the lift-curve slope of the horizontal-tail surface alone in the
(

o0

where

presence of the fuselage and is obtained from the following equation in which the terms
have the same definition as for equation (4.13.1-4):

She

(CLa)h(f) = <CLa)he Kn(f) 5 @.13.1-8)

and

(Cl ) is the section lift-curve slope of the untabbed tail (8,1, = 0), obtained
%h

from section 4.1
a
( 51:ab)cL
o is the tab-chord factor, obtained from figure 4.13.1-2 as a function of
Z Gtabj
€l
aspect ratio, Ay, and
® > 7h (aﬁtab)
¢ €15
The required (ozéta ) may be obtained from tab

> i/ —( )h

or from the insert in figure 4.13.1-2, based on theory.

based on experimental data,

When @5t varies along the span, as for a constant-chord tab on a tapered
a

C

surface, an average value of (aé ) » based on an average , may be used with
€

good accuracy in most instances. Otherwise, as in accordance with reference 8, the
effective (015 ) may be found by determining the value of (aG ) at each
ab), a

b ¢
of several locations across the tab span and plotting these values against corresponding
values of Kj. The area under the curve divided by the change in K}, is the effective

value of (ozat b) . The quantity Ky, is the tab-span factor, obtained from fig-
a
c
l

ure 4.13.1-3 as a function of taper ratio, A, and span ratio, p, as defined in the figure.
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The section lift effectiveness of the tab, c¢ » is obtained from the following

létab
equation from reference 1:
(]
5
on =Bi, > tab -I<clé > K’ (4.13.1-9)
tab
tab ( 6tab> theoryJ ab/ theory

where

B’ is the Prandtl-Glauert correction factor for subcritical Mach numbers, equal

to Vl —M2

(cl ) is the theoretical lift effectiveness of the tab, obtained from fig-
tab

theory Ct
ure 4.13.1-4 as a function of

Clétab

and thickness ratio
Ch

is an empirical correction factor based on experimental data,

ls )
( tab theory Ctab “ly h
obtained from figure 4.13.1-5 as a function of and

€1
Y theory
(cl ) is the section lift curve of the untabbed tail, obtained from section 4. 1
@ theory

¢
c =1 [6.28 +4.7(5) (1 + 0.00375¢ )] @.1-1)
( Z a)theory 57.3 (C) te

K’ is an empirical correction for lift effectiveness of the tab at large deflections,
obtained from figure 4.13.1-6 which was derived from extensive unpowered-model
wind-tunnel data

Upon applying the preceding relations to the subject airplane, the lift effectiveness
of the tab, referenced to the horizontal-tail area, Sy» and a dynamic-pressure ratio

of 1.0, is shown in table 4. 13. 1-1(c) to be as follows:

CLg, . = 0.0279 per deg for O,y =6°, 0°, -7.5°
tab
CL‘Stab = 0. 0273 per deg for 6, = -15° (4.13.1-10)

CLatab = 0.0231 per deg for O¢yp = -21°

The tab settings shown correspond to elevator settings of 4°, 0°, -5°, -10°, and -14°
used in this report with the tab-to-elevator gear ratio of 1.5.
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Summary: The net lift of the horizontal tail in the linear range as a function of
o, Og» and Otqp With the tab geared to the elevator was accounted for by equation

(4.13.1-1). This equation, regrouped slightly and referenced to a dynamic-pressure
ratio of 1.0, becomes

0 tab

CLh ) =(CLa)h(hf) (@b - %n) +[(CL5e>6 +CLg, <—5e_>]ée (4.13.1-11)

tab=0

This equation may be abbreviated to the following format, which is applied to the subject
airplane in the summary calculations of table 4.13.1-1(d):

ELh(hﬂ = (CLa)h(hf) @ - Eh) +C15 de 4.13.1-12)

4.13.2 Maximum Lift of the Horizontal Tail

The maximum lift and corresponding angle of attack of the horizontal tail untabbed,
étab = 0°, was considered in section 4.2. The inclusion of the tab makes the deter-

mination of maximum lift somewhat more approximate than without the tab. The stall
may begin at the tail, tips, or at the tabbed (or flapped) sections, depending on the
amount of sweep, taper ratio, and difference in stall angle between the tabbed and
untabbed sections.

The increment of maximum lift coefficient due to trailing-edge flaps can be deter-
mined to a first order of approximation by using semiempirical equation (4.13.2-1)
developed in reference 1 on the basis of tabulated values of maximum lift coefficients
and stall angles for many planforms with and without flaps (ref. 30). The equation
applies to wings and tail surfaces with plain flaps or tabs. For convenience, the
nomenclature of the following equation has been changed from a wing designation to a
horizontal-tail designation. On the basis of tail area,

A A (Sh) tab
C = (Ac

Ka 4.13.2-1)

is the increment of CLmax due to tab position

(Sh)tab is the tail area in front of and including the tab

KA is an empirically derived correction factor to account for the effects of wing

planform, obtained from figure 4.13.2-1as a function of (/\c/4)h

The increment in airfoil maximum-lift coefficient due to the tab, (Acl max) , is
tab
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obtained from the following empirically derived equation (from ref. 1):

Ac > = kik,ykg (Ac ) 4.13.2-2)
< ! max tab 2 ! max base

where

Acl is the section maximum lift increment for 25-percent-chord flaps
maxX/hase

at a reference flap-deflection angle, 60° for plain flaps or tabs, obtained from fig-
ure 4,13.2-2

c
k, is a factor accounting for other than 0.25, obtained from figure 4.13.2-3

1
k2 is a factor accounting for tab angle other than the reference value, obtained

from figure 4.13.2-4
0

tab

3 » equal

to 1 for plain flaps or tabs

k, is a factor accounting for tab motion as a function of (5 )
tab reference

The maximum lift coefficient for any one tab setting may now be determined, on
the basis of tail area, S}, from the relation

+(A 4.13.2-3)

<6Lmax>h(hf) i [(CLmaX)h(hf)] CLmax) Otab

Otab=0
where

[(ELmaX>h ] is the maximum lift coefficient of the untabbed tail in the
& Otap=0
presence of the fuselage, obtained from section 4. 10

The summary calculations for the maximum lift coefficient of the tail of the subject
airplane for each of several elevator deflections in which the tab is geared to the

)
elevator in the ratio, —g—& = 1.5, are presented in table 4. 13.2-1(b).

e

4.13.3 Lift Curves of the Horizontal Tail Through Stall

Because the net lift and pitching moments of an airplane for different elevator
positions are dependent upon the tail lift characteristics and could involve the stall
region of the tail, operational tail lift curves for the subject airplane are plotted in
figure 4.13.3-1 for several elevator positions through the stall region of the tail.

The following procedure was used in constructing the lift-curve plots in fig-

ure 4.13.3-1 for the subject airplane on the basis of the horizontal-tail area (32.5 sq ft
for the subject airplane) and a dynamic-pressure ratio of 1. The resulting curves
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are the graphical representation of equation (4.13. 1-12) for the linear range and extend
through the stall.

(1) Using the information in table 4.13.1-1(a), draw the slope of the basic lift
curve (Bg = Otap = 0°) up to the limit of linearity.

(a L ) as listed in table 4.13.2-1(a). Fair a curve, similar to the
max h(hf) 5tab=0

[}

(2) Spot the stall point for 0 =0

fairing for the isolated tail in figure 4.2-1(b), from the limit of linearity through the
stall point. The shape of the curve in the stall region should now correspond to the
shape in figure 4 .10-1 as well as in figure 4.2-1(b).

(3) On the ordinate at ap = 0°, spot the values of CLseﬁe for 6, =4°, 0°, -5°,

-10°, and -14° using CL5e obtained from table 4.13.1-1(d). Draw lift curves through

these points parallel to the basic lift curve.

(4) Using the (C values determined in table 4. 13.2-1(b), for the

LmaX>h(hf)
selected values of 0o, draw horizontal lines to denote CLmax’

(5) Make a plot, to be used as an underlay in tracing, of the nonlinear portion
(through and beyond the stall) of the basic lift curve (0g = 0°). Translate this underlay

plot relative to the basic lift curve to the selected elevator settings and their correspond-
ing CLmax and complete the curves for the stall regions,

L.13.4 Lift and Pitching-Moment Curves of the Airplane Including the Effect of Elevator Positions

The lift and pitching-moment characteristics of the complete airplane may now be
determined as a function of ) - €, and 0, from the following relations:

-~ (Sh> ap
Cy, =C +C — | — (4.13.4-1)
L Lwfn Ln(hf) Sw 3
_c Xeg ~ *h 5 Sh dp .
w a_
where
d h il - ffici i i . 8.
Cwan an mefn are the tail -off coefficients, obtained from section 4.8.3
Xeg -

— is the distance from the center of gravity to the quarter-chord mean

c

aerodynamic chord of the horizontal tail in chord lengths of the wing mean aerodynamic
chord
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The lift and pitching-moment characteristics of the subject airplane are calculated
in table 4.13.4-1 as a function of «}, and 0, with the tab geared to the elevator in

the ratio of 1.5. At stall conditions, the horizontal tail is at and in the lower edge of
the wake, and its effectiveness at stall was considered as suggested in section 4.10 for
propeller-off and zero-thrust propeller-on conditions. The results, referenced to a
wing area of 178 square feet, are compared with full-scale wind-tunnel data in fig-

ure 4.13.4-1. In the absence of appropriate propeller-off wind-tunnel data, propeller-
on data for Té = 0 were used with calculated normal-force propeller effects subtracted.

Such use of T/ = 0 data is not normally recommended for comparison with propeller-

off predictions. It was used in the present instance only after a preliminary comparison
of pitching-moment slopes at dg = 0° showed correlation and implied zero thrust power
effects at the tail,

The calculated lift characteristics (fig. 4.13.4-1(a)) show generally good cor-
relation with wind-tunnel data. The divergence between the calculated and wind-tunnel
lift at oy, above 6° for 0¢ = 4°, which is also reflected in the pitching-moment

characteristics (fig. 4.13.4-1(b)), is attributed to flow separation on the horizontal tail.
The design data used took into account flow separation as a function of tab deflection
only (fig. 4.13.1-4). There is a need for design data which account for flow separation
as a function of both angle of attack and tab deflection.

At low angles of attack, the horizontal tail is in the stall region when 6 = -10°

and -14°. Both the calculated and wind-tunnel -determined lift characteristics reflect
the tail stall. It should be noted that the subject airplane does not operate in regions
involving large negative elevator deflections at low angles of attack and thus is not
normally subject to tail stall.

The calculated pitching-moment characteristics (fig. 4.13.4-1(b)) show good slope
correlation with wind-tunnel data up to an angle of attack of approximately 8°. Above
this angle the calculated and wind-tunnel data diverge for all indicated elevator de-

flections except 6, = 0°. The increasing divergence with increasing elevator deflection

indicates progressive flow separation. As mentioned, design data are needed which
account for flow separation as a function of both angle of attack and tab deflection. It
is evident that the use of design data which take into account flow separation as a
function of tab deflection only (fig. 4.13.1-4) is not sufficient.

Calculated pitch-control effectiveness, Cmge, as obtained from figure 4.13.4-1(b)

is approximately 20 percent higher than indicated by the wind-tunnel data. In an effort
to locate the sources of the discrepancy, wind-tunnel control-effectiveness data
(ref. 2) for &;,;, = 0° and geared conditions were used. These data were available

only for a total Té power condition of 0.2; however, because only incremental 6,

effects were desired at constant angle of attack, the data were satisfactory for the
purpose. The following schedule shows the representative data, from reference 2,
used in the study.
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From this schedule

reduce Cmée' Cmﬁtab

the ratio used for calculated propeller-off conditions.

178 square feet and a dynamic-pressure ratio of 1.00.

Figure (in aps | Oc> 5tab’ AC,, Cmé Cm@
ref. 2) deg | deg deg e e
6(b) 5 -5 | Geared | 0.29 | -0.058 | ----——-
9 5 | -5 o A7 | = -0, 034
Cmr -C
mpe = “MDe  _g,024
Cmg, . = 5 =5 - 0.016
tab tab .
O¢

The calculated dynamic-pressure ratio for TC’ = 0.2 (section 5.1.2) was used to

The wind-tunnel data, thus
reduced, are compared in the following table with calculated values excluding and in-
cluding lift carryover onto the body. The values are referenced to a wing area of

“ms Mo, “mj,
From wind-tunnel data -0. 0298 -0.0141 -0.0510
Calculated, based on kh(f) only -.0318 -.0145 -. 0543
(carryover factor neglected)
As calculated for this report -.0355 (carry- -. 0145 (carry- -.0580
over included) over not included)

A comparison of the wind-tunnel data with the calculated values of Cmée,

Cm(Stab’

and Cmg , which excluded the carryover effects, showed the calculated values to be
e

approximately 6 percent higher than wind-tunnel data in each instance. This indicates
that the factor ky ) is about 6 percent too high for the tail-body configuration of the

subject airplane. A comparison of the wind-tunnel value of Cmé with the calculated
e

value, including the carryover effect, showed the calculated value to be approximately
18 percent higher. The calculated value of Cm5 = -0.0580 used in this report, which
e

included carryover effect, for corresponding 6, conditions is approximately 14 per-

cent higher than the wind-tunnel value of -0.0510.

On the basis of the preceding comparisons, for the tail-body configuration of the

subject airplane it appears that the lift carryover from the tail to the body, due to
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stabilizer deflection, is insignificant because of the location of the tail on the body and
the gap between the tail and the body. This implies that the kf(h) factor in equa-

tion (4.13.1-4) should have been assumed to be equal to zero.

Although the lift carryovers from the tail to the body are included in the calcula-
tions and plots for the subject airplane, it is suggested that kf(h) be considered

negligible for tail-body configurations similar to that of the subject airplane. This
should result in calculated values of control effectiveness which would be within ap-
proximately 6 percent of the actual values,

4.13.5 Symbols

H-646

horizontal-tail aspect ratio

horizontal -tail span, ft

lift coefficient

lift coefficient of the horizontal tail, referenced to the
tail area, with tail-fuselage interaction effects, angle
of attack, elevator deflection, and tab deflection

accounted for

same as ELh(hﬂ with the elevator and tab settings at

zero-deflection positions
maximum lift coefficient

maximum value of ELh (hf)

maximum value of 6Lh(hf) with the tab at zero setting

airplane tail-off lift coefficient, referenced to wing area
increment of lift

increment of lift coefficient due to the elevator deflection,
referenced to tail area

increment of maximum lift coefficient due to the tab,
referenced to tail area

lift-curve slope, per deg
lift-curve slope of the exposed portion of the herizontal-

tail panels, referonced to the effeciive area of the
curvsed panels, potr deg



Mywfn

tab

®h
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lift-curve slope of the horizontal tail alone with fuselage
effects on the tail accounted for, referenced to the tail
area, per deg

lift-curve slope of the horizontal tail with interacting tail-
fuselage effects accounted for, referenced to the tail
area, per deg
oCL
elevator effectiveness, o with the tab fixed at zero
e

setting, referenced to the tail area, per deg

1 t ffecti C C <6tab
elevator effectiveness, L ) + ,
< O 6tab:O L6‘cab ée

with the tab geared to the elevator to deflect in the ratio

5tab
of 5e

, referenced to the tail area, per deg

aCT,

tab effectiveness, , referenced to the tail area,

8‘Stalb
per deg
pitching-moment coefficient

increment of pitching-moment coefficient

tail-off pitching-moment coefficient, referenced to the
wing area

oC
elevator effectiveness in pitch, %—m, with the tab fixed,
e
referenced to the wing area, per deg

elevator effectiveness in pitch with the tab geared to the

elevator to deflect in the ratio of gab

, referenced to
e

the wing area, per deg

Cm
—— , referenced to the wing

tab effectiveness in pitch, %
tab

area, per deg
chord

flap chord, synonymous to the tab chord, c;,y,, in this
section, ft or in.

horizontal-tail chord, ft or in.

H-646



Kh(f)

KA

Kf(h)

kh (f)

H-646

airfoil-section lift coefficient

change in the airfoil-section lift coefficient

section maximum lift increment for the 25-percent-chord
flaps at a reference flap-deflection angle (60° for plain

flaps or tabs when obtained from fig. 4.13.2-2)

section maximum lift increment due to the tab
airfoil-section lift-curve slope, per deg

horizontal-tail cy o

oc
section effectiveness of the tab, E per rad or deg
30tah

tab chord, ft or in.
wing mean aerodynamic chord, ft or in.

width of the fuselage at the horizontal tail (fig. 3.2-2),
ft

correction factor for the lift effectiveness of the tab at
large tab deflections

span factor for the inboard flaps (or tabs)

ratio of the tail-lift carryover onto the fuselage, with the
tail fixed, to the tail alone

ratio of the lift on the tail in the presence of the fuselage,
with the tail fixed, to the tail alone

correction factor to account for the effects of the wing
planform on the increment of maximum lift coefficient
due to the tab position

ratio of the lift carryover, due to stabilizer deflection,
onto the fuselage to the lift of the stabilizer alone,
obtained from figure 4.13.1-1

ratio of the 1lift on the stabilizer, due to stabilizer de-

flection, in the presence of the fuselage to stabilizer
alone, obtained from figure 4.13.1-1
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kKo kg

o

@

[(achaX)h(hﬂ} 5

ap = 0 - €, deg

*
@h

(@) ¢’ (@5) c,
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tab

factors used in obtaining (Acl to account for

s
Ctab

other than 0.25, tab angle other than the refer-

ence value, and tab motion, respectively

Mach number

dynamic pressure at the horizontal tail and in the free
stream, respectively, 1b/sq ft

area of the horizontal tail and exposed panels of the
horizontal tail, respectively, sq ft

horizontal-tail area in front of and including the tab, sq
ft

wing area, sq ft
thrust coefficient of the propellers, M
qaoSW

horizontal-tail thickness ratio

distance, parallel to the X-body axis, from the center of

gravity to the quarter-chord point of the horizontal-tail
mean aerodynamic chord as a ratio of the wing mean
aerodynamic chord

angle of attack, deg
airplane angle of attack relative to the X-body axis, deg
angle of attack of the horizontal tail, relative to its chord

line, for the maximum lift coefficient of the tail when
the tab deflection is zero, deg

limit of linearity of the horizontal-tail lift-curve slope,
deg

%0 and 80 respectively
BCZ aC L ’
B a

H-646



M2 Mo

An=1p = 7

(Ac/a)y,

%e

H-646

BCZ aC1,

tab and _Ttab respectivel
BCZ aC ’ be y
5_ ow

deflection, deg
elevator deflection, deg

flap and tab deflection, respectively, used synonymously,
deg

average downwash across the horizontal tail, deg

tab span, as a ratio of the tail semispan, for the tab
extending from the centerline of the horizontal tail

distance from the centerline of the tail to the inboard and

outboard edge, respectively, as a ratio of the tail
semispan

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

horizontal-tail taper ratio

trailing-edge angle, deg
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TABLE 4.13.1-1

LIFT CONTRIBUTION OF THE HORIZONTAL TAIL WITH TAB-TO-ELEVATOR GEAR RATIO OF 1.5

ELh (i) :[(CLa)h(hf)(ab T (CL&Q) Gtabz

(a) Lift due to angle of attack, (CLh(hf)) 8e=

5
tab
be + (C — 0. | —
0 ° (Lf’tab>( 5e) e]qw

dp

0

Otab=0

(CLh(hf))ae:o = Cla),ppl@d - 7

170

Otap=0
Symbol Description Reference Magnitude
(C ) Lift-curve slope of tail with tail-fuselage intersection effects | Table 4.10-1(a) | 0.0746/deg
®/h(hf) included, referenced to S, = 32.5 sq ft
oh Limit of linearity, deg Table 4.10-1(a) | 10.6
Eh Downwash of the horizontal tail, deg Figure 4.9.1-1 f(ab)
(-_lh Dynamic-pressure ratio at the horizontal tail Figure 4.9.1-1 | 1.00
qao
Summary: (CLh(hf)) =0.0746 (o, - )
2%,
tab~
(b) Effect of tail deflection on lift (§y,1, = 0°), (ACL)G
e
ay, b \ She
(ACL); = (CLg bel = | = (CLO,) (kn(p) + k) Ge) -‘)——
= S
e ( e) Otap=0  \d, he a. h
Symbol Description Reference Magnitude
(df)h Fuselage width at horizontal tail, it Figure 3.2-2 1.25
by Span of horizontal tail, ft Table 3.2-1 12.5
(df)h
10U [ .10
by
kh(f) Ratio of 1ift on movable tail in presence of body to tail alone | Figure 4.13.1-1 . 96
kf(h) Ratio of movable-tail lift carryover on body to tail alone Figure 4.13.1-1 .11
(CLa)h cLoz of exposed horizontal-tail panels referenced to She’ Table 4.2-1 0.0700
€ per deg
She Area of exposed horizontal-tail panels, sq ft Table 3.2-1 28.73
Sp Horizontal-tail area, sq ft Table 3.2-1 32.5
211 Dynamic-pressure ratio at the horizontal tail Figure 4.9.1-1 1.00
q@
Ih
Summary: (ACL)é = 0,06626, referencedto S, and — =1.0
e q,
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TABLE 4.13.1-1 (Continued)

(c) Effect of tab deflection on lift, (CLétal)étah) 5

¢
l
%, (s b “ls k!
tab Ly ) tab v
\ tab theory, theory
N .
( L(y)h(f)  ( L“)he h(f) s,
e}
Cug[to)er]
CLGF b = Clé ~—C—— ;“‘6 ) I\b
a tab ( L(Y)h { Ctab o
Symbol Description Reference Magnitude
M Mach number “égg;i:;rgfsl test 6.083
A Y Mt stntatetuictuin . 997
% Airfoil section thickness ratio of horizontal tail NACA 0008 0,08
L Trailing-edge angle of horizontal tail, deg Table 4.1-1 11.0
Ay Aspect ratio of horizontal tail Table 3.2-1 4.8
An Taper ratio of horizontal tail Table 3.2-1 .515
Sh Horizontal-tail area, sq ft Table 3.2-1 32.5
Shc Area of exposed horizontal-tail panels, sq ft Table 3.2-1 28,73
Ctab . . .
= Ratio of tab chord to tail chord Figure 3.2-2 18
h
i Distance from root chord of horizontal tail to inboard edge of tab Figure 3.2-2 o
as a fraction of horizontal-tail semispan
Mo Distance from root chord of horizontal tail outboard edge of tab Figure 3.2-2 792
as a fraction of horizontal-tail semispan e
(Cl ) Section lift-curve slope of horizontal tail (untabbed), per deg Table 4.1-1 0.109
Yh
(cl ) Theoretical section lift-curve slope of horizontal tail, Equation (4, 1-1) L1164
(33
theory ¢ - [6.28 + 4.7(5) (1 +0.00375 ¢ ﬂ per deg
( l”)thcory 57.3 C Ao
Ly
e T B 936
) theory
(Cl ) Theoretical section effectiveness of tab, f(Vgab . E—), per deg Figure 1.13.1-4 {3.4 per rad
Otal theory h , 0593 per deg
Clé c ((l ;
———tab____ | Function of fab and Yh Figure 4.13.1-5 .R9
(1o0) (1)
tab/ theory “/theory Clal
K’ Empirical correction for flap effectiveness, f(—cl)— , 6tab> From figure 4.13.1-6:
h For 6,1, — 6,0,-7.5: K = 1,00
tab
For By, - -13: K= 0,98
- .91 1! o
For 0., = -21: K° 0.x3
€l
1 6 o
Y] = sl — g K
6. e (26,0)
tab (létab>th00rv tab theory
o = 0.0529 per deg for 84, - 67, 0°, -7.5°
Gtab
= 0,0518 per deg for By = 147
= 0.0439 per deg for By, = =217
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TABLE 4.13.1-1 (Concluded)

{c) Concluded

Symbol . Description Reference Magnitude
(CLﬂ)h CLoz of exposed horizontal-tail panels referenced to She Table 4, 2-1 0.0700 per deg
()
kh([) Ratio of 1ift on movable tail in presence of body to tail alone Figure 4,13.1-1 { .96
she Area of exposed horizontal -tail panels, =g ft Table 3.2-1 28.73
Sh Area of horizontal tail, sq ft Table 3.2-1 32,50

(CL ) = Cp,  of horizontal tail only in the presence of the body
[e7 h(f) a

C k She eferenced t and ah 1.0
= - r enc o —=1.
( La)he hih 75, % q

£

= 0, 0700 (0, 96)(1)(33: gg)

= 0, 0594 per deg

Symbol Description Reference Magnitude
e
(aé ) Section Tift parameter, f(—t&) Figure 4.13.1-2 -0.530
tab °h
“
( 6““’) CL
(a_)_ Ratlo of finite and section 1ift parameter, Flgure 4.13.1-2 1.075
(4} flA (57
tab “ [ b ( 6tab)cl

%C_LLQM .0884 b -545

Ky Span factor, (54, ng, Ap) Figure 4.13.1-3 .90
c . (CLa)h(g
Ls, . 7 %l (3
tab b (1),
=0.527¢, referenced to S and .0
btan

= 0.0279 per deg for b, = 6°, 0°, -7,5°
= 0,0273 per deg for Otgp = -15°
= 0.0231 per deg for By, = -21°

(d) Lift contribution of the horizontal tail with tab-to-elevator gear ratio of 1.5

T - & + [ 8o +C 6tab)6 S
Cinan = |CLafypg (@ = @+ ( I‘Ge)a o ¢ o \Be /7| 5
tab b

_ - 51
:[(CLQ) (@, ~&) + Crg 66] -
hhf) 9

Substitution of the calculated values of (CL “’)h(hi), (CLGe)G , and Cl‘étab— obtained in parts (a),

=0
ta
(), (c) of this table— into the above equation results in the specitllgc formats listed below for the Ge settings to
be considered in the follow-on analysis.

q,
N hl = > H h
Ge settings to be considered Correspond “gbﬁtah settings C[*h(hi) = [((,La)h(hf)(ab =T+ CLée Oe]&—
in follow-on analysis with —?—) =1.5 ap, o
e referenced to Sy, and — =1.0
q
o0
4 [}
0 0 0.0746(ab - Eh) + 0. 10806e
-3 -7.5
-10 -15 ) 0.0746(ery - &) + 0.10725,,
14 -Z1 0.0746(cy, - Zp) + 0.10085,

172 H-646



TABLE 4.13.2-1

MAXIMUM LIFT COEFFICIENTS OF THE HORIZONTAL TAIL

(a) Pertinent parameters

Symbol Description Reference Magnitude
("\c/4) b Sweep of horizontal tail along c¢/4 line, deg Figure 3.2-2 R.0D
5 Section thickness ratio of horizontal tail NACA 0008 .08
h
fg_atg_ Tab chord as ratio of tail chord Figure 3.2-2 .18
h
(Sh)tab Area of horizontal tail in front of and including tab, sq ft Figure 3.2-2 27.4
Sy Area of horizontal tail, sq ft Table 3.2-1 32.5
Ka Correction factor for wing planform Figure 4.13,2-1 . 907
Ac Section maximum lift increment for 25-percent-chord tab | Figure 4.13.2-2 .82
{max b
ase Ctah \
k1 Factor accounting for o other than 0.25 Figure 4,13.2-3 . 885
ht
kg Factor accounting for tab deflection other than reference Figurc 4.13.2-4 Variable
value
k,} Factor gecounting for tab motion as a functionof | o 1.0
‘ tab
(6
ml’) reference
(CL. ) Horizontal-tafl maximum lift coefficient with 6, = 0% in| Table 4,10-1 +0. 926
MaX/h(hf) ét p=0 < presence of the fuselage, based on &, - 32.57sq ft
a
(“CL ) Horizontal-tail angle of attack at |{Cy, , Table 4,10-1 +14.45
MBX h (hf Max/h i)
(MMM 61a=0° Stap=0
deg
o) (E [C A (————sh)‘abx 0.926 + 0,765 (A
L ) = ( L ) +( c ) A = i0, +0.76 c
Max/ h(hf) max/hhf) )5, o1~ U max tab Sy ( lmax)tab
® @ | o @ |le|l @ ® @
TL ) =
. _ Ac _ ( max/p
5, deg Stap - k kg, K kikgks = (Aclmax) ( max) ab ACLpax = (bD)
€ 1.56,, d U lgure 413,222 P @ x@ x ® asel _ o @ | o0.765® 10.926 + @
»90es GCR gure <. 13. 2~ = e based on 8y, =32.5 sq ft
4 6 0,885 0.200 1.0 0.177 0,82 0.145 0.110 -0.816
0 0 . 885 [ 1.0 0 .82 0 0 -.926
-5 ~7.5 . 885 -.250 1.0 -.221 .B2 -.181 -.138 -1,064
-10 -15 . 885 -.46 1.0 ~.407 .82 -.334 -.256 ~1.182
-14 -21 . 885 -.59 1.0 -.522 .82 -.428 -.327 -1.253

a (Cl‘max ) hen) for minus a;, range.
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Figure 4.13.1-1. Lift ratios kh(t) and kf(h) based on slender-body theory variable
incidence (ref. 11).
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Figure 4.13.1-2. Tab-chord factor (ref. 8). Subsonic speeds; (aﬁ)c = (oz6t b) .
l ab/e,
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Figure 4. 13.1-3. Span factor for inboard flaps (ref. 8).
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Figure 4.13.1-4. Theoretical lift effectiveness of plain trailing-edge flaps (ref. 1).
Cf = Ctab'

LOrTm
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tab theory 78????/
16
.70 Cl
C
) L theory _ )
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Ch
Figure 4.13.1-5. Empirical correction for lift effectiveness of plain trailing-edge
flaps (ref. 1). Cf = Ciapye
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Figure 4. 13.1-6. Empirical correction for lift effectiveness of plain trailing-edge
flaps at high flap deflections (revised edition of ref. 1).
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Figure 4.13.2-1. Planform correction factor (ref. 1). Trailing-edge flaps.
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Figure 4.13.2-2., Maximum-lift increments of 25-percent-chord flaps at reference
flap angle (ref. 1).
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Figure 4.13.2-3. Flap-chord correction factor (ref. 1).
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Figure 4.13.2-4. Flap angle correction factor (ref. 1).
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Calculated lift curves of the horizontal tail with tab geared to
elevator, 8,,,/6, = 1.5; Sp =32.5 sq ft; qp/q = 1.00.
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(a) Lift characteristics.

Figure 4.13.4-1. Comparison of predicted propeller-off lift and pitching-moment
characteristics of the airplane with wind-tunnel data as a function of «;, and ée.
S, = 178 sq ft; 0;,1,/0o = 1.5 (propeller-off wind-tunnel data obtained from propeller-

on data at Té = 0 with propeller effects calculated out); center of gravity = 0.10cy,-
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Wind-tunnel data
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0y, deg

(b) Pitching-moment characteristics.
Figure 4.13.4-1. Concluded.
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4.14 Horizontal-Tail Hinge Moments and Stick Forces

The procedure of reference 1 for determining pitching moments of wings having
trailing-edge flaps was used to determine the hinge moments of an all-moving surface
equipped with a tab or flap. It is based on the method of reference 31 for determining
the pitching moments of wings having trailing-edge flaps. The method makes use of
load distribution theory (ref. 32) for subsonic flow together with two-dimensional
airfoil data adjusted for the effects of sweep. The method, as developed in reference 31,
is limited to subsonic speeds.

4.14.1 Horizontal-Tail Hinge Moments

The hinge moments of an uncambered horizontal tail about its hinge line, refer-
enced to the tail area, Sy, and a unity dynamic-pressure ratio, may be determined

from the following equation:
(xhinge - Xac) h (xhinge - Xc /4) h

Chn gy = (¢ Lh(f))btabzo &y +(ACp) Otab

/7
- + (Acm)ﬁtab

@“.14.1-1)

where

(CLh(f))é is the lift coefficient of the tail alone in the presence of the body as
=0
tab

a function of @y =ap - €, and 6, only, with 6., = 0, based on tail area
The following equation considers the lift of the stabilizer only, in the presence of
the fuselage, due to «j, and 0g. The lift on the fuselage due to carryover of tail lift

onto the fuselage is not a factor at this time, because it does not enter into the hinge-
moment calculations.

(CLam)s, o~ (CTh0)q, *(4°L)s,

Sh, 9 She G
e e 1h
= (CLa)heahKh(f) Sh g +(CLa>h 5ekh(f) Sh q_

0 e o0

she

) (CLoz)h [Kh(f)o‘h + kh(f)ée] EN (4.14.1-2)
(&

.-Qll |
8 =3

and
(ACL)6 is the increment of lift coefficient due to tab deflection, based on tail
ta
area, obtained from section 4.13
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(Xhinge ~Xac)y,
is the distance from the aerodynamic center of the tail, with

Ch
Otap = 0, to the hinge line in terms of tail mean aerodynamic chord, measured on the

tail mean aerodynamic chord

(X hinge ~ X6/4) h

c
h
dynamic chord to the hinge line in terms of the tail mean aerodynamic chord

is the distance from the quarter chord of the tail mean aero-

(ACr’n) 5 is the pitching moment of the tab about the quarter chord of the tail
tab

mean aerodynamic chord (The procedure for obtaining this quantity is discussed
below. )

In instances where the center of pressure of the untabbed tail is at the quarter-chord
point, as in the present case,

W hinge - %e/a)p

/7
Chy ) [(CLh(f)) 610 +(ACL) Btab 5 + <Acm)6tab 4.14.1-3)

When the tab is geared to the horizontal tail, the net tail lift in the above equation,
on the basis of tail area, is obtained from

_ She
CLhgp) = [(CLh(ﬂ) 6y, +(ACL>5tab] =3 (CLy), nkh0 s, *+
s - @.14.1-4)
She Otab 9h
[(CL"‘)hekh(ﬂ 5+ Lo (T % s a

Applied to the subject airplane, the lift characteristics equations of the tail alone in the
linear range in the presence of the body are shown in table 4.14.1-1(a). The stall
conditions of the horizontal tail alone in the presence of the body are obtained by using
the stall conditions calculated in table 4.13.2-1(b). For ﬁe = 0°, the stall angle

ol

( CLmax)h(f) LmaX)h(hf)
ficients for the several elevator settings listed in the table are reduced by the ratio of
She

5 to obtain (6 Lmax)

is the same as (ozc in the table. The maximum lift coef-

, OT
h(f)

She

(E-I-‘max)h(f) ~ (C—Lmax)h(hf) _S}T (4.14.1-5)

The results for stall conditions are summarized in table 4.14.1-1(b). The lift
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characteristics of the horizontal tail alone in the presence of the body are plotted in
figure 4.14.1-1 as a function of oy = @}, - €, and &, (with gab =1.5) for a
a e

9h
dynamic-pressure ratio of — = 1.0.
R

The determination of the pitching-moment contribution of the tab, (Acrln)ﬁt b re-
, N S a
quires the determination of the variation of the spanwise-loading coefficient, G,

across the span of the tail per unit (radian) tab deflection, % , and the determination

of the chordwise center-of-pressure location, Xep? for stations across the span. The
cjc

spanwise loading coefficient, G, at any one spanwise station is equal to %, where

) is the local lift coefficient at the station per unit of span, ¢} is the corresponding
local chord, and bh is the span of the tail. The determinations of % and Xep are

followed by calculations, using an integration process, of incremental pitching moments
due to the tab. The following outline is a detailed clarification of the procedures to be

used to determine (ACI’]O)(.3 b The outline is similar to that presented in reference 1.
ta

(1) Obtain the span-loading coefficient per unit of tab deflection, % » from the

design charts of reference 35 which are shown in figures 4. 14.1-2(a) to 4. 14. 1-2(d) as a
function of wing (or tail) semispan station, 7, for several inboard flaps having semi-

spans, 7f of 8.195, 0.556, 0.831, and 1.00 for appropriate values of -ﬁ—é, AB’ and
My . _ 3 ~1ftan Ac/4
A, where k= T (from section 4.2), g =v1 - M2, and A,B = tan (——B—> To

arrive at the appropriate curves for the flapped surface being considered, interpolate
each set of taper ratio curves for a constant n; to obtain curves to conform to the

taper ratio of the surface being considered. With the desired taper ratio for each 7

established, interpolate through several crossplots to obtain a net set of three curves
(nf = 0.195, 0.556, 1.00) which are now in accord with the design parameters
BA

o Aﬁ’ and A for the surface being considered. Such a set of reduced load distri-

bution curves is shown in figure 4.14. 1-3 for a hypothetical case.

Cross-plot the net set of three curves, such as in figure 4.14.1-3(a), as in tig-
ure 4.14.1-3(b). (The circles are the crossplot points.) On the crossplot locate the
inboard and outboard limits of the flap semispan under consideration (ng = 0.1 and 0.75

in the specific illustration) and cross-plot again the span-load distribution curves for
these two stations, as in figure 4.14.1-2(c). The two resulting span-load distribution
curves in figure 4.14.1-3(c) are the operational curves for subsequent analysis to
determine the incremental section lift coefficients as a function of span station, 7.

(2) Determine the incremental section lift coefficient as a function of span station
from
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____2bn G 5 4.14.1-6
(%2),~ T, (43), €0 Olan (414,16
where
(Cl/\)n is the incremental section lift coefficient due to tab (flap) deflection at
station 7
(ch)n is the chord of the tail at station 4
by 1is the span of the tail
(A %) is the difference in span-load coefficients for the two bounding span-load
distributi?an curves at station 75 (fig. 4.14.1-3(c), for example)

tab
(oz@) is the two-dimensional lift-effectiveness parameter obtained from _(E_a
o)
h

c
l
as per section 4.13.1
6,tab is the streamwise tab deflection in degrees, which is related to the deflection

Otap normal to the hinge line by the relationship

G,tab = tan'l(cos Ahl tan étab) (4.14.1-7)

For conventional tail surfaces, the difference between Gzab and Otg}, is negligible.

(3) The chordwise center-of-pressure location, Xeps for the incremental section
lift coefficient, due to tab deflection, for stations across the tail semispan depends
upon three regions of the semispan, two of which are affected by the tab. These three
regions, shown by the sketch in figure 4.14.1-4, consist of the following:

Semispan stations included in the tabbed section

Semispan stations adjacent to and within An = 0.20 of the ends of the tab

Semispan stations, not influenced by the tab, outboard of Ay =0.20 from the ends
of the tab

(a) For a semispan station included in the tabbed portion of the semispan,

Ac
(X_CB> - 0.95 _<—mf)l (@.14.1-8)
“h/, (ClA:O)n

H-646 187



where

(CZ A ) is the increment of lift coefficient at station 5 referred to the basic
=0
n

load line, obtained from

€l
(ClAzo)n =§);2—2\§ (4.14.1-9)

where

(Cl > is obtained from equation (4.14.1-6)
A

7
Ay is the sweepback angle of the (ch)b chordline which is the chordwise center-

of-pressure position of the basic (effective camber type) loading due to tab deflection,

deg, obtained from
4 xCp>b 1-2A
tan/\b=tan/\c/4 " -0.25 1+>\) (4.14.1-10)

®h

Xe
and ( Cp)b is obtained from figure 4. 14, 1-5.
h

(Acmf) is the section increment pitching-moment coefficient at semispan station,

n
n, due to tab deflection about the quarter—-chord point in the plane normal to the constant-
percent chord line through (X0p>b

For tab deflections up to approximately 6° (Acmf> may be obtained from
]

/7
(Acmf>n = Cm‘s{’abétab (4.14.1-11)

where, on the basis of lifting line theory,

2 Ctab Ctab\ |3
Cmerr = & ( > 1 —(——) per deg (4.14.1-12)
Oay, 273\ \Ch n[ h/,

and where

oS Aps tan O¢qp
@.14.1-13)

c
57 =tan-1 Gos A
b

tab

For large tab deflections, (Acmf) may be determined by using the empirical curves
n
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of Acmf in figure 4.14.1-6 (from ref. 1) based on unpowered-model wind-tunnel data.
Figure 4. 14.1-7 compares the empirically determined variation of Acmf versus
S¢ab©@f) with lifting-line theory as applied to the subject airplane.

(b) For semispan stations adjacent to and within Apn=0.20 from the ends of the
tab,

ch . <CZA:0>

M Jedge of tab

where

(om)

Mledge of tab

part (a), for span stations corresponding to the edge of the tab

is the ratio of (Acp, and (c ) , determined in
( f)n l A= .

K is a factor for estimating section center-of- pressure location for untabbed air-
foil sections near the ends of the tab, obtained from figure 4.14.1-8
X
(c) For semispan stations outboard of Apn= 0.20 from the ends of the tab, (?CB>
is considered to be 0,25, h /p

(4) For wings with a swept quarter chord, the chordwise center-of-pressure
position at each semispan station must be referred to the quarter chord of the tail mean
aerodynamic chord by

bh/ ) [<ch> 0 25]
h/2 h T T
X =(np-n-—— tan A + nl\ "h/p - (4.14.1-15)
Ch n C/4 é
7 h
where
(_X—> is the distance to the center of pressure at the semispan station, 7, aft
C

of the quarter chord as a ratio of the tail mean aerodynamic chord

ﬁ is the lateral distance of the tail mean aerodynamic chord from the body center-
line in semispans, obtained from section 3.2

(5) Obtain the pitching moment due to the tab deflection from the integral

.0
(Acr/n) = -/J o Ch)y X\ dy (4.14.1-16)
btab < A) n (Ch) av Ch n

0
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where
(¢
Ch),

(Ch) av
Sh

by

is the ratio of the tail chord at the semispan station, 7, to the average

chord,

Tables 4.14.1-2, 4.14.1-3, and 4.14.1-4 summarize the calculations for deter-
mining the horizontal-tail hinge moments of the subject airplane, based on the fore-
going procedures. Figure 4.14.1-9 shows the variation of the spanwise loading

coefficient, ATG, due to the tab deflection, used in the calculations. The basic

pertinent parameters and operational forms of the equations are listed in table 4.14.1-2.
Horizontal-tail tab characteristics are summarized in table 4. 14.1-3. The results

from table 4.14.1-3 are applied to table 4. 14. 1-4 to obtain the hinge-moment
characteristics for the condition where the tab is geared to the elevator in the ratio of

6
_6t_a£ = 1,5. It should be noted that in table 4.14,1-4 the calculations involving the non-
e

linear portion (calculated) of the tail lift curve are identified by block outline and are
not used. The calculated limit of linearity was obtained from a coordinated study of
op = ap - €, and O intable 4.14.1-4 with figure 4.14.1-1.

The calculated hinge-moment characteristics are compared with full-scale wind-
tunnel data in figure 4.14.1-10. In general, correlation for 6, =4°, 0°, and -5° is

reasonably good. At 8, = -10° and -14°, although good correlation exists at high ay,

the increasing discrepancy between wind-tunnel data and calculations with decreasing
o,. indicates an earlier nonlinearity in tail characteristics (due to tab deflection) than

calculated.

It is possible to arrive at a simple first approximation of the variation of the tail
hinge moment with @}, at a constant Ge for at least the first half of the nonlinear

region of the tail hinge moments. The suggested empirical procedure is as follows:

(1) Obtain the tail hinge moment at tail stall for the §, considered. At tail stall,
the center of pressure may be assumed to be at 50 percent of the tail mean aerodynamic
chord. Thus at tail stall,

— (Xhinge ~ X&/2)p
c z(C ) =
( hh(f)) stall Lmax h(f) Ch

(4.14.1-17)

Snllb..l

For the subject airplane at 0, = -14°,

-6.94
C ~-1.107( 22222 ) (1.0) = 0.236
< hh(f))stall (32-45)( )
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B~ 1.0 from table 4.14.1-4
a

Eh = 32.45 inches

from figure 3.2-2
= -6.94 inches

(*hinge ~ XE/Z)h

CL, ) = -1.107
( max/h(f) _ from figure 4. 14.1-1
(ozh) = (ozb - Eh) 1.0

stall stall -

(2) Obtain o, corresponding to (ap) from the correlation of (ah)stall with

stall
columns 2 and 1 in table 4. 14.1-4. For the subject airplane, with (ah)stall =1.00

t 6, =-14°, (a ~5.7
at e (@b ant

o

(3) Locate <Chh(f)> tall on the plot. For the subject airplane this is indicated by
sta
a solid symbol in figure 4.14.1-10 for o = -14°,

(4) Assuming that, in general, nonlinearity due to the tab will be experienced
earlier than predicted, spot a point on the calculated Chh(f) curve approximately one-
fourth of its length from the linearity limit toward the calculated airplane stall point.
From this plotted point, sweep a curve to (Chh (f)) tall’ This has been done for

sta

O = -14° for the subject airplane in figure 4.14.1-10,

4.14.2 Stick Forces

Control forces on the stick in a reversible control system are obtained from the
following relation based on the principle that work input is equal to work output:

e
F = (Hinge moment) 57.3 4.14.1-18)
stick stick .14.
)
- 5 She, | —2—
~57.3 [Chh(f)qooshch] Dstick
1 5e
=57.3|€ 5 |9 Spc 4.14.1-19
57.3 | "bn(D) G grior ) | G “hh ( )
where

Chh(f) is the hinge-moment coefficient based on horizontal-tail dimensions and _i
Yoo
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0 _ is the elevator deflection, degrees

e

Ogtic

For the subject airplane

based on 5

4.14.3 Symbols

stick

K s the stick deflection at the grip point, feet

Fatick = 49- 0 Chp g9, (4.14.1-20)

= 26 deg/ft, S, =32.5 sq ft, and cp =2.71 ft

All 1ift and moment coefficients are referenced to the horizontal-tail area and the

mean aerodynamic chord.

A

by
Chn ()

(Chh(f)> stall

CL

CLp )

192

horizontal-tail aspect ratio
horizontal-tail span, ft

hinge-moment coefficient of the horizontal tail with
fuselage effects on the tail included

value of Chh(f) at the tail stall angle

lift coefficient

net lift coefficient of the tail, due to s Ogo and 6tab’

with the fuselage effects included

lift coefficient of the tail, with fuselage effects included,
due to the tail angle of attack, op = ay - €h, only

lift coefficient of the tail due to «p and &, (with
Oab = 0°), with the fuselage effects included

maximum value of (Tih at stall

(H

maximum lift coefficient of the tail with interacting tail-
fuselage effects included

increment of lift due to the elevator deflection

increment of lift due to the tab deflection
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— CLp
(CLa)h(f) - Bahh 2
CLge
CLétab
( Cr,n>6tab

2b

H-646

lift-curve slope of the exposed portion of the tail panels,
referenced to the effective area of the exposed panels,
per deg

elevator effectiveness with %he tab geared to the elevator
tab

56

to deflect in the ratio of , per deg

oC1,
tab effectiveness, e per deg
‘tab

increment of pitching moment, about the quarter-chord of
the tail mean aerodynamic chord, due to tab deflection

chord of the flap and tab, respectively, used synonymously
in this section, ft

tail chord, ft

average tail chord, ft

tail chord at the semispan station, 7, ft
tail mean aerodynamic chord, ft

section lift coefficient

oc

section lift-curve slope, 5& * Per deg

section lift-curve slope of the horizontal tail
BCZ
section tab effectiveness, B perT deg
tab

increment section-lift coefficient at semispan station, 7,
due to the tab (flap) deflection

increment section-lift coefficient at semispan station, 7,
due to the tab deflection, referred to the constant-
percent chord line through (xcp)b , the basic loading

line due to tab deflection
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C
me”//
Otab

Acmf

1
Fstick
G
G
5

TN
>

o Q

:\/

rate of change of the section pitching-moment coefficient
with 67y about the quarter-chord point in the plane

normal to the constant-percent chord line through (xcp)b,
per deg

section increment pitching-moment coefficient, due to the

flap (tab) deflection, about the quarter-chord point in the
plane normal to the counstant-percent chord linz through

(op),

Acmf at semispan station, 7

ratio of the tab to the tail chord at semispan station, 7

stick force, 1b

spanwise loading coefficient

span loading coefficient due to the flap (tab) extending to
the plane of symmetry

difference in span-load coefficients for two bounding span-
load-distribution curves at semispan station, 7
(fig. 4.14.1-3(b), for example)

a factor for estimating the section center-of-pressure
location for untabbed section near the ends of the tab,
obtained from figure 4.14.1-8

ratio of the lift on the fixed stabilizer, due to angle of

attack, in the presence of the fuselage to the stabilizer
alone, obtained from figure 4.4-1

ratio of the lift on the stabilizer, due to the stabilizer
deflection, in the presence of the fuselage to the
stabilizer alone, obtained from figure 4.13.1-1

Mach number

dynamic pressure at the horizontal tail, 1b/sq ft

free-stream dynamic pressure, 1b/sq ft

horizontal-tail area, sq ft
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ch

(xc p)b
(xcp) b

®h

(=)

n
(*ninge ~ Xac)y

(Xninge ~ Xc/4)y
(Xhinge ~ X6/2)h

y

Yep

o

@p

o
( b>hsta11
Qh

(ah)stall

(*CLmax gy <aCLmaX>h(hn

H-646

area of the exposed panels of the horizontal tail, sq ft

thrust coefficient

chordwise center-of-pressure location, at semispan
station, n, aft of the quarter chord of and as a ratio
of the horizontal-tail mean aerodynamic chord

chordwise location of the aerodynamic center from the
leading edge of the tail mean aerodynamic chord with
étab =0°, in.

chordwise center-of-pressure location, ft

chordwise section basic loading center of pressure, ft

chordwise section basic loading center of pressure, due to

the tab deflection, from the leading edge of the tail as
a ratio of the tail chord

chordwise center-of-pressure location of the lift due to
the tab deflection, at semispan station, 7, from the
leading edge of the tail as a ratio of the tail chord

distance from the aerodynamic center of the tail to the
hinge line of the tab, in.

distance, on the tail mean aerodynamic chord, from the
quarter-chord and half-chord point, respectively, to
the tab hinge line, in.

lateral distance from the plane of symmetry, ft

lateral distance to the tail mean aerodynamic chord, ft

angle of attack, deg

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

airplane angle of attack corresponding to horizontal-tail
stall at any one deflected position, deg

angle of attack of the tail, oy, - €, deg
stall oy for any one 0§, setting, deg

angle of attack of the tail at the maximum lift of the tail
including fuselage effect on the tail and tail-fuselage
interaction effects, respectively ( oy ) is the
same as (Qh)giq))) max/hf)
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Ac/4

Ang

A
A= tan'l(M

). deg

196

(ah)stall with the tab at zero setting

elevator deflection, deg

flap deflection, same as tab deflection, 6tab’ deg
stick deflection at the grip point, ft

tab deflection normal to the hinge line, deg
streamwise tab deflection, deg

tab deflection normal to the section basic-loading center-
of-pressure line, deg

average downwash across the horizontal tail, deg

semispan station, 2y
by,

semispan station of the inboard and outboard end of the
tab, respectively

semispan station of the tail mean aerodynamic chord

increment of spanwise distance as a ratio of the tail
semispan

spanwise length of the flap (tab) from the plane of symmetry
as a ratio of tail semispan

sweep of the section basic-loading center-of-pressure
line, deg

sweep of the tail quarter-chord line, deg

sweep of the tab hinge line, deg

horizontal -tail taper ratio
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TABLE 4.14.1-1

LIFT CHARACTERISTICS OF HORIZONTAL TAIL ALONE IN THE PRESENCE OF THE

BODY AS A FUNCTION OF ap AND 3,, WITH TAB GEARED IN RATIO OF —E—al)- =1.5
e

(a) Linear range (referenced to ;)
C, =(C +{AC
Lh(f) ( Lh(t))étabzo ( L)btab

She She S¢ab G
={(0La)he%Khm—s; + [@ Lah k() 5, + CLatab<T>] Ge}f

e q
o0
Symbol Description Reference Magnitude
(CLoz) Lift-curve slope of exposed horizontal-tail panels, Table 4.2-1 0.0700
h per deg
She Area of exposed horizontal-tail panels, sq ft Table 3.2-1 28,73
Sh Reference horizontal-tail area, sq ft Table 3.2-1 32.5
Kh(f) Ratio of lift on tail in presence of fuselage to tail Table 4.10-1 1.075
alone
kh(f) Ratio of lift on movable tail in presence of fuselage Table 4.13.1-1(b) . 96
to tail alone
6
gab Gearing ratio of tab to elevator | ———————mn o 1.5
e
CL() Lift effectiveness of tab, referenced to S;,, per deg:
tab for ¢,y = 6°,0°, -7.5° Table 4.13.1-1(c) .0279
8¢ap = -15° Table 4. 13.1-1(c) .0273
Biap = -21° Table 4. 13.1-1(c) . 0231

_— q
Summary: For 0, =4°, 0°, -5°: CLh(f) = (0.0665q), + 0. 10136e)a_h

o0

— q
8 = -10° Ty g = (0.0665ay, +0.10045,) -
o0

_ a
8¢ = ~14° Ty = (0.06650p, + 0.09415,) —-

9o

(b) (C_Lmax)h(f) (referenced to Sy)

Symbol Description Reference Magnitude

[(ac Lmax) ] Horizontal-tail angle of attack at (ﬁmax)h(f) with | Table 4.13.2-1(a) +14.45
h®6,,,=0 04ap=0°» deg

5., deg | 6,1 = 1.5 (CLmax)nmy’ (Cmax)y o = (CTr) he
, deg tab =~ 1. L = L -
© 2 ¢ | from table 4.13.2-1(b) max/h(f) max/phf) Sh
4 6 -0.816 0. 721
0 0 -.926 -.819
-5 -7.5 -1. 064 -.941
-10 -15 -1.182 -1.045
-14 -21 -1.253 -1.108
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TABLE 4.14.1-2

PERTINENT RELATIONS FOR HORIZONTAL-TAIL HINGE MOMENTS

(a) Pertinent parameters

Symbol Description Reference Magnitude
M Mach number Wind-tunnel Mach 0,083
number
i Ni-~ 2 e . 997
by, Horizontal -tail span, ft Table 3.2-1 12.5
A Horizontal-tail aspect ratio Table 3.2-1 4.8
A Horizontal-tail taper ratio Table 3.2-1 .515
S, Horizontal-tail area, sq ft Table 3.2-1 32,5
[N Horizontal-tail mean aerodynamic chord, ft Table 3.2-1 2,704
a, Lateral position of ¢, ft Table 3.2-1 2.758
Xao Aerodynamic center relative to leading edge of mean aero- Table 4.5-1 . 25¢Cy
h dynamic chord
(Xhinge ~ ¥zc) Distance between aerodynamic center of mean aerodynamic Figure 3.2-2 1.17
h chord and hinge line, in.
(thinge ~ Xz /9 Distance between quarter chord of mean aerodynamic chord Figure 3.2-2 1.17
h and hinge line, in.
(eh),, S e 2.60
by
Ctab ;
(——C—> Ratio of tab chord to tail chord Figure 3,2-2 .18
h n
(Xhinge ~ Xacly,
e -- . 0361
“h
(hinge - X&/4)
RS L SRR it Bttty .0361
Ch
Zth
= _— e 441
n by,
/\c/4 Sweep of quarter-chord line of horizontal tail, deg Table 3.2-1 8.0
Ang Sweep of tab hinge line, deg Figure 3.2-2 0
(xcp)b
p Chordwise center-of-pressure position of basic loading due Figure 4.14.1-5 66
h to tab deflection
1 4 (XCP)b -
Ap Swe;epgof (xcp)bchord]me =tan {tan/\c/4 _K[T—O'ZS]GTK)}' Equation (4.14.1-10)| 1.8
Btab Tab deflection in plane normal to tab hinge line, deg ~ |----=-~==--=--~—- e
8{an Tab deflection in streamwise plane =taml{cosAy;tand, ) Equation (4.14.1-7) | 0 4
. cos Ay tan 8¢ab
[ 2448 Tab deflection in plane normal to (xcp)b=tan‘1 " cosAp Equation {4.14.1-13)] = 0.,
Cl o
K 5 Table 4.2-1 0.995
m
o 5
(an) -Clétab Table 4. 13. 1-1(c -.485 f0r5tab=6 ,0°,-7.5
a8l (Cl a) aple 2. 19 © =475 for By = -15°
h
-.403 for dyyp, = ~21°
A Hoerizontal-tail taper ratio Table 3.2-1 0.515
% Design parameter for span-load distribution 4.81
A, Design parameter for span-load distribution = §.02
# tan—l(w) , deg
) B
(Aég) Spanwise loading coefficient due to tab deflection Figure 4.14.1-2 See figure 4.14.1-9
n
(Cl ) Incremental section lift coefficient Equation {4,14.1-6) Sce part (b)
A e
n l,\)
(Cl (Cl referred to basic load line = —— i Equation (4.14.1-9) | =~ (¢,
A =0 A n cos“Ay, A n
i n
For general reference - ——3
c Ctab
Cps = -,.—2 tab) 1 - , per deg, based on lifting- Equation (4.14.1-12)| -0.0110
mg 57.3 c c
tab h n h 7
line theory
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TABLE 4. 14.1-2 (Concluded)

(b} Increment section lift coefficient (cl )
A
n

(% A) TS3En) 3(011) ( g)("«ﬁ)%(’{ab

Stab
= 0,212 (Ag) — for &5, = 6°, -7.5° (used in analysis)

'C
( h)n
{used in analysis)

[
G tab
~"'0.207(A ) —— for § =-15
5 A (ch)n tab

5
G\ “tab _ _oq0
~ 0, 176(A a—)ﬂm for Btab =-21
1

{c) Chordwise center of pressure (xcp),7 at increment section

For semispan stations included in the tabbed portion,

Acmg
(:-CR) =0.25 -5 )
h n (l/\;o’n

c
where, from figure 4.14.1-7 (for c—: =0,18),

Bap 6° -7.5% -15°  -21°
Acmy -0.060 0.070 0.125 0.160

For semispan stations adjacent to and within A5 = 0.20 from the ends of the tabs,

(F2) w5 -x @om),
°p ; (Cl‘\:())n

edge of tab

where K is obtained from figure 4.14.1-8
(d) Chordwise center of pressure of increment section lift coefficient relative to
quarter chord of tail mean aerodynamic chord

bh

% eh)y
(Eh)’, =(.,-r,)—=—can«c/4+ % Ch),' -0.25
Erdy|*ep
= 0,325 (5 - 0.441) 4 ;o] ‘h -0.25

(e) Pitching moment about the quarter chord of the tail mean aerodynamic chord
due to tab deflection

(ACm)p,, 'LJ.O(C‘A),, (C%};Zvu <E—:)nd

(4.14.1-6)

(4.14.1-8)

(4.14.1-14)

@.14.1-15)

(4.14.1-16)

[ (l/\) 3,60 (’;) n (referpnccd to 8By = 32.5 sq ft and

" —,—41-0)

(f) Hinge-moment coefficient of the horizontal tail
c (C ) (*hinge ~ *ac)y, (Fhinge ~ X&/4)y,
h =1 _

h(f, h(f) N
() ( 8ya1y0 &,

- 0.0361 [@Lhm)%b Wt (ACL)Gtab ] . (Ac&)omh

q
- ’ - Th
- O.OSGlith(D + (ACm)Gta {referenced to 8y = 32.5 sq f and 3 =1.0)
o
where
CLh(f) is obtained from figure 4.14.1-1

+ (Ac L) San —-——Eh (AC m)s

(4. 14.1-1)
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Figure 4.14.1-1. Calculated lift curves oﬁ;he horizontal tail alone in the presence
of the body with tab geared to elevator. gab =1.5; %E = 1. 0; reference area,
Sp» 32.5 sq ft. © *
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(a) ‘BEA-— = 0; inboard flaps.

Figure 4.14.1-2. Spanwise load distribution due to symmetric flap deflection for

c
straight tapered wing (ref. 32). Subsonic speeds; —(f— =1,
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(o) B2 = 2.0; inboard flaps.

Figure 4.14.1-2. Continued.
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(c) %{‘A‘—,: 6.0; inboard flaps.

Figure 4, 14.1-2, Continued.
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(d) élé- = 10. 0; inboard flaps.

Figure 4.14.1-2, Concluded.
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(a) General spanwise load distribution curves reduced to % s AB’ and A
for specific design. A =0.586; Ag= 47.35°% @1_{‘3_* = 3,87,

n
0.1

0.75

0.195

- Actual frlap span — |
0.556

1.0

(b) Crossplot of (a) to provide variation of loading coefficient with flap span for a
specific flap configuration extending from 5y of 0.1 to 0.75.

6

rad

[=Zdkp]
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Mt 0.1 0.75
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—»,nf

=01 |
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(c) Variation of spanwise loading coefficient (from (b)) for flap configuration
extending from n¢= 0.1 to 0.75.

Figure 4.14.1-3. Sketches showing reduction of spanwise loading design charts to
specific design condition.
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Figure 4. 14.1-4.
for stations across semispan.
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Sketch of typical variation of chordwise center-of-pressure location
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Figure 4. 14.1-5, Variation of section-basic-loading center of pressure with flap-chord
ratio (ref. 31).
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Figure 4.14.1-6. Effect of plain-flap deflection and flap-chord-to-wing-chord ratio
on section incremental pitching moment. Based on unpowered-model wind-tunnel
data (ref. 1).

0 ~ From
x figure
\/\ 4,14.1-6
~ \
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mf Z Lifting- ]
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b¢, deg

Figure 4.14.1-7. Comparison of effect of plain-flap deflection on section pitching
moment calculated b% lifting-line theory with empirically determined effects from

. f
figure 4. 14, 1-5 for oh 0.18,
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Figure 4. 14.1-8. Factor for estimation of section center-of-pressure location for
unflapped sections near end of flaps (ref. 31). Subsonic speeds.
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Figure 4.14.1-9. Variation of spanwise loading coefficient due to tab deflection on
horizontal tail of subject airplane. '[% =4,81; AB =8.02° X =0.515.
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Wind-tunnel data

b, deg
a4 -14
28— P -10
. . O -5
b a4 Estimated Cj, at fail stall, o 0
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Figure 4.14.1-10. Comparison of calculated and wind-tunnel determined hinge-

moment coefficients of the horizontal tail. étab

assumed equivalent to propeller-off condition.
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= 1.5; wind-tunnel dataat T4, =0
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5.0 PREDICTION OF POWER-ON AERODYNAMIC CHARACTERISTICS

The effects of power from propeller operation are generally significant on the
stability and control characteristics of an airplane. Unfortunately, because the pro-
peller slipstream usually interacts with the flow around several of the airplane com-
ponents, a number of separate effects must be accounted for. Although some of the
effects have been accounted for by theoretical analysis, many are usually estimated by
empirical methods.

Successful analytical methods were developed in reference 33 for estimating pro-
peller forces normal to the thrust axis and the effects of slipstream on wing-fuselage
characteristics. A successful empirical method was developed in reference 19 for
estimating the change in wing lift due to the change in slipstream dynamic pressure on
the immersed portion of the wing. Less success has been achieved in providing a
general technique to predict the complex changes in flow at the tail. It appears that an
empirical technique for predicting power effects on the tail is generally based on ex-
perimental data of single-engine airplanes of similar configurations. Attempts to apply
the technique to other configurations require some prior knowledge (gained through
experience) of the empirical corrections to be applied to the prediction techniques used.

One of the more successful investigations to provide a semiempirical approach to
the problem of determining the effects of power on the tail contribution to the stability
of single-engine monoplanes is reported in reference 34. Some effects of power on
elevator hinge moments are discussed in reference 35.

In the following sections, the effects of power on lift, pitching moments, drag,
and elevator hinge moments are considered on the basis of methods presented in ref-
erence 1 which are, with some modifications, the methods of reference 19. The
method of reference 19, in turn, utilizes the method of reference 33 and refines the
method of reference 34. The procedures presented are applied to the subject airplane,
sources of discrepancy are identified, and a modification is established for future
guidance for similar aircraft.

To facilitate the presentation of nomenclature in the discussion of power effects,
immersed surface areas and propeller slipstream are defined in figures 5-1 and 5-2,
respectively. Figure 5-1(a) provides surface area definitions for a single-engine
airplane, and figure 5-1(b) provides definitions for a two-engine airplane (the subject
airplane). These definitions are supplemented by written definitions in section 5.1-3.
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5.1 Power Effects on Lift

The effects of the propeller on the lift forces acting on the airplane may be divided
into two groups, those due to the propeller forces and those due to the propeller slip-
stream. On this basis the lift of the airplane may be represented by

Propeller forces Propeller slipstream effects

/ \/

Wing Horizontal tail

/ N/
CL = CLpI‘Op off + (ACL)T +(ACL) Np + (ACL)A(—IW + (ACL) = + (ACLh)Aqh+ (ACLh)(A(h)

power
(5.1-1)
where

(ACL)T is the lift component of the propeller thrust vector
(ACL)N is the lift component of the propeller normal force, Np (fig. 5-2)
p

(ACL) A§ is the change in lift due to power-induced change in dynamic pressure
w

over the portion of the wing immersed in the propeller slipstreams
(ACL) . is the change in lift of the immersed portion of the wing due to change in
p

angle of attack of this portion resulting from propeller downwash, €p shown in fig-
ure 5-2

(ACLh) AG is the change in lift contribution of the horizontal tail resulting from
h
change in dynamic pressure at the tail due to power

(AcLh) is the change in lift contribution of the horizontal tail resulting

from change in downwash at the tail due to power

In the following discussion of power effects on lift, the airplane will be considered
initially on the basis of tail-off lift characteristics, followed by horizontal -tail
contributions to lift with tail-fuselage interaction effects included. This treatment is
represented by the equation

(ACLan) power

/Direct propeller Propeller slip- \

/" force effects \ / stream effects \

+(80L)  + (ACL) + (AC) g+ (ACL)ep] + Ly,

‘L :[(CLan) prop off

(5.1-2)
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5.1.1 Tail-Off Lift Characteristics With Power On
The propeller-off, tail-off lift characteristics were considered in section 4.5.

The contribution of the thrust vector to lift is obtained from
(ACL)T =n (T é/prop) sin ap = T sin g (5.1.1-1)

where

n is the number of propellers
Thrust/propeller

qooSW

T/prop =

aT is the angle of attack of the thrust axis relative to the free-stream velocity
vector
The contribution of the propeller normal force to the lift is obtained from the

following equation from reference 19:

ay (Sy/pro
_ p_(Sp/Prop) ]
(ACL)NP —nf(CNa) 57.3 B C0S aT (5.1.1-2)
b

where

f is the propeller inflow factor from figure 5.1,1-1

(CNoz) is the propeller normal-force parameter at Tg = 0, per radian given by

b
| (% )

(CNa)p =[(CNa) 1+0.8{g57 -1 (5.1.1-3)
P KN=80.7
where

Ky is the normal-force factor obtained from the propeller manufacturer or ap-

proximated by

- P P B
KN = 262(b ) + 262(L> + 135<b ) (5.1.1-4)
Rp 0.3Rp Rp 0. GRp Rp 0. 9Rp

b
where <—£> is the ratio of the blade width, b,, to the propeller radius, Rp,
Rp/o. 3R, P

at O.3Rp (similar ratios have the same connotation)
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[(CNoz) ] is the propeller normal-force derivative given in figure 5.1.1-2
PIKR\=80.7

as a function of blade angle, ,Bf and type of propeller

ap is the local angle of attack of the propeller plane (fig. 5-2), obtained from
deyy
Ct’p =a7p - W (Q’W - CYO) (5. 1, 1—5)
where
o€y
"3 is the upwash gradient at the propeller, obtained from figure 5.1.1-3
a,, 1s the angle of attack of the wing, ay, + iy,

a, is the zero-lift angle of the wing

Sp/prop is the disk area of the propeller, 7rR2p

The contribution of power to lift due to change in dynamic pressure on the im-
mersed portion of the wing is obtained from the following equation from reference 19:

Aqg, (Si/ prop)
(ACL>A§W =Ky _Q:(CLW) prop off T (5.1.1-6)

where

K. 1is an empirical correlation parameter for additional wing lift due to the power

1
. . . . Sw(Tc// prop)
effects on the wing, obtained from figure 5.1.1-4 as a function of SR.2 and
aspect ratio, A;, of the immersed portion of the wing (fig. 5-1) p
Aqy,
~ is the increase in dynamic pressure due to propeller slipstream on the
95
immersed portion of the wing:
Ad, Sy (TS /prop)
— = 5 (5.1.1-7)

q

- TRy
The portion of the wing, S;, immersed in the propeller slipstream (per propeller)
is obtained, on the basis of figures 5-1(b) and 5-2, from

S;/prop = (by/prop) ¢; (5.1.1-8)
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where

2
bi/prop = 2\]Rp2 - (zg - Zy) (5.1.1-9)
and
_ 7
Zg = —xp(a'b - €y- ep) +Zp (5.1.1-10)
with
9ey
_.Eu = - —_aa (aw - ao) (5. 1. 1_11)
and
= ?fg 5.1.1-12
€5~ 5a op 5.1.1-12)
p
o€
The derivative —— is given by
Bozp
Bep
5oy Cy + Cy (CNa>p (5.1.1-13)

where the constants C, and C, are obtained from figure 5.1.1-5 and (CNoz)p is

obtained from equation (5.1.1-3).

The contribution of power to lift due to change in angle of attack resulting from
propeller downwash, €p> is obtained from

Al Si/prop
(ACL) =n(l +—) (CL (Aoz)s_(fT—) (5.1.1-14)
€ q ®w i w
P ) prop off
AQ '
where —— and S;/prop are defined by equations (5.1.1-7) and (5.1.1-8), respec-
q

tively, and

‘p

Dey

oo

(/-\01)8i = - (5.1.1-15)

where

Ep was defined in equation (5.1.1-12)

The contribution of power to the maximum lift must also be accounted for. The
preceding contributions of power to lift were considered to occur at discrete angles of
attack to be added to the power-off lift curve. However, because the angle of attack
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for stall increases with power, depending primarily upon the ratio of immersed wing
area to total wing area, an additional increase in power effect occurs at or near maxi-
mum lift due to the increase in stall angle. This is illustrated in the following sketch:

—*_ ACLax
AC [
“Lwin ACy)” = (ACL).. + (AC AC AC
L power Lip L)Np +( L)Aq_w + L)ep
// LPropeller off

o)

The increment in maximum lift due to the propeller power, ACLmax’ is obtained

from the following empirical equation (from ref. 1):

/
ACp .. =K (ACL)power (5.1.1-16)

where

(ACL);)ower is the increment in tail-off lift due to power at propeller-off, maxi-

mum-lift angle of attack

K is a correction for maximum lift due to power, a function of the ratio of total
immersed wing area to total wing area, obtained from figure 5.1.1-6

The complete power-on lift curve is constructed by: (a) plotting the linear portion
of the power-on curve, (b) drawing a horizontal line representing the power-on maxi-
mum lift coefficient, and (c) translating the nonlinear propeller-off portion of the lift
curve to a tangency with (a) and (b). This construction not only shapes the power-on
lift curve but also fixes the power-on stall angle.

By using the foregoing procedures, the tail-off lift characteristics of the subject
airplane were determined and are summarized in tables 5.1.1-1 to 5.1.1-4 for three
thrust vonditions. In tables 5.1.1-1(c), 5.1.1-2(a)-3, 5.1.1-2(b), and 5.1.1-3, in
which the power effects are computed as functions of angle of attack, «y, the tables
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are separated into three parts:

The first part provides for the calculation of power effects on lift from
ayp = -4° (essentially zero lift) to ap = 12°. The results of these cal-

culations for each thrust condition (table 5.1.1-3, column 7) are plotted
as in figure 5. 1.1-7 with the propeller-off, tail-off lift curves super-
imposed on the plots. These plots constitute the initial phase of con-
struction plots for power-on curves and completion of the calculations.

The second part is an interjected line item used only to obtain
(ACL)’power (summarized in column 5 of table 5.1. 1-3) to be used in

table 5.1.1-4 to obtain ACL, ... due to power for each power condition.

The ACy,,,x thus determined for each power condition is now added to

the propeller-off CLmax value in figure 5. 1.1-7 to obtain power-on CI,,,qx-
With power-on CLmax and the linear portion of power-on Cp, determined,

the power-on lift curves are completed as explained earlier in this section and
as shown in figure 5,1.1-7.

With the power-on lift curves completed, the stall angle for each power
condition is noted and used to extend the propeller-off, wing-alone and
propeller-off, tail-off lift curves to the power-on stall angles as in fig-
ure 5.1.1-8. This figure is now used to provide the information required
in column 12 of table 5.1.1-2(a) and column 6 in table 5.1.1-3 to com-
plete the third part of the tables.

The power-on tail-off characteristics as summarized in column 7 of table 5.1.1-3
are now in tabular form ready for the consideration of net lift with tail on.

5.1.2 Horizontal-Tail Contribution to Lift

The addition of power alters the propeller-off lift contribution of the horizontal tail

due to power-induced increments of downwash, (Aeh) power’ and dynamic-pressure

_h , at the tail. The determination of the power-induced downwash has been
a

20
particularly troublesome, more so for multiengine than single-engine aircraft because
of the variations in size, shape, and position of the nacelles relative to the wing, which
appear to provide more variables and interference with flow over the wing than in
single-engine installations. The errors in predicting the power effects on the lift con-
tribution of the horizontal tail for normal configurations are not too significant in de-
termining the net lift of an airplane. They are, however, very significant in determining
the pitching-moment characteristics.,

ratio,

The power-induced change in downwash at the tail, (Aep )power’ may be estimated

from figure 5.1.2-1 for single-engine airplanes and from figurc 5.1.2-2 for multi-
engine airplanes. These nomographs, developed in reference 19, are presented as

functions of propeller-off downwash angle, (ey,) props off’ thrust coefficient, T’C/prop,

and airplane geometry involving wing area, Sy, propeller radius, Rp, and distance
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from thrust axis to the horizontal tail, th.
Aq

The power-induced change in dynamic-pressure ratio at the tail, Th— , may be
q

estimated from the nomograph in figure 5.1.2-3 with some reservation regarding the
T{ = 0 condition. This nomograph, obtained from reference 1, was originally

developed in reference 19 and differs from the original in the vertical displacement of

the ordinate, -ﬂl . In the original development, the zero value of was alined

9 T ¢/prop 9L,

with the zero value of Sy, ———— . This is in contrast to the present alinement of
8Rp2

Aﬁh T é/ prop

—— with the zero value of S;, ————— . No explanation is given in reference 1 for

the shift of the ordinate. It is surmised that the shift was made to conform with a

normally accepted assumption that the dynamic pressure at the tail is 90 percent of

free-stream value in the absence of power effects (propeller off or T/ = 0). For

Té = 0 conditions and positive thrust conditions for which figure 5. 1.2-3 provides

values of dynamic-pressure ratio less than the values determined in section 4.9.2 for
propeller-off conditions, it is recommended that the values obtained for propeller-off
conditions be used.

For the subject airplane with the tab geared to the elevator to deflect in the ratio

)
of _éﬂ = 1.5, the contribution of the horizontal tail to the 1lift of the airplane may be
e

obtained from the following relation:

_ ’ Sh\}/a}, Agy,
_ W= _1 5.1.2-
CLhmg (CLh(hﬂ,)s a/q =1.0 \Swl\g . (.1.2-1)
h»5h/H, ™ 0 9 'prop off o

where

(CL )' o is the lift of the tail referenced to the tail area and a
@D/ sy, q/d =1.0

dynamic-pressure ratio of 1.0, obtained from figure 4.13.3-1 as a function of
oy, = ap - €,) - and §_; downwash at the tail with propeller off,
prop off €

(Gh)props of * obtained from figure 4.9.1-7; downwash increment due to power,

AGh)power

(Aéh)power’ obtained from figure 5,1.2-2

dp
<—> is the propeller-off dynamic-pressure ratio at the tail, obtained
q

«’ prop off
from figure 4.9.1-7
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Aqy,

is the power-induced increment in dynamic-pressure ratio at the tail,

q

20
obtained from figure 5. 1.2-3. When the increment obtained from the figure is negative for
zero or positive thrust conditions, it is assumed to be zero

The effect of the horizontal tail, including elevator (with geared tab) deflections,
on the lift of the subject airplane with power on is summarized in column 14 of
table 5.1.2-1 as a function of «p, 0., and Té. Calculated downwash characteristics

are compared with those determined from experimental data (ref. 2) in figure 5.1.2-4.
The downwash and dynamic-pressure ratio of the horizontal tail, calculated in columns 3
and 4 and column 11 of table 5.1.2-1(b), respectively, are shown in figure 5.1.2-5.

The downwash at the tail determined from experimental data, shown in figure 5.1.2-
5, was determined in reference 2 for each power setting as a function of oy, by
superimposing the wind-tunnel-determined tail-off C,,, versus «j, plot on the tail-on
Cm plot which included Ge effects. At each @, point considered, the downwash was
considered to be equal to the Ge at which Cm’ tail on, was equal to Cp,, tail off.
Using this approach, the authors of reference 2 considered the downwash, thus deter-
mined, to be within 1° of the correct value at the high angles of attack.

Considering the accuracy of the experimentally determined downwash, the calcu-
lated downwash at high angle of attack for Té = 0 1is believed to be within 1°. As is
shown later, the pitching-moment curves, C,, = f(ayp, 5e), for Té = 0 show good
correlation, thus implying fairly accurate calculated values for Té =0, At total
Té = 0.20 and 0.44, it was found necessary to reduce the increment of downwash due

to power by 40 percent to achieve correlation in pitching-moment curves (as a function
of a3, and Ge), as is discussed later. This 40-percent decrease in downwash due to

power had only a slight effect on the calculated dynamic-pressure ratio at the tail
(fig. 5.1.2-5).
5.1.3 Nel Characteristics of the Subject Airplane

A comparison of the calculated (from column 16 of table 5.1.2-1(b)) and wind-
tunnel-determined (ref. 2) lift characteristics for total Té =0, 0,20, and 0.44 in
figure 5.1.3-1 shows good correlation. At total Té =0.20 and 0.44, a 40-percent
reduction in downwash due to power (discussed in the last paragraph of the previous
section) improved the correlation.

It should be noted that the lift contributions of the tail include tail-lift carryover
effects onto the body due to the angle of attack of the tail (6, = 0°) and elevator de-

flection as discussed in sections 4.10(a) and 4. 13-1, respectively. These calculated
tail-lift carryover effects for the tail-body configuration of the subject airplane are
considered to be excessive, as shown in section 4. 11 and section 4. 13.4, and should
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be neglected for this tail -body configuration.

Neglect of these carryover effects would

have an insignificant influence on the lift curves of figure 5. 1.3-1 but not on the
pitching-moment curves (@s was shown in section 4. 13.4).

5.1.4 Symbols
A

Aj

by
by/prop

(bg),

bp

Cy5Cy
CL

CLy (hf)

(CLh(hf)) “h 1.0

CLmax
CLprop off

(C LW) prop off ’(C Lan)prop off

wing aspect ratio

aspect ratio of the portion of the wing 1/nmersed in
prop
the slipstream of one propeller,

C.
1
span of the total portion of the wing immersed in the
slipstreams of the propellers, ft

span of the portion of the wing immersed in the slip-
stream of one propeller, ft

span of the exposed portions of the wing panels im-
mersed in the propeller slipstream of a single-
engine airplane, ft

blade width of the propeller, ft

factors used in determining the propeller downwash,
ep, obtained from figure 5.1.1-5

lift coefficient

net lift coefficient of the horizontal tail due to ay,
66, and 0,1, with tail-fuselage interaction effects

included, referenced to the wing area

net lift coefficient, , referenced to the

CLhmi
horizontal-tail area and a dynamic-pressure ratio
at the tail equal to 1.0

maximum lift coefficient

lift coefficient at propeller-off conditions

1ift coefficient of the wing alone and the tail-off
configuration, respectively, at propeller-off

conditions

lift coefficient of the tail-off configuration at power-
on conditions, {C + (AC
( LWfﬂ) prop off ( Lan)power

tail -off maximum lift coefficient
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ACLmax

(acy) Np

(AC L) ;)ower

(ACL)ag,,

QACL>T

(s

(ACLh>A61h

AC
( Lh)(Aeh)power

(ACwan)
(e

power

« Wprop off

Cm

(cNg)

p

[(CNO‘)P]KN=80. 7

(°ry),

H-646

increment of maximum lift coefficient due to power

increment of lift coefficient due to the lift component
of the propeller normal force, Np (fig. 5-2)

increment of the tail-off lift due to power at the
propeller-off maximum-lift angle of attack

increment of 1ift coefficient due to the power-induced
change in dynamic pressure over the portion of
the wing immersed in the propeller slipstreams

increment of lift coefficient due to the lift-component
propeller thrust vector

increment of lift coefficient due to the change in angle
of attack, resulting from propeller downwash, €p’

of the portions of the wing immersed in the pro-
peller slipstreams

increment of horizontal-tail contribution to the lift
coefficient resulting from the power-induced
change in dynamic pressure at the tail

increment of horizontal-tail contribution to the lift
coefficient resulting from the power-induced change
in downwash at the tail

increment of tail-off lift coefficient due to power

lift-curve slope of the wing alone at propeller-off
conditions, per deg

pitching-moment coefficient

normal-force derivative of the propeller based on the
propeller disk area, per rad

reference normal-force derivative of a propeller
having a normal-force factor, Ky, equal to 80.7,
per rad

mean aerodynamic chord

mean aerodynamic chord of the portion of the wing
immersed in the propeller slipstream (figs. 5-1(a)
and 5-1(b)), ft

root chord of the exposed portion of the wing panel

immersed in the propeller slipstream of a single-
engine airplane, ft
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ct;

it

226

tip chord of the portion of the wing immersed in the
propeller slipstream, ft

propeller inflow factor, ratio of the propeller normal-
force coefficient at power-on to power-off (TZ = 0)
conditions

incidence of the thrust axis relative to the X-body
axis, deg

incidence of the wing relative to the X-body axis,
deg

correction factor for maximum lift due to power

correlation parameter for additional wing lift due to
power effects on the wing

propeller normal -force factor

distance from the center of gravity and the quarter
chord of the mean aerodynamic chord of the im-
mersed portion of the wing, respectively, to the
quarter chord of the horizontal-tail mean aero-
dynamic chord, ft

normal force of a propeller, Ib

number of propellers

free-stream dynamic pressure, lb/sq ft

dynamic pressure at the horizontal tail for power-on
and propeller-off conditions, respectively, as a
ratio of the free-stream dynamic pressure

increment of power-induced dynamic pressure acting
on the horizontal tail and the portions of the wing
immersed in the propeller slipstream, respectively,
as a ratio of the free-stream dynamic pressure

propeller radius, ft
horizontal-tail and wing area, respectively, sq ft
area of the portions of the wing and horizontal tail,

respectively, immersed in the propeller slip-
streams (fig. 5-1(b)), sq ft

H-646



Sh;/PTop

S;/prop

Zh

Zhe £f

ZhT

H-646

horizontal-tail area immersed in the slipstream of
one propeller, sq ft

wing area immersed in the slipstream of one pro-
peller, sq ft

disk area of one propeller, sq ft

thrust of the propellers, 1b

thrust coefficient due to one propeller
airspeed, ft/sec

x- and z-coordinate axis, respectively, of the
body-axes system

distance from the center of gravity and the quarter
chord of the mean aerodynamic chord of the im-
mersed portion of the wing, respectively, to
the propeller, positive forward, ft

distance from the aerodynamic center of the mean
aerodynamic chord of the immersed portion of the
wing area to the center of gravity, positive
forward, in. or ft

lateral distance from the root chord of the exposed
portion of an immersed wing panel on a single-
engine airplane to the mean aerodynamic chord of
the immersed panel, ft

distance, parallel to the Z-body axis, from the
X-body axis to the quarter chord of the horizontal -
tail mean aerodynamic chord, positive down, ft

effective distance, parallel to the Z-body axis,
from the quarter chord of the horizontal-tail mean
aerodynamic chord to the centerline of the propeller
slipstream, positive down, ft

distance, parallel to the Z-body axis, from the

thrust axis to the quarter chord of the horizontal-
tail mean aerodynamic chord, positive down, ft
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e

5tab

¢h = (e_h)props off T A€h)power
(Aep)

power

€p)
h props off

228

distance, parallel to the Z-body axis, from the
X-body axis to the centerline of the propeller slip-
stream at the longitudinal station of the quarter
chord of the mean aerodynamic chord of the im-
mersed portion of the wing, positive down,
ft

distance, parallel to the Z-body axis, from the
X-body axis to the thrust axis, positive down, ft

distance, parallel to the Z-body axis, from the
X-body axis to the quarter chord of the mean
aerodynamic chord of the immersed portion of
the wing, positive down, ft

angle of attack, deg

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

angle of attack, oy, at stall with the propellers off,
deg

angle of attack of the propeller plane, includes the
effect of the wing upwash, deg

angle of attack of the thrust axis, deg

angle of attack of the wing relative to its chord line,
deg

angle of attack of the wing zero-lift line relative to
its chord line, deg

change in angle of attack of the portion of the wing
immersed in the propeller slipstream due to the
propeller, deg

propeller blade angle at 0.75 Rp, deg

elevator deflection, deg

tab deflection, deg

increment of downwash at the horizontal tail due to
power, deg

average downwash at the horizontal tail with the
propellers off, obtained from section 4.9.1, deg
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downwash at the horizontal tail for power-on conditions,

€power on deg

p downwash angle behind the propeller, deg

2—23 downwash gradient behind the propeller

—€4 upwash angle at the propeller, deg

- ggll upwash gradient at the propeller

}\ie taper ratio of the exposed portion of the immersed

wing panel on a single-engine airplane (fig. 5-1(a))
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TABLE 5.1.1-1
LIFT DUE TO DIRECT ACTION OF THE PROPELLER FORCES

(a) Contribution of thrust vector to lift, (ACL)T

(ACL)T = n(T é/prop) sin @y

a)-1
Symbol Description Magnitude
n Number of propellers 2
Té/pr‘op Thrusf/ ropeller As selected
A Sw
i'[‘ Incidence of thrust line to reference Xb—axis, deg |0
ap tyy + iT, deg vy
(a)-2
T é/prop n(T%/prop) (ACL)Tl
0 0 0
.10 .20 .20 sin oy,
.22 A .44 sin o
Yon basis of S, = 178sq ft.
(h) Contribution of propeller normal force, (ACL)\,
“p
AcCp) f(c @p (Sp/prop)
( nf(CN,) = —g €08 &
LINg o/ 573 T 8y T
(-1 .
Symbol Description Refercence Magnitude
Rp Propeller radius, ft Table 3-1 3.0
Sp,/prop Propeller disk area, anz, sqft | - 28,27 per propeller
Sg Reference wing arca for comparison with wind-tunnel | Table 3-1 175
and flight data, sq ft
Sw(TS /pro
“‘—LE—D—p) Power paramcter for obtaining correlation functions | ------——--- ;’.47(T(’,;’prnp)
8R,~ ’
P S\\'(Tc/prop) i _ ’.
f Propeller inflow factor, function of A Figure 5,1.1-1| Depends on T /prop
. . “Rp
by width of propeller blade, ft Manufacturer 0,416 at 0.3R,
.492 at .6 Rp
.409 at .9 R
bp np P
Ky Normal-force factor, 262 R_> + 262 T Equation 97.7
P 0.3Rp O.GRp 5.1, 1)
op
+ 135 I—{-‘
P70, ¢
) ‘)Rp
N 4
i’ Propetier blade angle, function of —r_uf}\’)T and Propulsion As sclected
T, deg (rps)=Rp group
KCN )] Propeller normal-force parameter, function of 37 Figure 5.1.1-2 | Depends on 37
PIKy=80.7
(CNa) Propeller normal-force derivative, Fquation 1,17 [(CN“) ] _ B
P [ Ky (G.1.1-3) Py 20,07
N ] 14008 —= |
[( ”)p Ky 80,7 80.7
H-646
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(h)-1 (Concluded)

TABLE 5.1.1-

1 {Concluded)

Symbaol Description Reference Magnitude
¢ Effective chord of immersced wing area, ft IMigure 5-1(b) 5,50
x6 Distance of propeller forward of guarter-chord point of ¢j, ft | Figure 5-2 6.0
.‘(I
R S RS 1.09
R
A Aspect ratio of wing Tabhle 3.2-1 7.5
de
- awu Upwash gradient at propeller Figure 5.1.1-3 . 195
oy Angle of attack of wing relative to wing chord, «ay, + iy, deg Table 3-1 i + 2
a, Wing zero-lift angle relative to wing chord, deg Table 1. 2-1 -2
o Angle of attack of thrust line, «ay, + i, (]gg ——————————————— 2N
u
ap Angle of attack of propeller plane, o - E(T(nz“. - ag), deg Fquation {5. 1. 1-5) 200+, 78
{)-2
® @ ® @ 16) ® @
Sy (T/prop) Iy T ( )
y ' as in wind-tunnel test [CN ] , I i "
Te/prop oR.2 figure 5. 1. 1-1] of the subject air- “rlrneso. 7| (0N, (ACL’NP or two propeliers
B plane, deg " 2 |- -
2.47(T”./prop) figure 5.1.1-2 |= 1.17 ® 0.00554 @® op cos m,
0 0 1.00 4.8 0. 080 0,0936 0.000519(1. 20, + 0, T8) cos "y
.10 . 247 1.19 19.3 . 098 L1147 .000756(1.2/‘4,) + ,78) cos @y
.22 . 543 1.37 21.5 . 104 L1217 L 000924 (1. 20vp + . 78) cos @y,

{c) Summary of Iift due to direct action of propeller forces

® ® | ® ® ® ® ®
———————————— Table 5. 1.1-1(h)-1| Table 5.1.1-1(a)-2 Table 5.1.1-1(b)-2 e
@)= T.® ACuy, = ;D BCyp + BCLy = ® +®
L)~ 1e
s[n_ozb cos ay o deg = T Té
s deg = = 5 I l
. . 0,2 0. 44 ’,
sin . T T . T
in® cos@®| ! 2(D +0.78 ¢ o ¢
0] 0.2 0.44 ] o0.000519 f0.000756 | 0. 000924 0 0.2 0. 44
-4 ~0.0698 0.9976 -1.0 0 |-0.0140 { -0.0309 { -0. 00207 | -0. 00302 | -0.00369 { -0.00207 | -0.01702 [ -0.0%459
-2 -.0349 | .9994 -1.6 o] -.o070 | -.015¢ ] -.00083 | -.00121 | -.00148 | -.00083 | -.00821 } -.016Gsx
0 0] 1.000 0.8 0 0 ol o.00012 | 0.00060 | 0.00074 | 0.00042 | 0.00060 | 0.00074
2 0319 | .9994 3.2 of{ .ooto| .o0154 L00166 | 00242 . 00296 . 00166 . 00042 . 01836
4 0.0698 |0.9976 5.6 o] o.01a0 ] 0.0307 | n.00200 | 0.00422 | 0.00516 | 0.00290 | 0.01822 | 0.035%6
6 L1045 | L9945 8.0 o .ozo9 L0460 L00413 | . 00601 00735 00413 . 02691 L 05335
8 0.1392 |0.9903 10.4 o | o.0278 | 0.0612 | o0.00535 | 0.00779 | 0. 0.00535 | 0.03539 | o.07072
10 1736 | .osas 12.8 0 L0347 L0764 .00654 | .00a5a . 00654 L4423 . 08805
12 v, 2079 10,9751 15.2 o | v.oats | 0.0915] o.00772 | 0.01124 | 0. 0.00772 | 0.05284 | 0.10524
13,8 0.2385 Jo.9711 17.3 0] 0.0477 ] 0.1049 | 0.00872 | 0.0127 0. 0.00872 | 0,06040 { 0.12042
b3, 8 0.2385 |0.9711 17.3 o | 0,0477 | 0.1049 | o0.00%72 | 0,01270 | 0.01552 [ 0.00872 | 0.06040 | 0,12042
€141 2436 | . 9699 17.7 - . 0487 072 [ - . 01298 LT e — . 06168 . 12306
d14.4 0, 2187 {0,9686 IR.1 -1 - 0109t | ------- | ——=———- 0,01620 | -———-==={ ------- 1. 12360
3Gtall angle for (C ropeller off d only to obtain (C
o ( wan)mnx propefler off (used only to o am( Lmax)poweron)'
b.2.d5tal} angles for tail-off configuration at T/ = 0, 0.20, 0.44, respectively.
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TABLE 5.1.1-2

WING-LIFT INCREMENTS DUE TO PROPELLER SLIPSTREAM EFFECTS

(a) Wing-lift increments due to change in dynamic pressure on
immersed portion of the wing, (ACL)Aé
w

Aqy, Si/prop
AC - =nK, —(Cp,... —_—
( L)Aqw ! a, ( L“)Dmp off Sy
(a)-1
Symbol Description Refercnce Magnitude
(C Lw) ron off Cp, of wing alone (The Cy, curve of figure 4.2-1(a), based on | Figure 5.1.1-8 Function of o},
prop
Sy = 172.3 sq ft, was re-referenced to S, - 178 sq ft in
figure 5.1.1-7 and its nonlinear portion approaching stall
was translated, along its linear portion, to the stall angles
for power-on conditions.)
n Number of propellers b 2
Sw Reference wing area for comparison with wind-tunnel and Table 3-1 178
flight data, sq ft
Rp Propeller radius, ft Table 3-1 3.0
; Net thrust per propeller
T/prop Sdee— ™ s As selected
a4 Sw

Ady

©

Change in dyna/vic—pressure ratio on immersed portion of
{T; /prop)

anz

wing,

Function of (T*,/prop)

Sy {T%/prop)

8R,?

Power parameter for obtaining correlating functions

Factor for determining propeller downwash, ¢

Figure 5.1.1-5

2.47(T ,./prop)

Function of (T ./prop)

C
1 P
Cy Factor for determining propeller downwash, €p Figure 5.1.1-5 Function of (T{/prop)
(CN )p Propeller normal-force derivative Table 5.1.1-1(h)-2 | Function of (T//prop)
@,
B, C + CZKCNa)p Equation (5.1.1-13) | Function of (T/prop)
p Angle of attack of propeller plane, deg Table 5.1, 1-1(c) 1.2ap + .78
de
P
(p Propeller downwash behind propeller, 5a “p deg Equation (5.1.1-12) | f{ay, Té/prnp)
Bey

-€y Wing upwash at propeller plane, - o {vg - @), deg Table 5.1, 1-1(b)-1 0,20 + 0.78
xl’) Distance from quarter chord of ¢; to propeller, ft Figure 5-2 6,0
7 Dist,ance from Xb-a.xis to thrust axis at propeller, ft Figure 5-2 -. 869

X

P e - ; _ T

zg 57 R {ovp - €y ep) + 2oy ft Equation (5.1.1-10) f(ab, T {./prop)
Zy Distance from Xp-axis to guarter -chord immersed wing Figure 5-2 -.020

mean aerodynamic chord
zg = Ty Distance from centerline slipstream to quarter-chord im- Figure 5-2 f{ayy, T::/prnp)

mersed wing mean aerodynamic chord at the quarter

chord

/ 2 JR 2 2 g Figure 5-1¢ flap, T4/
b;/prop VR - g - 2%, igure 5-1(2) (ap, T/prop)
&y Effective immersed mean chord, ft Figure 5-1(b) 5.5
(b;/prop) . (bi/prop)

Ai e Figure 5-1(a) B 5

c{ 5.5
K1 Correlation parameter for added lift due to power Figure 5.1,1-4 £(x, 'l‘é/prop)
S;/prop Immersed wing area per propeller, (bi/prop)Ei, 3q ft Figurc 5-1(a) 5.5(h;/prop)
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TABLE 5.1. 1-2 (Concluded)
(b) Wing-lift increments due to change in angle of altack induced by propelier downwash, (ACp) b

Aq S;/prop
(ACy) =njl + —CLg) (Aa)g, —5—
L o q_ Y’ Whrop off 8 8y
(b)-1
Symbol Description Reference Magnitude
n Number of propellers ]} o 2
Sw Reference wing area for comparison with wind-tunnel and | Table 3-1 178
flight data, sq ft
S.
S& Ratio of immersed wing area per propeller to total area Table 5.1.1-2(a)-3 | Hay, T::/prop)
Ay
_—“ Change in dynamic-pressure ratio on immersed wing Table 5.1.1-2(a)-2 | 1 (T4/pro
3 B c p.
0
SF " .0759 referenced to §,, =172.3 sq ft
(CLO’)W Lift-curve slope of wing referenced to 8y, 178 sq ft Table 4,2-1 0735 referenced to Sy = 178 sq ft
prop off
€p Propeller downwash behind propeller, deg Table 5.1.1-2(a)-3 | f (fvb,Té/prop)
dey
e Upwash gradient at propeller Figure 5.1.1-3 0,195
Ep (p
(Aﬂ’)& T Equation (5.1.1-15)] - 120
i R .
i oo
AGw\ 5 /pro
(ACL) ¢ = -0.123¢y |1 + —— u—p—, referenced to 8, = 178 sq ft
P P q w
o
(b)-2
e ————— Table 5.1.1-2(a)-3, Table 5.1.1-2(a)-2, Table 5.1.1-2(a)-3, Table 5.1.1-2(b)-1
column 4 column 7 column 10
Ag S:/prop
€p> deg 1+— IT @acp), =-0.123 @O®
oy, deg 9, p
T¢/prop T/prop To/prop Ty
0 0.10 0.22 ] 0.10 0.22 0 0.10 0.22 0 0.20 0. 44
-4 -0,0936 [-0,7948 |-1.1584 | 1.000 § 1.6295 | 2,385 J0.1834 ] 0,1827 | 0.1822| 0.00211] 0.02910{ 0.06192
-2 -. 0374 -.3179 -.4634 | 1.000 ] 1.6295 | 2.385 , 1805 . 1801 1798 . 00083 LDT148 L 02444
0 0,0187 0.1590 0.2317 | 1.000 | 1.6295 | 2.385 Jo.1762 [0.1765 | 0.1767]-0. 90041 -0.003561 1-0.0120
2 L0749 . 6358 L0267 1.000 11,6295 ] 2,385 L1706 L1721 L1728 -, 00157 -.0D2193 | -.04700
4 00,1310 1. 1127 1.6218 | 1.000 | 1.6295 | 2,385 [0,1633 | 0.1665 | 0.1681]-0.00263 |-0,03713 |-0.08000
6] . 1872 1.5896 2.31681 1,000 ] 1.6295 ] 2,385 L1542 . 1598 L1625 -.00355 ) -. 050091 | -. 11044
8 0.2434 2. 0665 3.0118 1 1.000 | 1,6295 | 2.385 |0, 1128 10,1518 [ 0.1559)-0.00428 |-0, 062K7 |-0. 13774
10 . 2995 2,5434 3, 7069 | 1,000 | 1,6295 | 2,385 . 1288 . 1423 LT8R - 00474} -, 07254 | -, 16072
12 0,3557 3. 0202 4,40191 1,000 }1,6295 12,385 J0.1110 }0.1309 |9.1393)-0,00486 }-0.07924 |-0. 17990
213.8 0,4048 3.4375 5.01011 1.000 | 1.6295 | 2,385 [0.0905 |0.1180 }0.1302}-0.00451 -0, 08199 |-0.19136
LIS 0.4048 3.4375 5,0101 | 1.000 | 1.6295 | 2.385 |0.0905 [ 0.1190 }0,1302]-0,00451}-0,08199 ]-0,19136
4.1 1 3.5170 5.1259 | —=—-- 1.62975 2,385 }------ L1165 L1283 - -.08212 ] -, 19293
44,4 e ] 524018 | cem | - 2,385 |-momom f oo 0.1264 [---——mm= |- oo - L0, 19437
Stall angle for (C ller off (used only to obtain (C .
8 ( wan)mnx propeller off (used only to o n( Lmax)power on
B.¢.45tall angles for tail-off configuration at total T, = 0,0.20, 0.4, respectively.
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TABLE 5.1.2-1

EFFECT OF ELEVATOR DEFLECTION ON LIFT WITH POWER ON

s\ Aq
o e o v g <g T o
L Lyfn * J1 Lh(hl')) sh.q_L';l Sy G, q
q prop off s
(2) «
Symbol Description Reference Magnitude
Sy Reference wing area, sq ft Table 3-1 178
Sp Horizontal-tail area, sq it Table 3.2-1 32,5
Zhp Vertical distance from thrust axis to horizontal tail, ft | Figure 5-2 -.80
Rp Propeller radius, ft Table 3-1 3.0
Zh'l'
ﬁp Parameter for determining (Ac h)powcr ———————————— -0.133
S (T ¢/PTop) ,
—5 Thrust parameter for determining (Aep) and | ----m-mo-—- 2.47(T ,/prop)
SR AT power
P Th
a,
€ IWE 2 b & , “§ 9.1-7 “uncti
'(h)pmps off Downwash at horizontal tail with propellers off, deg Figure 1,9.1 Function of S
Zht Sy (Te/prop)
{Acp) Downwash increment at horizontal tail duc to power, deg| Figurc 5.1.2-2 t(;,— , ———,
power 'Rp R‘Rp2
((h‘propq (»ff)
L, T €y = €p Inclination of slipstream centerline behind propeller Table 5,1, 1-2{a}-3, | variable
relative to X-body axis column 5
Shy Total immersed horizontal-tail area, sq It Figure 5-1(b) 15.26
Shi Adp
5 Parameter for determining —  Qeeeo . 470
h a,
7g Vertical distance from X-body axis to slipstream Tabie 5.1.1-2(a)-3, | variable
c
centerline at % station of immersed portion of column 6
wing, as shown in figure 5-2
7y Vertical distance from X-body axis to horizontal tail, | Figure 5-2 -1.67
f g
i
l’h Distance along X-body axis from T of immersed Figure 5-2 13.76
<
wing area to q—h , ft
h
hett Vertical distance from T to slipstream centerline, Figure 5-2 Variable
-
L, Lt -G B}
hegr © %s T57.3 1%~ Cu ” p " {chlgrops off
(A(h)pm\vr "'
- -0, - - — (€ -
Zs 2 [ab ‘u” p (gh)props of{
.87
(atmpuwel‘]* 1.6
Ady Thett SwiTC/PTOP)
— Dynamic-pressure increment at horizontal tail due to Figure 5.1,2-3 { R .3
4, power as a ratio of free-stream dynamic pressure p SRp
Sh;
Sn
h
<_—> Propeller-off dynamic-pressure ratio at horizontal Figure 4.9, 1-7 Function of  ay,
q,. ‘brop off tail as a ratjo of free-stream dynamic pressure
(('Th (hl)), ﬁh CL of horizontal tail referenced to tail area and a Figure 4, 13.3-1 “”h'év)
Sh, =
he —=1.0 dynamie-pressure ratio of 1.0
q <
Tail-off Cy with power on referenced to Table 5.1.1-3, Variable

¢ Luwfn

S 7 178 sq ft

column 7

H-646

237



s wamootouro S e L
g @S
d
£ BWmpos o (i ‘€' ._«.-N
£ 0= H '
(doad)> 1)*g ._.f
e
Y01l | 9+9T 1 | 468271 | 166e"1 |9rer 1| ogtwa 1 |sos1- 9611 "~ 6%L0° PEGT"T (066 °0-| 589 - | ¢ET - | 0T o8 * 8'el
6LPOT | T60T°T | S¥0Z'T | CEOE'T | 0Z9E T 9RZEE"T | 0C6T 0~ | wegl "0~ 9090°0 | T6ET"0 %90 T~ €EL0~] 212 0-|2ce 0 | 79470 4
P96k ° GLSE " S2LO'T | BIST'1 | 6GEZ T 08COT 1 | 3602~ | €8¥%1 - | eeco*~ | 09%0° 1621 fLe1°1-|giv"~ | 262"~ €89 [Eh8
0EZL'0 | T1BLL70 | EELE'0 | 9ZL6°0 | SIS0 1] 01TP6 0 |16TZ"0-]0¥9T1 0-| 8890°0-| S0£0-0 | ¥60T 0] 002 1-|868°0-| 22670-] 2910 66570 8
196¢” 2809 2R69° GLEL " COLR" pwelgL” CGEa - | 3.1 | FERO - | 6570 9P60° | SETTI-LL60- ] LOF - | LR0" 9
126€°0 [ RLTFTO LEZ9°0 [LTOLT0}L2039°0 | aRZZ0- 42610~ €260°0~] 20070 { FlRO 0]0ez 1-]+60°T-|eec 0-]¢€10°0 | ot 0 t
1682° 0962 ° ELPE" 2925 | 6009+ 08g¢ - |1v0&8 - § TZIT - { 8Z10"- | 1990° [ceg 1-|uli'1- a9e” 4
2260°0 | 168070 PELZT0 | £€SE°0] 000080 |RLOZ0-]| 60T2°0-| £C2T'0~] 9520 0-] £820 0| xE1 “1-| g1 1~ 268 "0 0
98%0°~ | 1620~ | G000° 8660 ° 6rLT" L 000FT " ORRL "~ {1612~ | 66€T "~ | 20F0"~ | BREO" €80 T-|RL11- £re” il
BEOT "0~ 6PEZ 0~ | €ELT 0~ [ BELO 0~ | €200 70| 966T0 "0~ [ FER1 0~ [ €CT1Z°0-| 68CT 0| PFCO " G-| L¥20°0 | 0TO T~ 081 "1~ cer o Lias
b1~ o1~ G- 0 ¥ U b8 P1- 01- G- 0 F p1- 01- 4
Fop %9 res 3 %
) 0°1 = b/ Y8 (g 3op Yo
= - o _ P = b S y
3 be 8,1 =g 03 peousayar e+ =T G @) €& szs170= @D € . 1o \A Mbv
S AL (1-2°1"9) uopyenby 1-£°¢1 *p a1ndig S
3Jqe]
05 ¢ 01 01 0 92101~ 6LE89°8- 0= 0 008 zeeR 91 RET
StF 01 0°1 14 TLE8°0- [ASA b 600~ 0 0eg £FER Y1 a1
6£°¢C 0T 0°1 0 92¥9 - LA g~ 6z” 0 01y €008 g1 [
gTe o'l 0°1 0 ROFE 0~ ¥Ze6 1~ 19°0 0 0LL 99¢e1 "01 8
(AR 0°7 0°1 G £e¥e T~ 0LB9 1~ 96" 6670 O [ 8Z18 "L 9
ero 0°1 6°'1 QO 6850 "0~ 9Ty 1~ 82°1 09°1 0 0L ¢ 069F "¢ P
0°1 ol 0 [N 82 e 29611~ 291 02" 1) 086°¢7 1621 ¢ 2
01 0°1 0 LBZE O 8066 "0~ T Zri- 0 0061 SIRLO 0
96 2~ 0°l 0°1 o (3444 ¥50L - RZT s e 0 298" 0z79¢ "1~ o=
00 "%~ 01 01 0 L91L°0 009%°0- 19°2 16 "€~ 0 0 906 "E- -
+(8) = @ e ‘0~ (e)
® zo doad , m ERSIORIZA
lomod - b oy 0] M ® L6 3ep 3ap Bap
®-®-0 — 4 T .4 -2-© 7, 1®-©-® Jaemod ¢ o sdoxd dymy L fop *%0
4, Up b oy " TRy, A (o) | (1
9 minjos G uwnoy
= b2-106F aunBig | g-701 ¢ 2anB1d {(v)1-2°1 ¢ ajqel | ‘e-(®)z-1"1"¢ ajqeL} (®)1-7°1°C AR | —=mwe—mou Z=Z 1 g oandigl -1y aandig | ‘g-(e)g-1°1°¢ o1qel | —=ee-——-
@@ 5
R -l
[ g o L :T-lq

uo 13mod I JJE| UG UETIOB[JIP J0IBABIS JO 109))0 Jo Arewwng (q)
(panupuo)) 1-z°1°¢ ATAV.L

H-646

238

|



oo 0290 - 15 1970 L %
‘g U OLPO =T P02
fug (dosd1)'s
'8 dur
€ UUMPOD pT') m ~omCgrar LEE 1) m——
(doad/ 1)*s 1y,
686171 | 196271 | 629€°T | S¥LE"T | 0€9¢°1 988+t "1 86F2 "0~ 2261 "0-| ¥480°0-[ 292070 | LPIT 0| 612 1| 8e6°0-| L1¥'0-[ 8210 | 09g 0 T°31
0%61°T | B6¥Z'T | €26€°T { #69%°T | 61897 TE9%V°T £35¢°- | 5961°- | 0680~ |1€20" 9ITL" | 632°1-| pS6 "~ | 28" | gIT° ove” €1
0921°T § LZLT°T | HIST T | €¥6E°T | I¥8F°1 0S¥RE T S86Z70-{ 8ITZ 0~ LZ0L 0~ ] 8600°0 {9660 0| 9p2 " 1-} 810°1-| «6t°0-| L¥0'0 [ ORF 0 gl
0186 ° LLIO"T | 192T°7 | g682°T | 262L°1 651¥Z°1 9092~ |6ggg - | SST1°- | £200°- 19480° | 042 1-|tLo°1-{ vCC*~ | T10°- |02Z¥%" 01
91180 | OFE8 0 | 685670 | 08801 | BZFT 1 208901 ¥95E "0~ 168170-{0910°0~| #+20°0] L2 1-| 021 "1-] L19°0-| TLO 0-| 8SE O L)
9259 ° 928y - A8 8Y98° 81C6 ° 0R168 " ¢682 - 901~ {0LE0°- {0€90° {0¢T T-|o0g1 1-] 9,9 - |0E1'- | €0E" 9
€98Y "0 | S2LF0 | 699C°0 | £829°0 | L9470 6FETL 0 %L22°0- | €1+ 76| 98T "0~ 2580 °0-| 0FS0 0| 860 "1~ 991 *1~] 81L°0-1 0L1 0| 1920 ¥
681¢° £6T " 908E " 126%° 908¢ " L1523 091" - 190F2°- {€¥C1°- 1 RZPO"- | LS¥0" | ¥60°L-| #L1°1-] €GL ~ | 602 - [€22" 4
2S¥1 0 | 9FIT°0 | 6%61°0 | 690€°0 | 8¥6E°0 616CE¢"0 00TZ°0-190%Z "0-§ €091 G- | £8F0°0~] 9Y6£0°0| 0E0 "1~ { 081 °T~] 9820~ LEZ 0~ ]| P61 "0 0
L0E0 "~ | S€90°- | 0600 LBIT” 6603’ L0ELT" BP0 ™= | 9LEZ - | TGHL "~ [ BCSO - | 8TEO* | L10°I-]ORT T« 028"~ {22~ |8CU’ 2-
LL0270-1¢1F2 0~ 9%2L1°0-| ¥99070-] €610 0 26L00 "0~ FO0Z 0~ | Z¥EZ 70~ | CLOT 0~ 1650°0-| ROZ0° 0| OTO " T~| 08T "[-| £€¥8°0~| 862 0-) CLT "0 i ad
Pl- 01- S- 0 i4 bs guT 1- 0l- G- 0 ¥ b1- o1- g- 0 4
8L
8ap ¥ ¥ g Sap *9 Bop %9
- @ €D vzs10 01 =5yt fop o
3 bB BT = %5 03 pasusasjer €) + §) = To DR 7 OO s - oy, AC&.SQV
Ug = , -
L uumpod
‘e-1°1°¢ ?Iqey (1-g "1 ¢) uopEenby 1-g°¢1 ' sandyg e
& @ € ®
89°T [ A1 01 2gel o OR9E "0~ 0¥6Ee "7~ €5’ 9L 1 20t 008 0681 "FT B
2¢1 BLTTY 01 8LE1 " L1157 St 088 e~ 621 BG'T B6"§ 00E°8 G298 L1 861
£9'0 19811 0T I89€T "0 L¥8Z 0~ |4 4204 Ly1 £8°0 08¢ 05S "L 86.1°21 21
e - LIpT1 0°1 L8 0101 "~ 6216 T~ F9°T o1 ze e 019°9 99¢Z 01 01
001~ FEFTCT 01 jaaal] €630°0 STHL'T- £€8°1 19°0~ €2°S 0LL'¢ GECE 'R 8
TLol- 01 GRRT” 6611 ° 2095 1- 66°1 £e1- 88°¢ [0 2 POLE "9 9
0T CERT0 1L82°0 886E° T~ 11z 2z 92 0L8 ¢ EL8Y " T
ERZ- o't g’ BO9E " SLET 1+ ge'e LE T 06°1 086°2 g195°T Z
01 9110 £18%°0 T19¢6 "0~ 62°2 8¢ 7e- £E°1 0061 0T1¥9°0 0
O - HEOL L o't 8201 " 8¥EL - 88‘C 96 °7- L 296 1282°'1- 2-
00 " 1- RYKD) "1 o't NYR0 0 FEEC 0- i 12 e~ 0 0 5602 "€~ -
- Q) [0)
Bop 0 +®- R .
0 doad 9 1+© 192 Sop
‘®-®- @™\ | " b "B g % ¥ s . ®-0-© 2op gop % M5 _ Ao | 30p Tp
q = —_— = @I._.l@ =73 _ U, -® 84S, 1omod ‘go mao.a}:
=Yg Up, b Uby Ry, 47 ' by -
g uwinjoo G dWnjo.
TEmmm e Smmmmmmes Ze1e aandg | (e)1-g 1t oqel | e (0 g-1 1 c aqel | (8 1-3°1 *¢ algel]| ————--am-n= | 5-2°1 ¢ oandid | 1-1'6 1 vand g-(8)g-1"1°¢c 9[qelL|-—-———---

(pehunuo)) 1+z'1 ¢ ATEVL

a3,
g1 = —1 t0z°0=°L iz-(Q

:30

v

239

H-646



B Bumpod 'pLy'0 s ErS0 = Nnu-w
ug [CE
£ VWO g5 Y = %ﬁ.f%
(doad/ \.-.v)m .-¢
2SECTT | 6BLETL | €96F°T [ SETHT | 983L°1 00£29°1 8162~ | 1262°- | LOLT - ] 00" [9960° [0S2°T-]|080°1-] 095"~ | 610~ ]¥IV¥” FET
6LEE°T | 9FLE°] | £S6F°T | 8E29°T | 8EZL T LL629°1 6162 °0-{2852 0| SFET'0-] OLVO"0-| OF60 0| 8¥Z"T-] 160 "T-] €LC"0~{ 0E0"0- | 20F "0 T°%l
€68E"T | 0SLE°1 [ €g6%°1 | L6191 | S1gL°1 1€089°1 0162°- {€LST°- | 081"~ {90107~ | 2160° {+##Z'1-{ 001 1~ 06E - | ¢¥0°- |06L" gl
T$62°T § 9L92°T | 018E°T | 2806°1 | 1609°1 81zes°1 18220~ 9v92'0~] 2121 0-| 0¥20°0~| 6920°0| ¥61°1-] 9T "1-| 6%9°0~| £0T "0- | 0EEL"0 a1
ZEITT [ TTTT°T [ 181Z°T | L¥PE°T | 6¥¥F°1 966LE°1 209Z°- | ez - | e1o1"~ | 1360~ | 5590 | P 1-| 6ST T~} L69°- | 0ST"- |€8Z" 01
LLP6°0 | 8616°0 [ 691071 {6ZF1°T [ BIPE L Z9061°1 62Z¥Z°0- | 80LZ 0~] LELT O-| LLP0°0-| 215070 ¥GO "1-| SLT T-§ ¥GL"0~] LOZ"0-| 3220 8
£¥L” 008L° £618° 1956 ° G0 T 9100071 6662~ | 2oLz - | 6081 ~ | 1900~ | €£¥0° |0LO°T-| O8RT"T-] 06— | ¢¥g '~ [681° 9
0ELG"0 1 99¢C°0 [ 002970 | OFFL™0 [ 0G¥RTO GSH0B 0 STEZ 0-{6L92°0~| 9¥RT°0-[ 90900~} GLEO 0| 0T0 " 1-{ 08T "T- | £18"0~| L9Z 0~ ] 69170 ¥
608E " Peve” o1ge’ 66¥S " THh” 98809 " 08727~ | 969z - {6181 °~ L 0C90"~ | ¥EEO" | €10 1~-[ORT "1~ GE8 "~ | 68BZ "~ (PP1" a
6¥81°0 | ZL¥T"0 | 922270 | TH¥E'O | €OFF"O SHTR0 GGZZ°0- | 2892 °0~| 8281 0~{ 2990°0-) 6680 0| 110 1-| 081°1-| 2¥8°0-| L6Z 0~ ]| PET "0 0
PEI0 "~ | 0%0°~ | 0320° X4 4% 9RET " L8607 €877~ | P09Z - | 6L8T "~ | 2L90°- | 4820° |OTO'T-{821°T-} 068"~ | $OE '~ |OET" -
8E12°0-| 0162°0-] 02L1°0-| 3LS00-] 8LE0°0 SIR00'0 | 6122°0-|1662°0~| (CR1"0-| ¥G90 0~ 9620°0| 010 "1-| 081 1-{ E¥R"0-| 8620~ | GET "0 -
¥i- 01~ S- 0 k4 j A5 (1] % S- (] ¥ y1- 01— S- 0 4
. Fop *° b ) Sop ¢?
pe 8.1 = %g) e__9 LI
1 be 8.1 = Mg 03 paouaraar @ @ 9Z81°0 o 8op Yo
@+&=To Ta s _ wu o1 ="b/"% .;mneef v
=
-0 ' 10 , )

....... - cg-1+T6 S15ay, (1-2°1¢) uopmEnbg 1-g°g1 "§ 2andig S—
9z~ p8LE T 01 LT PREO T~ £612°7- o1-e 081~ 91°9 00¢ "8 Zeer ‘2l f 4t
£F°0- 1182°1 01 1182°0 261070~ CGR1 "2~ ¥1'2 96°1- [ ] 00’8 1eLe-el 191
19" T182°1 0°1 1182° 1800° RCG1 g~ 812 a1ra- 119 00t °8 668221 8¢l
661~ L6L2°1 0°T LGLE"0 8960 °0 9666 "1~ 62°2 [ Th'g 0ce 'L 186L°01 cl
80°2- 9292°1 01 92927 981" 01Z8 1~ 8€°C 962~ e 019°9 1€60°6 o1
£8°2- 229271 01 2292°0 8GRT "0 [rai g e’z e 90 °¢ 0LL'g Z88E "L 8
4 #62°1 0°1 16z 0298 " oF9t 1~ 562 e 9ty 098 ¢ 2E89°¢ 9
6¢ g zerel 0°1 ZErg 0 [4:18:8(1] CGRZ 1~ [ 19 ¢~ ZL'E 048 "¢ Z8LE6°E 4
68 ¢ 01 ¥38e LLLY" QLo 1~ v 297t 96°¢ 086 °¢C £ELT T 4
66 "¢~ 01 9128 "¢ GOZE"0 SRZ6 0~ 62 b e- 60°2 006 °1 £895°¢ 0
80"+ 0l Rotle” LOYs” 60%L - [ 22 ¢~ z1°1 296 ° 9981 "1~ z-
00"+ o't L2020 8664 "0 STLET0~ [ A ¥8"a- 0 0 9185~ bas

@ (®)
op o doad . =y c a.m . 97T+ ©) 1p2’0- sop Sap Sop .
. b 2 - z €08 _ _ J3o doxd a Bap Yo
®-0-0 — —_ TO™T @ B O-®- @ aomed . (1) W omp L
= Up __w Upy ﬂ w:n © .\_N [RELV) 2
9 qumjod ¢ Tumioo
|||||||| - | = L-1'6 ¢ aandrg ze1ve aandig( (B [-7°1°¢ olqel [ *e-(v)z-1"1c apqel| (M1-271 "¢ opgrL{ ---==-=-= z-2°1°g aandry | t-1°6 % aanig [‘g-(0)Z-1'1°¢ A[QEL |-wuouaoa

(pepn[ouod)1-2°1 ¢ TTAV.L

3
g = —3-

CE

0 =21 -

H-646

240

|



Centerline of propeller
slipstream

Outline of slipstream
tube

Zg -7y) =~
A

Aerodynamic center |
of immersed
wing area = cj/4

1w "

Exposed portion of |
immersed area |

/’ L !

bj =2\1Rp2 - (zg - zw)2

in YZ-plane at wing
quarter-chord mean
aerodynamic chord of
immersed portion of
wing (fig. 5-2)

gravity |
!

(a) Single-engine airplane.

Figure 5-1. Definition sketches for calculation of immersed wing areas.
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Figure 5.1.1-1. Propeller inflow factor (ref. 33).
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Figure 5.1.1-2. Propeller normal-force parameter (ref, 33).
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Figure 5.1.1-3. Upwash gradient at plane of symmetry for unswept wings (ref. 1).
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Figure 5.1.1-4. Correlation parameter for additional wing lift due to propeller
power (ref. 19).
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Figure 5.1.1-5. Factors for determining propeller downwash (ref. 19).
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Figure 5.1.1-6. Correction factor for maximum lift due to power (ref. 1).
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Figure 5.1.1-8. Propeller-off lift characteristics of subject airplane for wing alone
and tail-off conditions with stall extended to power-on stall angles. (Power-on
stall angles obtained from fig., 5.1.1-7.)
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Effect of propeller power on the dynamic-pressure ratio at the

horizontal tail (ref. 1).
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Figure 5.1.2-3.

252



12 —

T¢ =0and propellers off

Calculated
— — — Wind tunnel

&R, deg 6

(Ash)power‘
deg

l

ap, deg

Figure 5.1.2-4. Comparison of calculated and experimentally determined (ref. 2)
downwash at the horizontal tail of the subject airplane at several power settings.
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Figure 5.1.2-5.
horizontal tail with airplane angle of attack a
wind-tunnel data for downwash at T¢ =0 and TG =0.44.
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5.2 Power Effects on Pitching Moments

Power effects of propellers introduce increments of pitching moments due to
direct action of the propeller forces offset from the center of gravity and propeller-
induced slipstream effects on the wing, nacelles (or body), and the horizontal tail.
Although all the increments of lift due to power (section 5. 1) contribute to power-
induced increments of pitching moment, several additional contributions must be con-
sidered. These additional contributions include the propeller slipstream dynamic-
pressure effect on Cm, and nacelle (or body) free moments.

The pitching moments of the subject airplane, as considered in the following cal-
culations, can be represented by

Propeller forces Propeller slipstream effects
7 \ A \
Horizontal
Wing Nacelles tail
14 N/ \7/ \ (5 .2 —13.)

Con = Cotatn)prop otr *(20m)T *(4m)ny, *(3Cmo)sg H(ACm)wy +(3m)ng [ ACm)s, +(Crm ) props ot

or
(Acmwfn)powe,
Yo \
(5.2-1b)
Cp =(Cm wfn)pmp it (8Cm) 1 +(Acm)Np +(Acm°)A€'lw +(Acm)wL +(Acm)np + Ty, D
where
(me fn) is the propeller-off, tail-off pitching moment obtained from

prop off
section 4.8.3

(ACm)T is the pitching moment due to offset (distance Zp in fig. 5-2) of thrust
from the center of gravity
(ACm)Np is the pitching moment due to offset (distance Xp in fig. 5-2) of pro-
peller normal force from the center of gravity
(ACmO) is the effect of propeller slipstream dynamic-pressure increment on
Ay,
zero-lift pitching moment

(Acm)w is the net effect on pitching moments due to change in wing lift resulting

from propeller slipstream-induced dynamic-pressure and angle-of-attack changes on
the wing, (ACm)y,, = [(Acm) Ad,, *(ACm) Ep]

(ACm>n is the effect of propeller slipstream on nacelle free moments

<Acm)h is the net effect of propeller slipstream on dynamic pressure and down-
wash on the horizontal tail
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M (hf) Mhh)/ prop off
the horizontal tail for power-on conditions (the tail is considered on a net power-on
basis rather than on a summation of propeller-off and power-on increment basis)

+<ACm>h is the net pitching-moment contribution of

The pitching-moment increment, (ACm)T, due to propeller thrust is obtained
from

z
(ACp).. = n(T¢/prop) -C_Z (5.2-2)
w
where
n is the number of propellers
zT 1is the moment arm of the thrust relative to the center of gravity (fig. 5-2)

cy 1s the wing mean aerodynamic chord

The pitching-moment increment, (ACm) j » due to the propeller normal force is
obtained from p

*p 1
c

(5.2-3)
COS O!T

(Acm) Np = (ACL) Np ;

where
(ACL)N is the increment of lift coefficient due to the normal force of the pro-
p
peller, obtained from equation (5.1.1-2)

Xp is the moment arm of the propeller normal force relative to the center of

gravity (fig. 5-2)
a is the angle of attack of the thrust axis

Aaw, due to propeller slip-

stream effects on immersed portions of the wing-body or wing-nacelles at zero-lift
conditions is accounted for by the following equation from reference 1:

The zero-lift pitching-moment increment, (ACm o)

Aqy, i

S, ¢

i

(80mg)ye = 2 (), .21
Mo Ady,  q Sw Cw © lprop off
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where

Aq
w
is the increase in dynamic-pressure ratio of the immersed portion of the

q
3 w(T &/ prop)

‘rerz

S; 1is the immersed portion of the wing area, n(bi/prop)c'i (fig. 5.1(b))

wing,

Ei is the mean chord of the immersed wing area (fig. 5-1(b))

Sy 1is the reference wing area

C,, 1s the reference wing mean aerodynamic chord

w
For twin-engine airplanes, (Cmo)- may be approximated by
1prop off
(Cm0>iprop off (Cmo>wnprop off _(Cm(’)area not immersed (5.2-9)
where
(Cm‘))WUprop off is the propeller off Cp, of the wing and nacelles, obtained from
section 4.6
and
S, -8S; _
(C ) z(C w ™ 5 C not immersed (5.2-6)
M0/area not immersed Mo Wprop off Sw EW )
where

(Cm ) is obtained from section 4,5
O/wprop of

Sw - 5
- w
Cnot immersed ¥ {_ T hH. (6.2-7)
w ~Pi

For a single-engine airplane (C > is replaced by (C ) s
P \Tmo Whprop off Mo wiprop off

which is the propeller-off Cmg of the wing and fuselage obtained from section 4. 6.
The pitching-moment increment, (ACm)WL, due to change in the lift of the wing
resulting from power effects is obtained from
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X
W
(Acm)WL = —[(ACL)AC—IW + (ACL)ep]E_ (5.2-8)
w
where
Xy, 1s the distance from the aerodynamic center of the immersed wing area to the

center of gravity (fig. 5-1)

(ACL)AQW and (ACL)ep are obtained from equations (5.1.1-6) and (5. 1.1-14),
respectively, or table 5.1.1-2(a)-3 and table 5. 1.1-2(b)-2, respectively

The pitching-moment increment, (ACm) np, due to propeller slipstream effects on

nacelle free moments (for twin-engine installations) is accounted for by calculations
similar fo those in section 4. 8.1 which considered the free moments due to wing-
induced flows with the propeller off. To account for the free-moment increments due
to power effects on wing-induced flows,

A - —= 2 Aqw d
( Cm)np = 7 36.58,0, | "n (ptewil M R

00

(5.2-9)

(e, + €, Aq
:——P————u 1+—_——‘N fwnzdx
36.5S_¢ q

wCw o

where

(ep + €,) are propeller-induced changes in flow inclination on the nacelle (fig. 5-2),
obtained from equations (5.1.1-12) and (5. 1. 1-11), respectively, or table 5.1.1-2(a)-3

Ay, Sy (T¢ /prop)
is equal to —

q o 1er

an dx is obtained from table 4.8.1-2(b)

For single-engine installations, the effect of power on the free moments of the
fuselage should be accounted for. The procedure is identical to that described for
power effects on nacelle free moments.

—— The net pitching-moment contribution of the horizontal tail for power-on conditions,
th(hf)’ is obtained from

lh __

th(hf) = ——E; CLh(hf) (5.2-10)
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where

Zh is the distance from the center of gravity to the quarter-chord point of the

mean aerodynamic chord of the horizontal tail (fig. 5-2)
(_JLh (h) is the lift of the horizontal tail, ba_tsed on S, as a function of

q
rop off - (Aep) , 0g» and Th obtained from table 5.1.2-1,
prop power q

o0

oy = ap - (€h)
column 14

The calculations for the power-on pitching-moment characteristics of the subJect
airplane are summarized in tables 5.2-1to 5.2-6 as a funcgmn of ap, 0g, and T,

with the elevator tab geared to the elevator in the ratio of _5_ = 1.5.

Tables 5.2-1 to 5.2-4 account for the pitching-moment increments due to the direct
propeller forces and power-induced slipstream effects on the wing and nacelles. These
increments are summarized and added to the propeller-off, tail-off pitching moments
in table 5.2-5 to provide power-on, tail-off characteristics. These characteristics
are added to the power-on horizontal-tail contributions in table 5.2-6 to provide the
pitching-moment characteristics of the complete airplane. The horizontal-tail
contributions include tail-lift carryover effects onto the body which, in accordance
with the discussion in section 4,13.4, should have been considered negligible because
of the tail-body configuration of the subject airplane.

The propeller-off, tail-off pitching-moment characteristics in column 8 of
table 5.2-5 were obtained from figure 5.2-1, which is basically the propeller-off, tail-
off curve of figure 4.8.3-1 with the stalling portion extended to the stall angle for each
power condition considered. This extension procedure is identical to that used in
section 5.1.1 to extend the stall regions for Cr,, and Cr g, in figure 5.1.1-8.

Calculated tail-off pitching-moment characteristics for the largest thrust condition
available (T = 0.44) are plotted and compared with wind-tunnel data in figure 5.2-2.

The tail-off pitching-moment and lift coefficients in the figure were obtained from
tables 5.2-5 and 5.1.2-1(b), respectively. In figure 5.2-2 excellent correlation is
evident for the lift characteristics throughout the angle-of-attack range and for the
pitching-moment characteristics at the low and high angles of attack. For some un-
known reason, the wind-tunnel pitching-moment data dip at an angle of attack of 3° to
4°, This dip, although significant in magnitude, does not appear in the tail-on wind-
tunnel data (figs. 5.2-3 and 5.2-4), If the dip can be charged to erroneous data, and
thus discounted, the calculated tail -off pitching moments can be considered to be in
good agreement with the tunnel data.

Calculated tail-on pitching-moment characteristics for total Té =0, 0.20, and

0.44 are compared with wind-tunnel data in figures 5.2-3 and 5.2-4. The incremental
change in pitching moments due to elevator deflection shows calculated Cmge to be

larger than wind-tunnel values for all power conditions. This discrepancy is attributed
primarily to the inclusion of a tail-lift carryover effect onto the body in the
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pitching-moment contributions of the tail. As indicated earlier, particularly in
section 4, 13.4, the tail-lift carryover onto the fuselage should have been considered
to be similar to zero because of the tail-body configuration of the subject airplane and
the gap between the tail and the fuselage.

For Tc, = 0, the correlation of pitching-moment slopes Cma and CmCL is

generally good. However, for Té = 0.20 and 0,44, the correlations, as indicated by

the solid lines, deteriorate with increasing power at increasing angles of attack.
Several facts were considered in attempting to locate in the predicted pitching-moment
characteristics the source of the deterioration in correlation with increasing power:

(1) Tail-off pitching moments, excluding the dip in the wind-tunnel data, correlated
well with wind-tunnel data throughout the angle-of-attack range.

(2) Tail-on pitching moments generally would have correlated well with wind-
tunnel data for all power conditions at zero lift, where the downwash due to power,
(AGh)power’ was essentially zero, had tail-lift carryover effects onto the body been

considered to be similar to zero (section 4. 13.4).

(3) Pitching-moment increments between constant &, curves correlated consist-
ently with wind-tunnel data through the angle-of-attack range within the linear region
of the tail-lift characteristics. An error in dynamic-pressure ratio as a function of
angle of attack would have spread the curves with increasing angle of attack if the
pressure ratio had been excessive and would have converged the curves if the pressure
ratio had been deficient.

(4) An error in downwash due to power as a function of angle of attack would result
in an angular rotation of curves on the Cy, plot,

On the basis of the preceding facts, it was surmised that the deterioration in slope
correlation between calculated and wind-tunnel pitching moments with increasing power
at increasing angles of attack was caused primarily by inaccurate determination of
downwash increments due to power, as obtained from figure 5.1.2-2. The large, wide,
faired-into-the-wing nacelles of the subject airplane are undoubtedly not representative
of configurations dealt with in correlating experimental data to arrive at the nomograph

of figure 5.1.2-2 used to obtain (Aeh)ouer:

When the downwash increment due to power, (Aeh)power’ was decreased by

40 percent for all power conditions and the calculations affected by the change were
redone, the resulting modified pitching-moment characteristics showed good slope
correlation with wind-tunnel data. The modified calculated pitching-moment
characteristics are shown in figures 5.2-3 and 5.2-4 as dashed lines. The reduction
in downwash increment due to power, (AGh)power’ shown in figure 5.1.2-5, also im-

proved the correlation of the calculated tail-on lift curves with wind-tunnel lift data,
as shown in figure 5.1.2-6.

The stick-fixed neutral-point characteristics of the subject airplane determined
from the wind-tunnel data and the modified calculated data of figure 5.2-4 are compared
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in figure 5.2-5 for the three power conditions. The neutral points, determined by the
method 1 technique of reference 36, show a decrease in static margin with increase
in power.

Pitch-control effectiveness, Cmge, determined from modified calculated data is

compared with that based on wind-tunnel data in figure 5.2-6 as a function of thrust

coefficient and trim angle of attack. Both calculated (based on a 40-percent decrease

in power-induced downwash) and wind-tunnel-based values of Cppg show some in-
e

crease in effectiveness with increasing power. Throughout the thrust range, the Cmg
Ve

based on modified calculated data shows smaller angle-of-attack effects and larger con-

trol effectiveness than reflected in the wind-tunnel data. Had tail-lift carryover effects

onto the body been omitted from the calculations (as mentioned previously), the cal-
culated Cm5 would have correlated better with the wind-tunnel-based data.
e

Flight-determined pitch stability, Cmoz’ and pitch-control effectiveness, Cm5 s
e

are compared in figure 5.2-7 with their counterparts determined from the modified
calculated and wind-tunnel-determined pitch data of figure 5.2-1. At low angles of
attack it appears that the modified calculated values of Cmoz correlate better with

flight data than with wind-tunnel data. It is possible that the slight scatter of the
wind-tunnel data is a factor. Modified calculated values of Cmge show poorer cor-

relation with flight data than with wind-tunnel data. Deletion of the calculated tail-lift
carryover effect onto the body improved the correlation of the calculated Cm5 with
e

flight and wind-tunnel data (fig. 5.2-7). The flight values of Cmg Were determined
e

from the initial portion of a pullup or rapid-pulse maneuver, as described in refer-
ence 37. Flight values of Cyy o vere obtained by using the natural frequency deter-

mined by the technique of reference 38 in the simple Cma expression of reference 37.

Flight-determined Cy, o, and 0, characteristics for trim level flight are

shown in figure 5.2-8 as a function of calibrated airspeed for an altitude of 6000 feet.
Included for comparison are the characteristics based on wind-tunnel and modified
calculated data. Close correlation is shown between flight, wind-tunnel, and modified
calculated data.

5.2.1 Symbols

b span of the total portion of the wing immersed in the slip-
streams of the propellers, ft

wing span, ft

Cy, lift coefficient

262 H-646



CLhi)

CLW

CLwn

(CLan )prop off

(ACL)Np

(ACL ) AEIW
(ac L;p

Cm
CmCL
mefn
Cm. ¢ )
( win prop off

Cmp

Connup)

Cmo

(Cmo)
(Cm,)

° iprop off

(Cm,)

©Whrop off
(Cmo)

H-646

Wfprop off

props off

area not immersed

net lift coefficient of the horizontal tail due to Qhs 58, and
Otqps With tail-fuselage interaction effects included,

referenced to the wing area
lift coefficient of the wing alone
lift coefficient of the tail-off configuration

Cwan at propeller-off conditions

increment of lift coefficient due to the lift component of the
propeller normal force, Np

increment of lift coefficient due to the power-induced change
in dynamic pressure over the portion of the wing im-
mersed in the propeller slipstreams

increment of lift coefficient due to the change in angle of

attack, resulting from propeller downwash, €p of the

portions of the wing immersed in the propeller slipstreams
pitching-moment coefficient
8Cpp
static-margin parameter, ——
oCy,

pitching-moment coefficient of the tail-off configuration

mefn at propeller-off conditions

contribution of Ezh to the pitching-moment coefficient

(hf)
propeller-off contribution of C—Lh(hf) to the pitching-
moment coefficient

zero-lift pitching-moment coefficient

zero-lift pitching-moment coefficient of that portion of the
wing not immersed in the propeller slipstreams

zero-lift pitching-moment coefficient of the portions of the
wing-fuselage or wing-nacelles immersed in the propeller
slipstreams for propeller-off conditions

zero-lift pitching-moment coefficient of the wing alone at
propeller-off conditions

zero-lift pitching-moment coefficient of the wing-fuselage
at propeller-off conditions
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(Cmo)

Wiy rop off

(ACmO)AﬁW

(AC man)power

C

Chot immersed

zero-lift pitching-moment coefficient of the wing and nacelle
at propeller-off conditions
oCm

static-stability parameter, 5o per deg

oC
pitch-control effectiveness, Eiﬂ’ with the elevator-tab
e
geared to elevator, per deg
increment of tail contribution to the pitching-moment
coefficient due to the propeller-induced increments of

dynamic pressure and downwash at the tail

increment of pitching-moment coefficient due to the propeller
normal force, Np

increment of pitching-moment coefficient due to the propeller
effects on the nacelles

increment of pitching-moment coefficient due to the thrust
of the propellers

increment of pitching-moment coefficient due to the net
change in the wing lift coefficient resulting from propeller-

slipstream -induced dynamic pressure and angle-of-attack
changes on the wing

change in the pitching-moment coefficient of the wing due to
the propeller-slipstream-induced change in angle of attack

increment of zero-lift pitching-moment coefficient due to
the increase in dynamic pressure induced by the propeller
slipstreams on the immersed portions of the wing

power-induced change in the pitching-moment coefficient of
the tail-off configuration

mean aerodynamic chord of the portion of the wing immersed
in the propeller slipstream (fig. 5-1), ft

mean chord of the portion of the wing not immersed in the
slipstreams of the propellers, ft

mean aerodynamic chord of the wing, ft

distance from the center of gravity to the quarter chord of
the horizontal-tail mean aerodynamic chord, ft

number of propellers

free-stream dynamic pressure, lb/sq ft
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6e’ 5tab

(Eh)prop off
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dynamic pressure at the tail as a ratio of the free-stream
dynamic pressure

increment of power-induced dynamic pressure acting on the
portions of the wing immersed in the propeller slipstreams
as a ratio of the free-stream dynamic pressure

propeller radius, ft

area of the portions of the wing immersed in the propeller
slipstreams, sq ft

wing area, sq ft

thrust of the propellers, 1b

calibrated airspeed, knots

distance from the center of gravity to the propeller, positive
forward, ft

distance from the aerodynamic center of the mean aero-
dynamic chord of the immersed portion of the wing area
to the center of gravity (fig. 5-1), positive forward, in.
or ft

mean width of a nacelle planform segment of Ax length, ft

distance, parallel to the Z-body axis, from the X-body
axis to the thrust axis, positive down, ft

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

local angle of attack of the horizontal tail with the elevator
setting equal to zero, o} - (eh)pr op off ~ (Agh)power’ deg

stall value of ay,, deg
angle of attack of the thrust axis, deg
elevator and tab deflection, respectively, deg

average downwash at the horizontal tail with the propellers
off, deg
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increment of downwash at the horizontal tail due to power,
deg

downwash angle behind the propeller, deg

upwash angle at the propeller, deg
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TABLE 5.2-2

ZERO-LIFT PITCHING-MOMENT INCREMENT DUE TO POWER

( Al S; ¢ (
ACm _ == = —(C )
O)A q, Sw Sy lprop off
where
C ~ (C -(C
( m°)iprop off ( mO)Wnprop off ( m°)area not immersed
and
2
(En)aren ot smmersea =N, o ) = TR
0)area not immersed o Wprop off Sw Gy Pw n(b;/prop))
(a)-1
Symbol Description Reference Magnitude
n Number of propellers ~ } --oowwooooos 2
Rp Propeller radius, ft Table 3-1 3.0
Sw Reference wing area for comparison with wind-tunnel | Table 3-1 178.0
data, sq ft
bw Wing span, ft Table 3.2-1 36.0
Cyw Wing mean aerodynamic chord, ft Table 3.2-1 4,96
5, Table 5.1.1-2(a)-3, | 2 x (col. 10)
T Ratio of total immersed to reference wing area, sq ft column 10
W
n(b;/prop) 2(b;/prop) = total immersed span, ft Table 5,1,1-2(a)-3,| 2 x (col. 8)
column 8
Ei Chord of immersed wing area, ft Figure 5-1(b) 5.50
(Cmo) Zero-lift pitching moment of wing, propellers off Table 4,5-1 -0,0240
Wprop off
(Cmo) Zero-lift pitching moment of wing plus nacelles, Table 4.6-1 -. 0240
wn
prop off propellers off
AG
—_qi Power-induced change in dynamic-pressure ratio Equation (5.1.1-7) 6.30(T%/prop)
a, on immersed portion of wing,
Sy(T¢ /prop)
1er2
1)
-5
Su ary: (C = -0.8
mmary ( mo)area not immersed 61 bW - 2(bi7prop)
= -0,0240 - (C
(Cmo)ipmp off Cmo)s rea not immersed
ACp ) - = 6.99(Tg/prop)<§—)(cm
( O)Aqw Sw 0)1prop off
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TABLE 5.

2-3

PITCHING-MOMENT INCREMENT DUE TO POWER-INDUCED CHANGE IN WING LIFT

@0m)yy = JaCt g, +E0L), ]

Cw
(a)-1
Symbol Description Reference Magnitude
Xy Distance from aerodynamic center of immersed wing area Figure 5-1(b) 0,712
to the center of gravity, ft
Ew Wing mean aerodynamic chord, ft Table 3.2-1 4,96
(ACy,), - | Change in wing lift due to power-induced change in dynamic | Table 5.1.1-2(a)-3, f(ab,T'C/prop)
Aq pressure on wing column 13
(ACL) Change in wing lift due to power-induced change in flow Table 5.1.1-2(0)-2,] (v}, Tg/prop)
€ direction on wing column 5
(Acm)wL = -0. 144 [(ACL)Aaw +(ACL )ep]
(a)-2
_________ Table 5.1.1-2(a)-3, Table 5. 1. 1-2(b}-2, Table 5.2-3(a)-1
column 13 column 5
AC - AC Al = -0.
(ACL)zg,, ( L)ep (ACm)y, =-0.144(D + D)
ayp, deg
s rd
TG Tg TS
ol 0.20 ] 0.44 0 0.20 0.44 0 0.20 0.44
—4 0 0 0| o.00211] 0.02910] 0.06192]-0.000304 | -0.004190 | -0.008916
-2 0] .0308| .0623 . 00083 .01148 ,02444] -.000120} -,006088| -.012490
0 olo.060210.1217 |-0.00042 |-0.00561 |-0.01201] 0.000060|-0,007861-0.015795
2 ol .0874| .1775 ] -.00157{ -.02193] -.04700 . 000226 -.009428| -.018792
4 olo.1124 }0.2287 |-0.00263 }-0.03713 |-0.08000| 0.000379}-0.010839 -0.021413
6 ol .1348} .2763 | -.00355) -.05091 | -.11044 .000511] -.012080| -.023884
8 0l0.1533]0.3157 |-0.00428]-0.06287 }|-0.13774} 0.000616]-0.013022 -0.025626
10 o| .1659] .3481 | -.00474| -.07254] -,16072 . 000682 -.013444] -.026983
12 olo.1709]0.3669 |-0.00486|-0.07924 }-0,17990| 0.000700] -0.013199|-0,026928
313.8 ol .1687) .3762 | -.00451 ]| -.08199| -.19136 . 000649] -.012486] -.0286617
b14.1 -10.1657]0.3716 |=---=--- -0.08212 |-0,19293 | -—~-----—- -0.012036{-0,025728
€14.4 S R .3658 |---————-|-=---——- - 19437 | ~——m e mm | - -. 024686

abcgia angles at Tc’= 0, 0.20, 0.44, respectively.
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TABLE 5.2-4
PITCHING-MOMENT INCREMENT DUE TO POWER EFFECT ON NACELLE FREE MOMENTS

Bl +€p) Agy, 2
(ACm)np = - m L+ wy o dx

(a)-1

Symbol Description Reference Magnitude

o Number of nacelles | e 2

Sw Reference wing area, sq ft Table 3-1 178

C-w Wing mean aerodynamic chord, ft Table 3.2-1 +.96

-n Upwash at propeller, deg Table 5.1.1-2()-3,] As per reference
column 3

€p Propeller-induced downwash behind propeller, deg Table 5.1.1-2(a)-3,] As per reference
column 4

Agy, ’

— Power-induced change in dynamic-pressure ratio on | Equation (5.1.1-7) 6.30(T C/prop)

Qoo immersed portion of nacelles {and wing)
f“'nz dx | Integral of square of mean width of nacelle planform | Table 4,8.1-2(c), 33.55 per nacelle
segments of Ax length, cu ft summation of

fifth column

(Acm)np = -0.00209 [1 + 6.30(T 4/prop] (y + €p)

(a)-2
--=——-—=-= | Table 5.1, 1-2(a)-3, Table 5.1.1-2(a)-3, —————e— Table 5.2-4(a)-1
column 3 column 4
AC =
€ps deg (ey + €p) = @+@), deg ( m)“p
-0.00209 [1 + 6.30(T%/prop)}(4
s deg ¢, deg § (Te/proplD
V4 v ’
T ¢/prop T o/prop T¢
0 0.10 Q.22 0 0.10 g.22 0 0.20 0.514
-t 0 -0.0936 | -0. 7945 [-1. 15384 ] -0,0936} -0, 7 %] -1, 1584 1 0.000196 ] 0.002705| 0, 005777
-2 - ~. 0374} -.3179 ) -.4634) -, 4374} -.T179) -.8634] .000914} .002446 . 004306
1] -0.8 0.0187 | 0.1590} 0.2317}-0.78131 -0.6410]-0.5651{0,001633]0.002154] 0,002834
2 -1.2 L0749 L B35K L92671-1.1251F -.5612fF -.2733] .002351] .001922 . 001363
4 ~-1.6 0.1310) 1.1127 ] 1.6215}-1.4690] -0..1873]-0.021%]0.003070}0.001660} 0.000109
6 -2.0 JIRT2 ) 1.5896 | 2,3168 | -1.8125}) -.4104 L3168 003789} .001395} -.0D01380
8 -2.4 0.2434 4 2,0665 | 3.01158}1-2.1568] -0.3335} 0.6118]0.004508}0.001136{ -0.003051
10 -2.8 2095} 2.5434 | 3,7069{ -2.5005] -.2660 L 90691 005226} .000906{ -,001522
12 -3.2 0.3557) 3.0202 1 4.4019]-2.8443] -0.1798} 1.2019]0.005945]0.000613| -0. 005904
13.8 -3.5 0481 3.4375 | 5.0101(-3.0952] -.0625] 1.510%1| .006469) ,000210] -.0D7530
bH. 1 -3.6 | ------ 3.517T0 | 5.1259] ————-—- -0.0830} 1.5259}-—-—---- 0, 000283} -0. 007609
1.4 o T A [ [ — 5. 24018 ) o] - 1.5418 | ——----—- | - 007688
ab.cgualy anglesat T =0, 0.20, 0.44, respectively.
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Figure 5.2-2. Comparison of calculated and wind-tunnel-determined tail-off lift and
pitching-moment characteristics at Te = 0.44 and center of gravity = 0. 10 Cyyre
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— Original calculation
-—— W‘h)power reduced 40 percent

Wind tunnel
be, deg

6 Y R T I R O B

=2 0 .2 4 .6 .8 L0 L2 14 L6 18
CL
Figure 5.2-4. Comparison of calculated and wind-tunnel-determined variation of Cpy
with Cp, at different power conditions and elevator deflections. Center of gravity =
0.10Cy.
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Figure 5.2-5. Comparison of neutral-point characteristics determined from modified

caleulated and wind-tunnel pitching-moment characteristics.
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Center of gravity = 0. 10 Cy.
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Figure 5.2-7. Comparison of calculated static pitch, Cmoz’ and control effectiveness,
Cm5 » with wind-tunnel and flight-determined values as a function of angle of attack.
e

Center of gravity = 0,12 Ew.
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Figure 5.2-8, Comparison of calculated Cjy,, ap, and 5e characteristics for trim level
flight conditions with those obtained from wind-tunnel and flight data as a function of
calibrated airspeed. Center of gravity = 0.12¢,,.
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5.3 Power Effects on Drag

The net drag change of the airplane due to propeller power results from: (1) the
component of propeller thrust parallel to the X-stability axis; (2) the change in slip-
stream dynamic pressure on the profile drag of those portions of the aircraft immersed
in the propeller slipstream; (3) the change in induced drag due to the lift component of
the direct propeller forces and the change in angle of attack of the immersed portions
of the wing; and (4) the change in cooling drag due to the power-induced change in
dynamic pressure acting on the immersed cooling system.

For the subject airplane, where the propeller slipstream immerses the nacelle as

well as a portion of the wing and the horizontal tail, the drag with power on can be
summarized by the following expression:

(ACD) , change in drag due to power
power

ACDO, change in zero-lIift drag

/ \
. —
Cp= CDprop off ~ n(T%/prop) cos QT +|:<ACD0)W +(ACDO)h +(ACDO)n + ACDi +(ACD)cooling system] 5. 3_1)

where

CDprop off 18 the propeller-off drag of the complete airplane (obtained from

section 4. 12)

-n(T é/ prop) cos a7 is the component of total thrust parallel to the velocity
vector, a positive thrust is equal to a negative drag contribution

ACDO is the change in profile drag coefficient due to power

ACp; s the change in induced drag coefficient due to power

(ACD)cooling system is the change in the cooling system drag coefficient due to

power

The change in profile drag coefficient, ACp,, due to power effects on the wing,

horizontal tail, and nacelles is accounted for by

ACp, =(ACDO>W+ (AcDo)h +(aCp, )n

S;/prop Ag,, Shi/PTOP Af, __ Ag,
=n(Cpo) S — +n(Cno), s = *(Cno) a
Wprop off SW  q_ prop off w q fprop off 9% (5. 3-2)
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where
n is the number of propellers

(CDO) , (CD0> are the propeller-off zero-lift drag coefficients
Wprop off hprop off

of the wing and horizontal tail, respectively, determined from equation (4.12.1-1), per
square foot of the respective areas

(C—Do) is the propeller-off zero-lift drag coefficient of the two nacelles
Nprop off

with nacelle-wing interference effects included and referenced to the wing area
Si/prop is the immersed wing area per propeller, obtained from section 5.1.1
and figure 5-1(b)

Shi/prop is the immersed horizontal-tail area per propeller, obtained from fig-
ure 5-1(b)

Aq
W is the increment in dynamic-pressure ratio, due to power, at the wing and
Qe
nacelle, obtained from equation (5.1.1-7)
Adp : , : . ,
- is the increment in dynamic-pressure ratio, due to power, at the horizontal
qOO

tail, obtained from section 5.1.2

The induced drag increment, ACD;, of the wing due to propeller slipstream modi-

fication of the downwash over portions of the wing can be accounted for by the following
equation based on the empirical equation for power-on induced drag in reference 19:

[(CDi) W/prop] power on

V /
(-CDi)Wprop off

4
ACp; =(Cp, n (5.3-3)
! ( 1) Wprop off

where, from reference 19, on a per propeller basis

Cp, /pr0p] . 2
[( l)w power on <( L“'prop uff) [ n2A € J K iy, X—(AC L)T/prop+ (AC L) NQ/prop)] 2
= 14 =+ K\ =

c’ ) ’” 180 CL,. 2R Z
D; C w P
L 1/ w prop off L L

prop off

(5.3-4)
and where
n is the number of propellers
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(CLWprop off)2

(C]’)) is equal to Y (1 +8,69), obtained from section 4.12.4

! Wprop off w

CLy is the lift of the wing alone with no power effects, obtained from plots
prop off

similar to figure 5.1, 1-8 having stall angles extended to power-on stall angles

(ACL)T/ prop is the lift component of thrust per propeller, obtained from equa-
tion (5.1.1-1) on a per propeller basis

(ACL)Np/prop is the lift component of the propeller normal force per propeller,

obtained from equation (5. 1.1-2) on a per propeller basis

/7
Cy =C +(AC rop +(AC TO 5.3-5
L = CLwyrop off (ACL)p/Prop +( L)Np/p p ( )

Ay by are the wing aspect ratio and span, respectively, obtained from table 3.2-1

Rp is the propeller radius

K is a propeller drag factor, obtained from figure 5.3-1 as a function of
Sw(T {/prop)
2
Rp

€ 1is the effective propeller downwash angle averaged over the entire wing, equal to
-\/ o€
- | € p)
E=\—] =) ar (5. 3-6)
<€an%

e is obtained from equation (5.1.1-13) and figure 5.1.1-5
P

where

Bep

:— is obtained from figure 5.3-2 or figure 5.3 -3
p

& is the propeller angle of attack relative to the free stream

The change in drag coefficient of the cooling system, (ACD)cooling system’ due to

the power-induced change in dynamic pressure behind the propeller acting on the cooling

system immersed in the propeller slipstream is accounted for, to a first order of ap-
proximation, by
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Aq
— (5.3-7)

AC ~ (C .
( D)cooling system ( D ¢cooling SYStem)prop off §

0

where

(CDcooling System)prop off is the contribution of the cooling system to the drag
of the airplane for propeller-off conditions, obtained from figure 4.12.7-1 for the cooling

systems of both nacelles of the subject airplane

Aqy

— is the increase in dynamic pressure behind the propeller, due to power, as a
qDO
ratio of free-stream dynamic pressure, obtained from equation (5. 1. 1-7)

Calculations for power-on net-drag characteristics of the subject airplane are
summarized in tables 5.3-1 to 5.3-4 as functions of ap and TZ. Table 5.3-1

summarizes the zero-lift increments of drag due to power, table 5.3-2 the induced
drag increments due to power, and table 5. 3-3 the change in cooling-system drag due
to power. Table 5.3-4 summarizes all the power effects on drag and lists the power-
on net drag.

The calculated power-on drag results, compared with wind-tunnel data (from
ref. 2) in figures 5.3-4 and 5.3-5, show good correlation at Té =0 and an increasing

discrepancy with increasing power at the higher angles of attack. When the increments
of induced drag due to power, ACDi, were omitted from the calculations (after a study

of table 5.3-4), the correlation improved significantly.

It is surmised that the large, wide, built-in nacelles of the subject airplane
interfere with the power-induced slipstream in the immersed area of the wing and,
consequently, affect the magnitude of the power-induced increments of induced drag.
As in the case of the power-induced downwash at the tail, (Aep) ower’ discussed in

p
section 5.2, it appears that the nacelle-wing configuration of the subject airplane is
not representative of the configurations used in correlating experimental data to
arrive at the empirical relations used in calculations, in this instance, to arrive at
the empirical equation for ACDi-

5.3.1 Symbols

Aw wing aspect ratio
by, wing span, ft
Cp airplane drag coefficient

contribution of the cooling system to the drag of the

Cp .
( cooling system) prop off airplane for power-off conditions
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Dpower on

CDpr’op off

(ACp)

cooling system

(ACp) power

C
(C ’ LWprop off)

Dj =
1)Wprop off TAy,

KCDi> W/p Top ] power on

ACp,

C
(CDO)hProp off ,( DO) Wprop off

(CDO)nprop off

ACDO

(ACDy),: (ACD,),,» (ACD, ),
Cy
CL

C
prrop off

c/ =cC
L LWprop off
(acy )Np/ prop

(ACy,) T/ prop

286

power-on drag coefficient of the airplane
airplane drag coefficient, propellers off

increment of airplane drag coefficient due to the cooling
system

increment of airplane drag coefficient due to power
2

induced drag coefficient of the wing with power effects,
due to one propeller, included

increment of drag coefficient due to power effects on
induced drag

propeller-off zero-lift drag coefficient of the horizontal
tail and wing, respectively, per sq ft of the respective
areas

propeller-off zero-lift drag coefficient of the two nacelles
of the subject airplane with nacelle-wing interference
effects included, referenced to the wing area

increment of zero-lift drag coefficient due to power

contribution of the horizontal tail, nacelles (including
nacelle-wing interference effects), and wing,
respectively, to ACp,

skin friction coefficient of a flat plate

lift coefficient of the airplane

lift coefficient of an isolated wing, propellers off

+HACL) T/ prop +(ACL)Np/ prop

increment of lift coefficient due to the normal force of
one propeller

increment of lift coefficient due to the lift component of
one propeller
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propeller drag factor

surface roughness height, in.

reference length used in obtaining the Reynolds number
of a lifting surface and skin-friction coefficient, Cs»
of a flat plate, mean aerodynamic chord of surface,
in,

Reynolds number

number of propellers

free-stream dynamic pressure, 1b/sq ft

change in dynamic pressure on an immersed\portion of
the horizontal tail and wing, respectively, as a ratio
of the free-stream dynamic pressure

propeller radius, ft

portion of the wing and horizontal-tail area, respectively,
immersed in the slipstream of one propeller, sq ft

wing area, sq ft

thrust of propellers, 1b

thrust coefficient of one propeller

thickness ratio

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

angle of attack of the thrust axis, deg

correction factor for the taper ratio and sweep angle of
the quarter-chord line, respectively, in calculating
the propeller-off induced drag coefficient of the wing
and horizontal tail

effective propeller downwash angle averaged over the
entire wing, deg
ratio of ¢ to the downwash angle, €p’ of the propeller

slipstream behind the propeller
287



(Aep) power

288

rate of change of the propeller downwash angle,

with the propeller angle of attack

Ep,

change in the downwash angle at the horizontal tail

due to power
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TABLE 5.3

-1

ZERO-LIFT DRAG INCREMENTS DUE TO POWER

Ac ©o0) 8;/prop Aq,, o) Shy/Prop Ag, R Afy,
D, = nEDp, —s. = *tnlp s < *D -
d ° ¥prop off Sw 9, ° hprop off Sw q © Pprop off a_
(a)
Magnitude
Symbol Description Reference Wing Horizontal tail Nacelles
n Number of propellers | -—————-coec 2 2 2
Sy Reference wing area, sq ft Table 3-1 178 | memmmmemmems e
(Si/prop)
5 Immersed wing area per Table 5.1.1-2(a)-3,| Column 10 of | ——-——-————— | oot
w propeller as ratio of &, column 10 reference
Sny/Prop Immersed horizontal-tail Figure 5-1 | cccceomeev 7.63 per prop | ---——-mm=-mo
area per propeller, sq ft ]
k Surface roughness height, in. Table 4.12.1-2 -—0,25 X 10'3, smooth matte finlsh ——»
l Reference length, mean aero- | Table 3.2-1 59.50 32.45
dynamic chord of surface,
in.
é - - 2.38 x 105 TR U [N ——
NRe Reynolds number at 63,4 mph, | Wind-tunnel test 3.22 x 106 1.75x 108 | oo
sea level = ILZ {0.65 x 106] conditions
[oN Skin-friction coefficient of flat | Figure 4.12.1-1 3,65 x 1073 4,08 %103 | cccmomoo
plate
2— Thickness ratio of surface Table 4. 1-1 .15 DR+ N U ——
C
no),,
prop off £ 1.3
{co,) 2¢rf1+2(5)s 120(2) ] Equation (4.12.1-1)| . 00993 per sq ft |.00951 per sq it | ——cccmmmeeet
° hprop off ¢ ¢ of wing of horizontal tait
(?Do) Propeller-off zero-lift drag Table 4.12.3-1(c) 0, 00827 per two
Pprop off coefficient of both nacelles nacelles
referenced to Sy, =178 sq ft
Ag S (T//prop)
- W where Rj=3.0 ft | Equation (5.1.1-7) | 6.30(T¢/prop) 6.30(T ¢/prop)
A Ry
Aqy
e Change in dynamic-pressure Table 5,1.2-1(b), | -—————---mm Column9of | -c-cceeeee
q, ratio at the horizontal tail column 9 reference
due to power
Negligible
Summary: 1/pro , AG
ACp,, = 0.125\—¢ T o/prop) + 0.0008<—— 4+ 0.052(T &/prop)
w q,
S;/prop .
~10.125 5, 0. 052(T ¢/ prop)
(

H-646

b)
——————— Table 5.1.1-2(a}-3, Table 5,3-1(a)
column 10
s,/prop ACp,, =[0.125(2) + 0. 052]x
ay, deg S a&rern
T,/prop T /prop
0 0,10 0.22 [ 0.10 0.22
-4 0.1834 ] 0,1827 1 0,1822 | 0 | 0,007484 0.016450
-2 . 1805 . 1801 L1798 | © . 007451 . 016384
0 0.1762 | 0.1765 | 0,1767] 0 ] 0.007406 | 0.016299
2 . 1706 L1721 L1728 | 0 . 007351 L016192
4 0.1633 | 0.1665 | 0.1681 | 0 | 0.007281 | 0.016063
6 1541 . 1598 16251 0 L 007198 . 015909
8 0.1428 | 0,1518 | 0.1559 | 0 | 0,.007098 | 0.015727
10 1288 L1423 L1478 0O . 006979 . 015504
12 0.1110 ] 0,1309 | 0.1393 | 0 | 0.006836 | 0.015271
213.8 0905 L1190 13021 0 . ODGGES . 015020
l>14 P N B 0.1165 | 0.1283 - | 0.006656 | 0.011968
144 | cmmee | e 1264 | - | --emeeee .014916

355101 angles for total T, =0,0.20,0.44, respectively.
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TABLE 5.3-2

INDUCED-DRAG INCREMENT DUE TO POWER

2
’ /Cprrop offz " Awé by, ACL)T/prop +(ACL)NP/pmp
ACp, :(CDi)w n \ — 1+ 56CT + K (—2 ~ -1
prop off CL Wprop off T,
(8}
Symbol Description Reference Magnitude
n Number of propellers | -----—---—=- 2
arp Angle of attack of thrust axis and pro- | -----------—- Same as «p
peller plane, deg
by, Wwing span, ft Table 3.2-1 36.0
A, Wing aspect ratio Table 3.2-1 7.5
Rp Propeller radius, ft Table 3-1 3.0
Cmep off Drag of airplane with propeller off Table 4,12,8-1, Column 9 of
column 9 reference
ACDO Zero-lift drag increment due to Table 5.3-1(b), Column 3 of
power column 3 reference
Loy
(cf)i) Q—;LX’P—"—“Y @ +6,8,) Table 4.12.4-1 0.0432C1 2
Wprop off w prop off
CLy Lift coefficient of wing alone with Figure 5.1.1-8 flap)
prop off propeller off
(ACL)T/prop +(ACL) § /prop| Lift contributfon of direct propeller Table 5.1.1-1(c), Column 7 gf reference
p forces/propeller column 7
-
cy” ClLy +(ACL) /pTop + —o e f(ay, T¢/prop)
prop off
(acyp), /prop
P
o¢
e Rate of change of propelier downwash | Table 5,1,1-2(a)-2
-p with propeller angle of attack column 6
= Averaged propeller downwash over Figure 5,3-3
p wing span as a ratio of propeller
downwash behind propeller,
Sw{T ¢/prop)
f(;P AL St See part (b) of table
W sz
' S
€ —\z= ) ar Fquation (5.3-6)
€n Bap
SwlT é/prop)
K Propeller drag factor, f{ ————5—— || Figure 5.3-1
Bp
(b} ; . _
&) @ ©)] @ ® ® ®
eeem | mmmmmee ] e ] mee- Figure 5.3-1 | Table 5.1.1-2(a)-2,| Figure 5.3-3 | Equation (5.3-0)
column 6
T*/pro) B _ -
Total T, | T /prop M—C-/iu) h& K “p € €
Ry w Bap % ®x®x @
0 0 0 0.0833 4,00 0, 0234 0.052 0,00122 oy
.20 .10 1.978 . 0833 3.43 . 1987 . 153 .0304 ap
W44 .22 4.350 . 0833 2.90 . 2896 . 246 L07124 oy
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TABLE 5,3-3
CHANGE IN COOLING-SYSTEM DRAG DUE TO POWER

Agy,
~ (C . —
<AcD)cooHng system (CDeooling SyStem)prop off q_

Symbol Description Reference Magnitude

(CDcooling System>pr0p off Cooling drag coefficient with propellers off | Figure 4.12.7-1 flayp)

Sw Reference wing area, sq ft Table 3-1 178

1% Propeller radius, ft Table 3-1 3

Aqy, Sw(T./prop) . ’
— — Equation (5.1.1-7)| 6.30(T ./prop)
Clm 1er

. = 4 M .
Summary: (ACD)cooling system 6.30(T C/DYOP)(CDCOOIIHE SYStem)prop off

________ Figure 4.12.7-1 Equation Equation (5.3-7
e G.1.1-7) .3-7)
Ag
W_
©p ) a (ACp) cooling system
L o0
oy, deg | cOOlNE SYStem prop off | 6.30(T7/prop) ~@ x®
T’./prop Ts

0]0.10 | 0,220 0.20 0.44

-4 0,00200 0}o.630]1.386] 0} 0.00126] 0.00277
-2 . 00340 0| .630}1.386}0 .00214 .00471

0 0.00333 0]0.630)1.386| 0| 0.00210] 0.00462

2 . 00280 01 .630]11.386|0 . 00176 .00388

4 0.00224 010.63011.386] 0| 0.00141} 0.00310

6 .00185 0} .630][1.386}0 .00117 , 00256

8 0.00166 0}0.630}1.386}0] 0.00105{ 0,00230
10 .00310 0] .630]1.386]0 . 00195 . 00430
12 =0, 00740 0]0.630]1.386]0} 0.00466} 0.01026
313,84 ~, 0090 (assumed) 0} .630}1.386}0] =~.00567] ~.01247
b4,y ~0.0090 -10.630}1.386] - |~0,00567 |~0.01247
c14,4 ~.0090 (assumed) —}m——- 1.386} - |-—=--—-- ~, 01247

3,b.Cgtall angles for total TS =0,0.20, 0.4, respectively.
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TABLE 5.3-4
POWER-ON DRAG OF THE COMPLETE AIRPLANE

= - d
CDpower on CDprop off n(T c/prop) cos @y + ACD‘) + ACDi +(A(:D)C()oling system
@ ® ® ® ®_ | ® ®
______ — ——-- |Table 4.12.8-1, e Table 5.3-1(b),| Table 5,3-2, Table 5.3-3, Equation (5.3-1)
column 10 column 3 column 16 column 4
- / x C =
c08 g n(T%./prop) ac Acp Dpower on
- cos o D ACT. ( cooling system
oy, deg Cmep off T (s} Dj g sy @@@#©+®
cos @ = -2(T¢/prop) @
Te =0, Te/prop =0, n = 2 (propellers)
-4 0.9976 0.0320 0 0 =0 0 0.0320
-2 . 9994 . 0327 0 0 = 0 L0327
0 1.0000 0, 0345 0 0 =~ 0 0 0.0345
2 . 9994 . 0408 0 0 ~0 0 . 0408
4 00,9976 0.0526 0 0 ~0 0 0.0526
6 . 9945 . 0697 0 0 =~ 0 0 . 0697
8 30.9903 0.0914 0 0 ~ 0 0 (0,0914
10 .9848 .1203 4] Y =0 0 . 1203
12 0.9781 0.1586 0 0 =0 0 0. 1586
13.8 L9711 . 1840 0 0 =0 0 . 1840
T/ =10.20, Té/prop =0.10, n = 2 (propellers)
-4 0.9976 0,0320 -0.1995 0.0075 0 0.0013 -0.1587
-2 . 9994 . 0327 -.1999 . 0075 ~0 .0021 -. 1576
] 1.0000 0.0345 -0, 2000 0.0074 =0 0.0021 -0.1560
2 . 9994 . 0408 -.1999 . 0074 . 0008 . 0018 -. 1491
4 0.9976 0.0526 -0,1995 0.0073 0.0024 0.0014 -0.1358
6 L9945 . 0697 -.1989 .0072 L0048 0012 -.1160
8 0.9903 0.0914 -0.1981 0.0071 0.0079 0.0011 -0.0907
10 . 9848 .1203 -.1970 . 0070 L0118 . 0020 -.0559
12 0.9781 0.1586 -0,1956 0.0068 0.0164 0.0047 -0.0091
13.8 L9711 . 1840 -. 1942 . 0067 . 0207 . 0057 . 0229
14.1 0.9699 | ---——-- -0.1939 0.0067 0.0214 0,0057 | @ eemee—-
T% = 0.44, T%/prop = 0,22, n = 2 (propellers)
-4 0.9976 0.0320 -0.4389 0.0164 0 0.0028 -0.3877
-2 . 9994 . 0327 -.4397 .0164 . 0001 L0047 -.3858
0 1. 0000 0.0345 -0,4400 0.0163 = 0 0,0046 ~0.3846
2 . 9994 . 0408 -.4397 .0162 . 0022 . 0039 -.3766
4 0.9976 0.0526 -0.4389 0.0161 0. 0066 0.0031 -0.3605
[ . 9945 . 0697 -.4376 .0159 . 0131 . 0026 -.3363
8 0.9903 0.0914 -0.4357 0.0157 P.0217 0.0023 -0,3046
10 . 9848 .1203 -.4333 .0155 . 0325 . 0043 -.2607
12 0.9781 0,1586 -0.4304 0.0153 D. 0453 0.0103 -0.2009
13.8 L9711 . 1840 -.4273 L0150 L0577 .0125 -. 1581
14.1 0.9699 | --———-- -0,4268 0.0150 P.0596 0.012 |  ----=--
14.4 VYT (— -.4262 L0149 . 0609 o125 | o
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Figure 5.3-1.

Figure 5.3-2.

4
3 b S i
« 2 \ | .
1~ T \\\_\
0 10 20 , 3 40 50
Sw(T¢/prop)

1.0

B

Rp 05

e
A

2
Rp
Propeller drag factor (from ref, 1, based on ref. 19).
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Average propeller downwash (from ref. 1, based on ref. 19).
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.32

o

Wind tunnel
Calculation including ACp;

—— — Calculation omitting ACDi

.4

d6

.08

Cp -.08

-.16

-.24

-.32

-.40

-.48

-4

Figure 5.3-4.
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Cp with ap at different power conditions. 8, = 0°.
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Comparison of calculated and wind-tunnel-determined variation of
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.32 Wind tunnel
Calculation including ACp;
———— Calculation omitting ACp;
.2
.16 /
T:: =0 /d
Q
.08 / _—
_0____0_,____,—0/ /
0 ~*
%
7
(o]
Cp -.08 ——
’ _ ~ -
T c= 0.20 _==
__-—--—-n’"""—f —°
-.16 o
-.24 / s
Ve
)
7 o
-3 L
. // 0]
TC = 0. 44_//? - o
- o
-.40 ———c:L o —
-.48 _
0 .6 .8 1.0 1.2 1.4 1.6
CL
Figure 5.3-5. Comparison of calculated and wind-tunnel-determined variation of

Cp with Cp, at different power conditions. 0 =0°.
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5.4 Power Effects on Horizontal-Tail Hinge Moments and Stick Forces
The procedures for determining the horizontal-tail hinge moments for power-on
conditions are essentially identical to those used in section 4.14 for propeller-off
conditions. Quantities affected by power include the tail lift, as a result of power-
induced changes in downwash and dynamic pressure at the tail, and the section in-
crement pitching-moment coefficient for larger tab deflections.

The effect of power on the lift of the tail was accounted for in section 5.1.2. The
effect of power on the section increment pitching-moment coefficient, (Acmf) , has
U]

not been defined quantitatively. In section 4.14.1, in relation to equations (4.14.1-11)
and (4. 14.1-12) involving (Acmf) » it was indicated that for propeller-off conditions
n

the empirical curves of (Acmf) in figure 4. 14. 1-6 should be used for large tab de-
n

flections in lieu of the following equation based on lifting-line theory:

A _ 2 Ctab Ctab 25” q 5 4
( Cmf)n— “ELI\en ) 1 -\ ) | Otap per deg (5.4-1)

n

where

cos Ay tan 6tab)

. =tan~1 -
Otap = tan ( <08 Ap, (4.14.1-13)

However, because a significant amount of thrust will increase the dynamic pressure on
the portion of the horizontal tail immersed in the propeller slipstream, the added energy
at the tail will tend to maintain full tab effectiveness to higher tab deflections than for
propeller-off conditions. Thus, for significant power-on thrust conditions, it is sug-
gested that equation (5.4-1) be used in place of figure 4. 14. 1-6 to determine (Acmf)

n
for tab deflections up to about 21°. Beyond this magnitude of tab deflection, the
effectiveness of the tab may be approximated by empirically extending the results of
the lifting-line theory on a trend of decreasing effectiveness tending to parallel the
propeller-off experimental curves. For Tc’ = 0, the propeller-off curves of fig-

- ures 4.14.1-6 and 4. 14. 1-7 should still be used; that is, the T, = 0 and propeller-off
calculated hinge moments are the same.

The calculations for the power-on hinge-moment characteristics of the horizontal
tail for the subject airplane are summarized in tables 5.4-1 and 5.4-2. The magnitudes
of the section increment pitching-moment coefficient, (Acmf) , used in columns 5 and

n

7 of table 5.4-1 were obtained from equations (5.4-1) and (4.14.1-13) which reduced
to

(Acmf)n = -0.0110544p ' (5.4-2)
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on the basis of supporting configuration data in table 4. 14.1-2(a).

Figure 5.4-1 shows the correlation of the calculated hinge moments with wind-
tunnel data for total Té =0, 0.20, and 0.44. The calculated hinge moments for

T = 0 are the same as those for propeller-off conditions. The calculated hinge
moments for total Tc’ =0.20 and 0.44 include the results obtained when using the

originally determined tail lift coefficients as well as the results obtained when using
the lift coefficients based on a 40-percent reduction in power-induced downwash dis-
cussed in section 5.2. The calculated hinge moments based on the modified power-
induced downwash at the tail show better correlation with wind-tunnel data than do the
original results. At total T = 0.20, the discrepancy between calculated results and

wind-tunnel data at &, = 4° is unexplained. On the basis of the correlations at

Té = 0 and 0.44, however, it appears that there may be an error in the tunnel data.

Figure 5.4-2 shows the correlation of flight-determined stick forces with the stick
forces based on calculated and wind-tunnel stability and control trim characteristics
for 1-g flight over a calibrated velocity range of 70 knots to 146 knots at 6000 feet
altitude. Calculated stick forces as well as calculated angle of attack and elevator
deflection show reasonably good correlation with the flight data. The stick forces were
obtained by using the following relation derived in section 4. 14.1 for the subject air-
plane:

Fstick = 49 Chpnd,, (4.14.1-20)
5.4.1 Symbols

All 1ift and moment coefficients are referenced to the horizontal -tail area and
mean aerodynamic chord unless noted otherwise.

bp horizontal-tail span, ft
Chy, f) hinge-moment coefficient of the horizontal tail with fuselage
( effects on the tail included

CL airplane lift coefficient referred to the wing area

ézh(f) net lift coefficient of the horizontal tail due to «y, 04, and
O¢qp» With fuselage effects included

(ACH) 5 increment of tail pitching~-moment coefficient, about the

tab quarter chord of the tail mean aerodynamic chord, due to

the tab deflection

cp) av average tail chord, ft

(Ch)'fl tail chord at semispan station, 7, ft
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increment section-lift coefficient due to the tab deflection,
at semispan station, 7

increment section-lift coefficient due to the tab deflection, at
semispan station, 7, referred to the constant-percent-
chord basic loading line of the tab deflection

section increment pitching-moment coefficient due to the tab
(flap) deflection, at semispan station, 7, about the quarter-

chord point in the plane normal to the constant-percent-
chord basic loading line of the tab deflection

tab chord, ft
tail mean aerodynamic chord, ft

wing mean aerodynamic chord, ft

stick force, 1b

difference in span-load coefficients for two bounding span-
load distribution curves at semispan station, 75
(fig. 4.14.1-3(b), for example)

a factor for estimating the section center-of-pressure
location for the untabbed section near the ends of the tab

dynamic pressure at the horizontal tail and in the free stream,
respectively, 1b/sq ft

horizontal-tail area, sq ft

thrust coefficient

calibrated airspeed, knots

chordwise center-of-pressure location, at semispan station,

n, aft of the quarter chord of and as a ratio of the
horizontal-tail mean aerodynamic chord

chordwise center-of-pressure location of the lift due to the
tab deflection, at semispan station, 7, from the leading
edge of the tail as a ratio of the tail chord at the station

lateral distance from the plane of symmetry, ft

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

angle of attack of the tail relative to its chord line, deg

elevator deflection, deg

H-646



tab

V4
0{ab

(A€h)
power

H-646

tab deflection normal to the hinge line, deg

tab deflection normal to the section basic loading center-
of-pressure line, deg

change in downwash at the tail due to power, deg

semispan station, 2y

by

semispan station of the inboard and the outboard end of the
tab, respectively

increment of the spanwise distance as a ratio of the tail semi-
span

sweep of the section basic loading center-of-pressure line,
deg

sweep of the tab hingeline, deg
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Figure 5.4-2. Comparison of calculated hinge-moment and stick-force characteristics

in level flight with those obtained from wind-tunnel and flight data as a function of air-

speed. Altitude = 6000 ft; center of gravity = 0, 12 Cyye
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6.0 DYNAMIC CHARACTERISTICS

The preceding considerations dealt with the static characteristics of general
aviation airplanes. Since longitudinal dynamic characteristics are associated with the
aerodynamic forces and pitching moments caused by the pitch velocity, q, and normal
linear acceleration, w (considered in the form of &), it is essential that aerodynamic
parameters accounting for the effects of these two variables be determined.

Consideration is given in the following discussions to the determination of the
dynamic derivatives CLq, CLg» Cmq, and Cmy, and to the appropriate application

of the derivatives to the determination of windup-turn and short-period oscillatory
characteristics. Although the derivatives CLq and CL& are generally taken to be

negligible, Ci, q will be applied to the windup-turn considerations to provide a
quantitative insight into its influence. The derivative Cr, & although not used, is deter-

mined for completeness.

The methods to be presented for determining the dynamic derivatives are based on
theories which assume attached-flow conditions and are thus not frequency dependent.
Fortunately, attached-flow conditions prevail for the high-aspect-ratio wings normally
used on general aviation aircraft and the methods are applicable over the linear lift
range of the subject airplane.

It is assumed throughout the following discussions that the dynamic motions, q
and &, negligibly influence the effects of power on lift and pitching moments.

In the absence of appropriate wind-tunnel data, but with the availability of appro-

priate flight data, all calculated characteristics are referenced to a center of gravity
of 0.12 Cy, to conform to the flight data.
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6.1 Lift Due to Dynamic Motions

6.1.1 Lift Due to Pitch Rate, CLq

The lift contributions of the wing, fuselage, nacelles, and horizontal tail due to
pitch rate can be summarized by the following expression in which the individual terms
are referenced to the wing area:

C1q =(CLq>w(wt) +(C1Lq); +(CLe)y +(CLq>h(hf) (61171

(a) The lift contribution of the wing due to pitch rate can be obtained from the
following expressions which take into account the mutual wing-fuselage interference
effects:

Swe) (we
(CLQ)w(wf) = [KW(f) + Kf(w)](’g _6_w> (CLq>w (6.1.1-2)
e

where, on the basis of reference 39,

(ch>We =<% L9 X )(cLa)we (6.1.1-3)

C
We

In the preceding equations
Kw(f)’Kf(w) are wing-body interference factors, obtained from section 4.5

Swes EWe are the wing area and the mean aerodynamic chord of the exposed portion

of the wing, respectively, obtained from section 3.2
(CLQ) is the lift-curve slope of the exposed portion of the wing per radian,
We
obtained from section 4.2

X Xac  Zcg

- = - = (6.1.1-4)
Cwe Cwe Cwe

X ,
__ag is the distance to the aerodynamic center of the exposed wing panel from the
Cwe
leading edge and as a fraction of the exposed panel mean aerodynamic chord, obtained
from table 4.5-1

X

is the distance to the center of gravity of the airplane from the leading edge
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and as a fraction of the exposed panel mean aerodynamic chord
(b) The lift contributions of the fuselage and nacelles, (CLq) +(CL ) , due to
f q/n

pitch rate are not as explicitly accounted for as for the wing. No explicit method is

available for obtaining body or nacelle dynamic derivatives for general planforms.

The following method, used herein, is the method of reference 1 which considers the

body contribution to CLq to be a product of the body Iift—cgrve slope, (C La)B, and
L

the expression for the ratio of slender-body derivatives, (—9—> ,

Lo slender-body theory

as obtained from reference 40. The fuselage and nacelles contribution to CLq, based

on wing area and wing mean aerodynamic chord and referred to the center of gravity,
is thus given by

me lf an ln
(Crg)s +(Crg),, =2 (CLa)f( - "‘).* +2(CLg), (1 - ) = (6-1.1-5)

Lt ) ew in w
where
(CLa)f’ <CLa)n are the lift-curve slopes of the fuselage and nacelles, respectively,
obtained from section 4.3 on the basis of potential flow terms only, per radian

Xm¢>¥my Aare the distances from the nose of the fuselage and nacelle, respectively,

to the center of gravity of the airplane, obtained from figure 3.2-1

lf’ln are the lengths of the fuselage and nacelles, respectively, obtained from

table 4.3-1
(¢) The lift contributions of the horizontal tail, (CLq)h(hf)’ due to pitch rate are

obtained from the following derivation which takes into account the tail-fuselage inter-
action effects on the lift-curve slope of the horizontal tail. Because a change in pitch
rate will result in a change in tail angle of attack, in radians, of :

q
(Aa)y, = —i}‘- (6.1.1-6)

where [y 1is the distance from the center of gravity to the quarter chord of the

horizontal -tail mean aerodynamic chord

Ay
(ACLh(hf)>q = 57.3 (CL(Y)h(hf)(Aa)h =57.3 (CLa’)h(hﬂ ( '—‘7') (6.1.1-7)
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From the preceding

) BCLh(hf) lh €L . .
(CLq = —— =2(57.3)— Ly 1.1~
hf) a4y Cy h(hf)
2V
where (CLOf)h(hf) is the elevator-fixed lift-curve slope of the horizontal tail, in degrees,

with tail-fuselage interaction effects accounted for and is obtained from equation (4.10-2)
as

ah She
(CLa)h(hf) :[Kh(f) + Kf(h)](CLa)he (g)gw— (6.1.1-9)

In the present application of the equation (6.1.1-9), (CLa) is the propeller-off value
h
e
of the tail lift-curve slope, based on the exposed tail panels, obtained from table 4.2-1,

ah
and — is the power-on dynamic-pressure ratio at the tail, as obtained in sec-
Ay

tion 5.1.2. Although the preceding equation was applied to the subject airplane as
presented, the caution given in section 4. 11 is reiterated: For the geometric tail-
fuselage configuration of the subject airplane, the lift carryover from the tail to the
fuselage (represented by Kf(h)) may be insignificant because of the location of the tail

on the fuselage and the air gap between the tail and the fuselage. It is suggested that
Kf(h) be considered to be similar to zero for tail-fuselage configurations similar to

that of the subject airplane.
(d) By applying the preceding methods to the subject airplane, the lift due to pitch
rate, CLq’ was calculated and is presented in table 6.1.1-1 as a function of angle of

attack and power condition on the basis of original downwash calculations. The results
are plotted in figure 6.1.1-1. Included in the figure are the results of calculations
which included a 40-percent decrease in power-induced downwash on the tail. No
experimental data were available for comparison. Because of the inclusion of the lift
carryover from the tail to the fuselage, which is undoubtedly small or nil in accordance
with the preceding cautionary remarks, the calculated CLq is, in all likelihood, about

10 percent larger than it should be.

6.1.2 Lift Due to Vertical Acceleration, Cj .
a

The wing, fuselage ) nacelles, and horizontal-tail contributions to the lift due to
vertical acceleration, o, are summarized by the following expression in which the
individual terms are referenced to the wing area:

CL& = CLa)y, * CLa); +CLE) , +(CLA), my (6-1.2-1)
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(@) The lift contribution of the wing, (CL&)W’ due to the vertical acceleration, o,

cannot be accounted for because explicit expressions for the subsonic region are not
available except for triangular wings. Because the wing contribution is relatively
small for conventional aircraft, the omission of the wing confribution would not seem
to significantly affect the net CLc'v .

(b) The lift contributions of the fuselage and nacelles, (Cr, &) ¢ +(CL &)n’ due to

vertical acceleration, &, are accounted for by the following approximate equation,
which wag arrived at in a manner synonymous to the derivation of the equation for body
contribution to CLq (section 6.1.1(b)). Referenced to the wing area and the wing

mean aerodynamic chord,

ls [N
Cy,: Cr,:) =2(C — 4+ 2 (C — 6.1.2-2
( LO‘)f*-< L'C")n ( L"‘)f Cy + 2 La)n Cw o !

The individual terms in the equation have the same definitions as the terms in equa-
tion (6.1.1-5)

(c) The lift contribution of the horizontal tail, (C L‘S‘)h(hf)’ due to vertical acceler-

ation, «, is based on the concept of the "lag of the downwash." The downwash at the
tail does not respond instantaneously to changes in wing angle of attack. Because the
trailing vortex is convected with the airstream, a change in circulation at the wing is

l .
not felt as a change in downwash at the tail until a time, At = —Vl}-, has elapsed (I}, is

the distance from the center of gravity to the tail). The lag in change in downwash
and, therefore, the lag in change in angle of attack, in radians, of the horizontal tail
is accounted for by

O€p o€y ) AN

(Aa), = Aey = Bay, (aAt) = Bap a5 (6.1.2-3)

The correction to the tail-lift coefficient to account for the lag in downwash change is
obtained from

9€h 1y, .
(ACLh ) 3 = 57-3CLa)y g @®h = 573 (CLa), ) Far -‘% & (6.1.2-4)

from which

C BCLh(hf) 2(57.3)(C Zh o 6.1.2-5
CLihen ™ T azy Ol 5 T o
2V - S

Comparison of this equation with the equation for (CLq)h(hf) (eq. (6.1.1-8)) shows
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de
the two equations to be identical except for the _h term. Thus

ooy,
9€p
CL: =(C - 6.1.2-6
CLYY me) ( Lq)h(hf) 5o, ( )
where
(CLq>h(ht) is obtained from equation (6.1.1-8)
o¢€p
5o is the rate of change of tail downwash with airplane angle of attack, obtained
b

from figure 5.1.2-4 as a function of o}, and power condition being analyzed

(d) By applying the preceding methods to the subject airplane, the lift due to the
vertical acceleration was calculated and is presented in table 6.1.2-1 as a function of
angle of attack and power condition on the basis of original downwash calculations. The
results are plotted in figure 6.1.2-1. Included are the results of calculations which
included a 40-percent decrease in power-induced downwash at the tail. No experimental
data were available for comparison.

6.1.3 Symbols

All lift coefficients and their derivatives are referenced to the wing area unless
noted otherwise.

CL, lift coefficient
CLh lift coefficient of the horizontal tail with the tail-fuselage
(hf) interaction effects included

ACT, ,(ACLh . increment of lift coefficient due to the pitch rate and
( h(hf)) q (hf)) o angle-of-attack rate, respectively

aCy, oCy,
CLq, CLy= —= and ———, respectively, per rad
o Lw oW
2V 2V

CL ) »(CyL: contribution of the fuselage to Cy,, and Cj,:, respec-

( q)f ( a)f tively, per rad 1 @

C s(C1, - contribution of the horizontal tail to C and Cyg, -,

( Lq)h(hﬂ ( La)h(hf) Lq La
respectively, with tail-fuselage interaction effects
included, per rad

C CL; contribution of the nacelles to C and Cyp *, respec-

L ’ L L
( q) n ( oz)n tively, per rad q @
(CL ) contribution of the exposed wing panels to Cjy, , per rad
A/we q
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(Crq)

w(wi)

C

(E&x

(CLa)B

L )
@/ slender-body theory

(CLa)f’(CLC‘)n

(CLCY)h e
(CLa)hmi
(CLa’)we

(CLa),

Cpm

o dcw
2V
8C,
Cme T aey
3]

VAY

Kn () B

Ky f) Kt(w)
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, per rad

, per rad

contribution of the wing to CLq with wing-fuselage

interaction effects accounted for, per rad

ratio of Cy, and CLa of a body obtained from slender-
q

body theory, used in the form of its mathematical
i i nd (C . (6.1.1-5
equivalence to obtain (CLq)f a ( Lq)n (eq. ( 1-5))

lift-curve slope of a body, per rad

lift-curve slope of the fuselage and nacelles, respectively,
per rad

lift-curve slope of the exposed horizontal-tail panels,
referenced to the area of the exposed panels, per deg

lift-curve slope of the horizontal tail with tail-fuselage
interaction effects included, per deg

lift-curve slope of the exposed wing panels, referenced
to the area of the exposed panels, per rad

wing contribution to CL&’ per rad

pitching-moment coefficient

mean aerodynamic chord of the wing, in. when used in
ratio of two dimensions, ft when used in derivatives

mean aerodynamic chord of the exposed wing panels, in.

ratio of the lift on the horizontal tail in the presence of
the fuselage and the lift carryover from the tail onto
the fuselage, respectively, to the lift on the tail alone

ratio of the lift on the wing in the presence of the fuselage

and the lift carryover from the wing onto the fuselage,
respectively, to the lift on the wing alone
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Zf,ln

At

Xac

cWe

XCg XCg

Cw Cwe

X ac

Cwe Cw,

X
me’ mpy

H-646

length of the fuselage and nacelle, respectively, in.

distance from the center of gravity to the quarter chord
of the horizontal-tail mean aerodynamic chord, in.

pitch rate, rad/sec

dynamic pressure at the horizontal tail and the free
stream, respectively, 1b/sq ft

area of the exposed panels of the horizontal tail and the
wing, respectively, sq ft

wing area, sq ft

thrust coefficient

time, sec

increment of time, sec

distance to the aerodynamic center of the exposed wing

panels from the leading edge of the wing as a fraction
of the exposed panel mean aerodynamic chord

distance to the center of gravity of the airplane from the
leading edge of the wing as a fraction of the complete
wing mean aerodynamic chord and the exposed panel
mean aerodynamic chord, respectively

distance from the nose of the fuselage and nacelle,
respectively, to the airplane center of gravity, in.

airspeed, ft/sec

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

time rate of change of aj,, , rad/sec

change in the angle of attack of the horizontal tail, rad

change in the downwash at the tail, rad

chgnge in the downwash at the tail due to power, rad or
eg
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o€p

b rate of change of the downwash at the tail with airplane

angle of attack
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TABLE 6,1.1-1
LIFT DUE TO PITCH RATE, CLq
[Flight center of gravity = 0.128w]

(a) Contribution of wing, (CLy)y, i)

S TR

Symbol Description Reference Magnitude
Ky(f) Ratio of lift on wing in presence of fuselage to wing alone Table 4.4-1 1.09
Ktew) Ratio of wing-lift carryover on fuselage to wing alone Table 4.4-1 .14
SWe Exposed wing panels area, sq ft Table 3.2-1 148
Sw Reference wing area, sq ft Table 3-1 178
Ewe Mean aerodynamic chord of exposed wing panels, in. Table 3,2-1 57.1
Ew Mean aerodynamic chord of complete wing, in. Table 3.2-1 59.5
X
TCE Center of gravity of the airplane from leading edge of Flight data 0.12
Cw wing mean aerodynamic chord as a fraction of the

wing serodynamic chord
X X c,
:c_g Center of gravity of the airplane from leading -edge (TCE-) —_—w- . 125
Cwe exposed-panel mean aerodynamic chord as a Cw Cwe
fraction of mean aerodynamic center of the
exposed panel
X
__as Aerodynamic center of exposed wing panels from Table 4.5-1 . 249
Cwe leading edge and as a fraction of exposed-panel
_ mean aerodynamic chord
X. X
= Jac B Equation (6.1.1~4) |  .124
Cwe Cwe Cweg
(CL ) Lift-curve slope of exposed wing panels referenced Table 4,2-1 4,28
YVwe to Sy, per rad
. =3.14
Summary: (CLq)w(wD 3.14 per rad
(b) Contributions of fuselage and nacelles, (CLq)f +(CLq)n
*mf\ 1 ¢ Xmp\ Ip
C +(C =2(C 1-—}—+2(C - _
( Lq)f ( Lq)n { L")f ( lt )c‘w ( Lo‘)n In/ &,

Symbol Description Reference Magnitude

Sy Reference wing area, sq ft Table 3-1 178

Ew Wing mean aerodynamic chord, in. Table 3,2-1 59.5

(CLa) Lift-curve slope of fuselage based on potential flow only, | Table 4.3-1 0.121

t referenced to Sy, = 178 sq ft, per rad
(CL ) Lift-curve slope of nacelles based on potential flow only, { Table 4.3-1 . 089
@’n referenced to S, = 178 sq ft, per rad

Xmg Distance from nose of fuselage to flight center of gravity | Figure 3.2-1 100.33

of the airplane, in.

Xmy, Distance from nose of nacelles to flight centér of gravity | Figure 3.2-1 60, 14

of the airplane, in.

i Fuselage length, in. Figure 4.3-5(2) 290

ln Nacelle length, in. Figure 4.3-5() 106

Summary: (ch)f + (ch)n = 0.9087 per rad
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TABLE 6.1, 1-1 (Concluded)

(¢) Contribution of horizontal tail, (CLQ)hﬂl B

. 'n
(ch)h(hf) =114.6 5—w— (CLa)h(hD

Symbol Description Reference Magnitude
Sw Reference wing area, sq ft Table 3-1 178
Ew Wing mean aerodynamic chord, in. Table 3,2-1 59.5
( L& Lift-curve slope of horizontal tail, referenced to | Table 4.10-1(a)] 0, 0136 C_ll
hhi) 8, = 178 sq ft, per deg o
g
__.h_ Dynamic-pressure ratio at the tail with power on |Table 5, 1.2-ib),| Table 5.1.2-1(b),
q, column 11 as per column 11
iy Distance from reference (flight) center of Figure 3.2-2 172,75

gravity to the quarter chord of the tall, in.

Gh )
Summary: <CLq)h(hﬂ = 4.53<qa° per rad

(d) Lift due to pitch rate, CLq

CLq :(CLq)w(wt) +(CLq>f +(CLq)n +(CLq)h(hf)

qh
=3.14 +0.9087 +4.53( —

g
ap
=4,049 + 4.53| =
q’ﬂ

0

e Table 5.1.2-1(b), e ———
column 11
q
- CLq=4.049+4.53®
ay, deg 9 .
T Te
0 0.20 0.44 0 0.20 | 0.44
— | 1.0 | 1.0868 | 1.2027 | 8.579 | 8.972 [ 9.497
2 ]1.0} 1.1028 | 1.2108 | 8.579 | 9.045 | 9.534
0 1.0} 1.1167 |1.2216 | 8.579 | 9.108 | 9.583
2 1.0} 1.1222 |1.2324 | 8.579 | 9.133 | 9.632
4 01.0] 1.1333 | 1.2432 | 8.579 | 9.183 | 9.681
6 | 1.0 [ 1.1380 | 1.2541 | 8.579 | 9.208 | 9.730
8 1.0 1.1444 [1.2622 | 8.579 | 9.233 | 9.767
10 {1.0 | 1.1417 | 1.2676 | 8.579 | 9.221 | 9.791
12 | 1.0 | 1.1361 | 1.2757 | 8.579 | 9.196 | 9.828
213.8 | 1.0 | 1.1278 | 1.2811 | 8.579 | 9.158 | 9.852
b1 f-—- | 11222 J1.2811 | - 9.133 | 9.852
4.4 | -oo | cmermm 1.2784 | —-——- | --—— 9,840

3b.C5eall angles for T/ = 0,0.20, 0.44 power conditions, respectively.
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TABLE 6.1.2-1
LIFT DUE TO VERTICAL ACCELERATION, CLO.t
[ Flight center of gravity = 0.12 Cw )

(a) Contribution of wing, (CL- )
olw
In accordance with discussion in section 6.1.2(a),

(Crg), ~ 0

(b) Contributions of fuselage and nacelles, (CL&) +(CL&)
f n

it I
(CL&)f +(CLo.l)n = Z(CLa f—E—‘: + 2(CLOz)n i

Symbol Description Reference Magnitude
Sw Reference wing area, sq ft Table 3-1 178
Ew wing mean aerodynamic chord, in. Table 3.2-1 59.5
(CLOZ)f Lift-curve slope of fuselage based on potential flow | Table 6. 1.1-1(b) . 121
only, referenced to S, = 178 sq ft, per rad
(CLa) Lift-curve slope of nacelles based on potential flow | Table 6.1.1-1(b) .089
n only, per rad

g Fuselage length, in. Figure 4.3-5(a) 290
1, Nacelle length, in. Figure 4.3-5(b) 106
Summary: (CL&)f + (CL&)n = 1.497 per rad

{¢) Contribution of horizontal tail, (CL&)h(hf)

pen
(CLéhpn (CLaupy 2oy

Symbol Description Reference Magnitude
Sw Reference wing area, sq ft Table 3-1 178 _
(CLq) Tail contribution to CLq with tail-fuselage interaction | Table 6.1.1-1(c) 4.53 (j—}l—
h(hf) effects included, per radian , Qe

de

—h Rate of change of downwash at tail with oy, Figure 5,1.2-5 f (o, T’C)
aab

_—h Dynamic-pressure ratio at tail with power on Table 6.1.1-1(d), | f (ab, T’C)
d,. column 2

G 3Eh
S : . =4,5{ —)—
ummary (CLO‘)h(hf) 3 P per rad
0
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TABLE 6, 1.2-1 (Concluded)

(d) Lift due to vertical acceleration, CLg

“Ls = Cra), * CLa)s +(Cra), *(CLy)npmy

=0+ 1.497 +4.53(

=1.497 + 4.53(

.Ql' 1
8 o

X

9h

q(ﬂ

dep
e,

den
=)

e Table 6.1.1-1(d) . I
—_— column 2 Figure 5.1,2-5
n d¢n CLg =
a, dap 1.497 + 4.53 Q0
o, deg
’ ’
T, T Te
0 0.20 0.44 0 0.20 0.44 0 0.20 0.44
-4 | 1,0 1.0868 | 1.2027 [ = | ——oo= | mcom | cmoem [ = | o
-2 1.0 ] 1.1028 | 1,2108 | 0.475 | 0.785 | 0.915 | 3.649 | 5.419 | 6.516
0 1.0} 1,1167 | 1.2216 | 0.475 | 0,775 | 0,920 | 3.649 | 5.417 | 6.588
2 1.0 ] 1.1222 | 1.2324 .475 . 760 .905 1 3.649 | 5,361 | 6.549
4 1.0 ] 1.1333 | 1.2432 | 0.475 | 0.730 | 0.865 } 3.649 | 5.245 | 6,368
6 1.0} 1,1389 | 1.2541 .475 .680 .810 } 3.649 | 5,005 | 6,099
8 1.0 ] 1.1444 | 1.2622 | 0.470 | 0.640 | 0,740 | 3.626 | 4.815 | 5.728
10 1.0 ] 1.1417 | 1.2676 .450 . 600 670 | 3.536 | 4.600 § 5,344
12 1.0 | 1.1361 | 1.2757 | 0,425 | 0,530 | 0.589 | 3.332 | 4.225 | 4.901
413.8 1.0 ] 1.1278 | 1.2811 .405 475 .500 | -———- 3.924 ] 4.399
l’14.1 -—- 1 1.1222 | 1.2811} -—-—-- 0,470 § 0.470 | --——- 3.886 | 4.225
€14.4 | ——= | —=—e- 1,2784 | -—-~- | ————- 450 | —mmem | ————- 4.103
3.b,C51al1 angles for T =0, 0.20, 0.4 power conditions, respectively.
H-646
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Figure 6.1.1-1. Variation of calculated lift due to pitching moment, CLq, with angle
of attack and power conditions.
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Figure 6.1.2-1. Variation of calculated lift due to vertical acceleration,

324
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6.2 Pitching Moments Due to Dynamic Motions

6.2.1 Pitching Moments Due to Pitch Rate, Cp,

The contributions of the wing, fuselage, nacelles, and horizontal tail to the
pitching moment due to pitch rate can be summarized by

Cmg =(Cmq) 4, (wp) * Cmas +(Cmg), +Cmg)y g (6.2.1-1)

(@) The contribution of the wing, including the mutual wing-fuselage interference
effects, to the pitching moments due to pitch rate, Cmq, can be accounted for by

) e EWe 2
(Cmq)w(wf) = [Kw(i) + Kf(w)jK%})(‘%;) (Cmq>we (6.2.1-2)

in which the individual terms, with the exception of (Cmq)w , were previously defined
e
(eq. (6.1.1-2)). For low- speed incompressible conditions (M%0.2), (Cmq) is
We

obtained from the following equation, which was derived in reference 39 and modified
in reference 41 by the inclusion of the factor k:

1 X % \2 ,
Awe [2 Cwe + 2(Ewe> ] 1 (Awe3tan2 Ac/4

C =—k(57.3c cos A +5g ———-——>+l 6.2.1-
[( mq}we]M:O.z Y la) c/4)  Awg +2COSAc/4 24\Ayo + 6 COS ALy 8 ( 3)

where

cz is the section lift-curve slope, in degrees, obtained from section 4.2
a B

Awe 18 the aspect ratio of the exposed portion of the wing, obtained from
table 3.2-1

— is the distance from the aerodynamic center to the center of gravity as a
Cw
e
fraction of the exposed panel mean aerodynamic chord

The factor k is empirical, having been obtained by correlating equation (6.2. 1-3)
with dynamic model data (ref. 41). For an aspect ratio between 1 and 6, k was
determined to be of the order of 0.7. No experimental data were obtained in refer-
ence 41 for higher aspect ratios; however, for very high aspect ratios, k approaches
1.0. Reference 1 suggests that for aspect ratios of about 10 or 12, k should be ap-
proximately 0.9. Although no experimental data are available to show how k should
vary for intermediate aspect ratios, reference 1 suggests that a smooth fairing be
used.
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For subsonic speeds involving compressibility effects, (C is obtained by
mq We

applying an approximate compressibility correction factor, derived in reference 42, to
the results of equation (6.2.1-3). Thus

© APz + 6 cos hess ™ Bo (Cmg) (6.2.1-4)
mQ) ] = l: m ] 2.
[ Velmso.2 A3 tan? Ac/4 Vwe M<0.2

AWe+6cos/\c/4 +3

where

Ay,

e is the aspect ratio of the exposed wing panels (table 3.2-1)

By =V1 - M2 cos® Ay (6.2.1-5)

Aq/4 1s the sweepback of the wing quarter-chord line

(b) The pitching-moment contributions of the fuselage and nacelles due to pitch
rate, (Cmq)f + (Cmq)n » as for lift due to pitch rate, are not explicitly accounted for.

The contributions of the fuselage and nacelles were obtained on the basis of equa-

tion (6.2.1-6), from reference 1, which was derived in a manner synonymous to the der-
ivation of equation (6. 1. 1-5) using slender-body theory. Referred to body base area,

Sps body length, lg, and a selected center of rotation (the center of gravity of the air-

plane),
(1- XmB>2 ) VB (XCB ) XmB)
lB Spie\lip IB
(Cmq)BSbl B= 2,:57.3(cm°‘)BSblB] (1 - XmB> \%:} J (6.2.1-6)

I | Sylg

where

Xm)y 1s the distance from the nose of the body to the center of gravity of the air-
(Xm)p
plane

(xc)B is the rdistance from the nose of the body to the centroid of the body volume

8Cm
(Cma)BSbZB is the Cmy = W of the body referenced to SblB

Because the base area of the subject airplane is essentially zero, equation (6.2.1-6)
can be reduced to
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( (XCB XmB) ) .
C =2 [57.3(C 2 - (6.2.1-7)
( rnq)Bssz [ mo‘)BsblB] !B 33

Referencing (Cmq)B and (Cma)B to the wing area, S, and the wing mean aero-

dynamic chord, Cy»

Xcg  *mgp
(cmq)B =2 [57.3 (cma)B _— - (6.2.1-8)

Considering that (Cma)B’ when obtained from equation (4.7-1) and applied to the
fuselage and nacelle components of the subject airplane, was referred to the leading

edge of the wing mean aerodynamic chord, conversion to airplane center of gravity
requires that

Xcg
(Cmg). = Cmy)_  +CLy), — (6.2.1-9)
B Bre B ¢
w
Hence, relative to the center of gravity of the airplane,
XCg XCB XmB
(Cmy). = 2673 (Cm,), +CLy), < — - — (6.2.1-10)
q B o Ble B CW CW CW

Applied specifically to the fuselage and nacelles of the subject airplane, the net con-
tribution of the fuselage and nacelles to Cmq is obtained from

w w

c - 257.3) |(c op ) L8 et E 2(57.3) |(C “eg |(*en Mo 2.1
( mq)fn_ (57.3) (m(y>t_le+( L(Y)f - E“’ - (_:.w‘ + 2(57.3) ( ma>nle+(CLa)n-é:; 6— - z (6. R -11)

where
(Cm a)fleand (Cm a)nle are obtained from section 4.7 relative to the leading edge

of the wing mean aerodynamic chord, per deg (to a practical degree of approximation,
only the potential flow term of equation (4.7-1) need be considered)

Xog is the distance from the leading edge of the wing mean aerodynamic chord

to the center of gravity of the airplane
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<CLoz)f’ (CLQ) are the lift-curve slopes of the fuselage and nacelles, respectively,
n
obtained from section 4.3 on the basis of potential-flow terms only, per deg

Xmp Xmp are the distances from the nose of the fuselage and nacelle, respectively,

to the center of gravity of the airplane, obtained from figure 3.2-1, in.

Xcy isthe distance from the nose of the fuselage to the centroid of the fuselage

volume, in.,

chz'_——— (6.2.1—12)

Xey, 18 the distance from the nose of the nacelle to the centroid of the nacelle
volume, in.,

In
f Sgx dx
Xc e (6.2.1-13)
n 12V
n
(c) The pitching-moment contribution of the horizontal tail due to pitch rate,
(Cmq)h(hf , with tail-fuselage interaction effects included, is accounted for by
)

ln
C =-— (Cy, (6.2.1-14)
( mq)h(hﬂ c ( q)h(hf)
where (CLq) and [l are defined in section 6. 1. 1(c).

hhf)

(d) By applying the preceding methods to the subject airplane, the pitching
moments due to pitch rate, Cmq, were calculated and are presented in table 6.2.1-1

as a function of angle of attack and power condition on the basis of the original down-
wash calculations. The results are plotted in figure 6.2.1-1. Included are the results
of calculations which included a 40-percent decrease in power-induced downwash at the
tail. No experimental data were available for comparison.

6.2.2 Pitching Moment Due to Vertical Acceleration, Cm .
a

The contributions of the wing, fuselage, nacelles, and horizontal tail to the pitching
moments due to vertical acceleration can be summarized in terms of reference wing
area and wing mean aerodynamic chord by

Cimg = Cmg)y g +Cmedy +Omg), + Cmg), o (6.2.2-1)
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(a) The pitching-moment contribution of the wing due to vertical acceleration,
(Cm oz) wh)’ with wing-fuselage interactions included, would normally be accounted for
ww

by an equation identical to equation (6.2.1-2) except for the substitution of (Cm c'y)
We

for (Cmq)w . However, in the subsonic region, with the exception of triangular wing
e

planforms, no explicit expression for (Cméz)w is available. In the absence of
e
suitable procedural information, (Cm&)W(wt) is assumed to be zero. This assump-

tion is acceptable as an approximation because, as pointed out in reference 1, tests
indicate that this contribution for conventional configurations in subsonic flow is small.

(b) The pitching-moment contributions of the fuselage and nacelles due to vertical

acceleration, (Cm&)f + (Cmé) , are accounted for by the use of the following equation,
n

which was arrived at in a manner synonymous to the derivation of the equation for body
contribution to CLq (section 6.1.1(0)). Referenced to body base area, Sp» and body

length, lp, and a selected center of rotation (the center of gravity of the airplane),

VB Xcn _XmB
SplB\ IB lp

(cm(;,)BSblB = 2(57.3) (Cma)BSbZB [(1 _ xmB> V5 ] (6.2.2-2)

Because the base area, Sp, i8S essentially zero in most general aviation aircraft, and
particularly for the subject airplane, the preceding equation can be readily modified to
express (Cm&)B and (Cma)B in terms of Sy, and Cy (as was done in equa-

tion (6.2.1-6) for (Cmq)B. With the modification accomplished and (Cma)B, which

was obtained in section 4.7 about the leading edge of the mean aerodynamic chord,
transferred to the center of gravity (eq. (6.2.1-9)), the following format is arrived at
which, except for sign, is identical to equation (6.2.1-10):

s

Xcg XCB XmB
(Cm&)B = -2(57.3) [(Cmo,)Ble +(CLa)B ey K_ - o ) (6.2.2-3)

Cw

Applied specifically to the fuselage and nacelles of the subject airplane, equa-
tion (6.2.2-3) becomes identical to equation (6.2.1-11), except for sign, or

(Cmg) * (Cma), = - (Cmg); ~(Cmq), (6.2.2-4)

This result is interesting, inasmuch as, under certain conditions, such as short-period
transient oscillations where both quantities appear in the working equation, the above
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result indicates that the two quantities cancel each other,

(c) The pitching-moment contribution of the horizontal tail due to vertical ac-

celeration, (Cpy C.Y)h(h B’ with the tail-fuselage interaction effects included, is accounted

for by
lh
Cm. =-—(Cy: 6.2.2-5
, 1 substitution for (Cy . from equation (6.1.2-6), -
or, upon substitution for (| La)h(hf) quation ( )
13N
Cm - = —— C 6.2.2-6
An additional substitution from equation (6.2. 1-14) results in
. a
. = —_ 6.2.2-7
(Cma)h(hf) mq h(hf) aab ( )
O€ep
where B is as defined for equation (6. 1.2-6).
b

(d) By applying the preceding methods to the subject airplane, the pitching
moments due to the vertical acceleration were calculated and are presented in
table 6.2.2-1 as a function of angle of attack and power condition. The results are
plotted in figure 6.2.2-1. No experimental data were available for comparison.

6.2.3 Pitching Moments Due to Pitch Rate and Vertical Acceleration in Short-Period Transient
Oscillations, (C +C, )
q o

Although Cmq and Cmo'z have been calculated as individual quantities, it is not

m

simple to obtain experimental values of these individual quantities for comparison
purposes.

In flight-test investigations, it is generally not practical to attempt to determine
Cmq and Cmd' as individual quantities. To do so requires a well-conditioned

maneuver and very accurate instrumentation. In this respect, an accurate determina-
tion of & is generally not feasible and proper conditioning of a maneuver is difficult.
As a result of these problems, flight test utilizes a control -fixed, short-period
transient response maneuver to obtain a combined pitch-damping derivative,

Cmq + Cm& .

In control-fixed, short-period transient response maneuvers, the pitch rate, q,
and the vertical acceleration, @, are approximately in phase and are similar in
magnitude. As a result, for this maneuver, the pitching moments due to pitch rate, q,
and vertical acceleration, & may be represented by the single combined derivative
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Cmq +Cmg 2as obtained from
ACy, = Cmq-év +Cmy W~(Cmq+ Cma)?v- (6.2.3-1)

Figure 6.2.3-1 compares flight-determined and calculated Cmq + Cm& asa

function of angle of attack and flight power condition. The flight-determined values

were obtained by using the flight-determined damping ratio and frequency of oscillatory

transient response, obtained by the methods of reference 38 and equation (143) in

reference 37. The calculated values are based on the conditions where the power-

induced downwash at the tail, (Aeh) , was reduced 40 percent. Considering the
power

scatter of flight-determined Cpy q + Cmy » obtained from heavily damped transient

responses, the calculated values reflect somewhat larger negative values than the flight
values but show reasonably good correlation.

It should be noted that the calculated values of Cmy + Cmyg include the tail-lift

carryover effects onto the fuselage. As indicated in sections 4.13-4 and 5.2, all
evidence indicates that the tail -1lift carryover onto the fuselage should have been
considered to be similar to zero for the tail-fuselage configuration of the subject air-
plane. Had this been done in the present instance, the tail contribution would have
been approximately 11 percent less and the calculated values of Cmq + Cm& would

have been, in general, approximately 11 percent smaller in magnitude than shown.
This would have resulted in an improved correlation with the flight data.

6.2.4 Symbols

Ay e aspect ratio of the exposed portion of the wing

By = 1 - M2 cos? Ac/4)1/2

Cy, 1ift coefficient

(CL oz) lift-curve slope of the body, refe renced to the wing area,

B per deg

(CL oz)f’ (CL 0‘>n (CL O‘)B applied specifically to the fuselage and the
nacelle, respectively

cL:,C L a ZL tively, ref d to th

s —— an res ,
L& CLg o aqc—w , pectively, referenced to the

2V 2V

wing area, per rad

(CL&)h(hf)’(CLQ>h(hf) contribution of the horizontal tail to Crg and CLq»
respectively, with tail —fuselage interaction effects
included, per rad
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AC

(Cmq)fn

[(CmQ)We]Mzo.z ’

(CmQ)We M>0. 2

9Cm

Cma - aab

(Cmce)

» per deg

(Cm a)Bl .

(Cmq)
* Bspip

(Cm ) (Cmcv)

e

Cmgr Cm

Cmg) > Cmg )
(Cm&)BSbl B’ (CmQ)BSbl B
(Cmc'r)f’ (Cmq)f

(Cmd)h (hf)’ (CmQ)h(hf)

332

pitching-moment coefficient

increment of the pitching-moment coefficient about the
center of gravity, referenced to wing area

net contribution of the fuselage and nacelles to Cm

(Cmq)w at incompressible and compressible flow
e

conditions, respectively

Cma of the body about the center of gravity, referenced
to the wing area, per deg

Cmoz of the body about the leading edge of the wing mean

aerodynamic chord, referenced to the wing area, per
deg

Cma of the body about the center of gravity referenced

to the volume parameter, SblB » per deg

(Cmoz)B applied specifically to the fuselage and nacelles,
le

respectively
oCm Cm )
— and —— » respectively, about the center of
QCy g 3w
2V 2V

gravity, referenced to the wing area, per rad =
contribution of the body to Cp, 5 and Cmq’ respectively

contribution of the body to Cm and Cmq, respectively,

referenced to the body base area, Sp» and body length,
lB

(Cmo',)B and (Cmq)B’ respectively, applied specifically
to the fuselage

contribution of the horizontal tail to Cmoz and Cmq,

respectively, with tail-fuselage interaction effects
accounted for
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(Cm[x)B and (Cmq)B , respectively, applied specifically
to the nacelles

contribution of the exposed wing panels to Cmo'z and Cmq,

respectively, referenced to the area of the exposed
panels

contribution of the wing to Cmy, and Cpy Q respectively,

with wing-fuselage interaction effects accounted for
section lift-curve slope, per deg

mean aerodynamic chord of the wing, in. when used in
ratio of dimensions, ft when used in derivatives

mean aerodynamic chord of the exposed wing panels, in.
ratio of the lift on the wing in the presence of the fuselage
and the lift carryover from the wing onto the fuselage,

respectively, to the lift on the wing alone

a factor used in equation (6.2.1-3) to modify the theoretical
equation for |Cm ) to correlate with dynamic
Vwe | M~0.2

model data
length of the body, in. (ft when used with Sy, in Splp)

lg applied specifically to the fuselage and the nacelles,

respectively '

distance from the center of gravity to the quarter chord
of the tail mean aerodynamic chord, in.

Mach number

pitch rate, rad/sec

ratio of the dynamic pressure at the horizontal tail to the
free-stream dynamic pressure

body base area, sq ft
product of the body base area and body length, cu ft
wing area, sq ft

area of the exposed portion of the wing panels, sq ft
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power

c/4

334

cross-section area of the body at distance x from the
nose of the body, sq ft

thrust coefficient
time, sec

distance from the nose of the body to the cross-sectional
area, Sy, in.

distance from the nose of body to the centroid of the body
volume, in.

Xcp applied specifically to the fuselage and nacelle,

respectively, in.

distance from the leading edge of the wing mean aero-
dynamic chord to the center of gravity of the airplane,
in.

distance from the nose of the body to the center of
gravity of the airplane, in.

Xmp applied specifically to the fuselage and nacelles,
respectively, in.

distance from the wing aerodynamic center to the center
of gravity of the airplane as a fraction of the exposed
panel mean aerodynamic chord, positive forward, in.

airspeed, ft/sec

volume of the body, cu ft

Vp applied specifically to the fuselage and nacelle,

respectively

airplane angle of attack, deg

downwash angle at the horizontal tail, deg

increment of the downwash angle at the horizontal tail
due to power, deg

sweep of the quarter-chord line, deg
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TABLE 6.2.1-1

PITCHING MOMENTS DUE TO PITCH RATE, Cmq

[Flight center of gravity = 0.12&,,]

{a) Contribution of wing, (Cmq)

w(wf)

Cmq) gy ~Kwid + Kf(wﬂ@%)(%f(cmq)we

where _ “\2
Awe —]:_L +2 X Ay 3 tan2 A
2 cwg Cwe 1 e c/4 L
(Cm) =-0.7(57.3¢; ) cosAg/y A 2 cos A toa\R 6 cos *8
q/we @ wo t 2 COSAc/q we T Ac/a
Symbol Description Reference Magnitude
) Section lift-curve slope, per deg Table 4.1-1 0,095
o

Awe Aspect ratio of exposed portion of wing Table 3,2-1 6.9
Ac/a Sweepback of wing quarter-chord line, deg Table 3.2-1 -2.5
_i Distance of the center of gravity from the aerodynamic | Tahle 6.1.1-1(a) .124

Cwe center of the exposed wing panels mean aerodynamic

chord as a fraction of EWe
(Cmq) Per radian for flight center of gravity of 0.12¢y, Equation (6.2.1-3)} -0.757
We
Kw(t) Ratio of lift on wing in presence of body to wing alone Table 4.4-1 1.09
Kf(w) Ratio of wing-1ift carryover on body to wing alone Table 4.4-1 .14
SWe Area of exposed wing panels, sq ft Table 3.2-1 148
Sw Reference wing area, sq ft Table 3-1 178
EWe Mean aerodynamic chord of exposed wing panels, in. Table 3.2-1 57.1
Ew Mean aerodynamic chord of complete wing, in. Table 3.2-1 59.5
Summary: (C = -0.743 per rad
v ( mq)w(wﬂ pe

(b} Contributions of fuselage and nacelles, (Cmq)f +<Cmq)
n

(Cm) +(Cm) =2(57.3) (C ) +(CL ) xig. xﬂ_x‘ﬂ +2(57.3) (Cm] +(CL XT(‘§ Xen
q/f 4/n mey fle q, ey, é Q)nle Of)n Ty I\ oy

Cw w
Magnitude
Symbol Description Reference Fusclage Nacelles
Sw Reference wing area, sq ft Table 3-1 178 178
Cor Mean aerodynamic chord of the wing, in. Table 3.2-1 | 59.5 59,5
of body about leading edge of wing mean aerodynamic chord, | Table 4.7-1 0.00216 per deg| 0.00147 per deg

(Cma)Bl Cma
€ based on potential flow only, referenced to S, = 178 sq ft

plane, in.

(CL ) Lift-curve slope of body based on potential flow only; referenced to| Table 4.3-1 | .00212 . 00155
a’g Sy = 178 sq ft, per deg
X
& Distance of the center of gravity from the leading edge of the wing | Flight data 0.12 0.12
Cw mean aerodynamic chord as ratio of the mean aerodynamic

chord

Xcg Distance from nose of body to centroid of body volume, @ |-~ = 147.7 | ===
1
BSxx T e b 32,4
—_—, in,
12Vg

*mp Distance from nose of body to the center of gravity of the air- Figure 3.2-1 | 100,33 60.14

Summary: (cmq)[ + (Cmq)n = 0,220 - 0,088 = 0.132 per rad
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TABLE 6.2.1-1 (Concluded)

(c) Contribution of horizontal tail, (Cmq)
"h(hf)

o,
(Cmq)nmp = - e CLa)ymy

Symbol Description Reference Magnitude
Sy Reference wing area, sq ft Table 3-1 178
Cy Wing mean aerodynamic chord, in. Table 3,2-1 58.5
lh Distance from reference (flight) center of Figure 3.2-2 172.75
gravity to the quarter chord of the tail, in.
) q
(C ) Rate of change of tail 1ift with pitch rate, Table 6.1.1-1(c) | 4.53 -h
4 n(h) a
per rad
w
d3v
_—h Dynamic-pressure ratio at tail with power on| Table 6,1, 1-1(d), | As per table 6, 1. 1-1(d),
q, column 2 column 2

q
Summary: (Cm ) = -13. 152<_—h) per rad
Yhwh q.,

(d) Pitching moment due to pitch rate, Cmq

Cmq‘@mﬁwmn+@m0f*@m0n+@m0hmn

an
=-mu3+o&w-1&1w(r)
qao
q
=-o.611-13.152<:h)
q

20

e Table 6,1,1-1(d), e
column 2
dp
— Cmg = -0.611 - 13.152 @
db, &g qao -
T4, T,
0 0.20 0.44 0 0.20 0.44
-4 1.0 1.0868 | 1,2027 |-13.76 | -14.90 | -16.43
-2 | 1.0 1.,1028 { 1,2108 |-13.76 | -15.12 | -16.54
0 | 1.0 1.1167 | 1.2216 |-13.76 | -15.30 | -16.68
2 | 1.0 1.1222 | 1.2324 |-13.76 | -15.37 | -16.82
4 | 1,01 1.1333 | 1.2432 |-13.76 | -15.52 | -16.96
6 | 1.0 1.1389 ] 1.2541 |-13,76 | -15.60 | -17.10
8 | 1.0 1.1344 | 1.2622 |-13.76 | -15.66 | -17.21
10 | t.0] 1,1417 | 1.2676 |-13.76 | -15.63 | -17.28
12 | 1.0] 1.1361 ]| 1.2757 |-13.76 | -15.55 | -17.39
®13.8 ] 1.0] 1.1278 | 1,2811 |-13.76 | -15.44 | -17.46
b4, 1 | ---| 1.1222 | 1,2811 |------ -15,37 | -17.46
°14.4 | - | -——-- 1.2784 |--——-= | —om——- -17.42

b-C5tall angles for T. = 0, 0.20, 0.44 power conditions, respectively.
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TABLE 6.2.2-1
PITCHING MOMENT DUE TO VERTICAL ACCELERATION, Cm&
[Flight center of gravity = 0.12 Cy,]

{a) Contribution of wing, (Cm‘:")w(wf)

In accordance with discussion in section 6.2.2(a),

(Cmc'y vt =0

Contributions of fuselage and nacelles, (Cpy+), +(Cm ¢
®) g ( ma)f ( ma)n
Since, in accordance with equation (6.2.2-4),

(Cm&)f +(Cm{',)n = —[(Cmq)f + (Cmq)n]
then, from table 6.2, 1-1(b)
. *). = -0,132
(Cma)f '*'(Cma)n 132 per rad
(c) Contribution of horizontal tail, (cm &)h(ho

Since, In accordance with equation (6.2.2-7),
dey,
Cm« = (C —
( m(y)h(hn ( "‘q)h(hn davy,

then, on the basis of the calculated value of in table 6.2.1-1(c),

_(Cmq)h(hf)

qh) 3ep
Cin s = -13, 152\—) —
( ma)h(hn a, day

where

g /2oy

ap\ 9¢n
— ) 5— are obtained from table 6, 1.2-1(d)
q!)

(d) Pitching moments due to vertical acceleration, Cm&

Cm&:(cm&)w(wf) +(Cm(})f +(Cm&)n +(Cm&)h(hn

an \%¢h
0-0,132 - 13, 152{ —
g By,

ah \ 2¢p
= -0,132 - 13.152( —
q

T

0

______ Table 6, 1.2-1(d), Table 6. 1.2-1(d),
column 2 column 3 T
a ¢ Cpe = -0.132
e - ™
- by,
., deg a -13.152 @0
m/ L4
T, T/, T,
0 0,20 0, 44 o] 0,20 0, 44 0 0.20 0,44
& |1.0 | 1.0868 | 1.2027 | ————- [ U RN, U o —
-2 1.0 1.1028 1.2108 { 0.475| 0,785 ] 0.915 ] -6.38 | -11.52 -14.70
0 11.0 1.11867 1.2216 | 0,475 ] 0,775 ] 0,920 | -6.38 | -11.51 -14.91
2 1.0 1.1222 1.2324 . 475 . 760 .905 | -6.38 | -11.35 | -14.80
4 1.0 1.1333 1.2432 | 0,475 1 0.730 ] 0.865 | -6.38 | -11.01 -14,28
6 (1.0 1.1389 | 1.2541 .475 . 680 .810 | -6,38 | ~10.32 | -13.49
8 1.0 1. 1444 1.2622 | 0,470 | 0.640 | 0.740 | -6.31 -9,76 | -12.42
10 1.0 1. 1417 1.2676 L 450 L5600 .670 | -6.05 -9.14 -11.30
" 12 1.0 1.1361 1.2757 [ 0.425] 0.530 ]| 0.589 | -5.72 -8,05 | -10,01
13.8 1.0 1.1278 1.28}1 . 405 .475 .500 | -5.46 -7.18 -8.56
by, 1 - 1.1222 1.2811 | ———-- 0,470 ] 0.470 { ----- -7.07 -8,05
©14.4 |- | —oome 1.2784 | —e—= | - L1 I [y -7.70

a'I"CStall angles for Tc/= 0,0.20, 0.44 power conditions, respectively.
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0 — -
Original calculation
- (Aeh)power reduced 40 percent
-4
-8
Cmq- per rad T’
c
-12
01
0.20
-16 — - L34
| F
-20
-4 0 8 12 16

4
ap, deg
Figure 6.2, I-1. Variation of calculated pitching moment due to pitch rate,
Cmq, with angle of attack and power. Center of gravity = 0.12¢,.

0 — Original calculation
- (Aﬁh)power reduced 40 percent
-4t —— -
T¢ -
= — | .~
% I A SR R—d 097t

e /’,
Cmg. Per rad S /

e
-

—feal =27

B S —— =
0.44 J\ /

\g——/
_16 - S IR
-20 )

-4 0 4 g, deg 8 12 16

Figure 6.2.2-1. Variation of calculated pitching moment due to vertical acceleration,
Cm& , with angle of attack and power. Center of gravity = 0,12 Ew'
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o Flight

Calculated ((Aah)p reduced 40 percent)

ower
.2
T, 1
o
o© @
% 00 o lo)
0
0
-10
Cmg * Cmg.
per rad
® o° °% Te=0
-20 2 —0Q ——
o
_ ] T2=0.20
-30
-4 0 4 8 12
ap, deg

Figure 6.2.3-1. Comparison of calculated Cmq + Cmo'z with flight-determined

values obtained from transient short-period pulse maneuvers. Center of
gravity = 0.12 Ew'
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6.3 Short-Period Transient Oscillation Characteristics

During control-fixed longitudinal short-period transient oscillations, the airplane
is presumed to be oscillating at a constant velocity, V. It is thus considered to be
constrained to two degrees of freedom represented by the following small-perturbation
equations:

Lift
Cw . Cw) _
W(dap) =mV(Aq - Ad) = (CLaAoz + CLqu Sv +CLgjAx W) as,, (6.3-1)
Moment
Gy e\
IyAq = (CmaAoz + Cquq 57 + Cm&Aa 7\7) ASycyy (6.3-2)

where, for present purposes, all derivatives and motions are in radians,

Differentiating equation(6.3-1) with respect to time and substituting for Ac'l and
Aq in equation (6. 3-2) provides the following result (after removing negligible
quantities):

- CmgCLy\ a5, C
e 1 mcCy, . Mg~ o w
Ao+ o [CLQ - W (Cmq + CmQJAOJ - Cmoz+ Zym, Iy Aa=0 (6.3-3)
where

m is the mass density of the airplane <%), slugs

Iy is the moment of inertia about the Y-axis, slug-ft2

. . m
T 1s a time parameter equal to —=— y Seconds
pVSy,
is th lati i ft densi i
1s the relative aircraft density, =
He ty PSy e

p 1is the mass density of the air, slugs/cubic foot
V 1is the airspeed, feet/second

Because equation (6. 3-3) is a second-order differential equation of the form

AY + 2L ipAd + wp2Aa= 0 (6.3-4)

then undamped natural frequency
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’ qSyCyw CquLoz
wp = Ty (Cma+ —4_“0_— (6.3-5)

and damping ratio
= 2
“@n?) 1 mCyy,
£7 % T Zrwg CLy™ 21y (Cmq * Cm&) (6.3-6)
The damped natural frequency can be obtained from

wnd = (J)n J]- - §2 (6. 3_7)

When the short-period transient oscillatory characteristics are to be expressed
in terms of period of damped oscillations and the time-to-damp-to-one-half amplitude,

2T

P=— (6.3-8)
wng
and
0. 693
Ty/2 = Lo, (6.3-9)

The preceding relations were applied to the calculation of the short-period P and
Ty/2 characteristics of the subject airplane at an altitude of 6000 feet and a nominal

weight of 3380 pounds. The derivatives CLa’ Cma , and Cm& were based on cal-

culated data in which the power-induced downwash at the horizontal tail, Aep power’

was reduced 40 percent. The calculated P and T1 /2 characteristics show good

correlation with flight data in figure 6.3-1. The consistency of the flight data points
reflects the care exercised in applying the technique of reference 38 to the flight time
histories, which involved damping ratios of the order of 0.7.

Figure 6.3-2 shows a typical flight time history used in the analysis. The figure
also shows comparative calculated time-histories based on flight-determined and cal-
culated derivatives using equations (6.3-1) and (6. 3-2) to which CLgeAée and

CmgeAGe, respectively, were added. The Adg input shown in figure 6.3-2 was used

in both calculated time histories. The calculated time histories were obtained from a
computerized solution of the standard linearized equations of motion.

6.3.1 Symbols

ap,HAay, load factor and perturbed value of the load factor,
respectively, g units
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Cr, lift coefficient referenced to the wing area
oCr,
Cch: 8ozb » per rad
aCy,
CLa' = o'zEW » per rad
o 3v
oCy,
Ci, = » per rad
a c
Cpaiud
2V
. aCL, :
Ciz =N with the elevator tab geared to move with the
0o e
elevator and accounted for, per rad
Cm pitching-moment coefficient referenced to the wing area
and mean aerodynamic chord of the wing
aCy,
Cma: W » per rad
oC.,
Cme= — » per rad
QCyy
9 2V
oC,
Cm. = ——, per rad
1 %y
2V
Cm
Cmg &, with the elevator tab geared to move with the
e
elevator and accounted for, per rad
Ew mean aerodynamic chord of the wing, ft
g gravitational acceleration, ft/sec?
IY mass moment of inertia of the airplane about the Y-body
axis (pitch axis), slug-ft2
. w
m airplane mass, r slugs
P period of the short-period transient oscillations, sec
q pitch rate, rad/sec
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q free-stream dynamic pressure, 1b/sq ft

q,4q pitch rate and perturbed value of pitch rate, respectively,
rad/sec unless indicated otherwise

q,Aq pitch acceleration and perturbed value of pitch acceleration,
respectively, rad/ sec? unless indicated otherwise

Sw wing area, sq ft
T+ thrust coefficient
T, /2 time for the short-period transient oscillation to damp to
half amplitude, sec
t time, sec
v airspeed, ft/sec
Ve calibrated airspeed, knots
W airplane weight, 1b
a, oy airplane angle of attack relative to the X-body axis, rad
unless indicated otherwise
Aa perturbed value of ay, rad
Ax perturbed value of the time rate of change of «y,, rad/sec
Ad perturbed value of the acceleration of o, rad/ Sec‘?‘
BegrA0g elevator deflection and perturbed value of elevator deflec-
tion, respectively, rad unless indicated otherwise
(Aey) increment of downwash at the horizontal tail due to
power
power, deg
z damping ratio of the short-period transient oscillation
m
Me relative airplane density, pswéw
p mass density of the air, slugs/cu ft
. m
T time parameter, pVS,, y Sec
Wy undamped natural frequency of the short-period transient
oscillation, rad/sec
wp damped natural frequency
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Figure 6.3-2. Comparison of calctl *od and flight- determined time histories of airplane
response to pulse-type input. Center of gravity = 0. 126w.
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6.4 Windup-Turn Characteristics

In considering the calculation of the windup-turn characteristics (expressed as the
variation of elevator displacement and stick force as a function of load factor), the air-
plane is normally assumed to be maneuvering at constant weight, center of gravity,
altitude, and velocity. In addition, the maneuver is considered to be performed in
steps rather than as a steadily tightening turn, thereby eliminating pitching acceleration,
4, and vertical acceleration, &, from consideration. As a result of these constraints,
the windup turn is represented by the following two equations when the maneuver is
initiated from trim level flight:

1w 5 (3 5.\ oh (%
CL~= CLa(Olb - Olo) + CLq v t CL(Se e(g) + CLétab( tab)o -S; a— (6.4-1)
i )

c QCy 5 Elh 5 Zh Sh dh
Cm = Cmo + Cma(ab - ag) + myq 3V + Cmée e g; _CLGtab( tab)o g‘ -S:V C:l—

o0
(6.4-2)
where
anW
CL = - (6.4-3)
q':>oSW
and, from reference 43,
& (s - _1> i}
q V< ag (6.4-4)

CL5e and Cmse are control-effectiveness terms including the effect of the tab
geared to the elevator as determined in section 4. 13, based on wing area

CLétab (Gtab)o is the lift due to the trim setting of the tab when 0, = 0°, based
on horizontal-tail area, S, obtained from section 4. 13

ly, isthe distance from the center of gravity to the quarter-chord point of the tail

mean aerodynamic chord, obtained from figure 3.2-2

6.4.1 Variation of Crim and Getrim With Load Factor

To obtain the variation of «tyjy; and 6etrim with load factor, a,, equa-

tions (6.4-1) and (6.4-2) are transposed to the following format:
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qcy, ay
CL - CLq v - (ACLtab)o = CLa (Ozb - 0[0) + CLgeae(q—> (6.4.1-1)
o0

4By B _ I
Cmq BV (Acmtab)o = Cmg + Cmal@p - %) + Cm{)eﬁe i (6.4.1-2)

The right-hand side of equations (6.4.1-1) and (6.4.1-2) are the static-lift and pitching-
moment equations, respectively, with trim tab at zero setting when 6 =0°, repre-

sented by the lift curves of figure 5. 1.3-1 and the pitching-moment curves of fig-
ures 5.2-3 and 5.2-4.

The left-hand side of equations (6.4.1-1) and (6.4.1-2) can be considered as the
equivalent net static lift and pitching moments to be applied to the C; versus « and

Cm versus Cp, plots (figs. 5.1.3-1and 5.2-4), as shown in the following sketch, to

obtain iy and deipiym+ The de trim obtained from the point of intersection of the

left-hand quantities (of eqgs. (6.4.1-1) and (6.4.1-2)) on the C_, versus Cy, plot

is used to obtain ajpjy ©onthe CL versus oy plot.

Cy, Oe

A

0 ?
o}
Sy etrim Oetrim
CL-CLq-W'-<ACLt8b)—>- —— ——— — - — B — - —
[}

| }
//{ = = //I )

<'>w
-C -
mg ( Cmtab)o

In applying this procedure, the curves on the C,, versus Cy, plot are oriented to be

representative of the center-of-gravity condition being analyzed. Also, when the
power condition being analyzed is between two plotted power conditions, the «¢pim
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and 04 trim 2T€ obtained for the two bracketing power conditions and interpolated for
the desired power condition,

There still remains the problem of determining the equivalent net static lift and
pitching moment (the left-hand side of eqs. (6.4.1-1) and (6.4.1-2)). Considering that
the altitude and velocity of the windup furn would be known, and a@¢piy and 6etrim
are to be determined for selected load factors, a,, it remains to determine the thrust

coefficient and the dynamic derivatives, CLq and Cmq, which are functions of i im

and T’c. The dynamic-pressure ratio of the horizontal tail is also required to be used

in the increments of lift and pitching moments due to the trim setting of the tab,
(ACLtab) and (Acmtab) . The determination of these quantities involves an iteration
o o

procedure to arrive at trim conditions. The procedure is best explained by tracing
its application in table 6.4 -1 to the subject airplane as follows:

(a) The calculations to be performed are for altitude, velocity, weight, and load-
factor conditions of actual flight data for the purpose of comparing the degree of cor-
relation between calculated and flight characteristics. In the absence of flight data,
the velocity, weight, and altitude would be considered to be constant.

(b) Table 6.4.1-1(a) lists pertinent known and required parameters.

(c) Intable 6.4.1-1(b) columns 1 to 4 list the stipulated conditions for the analysis.
Columns 5 and 7 list the corresponding calculated pitch rates and lift coefficients in
accordance with equations (6.4-4) and (6,4-3), respectively.

(d) Using Cy, determined in column 7, obtain the first estimate of total Té from

figure 5.3-5 for a drag coefficient of zero.

(e) Using Cjp, and total Tg from columns 7 and 8, and considering C,, to be

equal to zero, obtain the first approximation of Qirim 2and 0 from fig-

€trim
ures 5.1.3-1and 5.2-4. Figure 5.2-4 must be oriented to the center of gravity being
considered,

(f) Using total Té and Q@piy from columns 8 and 9, obtain the first estimate of

CLq, Cmq, and _L from figures 6.1.1-1, 6.2,1-1, and 5,1.2-5, respectively.

o0

(8) The results of the first approximations are now used to obtain equivalent net
static lift and pitching moments (columns 14 and 16, respectively) which are now used
to obtain the first iterated values of total T%, Qtrim., éetrim’ CLq, Cmq, and

(_l—h y in columns 15 and columns 17 to 21.
qOO

(h) The iteration procedure is repeated, as indicated in table 6.4.1-1(b), until
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satisfactory convergence is achieved. Two iterations will normally be sufficient.

The predicted variations of total T’C, Qtrim» and 6etrim’ obtained from pre-
ceding calculations based on calculated characteristics, are compared with flight data
in figure 6.4.2-1. Also shown in the figure are the predicted variations, based on
wind-tunnel data, obtained by using the foregoing procedure.

6.4.2 Variation of Hinge Moments and Stick Forces With Load Factor
The equation for stick forces was derived in section 4,14.1. TFor the subject air-

plane the stick forces are represented by

Fstick = 49 Chy ) (4.14.1-20)

The hinge moment of the horizontal tail referenced to the tail area, &, and a
dynamic-pressure ratio of 1.0 were shown, in section 4. 14.1, to be represented by
__  (xhinge - X¢/4)n

_ V4
Chigg T “Ln( Ch ¥ (Acm)Gtab

4.14.1-3)

where

Eih ) is the net lift coefficient of the tail in the presence of the body as a function
of ap» 0es and Oyqp

(ACr/n) Stab is the pitching moment about the quarter-chord point of the tail mean
aerodynamic chord due to tab deflection

For the subject airplane where the tab was geared to the elevator in the ratio of

0
gab _ 1.5 and was also used as a trim tab, the above equation (4.14.1-3), with

e
dynamic-pressure ratio included, can be modified to

Mies (*hinge ~ X&/4)p ’ Btab
Chh(ﬂ _{[(cLh(f)) (Gtab)ozo + CLGtab(étab)o] é_h — + Cmétab[(T) 5e + (atab)o]} (6. 4, 2-1)

e

zi‘.ml::,..'

where

(étab)o is the trim setting of the tab when de = 0°

o}
( tab) is the tab-elevator gearing ratio
Be
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(*hinge ~ %G /4)h is the distance between the quarter chord of the horizontal-tail

mean aerodynamic chord and the hinge line, obtained from table 3.2-2 or
table 4.14.1-2(a)

Cp 1is the horizontal-tail mean aerodynamic chord, obtained from table 3.2-1

q
(—_—h> is the dynamic-pressure ratio at the horizontal tail, obtained from fig-
9
ure 5.1.2-5
CL@ is the lift effectiveness of the tab, based on horizontal-tail area, S,

tab
obtained from equation (4. 13.1-2) or table 4. 13, 1-1(c)

Ct 1s the pitching-moment effectiveness of the tab about the quarter chord of
Motan

the tail mean aerodynamic chord, based on tail area, obtained from table 4. 14.1-3,
column 14, as an average for 0.,y =6°, -7.5°, -15°

ACr,n 5
Crmg =( )otat (6.4.2-2)
tab tab

(CLh (D)(ﬁtab)ozo is the net lift coefficient of the horizontal tail in the presence of

the body as a function of ay, 0O¢, and 8;,}, with the trim setting of the tab equal to
0 when ﬁe = 0°, referenced to tail area, Sy, and dynamic-pressure ratio of 1.0,

obtained from figure 4. 14. 1-1 for tab-elevator ratio of 1.5

The angle of attack of the horizontal tail, required to determine ( C_Lh f)) ,
s . ( (6tab) —':0
is obtained from o

Qh = Qtyim - €h + (Aaeh)q (6.4.2-3)

where

Qfrim is the airplane angle of attack in the turn for the load factor, a,, considered,
obtained from table 6.4.1-1(b)

€y, is the downwash at the horizontal tail, obtained from figure 5.1.2-5 as a

function of @;pip, 2ndtotal T

(Aah)q is the increment of angle of attack at the tail due to pitching rate, q,

obtained from
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where

alh

A =37.3 —
( Ozh)q

7 (6.4.2-4)

ly is the distance from the center of gravity to the quarter chord of the tail mean

aerodynamic chord obtained from figure 3.2-2

The procedure for obtaining the predicted variation of hinge moment and stick force
as a function of load factor in a windup turn was applied to the subject airplane. The
summary calculations are presented in table 6.4.2-1. The predicted hinge moments
and stick forces are compared with flight data in figure 6.4.2-1. Also shown in the
figure are the predicted variations based on wind-tunnel data.

6.4.3 Symbols

2n

Chn )

CL

(AC Ltab)o

CLy ()

(qh(ﬂ>(qab )o=0

CLGtab

H-646

load factor, g units

hinge-moment coefficient of the horizontal tail with fuselage
effects on the tail included, referenced to the area and mean
aerodynamic chord of the tail

lift coefficient

increment of airplane lift coefficient due to the trism setting of
h \/dh

—STV (T »

q

the tab when 04 = 0°, equal to CLétab(Gtab)o(
referenced to the wing area %

net lift coefficient of the tail due to oy, Ge, and 04,p, with

fuselage effects included, referenced to the tail area

net lift coefficient, b—Lh(f)’ with trim setting of the tab equal to

zero when 0, = 0°

airplane lift-curve slope, referenced to the wing area, per deg
oC1,

— , referenced to the wing area, per rad

1w

2V

oCy,
elevator effectiveness, B with the elevator tab geared to
e

move with the elevator, referenced to the wing area, dynamic-
pressure ratio equal to 1.0, per deg

oC1,
tab effectiveness, m ,» with the dynamic-pressure ratio equal
a

to 1.0, referenced to the horizontal-tail area, per deg
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pitching-moment coefficient

airplane pitching-moment coefficient at zero lift with the elevator
and tab at zero setting, referenced to the area and mean aero-
dynamic chord of the wing

increment of pitching-moment coefficient about the quarter-chord
point of the tail mean aerodynamic chord due to the tab
deflection, referenced to the area and the mean aerodynamic
chord of the horizontal tail

increment of the airplane pitching-moment coefficient due to the
trim setting of the tab when 0, = 0°, referenced to the area

and mean aerodynamic chord of the wing
aC
day,
the area and mean aerodynamic chord of the wing, per deg
Cm
———, referenced to the

Cw
d3v

area and mean aerodynamic chord of the wing, per rad

oC

airplane pitch-control effectiveness, m , with the elevator

e
tab geared to move with the elevator, referenced to the area

and mean aerodynamic chord of the wing, per deg

airplane static pitch-stability parameter, » referenced to

airplane pitch-damping parameter,

pitching-moment effectiveness of the tab about the quarter-chord
point of the tail mean aerodynamic chord, referenced to the
area and mean aerodynamic chord of the horizontal tail, per
deg

tail mean aerodynamic chord, in.

wing mean aerodynamic chord, ft

stick force, lb

acceleration of gravity, ft/sec 2

pressure altitude, ft

distance from the center of gravity to the quarter chord of the
tail mean aerodynamic chord, ft

pitching rate, rad/sec
pitching acceleration, rad/sec 2

dynamic pressure at the horizontal tail, 1b/sq ft
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q free-stream dynamic pressure, 1b/sq ft

o
Sh» Sw area of the horizontal tail and wing, respectively, sq ft
Tg thrust coefficient
t time, sec
A% airspeed, ft/sec
w airplane weight, 1b
(xhinge - Xg /4)h distance, on the tail mean aerodynamic chord, from the quarter-
chord point to the hinge line, in.
ap airplane angle of attack relative to the X-body axis, deg
o angle of attack of the horizontal tail (with 6, = 0°), deg
(Aozh)q increment of o} due to the pitching rate, deg
ag airplane angle of attack at zero lift (with 8g = 0°), deg
%t rim ap at constant load factor, ap, in the turn, deg
ooy
& =g
Ge elevator deflection, deg
Ctrim elevator position for oipim, deg
Otab tab deflection, deg
(Gtab) tab setting when &, = 0°, deg
€, downwash angle at the horizontal tail, deg
(Aep) increment of ¢, dueto power, deg
power

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., July 30, 1971.
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TABLE 6.4, 1-1
WINDUP-TURN VARIATION OF @iy, AND o .

(a) Pertinent parameters

WITH LOAD FACTOR

Symbol Description Reference Magnitude
—————————— Airplane center of gravity Flight data 0.12¢,
hp Pressure altitude, ft Flight data 6000
A% True airspeed, ft/sec Flight data Flight data
q Free-stream dynamic-pressure ratio, 1h/sq ft Flight data Flight data
0
w Airplane weight, 1b Flight data Flight data
a Load factor, g units Flight data Flight data
n
T’C Airplane thrust coefficient, function of Figure 5.3-5 See
QCy "Description"”
CL - CLq W - (ACLtab)o
Sw Reference wing area, sq ft Table 3.2-1 178
Co Wing mean aerodynamic chord, ft Table 3.2-1 4,96
aClL,
C Lift effectiveness of tab, —— , based on horizontal-] Table 4, 13,1-1(¢c) 0.0279 per de
Létab " ap’ ¢ P &
tail area, S, =32.5sqft
({)tab)o Trim setting of tab when 8o = 0°, deg Flight data 2,0
iy Distance from the center of gravity to the quarter Figure 3.2-2 14.40
chord of the tail mean aerodynamic chord, ft
_—h Dynamic-pressure ratio at horizontal tail Figure 5.1.2-5 f(T%, otrim)
qX)
Sp (—lh h
(ACLy,p) CL5 (6tab)0 sl=) referenced to S, Equations (6.4-1) and 0.0102(—
o tab w\q,, (6.4.1-1) o
q
(ACm,_,) Airplane pitching-moment increment due to Equations (6.4-1) and -. 0296 il
tab'o h (6.4.1-1) a.
Gtably = ~ACLtab), —
C
W
apWw a,Ww
CL Equation (6.4-3)
s 784
qu W 1 qm
aCy, . ’
ch T , per rad Figure 6.1.1-1 f(”‘trim’ T)
O3v
aCy q
C ——=— » Per ra Fi 6.2.1-1 f o3 T?,
mg 538w gure (@trims T)
2V
1 . , N
q %(an - ;;) , rad/sec Equation (6.4-4) £V, ay)
Ctpim? Obtained from Cp, versus oy plot (fig, 5.1.3-1) | --——----eooo ] oo
5 and Cp, versus Ci, plot (fig. 5.2-4) rotated to
P
trim flight center of gravity using equivalent net
foTs qc .
static lift (CL - CLq 7\1;—" - (ACLtab)o)on the 1ift
qCy
curve and (—Cqu - (Acmtah)o) on the C
versus Cp plot, as per sketch in section 6.4, 1
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TABLE 6.4.2-1

VARIATION OF HINGE MOMENTS AND STICK FORCES WITH LOAD FACTOR IN WINDUP TURN

(2) Pertinent parameters

Symbol Description Reference Magnitude
---------- Airplane center of gravity Flight data 0.12¢
hp Pressure altitude, ft Flight data 6000
ay Load factor, g units Selected flight data, table 6.4.1-1(b),
v Airspeed, ft/sec columns 1, 2, and 3
a, Free-stream dynamic pressure, ft/sec
q Pitch rate, rad/sec Column 5
T, Airplane thrust coefficient Column 28
ppf Airplane angle of attack in turn, deg Column 25 _
Getll;; Elevator angle in turn, deg Column 26 Table 6.4.1-1(%)
%ﬁ Dynamic-pressure ratio at tail Column 29
qm
Sp Horizontal-tail area, sq ft Table 3.2-1 32,5
T Horizontal-tail mean aerodynamic chord, in. Table 3.2-1 32,45
Otab) Trim setting of tab when 3¢ = 0°, deg Flight data 2.0
[5}
——%aﬁ Tab-elevator gearing ratio Section 3 1.5
e
(Xhinge - x5/4)h Distance between hinge line and tail quarter chord, in. Table 4,14, 1-2(a) |1.17
IAN Distance from the center of gravity to the tail quarter Table 6.4.1-1(a) [14.40
chord, ft .
aln
oy dtrim ~ €h + 57.3 v deg Equation (6.4.2-8)|Variable
€ Downwash at horlzontal tail, deg Figure 5.1.2-5 0ty rims TG)

cL
( Lh(f)) (Gtab)ozo

Net lift coefficient of horizontal tail on%v in presence of body
as function of ay, 04, and Oy = —? 0e=1.50,, trim
e

tab setting = 0, referencedto S =32.5 sq ft
aCy,

Figure 4.14.1-1

f(an, 6e)

CLétab Lift effectiveness of tab, Bean, | referenced to Table 6,4,1-1(a) ]0.0279 per deg
Sp = 32.5 sq ft
C,’né Pitching effectiveness of tab about quarter chord of tail Table 4. 14.1-3, |For T'c =0:
tab (ACI)Seap, column 14 Chng, ., = ~0.00908
mean aerodynamic chord, 80 | per deg tab
tab average value for

Table 5.4-1,
column 14

Otap = 6.0° to -7.5°
For T =0.20:
ch = -0,0104
métab

average value for

Otap, = 6.0° to -7,5°

Summary: From equation (6.4.2-1) and above parameters,

~ n
Chi) =3[(CLh(D>(5tab) st 0.0558] 0.0361 + Cmg, _, (1. 50¢ +2) Z
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Figure 6.4,2-1. Comparison of calculated hinge-moment and stick-force characteristics
in a2 windup turn with those obtained from wind-tunnel and flight data as a function of
load factor. Altitude = 6000 ft; center of gravity = 0.12¢Cy; V =220 ft/sec.
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