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RESEARCH MEMORANDUM

A COMPARISON OE FLIGHT MEASUREMENTS WITH CALCULATIONS
OF THE HORIZONTAL-TAIIL. ROOT BENDING MOMENTS
FOR A JET-POWERED BOMBER AIRPLANE

By T. V. Cooney
SUMMARY

A comparison is made between the incremental aerodynamic root bending
moments on the horizontal tall of a jet-powered bomber ajirplane measured
during a flight investigation in the Mech number range from 0.40 to 0.73
and the kending moments calculated by using available theoretical methods
in conjunction with measured loads, elevator positions, and elevator and
stabilizer twists. The measured and calculated bending moments associated
with the additional load showed good agreement whereas the bending moments
due to deflecting the elevator were not predicted ss well by the theory.
The procedure followed in the analysis dld not allow the zero-lift bending
moment resulting from a varying downwash angle over the tail to be deter-
mined; however, the results did indicate that the shape of the downwash
distribution along the tall span which existed at the start of a maneuver
was not altered during the maneuver.

INTRODUCTION

The structural design of horizontal-tail surfaces involves as a pri-
mary step the determination of the serodynamic tail load required to bal-
ance the airplane under specified flight conditions. In order to obtein
the shears, morents, and torques across the teil span, these serodynamic
loads are usually distributed eacross the span in accordance with strip
theory with account being taken of the tail chords, control angles, and
any bullt-in twist. Effects of tall surface flexibllity end spanwise
variations in downwash are usually neglected unless these effects are
either suspected of belng large or are known from wind-tunnel tests.

A recent tall-loads invesiigation conducied with a Jjet-powered bomber
alrplane offered a limited amount of data from which the magnitude of the
effects of flexibility and downwash variation could be studied. In the
investigation, simultaneous measurements were made in flight of tail root
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shear and root bending moment, elevator position, elevator twist, and
stabilizer twist. Pressure measurements over the tail were not made and
a procedure was therefore adopted for calculating the gpanwise distribu-
tion of air load using measured root shears and bending moments, eleva-
tor position, and elevator and stabillizer twists in conjunction with
lifting~line theory.

The present report contains a discussion of the procedure used to
analyze the flight measurements and to compute the root bending moments
for comparison with the flight measurements. The information presented
herein supplements the data previocusly glven in references 1 and 2.

SYMBOLS

q dynamic pressure, lb/sq £t

M Mach number

N aerodynamic horizontal-tail shear, 1b

B aerodynamic horizontal-tail bending moment, in-lb

Se elevator position measured at root of elevator, positive
down, deg

8e twist of elevator tip with respect to elevator rooti,
positive when tralling edge at tip is down more than
trailing edge at root, deg

€g twist of stabilizer tip with respect to stabllizer root,
nose-up twist is positive, deg

AN when used in conjunction with any of above symbols

indicates increments

APPARATUS AND TESTS

Airplane

The jet-powered bomber airplane (B-45A) has unswept wing and taill
surfaces with 12° of gecmetric dihedral in the horizontal tail. Power
is provided by four jet englnes, two being housed in a single nacelle
on each wing. A three-view drawing of the test airplane is shown in
figure 1 and pertinent geometric characteristics are given in table T.
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Weight of the airplane during the test flights was approximstely
60,000 pounds and the center of gravity was located at approximately
28 percent of the mean aerodynamic chord.

Instrurentation

Standard NACA recording instruments were installed in the airplene
to obtain measurements of airspeed, altitude, control positions, linear
accelerations at the airplane center of gravity and at the tail, angular
velocities, and angular accelerations. Strain-gage bridges were employed
to measure shears and bending morents and the output from the strain
gages was recorded on an 18-channel oscillograph. A l/lO—second time
pulse was used to correlate the records of all recording instruments.

The airspeed head was located on a boom at the tip of the left wing
and extended approximately one local chord length zhead of the wing
leading edge. The resulits of a flight calibration of the airspeed sys-
tem for position error and an analysis of available dats for a similar
installation indicated a Mach number error of less than £0.01 throughout
the test range.

Structural loads and bpending roments on the tail surfaces were meas-
ured by electrical strain-gage bridges mounted on the spars near the root.
A calibration of the strain-gage installation was performed by the method
outlined in reference 3.

Twist of the stabilizer was measured by an lnstallation ingide the
tail structure consisting of a twist bar, anchored near the root of the
tall and extending outboard to the tip, and a specially designed fitting
on vwhich was mounted a strain-gage bridge. Twisting of the tail pro-
duced bending strains on this fitting which were picked up by the strain-
gage bridge and recorded on the 18-channel oscillograph.

Twist of the elevator was considered to be the difference in readings
of the elevator root position and the elevator tip position as indicated
by control position transmitters located at the root and tip.

Flight Tests

The data used in the present analysis were cobtained from measure-
ments made in push-over—pull-up maneuvers made with varying degrees of
abruptness and covering the Mach number range from 0.40 to 0.73 at an
altitude of approximately 20,000 feet. Additional data were provided
from measurements made in wind-up turns during which the increase in
normal acceleration was gradusl. The turn meneuvers covered approxi-
mately the same Mach number range as the abrupt maneuvers but at an



L - NACA RM L54E06

altitude closer to 22,500 feet. No appreciable change in airspeed or
altitude occurred during any of these maneuvers. At the start of each
maneuver the alrplane was in the clean condition and in trimred steady
flight.

METHOD OF ANALYSTS

Flight Data

The date are presented as aerodynamic loads and bending moments and
were obtained from the strain-gage measurements by the addition of the
inertia loads and moments computed by multiplying the dead-weight shear
and bending morent of the tail outboard of the strain-gage station
(18 inches from the center line of the airplane) by the measured accel-
ergtions at the tail. The contribution to the total aerodynamic bending
moment of elevator position, elevator and stabllizer twist, and change
in tail angle of attack was determined by an essentially graphical pro-
cedure. The first step in applying the procedure was the selectlon of
time invervsls during a maneuver where a sufficient number of the quanti-
ties to be evaluated remained nearly constant so that those which con-
tinued to vary could be evaluated by cross-plotting. The measured data
were first reduced to incremental form before analysis because the mag-
nigude of the measurements at the start of each maneuver could not be
determined. An alternate method of analysis which could have been used
and which should yield results comparable to the graphical method would
be to assume the form of an expression relating the variable guantitiies
to the measured bending moment and then apply a least-squares treatment
to the data in this form to obtain the appropriate constants.

The graphical procedure which was used for analyzing the data will
now be described in detajil. A typlical set of data in incremental form
for a push-over—pull-up maneuver made at an altitude of 20,000 feet and
a Mach number of 0.71 is shown in figure 2. Similar information from
other raneuvers covering the HMach number range from O0.40 to 0.73 at
20,000 feet was used in the analysis.

From an inspection of figure 2 it can be seen that in the interval

of time between 0.4 and 1.0 second the elevator is held at a constant
angle while the airplgne is pitching and therefore changing the tail angle
of attack. The change in incrementel tail 1ift and bending moment experi-
enced during this period of time is therefore proportional to this angle-
of-gttack change at the tall. A center of pressure of the air load dis-
tribution assoclated with an angle-of-attack change on the untwisted tail
surface (the additional load) can be determined from the slope of the
curve of the bending moment plotted agalnst load at constant elevator
angle. TFigure 3 shows, for a number of push-over-—pull-up maneuvers, the
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incremental load and bending moment at various times with respect to the
load and pending moment when the constant elevator position was first
attained, from which the center of pressure of the additional load was
obtained.

Referring again to the time history in figure 2 1t can be seen that
in the time interval from O to 0.2 second the elevator was being deflected
and this caused g variation of the load and bending-mworent increment over
the tail surface. In this short period of time, however, the airplane has
not yet responded as is evidenced by the constant value of pltching veloc-
ity and normal acceleration at the center of gravity. Therefore, the
inecrement in load and bending moment experienced by the tall was primarily
g result of the elevator deflection. The increment in tail load and
corresponding bending-moment increment were read from time histories at
the various Mach numbers covered by the flight tests. A plot of all the
data obtained in this manner for the availaeble masneuvers is shown in fig-
ure 4. The center of pressure of the taill load due to defleciing the
elevator is given by the slope of the solid line through the data.

Because of the flexibility of the elevator structure on the test
airplane, the elevator positions thati are responsible for the measured
loads and bending moments shown in figure 4 are a combination of both
the elevator root deflection and the twist along the elevator span. If
the twist is assumed to vary linearly along the elevator span, an aver-
age elevator position will be obtained which is equal to the elevator
root deflection corrected for one-half the twist measured at the eleva-
tor tip.

Theoretical Data

A number of theoretical load distributions were computed for the
horizontal tail of the test airplane. From these calculations compari-
sons could be made with the experimental results in order to gain some
idea as to the adequacy of existing methods for celculating tail root
bending moments. A matrix method similar to that outlined in reference L4
was employed to calculate the additional-aerodynamic-load distribution
on the tail surface withr the untwisted elevator in the neutrsl position.
Zero-1lift aerodynemic-load distributions were then celculated for the
tail of the test airplane for the following cases:

(1) Unit elevator deflection (no twist)
(2) Unit linear elevator twist

(3) Unit linear stabilizer twist
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The additionsl-load distribution gives & bending moment which is propor-
tional to the tail load since in theory it has a flxed center of pres-
sure. The zero-lift distributions give bending morents which are pro-
portional to the various twists and the dynamic pressure.

The increment in aerodynamic bending moment can accordingly be

expressed as the sum of the Individual contributions by the following
equation:

AB = K AN + K AS.q + KBAQeq + Kja8.q

Integration of the computed load distributions resulted in the following
values for the numerical constants in the above equatlion:

For the additional load, based on a lift-curve

slope dc;/Ga of O.11 per radiam . . « « « « « « « » « » » Ky =101.%
For unit elevator deflectlon in degrees and an assumed

elevator effectiveness dafdds of 0.66 . . . . . . . . . . Kp=-30
For linear twlst of the elevator in degrees . . . ¢« « « + ¢« & K5 =45
For linear twist of the stabilizer in degrees . . . . . « . . Ky = 12k

The nurerical constants tabulated above have been adjusted to refer to
the strain-gage station so that direct comparisons could be made with
the bending moments measured at that station. The values of the 1ift-
curve slove end elevator effectiveness indicated above are the theoreti-
cal two-dimensionsal values.

DISCUSSION

Abrupt Maneuvers

The additional-load center of pressure measured in flight and shown
in figure 3 was approximately 100 inches outboard of the strain-gage sta-
tion for Mach numbers up to 0.71l. The center-of-pressure location for
the additional load as oobtained from the 1lifting-line-theory calculations,
101.Lk inches outpboard of the strain-gage station, is also shown in fig-
ure 3. Good agreement is seen to exist between the experimental and pre-
dicted centers of pressure for the low and medium Mach number runs. How-
ever, it may also be noted from observation of figure 3 for M = 0.73
that the measured center of load is slightly farther outboard than indi-
cated by the theory.



NACA RM ISLEO06 R T

It is to be expected that the elevatar, which on the test airplane
is not a full-span control but extends over approximately 75 percent of
the horizontal~tail span, will cause a shift in the overall center of
load as well as in the magnitude of the load when deflected. Further-
more, the elevator structure is relatively flexible and under the influ-
ence of air loads will be distorted along its span and will assume an
effective position which is different from the root position. The center
of pressure of the load due to elevator deflection and twist as deter-
mined from the measured incremental bending moments and corresponding
incremental shears assoclated with deflecting the elevator is shown in
figure 4 to be 80 inches outboard of the sirain-gage station or approxi-
mately 20 inches inboard of the center of pressure of the additional
load. Also shown in figure 4 for comparison is the calculated center of
pressure of the:load due to deflecting the elevator. The calculated
values, based on the theoretical span load distributions and the meas-
ured elevator positions and twists, give a center of pressure of 92 inches
outboard of the strain-gege station. Thus, the calculations predict an
inboard center-of-pressure shift of approximately 8 inches due to
deflecting the elevator from the neutral position whereas the flight
measurements indicated an inboard shift of approximstely 20 inches, It
will be remembered, however, that the assumption of linear elevator twist
was used in the calculations because the angle of twist was measured only
at the tip of the elevator. If the twist were considered to vary across
the elevator span in a different manner from the assumed-linear-twist
distribution, the calculated center-of-pressure shift due to elevator
twist could be brought closer intc agreement with the measured center of
pressure.

As an illustration of the agreement between the measurements and
calculations with regerd to root bending moments, the measured incremental
bending moments which were shown in figure 2 are repeated in figure 5
together with the bending moments calculated negleciting elevator position
and twist and stabilizer twist and merely muliiplying the measured shear
by the additional-load center of pressure as computed from lifting-line
theory. The difference between the measured and computed bending moments
shown in figure 5, except for the contribution due to stabilizer twist
which was small in magnitude, are the bending moments due to deflecting
the elevator. These differences in bending moment plotted against the
increment in average elevator position are indicated by the solid line
in figure 6. When calculations for the bending moments due to elevator
position and twist and stabilizer twist were made and added to the
bending moments caused by the additional load, the difference between
the measured and calculated bending moments was reduced as shown by the
dashed line in figure 6.



8 o NACA RM L54E06

Gradual Turn Maneuvers

The gradual wind-up turns performwed during the investigation éiffer
from the push-over—pull-ups in that they are a quasi-static maneuver
with negligible pltching =acceleration and have an assoclated effective
elevator position of Jjust that needed to produce the tall load required
for longitudinal balance of the airplane. Although the method of analy-
sis used for the abrupt maneuvers cannot be extended to the grsdual turn
maneuvers, it will be shown that the results previously obtained from
the pull-ups will predict the measured bending moments in the gradusl
maneuvers. Figure 7 shows a comparison of the bending moments measured
in a gradual turn maneuver mace at M = O0.71 with the bending moments
obtained by making use of the coefficlient for linear stabilizer twist
from lifting-line theory, the bending-moment increment due to average
elevator angle found from analysis of the abrupt maneuvers, and the
experimentally determined center of pressure of the additional load. The
appropriate factors when multiplied by the average elevator positions,
stabilizer twist, and root shear measured in the gradual turns result in
the bending moments shown by the solid line in figure 7. The dashed line
in figure T represents the bending moment associated only with the addi-
tional load, neglecting the effects of elevator position and twist and
stabilizer twist. The comparisons shown in this figure for the computed
and measured bending moments ars typical of the results found for the
gradual maneuvers performed at other Mach numbers.

Effects of Downwash

Because only the incremental sheers and pending moments were accu-
rately measured, the zero-1ift bending moment resulting from varying down-
wash over the tail semispan could not be found, and the analysis was
limited to the determination of the effect on the bending moments of a
change in the variation of spanwise downwash. The agreement which has
already been shown to exist between experimental and computed incremental
pending moments was effected without consideration beling given to a con-
trivution from z downwash variation across the tail semispan. In view of
the consistency of these resulis for both the abrupt and gradual maneu-
vers over the range of Mach numbers covered, indications are that the
shape of the downwash dlstributlon along the tall semispan does not change
during these maneuvers a sufficient smount to influence the bending-moment
results.

Reference to figure 1 shows that the tall of the test alrplane is
well above the wing wake at low angles of attack and although the tail
extends outboard beyond the location of the jet engines in the wings,
the dikedral places it sbove the wake from the engines. For this con-
figuration then, and considering the angle-of-attack range covered in
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normal flight altitudes, the downwash effects on the bending moment would
be expected to be minimized.

CONCLUDING REMARKS

The results of an analysis of the horizontal-tail root aerodynamic
bending moments for a Jjet-powered bomber airplane measured in flight
indicate that the additional-load center of pressure can be predicted
quite accurately by available methods at Mach numbers from 0.40 to O.71.
The measured center of pressure at M = 0.73, however, was slightly out-
board of the calculated center of pressure.

For the test airplane, which has a partial-span elevator, there was
a center-of-pressure shift due to deflecting the elevator. This change
in the center of load was due to both elevator position and elevator
twist. The bending moments calculated from the theoretical component
load distributions and the measured elevator position and twist agreed
only qualitatively with the measured bending moments.

The pending-moment coefficients which were determined from the push-
over—pull-up maneuvers when multiplied by the shear, the elevator posi-
tion and twist, and the stabilizer twist measured in gredusl turn maneu-
vers were found to predict accurately the bending moments measured in the
gradual maneuvers.

The results of the analysis indicated that there were no effects on
the root pending moments of a change in the downwash distribution across
the semispan of the tail during any of the maneuvers considered. This
conclusion might not be spplicable to configurations which differ radi-
cally from that of the test airplane, in which case it would be desirable
to have experimental downwash results for the particular model under
consideration.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronauties,
Langley Field, Va., April 27, 195k.
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TABIE T

GEOMETRIC CHARACTERISTICS OF THE ATRPLANE

Wing:
Alrfoil section at root « ¢ ¢« ¢ & ¢ ¢ ¢ ¢ 4 e o o s .
Airfoll section at tip . & ¢ ¢ & ¢ ¢ ¢ ¢ o« o ¢« o & « &

Area, SQ £5 . ¢ ¢« ¢ 4 0 4 e e 4 s e s s s s e s w8 e &
Span, in. . v ¢ ¢« ¢« 4« o e o 6 6 o e s s s e s s e s e
Chord at ro0t, Iin. .« . ¢« ¢ ¢« ¢ ¢ v ¢ & 2 o o« & o o «
Chord at tip, IN. + ¢ &« ¢« ¢ ¢ ¢ ¢ o o & ¢ o« s o o« s o« =
Dihedral, deZ « « « « o« o o o o o« o s s © s o a o« » o s
Incidence at root, deg . . « ¢« & ¢ ¢ « ¢« ¢ 2 ¢ ¢ ¢ o
Incidence at tip, deg . . ¢ &« &« ¢ ¢ ¢ « ¢ & « o ¢ s o &
Mean aerodynamic chord, in. . « ¢ ¢« ¢ ¢ ¢ ¢ ¢ « ¢ s . .

Verticel tail:
AlrToil section at Yoot ¢« ¢« ¢« ¢ o ¢« ¢ ¢ ¢ ¢ o o @ o« o« «

Airfoil section at tIDP . « ¢ ¢ o ¢ ¢ o o o« o ¢« = o o &
Areg, of portion extending above horizontal tail,

S@ TL v ¢ v o 6 e e e s s e s e e e s s e e s s e e
Rudder and tab area, sg ft . . « . ¢ ¢« ¢ o ¢ ¢« « & . .
Fin offset, deg . . « . + « « ¢« o« & c « & s s s e =
Chord at attachment to horizontal tail, in. . . . . . .
Chord at €ip, In. . « ¢ ¢« ¢ v ¢ ¢« ¢ o ¢ o o ¢ ¢ o o & =
Span extending above horizontal tsil, in. . . « « . . .

[T

Horizontal tail:
Airfoil section abt TOOL . & « ¢ ¢ ¢ ¢ ¢ 4 ¢ o ¢ ¢ o o .
Airfoil section at tip .« ¢« ¢« ¢ ¢« ¢ ¢ o o o o o o o o @
Total area, sa ft . . . . . . ¢« & ¢ & o & ¢ s s ¢ o . .
Elevator and tab area, sa ft . . « ¢ ¢« ¢« & ¢ o o o . .
Span, In. ¢« . & . ¢« 4 e s & 6 s o e o s s e o s e «
Chord at ro0t, in. .« . ¢ o o ¢ o« o ¢ ¢ s s =« o « s o
Chord at tip, In. .« « ¢ ¢ ¢« ¢ ¢ ¢ o« « o ¢ o « o o o o =
Dihedrgel, G€E « ¢ o o « « o o = s o s o s s« o« o o « o
Aspect Yatlo . &« ¢ ¢ 4 o e b o 4 e 6 e o s 8 e e o o
Taper ratlo &« ¢ ¢ 4o ¢ 4 ¢ o o 2 « o 2 « ¢« « o o a o s &

NACA 665-215
NACA 667-212

. . . 1175.2
. . . 1068
... 225

. . . 93
. . . 1

3
.. 1/2
L] L] [ ] 168

NACA 65, -012
NACA 65-010

108
.« o 29
« .. 0
145
... 6L
e o« 150

NACA 65;-012
NACA 65-010
.- .. 288
.« .. 68
.. 526
. e . 123
. . 36
. .. 12
« o . 6.7
... 0.29
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Flgure l.- Three-view drawing of test alrplane.
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Figure 3.- Incremental load and corresponding incremental bending moment
associated with change in tail angle of attack and constant elevator
position. Data from various runs at 20,000 feet covering Mach mumber

range from 0.40 to 0.73.

2600

90THCT WY VOYN



ino"lb

T,

Incremental bending momen

200,000 1
—O—- Measured
-~ ~— (Calculated /
/
100,000 . ////
///;) slope of line glves
center of load due
to elevator deflection
0
0 1000 2000

Incremental load, 1b

Figure 4.~ Incremental load and corresponding incremental bending moment

associated with deflecting the elevator. Data from various runs at
20,000 feet covering Mach number range from 0.40 to 0.73.
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Figure 5.- Time history of measured incremental bending moment for a
push-~-over~-pull-up maneuver showing the effect of neglecting the
elevator position and computing the bending moment from the additional-
load center of pressure only.
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Figure 6.~ Variation with incremental average elevator position of the
difference between the measured and calculated bending moments.
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Figure 7.~ Comparison of the measured incremental bending moment in a
gradual turn maneuver made at 22,500 feet and M = 0.71 with the
incremental bending moment computed using information obtained from
analysis of push-over—pull-up maneuvers.
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