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SUMMARY

In preparation for fat'gue testing, a strain gauged CT-4A
fatigue test article has been calibrated by discrete static loadings.
The strain/load data are analysed herein and strain sensitivities to
various load parameters are reported.

The responses of some gauges have been compared with flight
strains and ground calibrations.
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1. INTRODUCTION

Structures Division of ARL has been commissioned by
the RAAF to fatigue test the CT-4A airframe A19-031A built for this
purpose.

In preparation for fatigue testing, calibration loadings
have been performed in a test rig to check that the strains in the
airframe under the test loading system agree satisfactorily with strains
measured during ground calibrations of the flight test aircraft A19-031.

This memo reports the gauge sensitivities under fatigue-
rig loading and also reports work done to isolate the influence of
basic load parameters - torque and bending moments.

2. PROCEDURE

Various discrete calibration loads were applied to the
fatigue test article by the rig to be used for the fatigue test.

Symmetric wing loadings (K 6.67 kN) were applied to each
side by the hydraulic jack/whiffletree system. A symmetric tail plane
loading (K 0.334 kN) was applied to each side, and an asymmetric loading
was also performed using dead weights (< 0.545 kN) on the starboard side
superimposed on the symetric loading. A fin loading of 0.334 kN was
applied in the starboard direction only. Further details are given in
Table 1.

Strains were monitored with electric resistance strain
gauges on the wing main spar (9C, 9T, 10C, 10T, 12C, 12T), front spar
(21S, 22S), fin (33T), tail plane (37C, 37T, 38C), and fuselage longerons
(51C, 52C, 53T, 54T). Precise descriptions of gauge stations are
available from reference 1.

Linear regressions, strain against force, have been
fitted and the results tabulated. Additional sensitivities have been
derived by interpreting the slopes as responses to local moments. These
results were compared with results from ground calibration of the flight
test aircraft.

Further manipulation enabled the separation of sensitivities
to fuselage bending moments and torque. Details of these analyses are
given in Appendix A for the fatigue test article and Appendix B for the
flight test aircraft ground calibration.

Some additional information on sensitivities of fuselage
gauges to wing loading has been obtained from flight testing and has
been included for comparison.

3. BASIC SENSITIVITY RESULTS

Two-parameter regressions were fitted to the available
data so that an offset from the origin was permitted, but for brevity
only the slopes have been included herein.
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The sensitivities of gauges to calibration forces have
been tabulated as follows:-

Table 2. Wing loading
Table 3. Symnetric tail loading
Table 4. Asymmetric tail loading
Table 6. Fin loading.

Additional sensitivities of empennage gauges to test
rig bending moments are given as follows:-

Table 3. Symmetric tail loading
Table 5. Asymmetric tail loading
Table 6. Fin loading.

Factors to convert the base from root bending moments
to local bending moments at gauge stations are also given with the
latter tables. Fin and tail plane root positions are taken as stations
8.0 and 3.0 inches respectively.

4. FLIGHT TEST DATA

Additional data relating wing load and strains are
available from flight test. These consist of strains recorded at eight
wing load factors:- l.0g, 3.7g, Og, - 1.5g, 4.2g, 4.0g, - 1.5g, and 1.0g.
Table 7 shows the results of linear regression analyses on these data.
The data used were chosen to coincide with low empennage loads. The
results in Table 7 can be compared with those in Table 2 for the fatigue
test article.

5. SENSITIVITIES OF FUSELAGE GAUGES TO MOMENTS AND TORQUE

5.1 Response to Fuselage Vertical Bending

The response of the fuselage gauges to vertical bending
moments has been calculated using data from various sources. For the
fatigue test article calculations were based on two wing loadings and
the tailplane loading and the slope of the pooled data obtained by the
method shown in Appendix A. Table 9 shows the results.

Vertical bending sensitivity has also been determined
for the flight test aircraft using data from ground calibration. No
wind loading data were available so tail loading data were used as
shown in Appendix B. The results are included in Table 12.

5.2 Response to Fuselage Torsion and Sideways Bending

By manipulation of responses by the fuselage gauges to
various loadings, additional sensitivities have been extracted. Appendix
A shows how sensitivities to fuselage torsion and sideways bending were
obtained for the fatigue test article and Table 10 gives the values
obtained. For the flight test aircraft it was necessary to assue
sensitivities to torsion so that sideways bending sensitivity could be
extracted. The asoued torsion sensitivities are contained in Table 11
and the sideways bending values are included in Table 12.



-3-

6. COMPARISON WITH GROUND CALIBRATION OF FLIGHT TEST AIRCRAFT A19-031

Table 13 shows the comparison between strain sensitivities
measured on ground calibrations of the flight aircraft and the fatigue
test airframe. Appropriate allowance has been made for the different
positions of load applications to the empennage.

7. DISCUSSION AND CONCLUSIONS

1. Table 13 comparisons show that the sensitivities for the fatigue
airframe calibration are reasonably consistent with those of the
flight test aircraft A19-031, for the wing, fin and tailplane
values.

2. On the fuselage of the test article there is good consistency in
estimates of gauge sensitivity to sideways bending. This is
despite the low responses of the gauges and the significant amount
of computation required.

3. The derived sideways bending responses of gauges 53TE and 54TE
on the flight test aircraft are of opposite sign to that expected

(T (Table 13). It is likely that the unavailability of genuine
torque sensitivity values and differences in fuselage support
close to these gauges has affected the calculations and it is
assumed that the sideways bending responses for the flight test
aircraft are not reliable.

4. One gauge 53TE shows much lower torque response than the other
fuselage gauges on the fatigue test airframe. This suggests that
there is a considerable error in the estimated torque sensitivities
and that this value is especially suspect.

5. In general the gauge sensitivities to bending moment and torque
exhibit considerable scatter for both the fatigue test and the
flight test airframes. Future torques responses should be
measured by calibrating with torsion applied directly.

B. REFERENCE

1. Carey, R.P. Group Calibration of a Strain-Gauged CT-4A
Aircraft (1980).
ARL Structures Technical Memorandum 349,
October 1982.

II.



APPENDIX A

A.l RESPONSE OF FUSELAGE GAUGES ON FATIGUE TEST ARTICLE

By analysing the response of fuselage gauges to
calibration loadings we establish in turn the sensitivities to
vertical bending moment, torque, and side bending moment. These
are required for the prediction of responses to general loadings.

The analysis is covered in detail hereafter, along
with sample calculations for gauge 51CE.

A.2 LIST OF SYMBOLS

P - fin load (positive to starboard)

TT = starboard, port tailplane loads (upwards positive)

w = wing lift force per side (upwards positive)

W = reaction at aft tie-down, (upwards positive), shown
in Figure 1

M = fuselage bending moment in vertical plane (positive
v for upward load at tail)

MH fuselage sideways bending moment (positive for fin
load to starboard)

MT fuselage torque (positive for fin load to starboard)

h = moment arm of fin load developing fuselage torque,
shown in Figure 2. This is relative to the mid-depth
of the fuselage at the same station as the fin load.

I= moment arm for fin load inducing fuselage sideways bendingmoment (see Figure 1).

1 = moment arm for tail loads inducing fuselage bending
v moments, (shown in Figure 1)

1 W  = moment arm of furthest aft fuselage reaction point,(shown in Figure 1)

1 T  = moment arm for difference of asymmetric tail loadsproducing fuselage torque (shown in Figure 2)

C = strain at fuselage gauge

R a ratio of algebraic sum of tailplane loads to algebraic

difference

- sensitivity of gauge to fuselage vertical bending moment
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K = sensitivity to fuselage sideways bending moment
H

T= sensitivity to fuselage torque

C= sensitivity to wing loading per side

CT sensitivity to total tail loading

CA = sensitivity to algebraic excess of port side tail
loading over starboard

C F sensitivity to fin loading.F

A.3 RESPONSE TO FUSELAGE VERTICAL BENDING

Fuselage vertical bending is induced by wing loading
and tail loading so that both types of loading can be used to estimate
the sensitivity, as well as the flight test results.

Before combining the results from different tests they
must be changed to compatible units so that the applied loads can be
converted to fuselage bending moments. This is done in Sections A3.1
and A3.2 below. Section A3.3 discusses the separate slope estimates
and their combination.

A.3.1 Fuselage Bending Moment Induced by Wing Loading

The vertical bending moments at the fuselage gauge
stations are obtained in the following way. The aft reaction force
is required and this can be determined from the geometry as -

W = -0.459596 W
4

Then referring to Figure 1, the bending moment induced by unit wing
loading

M /W = -0.4596 1 ..(Al)

where 1 = 27.50 inches for 51CE and 52CE

w

, 20.0 inches for 53TE and 54TE.

A.3.2 Fuselage Bending Moment Induced by Tail Loading

For the tailplane loading the aft reaction is obtained
from the geometry as

W - -0.799908 (T + T ) ..(A2)4 p t
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The bending moment induced by tail loading is (Figure 1) -

M = (T + T ) 1 + W41wv p s v 4

or for unit tail load

Mv /(T +T) = 1v - 0.7999 1 .. (A3) I
Example

For gauge 51CE, referring to Figure 1

I = 122.50 inchesv

and 1W = 27.50 inches.

From (A3) the equivalent moment arm or sensitivity is therefore -

122.5 - 0.7999 X 27.50 = 100.50 inches ..(A4)

or twice this if the quoted tail load refers to just one side.

A.3.3 Pooling Sensitivity Estimates from Separate Tests

For estimating the strain sensitivity of a gauge to
bending moment from several calibrations it is first necessary to discuss
least squares fitting for one test.

Suppose we have a single set of strains denoted yi
(i = 1 to n) corresponding to the fixed variable x. and the regression
model -

Y = m + bxi  + ei  ..(A5)

where

e.i ' N (O, a2 .

Then by least squares, which here is equivalent to
maximum likelihood, the estimated slope

n n
b - (x.- X) (yi -Y ) /E (x x)2  ..(A6)i -1 i i -i

, .. . ....... ...... .......... i
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When this is rewritten in the notation usei in the
data analysis programs this may be abbreviated to:-

b = XPROD/SSX

For several tests or calibrations the terms on the
right may be subscripted and in this notation the optimal slope
estimate takes the form:-

b= I XPROD. /E SSX. ..(A7)

for the tests j = 1, 2 etc.

Example for Gauze 51CE

Combined XPROD from two compatible wing loadings (per
side)

XPROD + XPROD2 = -147400 - 145700

= -293100 microstrain lbf/side.

Converting the load parameter to fuselage bending moment:-

XPROD = -293100 (M /W)
v

= -293100 (-12.63889) (see equation (A2))

= 3704500 microstrain lb in

Similarly XPROD from tail loading is:-

XPROD - 4740 microstrain lbf/side

and converting to bending moment:-

XPROD - 4740x2M /(T + T
v p s

4740x 201.0 "-(see equation (A6))

- 953000 microstrain lb in.

Then combining XPROD's from wing and tail loading

Combined XPROD - 3704500 + 953000

- 4.658 x 106 microstrain Ib in. .. (AS)
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Similarly looking at SSX the combined value from wing tests is:-

Combined SSX from wing test = 28S9000 + 2371000 5.260 x 106 ibf2

Wing SSX in terms of bending moments

= 5.260 x 106 (M /W)
2

= 5.260 x 106 (-12.63889)2

6 2
= 840.3 x 10 (lb.in)

The tail loading SSX in terms of bending moments

= 7235.6 (2M /(T + T )2
v p s

2
= 7235.6 (201.0)

= 292.3 x 106 ( 2b.in)2

Combined SSX for wing and tail loadings

- 840.3 x 106 + 292.3 x 106

- 1132.6 x 106 (lb.in)2  ..(A9)

Now the combined sensitivity to fuselage bending is available:-

Pooled sensitivity to fuselage bending, K = XPROD/SSXv

= 4.658 x 10 6/1132.6 x 106 reference (A8) and (A9)

- .004113 mLicrostrain/lb.in ..(Alo)

A.4 SENSITIVITY TO FUSELAGE TORQUE

Asymmetric tail loading affects the fuselage gauges in
two ways - through fuselage vertical bending and through torque. The
sensitivity to bending, K , is known from paragraph A.3 so the torque
sensitivity, KT is now determinable.

Sensitivity to asymmetric strain per unit load +strain per unit
loading difference induced by vertical load caused by

bending torque.
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i.e.

CA  dE/d(T - T)Ap £

d1 d(T + T ) S dMT
v 2. s ..

M d (T + T d(T-T) 3 d(T - T
v p s p s p s

K ( v ) R + KT. IT  .. (All)
T +T

p s

KT is now the only unknown in (All)

Example

R = 0.25

1T = 36.0 (see Figure 2)

CA = .0545 microstrain/lbf

= .004113 microstrain/lb.in (refer (A10))

M / (T + T ) = 100.5 inch (refer (A5))
v p s

so that:-

.0545 = .004113 x 100.5 x 0.25 + KT x 36.0.

Then torque sensitivity -

KT = (.0545 - .10334)/36.0

= -.001357 microstrain/lb.in ..(A12)

A.5 SENSITIVITY TO FUSELAGE SIDEWAYS BENDING

Fin loading affects the fuselage gauges through sideways

bending of the fuselage and by torque. The torque influence can be

evaluated as in the previous paragraph so that sensitivity to sideways

bending can be determined.

Response to fin loading, CF ,

- strain per unit load caused by torque + strain per unit load

caused by sideways bending.

LI
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i.e. d 4

E dMT  de dMH
C = dP dM d
F BMT HPT-, d

= KT .h + KH 1H ..IA13)

from which sensitivity to sideways bending moment, KH is found.

Example

CF = .225 microstrain/lbf (see Table 6)

T= -.001357 microstrain/ib.in (see Equation (A12))

h = 31.21 inch (see Figure 2)

11 = 100.1 inch (see Figure 1)

0.225 = (-.001357) x 31.21 + KH x 100.1

and sensitivity to sideways bending,

K, = (.225 + .004235)/100.1

= .002674 microstrain/lb.in.

I



APPENDIX B

RESPONSE OF FUSELAGE GAUGES ON THE FLIGHT TEST AIRCRAFT

The data available from the flight test aircraft are
not sufficient to isolate all of the effects separated for the fatigue
test article. To overcome the deficiency values for fuselage torque
sensitivity have been taken from the fatigue test article and modified
by averaging the magnitudes of s),mmetrically placed pairs. The values
as measured and modified are included in Table 11.

B.1 BENDING MOMENTS FROM UNIT FORCES

Referring to Figures 3 and 4 the following bending
moments and torques are derivable:

To obtain fuselage sideways moment, reactions are

assumed at the vertical reaction stations.

The aft sideways reaction per unit fin load

236.5 - 44.1 192.4 2.1073.
135.4 - 44.1 91.3

The fuselage sideways moment per unit fin load to starboard for
gauges 51CE, 52CE

= 1.0(236.5 - 125.5) - 2.1073(135.4 - 125.5)

= 90.1 lb.in/lbf (ie. inch).

Fuselage sideways moment per unit fin load for gauges 53TE,
54TE

= 1 x (236.5 - 133) - 2.1073 (135.4 - 133)

a 98.4 inch.

Fuselage torque per unit fin load = 47.5 - (-4.8) = 52.3 inch.

Fuselage aft reaction per unit tailplane load

251.0 - 44.09 - 2.266 lbf/lbf.
135.4 - 44.09

Fuselage vertical moment per unit tailplane total load (for gauges
51CE, 52CE)

- 1.(251-125.5) - 2.266(135.4-125.5)

a 103.1 inch.
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Fuselage vertical moment per unit tailplane total load (for gauges
53TE, 54TE)

= 1. (251-133) - 2.266(135.4-133)

= 112.6 inch.

Fuselage aft reaction per unit wing load

85.5 - 44.1

135.4 - 44.1

= - 0.483.

Fuselage vertical moment per unit wing load (for gauges 51CE,
52CE)

= - .483(135.4 - 125.5)

- 4.782 inch.

Fuselage vertical moment per unit wing load (for gauges 53TE,
54TE)

= - .483(135.4-133)

- 1.1592 lb.in/lbf.

B.2 SENSITIVITY TO FUSELAGE VERTICAL BENDING

Sensitivity to tailplane loading (Table 11) is readily
modified to bending sensitivity using moments found in A.2.1 as in the
following example for gauge 51CE. Sensitivity to tailplane vertical
bending

Sensitivity to tailplane loading
Moment per unit load

.2046/103.1 - .001984 microstrain/lb.in.

The values obtained for all gauges are given in Table 12.

B.3 SENSITIVITY TO FUSELAGE SIDEWAYS BENDING

Fin loading influences the fuselage gauges in two ways -
firstly by inducing torque on the fuselage and secondly through sideways
bending. The influence of torque on gauge 51CE is found thus for a unit
fin load:- K I
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Torque = 52.3 lb.in (see paragraph B.1)

Strain due to torque = Torque x Sensitivity to Torque

= 52.3 (-.001163

= -.0608 microstrain/lbf.

* Obtained from Table 11.

Total strain = .1770 microstrain/lbf (see Table 11)

Net strain attributable to sideways bending

= .1779-(-.0606) microstrain/lbf

= .2387 microstrain/lbf.

Sideways Bending Moment = 90.1 1b.in.

Hence sensitivity to sideways bending moment is -

.2387
- microstrain/lb.in

= .002649 microstrain/lb.in.

The values for all gauges are included in TAble 12.

J-
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TABLE 5. ASYMMETRIC TAIL LOADING CALIBRATION ON FATIGUE TEST AIRFRAME

Fitted Strain/Root Bending Moment Sensitivities

Test Date 21 March 1983

GAUGE STRAIN PER ROOT BENDING STRAIN PER ROOT BENDING
MOMENT (Ib.in) (arm=33.0") MOMENT (N.m) (arm=0.838m)

37CE -0.0518 +  -0.45 +

PORT

37TE -0.0518 +  -0.458
PORT

38CE -0.0497+  -0.440
STARBOARD

+ FOR SENSITIVITY TO LOCAL BENDING MOMENT AT GAUGES 37BE, 38BE MULTIPLY

BY 1.179 (arm = 28")
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TABLE 7. FLIGHT TEST - FUSELAGE GAUGE SENSITIVITIES TO WING LOAD FACTOR

-6 -6 -6
GAUGE STRAIN (XIO - ) STRAIN (XIO) STRAIN (XIO

PER LOAD FACTOR PER WING LOAD PER WING LOAD
PER SIDE (16f) PER SIDE (N)

51CE -31.291 -.046842 -.01053

52CE -27.733 -.041516 -.00933

53TE 32.863 .049196 .01106

54TE 35.057 .05248 .001180

NOTE: THE DATA WERE OBTAINED FROM CT-4A FLIGHT TRIALS:

FLIGHT 013, FILE 6, 30 APRIL 1980.
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TABLE 9. RESPONSE OF FUSELAGE GAUGES TO FUSELAGE BENDING

MOMENT IN THE VERTICAL PLANE

(FATIGUE TEST ARTICLE LOADINGS MARCH 1983)

STRAIN (X1O -6 PER FUSELAGE BENDING MOMENT (N.m)

(STRAIN (XI0-) PER IN.LB SHOWN IN BRACKETS)

SYMMETRIC WING COMBINATION OF

GAUGES TAILPLANE LOADING DATA FROM TAILPLANE

LOADING AND WING LOADINGS

51CE .02883 .03902 .03640

(.003258) (.004409) (.004113)

52CE .01880 .02702 .02490

(.002124) (.003053) (.002813)

53TE -.03294 -.03215 -.03244

(-.003722) (-.003633) (-.003666)

54TE -.04961 -.04380 -.04608

(.005606) (-.004949) (-.005207)
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Stations in inches
i- LH

Wing load Tail load
2W' Gauges 53, 54, Tp + TS

Fuselage
Stn. 133 Fin load (P)

Stn. 225.6

~~Gauges 51, 52CE 5
_ IFuselage Stn. 125.

reactions 1

Fuselage 20.0 67.5 120.0 153.0
station 40.0 85.5 136.0 248.0

(spar datum)

Note 1. lw and 1 are depicted as for gauges 51, 52CE

2. Fin spar datum 233.6 inches

FIG. 1. LOADS INDUCING FUSELAGE VERTICAL BENDING IN FATIGUE RIG.

Tail load (T !Fin load (P)Tail load (Ts)

AStn. 36.0 F

Stn. 26.41

Stn..46.0 Stn.17 2

h

Stn. - 4.8
(Torsion centre
for fin load)

Tailplane
root Stn. 3.0 r

Tail load
(asymmetric case only)

FIG. 2 - EXPENNAGE FATIGUE RIG LOADING.



~- -~-Fin loads
Stn. 47.5

Tail loads' Tail loads

Fin root (Stn. 8.0t

Stn. 62.03 Gauge 37 Gauge 38 Gauge 36
Stn. 8.0 Stn. 8.0 Stn. 35.0

FIG. 3 -EMPENNAGE GROUND CALIBRATION LOADING AND
GAUGE POSITIONS.

Tail load

2W Fin load T T

FradAtSupport:R~.3(ps

Station 44.1 85.5 125.S135.4 251.0
(in inches)

FIG. 4 - POSITIONS OF FORCES - GROUND CALIBRATION
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