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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

.. CALIBRATION OF STRAIN-GAGE INSTALLATIONS IN AIRCRAFT
* STRUCTURES FOR THE MEASUREMENT OF FLIGHT LOADS

By T. H. Skopinski, William S. Aiken, Jr.,
and Wilber B. Huston

" SUMMARY

A general method has been developed for calibrating strain-gage
installations on aircraft structures, which permits the measurement in
flight of the shear or 1ift, the bending moment, and the torque or _
pitching moment on the principal lifting or control surfaces. Although
the stress in structural members may .not be a simple function of the
three loads of interest, a straightforward procedure is given for numeri-
cally combining the outputs of several bridges in such a way that the
loads may be obtained. Extensions of the basic procedure by means of
electrical combination of the strain-gage bridges are described which’
permit compromises between strain-gage installation time, availability
of recording instruments, and data reduction time. The basic principles
of strain-gage calibration procedures are illustrated by reference to
the data for two aircraft structures of typical cohstruction, one a
straight and the other a swept horizontal stabilizer,

INTRODUCTION .

The measurement of loads on aircraft in flight is required for a _
variety of purposes such as -in research investigations, structural integ-
rity demonstrations, and developmental flight testing. Although pressure-
distribution methods permit the determination of aerodynamic loads without
corrections for inertia effects, pressure installations must be very com-
plete in order that accurate load data may be obtained. Since the time of
installation and data reduction may be lengthy, the general use of .
pressure-distribution methods in the measurement of loads on aircraft in
flight is avoided except when specific detailed load-distribution data
are desired. :

A more useful tool for the measurement of the over-all loads on air-
craft structures appears to be the wire resistance strain gage. Properly
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installed and calibrated, such gages may be used to determine the struc-

tural loads on control surfaces, landing-gear structures, and relatively

complex built-up wing and empennage assemblies. The measured structural

loads can, in turn, be converted to aerodynamic loads provided the struc-
tural weight distribution is known and the acceleration distribution has

been measured. ‘

References 1 to 5 illustrate various strain-gage calibration tech-
niques, certain elements of which are common to a general method which
has been used successfully in flight loads research by the National
Advisory Committee for Aeronautics since 1944k; references 6 to 9 contain
typical flight loads data obtained by the application of this general
method. Because of the increased interest in strain-gage methods, and
in an attempt to resolve some of the difficulties which are being encoun-
tered in the use of strain gages for flight loads measurements, the pre-
sent paper is being published.

"In this paper a basic calibration procedure is developed for cali-
brating strain-gage installations on aircraft structures which permits
the measurement in flight of the shear, bending moment, and torque.
Extensions of the basic procedure by use of electrical combination of
strain-gage bridges are described which permit compromises between
strain-gage installation time, availability of recording instruments,
and data reduction time for flight measurements. Since many of the ele-
ments of the calibration procedure are best illustrated by reference to
and use of experimental data, this paper also includes calibration data
and analysis procedures used for two typical aircraft structures. One
of these, structure A, is the horizontal stabilizer of the airplane for
which tail load measurements are given in references 8 and 9. In addi-
tion, three other cglibration procedures of very limited application are
briefly discussed in an appendix.

SYMBOLS
Lp- . ,general s&mbol for shear, bending moment, or torque
(see eq. (40)) :
Mo bending gément, in.-1b
T torque, 1b-in.
v .shear, 1b

Note: Prime (') denotes applied values of calibrate loads.
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Additional subscripts pertainiﬂg toM, T, and V or M', T!' and V':

L left
R right -

J number of applied loads for exact simultaneous-equation
solutions .

n number of applied loads for least-squares solutions

preliminary load coefficient for structure A
preliminary load coefficient for structure B
final load coefficient for structure A -
final load coefficient for structure B
constants in equation (34)

element of inverse matrix

distance from torque reference line, -in.
general term for nonlinear chord position effect

distance perpendicular to center line outboard of strain-gage
station, in.

distance along sweep axis outboard of strain-gage station, in.

general term for nonlinear span position effect

constant in influence coefficient equation
constant in load equation

deflection of galvanometer in strain-gage circuit

calculated galvanometer deflection given by equation (35)

deflection of galvanometer in strain-gage circuit due to
shunting of calibrate resistor across one arm of the strain-
gage bridge

T
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Hnj
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residual, difference between calculated and applied shear

nondimensional bridge;response, Bmax/dcal

nonéimensional response of the ith

uncombined strain-gage
bridge (i =1, 2, 3, . . . j)

nondimensional response of the jth uncombined strain-gage

bridge due to the ith applied calibrate load (exact
solution, i=1,2, 3, ... j)
nondimensional response for the jth uncombined strain-gage

bridge due to the nth applied calibrate load (least-
squares solution, n > j)

nondimensional response of an uncombined shear bridge

nondimensional response of an uncombined bending-moment bridge

nondimensional response of an uncombined.torque bridgé

Additional subscripts for u:

Second subscript:

L left side
R right side
F ffont spar
M mid'spar

'R reér spar
FT front top
FB front bottom
RT rear fop

RB rear bottom

B e o il : -
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Third subscript:
1 strain-gage station 1
2 strain-gage station 2

Example: designates the nondimensional response of an

uncombined shear bridge mounted on the left front épar at strain-
gage station 1

P nondimensional response for electrically combined bridges,
8ma_x/5Cal ‘ ) :

Note: Subscripts for. p are the same as for u except that spar
location of combined bridges is not required.

. Matrix symbols:

[ ] square matrix

” " * rectangular matrix

'| ll transpose of rectangular matrix

L 4 row matrix
{ } column matrix
-1
[] inverse matrix
I[:]l determinant of matrixb
i A row index -
J ~column index
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 BASIC PROCEDURES FOR CALIBRATION

General Considerations

Although the use of the wire resistance strain gage for loads
measurements is in some respects similar to its use in stress deter-
mination, a somewhat different approach is required since strain is to
be used only as a means of obtaining information about the loads. In
stress measurement, a single strain gage is usually used to determine
the stress in a member. In loads measurement, four-active-arm bridges
are generally applied on the principal structural members in order to
obtain higher sensitivity and relative freedom from the effects of
uniform structural temperature changes.

In flight research the loads of primary interest are generally those
on wing or tail surfaces, and, in order to simplify the exposition of the
procedures in this paper, descriptions are generally given in terms of a
cantilever structure such as a wing or tail. The methods may, however,
be utilized with other structures. :

4 The first step in the measurement of flight loads by means of strain
gages is a selection of the gage location, which depends on the measure-
ments to be made. It is necessary to locate the gages at positions where
the stress levels will be adequate to obtain good sensitivity and, at the
same time, be away from areas of local stress concentrations. A typical
installation is illustrated in figure l(a), where four-active-arm bridges
are shown installed on a typical two-spar structure. Ideally, it would
be desirable to place the gages at a position such that a shear'bridge
would respond only to shear, and, as in reference 1, a moment bridge only
- to moment, and so forth, but generally it is only in an -elementary truss
type of beam that locations can be found where such a simple relationship
between load and strain exists.

The loads on a surface such as an airplane wing can be completely
specified by three orthogonal forces (normal, chord, and end force) and
by three orthogonal moments (beam bending moment, torque, and chord
bending moment). The strain in a given structural member can, therefore,
be expected to be some function of these six quantities, and this strain
response must be taken into account in any scheme which relates bridge
output to applied load. Such a scheme should also allow for the fact
that, with a complex structure such as a wing or tail, the stress in a
root member may be affected not only by the loads outboard of the bridge
station but also by loads on the opposite side or inboard of the strain-
gage station. - This carry-over effect can be of significance with unsym-
metrical loading conditions. Certain simplifications are possible, how-
ever, since the end force on wings can be neglected, and the effects of
chord forces will be negligible for the types of strain-gage installation.

. ko
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shown .in figure 1. For a wing structure which obeys Hooke's law, the

" stress in a member and, therefore, the output of a strain gage mounted
on that member may be taken as some function of the three principal
.terms pertinent to aerodynamic loads investigations, the lift or shear,
the bending moment, and the pitching moment or torque.

Development of Equations

The simplest relation between the output M of a strain-gage bridge
and the loads (shear, moment, and torque) on a panel outboard of that
bridge can be expressed by the linear equation

By =gV +ag Mo+ ay T _ (1)

o

In the presence of carry-over, an expansion of this relation would be
necessary in order to include the response. of the bridge to loads applied
on the opposite side or inboard of the -bridge station. Such additional
terms are introduced where necessary in the section entitled "Application
of procedures."

Phe loads in equation (1) need not represent loads distributed over
the entire area outboard of the strain-gage station provided the structure
conforms to the principle of superposition; that is, the strain at a par-
ticular location due to loads applied simultaneously to several points on
the structure is the algebraic sum of the strains due to the same loads
applied individually. 1In this case, the load in equation (1) could be a
load with a shear value V applied at some point with coordinates x,y.
Thus the load would have bending moment and torque values given by

M=Vy

T

Vx (2)
in which case equation (1) can be rewritten as

v X , (3)

=aj) tayta

i3

Equatibn (3) implies that bridge output is proportional to the
applied shear V and glso that the relation between the output and the

. = ’EEi
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coordinates of the point of application (x,y) is linear. Although the
two types of linearity represented by equation (3) are rather severe
restrictions, certain calibration procedures have essentially been based
on this equation, and are treated briefly in the appendix. In the general
case, equation (3) is not adequate. Although structures have usually
followed Hooke's law, additional terms involving other than the first
power of the coordinates are required if an explicit expression for
bridge response is to be written. Nonetheless, equation (3) is useful

in evaluating the performance of a bridge, if loads are applied at a
number of points on the surface, and the bridge output expressed as _u/V.
is plotted against the y coordinate of the point of application with

X " as an independent parameter. Shear sensitivity is represented on such
a plot by the intercept (equal to i) when x = y = 0. Bending-moment

sensitivity is shown by the slope ajp of a plot of u/V against’ y

for a constant value of x, whereas torque response is represented by the .
variation of u/V with x at constant values of y. The value of p/v
thus represents a sort of strain-gage influence coefficient, and since it
represents the influence on the bridge output of a load at a given point,
plots of k/V against x and y are termed "influence-coefficient
plots." Curvature in these plots for loads applied along any straight
line on the structure indicates the necessity of including additional
terms in the bridge-response equation. Although the form of these addi-
tional terms could perhaps be specified on theoretical grounds for some
structures, it is shown that it is not necessary to know explicity what
these additional terms are. ' :

An extension of equation (3) which includes additional terms
involving the coordinates and which could apply to any of the bridges
located in the structure is '

Hy = a‘ilv + aiEVy + qiSV)_c + aiquy +

2 ' 2 r s ' e
ai5Vx +a YT L aiij y ' (&)

A calibration procedure can be evolved which allows for the presence of
the additional terms by establishing relationships between applied load
and the outputs of a number of bridges. The basis of this procedure and
its application are illustrated in the equations which follow.

When bridges exhibit regsponses which can be represented by equa-
tion (4), with a finite number of terms (say j) then equations may be
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written to relate the applied shear and its point of appllcatlon to thg
output of each of j bridges as follows: -

L e
r s
My = allv + a12 Yy + al3Vx + athxy + .. .+ alex y
- r
My = ap V + o, Uy + a23Vx tayVxy + L.+ aeij e
- VT
H3 = a3V + azoVy + a3aVx + a3th¥ + ... +ogsVx yS > (58)
- g r.
My = ayp vV + aJEVy + aJ3Vx + a thy + .. .+ aijx yS\J
These equations are expressed in matrix form as
1 —~ e e
I L %1 %12 %30 o oyl (Vo
Mol %1 %2 %23 - - - 9] |V
eyl Ja a Qo o e . o (Vx| R
3\ -] 31 732 .733 3 C o en
< TrEl T | < . (m)
' ‘ r
Hy As] Cyp @33 - - - Gy vxTyS

or

4 - (o] {lxrys} : = (5¢)

Equations (5) express the output of a number of bridges as a linear
function of an equal number of terms of the type VxTy®. The inverse

——

135 £ AN s 2
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relation is therefore true that the loads can be expressed as a8 llnear
function of the outputs of j bridges, or

pd-ufy

-Where

(] - [ NG

The necessary mathematical condition for the existence of a solu-
tion for the - B coefficients of equation (6) is that the determinant
of the a coefficients of equations (5) shall not vanish, that is

[ o e

This condition means that the J strain-gage bridges must have dif-
ferent characteristics, that is, the values of o« for each bridge must
not be linearly related to the values of o for the other bridges. If
- this solution exists, it is not necessary to know the values of the con-
stants aj; in the influence-coefficient equations (5) since the load

coefficients B;; in the load equatione (6) could be determined by a

suitable procedure. The primary purpose of the procedure, however, is
to establish relationships between bridge response and the three loads,
shear, moment, and torque. It is therefore not necessary to evaluate
all of the B coefficients in equation (6) but only the values of the
coefficients in the first three rows, that is:

5 L)
v Bi1 Bip B3 - - - Bij 4
H3
M> = [|Bo1 Bop Bp3 - - - Bpj ~ (9)
&) B31 PB3o B33 - . . B3y
u,
w
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- If these coefficients can be established, then equation (9) could
be used for the determination of loads in flight from strain-gage
responses.

The coefficients fB17 . . . Blj in the equation for shear
Y

H1
Ho

V= E’n Pz Pz - - - Bliﬁfl3> - (10a)

or transposed as

R S

B+ s
C 1)
can be determined if a number of known loads with shear ‘values V';

to V'j are applied to the structure.  In view of equation (4) these

loads must be applied at various chordwise and spanwise locations. If
the number of applied loads is equal to the number of bridges Jj, then
thegse loads and the bridge outputs can be written as

el )
1 [ -

LT I L SR PR S 61 N LSt
' ' :'
Vis Moy Hop v e v Hogl [P

Tt P (A S

1 .
LA My Mo o o Hi50 B1j

— U J
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or.

' {v'} = [v] {B} o (11b)
and the coefficients {F}- can be determined from the solution of the

simultaneous equations, or since matrix inversion is equivalent to
solution of the simultaneous equations, ‘

B -EtEr -

In geheral, the number of bridges required in equations (5), and
thus in equations (9), (10), and (11) is not known in advance, and there-
fore the exact number of calibrate loads required cannot be specified.

If J bridges are available, all of which might be required, then n
calibrate loads can be applied where n > J, and the values of the load
coefficients By . . . 'Blj can be obtained by least-squares pro-

cedures. Such a solution involves calculation of the least-squares
normal equations and solution of the resulting simultaneous equations.
These steps can be répresented conveniently as a series of matrix oper-
ations. The responses ,“nj of j bridges to each of n applied loads

would be related to the shear values of these loads LAE B v, by
the equation '

H"\ Y
0 I I s B L V- R R 1 1 I LS
Via Yo Moz e Moyl [P |
< US =0 L Qf o (130)
Vi Hn1 ne Hn j B1j
- - -

or

e o
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_Premultiplication of both sides of equation (13b) by the matrix of the
bridge responses transposed, gives the least-squares nurmal equation

'H“‘nJH.T{"‘n} '=,E|“nj|lT.ll“n;|[I{Blj} _, : (14)

and the values of the load coefficients {}lj are determined by solu- -

tion of the J simultaneous equations, or

| {31‘]} =Ijl|”n3||T|_l“nj|£l “unjHT{"r} 4 - (15)

When the n loads with shear values V', are applied at the

n loading points, n values of bending moment and torque are fixed
(eq. (2)) and thus the procedure outlined in connection with equa-

tions (11) to (15) can also be used to determine the values of .{Fei},

and -{%35}, equation (9), which are needed to evaluate moment and torgque.

The necessary condition for the existence of the least-squares
'solution (15) to equation (14), that the determinant of the matrix of
the normal equations is greater than zero, or

(] - o

\

requires that bridges with similar response characteristics should not
be used together.

Selection of Bridges

As pointed out in connection with equations (5) the number of
bridges required for a given load equation depends upon the response
characteristics of the bridges. Experience has shown that, when shear
bridges are placed at a given station on the webs of all spars, bending-
moment bridges on the flanges or skin and torque bridges in the torque
boxes, enough bridges will be available to develop an equation for shear,
or moment, or torque. Usually more than enough bridges are available.
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If the j in equation (9) is taken as all of the available bridges,
then the particular form-the equation should take for a particular
structure, that is which of the values of "B are zero, depends upon’
the nature of the structure. Often the form can be determined by -
analogy with other structures, but some bridges may have such similar
characteristics that the output of one is a linear multiple of the out-
put of another, (redundant) or some may be irrelevant (B ~ O). Redun-
dancy can sometimes be recognized from examination of the influence-
‘coefficient plots. Irrelevancy is not always so easily determined and
an advantage of least-squares solution for the load coefficients lies
in the availability of standard statistical methods for determining the
reliability and relevancy of any equation. Several checks may be
employed. By referring to equation (10) for shear, one check is to
substitute the n sets of measured values of bridge response “nj into
the load equation and compare the -n calculated values -of shear with
the n applied values. Defining a residual ¢ as the difference

between calculated and applled Values, or

- - - {V} {V} S - o an

glves the probable error of estlmate of shear values obtalned from equa-
tion (10) as .

PE(V) = 0.6745

- (18)
where
n number of loads applied
a number of terms in calibration equation

E EVE sum of squares of the residuals which may be calculated from
the relationship

Zv = V‘n) UﬁJj{IunJH { }} <19.)

where the columnfmatrix:on“the right has already been calculated
in connection with the solution of-equation (15)

-
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The probable error (ref. 10, sections 22.15 and 22.31) in any of
-the calibration coefficients is obtained from the probable error of
estimate for the equation and from the terms on the principal diagonal
of the matrix

mll m12 . e e mlj

m21m22 PR m2J . -1
SRR =B|“nall II“na'Iﬂ (20)
m., m, e o . om,.

| JL g2 S 3]

where the matrix on the right also appears in the .solution of the least-
squares normal equation (15). The relation for the probable errors of

Bll’ Blg) - . . Bl'j 18

(~ N ~ ~

PE(B17) ™1

PE(Blg) VEEE |
< . S =PEW< . > (21)
PE(B , m s

L ( 13), V99

and similar relationships apply to the probable errors in the load coef-
ficients in equations for bending moment and torque. With the coef-
ficients and their probable errors computed, it is possible to check the
calibration equation for inclusion of irrelevant bridges and redundancy.
The load coefficient B of an irrelevant bridge is ordinarily small in
comparison with its probable error and in comparison with the coefficients
of the other bridges. Redundancy is evidenced by large probable errors in
all coefficients, generally as a result of large values of myq . . My

rather than of the probable error of estimate. Improved results can often
be obtained by dropping one or more redundant bridges and recomputing the
B coefficients. For detailed comparisons of a number of load equations
involving various selections of the available bridges, an objective test
of the significance of any improvement is provided by the F-table, see,

for example, reference 11.
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Procedures for Bridge Combination
When the values of the load coefficients B in equation (9)-have
been obtained, they can be used directly with the measured outputs of
the individual bridges for the evaluation of flight data. Punched-card
methods are particularly convenient for handling the large quantities
of numerical work involved if loads are required in time-history form.
By electrical combination of the output of several bridges, it is, how-
ever, possible to simplify flight recording and to reduce data freduction
time, '

Full combination procedure.- If the shear expression in equation (9)
requires j bridges and the load coefficients B1p + - - Blj have been

obtained by least squares, the equation for shear would be

Vim Bty vBghy e By ey (22)
Factoring out the coefficient with the greatest magnitude, say
612, gives
LN B1; ‘
vV = 512<——- Hy + o+ . . .+ —dJ M (23)
VP12 | P12 |

By suitable choice of attenuating resistors, the outputs of bridges 1,

3, 4, . . . j can be added to the output of bridge 2 to produce a new
combined bridge with an output Py which is proportional to the sum
P11 B1y. . . .
ToHLtHa . =T This output is a direct measure of shear
Bio P12 - : -
alone, or '

V= B'ay - BEEEEEE (2k)

A similar procedure can be used to obtain combined channels,which provide
direct measurements of bending moment or torque. The B' coefficients
are obtained by a final calibration, applying loads at various chordwise
. and spanwise locations as in the preliminary calibration. - - o

An electrical circuit which accomplishes the addition of —ii'ul'-to

A Bi1o
Ho is shown in figure 1(c). The attenuating resistance Ry, 1is related
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to the resistance of the individual gages R and to the reciprocal of
the combining ratio B,37/B1, by the equatlon . :

o o Lo
fa (?11 ')R ' (25)

When the circuit is extended. to include more than two bridges, an .
equation of the form of equation (25) applies to each of the attenuated
bridges. Since, however, with direct-current circuits, any given bridge
can be used in only one circuit, use of this full combination procedure
usually requires multiple installation of the individual strain-gage
bridges. If carry-over were present, its use might require that some
bridges be installed :in sextuplicate. If. the number of bridges which
could be installed were limited, use of the full combination procedure
could restrict the number of loads which could be measured.

Partial combination procedure.- A partial combination procedure
can be evolved which strikes a compromise between the data reduction
time of the basic procedure (eq. (9)) and the bridge installation :
requirements of the full combination procedure. In this partial combi-
nation procedure, data obtained during a preliminary calibration are
used to combine bridges with the same primary sensitivity, that is, the
shear sensitive bridges on one side of the structure .are combined into
a single channel, the moment sens:.tlve bridges on one side into a ‘single
channel, and torque sensitive bridges ‘into a single channel. The struc-
ture is then recalibrated to determine the final calibration coefficients.
The details of the procedure as given below are for a three-spar struc-
ture subject to.carry-over effects. The procedure can be extended to
other structures, or -simplified for structures wlthout carry-over

The bridge installation for the structure chosen to illustrate
the procedure is assumed to consist of three sets of shear, moment and
torque sensitive bridges on each side (a total of 18 bridges), which by
the basic calibration procedure might require the solution of g8ix sets
of equations involving as many as eighteen unknowns. Instead a pro-
cedure is adopted which involves the solution of six sets of least-
squares equations based on certain simplified load equations, containing
at most seven coefficients. For example, for left-side shear the equa-
tion involves three shear bridges with outputs u;, u,, and H3, the

left-gide moment, and the three loads applied on the right, or

VL = ByyHy + Biohp + Bygug + ByMp + Bisvﬁ + B1gMR *+ B17TR (26)

R
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By electrical combination of bridges with response M1,

NACA RM L52G31

|-12, and Ll3 F

combined channel is obtained with an output primarily sensitive to shear,

secondarily responsive to My,

VRs :

MR, and TR, and which by the least-

squares process has minimlzed the effects of chordwise position of load
on the left §ide (Tp) and any other terms of the type VxTyS.

In matrix notation the B

coefficients are computed by a least- -

squares procedure starting with equation (26) or,

VL= M oMo w3 M VR Mg Tg|QPuko

(27)
615
B16

— o/

The preliminary calibration data for the n values of applied shears
and moments and corresponding brldge responses are

V' R

or

Ll'

Ve N
Lo

M1 M2 M3 MU

Mol Hop. a3 M'p,

Ml

Hni Lln2 l'lni3

"y

Ln

v o 11
Ry "Ry " Ril| |8y
V'R, MRy T'm,l| [B13]
L .Jm> (28a)
. . . | B1s |
- : A
V'Rn M'Rn T'Rn 16
B17
—
= |I®]| {8} (28b)
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The least-squares normal equations are

" - (1] € e

Therefore

{8} - U|R||T||R|ﬂ-lﬂ|Rl|T{VL} | . (30)

The B coefficients for the preliminary equations for My, T, Vg,
Mg, and TR are obtained in a similar manner from simplified load equa-

tions similar to equation (26) and which may be summarized along with.
equation (28) in matrix form as

- : N —
Ve - - - . = M Vg Mg T
L Lfl Ho “§JVL | L VR Mg Tg||||B1r Bor B31 Buy Bsy Bgy
- oM, - - - - Lp.u M5 p6_’ML l Vi VR Mz TR Bip Bop B3o Bip Bso Bgp
T 7“8 bl 'ML VR Mr TR||[|P13 P23 P33 Pu3 Bs3 Bg3
- _. - VR - - = lillo M1 ].112JVR|MR VL ML TL Blh 321‘_ B}h th BS‘# 661} (31)
R S B DE! “n.&QmRIWzVL Mv Tol[ P15 Pas P35 Pus Bss Bgs
- - - - - T |16 17 qujTRl Mp Yy My Tpf|||Pi6 Boe B3 PBug Bsg Bgg
Bir PBar B3y Pup PBsy Bgy

where the terms on the principal dlagonal of the left side are the only.
ones of interest.

The known load coefficients B37, Bip, By3, « - - Bgrs Bgp, Be3
in the upper portion of the B-matrix (eq. (31)) are used to calculate the
attenuation required for electrical combination. For example, the attenu-
ation factors for the shear sensitive combined brldge on the left side
would be obtained from the equation

/1 B1o P13 ) : |
Py. = | =1 + Ho + W = (32)
L <Blk 1UBy 2 By O -
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where Bjj denotes the coefficient By, Bj,, or By3 with the
largest magnitude. The six combined bridges with outputs péL, pML’,

pTL’ pVR’ pMR’ and pTR are thep recalibrated by applying a set of

calibrate loads (not necessarily the same as those used in the pre-
liminary calibration) to the structure. ' This final calibration should
include both-symmetrical and unsymmetrical loading conditions. The
final equations for use in evaluation of the flight data are of the form

™ ")

A
il [ Bl B'y3 B'yy B'y5 Blig) r;vL
M Bl21 Blaz B2z B'ay Blog Blog .
_ %T.L,>'= B'31 .-3'32 B33 B_'31+ B'3s B'36 <_DTL? | )
VR |P'm1 Bup B'yz By Blys Blg| leve|
gl 8t Plse Bls3 Blsy B'ss Blsg| ey,
R |Pla Blep Blez Blgy Ples Pleg| |PrR
L A L

.whére the B! coefficients are evaluated by least squares.

APPLICATION OF PROCEDURES

To illustrate the application of the calibration procedures Jjust
outlined, the calibration of two representative structures is described
in detail. The calibration of these structures presented most of the
problems that have arisen in the course of the calibration of a great
many structures in the Langley aircraft loads.calibration laboratory of
the Flight Research Division. 'In addition they also illustrate the use
of the partial and full combination procedures. Structure A is a three-
spar unswept horizontal stabilizer and elevator assembly with aspect
ratio 6.7, taper ratio 0.29, and 12° dihedral. Structure B is a two-
spar horizontal stabilizer with the quarter-chord line swept 35.6°,
aspect ratio 4.65, taper ratio 0.45, and 10° dihedral.

The strain-gage locations for structure A are shown.in figure 2.
Shear and bending-moment bridges of the type shown in figure 1(a) were '
installed on all three spars at stations parallel to the center line.

The strain-gage locations for structure B are shown in figure 3. Shear
and bending-moment bridges of the type shown in figure 1(a) were installed’
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on both spars at station 1 (parallel to the center line) and at sta-
"tion 2- (perpendicular to the sweep axis). In addition, four torque
bridges were installed on the skin between the spars at a station perpen-
dicular to the sweep axis, on the left side. The leads from each strain-
gage bridge were routed into individual balance circuits. Each circuit,
figure 1(b), contained a balance potentiometer RB and a calibrate

resistor Rp. .When comblned bridges were used, the.attenuatlng resis-

tors were incorporated in the manner indicated in figure 1(c). Changes
in current for either individual or combined bridges associated with
strain changes in the structure under the application of calibrate loads
were recorded by means of a spotlight galvanometer. Bridge sensitivity
was made independent of voltage changes by shunting the known calibrate
resistor Ry across one arm of either single or combined bridges and -

measuring ‘the resultant galvanometer deflection Bdcal. The calibraﬁe

loads- applled to each structure whether they were point loads or dlstrlb-
uted check loads, were applied in five equal increments and removed in '
the same increments. Values of the galvanometer deflection & were
recorded for each load increment. A straight line of the form

was fitted to the 11 data points by means of least Squareé, and the
deflection used for the loading was the value given by the product of
the least-squares slope k, and the calibrate load, or

Bpax = ko X calibrate load ' (35)

"The value of @ (or p) corresponding to the calibrate load was then
taken as

Smax
d

" = - (36)

cal

-An attempt was made to minimize any possible effects of elastic lag
by running through several cycles of load before taking data, and by -
taking as a reference condition not the no-load condition but a datum
determined by a preload.

Structure A

The application of calibration procedures- for obtaining shear and
bending moment on & structure where large carry-over effects were present

q"’f"“‘ A
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is illustrated by structure A where the partial gage combination pro- -
cedure was used in order to measure both symmetrical and unsymmetrical -
tail loads in flight with as few recording channels and as few strain
gages as possible. The relationship between individual strain-gage
response and applied loads for the structure was obtained by applying
point loads at three spanwise and three chordwise positions per side
for both the preliminary and final calibrations. The chord and semi-
span locations of applied loads are shown in figure 4 and the values

of shear and bending moment are given in table I. Point loads were
applied to the left side alone, the right side alone, and to both sides
simultaneously. . : o

Preliminary calibration.- The nondimensional bridge response
values p for each of the 12 bridges for each of the 27 loads are giVen
in table I, and the influence-coefficient plots u/V are presented in
figures 5 to 8. To illustrate trends, curves have been faired through
the data points. The equations for determining the load coefficients
for electrical combination were based on equation (31) without torque
measurement and some simplifications suggested by examination of the
influence-coefficient plots (figs. 5 to 8). The simplified equations
are summarized in matrix form as

Vvp - - = - - I L L “VLRI Moo= Mpo-lHeyy Ay - ey, 851 -
- oMo - o e Mgy Mg - Meo-|[|[P12 e T k2 852 -
R B f e I | | E R C L E R
- - - Vg - - = | [™ep Mgy “VRR' Mg - Mp - ;—— _t_ : ;—— _j— : (37)
- - - Mo "rr My MMpp| T T ML - }h - - %h -
ST T T T : %16 %26 " %6 %56 -

‘where the subscripts on the strain-gage responée b denote the primary
sensitivity and location of the bridge, and the Bij of equation (31)

have been replaced for structure A by the symbol a The values deter-

ij*
mined for aj; to asg by least-square procedures are given together
with their probable errors in the top half of table II.-

. By using the procedure of equation (32) and the largest: a coef-
ficients given in table II, the strain-gage bridges of equation (37)
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. were combined electrically to produce four partially comblned bridges
according to the following equations: :

f'\
Py = .BE + +.El_3.
VL T e iy A iR
a21 a23
= — +
(38)
g ay3 'RF  2y3 'RM "Ver
a a
= 21 + + 23
pMR 850 uMRF _ uMRM 850 “MRR
q

Final calibration.- The structure was loaded again with the same
loads as in the preliminary calibration. Influence-coefficient plots

for Py » Pup s Pyp and Pug (fig. (9)) show the response of the

combined bridges to the loads applied in the final calibration. The
final shear and bending-moment equations, which were similar to equa—
tion (33), were

VL, a'iy a'ip 8'13 8w |ev |

<ML> ) a'2l 8'22 3'23 a,'2,+ ﬁpML> (39)
YRl [®'31 %32 233 23| |Pvg |
M a' a' al a' P,

\_i ngl _ Lo 43 u_u_ MIU

The final calibration coefficients a'y; to a'y), are given in table II.

Also given in table II are the probable errors of estimate obtained by the
use of equation (18) and the probable errors in the coefficients obtained
from equation (21). Zeroes in table II indicate that the corresponding
bridges were found to be irrelevant.

As a check on the applicability of equations obtained by the point
load calibration to the determination of distributed loads as encountered
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in flight, the distributed load A shown in figure 10 was applied to
the structure. For this loading the gage response, the .applied- and
calculated values of shear and bending moment, the differences, and the
percentage differences are given in table III. Sample calculations for
the preliminary and final left shear load coefficients for structure A
together with the probable errors are presented in table IV.

Structure B

The application of calibration procedures for obtaining shear,
bending moment, and torque on a swept structure is illustrated by struc-
ture B for which a form of the full combination proceédure was used. The
data for structure B were obtained as part of a general investigation of
calibration methods applied to swept structures. For this reason,
although dtructure B is a horizontal stabilizer and carry-over effects
‘were present, these effects were ignored in the preliminary calibration,
and the data treated as it would be for a wing where carry-over effects
are ordinarily not observed. For the final calibration, however, carry-
_over effects were included.

Preliminary calibration.-.The preliminary calibrate loads ‘were
applied on the left side alone and.on.the right 'side alone. The chord-
. wise-and semispan locations of applied loads are shown in figure-11 and
the associated values of shear, moment, and torque are given in table V.
For the 16 bridges shown in figure 3, thé bridge response coefficients p
corresponding to each point load are given in table V and the corre-
sponding influence-coefficient values in figures 12 to 16. In figure 17,
the influence-coefficient data for the left shear and the left moment
bridges at gage station 2 have slso been plotted against the distance
along the sweep line, measured from the intersection of the sweep axis
and the center line. . : '

Of the many equations which might have been used to relate load to
the outputs of the various bridges located on either the left or right
sides, only a limited number were investigated. The limitation was
guided by the nature of the influence—coefficient;plots. The similarity
of the response of each of the four torque bridges (fig. 16) suggests
that redundancies will be introduced. if more than one torque bridge is
included in any equation. The similarity of the response of both front
and rear spar moment bridges (figs. 14 and 15) and the comparative -
absence of both shear effects and nonlinearities in the moment .curves
‘imply that little would be gained by using two moment bridges;.the. rean
spar bridges actually used had the highest moment. sensitivity as shown: -
by the greater slope of the influence-coefficient. plots.. These con- --
siderations suggested that the equations for the left side be limited
to two shear bridges, a bending-moment bridge, and one of-the four
torque bridges. Equations for the right side were limited; to. two:shear.
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bridges and a moment bridge.

.25

Although only one torque bridge was to be

. used in the equations for the left side, a check was made to determine
For the shear,
bendlng moment, and torque at station 1 and shear and bending moment at
station 2, thls check involved a least-squares calculation of the coef-
ficients of four different equations each involving a different torque

which of the torque bridges gave the best results.

bridge (20 solutions in all).

general form

E

These equations can be represented by the

pl Pp2 Pp3 Ppy “ir, bps5 0 -
{Lp} - - < S+ | J TRL
Ppr Pp2 Pp3 Ppu| |My O 0 Bpy P e

Epl Pp2 Pp3 Pph| |HMup °© 0 Pp8| | Hrpp

- .~ ./ R . o - < ./

is a general load term and values of p from 1 to 5 eérre-
Although both

bp1 and bps are shown -in equation’ (MO), only the appropriate value
is used for calculations at station 1 or station 2. The values of the
coefficients . byq, . . bsg are given in table VI along with the

. probable errors and the probable error of estimate of each of the equa-
tions. The coefficients were calculated by solution of the Jeast-
squares normal equations of the form of equation (15) obtalned from the:
calibration data of table V.

where Lp
spond respectively to VL13‘ ML1! TLl, VL2’ and MLg‘

The probable errors of the coefficients were calculated by equa-~
tions of the form -of equation (21) and the probable errors of estimate
by means of equations of the form of equation (18).

The bridges selected for combination were those with the smallest

value of probable error and are indicated by asterisks in table VI. The
equations corresponding to the selected bridge combinations were
vy ) by- o}" byz b ) 0 .0 b
Ly 11 Y. P13 Pk ﬂl"m AL V¢
. 1 _
Mr, bp1 . 0. bp3 by § (0 20 bppff [ Hrpy
<T I S uVLF2> | b o o : (41)
L = |31 7 ®33 ||y T tPs O "B
) ,.‘-” . - . p_v _" . ‘ e - u
VL2 0 bhé bh33 bhh 1 "LR 0 0 'bh7 TRT_
~
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For the right side where torque bridges were not 1nsta11ed the
equations for shear, bending moment, and torque at station 1 and shear
and bending moment at station 2 were

G’R; b1y O by3 Dby T‘vRF;
Mg, b2y O bp3 Dby Mg |
9TRy 0= [[P31 O b33 by J“v > (k2)
| Vg, 0 byy bys by, HMRR
bMRe J 0 bsp bs3 by 5 RRJ
Values of the load coefficients by, . . . by, (eq. (42)) are

given in table VII together with their probeble errors and the probable -
errors of estimate of the equations, all obtained in the same manner as
- with table VI. Also shown in table VII are additional equations for MRl

and VRE’ indicated by asterisks, which were calculated when it was found
that the rear shear bridge in the equation for MRl and the rear moment
bridge in the equation VR2 were irrelevant. The coefficients of the

bridges which were omitted were small with respect to their probable
errors, and with respect to the terms which were retained.

Based on the preliminary calibration coefficients given in tables VI
and VII, the strain-gage bridges of equations (41) and (42) were combined
electrlcally to produce combined bridges, accordlng to the following
equations: :

For the left side:

b b b
13 1k 17
Vi, Vi, b1; VIR MIR  byy  TRT

+

b1y

by;

. r (¥3)
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and for the right side,

~
o - L E S U
. VR, uVRFl b7 YRR by; MRR
b
21
P, = — +
MR,  boy LL"RFl "Mgg
bay b
A 31 33
P = —— + === + > (k)
Try " B3y VRe, by VER MRR
0 = 3 bﬁ
VR, uVRF2 by "R
b b
52 53 '
o = = + == +
MR, " Doy VR, | boy VR | MmR ?

Final calibration.- The relationship between applied load and the
response of bridges cambined according to equations (43) and (L4k4) was
then obtained by applying 15 point loads per side. In this final cali-
bration, symmetrical point loads were applied in addition to left and
right unsymmetrical loads. The chordwise and spanwise locations of
applied load for the final calibration are shown in figure 11. Since a
given bridge was required in more than one equation of equations (43)
and (44), a switching arrangement was employed in the calibration which
autamatically set up each combined bridge in sequence during the appli-
cation of each point load. The values of p corresponding to each point
load are tabulated in table VIII. Influence-coefficient plots for the
combined bridges are given in figures 18 to 20 for the unsymmetrical
loadings for both swept and unswept coordinate axes.

Had carry-over effects not been present, the data of table VIII
would have been used simply to obtain the final load coefficient bt
and this procedure could ordinarily be used with wings, and for strain-
gage stations located other than at the root. In order to provide a
calibration which would permit evaluation of loads on both sides of the
horizontal tail allowing for the carry-over effects actually present,
the datae of table VIII were used to compute the final calibration

.
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coefficients to be used in final equations involving bridges on both
sides of the structure. In general, these equations would have the form

PVL; BN 0 o o o b'ig b'y7 blig O 0] ﬁva;
Mp, 0 bios 0 0 0 by by b'?8 0 0 pMLl
TL, e 0 b'33 0 0 b'3g b'yy blsg 0 0 Pry,
VL, 0 0 0 bl O 5'&6 b'ys b'yg O 0 PV,

JUel [0 0 00 s b by iy 0 o M )
VR, b'gy  blgp B3 O 0 d'gg O 0. o0 0 pVRl
Mg, bty b'Yé Sdq3 0 0 0 by O 0 o | Pug,
Tr, bleL  blgo blgs 0 o o 0 blgg 0 0 Prg,
VR, blgy  blgp  blgg o o 0 0 0 by 0 PV,
YR, 10,1 ®10,2 0,3 0 0 0 0 0 0 ®'10,10| | Pug,
- J = : -

but all of the carry-over terms may not be required in any particular
case. The values of the coefficients actually needed in these equa-
tions are listed in table IX together with the values of the probable
error of estimate of each of the 10 equations. .

As a check on these equations, three distributed loads By, By,
and B3 shown in figure 21 were applied to the structure. For these.

loadings, the response of each of the 10 combined bridges, the applied
and calculated values of shear, bending moment, and torque, the dif-
férences and percentage differences are given in table 'X. '

" DISCUSSION

Structure A

The influenée-COefficient plots, figures 5 to 8, for the point loads
applied during the preliminary calibration.of test structure A show that
the response of the individual bridges to shear, moment, and torque is
not as ‘defined by equation (3),»but includes some.of the additional terms
shown™ in equation (4). The torque effect is small in the midspar shear
bridges’ (figs. 5(b) and 6(b)) and absent in the midspar moment bridges
(figs. 7(b) and 8(b)). With the exception of the left midspar moment
bridge (fig. 8(b)) the moment bridges are comparatively free of the
effects of nonlinearity, as shown by the straightness of the lines for
the loading on each spar. Inrgﬁneralffﬁﬁéfresponse of each bridge to

.« = A i e

COMRGRETI AT,
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_carry-over is similar to the character of the response of the bridge to
loads on the same side. The principal carry-over effect is one of
bending moment. :

Comparison of the probable errors of estimate of the preliminary
partial combination equations given in table II with the average applied
loads shows that the simplified equation (37) is adequate for eliminating
the effects of torque and the other terms in equation (4) responsible for
curvature in the influence coefficient plots. Although equations similar
to.equation (31) were not tested, it appears doubtful that their use
would have given significantly- better ‘preliminary load coeff1c1ents for
determining the comblnlng ratlos

The responses pVL, pML, pVR, and DMR of the four combined

bridges bagsed on the data of table II and equation- (38) and shown in
figure 9 in influence-coefficient form indicate that the combined
bridges are essentially free of the effects of chord position of load.
They are affected to some extent by moment on the opposite side, since
in writing equations of the form of equation (37) this effect is not
eliminated until the final calibration. The final equations for evalu-
ating Vy, Mp, Vg, and Mp used for evaluating these loads in flight

and given in the lower half of table II indicate probable errors of
estimate and probable errors in the coefficients of the same order of
magnitude as the preliminary equations. The probable errors of esti-
mate are roughly 1 percent of the average applied loads. The comparison
shown in table III of the applied check load Al with the loads given

by the final equations shows that the differences are less than would be
expected from the size of the probable errors in the coefficients of the
final equations. In general, these errors are of the same order of
magnitude as the experimental errors.

Structure B

The influence-coefficient plots for the shear, moment, and torque
bridges of structure B, figures 12 to 16 show marked curvatures of the
-gort which may be ascribed to the presence of the higher-order terms of
equation (4). When values of the influence coefficients for bridges at
station 2 (fig. 17) are plotted against distance along the sweep axis,
the plots show the same curvatures as are shown in figures 13 and 15,
but front- and rear-spar bridges reflect more clearly the effects of
the chord position of the load relative to the bridge location, as in
structure A. Thus measurement of loads on axes related to the sweep
axes may be treated in the same way as measurement of loads on an
unswept structure. In view of the similarities between the influence-
coefficient plots of bridges at station 1 (parallel to the center line)
and those of station 2 (perpendicular to the sweep axis), the use of

oy

Co
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strain-gage bridges in the root area of a swept structure does not .
appear to present any problems which are essentially different from the
use of bridges in the root area of an unswept structure. The use of
such bridges offers the additional advantages of moment and torque axes
which correspond to the usual axes for load distribution and airplane
stability determinations.

The preliminary combining equations for the left side, equa-
tion (41), and the right side, equation (42), differ since more bridges
with different characteristics were available on the left side than on
the right. Comparison of the values of probable error of estimate for-
the best preliminary equations, table VI, with the corresponding prob-
able errors of estimate given in table VII shows that load measurements
on the left are probably more accurate than those on the right.

As an. illustration of the improvement in measurement of.shear on
the left using the four bridges combined according to equation (41)
for VLl’ over the results which would be obtained by using say only

the front-spar shear bridge at station 1, the application of least:
squares and the data of table V to an equation of the type VL1.= buVLF

shows that

vy = 1071
L T "rp,

and the probable error of estimate P.E.(VLl), is 92 pounds. - Had this

measurement been attempted by ﬁsing'the best combination of both front-
and rear-spar shear bridges the equation would have been

VLl = 558UVLF1 | a‘nd 336HVLR

and the probable error would have been 29 pounds. Addition of the rear-
spar moment bridge gives : ’ '

_VLl = 608uVLFl + 389uVLR - l9u”“LR

with a probable error of 13 pounds, while addition of the.torqué sensi-
~ tive shear type of bridge in the rear top torque box gives the equétion
(from table VI) ' ' BT

Vle% 5h5uVLFi,+ thuvLR - 220HMLR + lOSMTRT,
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_ with a probable error of estimate of 9 pounds. The improvement in each
equation in turn as measured by the probable error of estimate is
statistically significant.

The outputs of the combined bridges, with outputs given by equa-
tions (43). and (44) should have been pure shear, moment, or torque inso-
far as the asymmetrical loadings are concerned. As shown by the span-
wise or chordwise variations of the values of influence coefficient, fig-
ures 18 to 20, the combined shear bridges are very nearly pure shear
bridges; for the moment bridges the influence coefficient varies directly
with the distance outboard of the gage station, and for the torque bridge
- (fig. 20) the influence coefficient varies directly with distance from
the torque reference axis. As in the case of the probable errors of
estimate, the combined bridges on the left side are generally better than
the combined bridges on the right. These plots also indicate a loss of
-response for the shear bridges at station 2 (fig. 19) when the load is
applied on the front spar in the vicinity of the bridge station. A
similar loss of response was evident for the front-spar shear bridges
at station 2, figures 12(b) and 13(b). This loss in sensitivity appears
to be a local effect, associated with the fact that a bridge does not,
in general, respond to a load applied inboard of the bridge, and it has
only a limited influence on the precision with which shear can be
determined.

s

Examination of the effects of carry over, shown in table VIII and
figures 18 and 19 shows that in three out of the ten cases
gur 9 ( pVLE, pTLl’

and QMRi) bridges combined on the basis of loads applied to the same

side had negligible carry-over effects. When final combining equa-
tions (45) were developed, application.of least-squares principles
showed that in these three cases the coefficients for all the bridges
on the opposite side could be neglected, as shown by the zeroces in the
equations for VL2, TLl’ and MRl presented in table IX. In the case

of VL2, and TRl’ the final equations required the inclusion of an

additional bridge on the same side.

The final equations shown in table IX have probable errors of esti-
mate of roughly the same order of magnitude as the experimental data.
The shear values of the three distributed loads By, Bp, and B3

obtained from the final shear equations, are, for station 1 more accu-
rate for the left side than for the right side (see table X.) For sta-
tion 2, thé shear values for the left side are not so accurate as for

the right, but are still within the limits that would be estimated from
the probable errors of the load coefficients. When the distributed
check loads were applied with sand bags to structure B, center-of-pressure
locations could not be held to the precise limits possible with the

L zan; Vage.
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relatively smaller pads used for applying point loads. A comparison,
therefore, of the differences between calculated and applied bending-
moment values for the left and right sides is not especially signifi-
cant. The largest difference in inch-pounds is equivalent to an error.
in center-of-pressure location for the distributed load of 1.8 inches
or 2 percent of the semispan. :

Application to Other Structures

Outline of steps in calibration procedure.- Application of the
basic load calibration method to wings and vertical tails differs ‘in
no essential detail from the general procedures. just described for the
two horizontal stabilizers. Since the basis of the method "is. general,
the method is applicable to other types of aircraft structures, such as
control surfaces or landing gears. No hard and fast rules of procedure
can be given which will apply to. all cases, since each structure pre-
sents individual problems, some' of which cannot be recognized until the
data of the preliminary calibration are analyzed. Certain steps which
' are common to all calibrations may be outlined, however, and the first -
of these is installation of the strain-gage bridges. Shear- :or moment-
type bridges should be so oriented as to respond primarily to the. forces
or moments which they are intended to measure. Since it can usually be
assumed that such bridges will respond not only to the desired force or
moment, but to other forces or moments as well, enough bridges must be
installed to permit development of the appropriate equations relating
load and bridge response,

The second step in the calibration procedure involves a choice of
the calibrate-loads. This choice involves a selec¢tion of.the‘points of
application-and the shear values to be applied at these:pbintg. For the
principal-lifting surfaces a minimum would appear to be three chordwise
positions at each of three spanwise stations of each panel. . The shear
values will ordinarily be determined by a safe-local stress.,

The third step is application of the calibrate loads. These are
ordinarily most easily applied with jacks through pads large enocugh to
prevent local buckling. In order to assess any possible effects of
elastic lag, application and removal of these loads by increments is ‘
recommended. To provide data for evaluating the effects of carry-over
the loads should be applied to one side alone, to the other side alone s
and to both sides simultaneously, as with structure A. - ' T

The fourth step in the calibration procedure involves evaluation
of the preliminary calibration data. Influence-coefficient plots‘pr0a 
vide a useful guide to the characteristics: of each bridge, and -thus: -
~assist in establishing the form of the preliminary calibration equa- ' }
‘tions. A fufthgr guide as to the choice of: bridges lies in -calculation
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~of the probable error of estimate and the probable errors of the load
coefficients of the preliminary equations.

The final step in the calibration procedure depends upon the
results of the preliminary calibratibn, in relgtion to the electrical
recording equipment available and the number of different loads which
it is desired to measure in flight. If measurements of shear, bending
moment, and torque are desired, and carry-over effects are present such
that all bridges are affected by shear, bending moment, and torque of
both sides, then full electrical combination appears to be impracticable
since all bridges would need to be installed in sextuplicate. On the
other hand, these six quantities could all be determined by numerical
evaluation of the individually recorded responses of a much smgller num-
ber of bridges. An example of a compromise between these two extremes

.was provided by structure A where a partial combination procedure was
used which required only four recording channels for flight measurement
and did not require the multiple installation of strain-gage bridges.

If a bridge-combination procedure is to be used for flight recording,
the structure must be recalibrated in order to determine the final cali-

bration coefficients. A distributed load should also be applied as a.
check on the final calibration equations. For wing structures where
application of distributed loads may not be practicable, check loads may
be applied through the jacking points.

Flight load measurements.- A strain-gage installation calibrated
according to the methods given in the present paper will measure struc-
tural loads relative to some reference condition. The load on the air-
plane on the ground is the most easily determined reference condition.
Provided the landing gear is inboard of the strain-gage station, changes
in strain-gage response from the ground to flight at lg are proportional
to the aerodynamic load. If the airplane weight is carried at points
- outboard of the strain-gage station, corrections for the wheel reaction

are applied. Corrections must also be applied for any changes in weight
" distribution outboard of the strain-gage station. Under accelerated
flight conditions the loads measured by the strain-gage installation are
structural loads and inertia loads must be added in order to obtain aero-
dynamic load.

Some instrumentation requirements.- Strain-gage installation methods -
such as those given in references 12 and 13 are satisfactory for loads
measurement, provided four active arm bridges with matched individual
gages and short interconnecting leads are employed, as illustrated in fig-
ure 1. Direct-current systems at present provide the most stable circuit
characteristics for measuring bridge output, and thus are being used for
flight aerodynamic loads measurements by the NACA.

Because of the possibility of sensitivity changes or of zero drift
in the recording apparatus, provision must also be made to account for
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such changes. Changes in sensitivity result from changes in supply
voltage to the strain-gage bridge and to the recording galvanometer
elements; drift results from temperature effects on the galvanometer
elements and from temperature effects on the structure. Although drift
due to changes in temperature is minimized by the use of four-active-
arm bridges, as shown in figure 1, stresses introduced by temperature
gradients within the structure are not compensated and a temperature-
calibration procedure would be needed if these effects were appreciable.
Although sensitivity changes and galvanometer drift are generally small
with direct-current strain-gage equipment, in practice it has been
desirable to take calibrate signals along with the ground zero records
and before each run in flight. A no-voltage galvanometer zero is also
recorded on the ground and before each run in flight. With the use of
this information, corrections can be applied to the strain-gage- :
deflection data of each run to refer it to a& ground reference condition,
which eliminates the necessity for establishing in-flight” reference con-
ditions by means of special maneuvers.

CONCLUDING REMARKS

The general principles outlined in the previous sections have been
successfully applied to many more structures than have been used as
examples in this report. Although the point load method has for some
time been the standard calibration procedure at the NACA, the particular
methods for reducing the data and of combining gages given in the pres-
ent report are the result of continual improvements. They are still
subject to a certain extent to the judgment and experience of the
engineer. Although improvements in detail are still possible, it
appears that future work should include the effects of temperature
gradients within the structure in anticipation of measuring loads under
supersonic-flight conditions where thermal effects may be appreciable.

,Langley'Aeronautiéal Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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APPENDIX
SIMPLIFIED CALIBRATION PROCEDURES

The fact that the response of several bridges in structures A
and B is apparently adequately represented by the simple linear relation

“-i = CLilV '+ c‘iEM + Q:i3T .

for certain regions of load application suggests that the calibration
procedures outlined in the present report could be considerably simpli-
fied. One such simplification could be-the arbitrary application of three
calibrate loads to a structure with three bridges, and determination of
the calibration coefficients by the solution of the three sets of three
simultaneous equations.

If small departures from the preceding equation exist, the values
of the coefficients obtained depend upon the three points chosen for
load application. In addition small errors in measurement greatly
influence the values of the coefficients. Unlike results obtained by
least squares, the solution of three such simultaneous equations offers’
- no information about the reliability and does not permit assessment of
reliability for other loading conditions. Since neither the effect of
errors in measurement, nor the existence of small departures from the
previous equation can be determined from three applied loads, such a
simplified point load calibration is not recommended.

All the disadvantages inherent in simultaneous-equation solution
for calibration coefficients are present in a commonly used method of
calibration in which a pure shear, a pure torque, and a pure bending
moment are applied to a structure and coefficients determined by
simultaneous-equation solutions involving the response of three bridges
to the three applied pure loads. Conformity to the previous equation
cannot be established by the application of only one pure shear, one
pure bending moment, and one pure torque but only by the application of
loads at many chordwise and spanwise stations. Since the application
of many pure loads to a structure is also difficult (requiring special
jigs and fittings), it offers no particular advantages as a calibration
procedure.

The maximum value of load which can ordinarily be applied to a
structure at a given point without risk of local failure is in many
instances small as compared with the magnitude of the loads measured in
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flight. A method of calibration which permits the use of large dis-
tributed loads has also been investigated. This method in certain
limited applications would permit the determination of rnot only the
total load, but also the magnitudes of the various ‘components such as
the additional and basic air load distributions. The basis of the-
method lies in the fact that, for a, particular distribution of load,
the response of a straln-gage bridge will vary linearly with the magni-
tude of that load. Considering the total load to be made up of several
such distributions, some of which will be symmetrical or antisymmetrical
zero-lift distributions but all of which will have root- bending-moment
values M;, . . . My, the following equations may be written to express
the résponse of n different bridges to the n loads:

{us} = [uy] {Mj} - (A1)

The coefficients aj3 are determined from the strain responses uj
for loads M; to M, as )

V)
i :

The equations for use in evaluating the load componéntsbare then given

{u} - B () @

The total moment on the structure is

> M (A%)

by

The shear components Vj are

Vy == - : - (A5)

and the total shear is

v-Y v | (46)
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The torque componehts Tj are

Ty = kjM; : , (A7)

where kj expresses the exact relationship which exists between the
moment and torque for any particular load distribution. The total torque

is
T = Z T, | (A8)

In practice, if four strain-gage bridges were available, four dif-
ferent load distributions representing the principal components of the
load on say a wing panel such as additional, basic, aileron deflection,
and damping in roll distributions could be applied in the calibration.
The method suffers from the disadvantages inherent in solutions based
on simultaneous equations involving an equal number of loads and bridges.
If the flight loads were actually a composite of various proportions of
the calibrate load distributions, then useful information about distribu-
tion could be obtained, but changes in the shape of any one distribution
can result in unrealistic values for all the distributions. A comprehen-
sive test of the distributed load calibration method has been made. The
data which illustrated the importance of the foregoing shortcomings are
not included in the present report, since it is believed that such a
method of studying flight loads would be restricted to low-speed tests
of rigid structures, and is not sufficiently flexible to give useful
information in general flight loads investigations.
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TABLE IV.- LEFT STABILIZER SHEAR EQUATIONS FOR STRUCTURE A

- (a) Prelininary equations

From table I and equation (31), {"L'} = IRl {a}
N Wi Wy WLR Mg x10-3 Mg x 1073
~
1 Mo -0.322  -0.143  -0.223 o 90.15
2 0 -0.303  -0.121  -0.187 o 90.15
f11
1 500 0.619  0.187 0.637 90.15 o 8,
< > o3
. . ‘ 81y
816
. 23 1500 0.668  -0.38 0.418 167.63 167.63
n =27 250 | -0.016  -0.5k2 2.846 79.38 79-38
22,839 18.051 -4,.831 9.650 -0.5017 X 10° 11,196 x 10°
~12,290 b4.831 3.570 -6.552 -5.268 x 105  -6.161 x 107
T
II& | {VL'}} - 33,417 and |£|R||T||R|ﬂ = 9.650 -6.652 29.k22 6.403 x 105 20.225 x 107
14,848 x 103 -0.502 X 10 -5.268 x 107  6.403 x 10°  25.515 x 1010 12,758 x 1010
29,697 x 109 11,196 x 109  -6.161 x 107 20.225 x 105 12,758 x 1010 25,515 x 1010
Using the step-by-step procedure for solving simultaneous equations given in reference 14
0.20062 0.42932 0.08073 0.12868 x 107 -0.11270 x 1079
0.42932 1.65787 0.30066 0.38465 x 1077 -0.21872 x 1079
-1
Elallfllalﬂ = 0.08073 0. 30066 0.1335% 0.08599 x 1072 -0.11268 x 10~5
0.12868 x 107> 0.38465 x 10-2 0.08599 x 10-2 0.15392 x 10-10 -0.10871 x 10-10

-0.11270 x 10°7  -0.21872 x 105  -0.11168 x 1077  -0.10871 x 10-10  0.17671 x 10-10

From equation (30),

211 567.5
a1 -1305.5
-1 571.
el MCIH I R YRR R ’
L 85
a)) 1%2.5 x 10
a5 75.1 x 1072

From table I, S Vi'? = 52,500,000 and fros equation (19),

22,839
-12,290
Zevf - 52,500,000 - [567.5 -1305.5 571.9 142.5x 1075 75.1 x 10-2] 33,417 = 37,000
14,848 x 107
- 29,697 x 109
From equation (18) for n = 27 end g = 5, the probable error of estimate PE(VL) = 28 lb.

-1
By using the elements on the principle diagonal of the inverse load matrix IIKRl lT“R |I] and equation (21}, the probable errors in
the preliminary load coefficients were

PE(a11) v0.2006 +12
. PE(a)p) 1,6579 36

PE(a;3)> = 28 Vo.1335 = 10
PE(ay),) Yo.1539 x 10-10 11 x 1077
' PE(a16) Jo.1787 x 10-19 £12 x 10-5

From equation (32}, the calculated attenuation required for electrical combination of the three shear bridges mounted on the left
stabilizer were .

. =_570 Byre Wy *__570 by,
VL = 300 MV * W 1550 MR

Siailar procedures vere followed to obtain myy, by, and oy
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TABIE 1V.- LEFT STABILIZER SHEAR EQUATIONS FOR STRUCTURE A - Concluded

(b) Final equations .

‘ ) From table I and equation (33), {VL'} = llpll{a’}
1 i va DML pMR i
| 1 (o) -0.017 -0.013  0.191
2 ‘ 0 -0.017 -0.120  0.191
11 500 0.067 0.176 -0.016
831
| < . § a'y
| . . 0
| e
\ 23 © |as00 0.170 0.315 0.332
! .
n = 27 [2500 0,266 0.405 0.443
143.5 0.9836  0.7675  0.270k
{”p”T{VL}} =$9797.0p  and [IIDHTIIDI[] = [0.7675  0.9586  0.3833
2718.0 0.2704  0.3833  1.1064
2.7194%9  -2.21879 0.10379

-1
E|p||T“p|ﬂ = |-2.218719 3.02070  -0.50291

0.10379  -0.50291  1.0k989
| '-
] a'll 846. 4
‘ \ -1 . :
| a'yp =|I|o||T||o|l:l “o”T{VL'} = 42941
&' 679.7
From table I, > V' = 52,500,000 and from equation (19),
T143.5
Z‘VL2 = 52,500,000 - |6846.4 294.1" 679.7]< 5797.0 5 = 40,519
’ 2718.0

From equation (18) for n = 27 and gq = 3, the probable error of estimate PE(Vy) = 28 1b.

. -1
By using the elements on the principal diagonal of the inverse matrix E|0”T“plﬂ and equation (21),
the probable errors in the final load coefficients were )

\

3 ’ E(a'yy)| - Ve 16

| PE(a'yp) > = 284V3.0207 p = {h9
PE(a’y),) V1.0L99 29

The final left stabilizer shear equation which was used for the evaluation of the flight data was

v = (6845 ¢ ¥5)oy, + (295 £ 50)py; + (680 t.30)eyy '
'

- —«r---r.‘"‘:ﬂim
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TABLE VIII
FINAL CALIBRATION DATA FOR STRUCTURE B h
Applied load Left stabilizer Right stabilizer
Station (e1610) Myt x 1070 Myt x 107 fre x 107H '

no. fig. 11} V'[N B H 2| Py, Py, v P 0)

| in.-1b in.-1b | 1b-in. Ly | Mg | My M Py | YRy | PV | MRy |y [Py
Left side loaded .
9 Rear 250 1.209 1.463 0.94%0  10.387(0.490}0.364 [0.358{0.452|-0.039(-0.028| 0.010[0.029]0.079
9 Front 250 1.209 1.309 .T15 .383) .u77| .373] .358| .337| -.011] O .007| .014| .023
8 Rear 250 1.102 1.309 .87 -390f .489| .326| .335| .418| -.039] -.019] .009| .030| .077
7 Rear 250 .988 1.175 .8ok .384| 489 .292| .321| .385| -.038} -.018| .006| .024| .o72
7 Front 250 .988 1.035 .560 376 473} .303| .293| .266| .001} .007f .007| .010| .013
6 Rear 500 1.738 1.773 .955 LT70[ .966( 521 .267 .723] -.068| -.037| .015| .ok6| 126
5 Rear 500 1.485 1.773 1.308 .762| .963| .W43| .52k .650| -.060| -.033( .o1k| .ou6| .117
5 Front 500 1.485 1.467 77 .754| .931( .Bu4[ .150| .348| .018| .016{ .002|-.007|-.026
b Rear 50 1.838 2.200 1.721 1.130{ 1.422{ .558( .374f .877(.-.076{ -.038 .016{ .052| .139
3 Rear 750 1.430 1,722 1471 1.133f1.k25| 426 .573| .754{ -.070| -.035| .016( .ok7|" .128
3 Front 750 1.430 1.226 .608 1.117(1.385| .k1g| .kh9| .282f .056| .038| .001|-.027|-.092
2 Rear 1000 1.338 1.634 1.610 1.48811.843( .41k| .300| .820| -.072| -.037| .015| .okg| .137
2 Front [1000 1.338 .921 Lk 1.50511.858( .408| .443] .248| .103| .070}-.009{-.059|-.179
1 Rear 1000 . 750 .921 1.250 1.48111.756| .262| .214| .558 -.059| -.032| .010| .037| .103
1 Front {1000 .750 .215 0 1.479(1.603( .262| .266( .171{ .120| .075|-.013|-.074|-.218
. Right side loaded
9 Rear 250 1.209 1.463 0.9%0  [0.033-0.003/0.036[0.040]0.020| 0.325| 0.438|0.368]0.358|0.401
9 Front 250 1.209 1.309 .715 -.004 .002| .013] .010] .008( .301| .399| .345} .333] .355
8 Rear 250, 1.102 1.309 .87k -.025 -.005] .032] .033} .019( .324| .hh1| .337| .332| .386
7 Rear 250 .988 1.175 .80k -.025 -.003) .028( .032| .012| .32k} .431] .286| .297| .354
7 Front 250 .988 1.035 .560 [¢] .002| .00k| .004| .002| .289| .392| .278| .266] .297
6 Rear 500 1.738 1.773 _ .955 -.04§ -.009| .050| .05k| .02k| .6ko| .874| .532| .518]..645
5 Rear 500 1.485 1.773 1.308 -.039 -.007| .okk| .046{ .021| .653| .874| .457] .4S0| .572
5 Front 500 1.485 1.467 L7177 .017) .012|-.005{-.006] .002 .59%| .806| .417] .380| .438
L Rear 750 1.838 2.200 _ 1.721 -.0k7 -.008) .0541 .057| .024| .ok2| 1.292| .s582| .576] .788
3 Rear 750 1.430 1.722 1.471 -.0Ll -.009| .050] .054| .024| .978 1.312| .u465| .Ls5| .665
3 Front 750 1.430 1.226 .608 043 .01k(-.033|-.039{-.009] .909| 1.259| .388| .300| .348
2 Rear 1000 1.338 1.634 1.610 -.046 -.009| .050| .055| .025| 1.270| 1.691| .h2g| .kko| .789
2 Front {1000 1.338 ..921 RIS51 .087] .034{-.057{-.075[-.021| 1.242] 1.784| .413] .238| .216
1 Rear 1000 .750 .921 1.250 -.034 .001} .039] .ok2( .019| 1.219| 1.576| .186 .219| .615
1 Front |1000 .T50 .215 0 088 .023(-.0791-.090)-.031} 1.292 1.474{ .311 .105|-.097
Both sides loaded

9 Rear 250, 1.209 1.463 0.94%0 0.357/0.489(0.382 0.3810.462| 0.277| 0.405{0.384]|0.398|0.498
9 Front | 250  1.209 1.309 .T15 .389[ .hok| .38 | .344| .341[ .288| .ko2| .357| .352| .387
8 Rear 250 1.102 1.309 .87k .356( .86 .355| .350( .433| .204| .ho1| .338{ .35 .h47
7 Rear 250 .988 - 1.175 .80k .352( 479 .313| .315| .393( .283| .4o6| .303| .318| .ka7
7 Front 250 .988 1.035 .560 .388| 481 .3091 .276{ .275| .297| .ko2[ .288| .278| .315
6 Rear 500 1.738 1.773 [ .955 .719| .950( .564| .567] .738| .578{ .822| .558| .587] .780
5 Rear 500 1.485 1.773 1.308 L7141 .95k | u88) .u98| .680| .592( .830] .495| .520| .720
5 Front 500 1.485 1.467 TT7 LT70| .935| .4s52 .377| .360| .615( .821] .hik[>.375| .he2
i Rear 750 1.838 2.200 1.721 1.093|1.438| .608] .627| .921| .890( 1.272| .601] .630| .932
3 Rear 750 1.430 1.722 1.471 1.073|1.397} .465] .b90| .775| .909] 1.266| .u86{ .486( .777
3 Front 750 1.430 1.226 .608 1.152(1.411 .392) .268| .282| .964| 1.269] .376| .268| .264
2 Rear 1000 1.338 1.634 1.610 1.415¢1.804| .L68] .504( .860| 1.212 1.670| .k29| .477| .912
2 Front |1000 1.338 921 4 1.542(1.930( .347] .1k2| .231| 1.326( 1.794| .418] .193] .057
1 Rear 1000 750 .921 1.250 1.416{1.737{ .295] .303| .572| 1.144{ 1.528( .190| .253| .704
1 Front {1000 .750 .215 o] 1.545)|1.6k4| .182] .ook| .149| 1.369]| 1.515] .279] .032|-.298
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TABLE IX
SUMMARY OF FINAL LOAD COEFFICIENTS AND
PROBABLE ERRORS FOR STRUCTURE B
Final o ' )
equation Load coefficients, b'jj for equation (45) Probable error
for of estimate, P.E.
v, b'yq b’ b'y7 b'18 P.E. (V;), 1b
1 670 t 2 0 -90 t 15 90 * 10 10
My b'op b'og b'o7 b'o8 P.E. (MLl), in.-1b
1 (33,345 £ 235|525 = 190 | 2440 * 590 | -hOL5 % 325 k29
T, b'33 b'3g b'37 b'3g: P.E. (TLI), 1b-in.
18,915 t 370 0 0 0 873
v, by, b'ys b'yg b7 bug| P-E. (v,), 1
576 5 -112 * 15 0 0 0 17
M b'ss b's6 b'sq b'sg P.E. (M), in.-1b
L2 39,225 * 900 0 5070 * 1980 | -5820 * 1160 1470
Vg b'g1 b'gp b'g3 b'g6 ‘P.E. (Vg), 1b
1 0 -200 * 25.| 200 * 20 785 t 5 18
MRl b7y b'7o b'e3 b'or P.E. (MRl), in.-1b
0 0 0 32,315 * 325 605
T, |P'81|P's2| P's3 b'gs b'gg P.E. (Tgp), lb-in.
1 0 0 |-1670 * 430 | 2430 * 565 |16,5L45 t 565 1017
- b'g1 b'go b'g3 b'gg P.E. (VRQ), 1b
0 -115 * 30.| 95t 25 605 5 22
Mg, b'10,1 b'10,2 b'10,3 b'30,10 P.E. (MRQ)’ in.-1b
0 7300 * 1215 -6665 * 905 | 36,965 * 475 822
Y
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gx 1074 r
Row

OFront
4- ~ L Mi
Gage 1ocation\ (D>Relgr D\D—“ﬁl

ol | 1 1 1 | \ t 1 1 [ 1 J

.8~ Applied left load L Applied right load

(a) Front spar,

.12l I I 1 1 1 L l i 1 1 | !

16 x 1074 _

(b) Mid spar.
‘ Ol I- 1 1 1 . 1 \ 1 1 1 ] 1

4- Gage location\_

' ' YON| \l 1 ) 1 1 M )

:

0 L 1

() Rear spar.

-8L | ] ' ) | oL t | | | ! |
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-

Distance along semispan from center line, in.

Figure 5.- Influence coefficients for structure A - uncombined right
shear bridges.
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Figure 20._— Influence coefficients for structure B - combined torque
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