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SUMMARY

This memorandum provides the necessary information for an aerodynamic investi-
gation requiring load cell force measurements at the National Full-Scale Aerody-
namics Complex (NFAC). Included here are details of the Ames 40 by 80 three-
component load cells; typical model/load cell installation geometries; transducer
signal conditioning; a description of the Ames Standard Computations Wind Tunnel
Data Reduction Program for Load Cells Forces and Moments (SCELLS), and the inputs
required for SCELLS. The Outdoor Aerodynamic Facilities Complex (OARF), a facility
within the NFAC where three-axes load cells serve as the primary balance system, is
used as an example for many of the techniques, but the information applies equally
well to other static and wind tunnel facilities that make use of load cell balances.

This paper can serve either as a user guide for NASA and contract engineers who
are preparing to conduct an investigation at the OARF or at the NFAC, or as a
description of techniques, data systems, and hardware that is currently used for
ground-based aerodynamic investigations which measure forces with three-axes load
cells.

INTRODUCTION

Ground-based aerodynamic investigations of full-scale models require a means of
measuring the forces that are generated by the model. At the National Full-Scale
Aerodynamics Complex (NFAC), strain gage transducer load cells, internal balances,
and external balances are used for this purpose. For test conditions where the
model weight exceeds the capacity of the internal balances (1250 kg), and where the
external balances dedicated to the full-scale wind tunnels cannot be utilized,
combinations of load cells are used to form a balance system (for example, outdoor
testing or when measuring isolated forces on model components. The two types of
load cells used at the NFAC are single axis and three component. The three compo-
nent load cells (three-AX LC) are designed to measure forces in three orthogonal
directions. The single-axis load-cells (one-Ax LC) are capable of force measuremepnt
in only one direction.

LOAD CELLS

The Ames 40 by 80 three-component load cells were designed at Ames specifically
for large-model testing at the NFAC. The general arrangement of a three-Ax LC is a



pin bushing suspended in a flat plate by load flexures. The flat plate is attached
perpendicular to a mounting pad. The pad is drilled with the standard 40 by 80
5-in. bolt circle, figure 1. The flexures are instrumented with resistance-type,
four-arm strain gage bridges. Each bridge (or in the case of redundant bridges,
system of bridges) is designed to measure force in one of the three orthogonal
directions. Hereafter each bridge network will be referred to as a gage of the load
cell; i.e., the bridge circuit measuring axial force on three-Ax LC number one would
be the axial gage of load cell number one.

A single-axis load cell consists of a single flexure instrumented with a four-
arm strain gage network. It is only capable of unidirectional force measurements
and will be damaged if loaded perpendicular to its axis. On occasion three, one-Ax
LC are used in combination so that all three axes intersect a single point in
space. This is done to form a single, three-component pseudoload cell. When this
is done, each one-Ax LC is referred to as a gage or component of the pseudoload
cell. These pseudoload cells are a convenient convention that simplifies the Ames
Standard Computations Wind Tunnel Data Reduction Program for Load Cells Forces and
Moments (SCELLS) used at the NFAC.

All load cells used in experimental investigations at Ames are calibrated at
the Ames Reliability and Quality Assurance laboratory (RQ&A). The work includes
resistance calibrations and loadings to determine the repeatability and linearity of
the voltage to force ratios (primary conversions constants). For the three-Ax LC,
interactions (the apparent change of a gage force when a perpendicular force is
applied) are also determined. The primary voltage/force conversions generally have
inaccuracies of less than 0.1% for the one-Ax LC and 0.3% for the three-Ax LC.
Installed system inaccuracies are usually about 1% of the full-scale range of the
gage. An example of a typical load cell calibration for one gage of a three-Ax LC
by RQ&A is included in appendix A.

Although calibrations of the side force gages of the three-Ax LC are usually
good in the laboratory, historically it has been difficult to measure the side force
on a model at the Outdoor Aerodynamics Facility Complex (OARF), a facility within
the NFAC. This is thought to be a result of the installation methods which are
discussed in the following sections.

INSTALLATION

Conventional Model Installations

Normally, models are mounted at the NFAC on a support system which consists of
two main struts and a tail strut. The model height and pitch angle are varied using
different combinations of strut tips or extensions, and a continuously telescoping
tail strut. The tail strut is supported at its base by a gimbal. It is possible to
vary the tread of the main struts and their distance from the tail strut. Discrete
model installation heights are between 0.5 m and 6.5 m, at the OARF, and at the 40-
by 80-Foot Wind tunnel, and are up to 15 m in the 80 by 120 test section. An




example of a typical model support strut installation at the OARF is shown in fig-
ure 2. (For a more complete explanation of model installations see the "Guides for
Planning Investigations" provided by the Low Speed Wind Tunnel Investigations
Branch, NASA Ames Research Center, Moffett Field, CA.)

A model is attached to struts by the load cell-clevis assembly, figure 3.
These special clevises are fixed to the top of the struts to provide a pin joint
support for the load cells, which are secured to the model. Model support hardware
from the clevis pin down, is nonmetric (no forces measured). Everything from the
pin up is metric. The point of application for the resultant forces measured by the
load cells (reaction point) is assumed to be on the pin axis in the plane of symme-
try of the load cell (fig. 1). It should be noted that care must be taken when
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interference forces can result.

Outdoor ground-based aerodynamic investigations often involve testing with
models that are powered by actual jet engines. The hot exhaust gages from the
engines can cause slight changes in the model's tread distance between the main load
cells. To prevent fouling (interference) between the load cell and its clevis, and
still allow for model growth, only the tail strut and one main strut are shimmed to
prevent lateral movement of the load cells relative to their pins. The shim/load
cell contact is permissible since the portion of the load cell in contact with the
pin is nonmetric. The third load cell is permitted to slide on the pin to allow for
growth of the model tread that is due to thermal expansion.

Model support for any aerodynamic test system is designed as slender as pos-
sible so as to minimize aerodynamic interference. When a large mass, such as a
model, is placed on top of slender supports the neutral position (undeflected verti-
cal columns) can become statically unstable. Assuming that the supports are strong
enough to prevent buckling, the stable position occurs when the lateral force that
is due to model weight and strut deflection angle is balanced by the spring force of
the deflected strut tip.

(AY)(K) = (Weight)(sin §) = Force

where AY 1is the lateral deflection, K is the strut spring constant, and & is the
angular deflection of the strut. The flexibility of the support system should not
be overlooked when testing heavy models. Strut deflections of a tenth of a degree
will cause lateral loads of 375 N when a 25,000-kg model is being supported.

The model support system currently in use at the Ames OARF is very rigid in the
longitudinal direction; however, lateral side deflections in excess of one tenth of
a degree have been observed. The difficulty in measuring side-force mentioned
earlier is believed to result from the bistable nature of a side-force zero bias.
Hysteresis loops in the side-force measurements of the order of 600 kg are not
uncommon when heavy models are tested. A new model support system is planned for
the OARF and will be installed at some time in the future.




Jet-Propulsion Test stand Installation

The NFAC Jet-Propulsion test stand was developed to accommodate the testing of
engine components such as nozzles and inlets and small models that can be conve-
niently attached to a platform. The test stand consists of a metric table suspended
by links from a nonmetric support platform. All the supporting and restraining
links contain single-axis load cells that determine the forces which are transmitted
by the links. The links are arranged so that the metric table is hung by four
vertical links. The motion of the table is confined in the horizontal plane by two
axial and two side links. Typically only three of the four horizontal links are
used for a nonredundant system. The axes of all the links are positioned so they
intersect at no more than four points in space. Figure 4 illustrates how this is
achieved by various coplanar link orientations.

The four points define the location of four pseudo load cells. The individual
gage forces are measured by the one-Ax LC that corresponds to the appropriate axis
of the pseudo load cell. When assigning single-axis load cells as components of
pseudo load cells, remember that the one-Ax LC can only be assigned once. For exam-
ple, if the forward side link is to be defined as side-force for load cell one (the
load cell at the forward left), there would be no side-force gage for load cell two
(forward right).

When installing the load-links in the Jet-Propulsion test stand, care must be
taken not to induce any adverse preloads while tightening the links. For a detailed
description of the link installations, see appendix B.

Load Cell Number Assignments

In the data reduction program SCELLS reference to a particular load cell gage
is made via the subscripts (m,n) (see table 1). The subscript "m" denotes the
component direction; 1 = X (axial), 2 = Y (side), and 3 = Z (normal). The "n"
subscript indicates the load cell number and has a maximum value of four.

Although any numbering assignments that are used consistently throughout a test
are acceptable, it is recommended that the conventions above be followed whenever
possible to avoid confusion when dealing with the instrumentation and programming
groups.

LOAD CELL POSITION AND ORIENTATION

Reaction Point Moment Arm

The position of each load cell or pseudo load cell is defined in a cartesian
coordinates system which is parallel to the model's body axes. The origin of this
system is located at the moment center of the model. (The moment center can be any
arbitrary point in space but usually has some physical significance, such as the




predicted center of gravity of the aircraft being modeled.) The positive directions
for these coordinates are defined as:

Positive X, in the positive drag direction, axial to the rear, parallel to the
axis of the model.

Positive Y, in the positive side force direction, to the right, perpendicular
to the model's plane-of-symmetry.

Positive Z, in the positive 1lift direction, up, normal to the X- and Y-axes.

A load cell placed to the rear, right, and above the moment center would have
all positive coordinates.

When it is necessary to define the load cell as a point in space, such as for
determining distances to the moment center, the reaction point discussed above,
figure 1, should be used as that point.

The coordinates of each load cell are input to SCELLS as the constants XYZLCM
(m,n). In this case, "m" indicates the direction of the measurement (either 1, 2,
or 3 as defined above for axes directions) and "n" the load cell number. The
XYZLCM values are used in the computation of the resultant moments as seen by the
model so the lineal dimension in the moments will be the same units as the distances
input, i.e., if force is being measured in pounds, inputting XYZLCM in feet will
result in moments calculated in foot-pounds.

Angular Orientation

When load cells are mounted on a model, there are often angular misalignments
between the axes of the load cells and the model. This can occur either from slight
errors in the fabrication of the mounting pads or in the intentional rotations that
are due to some special installation requirements. All these angles must be
accounted for during data reduction in order to avoid cosine errors when resolving
the forces., To accomplish this, inputs must be made to SCELLS that define the
angles that each model axis must be rotated to in order to align each one with the
force measuring axis of each load cell.

Generally, it is only necessary to make rotations about one or two axes; how-
ever, should it be required to rotate the axes through three angles the order of
rotation and how the angles are referenced become important. For the simple case of
two angles or less or for angles of less than five degrees, the program inputs for
load cell "n" are:

XLCPSI(n), yaw angle of load cell "n"; Rotation about the Z axis, positive
angles occur when the forward edge of the load-cell is to the left of a line
parallel to the model plane of symmetry.




XLCTHE(n), pitch angle of load cell "n"; Rotation about the Y axis, positive
angles occur when the forward edge of the mounting pad is higher than the rear
edge.

XLCPHE(n), roll angle of load cell "n"; Rotation about the X axis, positive
angles occur when the right edge of the mounting pad is higher than the left
edge.

The angles are illustrated in figure 5. All angles are measured in degrees.

For the more complicated case of three rotations of significant magnitude, the
following rules apply: The angles must be determined in the eulerian order,
XLCPSI(n), XLCTHE(n), XLCPHE(n); the angles are each equal to a rotation for the
model's body axes that brings a specific axis coincident with a particular load
cell's axis; for each load cell the model axes are rotated in the sequence mentioned
above. In detail:

XLCPSI(n), the model's axes are rotated about their Z-axis until the model's
Y-axis is in the Y-Z plane of the load cell.

XLCTHE(n), the intermediate axes are rotated about their Y-axis until the
X-axis is coincident with the load cell's X-axis.

XLCPHE(n), the second intermediate axes system is rotated about its X-axis
until all the axes are coincident with the load cell's axes system.

The positive sense of the angles are defined according to the right-hand rule
which states: Clockwise rotations are positive when the viewer is facing in the
positive direction of the axis of rotation. In this case the positive sense of the
axes of rotation is the same as described above for the reaction point moment arm;
+X 1is rearward, +Y is to the right, and +Z 1is in an upward position.

CONVERSION CONSTANTS (data reduction)

The load cell is a transducer that produces an electrical signal whose voltage
is proportional to the force experienced by the cell. The signal conditioning and
data acquisition networks amplify the signal, convert it to digital counts propor-
tional to the voltage, and record a time-averaged value of the counts in the com-
puter storage area. To translate the recorded value into engineering units that
reflect the actual loads measured, it is necessary to multiply the counts by a
conversion constant. The following paragraphs give a brief summary of the signal
conditioning methods and define the conversion constants used by the data reduction
program SCELLS. An explanation of how the constants are obtained by the engineer is
provided.




SIGNAL CONDITIONING

The change in a load cell's signal output is proportional to the change in the
force which is applied to the load cell and the excitation voltage which is applied
to the bridge network. This signal can be increased by a voltage amplifier before
being converted to digital counts. After the signal is in a digital form, addi-
tional gains can be made by the signal conditioning cards. The digital gains are
often referred to as programmable gains by virtue of their ability to be set by a
computer operator during initialization. Programmable gains should not be confused
with any gains or conversions which are written into data reduction programs.

As the systems used at the NFAC are presently configured, voltage amplification
is made with Newport or Pacific amplifiers. Typical gain adjustments on these amps
are 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000. Any multiplexed signals are condi-
tioned by RMDU (remote multiplexing-demultiplexing unit) cards. The PSF (preampli-
fying sample filtering) cards have set hardware gains with 128 being the most common
one. The AMX (analog to digital multiplexing) and DMX (digital multiplexing) cards
are also used for signal conditioning. All signals that will be passed to the
computer are multiplexed and go through the RCU (RMDU control unit). The RMDUs have
fixed conversion ratios of 3200 or 3333 counts per volt for any multiplexed analog
signal. This acts as an additional gain independent of the voltage or programmable
gains. The binary programmable gains are set by the computer operator and can have
the values of 1, 2, U4, 16, 64, 128, 256, 512. (Binary except for 8 and 32.)

PRIMARY CONVERSION CONSTANTS, CLDCLS(s, m, n); [force/counts]

The CLDCLS constants are a product of the primary laboratory calibration and
the signal gains between the load cell and the computer. The laboratory calibration
provides the force to voltage relation for the load cell, and the voltage to counts
change is determined by the product of the gains. The following equation illus-
trates how to calculate CLDCLS

Primary conv.
(A/D conv.)(Programmable gain)

CLDCLS(s,m,n) = (imp gain)

In dimensional form:

[force/volt]
[volt/volt]{count/volt][count/count]

[force/count] =

(See appendix C for a sample numerical calculation of CLDCLS.)




The "m" and "n" subscripts indicate load cell component and number as explained
above. The "s" subseript indicates whether the conversion constant applies for
positive or negative loading (sometimes referred to as the bidirectional loading
subscript). A subscript of "1" implies positive loading, "2" implies negative
loading. The load cell calibration provided by the RQ&A lab (see appendix A) con-
tains the computed primary slopes loaded in two directions, for each gage. When
determining the CLDCLS constants, the user should verify that the lab definition of
positive loading for each gage is consistent with the definitions of the data reduc-
tion program for positive loads as described above. If they are not, it may be
necessary to exchange the "s" subscripts for the CLDCLS constants for the incon-
sistent gages.

LABORATORY RCAL VALUES, XINCAL(m, n); [counts]

Although the laboratory calibrations are performed with a constant and well-
documented excitation voltage applied to the bridge networks, the same conditions do
not always occur during the experimental investigation. The rcal (resistance cali-
bration) is a means of determining differences that occur between the laboratory
instrumentation's power supply, resistance, and amplification, and the instrumenta-
tion network used during testing.

An rcal is accomplished by temporarily placing a known precision resistor
across a leg of the strain gage bridge and recording the signal voltage. Since the
signal output is proportional to the excitation voltage, any variation in supply
voltage will be reflected in the rcal. Multiplying the data by the ratio of the
laboratory rcal (XINCAL) and a recently recorded rcal will correct for any drift.
If the model installation requires long electrical leads between the signal condi-
tioner, where the rcal resistor is located, and the actual gage; the additional
resistance will affect the calibration. In this event, an approximate correction of
the data can be made by multiplying by the ratio of resistor installed for rcal
measurement to the installed resistor plus the lead resistance; or more accurately
the data can be shown as the ratio of inside and outside rcals.

E* RCAL(inside)

FGAGE = FGAGE® perrroitside)

An outside rcal is recorded with the rcal resistor in the same proximity to the
gage as it is in the laboratory. The inside rcal is recorded in the conventional
manner. Note that the ratio in either case should always be less than unity.

By taking the difference between the lab rcal and lab zero voltage readings and
multiplying by the product of the gains for that gage, the XINCAL value for input to
SCELLS in counts can be obtained. Examples of laboratory rcals can be found in
appendix A and a sample calculation can be found in appendix C. The subscripts m
and n follow the same convention described earlier.




INTERACTIONS CONSTANTS

DADS(s,n),DADN(s,n),DSDA(s,n),DSDN(s,n),DNDA(s,n),DNDS(s,n)

The body of a three-component load cell is fabricated from a single piece of
material. When a force is applied in a given direction, unavoidably, the gages
perpendicular to the load also experience some deflection. These unwanted deflec-
tions result in "apparent" forces being indicated normal to an applied load. The
computed gage forces can be corrected for interactions by multiplying the influence
coefficient (interaction constant) times load to determine the magnitude of the
apparent load, which is then subtracted from the affected gage reading.

For most of the Ames 40 by 80 load cells the interactions that are approximate
linear functions of the applied load are well behaved. By definition these func-
tions pass through zero, but there is often an inflection in the slope as it passes
through the origin. To account for the slope change, constants are designated for
both positive and negative applied loads. As a result, there are twelve interaction
constants per load cell (two influences per axis times three axes, times two load
directions).

As part of the laboratory calibration, the voltage output of the gages that are
perpendicular to the loaded gage are recorded as a function of the test load. In
order to evaluate the influence of the interactions, the change of the output volt-
age of the affected gage must be multiplied by its lab [force/voltage] conversion to
obtain the apparent force that would result from the applied load. This interaction
function, whose slope is in units of [force/force], is derived from the plot of
apparent force vs an applied perpendicular test load (appendix A).

This slope (representing the change of the apparent gage force per change in
perpendicular applied force) is the interaction constant. These constants are
identified using the following conventiobn. The slope of the apparent delta in
normal force that is due to an applied axial load would be designated as
DNDA(s,n). The s subscript indicates whether the applied load is positive,
where s = 1, or whether the applied load is negative, where s = 2. The n sub-
script indicates the load cell number.

The following is a list of the six types of interactions:

DADS(s,n) Axial force delta caused by side force
DADN(s,n) Axial force delta caused by normal force
DSDA(s,n) Side force delta caused by axial force
DSDN(s,n) Side force delta caused by normal force
DNDA(s,n) Normal force delta caused by axial force
DNDS(s,n) Normal force delta caused by side force



PRELOAD CONSTANTS, PRELD(m,n); [force]

Depending upon the model installation, some or all of the load cell flexures
will experience a preload because of the model's dead weight. This preload shifts
the bias of the load cells' zero condition from neutrally loaded to some finite
level. In order for the data reduction program SCELLS to select conversion con-
stants that are appropriate for the load direction,the true physical loading must
first be determined. This is accomplished by comparing the force that is indicated
by the gage to its preload. If the force indicated is greater than the preload,
then the loadd cell flexure is truly experiencing a positive load.

Preloads have the opposite sense as measured forces; i.e., a model dead weight
of 10,000 kg acts in the minus-1lift direction, but is defined as a positive pre-
load. The same convention applies in the other two coordinate directions.

Preloads are supplied by the test engineer in units of force and can either be
estimated or measured at the time of model installation. The subscripts m and n
represent the same parameters as discussed above for the CLDCLS constants (direction
and load cell number).

TEMPERATURE CORRECTION COEFFICIENT, CCLDTC(n)

AND LOAD CELL REFERENCE TEMPERATURE, TREFLC(n)

Temperature change has two significant effects on the load cell's calibra-
tion. The first is that changes in temperature will cause resistance changes in the
strain gage leads; the second is that the modulus of elasticity of steel drops as
temperature increases. If the load cell is heated uniformly, the gages should not
be affected by thermal expansion.

The best way to account for these effects is to perform force calibrations at
several temperatures to determine their influence. Appendix C describes how to
calculate temperature correction coefficients, CCLDTC(n), when load cell calibra-
tions are available that have been conducted at different temperatures. In the
event that this information is not available and temperature corrections are
desired, a value of

CCLDTC(n) = -0.0002500

may be used instead. This coefficient only accounts for changes in the modulus of
elasticity for load cells made of 17-4 pH stainless steel. It is derived from
engineering handbook specifications and is also included in appendix C.

The reference temperature, TREFLC(n), is the temperature at which the load cell
was calibrated in degrees fahrenheit. For the case where CCLDTC(n) was calculated
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from multiple calibrations, TREFLC(n) is the datum temperature used in the
calculations.

TARES, PITCH TARES, AND PITCH TARE DATA FILES

PTAR.DAT and TCOF¥** DAT

Pitch tares serve the same function for the load cell balance system as the
"static" used with the 40 by 80 Wind Tunnel balance system. They are a set of tares
that can be subtracted from the data to account for shifts in the model's weight

Pitch tares are taken during a tare run. The procedure is the same as it is
for a normal data run; zeros and rcal points are taken when the model is in the
reference position (PTZ and PTC). No external forces are applied to the model as
data are recorded with the PTR command. The data set from a tare point (tare frame)
are a measure of the change in the load cell force readings when the model or parts
of the model are changed to positions other than the reference position that they
occupy during a zero point.

The tares are sorted by ascending alpha (pitch angle) and stored in the file
TCOF** DAT which can be accessed later to change individual tare values. The *¥*
represents the run number during which the tares were taken. It is possible to make
several different tare runs for different model configurations.

When NTAR is set equal to a tare file number, then the tares corresponding to a
given alpha in the file will be subtracted from any data with the same alpha. If
data are being taken at an alpha for which no tare exists, then a straight line
interpolation will be made between the two adjacent tares and that value sub-
tracted. It should be noted that because of the typically nonlinear nature of the
tares that the interpolated values will generally be poor.

Tares are also subtracted from the preload values to make a first order correc-
tion of the interactions that are due to changes in model pitch.

11



TABLE 1.- LOAD CELL NUMBERING

Load cell 1 2 3 i
Configuration

Tail strut aft Left main Right main Tail strut

Tail strut forward Tail strut Left main Right main

Four load cells Left front Right front Left rear Right rear

12




STANDARD 40 BY 80 ATTACHMENT
PAD 5in. BOLT CIRCLE
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(a) Three-component load cell.

Figure 1.- Three-axis load cell installation.

13




‘penutquo)y -°| a4andty

*STT90 peol pue sjurtod pJey Topow usamMilaq sped juauyoejle TIPoW (Qq)

saWy-YSVYN Agd sayoui NI SNOISNIWIQ 1V 2
dv.1 aNv 17140 (1331S @1IW 3SN LON 0Q)
'§91d 9 1108 02-94/L 1331S O¥EY ‘0ELY :IVIHILVW
HOd dV1 ANV 171¥a / (43SN A8 3GVW) dvO 'L 3LON
SIXV O]
IVNIGNLIONOT =
14VHOHIV <
HO TIAOW FHL y VA
HLIM NDI TV @/ o8 Wvia \,@v
1SNW SIXV SIHL / \ 00'S /
/ ‘NIW 4330
~_ ~ Z/L X 1108
©) Q) - ves/gyod
(/ \(/ vk Gl e
SLNIOd QHVH o (@)
73AOW HOLVIW Ol ° T
3dVHS GNV 32IS -] ~—

AN3IWIOVONI QVIHHL

|

‘NIW Ul y/¢

SIA3T2 17130 QVO1 HL1IM 3LVIN OL dVD

/ |

‘NINO'L

i

rh

i
F_L_

1

o
Y

T
/ i
|

T13A0W
e

ﬁ 77777 S S S

14




*papniouoc) -°| aand1g

TVINHON +

N

3qis +

IVIXV +
TYIWHON +

*sa9040J utd Jo 1180 peol Jo Buyipeol 8AT3T1s0d J0J paunsse uoTjuaAuod udis (9)

VIXV +

\

advmidod

Ol

a4ais +

15




-uo13eTTe3IsSuT 3na3s quoddns Tepow TeoTdAl -°¢ aJand1g

1N4Yl1s ¥3id

diL 3NO aNV 3svg 3INO 1sv3i1l 1V
3dN1ONI LSNW STITEW3SSY
S1NY1S NIVIN

‘a——HION3T 1IVL
1NYis vl

svd

(DN19VdS 100} 9) e S

SIVENWID
ONILHOddNS

(713AVY1 Y00} 0L) —
H3IANITAD
DNIJ0JS3 131

diL

———— NOISN3LX3

o

av3dHL

s

16




29/64 (0.453) DRILL 5.00 DIAM B.C.
6 HOLES ®

EQU. S.P. /
REF. ONLY
~

a— 2,000 = r______J_Y l
I \_ + 1.500
:——.._ _.___.._ ;——-_——\_
S = ® ® !
| \ /
®
-~/ L 6.00 DIAM
9.00 I 1] H 4 = = A ‘
8.00 ' i ||L u{ f
H— ) 11y —rl ——l 1
F-]-
/ \
/ \ 5.75
/ \
) | I7 \x )
y — = m— i
( ) N
/ \ 10.5
LIFT-STRUT CLEVIS ; @ }
/
\\.//
|
1.00 BORE
| \ “MONOBALL" v
BEARING ‘
— — EARING TYPICAL LOAD CELL
( M
A
| — -
-~ .
L% A /
/7 \\\l I
| RN Vi
1111 + (W
W, o R
LIFT STRUT TIP i)
SECTION A-A

CLEVIS TO LIFT STRUT CLAMP

Figure 3.- Typical strut to model mounting hardware.
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APPENDIX A

SAMPLE CALIBRATION REPORT FOR LOAD CELL S.N. 486

(NORMAL FORCE GAGE ONLY)
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NASA - AMES RESEARCH CENTER
MOFFETT FIELD, CALIFORNIA 94035

CALIBRATION  REPORT Pae_or____

CALIBRATION AGENCY Ames Property Tag Number
m O 6\/ Calibration Report Number
4-b &b
Previous Service Date} Calibration Date
INSTRUMENT IDENTIFICATION E-13 ~82
Manutacturers Name Model Number Serial Number Calibration Interval | Next Calibration Due
11ASA Arl A 4867 Ly, 8-13-€7%
Instrument Description M Contract Number
cell
CALIBRATION DATA/ REMARKS REASON FOR SUBMISSION
g o0 mttarl o 4 At s (O New Instrument
— R B v - — ][] catibration
D Repair
[ other

INSTRUMENT NDICATES

m Good Condition

D Age and Long Service
D Mishandling

O overload

{3 severe Environment

STANDARDS USED

TRIS INSTRUMENT FOUND 7O BE

{astrument Manutacturer Made!l Neo. |Serial No.{“alidration Oate

:D \/ M HP B\PS_;'A :3%, 8-' ?_gi [J within Tolerance

M&MM' ) M.?l_;h 5_-‘, O’g D Out of Tolerance

THIS INSTRUMENT RETURNED

D Within Manufacturers Specifications

&) As specified in Remarks

LABOR
Task Hours
Calibration
1 L [’}
Repair
1 1 )
Maintain .
| s
INSPECTION DATAT ,
0O Returbish
CALISRATION PER TEMP. C Nllllllu TECHNICIAR A A []
A-3%7 _— | .~ &R TOTAL
- 1 1 1 L
4 DeDl ARERAEMTY napTe
NLT LARVLITIL IV TR w
OESCRIPTION CIRCUIY LOCATION MOBEL NO. QUANTITY UNIT  PRICE EXTENSION

NOTE: USE ARC 101A “CALIBRATION REPORT SUPPLEMENT" FOR RECORDING ADDITIONAL INFORMATION.

YES (l THIS CALIBRATION WAS PERFORMED WITH “STANDARDS" ﬁ
o0 TRACEABLE TO THE NATIONAL BUREAU OF STANDARDS. 744

OISTRIBUTION:

CONTRACT MONITOR'S COPY -- (WHITE) CALIBRATION FACILITY COPY -- (YELLOW) REQUESTOR'S COPY - (PINK)
ARC 101 (Rev. Jun 75) :

LABORATORY SUPEAVISOR

Figure A1.- Calibration report form.
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RUNH # o/FP Vi
v
1 .a30019
2 .831735
3 .0A3438
4 .B8as5221
S 306240
] . 992657
7 .A10367
8 68120876
9 .B13770
10 .A15612
11 .013763
b3 .B1z20c0
13 .B13335
14 . 388539
15 .B0E921
16 .3as5129
1? .08683474
18 .BB1753
) .0uRa17

EEST FIT STRAIGHT LIME EQUATION @

LOAD CELL CALIERATION
HORMAL GAGE UMDER POSITIVE TENSION

SERIAL #

$4867

MHEMOHICS: NORMAL GRGE

TARE MWEIGHT

AVE.

FULL-SCALE LOAD

EXCIT.V2
v

10.040¢68
18.04071
10.040872
16.040670
10.04069
196.04073
18.94076
18.64673
18.04073
10.684073
16.04870
10.0406¢
18.94064
18.04065
16.0840¢4
10.84063
16.04062
10.048€3
190.084066

: @0 lbs
ROOM TEMP. : @ DEG. F
: 18000 \bs
(V1-Vo)rsv2 STD LORD
vV 1bs
9.0000000 0.00
.00801729 1999.83
. 0023455 3989.66
. 0065181 5981.46
. 0086893 7963.53
. 0808603 9947.47
.9010306 11925.88
. 89012008 13901.59
. 0013699 15864.67
.00155230 17989.07
. 0013688 15855. 24
.0011992 13887.62
. 0010294 1192p.62
. 0808585 9938.33
. 0806874 7961.08
. 8805159 $974.32
. 0003441 3985.53
. 08001727 20060, 44
-. 0000082 -.24

Y=R(OI+AC1) %X

A-JHIERCEFT = ACB) = -5.33329792563% lbs
LsLoFE = AC1)> = 11582995.1787 1bs/(V/V) |
STANDRRD DEVIATION = 7.1€ lbs
MAXIMUM  DEVIATION = 15.24 lbs
CORRELATION COEFF. = .99999828

CALC. LOA
ibs

-5.33
1997.32
2996.51
59295.72
7978.77
9959.47

11932.09
13983.63
15857.83
17982.77
15849.80
13885.27
11918. 39
9938.79

7956.89

$970.38

3920.40

1995.083

-7.64

Figure A3.- Loadcell calibration report.
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TIO.
DRTE

D

tA-387
:18-17-82
DEY. RCCU.
ibs “(F.5.7
-5.33 LA30
-2.51 .914
b-'.\.' 638
14.2¢ er9
15.24 038S
12.049 .BE7
6,21 . 935S
2.04 .01
-6.84 38
-6,30 035
-5.44 . 030
-2.35 9132
-2.22 .812
.46 983
-4.19 . A23
-3.94 .022
-5.13 . 028
-5.41 030
-7.40 041



LOAD CELL CALIBRATION T.0.
HORMAL GAGE UNDER POSITIVE TENSION
SERIAL # :4867

MNEMOHICS: HORMAL GAGE

TARE HWEIGHT : 0 lbs

AVE. ROOM TEMP. : @ DEG. F
FULL-SCALE LOAD : 18000 1bs

LOAD CELL CALIBRATION

tA-387

DRTE :8-17-82

STD LBS
15200 - v —8
e
IB@B@ . - . . . . - /"0
14698 . - . . . . .
128300 s + . ) s 4 - )
IBDDQ . - . . /'ﬂ" . - .
SE‘E‘G . ) ° . . . - .
E,[jaz . - . . . . - .
4@0@ - - /. * * * > *
//
2200 . /af ! . . s . ,
E‘ @/ h . * * * - *
0P
-0 .
o+ = + + < <+ oy Q S =
; & 5 3 3 8 & % @
i $ 4 & 8 § § 8§ 8
-—+--100 T . : : . , : : :
(}l (4] v 0 (51}
# SIGH IMDICATES FIRST HALF OF THE LOADING CYCLE
FESISTOR = 199 K OHNS
NO LOAD VsV RCAL Vv S1G PUR
RCAL = ~,000434 V-V . 800003 ~-.000431 - +

Figure A3.- Continued.
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ORIGINAL PAGE IS
OF POOR QUALITY

LOAD CELL CALIEBRATION T.0. !AR-387
HORMAL GAGE UHDER HEGRTIVE TEHSION DATE :8-17-82
SERIAL # :4867

MHEMOWICS:HORMAL GARGE

TARE WEIGHT ¢t 06 lbs

AVE. ROOM TEMP. @ @ DEG. F

FULL-SCALE. LOAD : 12009 1bs

RUH # 0P Vi EXCIT.VZ <(Vi-VolsVv2Z STDH LURD CALC. LOAD IEY. ACCU
v v \24 bs ibs lbs “Z(F.S

1 Laeped42 10.04072 @, 06020080 6. a8 -4.88 -4.88 ~.827
2 -.ne17vav 12.04073 -.22Q1742 -20082.79 -2008.25 -5.4%6 -.0208
3 -. 933441 16.084976 -. 00083459 -3991.32 -39%4.,44 -3.12 -.017
4 -.0@a51°77? 19.64672 -.0085198 -5981.71 -5982.90 -1.19 ~-.007
S -.BR&9p92 10.04977 -.00R5923 -7971.10 -7I€€. 860 4.3 .024
& -. 002637 10.84878 -.HRB82644 -9951. 86 ~-9%946.10 5.7¢6 .03
7 -. 318363 18.04073 -. 89010363 -11927.55 -11923.18 4.37 2

3 -.9312084 1p.04074 -.2212077 -13896.23 -138%4.47 1.7¢

9 -.313806°7 10.64074 -. 0913793 -1536%5.19 -15868.06 ~2.87

10 -. 015658 16.34673 -.8815636 -17973.27 -17988.26 -14.93 -, B83
11 -.2113385 19.04272 -.0813791 -15857.21 -158s85.20 -2.59%

12 -.912@77 1a, 04072 -.2212870 -1338€.88 -13886.48 .32

13 -.218353 18.89407°5 -.2810353 -11918.21 -11911.790 €.51 . 836
14 -. 388525 10.040670 -. 0088632 -9942.10 -9932.44 18.6¢6 5
15 -, aEs892 19.040855 -. 0006966 -7958.50 -7947.42 11.08 .0
15 -, 0RS5166 16.04069 -.0885187 -5976. 16 -5978.35 S.&1 . 0
17 -. 333434 12, 040686 ~-. 0003462 -3985.78 ~3986.46 2.32 .0
ie -. Q21791 10, 04065 -.200173€ -1997.5¢ -2001.40 -3.24 -. 2
19 . 3800842 19, 04095¢2 0.0000000 3.12 ~-4.88 -&.080 -8

EEST FIT STRAIGHT LINE EQUATION @ Y=A(B)>+RAC1)*X
Y=INTERCEFT = AcCa -4.32004913483 lbs
SLOFE AR{LD 11591052.7026 1bs~(V-V)

STHHDOARD DEVIRTION
MASIMUM  DEVIRTION
CORRELATION COEFF,

6.65 lbs
14.73 1bs
.99399852

Figure A3.- Continued.

25




STD LBS
£B88 -
%)
ol %% %}
-4000
715,515}
-
-168vE0
-12vo0
-14080
-16608 .
/'/ P
-180600 W 5
[ ® (] [ - R < - [
ez & 8 & & B3 3
= (] ® [av} LJ .ol BV} LJ
= =2 () [\ [
) | | ’ @ 0 - o
} [ | [
+» SIGH IMODICATES FIRSY HALF OF THE LOARDING CYCLE
FRESISTOR = 199 K OHMS
NO LORD vV RCAL V-V SIG PUWR
RCAL = ~.098434 V-V . 0000083 - +

LOARD CELL CALIERATION

HORMAL GRGE UMDER NEGATIVE TEHSION

SERIAL # :4867
MHEMOHICS:HORMAL GRGE

TARE WEIGHT : 0 lbs
AVE. ROOM TEMP. : © DEG. F
FULL-SCALE LOAD : 180008 Ibs

LORD

CELL CALIBRATION

T.0. :A-387
DATE :8-17-82

Figure A3.- Continued.

26

-.00808431

v/




RUH #

[ O« B OO QLN T R | I NP B O

.

EEST FI

Y-INTERCEFT = A{@?
2 ACL)

SLOFE

STHHDRR
MAKETHUM

0-sP Vi
A

vaal1?
pg22
PeAZ3
s[<]sled )
AR3920
aaNi1e

|"| D] 13 a'\ l"l [n Q D)
z u@-:)w&u

LUl
D Qg
oD
[N V]
Ny ==

~. 009023
-. 908821
-. 00020
~. 990018
-.300019
~-.930018
-.090818

T ZTRAIGHT LINE EQUATION :
-. 40995693028 1bs
-2.66619280420E-04 (1bs)>~/(lbs)

I DEVIRTIOHM
DEVIRTION
CORRELATION COEFF.

INTERACTION _
NORMAL GAGE UNDER POSITIVE TENSION

SERIAL #

MHEMONICS: AXIAL

:148€7

TARE WEIGHT

AVE. ROOM TEMP.
FULL-SCALE. LOAD

EXCIT.V2
v

16.837509
18.083752
16.03752
16.03751
10.983748
19.83755
10.83757
18.63753
10.83754
1e.083754
18,83751
18.43745
18.03743
19.83745
19.63744
10.83742
18.83743

B.33744
10.03747

(V1-Vo)rVv2

V/V=-=->1bs

B.00
-3.08
-3.70
~1.85
~1.85
-1.23
-2.47
-3' (<]]
-4,93
-6.17
-6.17
-4.93
-32.70
-2.47
-1.85

-.62
-1.23

-.62

-.62

1.10 1bse
2.24 1bs
.63831363

Figure A3.- Continued.
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: 0 Ybs
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@ DEG. F
€000 1bs

STD LORD
1bs

8.00
1999.83
3989.66
5381.46
7963.53
9947.47

11925.88
13981.59
15864.67
17989.07
15855.24
13887.62
11920.62
9938.33
7961.08
5974.32
3925.53
£60808.44
-.24

Y=zA(BY+RC(1)*#X

CALC.

1bs

Tlo.
DATE

LOAD

-.40

-.93
-1.46
-2.00
-2.52
-3.05
-3.58
-4.11
-4.63
-5.29
-4,.63
-4.10
-3.58
-3.05
-2.52
-1.99
-1.46

-.93

-.40

tA-387
:8-17-82
DEV. ACCU.
1bs Z(F.S.)
~-.40 -.[07
2.15 .836
2.24 . 837
-.15 ~-.902
-.67 -.011
-1.82 -.930
-1.11 ~.019
-1.82 -.017
.20 . 005
.97 .A16
1.54 .026
.23 .014
.12 . 0082
-.58 -.010
~.67 -.011
-1.38 -.023
-.23 -.004
~.3e -.865
.22 .904

V/V CONVERTED TO LES BY USING 1ST-DEG SLOFE



INTERACTION . T.0. (A-387
HORMAL GRGE UMDER POSITIVE TENSION DATE :8-17-82
SERIAL # :4867
MHEMONICS:AXIRL GAGE
TARE WEIGHT t 9 lbs
AVE. ROOM TEMP. : © DEG. F
FULL-SCALE LOAD : €000 ibs

INTERACTION
0-F LBS
%) & - v -+
-1
-2
-3
-4
-5
— L] L] [ ] L] [ ) [ ] * [ ) *
2 0 4
STD|LES
-7
= = = [ = = ) = = =2 =
= i) ) Q Q ] Q@ ) ] ]
= [N [ = (] @ = ()
# SIGH IHDICATES FIRST HALF OF THE LOADING CYCLE
FESISTOR = 180 K OHMS

HO LOAD V-V RCAL v,V SIG PHR
RCAL = ,899873 V-V -.090002 . 000871 - -

Figure A3.- Continued.
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RUN #

-
D = DD @D S WP -

D P

EEST FI

SLOPE

STAMDARARD DBEVIATION
DEVIATION
CORRELATION COEFF.

MAXTHMUM

0/P
v

Y1

-.28Ra1S
-.300a15
~-. 008847

-, 0Baa2a

1
M)
=
D
)]
N
20

]
D]
%t
)
L]
D
(4.

[
P
&
@

1
.. .
AW~

0347
2054

DD T D

[}
M
]
=
XN
T
2

[
e .+ e u
DTS
12

U e IR on )
DD D %
o]
P
D

. 000026
80921
. QAR1e6
. 2006014

T ZTRAIGHT LIME EQUATION :
Y~INTERCEPT = A(O)
= ACL)

INTERACTION ‘
HORMAL GAGE UNDER NEGATIVE TENSION

SERIAL #

MHEMOKRICS: AXIAL

=

TARE WEIGHT

avE L]

EXCIT.V2
v

18.23755
10,837355
16.03757
10.03761
10.083758
18.,43759
10.@3752
16.23753
18.22755
10.03759
16.93752
19.83755
10.63756
18.982751
10.63747
19.93748
19.083748
19.83746
18.03750

ROOM TEMP.
FULL-SCALE LOAD

86?

(V1-Yo)l V2
V/V=-<->1lbs

8.00
8.00
-1.23
-3.08
-8.02
-12.33
-15.42
-19.73
-24.85
-29.60
-27.75
-25.28
-20.97
-16.03
-11.72
~-6.78
-3.70
-.62
.62

a  3.3520827095 1bs

2.2

4.31

lhe

1bs

.%4711410

Figure A3.- Continued.
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STD LOAD
lbs

a.00
-20082.79
-3991.32
-5981.71
=7971.18
-9951.86

-11927.55
-13896.23
-15865.19
-17973.27
-15857.21
-1388¢€.80
-11918.21
-9943. 180

-73958.58

-%976.16

-3988.78

-1997.56

3.12

Y=A(OY+AC1)*X

1.79650117858E-63 (1bs) (1bs)

CAL
Ibs

Vv CONVERTED TO LBS BY

Tl ol
DATE

C. LOAD

3.35
-.25
-3.82
=7.39
-10.97
-14,53
-18.08
-21.61
-25.15
-28.94
-25.14
-21.60
-18.06
-14.51
-10.95
~-7.38
-3.81
-.24
3.36

tA-387
i8-17-82
DEV. ACCU.
Ibs “(F.S.»
3.35 .8Sc
-.25 -. 004
-2.58 -.0843
-4,31 -.a7e
~2.95 -.049
-2.19 -.037
-2.66 ~.044
-1.88 -.0831
-1.19 -.018
.66 011
2.61 .044
3.69 .861
2.91 .048
1.52 . 025
.77 .013
-.60 -.010
-.11 ~-.@e2
.28 .06
2.74 . 8486

USING 1ST-DEG SLOPE




INTERACTION .

HORMAL GRGE UNDER HEGATIVE TENSION
SERIRL # :4867
MHEMONICS:RXIAL GAGE
TARE MWEIGHT $ 0 1bs
AVE. ROOM TEMP. : @ DEG. F
FULL-SCALE LOAD : 66006 1bs

T.0. 1R-387
DATE :8-17-82

INTERACTION
0/P LLBS
5
)
-5
-10
-15
-2
-25
-
o
{/ STD
3@
1= [ = [in) 2 [X) & [ [ =
259 = S S & = o S o
= = [ae [an] (v ] [ax] (] = = =
* 2 A2 ~ 8 © P T gy N
| | | { |
# SIGH [MDICATES FIRST HALF OF THE LOADING CYCLE
RESISTOR = 169 K OHMS
MO LORD Vv,V RCAL vV SIG PUR
RCRAL = 000373 VoV -.000002 .890871 - -

Figure A3.- Continued.
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PUN # osP V1
v
1 L 008821
2 -.a98127
I LHPA21E
4 . BO8E699
S . 0069
5 o126l
7 LB301415
= 001617
Q . B31794
1a . BB1967
11 L 301249
12 L0917Q%
12 L091532?
14 .831339
15 .H31119
15 . BD627a
17 . 29B356
18 -, aRaRz9
12 . RR@nca

EEST FIT STRAIGHT LIME EQUATION :
-29,.9562216€42
[.-..46:559r'=6f595 82 <(1bs)-(1bs)|

Y~INTERCEPT
SLOFPE

ACA>
RCLY

STAWDARD DEVIARTIOHN
“IMuM DEVIRTION
F

T
MA
CORRELATION COEFF.

CAL
ibs

INTERACTION

NORMAL GAGE UNDER POSITIVE TENSION
SERIAL # :48€7

MHMEMONICS:S1DE GRGE

TARE WEIGHT .+ B lbs

AVE. ROOM TEMP. : ©® DEG. F

FULL~-SCALE LORD : 2000 1bs

EXCIT.V2 (Y1-Vo)rs¥V2 STD LORD
v Vs¥-=->1bs 1bs

10.02604 Q.00 6.00
19.03685 -45.83 1999.83
10,82602 27.08 2939.€6¢
19.83603 122,15 59€1.4¢6
18,0300 178,10 7963.53
10.03c0886 224,63 9947.47
19,.03610 267.55 11925.88
9.93607 308.07 13901.59
190.03608 343.57 15864.67
19.22€08 378.27 17989.07
19.133605 354.50 15255.24
18,683598 325.72 13887.62
10.83596 292.03 11920.62
18,083594 252.32 9938.323
10.083598 208.19 7961.08
190.83596 158.25 5974.32
19.03596 53.95 3985.53
18.9359% -24.24 20008, 44
18,.03597 -.22 -.24

1bs

Y=R(AI+ACY) %X

T L)
'o T ﬂ:'

CH
1
1

mtoo;

oo

S

L

ros
ibs
7428

Figure A3.- Continued.

V¥ CONVERTED TO LBS BY USIHNG 1ST-DEG
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T.0.

tA-387

DATE :8-17-82

C. LOAD

-29.87
20.3
69.42

118.59

167.5z2

216.49

265.33

314.18

362.56

415.00

3€2.32

313.75

265.280

216.26

167.46

118.41
69.32
z2@.32

-29.987

DEV.
1bs

~29.07
66,13
42.34
-3.56
-18.59
-8.14
-2.23
6€.03
18.99
35,73
7.72
-11.97
-26.83
-36.05
~-40.73
~39.84
15,36
44,55
-28.85

RCCU.
“(F.S.)

~1.453
3.30¢
2.117
-. 178
-.529
~-.487
-. 111
. 381
. 249
1.837
. 286
~. 9598
-1.342.
~1.8083
. 837
. 992
. 768
2.22
~1.443

SLOPE



IMTERACTION .

MORMAL GAGE UHDER POSITIVE TENSION
SERIAL # :4867

MHEMONICS:SIDE GARGE

TARE WEIGHT : 9 lbs

AYE. ROOM TEMP. : O DEG. F
FULL-SCALE LOAD : 2008 1bs

T.0. tA-387

,DATE :8-17-82

INTERRARCTION
0P LBS
400 r v
29 . + Y
300 . . .
258 . . .
280 i . .
1568 ¢+ ' .
160 . . .
o‘/
SD * . //0
I/ 0
v
B @ - -~ . *
. \ )
: STD
-5@ — &
= v fin] & (v} i) = = ] =
=) =2 Q = 2 iy ] () AN ) (W) Q
= ) () o) S ® o = =
o'J o < w @ S o : w C.P.
* SIGH IHDICATES FIRST HALF OF THE LOADING CYCLE
FESISTOR = 100 K OHMS
HO LOAD vV RCAL Vv~V S1G PWR
RCAL = ,088425 Vv .8000814 . 300449 - -

Figure A3.- Continued.

32




Fiti # os/F Vi
\.l
1 . 830075
2 . 600359
I . 000209
4 LA01213
) .B01572
3 00123309
7 Loaz121
S . 3023049
9 . 002427
10 . 202420
11 L AR2225
12 .0R2107
12 . 081897
14 LBA1ESR
15 . 001369
158 .D01044
17 L DDDERE
12 . 0RA300
19 .B381090

BEST FIT STRAIGHT LINE EGURTION 2

“-INTERCEFT =
SLOFE

ARCO>
= R{L)
STRAHDARD DEVIATION

MAXIMUM  DEVIATION
CORRELATION COEFF.

IHTERACTION

HORMAL GAGE UNDER HEGRTIVE
SERIAL #

MHEMOHMICS:SIDE GHRGE
TARE WEIGHT I

RvE L]

FULL-SCALE LOAD

<m

18.03€87
10.826827
19.83611
10.0936173
18.023612
10.93613
10.83c06
10,0306
19.83¢c08
10.02612
18.083€87
10.83£87
18.63:08
10.03606
18.92600
18.82£04
19.836@3
18.83£01
19.92663

Y=A(B)+A (1) *X

= 21.615815649 Ibs

= -.B28841871425 (1bs)>~(1bs)
= 38.16 1bs

= ©B1.65 1bs

=  ,96464978 vV

Figure A3.- Continued.

COMYERTED TO LBS BY USIHG 1ST-DEG

33

TENSION
14867
: 1bs
ROOM TEMP., : © DEG. F
! 2000 lbs

Vi-Vor/V2 87D L3RD C

V/V-->1bs lbs 1
9.00 @.00
56.96 -2102.79
147,22 -3991.32
228.24 -5981.71
200,25 -7971.10
362.02 -9951.36
410.36 -11927.55
446,26 -13896.23
471.72 ~15865.19
478,35 -17973.27
443,25 -15857.21
407,59 -1388¢6.826
365.43 -11918.21
316.49 -9943.10
259.53 -7358.50
194,35 -5976.16
118.54 -3988.,78
45.13 -1997.56
S.01 3.12

T.0.

:A-387

DATE :8-17-82

365.63
422.41
479.20
540.060
478.97
422.14
365.36
388,39
251.15
193.98
126.66

79.23

21.53

21.62
22.42
-108.48
-34.10
-48.73
-53.37
-44,73
-23.85
7.47
61.65
35.72
14.59
-.07
-g.1@
-£.38
-.37
18.12
24.10
16,51

SLOPE



INTERACTION T.0. :R-387
HORMAL GAGE UNDER MEGATEIVE TENSION DATE :8-17-82
SERIAL # :4867

MMEMONICS:SIDE GRGE

TARE HWEIGHT P 8 1bs

AVE. ROOM TEMP. : @ DEG. F

FULL-SCALE LORD : 2000 lbs’

INTERACTION
QP LBS
SBBL
450
400
350
c151%!
z2s9
ped %)
150
1606
S0
LES
a . 2
fn] ] o) S ) S i) ] () () =
o ) = ] S o iy Q@ S| N
[ L] [ [ [ (] (i)
[an] w < [qV] (W] C‘D LF T ("\.l o
| I | ) |
# SIGN IMDICATES FIRST HALF OF THE LOADING CYCLE
RESISTOR = 108 K OHMS
NO LOAD V-V RCAL Vv’V SIG PWR
RCAL = .000435 Vv . 000014 . 088449 - -

Figure A3.- Continued.
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INTERACTION T.0. :RA-387
HORMAL GAGE UNDER + & -~ TENSION DATE :8-17-82
SERIAL # :4867
MHEMONICS:SIDE GAGE
AVE., FOOM TEMP. : © DEG, F
FULL-SCARLE LORD : 2000 1bs
RUH # 0P Vi EXCIT.V2 (Vi-Vorrsv2 STD LOAD CALC. LORD DEV. ACCY.
v v : Vv/V-->1lbs lbs 1bs 1bs “C(F.S.)
1 L oeaz1 19,.92604 0.00 2,80 223.18 222.1¢% 11.159
2 -.209127 10,03685 -45.83 1999,83 e14.81 260.63 13.032
2 aRA216 10.092522 27.08 3989.66 296.47 179.40 8.970Q
4 . AR3E99 19.83683 i2z.1i% 598i.46 i98.13 75.99 3.799
S . HHQ3FE9 10.03600 172,10 7963.53 139,83 11.73 . o886
& LH9R1201 12.083680€ 224.63 9947.47 181.52 -42.11 -2.156
7 .H001415 10.v3610 267.5%5 11925.88 173.24 -94.,32 -4,716
e .091617 16.83207 398,07 13961.59 164,96 -143.11 -7.155
a . 061774 10.93¢08 242,57 15864.67 156.74 -18€6.83 ~9.342
18 .00 1967 19.03508 378.27 17989.07 147.84 -220.43 -11.521
11 .B31249 18.83605 354,60 15855.24 156.78 -197.82 -9.291
12 L RB0178S 19.93598 32%.72 13887.62 165.02 -160,.70 -8.43%
13 Q1537 16,035%s 292.03 11928.62 173.26 -118.77 -5.939
14 0e1339 10.835%6 292.32 9938.33 121.56 -70.76 -3.538
15 901119 19.83596 208,19 79€1.08 189.84 -18.35 -.918
1& Hops7e 19,8359 158. 25 5974,.32 198.16 39.91 1,996
17 . BREZ50 19.83598 53.95 2935.53 296.49 152.54 r.627
1 -.3anaz9 12,1332596 -24.24 2000.44 214.80 239.04 11.%952
12 BOAB20 19,083597 -.22 -.24 223.18 223.40 11.178
20 L HARRATS 16.03507 A, 80 B.00 223.18 222.18 11.159
21 BRSS9 1a.32607 S56.96 -2002.79 231.57 174.61 8,738a
22 L Baezas 1A. 83511 147,22 -3991.322 239.90 92.68 4,534
2% LA31213 19.33615 228.24 -5981.71 248,23 19.99 S99
24 L Q3157 e 18.83512 200,25 -7971.10 256.56 ~-42.568 -2.124
2% .He1320 12,.032513 362.02 -9951.86 264.8¢6 -97.16 ~4,858
28 082121 19.83506 410, 36 -11927.55 273.13 -137.23 -6.861
2T L RB2300 16.83606 446, 2€ ~13896.23 281.38 -1€4.88 -8.244
2 L R2427 10.836608 471.73 -15865,19 289.62 -182.11 -9.105
29 3024650 19.83612 478,395 -17973.27 298.495 -179.89 -&,33%
24 L B302235 10,932607 443,25 -15857.21 289,59 -153.66 -7.683
1 682167 10, AREA? 407.55 -13826.80 281.34 -12€6.21 -6. 211
22 L001297 . 10,.93688 365.43 -11918.21 273.89 -92, 34 -4,617
23 LEB1E53 1. 10,.083606 216,49 -9943.10 264.82 -51.67 -2.5¢4
Z4 3Q13269 19.03600 299.53 -7958.50 256.51 -3.02 -.151
3% .081044 12.03604 194,35 -5976.16 248,21 53.86 2.693
36 . QRO5€66 10.083603 118,54 -3988.78 239.89 121.35 6.068
27 . 00200 10.03601 45.13 -1997.56 231.55 186.42 9.221
23 LHon160 10.83603 5.01 3.12 223.17 218.15 19,9683
EEST FIT STRAIGHT LIHE EQURTION : Y=R(OI+AC1)#¥X

Y=IHTERCEPT = A(B)> = 223.1509461 1bs

SLOPE = AC1) = -4,.188013804532E-03 (1bs)>/(1bs>

STHHDARD DEVIRTION = 149.94 lbse

MAXIMUM  DEYIATION = 2€60.63 lbs

CORFELATION COEFF. = .87352824 VsV COHVERTED TO LBS BY USING 1ST-DEG SLOPE

Figure A3.- Continued.
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INTERACTION

HORMAL GAGE UNDER + & - TENSION
SERIAL # :4867

MHEMDHICS:SIDE GRGE

T.0., :1A-387
DATE :8-17-g2

AVE. ROOM TEMP. : © DEG. F
FULL-SCALE LOARD : 2060 1bs
INTERRCTION
0P LBS
506 v v ™
O o
0O O
496 . 0 u - . . ° - .
o 0 8 ©
0 0
38 5] *—,__;_ - 0 . . . -+ o 0 .
T o)
-“"“-Q*___-.- 'S
_ a ————_ 0 ©
Z B G . - 0 L . \ )
0
0 Bl
O B
0 0
103 . - . ° . - .
3 0
0
8 L] - L] 0 L[] - L]
0
0
STD
-12@
1= [\ ] [} Q (] =
= 12 o S o @ AN =
= & [ () ) (]
=) ua DA wn Tp) ® n &Y
cJ — vt ] - -t J
| | t
FESISTOR = 106 K OHMS
HO LORD V-V RCAL vV SIG PHR
FCARL = 099435 V-V . 000014 . 000449 - -

Figure A3.- Concluded.
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APPENDIX B

JET PROPULSION TEST STAND

LOAD CELL-LINK INSTALLATION

To install the one-Ax LC links, remove all solid links that are used to trans-
port and store the test stand. The balance table to which models are attached
should be resting on four screw snubbers., The snubbers are each labeled from one to
four and have a corresponding gage block. The snubbers are adjusted by turning the
screw until the distance between the table and the snubber base are equal to the
appropriate gage block, figure B1.

With the snubbers adjusted, install the vertical load links. It is important
not to preload the links during this phase of the installation as it will cause
misalignment that can result in load measurement errors. The best way to avoid
preloads is to connect the load cells to a data acquisition system and monitor their
output during load cell installation. The links are assembled as shown in figure B1
using the following steps:

1. Assemble the load cell link as shown but leave all jam-nuts loose. Make
sure all washers, nuts, and threads are lubricated.

2. Tighten the rods into the load cell by hand until the threads bottom out.

3. Tighten the jam-nuts at the top of the assembly. The spherical washers
allow the link to align with the lower hole if the nuts are tightened smoothly.
With the upper nuts tightened, the load cell should rotate freely by hand if no
parts are binding.

4. Rotate the load cell until the upper rod is backed out a half turn from the
bottom. Loosen the lower rod a half turn from being bottomed out from inside the
load cell.

5. The load cell output should now be about zero. Tighten one of the lower
nuts until the monitor reads approximately 50 to 100 lb. Tighten the remaining nut
as tight as possible (nominal 200 ft-1b).

6. With all four nuts tightened, the load cell output should return to zero
and the load cell should again rotate freely by hand. There should be no change in
the output of the other load cells. If this is not the case, either an axial or
lateral preload exists in the link. It is therefore necessary to loosen all the
nuts of the link that is being installed and repeat steps 2 through 6.

7. Repeat steps 1 through 6 for the remaining vertical and horizontal load
links.
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8. When all the necessary load links have been installed and are indicating no
loads, screw the snubbers down as far as possible. It is a good idea to securely
tighten the snubbers in their lowest position. On occasion, test stand vibration
has caused the snubbers to turn until they make contact with the balance table and

spoil the data.
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TEST STAND
PLATFORM
i| _— UPPER ROD

LOADCELL

/ BALANCE TABLE

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

T -
SNUBBER —_

I

[~ GAGE BLOCK
FLAT WASHER

Figure B1.- Propulsion stand loadlink installation.
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APPENDIX C

SAMPLE CALCULATIONS

PRIMARY CONVERSION CONSTANTS, CLDCLS(s,m,n); [force/counts]

Assuming that load cell S.N. 4867 is designated number 2, then for the data
presented in appendix A, n = 2 and m = 3.

Given typical load cell signal conditioning--excitation 10 [V], voltage
amplification 1000 [v/v], RMDU analog-digital gain 3333 [cts/v], AMX/RMDU gain
1 [ets/cts]--and noting that the sign convention that is used by the RQ & A lab
(appendix A, page 14) is opposite that used by the data reduction program, we use
the slope from the data on page 17 of appendix A for the positive loading conversion
constant, s = 1. From page 17:

Primary conv. = 11501052.0 [1bs/(v/v)]

then

11501052[1bs/{v/v)]
10[{v]1000[v/v)3333[cts/v]1[cts/cts]

CLDCLS(1,3,2) =

0.3451[1bs/cts]

We will devote some space here to say a few words about how positive loads are
defined. When the lab technicians calibrate a three-Ax LC, they have no idea what
the orientation of the load cell will be when mounted on the model. As a result,
when the sense of the positive loads are selected as shown in the figure on page 14,
they are completely arbitrary. It is up to the test engineer to determine whether
or not the positive loadings shown in the lab calibration are consistent with what
is assumed to be positive in the load cell data reduction.

As an example we will use the figure on page 14 and assume that the load cell
will be mounted on the model with the bolt-circle up and with the electric plug
forward. A drag force on the model (positive axial force) will push the load cell
back. Since the pin is restrained, the load cell sees a pull on the pin in the
direction of the electric plug. This implies that positive axial force is the same
for both the model and the lab. On the other hand, lift on the model (positive
normal force) will pull the pin away from the bolt circle which is the opposite of
the lab definition. Using the same reasoning, it can be shown that positive side
force is the same for the lab and the model.
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LABORATORY RCAL VALUES, XINCAL(m,n); [counts]

From page 16 of appendix A:
rcal = -0.000434([v/v]
since
XINCAL = rcal*excitation*gains
then

XINCAL[cts]

-0.000434[v/v]*10[v]*1000[v/v]*3333[cts/v]

-4, 465

note that the lab has indicated the use of the negative signal and positive power
terminals for recording rcal. The present 40 by 80 convention is to use ++. This
would result in a sign change for XINCAL.

INTERACTION CONSTANT, DSDN(s,n)

If the interaction slopes are given in units of (v/v)/lb, it will be necessary
to multiply this value by the primary conversion constant [1b/(v/v)] of the gage
reading the apparent force. Often the RQ & A lab has already done this and the
slope can be read directly from the calibration in (1b/lb), see appendix A4,
page 24. Once the slope is in these units, it can be used for the interaction
constant. Care must be taken to account for any reversals of sign conventions, as
discussed above, when assigning specific values. As before, for the data provided
in appendix A, the n subscript equals 2 and the s subscript indicates the sense
of the loading for the gage experiencing the load. From page 24 we have:

DSDN(2,2) = 0.024685 (1b/1b)

This is the interaction for change in side force at load cell 2 that is due to
changes in normal force when the normal gage is being loaded in the negative direc-
tion. We use data from the lab's positive loading of the normal gage because of the
reversal of the assumed positive direction.

It is a good practice to check the significance of the interactions before
inserting them into the data reduction. Interactions of less than 0.1% will have no
effect on the data. It is not possible to tell the significance of interactions by
their face value. For example, the coefficient listed above gives the change in
side force that is due to changes in normal force but says nothing about how that
quantity compared with expected side force measurements. An easy way to make that
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comparison is to multiply the interaction coefficient by the ratio of the maximum
expected force on the influencing gage over the expected force on the influenced

gage. For a typical model using this load cell: maximum normal force 10,000 1b,
maximum side force 2,000 1b

NormMax

SideMax

DSDN*

Significance

"

0.02U6* %%g—g - 0.123 = 12.3%
]

TEMPERATURE COEFFICIENT, CCLDTC(n)

To calculate the temperature correction for a given load cell, it is necessary
to have calibration data for that load cell taken at several different ambient
temperatures. The coefficient is a linear interpolation of the data that scales the
primary conversion constants as a function of the difference between the load cell
temperature and a datum temperature.

The coefficients are determined as follows, given:

TREF an arbitrary datum reference temperature
T the measured load cell temperature

CLCrpgr  laboratory constants CLDCLS(s,m,n) acquired at an ambient temperature of
Tgrer and used as the inputs for the load cell data reduction program

SCELLS

CLCy laboratory constants CLDCLS(s,m,n) acquired at some non datum tempera-
ture T

Fop load applied to the load cell at temperature T

Fots load cell output in computer counts

the uncorrected load is calculated by

- *
FTREF - CLCTREF Fcts
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and the calculated corrected load is

CLC,
F_ = CLC.®F . = — L _ #CLC____*F
T T "c¢ts CLCTREF TREF ~cts
. CLC,
CLCrger
- R#
Fp = R*Fqppp (c1)

Making a straight-line interpolation through the data and knowing that the line
must pass through R = 1.0 at AT = 0.0, we have the equation

R = (CCLDTC(N)*AT) + 1.0 (c2)

where CCLDTC(N) is the slope of the line. CCLDTC(N) is defined as the temperature
correction coefficient. Substituting (C2) into the equation (C1) above

- *
Fp = Foppp( (CCLCTC(N)*AT) + 1.0) (C3)
In the absence of a temperature calibration, for load cell flexures made of 17-4 pH
stainless steel, the following derivation provides a correction constant that
accounts for changes in the modulus of elasticity. Given that

Er modulus of elasticity at a nonreference temperature

Erggr  modulus of elasticity at Tppp

s stress in flexure

F force

e strain measured by the gage
A flexure cross-sectional area

since e and A are constant for a given load condition, the actual applied force at
temperature T is

= s*\ = E_ Mok
FT = s* = ET e*A

but the force indicated by the instrumentation will be
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= E___ *e¥*jA

Foer = Eger

taking the ratio and applying equation (3)

Fp By

TREF E:TREF

3 = (CCLCTC(N)*AT) + 1.0

from the Mil. Spec. handbook for 17-4 Ph S.S.

ETReF 100% at 80°F

Ep 92% at 400°F

SO
E:T
= 0.92 = (CCLCTC(N)*(400 - 80)) + 1.0
TREF

or

CCLCTC(n) = -0.000250
Load cells that are operated at elevated temperatures often experience signifi-

cant zero shifts. When increased temperatures are encountered, check zeros at the
end of the run.
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URiGINAL PAGE IS

ALITY
Abreviattons: M = RGAGES  {(gage no.) OF RSKHRA%gCLS (loadcell no.)

FLC(N,M) = FLDCLS (M,N) (gage forces)

Gage output [1bs] (_ PRGAGE (M,N) }——>—— FLC(M,N) = FRGAGE(M,N) |

to local array

Check for pitchtare frame no

IF (IFRTYP.NE.IPTFRM

yes

Read in pitchtare table [ CALL SCPTRD (LUNTCF,LUNERR, IERR)]
if not in memory

Should tare correction be -““-.~.~‘ yes

——

applied to preloads. IF (IPTARC.NE.1)
If so IPTARC = 1 __,_,.———"""

4 no

Preload tare corrections [CALL SCLCTR (N,M,ALFDEG,PRELD,PRELDT) |

Equate preload arrays ¢ f———{gRELDT = PRELDp——

1

Temperature correction lCALL SCLCTC (N,M,CCLDTC,TREFLC,THERMO,PLCﬂ

1

Interaction correction |[CALL SCLCIA (N,M,PRELDT,DADN...DSDN,FLC,IERRH

1
Store pretare forces | FRCBTR(N,M) = FLC(N,M)}|

Check for pitchtare frame
again

no
IF (IFRTYP.NE.IPTFRM

ves

Record pitchtares [CALL SCPTWR (ALFDEG,FLC,LUNPTF,LUNERR, IERR) |-

Should tare correction be
applied. If so ILTARC = 1

Force tare corrections [CALL SCLCTR (N,M,ALFDEG,FLC,FLCfI v
1
Store after tare forces | FLCATR(N,M) = FLC(N,M) |
T
Rotate lcadcell forces CALL SCRRPY (~-XLCPSI{(N),~XLCTHE(N)},
inte hody axes XLCPHE (N) ,FLC,FLC)
A
Compute zerodynamic [CALL SCLCAF (N,FLC,XYZLCM,FRCBDY)[
forces and moments
Rotate forces into CALL SCLCAX (ALFRAD,GAMRAD,PSIRAD,
the wind and stability axes PRCBDY,FRCSTB, FRCWND)
i 2

<%::::RETURN TO SCOWPS

Figure C1.- Flow chart for SCELLS (called by SCOMPS).
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FLOW CHART FOR SCPTRD (called by SCELLS)

Transfer of logical unit (_ LUNTCF,LUNERR, IERR )
number for the Fdevice
containing the TCOF--.DAT files
yes
Check if the correct tare
files are in memory
no
Open the Aevice | oPEN LUNTEE]
T
Read the tare table TCOF--_ DAT READ IPTALF(I)
corresvonding to NTAR = -~ PTARE (M,N,I) y/
for tare alphas and forces v
close device | CLOSE LUNTCF|
1
Return to SCFLIS <——;; RETURN
FLOW CHART FOR SCLSTR (calleg by SCELLS)
Pass aloha, uncorrected forces (™,M,ALPHA,GAGELC,GAGETR )
an? returns corrected forces ¥
Look up prover tares [EQLL SCPTLU (N,M,ALPHA,FPTARE)
T
mare subtracticn |[CAGETR(M,N) = GAGELC(M,N) - FDTAFRE(M,W)]
K 4
Return to SCELLS <§:: PETURN

Figure C1.- Concluded.
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APPENDIX D

PROGRAM DESCRIPTION

LOAD CELL FORCE COMPUTATIONS

This appendix describes the computational methods used for the calculation of
forces and moments from load cell data. For more detailed information see the
actual program listings of the subroutines named. These routines are part of the
Ames "Standard Wind Tunnel Software" and can be obtained from NASA programmers or
NASA contractor programmers (Informatics).

There are two independent sets of software that can compute loads. The soft-
ware that performs the on-line calculations during actual running is referred to as
the "real-time" program, whereas the program used to reduce the data after a run is
called the off-line program. Most subroutines in the off-line program are dupli-
cates of the software in the real-time program; however, in some cases simplified,
but equivalent expressions are used in the off-line program.

Prior to any manipulation of data by the so-called "Load Cell Program" SCELLS,
the acquired data in the form of machine computer counts is converted into engineer-
ing units (eu). These computations are performed in real-time by the standard wind
tunnel conversion routines "SCNVRT" which in turn calls "SCTHRB." In the off-line
program, the calculation uses the "LOADS" subroutine.

SCNVRT: Standard Conversion Routine

This subroutine determines the type of data that needs to be converted (pres-
sure, force transducer, temperature, etc.) and calls the appropriate conversion
routine. The subroutine that is called for strain gage balance data is SCTHRB.

SCTHRB: Standard Conversion for Thermal Balances

The SCTHRB subroutine contains several options for the conversion of strain
gage balance data into engineering units. 1Its capabilities include (n)th degree
bidirectional polynomial conversions, thermal adjustments, resistance calibration,
and bias offset corrections. In practice, the load calibration of load cells is
linear to within the accuracy of the experimental facility's data system. For this
reason only the first-order "thercal" portion of the subroutine is used. If the
researcher feels that a higher order fit of the calibration data is justified, that
software can be made available upon request. Although this feature could be used to
handle second-order effects such as "interactions," a separate subroutine has been
supplied for that case.
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The first order equation used is

FGAGE = CCONST*(XGAGE - IZROCT)*CALCOR (D1)

where:

FGAGE, the force measured by a given gage in engineering units.

CCONST, the primary conversion constant [eu/cts]. Also referred to as

CLDCLS. CCONST can be assigned values for both positive and negative loadings
on each gage, but this feature is only active in the off-line program.

XGAGE, the gage reading in computer counts.

IZROCT, the gage reading recorded during the zero (ZER) point in computer
counts.

CALCOR, the rcal correction factor.

CALCOR = XINCAL/FGCAL (D2)
XINCAL, reference rcal value for the gage in computer counts.
FGCAL, the gage reading recorded during the calibration (CAL) point.

It is recommended that if inside-outside rcal corrections are being applied,

any adjustments should be applied directly to the CCONST constant.

During data acquisition, this subroutine performs the following functions:

Zero point, (ZER,PTZ). For either a normal or pitch tare zero the current gage
values in counts are stored in IZROCT.

Calibration point, (CAL,PTC). The program assumes that an rcal; is being
applied to the load cell gage and computes the following:

FGCAL = CCONST*(FGAGE - IZROCT) (D3)
for the calculation of the current values of CALCOR.
Record point, (REC,PTR). Zeros are subtracted and conversions applied as

described in equation (D1).

SCELLS: Standard Computation of Load Cells Data

The SCELLS subroutine takes the gage force readings for the various load cells

that are computed by SCTHRB (in engineering units), and applies temperature

48




corrections, interactions, and tare corrections. It rotates the force vectors from
load cell to model axes to compute aerodynamic forces and moments. Finally, it
rotates the forces and moments into the desired axes system. It is not always
necessary to apply all of these corrections, so provisions are available to flag out
any routines that are not required. The following subroutines are called by SCELLS
in the order shown in the accompanying flow chart,

SCPTRD: Standard Computations, Pitch Tare Read

a2

if the current run is not for the purpose of recordi rg new pitch tare values
(PTZ,PTC, or PTR), the pitch tare file corresponding to the present value of NTAR is
read

’
nto memorv
memory,

|..a-

SCLCTR: Standard Computations, Load Cell Tare Correction

The tare correction is a simple subtraction of the tare value that is associ-
ated with the current angle of attack, on a gage-by-gage basis,

GAGETC(N,M) = GAGELC(N,M) - FPTARE(N,M) (DY)

If the flag IPTARC is set to 1, pitch tares will also be applied to the preloads.
Since preloads are reversed, sign (positive preloads for negative loads) negative
preload values are sent to, and returned from, the subroutine.

-PRELDT(N,M) = -PRELD(N,M) - FPTARE(N,M) (D5)

SCPTLU: Standard Computations, Pitch Tare Lookup

This subroutine looks up the set of tare values that is appropriate for the
current angle of attack. If no data are present for the present test condition,
then values are computed by linear interpolation from adjacent data,

(PTAR,, - PTARLO)*(ALPHA - ALF

ALFHI - ALELO

HI LO)

FPTARE = + PTAR (D6)

LO

If alpha is not within the range of the tare data, tare values associated with
the closest alpha will be used. No extrapolations are made. Care should be exer-
cised when using the interpolated tare values. This feature is intended to provide
an approximation to what can be a highly nonlinear function. Should the data war-
rant, it is possible to insert additional tare values into the file before recomput-
ing. WARNING: This routine rounds off to the nearest integer alpha.
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SCLCTCi Standard Computations, Load Cell Temperature Correction

This subroutine adjusts the slope of the primary load cell calibration as a
function of load cell temperature. This subroutine is discussed in detail in
appendix C.

SCLCIA: Standard Computations, Load Cell Interactions

The term interaction applies to a fictitious force indicated by a load cell
gage that is due to deflections normal to its load axis. The manner in which the
Ames three-component load cells are constructed (described in the main body of this
paper) provides a physical isolation between the gages of different load cells; so
it can be assumed that interactions between the load cells do not exist. This
simplification allows the subroutine SCLCIA to apply corrections to the indicated
loads based only on the influences coefficients that are common to each load-cell.

The interaction subroutine is implemented in three steps. The first determines
if a gage is in tension or in compression. The equations are

IDLA = IDLS = IDLN = 1 (D7)
IF (FRGAGE(IAXIL,N) .LT. PRELD(IAXIL,N)) IDLA = 2
IF (FRGAGE(ISIDE,N) .LT. PRELD(ISIDE,N)) IDLS = 2
IF (FRGAGE(INRML,N) .LT. PRELD(INRML,N)) IDLN = 2

Where FRGAGE and PRELD and their subscripts are as defined earlier, IDLA,
IDLS, and IDLN are the s subscript, as discussed in the main body of this paper,
which denotes the sign associated with the influence coefficients (positive = 1,
negative = 2).

The second step computes the apparent force increment as seen by each gage

DAFRC = FRGAGE( INRML,N)*DADN(IDLN,N) + FRGAGE(ISIDE,N)¥*DADN(IDLS,N)
DSFRC = FRGAGE(IAXIL,N)*DADN(IDLA,N) + FRGAGE(ISIDE,N)*DADN(IDLS,N) (D8)
DNFRC = FRGAGE(IAXIL,N)*DADN(IDLA,N) + FRGAGE(INRML,N)*DADN(IDLN,N)

and the final step subtracts the increment from each gage
FRCORR(IAXIL,N) = FRGAGE(IAXIL,N) - DAFRC
FRCORR(ISIDE,N) = FRGAGE(ISIDE,N) - DSFRC (D9)

FRCORR(INRML,N) = FRGAGE(INRML,N) - DNFRC
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SCRRPY: Rotation of Roll-Pitch-Yaw

In order to align the forces that are measured by the load cells with the
model's body axes, this subroutine sequentially rotates the force vector FLDCLS
about the roll, pitech, and yaw axes (X-Y-Z) for each gage of each load cell (euler
convention). The actual rotations are performed by the subroutines SCROLL, SCPTCH,
and SCYAW. The transformation equations are given below.

Rotation about load cell X-axis (D10)
FLDCLS{1,N) = FLDCLS{1,N)

FLDCLS(2,N) = COS(XLCPHE)*FLDCLS(2,N) - SIN(XLCPHE)*FLDCLS(3,N)

FLDCLS(3,N) = COS(XLCPHE)*FLDCLS(3,N) + SIN(XLCPHE)*FLDCLS(2,N)

Rotation about intermediate Y-axis (D11)

FLDCLS(1,N)
FLDCLS(2,N)
FLDCLS(3,N)

COS(-XLCTHE)*FLDCLS(1,N) - SIN(-XLCTHE)*FLDCLS(3,N)
FLDCLS(2,N)
COS({-XLCTHE)*FLDCLS(3,N) + SIN(-XLCTHE)*FLDCLS(1,N)

Rotation about second intermediate Z-axis into Model's axes (D12)

FLDCLS(1,N)
FLDCLS(2,N)
FLDCLS(3,N)

COS(-XLCPSI)*FLDCLS(1,N) + SIN(-XLCPSI)*FLDCLS(2,N)
COS(-XLCPSI)*FLDCLS(2,N) - SIN(-XLCPSI)*FLDCLS(1,N)
FLDCLS(3,N)

Note that the subscripts 1,2, and 3 associate items to the axial, side, and
vertical directions as described earlier in this paper.

SCLCAF: Load Cell Aerodynamic Forces

The computation of forces is a simple summation of the measured load cell
forces after they have been rotated into the model body axes.

For N =1 to NLDCLS (D13)
AEROFB(1) = AEROFB(1) + GAGEFB(1,N)
AEROFB(2) = AEROFB(2) + GAGEFB(2,N)
AEROFB(3) = AEROFB(3) + GAGEFB(3,N)

NLDCLS 1is equal to the total number of load cells.

The moment calculation is performed in a similar manner. For each load cell,
the force components are multiplied by their respective moment arms and summed.
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For N =1 to NLDCLS (D14)

AEROFB(ROLL) = AEROFB(ROLL) + [GAGEFB(2,N) * XLCXYZ(3,N)]
- [GAGEFB(3,N) * XLCXYZ(2,N)]
AEROFB(PTCH) = AEROFB(PTCH) + [GAGEFB(1,N) * XLCXYZ(3,N)]

[GAGEFB(3,N) * XLCXYZ(1,N)]

AEROFB(YAW )

AEROFB(YAW ) + (GAGEFB(1,N) * XLCXYZ(2,N)]
[GAGEFB(2,N) * XLCXYZ(1,N)]

SCLCAX: Axes Rotations

LOAD CELLS, MODEL FORCES, AND MOMENTS

The final load cell subroutine calculates the forces and moments in wind and
stability axes. The wind axes system is the conventional Earth-axes system with the
restriction that the relative wind is parallel to its X-axis. For this case, the
stability Z-axis is parallel to the wind Z-axis; the stability Y-axis is parallel
to the body Y-axis; and the stability X-axis is in the X-Y plane of the wind
axes and the X-Z plane of the body axes. The transformation equations are as
follows:

Roll then Pitch Body Forces and Moments into Stability Axes

ROLL (D15)
FSTABT(DRAG) = FBODY(DRAG)
FSTABT(SIDE) = COS(-GAMMA)*FBODY(SIDE) - SIN(-GAMMA)*FBODY(LIFT)

FSTABT(LIFT) = COS(-GAMMA)*FBODY(LIFT) + SIN(-GAMMA)*FBODY(SIDE)
FSTABT(ROLL) = FBODY(ROLL)
FSTABT(PTCH) = COS( GAMMA)®FBODY(PTCH) - SIN( GAMMA)*FBODY( YAW)

FSTABT( YAW)

COS( GAMMA)*FBODY( YAW) + SIN( GAMMA)*FBODY(PTCH)
PITCH ‘ (D16)

FSTAB(DRAG) = COS(-ALPHA)*FSTABT(DRAG) - SIN(-ALPHA)*FSTABT(LIFT)

"ot

FSTAB(SIDE) FSTABT(SIDE) o

FSTAB(LIFT) = COS(-ALPHA)*FSTABT(LIFT) + SIN(-ALPHA)*FSTABT(DRAG)
FSTAB(ROLL) = COS(-ALPHA)*FSTABT(ROLL) - SIN(-ALPHA)*FSTABT( YAW)
FSTAB(PTCH) = FSTABT(PTCH)

FSTAB( YAW) = COS(-ALPHA)*FSTABT( YAW) + SIN(-ALPHA)*FSTABT(ROLL)
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YAW forces and moments into wind axes

FWIND(DRAG)
FWIND(SIDE)
FWIND(LIFT)

FWIND(ROLL)
FWIND(PTCH)
FWIND( YAW)

COS(PSI)*FSTAB(DRAG)
COS(PSI)*FSTAB(SIDE)
FSTAB(LIFT)

COS(PSI)*FSTAB(ROLL)
COS(PSI)*FSTAB(PTCH)
FSTAB( YAW)

+

SIN(PSI)*FSTAB(SIDE)
SIN(PSI)*FSTAB(DRAG)

SIN(PSI)*FSTAB(PTCH)
SIN(PSI)*FSTAB(ROLL)
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