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STRAIN GAUGE VALIDATION EXPERIMENTS 

FOR THE SANDIA 34-METER VA WT TEST BED* 

by 

Herbert 1 Sutherland 

Wind Energy Research Division 
Sandia National Laboratories 

Albuquerque, New Mexico 87185 

ABSTRACT 

Sandia National Laboratories has erected a research oriented, 34-meter diameter, 
Darrieus vertical axis wind turbine near Bushland, Texas. This machine, designated the 
Sandia 34-m VA WT Test Bed, is equipped with a large array of strain gauges that have 
been placed at critical positions about the blades. This manuscript details a series of four
point bend experiments that were conducted to validate the output of the blade strain 
gauge circuits. The output of a particular gauge circuit is validated by comparing its output 
to "equivalent" gauge circuits (in this stress state) and to theoretical predictions. With only 
a lew exceptions, the difference between measured and predicted strain values for a gauge 
circuit was found to be of the order of the estimated repeatability for the measurement 
system .. 

* This work was supported by tile U. S. Department of Energy at Sandia National 
Laboratories under contract DE-AC04-76DP00789. 
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INTRODUCTION 

Sandia National Laboratories has erected a research-oriented, 34-meter diameter, 
Darrieus vertical axis wind turbine (VA WT) near Bushland, Texas, see Refs. 1 and 2. To 
meet current and future research needs, the turbine and its environment have been 
equipped with a large array of sensors, see Fig. 1, to monitor all aspects of the machine's 
performance. Current instrumentation includes 57 strain signals from the blades, 13 strain 
signals from the tower, 8 strain signals from the brakes, 5 crack propagation signals, 25 
environmental signals, 22 turbine performance signals and 29 electrical performance 
signals. All of the rotor instrumentation is described in detail in Sutherland and 
Stephenson.3 . 

WIND SPEED 
AND 

DIRECTION 
(TYP) 

ROTOR INSTRUMENTATION 
lIP STRAIN GAUGES (TYP) 

A TRIAXIAL ACCELEROMETERS (TYP) 

• PRESSURE TAPS 

o CABLE CONNECTORS (TYP) 

181 VIDEO CONNECTORS 

* DAMAGE GAUGES 

Figure 1. Schematic Diagram of the Test Bed Instrumentation. 
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This report describes a series of four-point bend experiments that were conducted on each 
of the machine's ten blade segments. The experiments were designed to validate the 
readings of the strain gauge circuits placed on the blades. The report begins with a 
description of the blade strain gauge circuits. The behavior of the blade sections to four
point bending is then analyzed using curved-beam analysis. The experimental procedures 
are then described and results are compared. 

The initial set of 
instrumentation placed on 
the Test Bed rotor is 
primarily composed of strain 
gauges 3 that have been 
placed strategically about the 
rotor. In total, 57 gauge 
circuits were placed on the 
blades. Major groups of 
gauges are located about the 
blade joints and at the 
equator of the turbine; see 
FIg 1. Strain gauge 
categories on the blade 
include flatwise (spanwise) 
bending strain, lead-lag 
(chordwise) bending strain, 
axial (along the span) strain 
and total strain. The blade 
s train gauge circuits are 
summarized in Appendices 
A and B. 

Strain Gauge Descriptors 

All strain gauges are 
designated by their position 
and their circuit type. The 
key to the nomenclature for 
the blade circuits is as 
follows: 

STRAIN GAUGES 

Figure 2. Nomenclature for the Rotor Gauges. 

First Letter or Number (see Fig. 2): 
1 : Blade 1 
2 : Blade 2 

Second Letter or Number (see Fig. 2): 
A through U, and X: Gauge Section 

Final Letters or Numbers: 
xxML : Moment Pair in the "Lead-Lag" Position 
xxMF : Moment Pair in the "Flatwise" Position 
xxAL Axial Pair in the "Lead-Lag" Position 
xxAFAxial Pair in the "Flatwise" Position 
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xxDL 
xxDF 
xxFl 

Direct Strain in the "Lead-Lag" Position 
Direct Strain in the "Flatwise" Position 
Direct Strain (for the Damage Gauge) 

Strain Gauge Circuits 

The conventional Wheatstone Bridge circuit4 was used in this installation for all of the 
strain gauge circuits. Analysis of the circuit and detailed descriptions of the placement of 
the various gauges within the circuit are described in Sutherland and Stephenson.3 

Sign Convention for Stress Measurements 

The same sign convention was used for all of the strain gauge circuits. For single gauge 
configurations and axial pair configurations, tension produces a positive output and 
compression produces a negative output. For the flatwise bending gauges, tension in the 
outside fibers (i.e., away from the tower) produces a positive output from the bending 
gauge circuits (see Fig. 3). For the lead-lag bending gauge circuits, tension in leading edge 
fibers produces a positive output from the bending gauge circuit (see Fig. 3). 

ROUTE OF THE 
INSTRUMENTATION 
CABLES 

POSITIVE 
FLATWISE 
(SPANWISE) 
MOMENT 

CHORDWISE 

\ 

~+---I- U~-----=--=-----x 
AXIS 

I 

I POSITIVE 
t I LEAD-LAG 

ROUTE Y / (CHORDWISE) 
OF THE MOMENT 

PRESSURE 
LINES 

Figure 3. Sign Conventions for the Blade Bending Moments. 
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Environmental Coating 

Coatings of M-Coat D5 and Hysol EA-960V Fast Room Temperature Curing Adhesive6 

were used to seal the strain gauge circuits from environmental damage and to smooth them 
and their associated circuitry (e.g., wires, completion units, signal cables and cable risers) 
into the contour of the blade section. A complete description of the techniques used is 
given in Sutherland and Stephenson.3 

Correction Factors 

Because of aerodynamic and mechanical restraints, the strain gauges for some circuits had 
to be placed in positions that precluded measuring "pure" signals. In particular, lead-lag 
bending circuits have a component of flatwise bendmg and all of the axial circuits have 
components of bending. These "cross-talk" terms are analyzed in Sutherland and 
Stephenson.3 A synopsis of the analysis presented in that work is repeated here for 
completeness. 

Flatwise Bending: For the flatwise bending circuit, the measured flatwise bending stress 
equals the maximum flatwise bending stress at that station. 

Lead-Lag Bending: For the lead-lag bending circuit, the measured lead-lag bending stress 
(olb)m is a function of the flatwise bendin~ stress, Ofb, at the same gauge station. The 
maximum lead-lag stress alb at the gauge statIon is given by: 

1 C
1bf 

alb = - (olb)m + -- °fb 
C

1b1 
C

1b1 

. (1) 

The values of the cross-talk correction terms, Clbl and Clbf, for the various blade sections 
are listed in Table I. The other terms in Table I are described below. 

Table I. Correction Factors for the Gauge Circuits 

Chord C1b1 Clbf Cfa1 Claf C1a1 
Length 

in Eq. (1) Eq. (1) Eq. (2) Eq. (3) Eq. (3) 

36 0.92768 0.01914 0.18833 0.09660 0.05797 

42 0.92645 0.02474 0.20647 0.07447 0.06128 

48 0.90311 0.04831 0.43970 0.09792 0.09220 

Flatwise Axial: For a flatwise axial circuit, the measured flatwise axial stress (ofa)m is a 
function of the maximum lead-lag bending stress, alb, at the same gauge station. The 
flatwise axial stress Ofa at the gauge station is given by: 

o = (0 ) -
fa fa m 

. (2) 
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The values of the cross-talk correction term, Cfab are listed in Table I. 

Lead-Lag Axial: For a lead-lag axial circuit, the measured lead-lag axial stress (ala)m is a 
function of the flatwise bending stress,afb, and the m:L'{imum lead-lag bending stress, alb, at 
the same gauge station. The lead-lag axial stress, ala, is given by: 

ala = (ala)m + claf afb + Clal alb . (3) 

The values of the cross-talk correction terms qaf and Clal are listed in Table I. 

EXPERIMENTAL CONFIGURATION 

As seen in Fig. 1, each blade is composed of five sections. The cross section of each blade 
segment is in the shape of an airfoil, see Klimas2 and Fig. 4. The top and bottom blade 
sections have an airfoil with a 1.219 m (48 in) chord length; the center section has a 0.914 
m (36 in) chord length; and the other two sections have a 1.067 m (42 in) chord length. 
Here, the blade sections will be identified by their respective chord lengths; namely, 
36-inch, 42-inch and 48-inch. References to the upper and lower sections refer to the 
position of the blade section when mounted on the machine, see Fig. 1. 

~ ;:0- IV 

D~ 
""'~ A 

ROOT = NACA 0021, 1.22M CHORD 

TRANSITION = SNL NLF 0018/50, 1.07M CHORD 

EQUATORIAL = SNL NLF 0018/50, O.gIM CHORD 

Figure 4. Cross Sectional Views of the Blade Sections. 
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To validate the response of the strain gau~e circuits, each blade section was subjected to a 
four-point bend experiment. The expenmental configuration for these studies is shown 
schematically in Fig. 5. In this test, the blade section is suspended at each end with a 
vertical strap, and two weights are hung, symmetrically, about the centerline of the free 
blade section (Le., that part of the blade section not enclosed with joint stiffeners). A 
photograph taken during the bend test of one of the 36-inch chord blade sections is shown 
III Fig. 6. 

ST LARil-
~L~tF LFL - -LA -• LFA 

Lr • 

Figure 5. Schematic Diagram of the Four-Point Bend Experiment. 
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Figure 6. Photograph of the Four-Point Bend Experiment. 

Material Properties 
A total of 10 blade sections was tested. Each blade section is constructed from 6063 T-6 
aluminum. It has an ultimate strength of Uu of 1.867 MPa (39 ksi), a yield strength Uy of 
1.197 MPa (25 ksi), Young's modulus E of 479 MPa (1.0E7 psi), and Poisson's ration p. of 
0.3. 

Blade Dimensions 
The dimensions of each blade section are shown in Table II. The corresponding sections 
of each blade have the same length. 

Each blade section is reinforced at both ends with aluminum "clam shells" that were 
machined to the outside contour of the blade. The length of the reinforced section, at all 
blade-to-blade connections, is 0.610 m (24 in). For the blade-to-tower joint, the length of 
the reinforced section is 3.05 m (10 ft); see Table II. 

The cross sectional bending properties of the blade sections were originally calculated in 
AshwiII and Leonard7 and, subsequently, modified by them to reflect changes in the 
geometry of the cross sections. Their final calculations are summarized in Table III. 
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Table II. Dimensions of the Blade Sections. 

Position Chord Arc Radius Reinforcement 
Length of 

Curvature Top Bottom 
m m m m m 

(in) (in) (in) (in) (in) 

1. 219 10.852 infinite 3.048 0.610 
(48) (427.25) (120) (24) 

Upper 
1. 067 7.553 29.87 0.610 0.610 
(42) (297.38) (1176) (24) (24) 

Center 0.914 19.133 17.07 0.610 0.610 
(36) (753.25) (672) (24) (24) 

1. 067 7.560 29.87 0.610 0.610 
(42) (297.63) (1176) (24) (24) 

Lower 
1. 219 9.211 infinite 0.610 3.048 
(48) (362.63) (24) (120) 

Table III. Cross Sectional Bending Parameters 

Chord, m (in) 1.219 1. 067 0.914 
(48) (42) (36) 

Area, rnrn2 (in2 ) 38710 21740 17420 
(60.0) (33.7) (27.0) 

F1atwise Neutral 128 96.0 82.3 
Axis*, rnrn (in) (5.04) (3.78) (3.24) 

F1atwise Moment of 2.425£-4 7.642£-5 4.637£-5 
Inertia, m4 (in4 ) (582.6) (183.6) (111.4) 

Chordwise Neutral 553.0 501.7 431. 3 
Axis**, rnrn (in) (21.77) (19.75) (16.98) 

Chordwise Moment of 4.035£-3 1. 655£-3 9.815£-4 
Inertia, m4 (in4 ) (9695) (3976) (2358) 

• 
•• 

Maximum distance from the blade centerline to the blade surface . 
Distance from the leading edge. 
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ANALYSIS 

Curved Beam Analysis 

The four-point bend experiments were analyzed by computing the shear and bending 
moment dIagrams along the length of the each blade section. To compute the stress state 
at a particular blade location, the analysis assumes that the radius of curvature for the 
beam is large in comparison to the cross sectional dimensions of the blade.· This 
assumption implies that the bending stresses vary linearly across the cross section of the 
blade and that simple beam theory may be used to determine the stress state in the blade 
section. The free body diagram for a section of a curved beam is shown schematically in 
Fig. 7. 

Rx 

~ 
r----...:::..X ___ /i 

Figure 7. Free Body Diagram for a Curved Beam. 
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Beam Geometry: As seen in Fig. 5, the total arc length ST of the blade section is. equal to 
the sum of the arc lengths of the reinforced section on the left end sL, the center sectlOn So 
and the reinforced section on the right end SR; i.e.: 

ST = sL + Sc + sR · (4) 

For a ·radius of CUlvature equal to R, the angle subtended by the total arc is 

9 = sT / R , (5) 

and the horizontal distance between the ends of the beam LT is 

~ = 2 R sin (9/2) · (6) 

Applied Forces: Two weights were used to load each blade symmetrically about the 
centerline of the center section of the blade section, see Fig. 5. The angle QF from the 
centerline of the section to these applied forces is 

Q F = SF / R , (7) 

where SF is the blade length from the centerline to the applied forces. 

The horizontal distance from the left end of the beam to the applied force on the left is 

, (8) 

where LF is the horizontal distance from the centerline to the force. From the left end of 
the beam to the force on the right, the corresponding horizontal distance is 

· (9) 

End Reactions: Due to mechanical constraints, the end loads on the blade sections could 
not be applied at the exact end of the blade section. Rather, they were placed interior to 
the beam at arc lengths of SRL and sRR from the left and right hand ends of the beam, 
respectively. LRL and LRR are the corresponding horizontal distances for these arc 
lengths. 

The free body diagram, see Fig. 5, may be solved for the end reactions. The analysis for 
equal applied loads and LRL = LRR yields: 

· (10) 

Reaction Force: Solving the free body diagram for a beam section, Fig. 7, yields a total 
vertical reaction force Rx at station x of 

, (11) 

where HO is the Heaviside Step Function. The function Rx is plotted in Fig. 8 for the 
36-inch chord section. 
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! 
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i . I • 

5 10 15 

Length Along the Blade Section, m 

Figure 8. Total Force Diagram for the 36-inch Chord Beam Section. 

Shear Force: Solving the vector diagram for the force component parallel to the beam 
face, see Fig. 7, yields a shear force Vx of 

v = R cos (a) 
x X x 

RL cos (ax) H(x-~L) + F cos (ax) H(x-LFL) + F cos (ax) H(x-LFR) 

- ~ cos (ax) H(x-LT+~) 

where the angle ax is taken to be the positive angle that is given by 

a = arcsin 
x 

(L.r/2) - x 

R 

The function Vx is plotted in Fig. 9 for the 36-inch chord section. 

(12) 

(l3 ) 

Normal Force: Solving the vector diagram for the force component perpendicular to the 
beam face, see Fig. 7, yields a normal force Nx of 

N = - R sin(a) x x x 

+ ~ sin(ax ) H(x-LT+~) . (14) 

The function Nx is plotted in Fig. 10 for the 36-inch chord section. 
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Figure 9. Shear Force Diagram for the 36-inch Chord Beam Section. 

1 i 
I 

Blade I 
Centerline i 

ii 0.5 I E - I 
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Z 
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i 

Length Along the Blade Section, m 

Figure 10. Normal Force Diagram for the 36-inch Chord Beam Section. 
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'. Axial Stress: The axial stress can be computed from Eq. (14) by 

(0) = N / A a x x x , (15) 

where Ax is the cross-sectional area of the blade section at station x. The function (oah is 
plotted in Fig. 11 for the 36-inch chord section. This function is discontinuous because the 
cross sectional area varies along the span of the blade section due to the joint 
reinforcements on each end.·· . 

0.05 
i 

IV i c.. 0.04 I 
:E i 
ur Blade i 
I/) 

0.03 Centerline i 
CD I ... i -en i 
ca 0.02 i ·x i 
« i 

0.01 I 
i 
! 

0 
0 5 10 15 

Length Along the Blade Section, m 

Figure 11. Axial Stress Diagram for the 36-inch Chord Beam Section 

Axial Strain: The strain corresponding to the axial-stress component is given by 

(c) = (0) / E 
a x a x 

. (16) 

This function is plotted in Fig. 12. 

Bending Moment: The corresponding bending moment Mx for this beam is 

+ ~ (x-L.r+~) cos(ax ) H(x-L.r+~) . (17) 

This function is plotted in Fig. 13 for the 36-inch chord section. 
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Figure 12. Axial Strain Diagram for the 36-inch Chord Beam Section. 
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Figure 13. Bending Moment Diagram for the 36-inch Chord Beam Section. 
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Bending Stress: The assumption of linearity of the bending stress (ab)x across the blade 
section permits the bending stresses to be determined by 

Mx Y 
(a) = --
. b x I 

, (18) 

where y is the distance coordinate measured from the neutral axis of the beam and I is the 
bending moment of inertia of the cross section. The maximum values of y for the three 
cross sections are listed in Table III. This function is plotted in Fig. 14 for the 36-inch 
chord section. It is discontinuous because y and I vary along the span of the blade section 
due to the joint reinforcements on each end. 

20r-------------------:---------------____ ~ 

i 
I 

I Blada i 

I Centerline' 

i 
I 
i 

5 10 15 

Length Along the Blade 'Section, m . 

Figure 14. Bending Stress Diagram for the 36-inch Chord Beam Section. 

Bending Strain: The corresponding bending strain is given by 

M Y 
(i:) = _x_ 

b x E I 
,(19) 

where E is Youngs' Modulus for the beam material. This function is plotted in Fig. 15 for 
the 36-inch chord section. 

Straight Beam Analysis 

A similar analysis was performed for the straight section of the blade (the four sections 
with 48-inch cords). Because this analysis repeats the analysis presented above (with R = '" 
and SL not equal to SR), the author does not present it here. 
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Figure 15. Bending Strain Diagram for the 36-inch Chord Beam Section. 

Blade Radius 

The strain-gauge readings were referenced to the blade suspended from its ends with no 
weights suspended from its center; see Reference State below. In this state, the length LT 
of each blade section was measured. The lengths of the 42-inch and 48-inch chord blade 
sections were as predicted by Eq. (6) and the values listed in Table II. However, the 
lengths of the two 36-inch chord blade sections did not agree with the calculated values. 
Because the arc length ST remained unchanged, the radius of curvature must have changed 
due to gravitation loads imposed on it in the reference state. 

The radius of curvature R in the reference state may be determined from Eqs. (5) and (6) 
using the arc length ST and the length LT. The calculation showed that the radius of 
curvature R decreased from 17.07 m (672 in) in the undeformed state to 15.72 m (619.0 in) 
in the reference state. 

Because this change significantly affected the beam geometry, the analysis cited above was 
corrected to reflect this change in geometry; i.e., the value of R for the 36-inch chord 
sections was changed in the analysis from the value cited in Table II to the value cited here. 

The value of R decreased further when the concentrated loads were applied. However, 
this change was small and did not further affect the strain. 
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Fixture Offset 

As described above, the end supports on the blade sections were not attached at the exact 
end of the blade section. The offset varied for the different sections. For the 36-inch 
chord section, the horizontal offset was 171.5 mm (6.751 in) at both ends.· For the 48-inch 
chord. section, the offset was 88.9 mm (3.50 in) at the both ends. For the 42-inch chord 
sections, the offset was zero at both ends. This placement of the end loads is reflected by 
the beginning and trailing unloaded regions shown in Figs. 8 through 15. 

EXPERIMENT 

A standarized procedure was used to interrogate the strain gauge circuits.4 Each blade 
section was placed in its "reference state" and the appropriate wires* were connected to a 
Vishay Portable Strain Indicator.8 The circuit-strain reading was then set to zero using the 
zero adjustment. Then, the blade section was loaded with the appropriate weights, the 
circuit balanced, and the strains read on the Vishay output dial. The load was then 
removed and the zero was checked for drift. The strain measurement and zero check were 
then repeated. All readings were recorded as they were taken. Any discrepancies between 
the two readings were evaluated and resolved at this time. Three Vishay units were in use; 
thus, the gauge circuits were measured in groups of three. 

The analysis described above was used to predict the strain readings for each circuit before 
the experiments were conducted. During the course of the experiments, the strain readings 
were compared to the theoretical predictions. If the measured value did not agree with the 
prediction, the circuit was retested. If the initial and retest measurements agreed, the 
original measurement was left unchanged. However, if they did not agree, the initial 
reading was discarded and replaced with the new measurements. Fewer than five such 
erroneous readings were found during these experiments. 

Based on the multiple readings of each circuit and readings of a calibration circuit, the 
repeatability of the measurements is estimated to be of the order of ± 3 microsttain. 

Reference State 

In the analysis presented above, the effects of gravity have been neglected. To eliminate 
this applied force field from the experiment, the reference state for the strain gauge 
readings was taken with the blade section suspended from its ends and no weights 
suspended from its center. The reduced radius of curvature for this stress state was used in 
the calculations. 

wads 

For the 4S-inch and 42-inch chord blade experiments, each applied force F was 2.135 kN 
(480 lb). For the 36-inch chord blade experiments, each F was 1.070 kN (240.5 lb). 

"The wires for each gauge circuit were contained in the instrumentation cables that were 
routed through the cells in the blade section. See Sutherland and Stephenson3 for a 
complete description of the wiring procedures and cable routes used in this machine. 
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Encapsula~t 

The Hysol 960V encapsulant used to protect the strain gauge circuits, see above discussion, 
has the potential to affect the output of the strain gauge circuits. To address this concern, 
the strain measurements were conducted twice. The first set of measurements was 
conducted with no encapsulant covering the gauge circuitry, and the second set was 
conducted with the gauges encapsulated. 

The second set of measurements was also used to determine if the encapsulation process 
had destroyed the integrity of the strain gauge circuits. One set of broken wires was found. 
The damaged leads were fixed and then encapsulated again. 

RESULTS 

The results of the experiments are listed in Appendices C and D for all gauges. The 
theoretical predictions listed in the appendices have been calculated using Eqs. (16) and 
(19) and the correction factors cited in Eqs. (1), (2) and (3). 
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Figure 16. Bending Strain Diagram for the 42-inch Chord Beam Section. 
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As seen in Appendices C and D, the flatwise bending component is the major strain 
component in these experiments. The results for this strain component are compared 
graphically to the theoretical predictions in Figs. 15-18 and are summarized in Appendices 
E, F and G. In these appendices, "equivalent" gauge sets have been grouped together. 
Equivalence between gauge circuits is due to the symmetry of the loading for this 
experiment, the symmetry of the 36-inch and the 42-inch blade sections, the symmetrical 
placement of gauge circuits on Blade 1 and Blade 2, and the strain state introduced in the 
beams by this experimental configuration. 

Hysol Encapsulant 

As seen in Appendices C and D, the gauge readin~s with and without the Hysol 
encapsulant are, in general, in very good agreement WIth one another. The difference 
between the two gauge readings Dl is computed as: 

D = £: - £: 
leu 

, (20) 

where £:v is the strain value measured with no encapsulant (the "None" column in these 
appendices) and £:e is the strain value measured with encapsulated gauge circuits (the 
"Encap" column in these appendices). Fig. 19 presents a distribution plot for Dl. The 
average value of Dl is -0.48 microstrain, and the standard deviation is 3.5 microstrain. 
Both values are of the order of the ± 3 microstrain estimated repeatability of the 
measurements. 
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Figure 19. Distribution of the Differences between the Encapsulated and the 
Unencapsulated Gauge Readings. 
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As seen in Fig. 19, three gauges lie outside the main group of readings. Thegau~e circuits 
are 2LMF, 2LF1 and 2QDFl. The difference values are -12, -10 and +11 mlcrostrain, 
respectively. These values correspond to -8, -11 and +34 percent deviation, respectively. 
With the relatively large number of samples reported here (i.e., 57), one would expect, 
statistically, discrepancies up to 3 or 4 times the estimated repeatability of 3 microstrain. 
Thus,. all of the gauges are in general agreement with one another. However, because 
these three gauges fall outside the main grouping of the gauge readings, a closer 
examination of them appears to be warranted. 

The discrepancies in the strain readings for gauge circuits 2LMF and 2LF1 can be 
examined, first, by comparing their readings to equivalent readings. In particular, both 
circuits are located at the same gauge section, and, for the strain state used in this 
experiment, their readings should be the same. Moreover, these circuits are equivalent to 
circuits 1EMF and 1LMF. Comparing these results, see Appendix F, gauges 2LMF and 
2LF1 are in agreement with one another but not with 1EMF and 1LMF. 

Gauge circuit 2QDF1 can be compared to gauge circuits 1QMF, 2QF1, 2QDF2 and 
2QDF3; see Appendix E. This gauge circuit is not in agreement with equivalent gauge 
circuits. Because this gauge is located 9.5 mm (0.375 in) from the upper end of the blade
to-tower joint, a stress concentration associated with the joint may be affecting the output 
of this circuit. Because a relatively thick layer of Hysol was used around this joint to 
smooth it aerodynamically (in addition to encapsulating the gauge circuit), the Hysol could 
be mitigating the stress concentration during subsequent experiments. The output of this 
circuit will require continued scrutiny during the course of the test program for the Test 
Bed. 

Another comparison can be obtained by comparing the measured values to the theoretical 
predictions for this gauge section. In these three cases, the encapsulated gauge readings 
are closer to the theoretical predictions. Thus, it appears that the gauges were initially 
reading higher strain than predicted and that they were in better agreement with the 
theoretical predictions after the encapsulant covered them. 

Thus, the Hysol 960V encapsulant has little or no effect on the output of these gauge 
circuits. Statistical analysis illustrates that the average difference and the standard 
deviation are of the order of the estimated repeatability of the measurements. 

Comparison of Measured and Predicted Strains 

As seen in Appendices C and D, the gauge readin~s with the Hysol encapsulant are, in 
general, in very good agreement with the theoretIcal predictions. The difference D2 
between the measured strain with encapsulated gauge circuits and the theoretical 
prediction for the strain is given by: 

D ~ £ - £ 
2 t e 

, (21) 

where q is the predicted strain value. Fig. 20 presents a distribution plot for D2. The 
average value of D2 is 0.64 microstrain, and the standard deviation between the readings is 
2.5 micros train. Both are of the order of the ± 3 microstrain repeatability of the 
measurements and are smaller than that obtained when the before and after encapsulating 
data are compared. 
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As illustrated in Fig. 20, all of the ~auges have differences between the measured and 
predicted strain of less than 10 mlcrostrain. Two gauges, 1HMF and 2NDF, have 
differences of +8 and -8 micros train, respectively. This differen~e corresponds to +4 and 
-31 percent deviation, respectively. As noted above, one would expect, statistically, 
discrepancies up to 3 or 4 times the estimated repeatability of 3 microstrain. Thus, all of 
the ga~ges are in general agreement with the theoretical prediction. Again, as these 
gauges fall outside the main grouping, a closer examination of them appears warranted. 
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Figure 20. Distribution of the Differences between the Measured and the 
Predicted Strain Gauge Readings. 

12 

Gauge circuit 1HMF can be compared to circuits 2HMF and 2HF1, see Appendix G. As 
illustrated by this comparison, gauge circuit 1HMF is reading low by a relatively low 
percentage. 

Gauge circuit 2NDF is another gauge that is placed very close to a joint. In this case, the 
gauges are located 6.4 mm (0.25 in) from a blade-to-blade joint. The stress concentration 
associated with the joint structure could be causing the high reading. Such a stress 
concentration would be outside the realm of the linear analysis presented above, and the 
theoretical prediction would not agree with the measured value. Thus, this gauge will also 
require close scrutiny during the test program for this machine. 

Thus, the theoretical predictions are very close to the strains measured by the gauge 
circuits after they have been encapsulated. Statistical analysis illustrates that the average 
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difference and the standard deviation are of the order of the estimated repeatability of the 
measurements. . 

SUMMARY 

The four-point bend experiments conducted here were designed to validate the output of 
the strain gauge circuits placed on the blades of the Sandia 34-m Test Bed VA WT. Two 
series of experiments were conducted. The first determined if the gauge circuits were 
affected by an encapsulant that was used to provide environmental protection and to 
aerodynamically smooth the circuits into the shape of the airfoil. The second series 
compared the strain measured by the gauge circuits to theoretical predictions. With only a 
few noted exceptions, the difference in strain values for a gauge circuit was of the order of 
the estimated repeatability for the measurement system. Two gauge circuits, .2NDF and 
2QDF1, will require continued scrutiny during the course of the test program for the Test 
Bed. To a lesser extent, gauge circuits 2LMF, 2LFl and IHMF will also require scrutiny 
during the course of the experimental program. 
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APPENDIX A 

Gauge Circuits for Blade 1 

Gauge Approximate Position Gauge 
Desig Configuration 

Blade Position* From 
Section (in) 

1AML Upper 48 37.00 TOP Lead-Lag Bending 
1AMF 37.00 F1atwise Bending 

. 

1DML Upper 42 38.5 TOP Lead-Lag Bending 
1DMF 38.5 F1atwise Bending 

1EML Upper 42 124.375 TOP Lead-Lag Bending 
1EMF 124.375 F1atwise Bending 

lFML Upper 42 36.75 BOT Lead-Lag Bending 
lFMF 36.75 F1atwise Bending 

1HML Center 36 35l. 375 BOT Lead-Lag Bending 
1HMF 35l. 375 F1atwise Bending 
1HAF 352.125 F1atwise Axial 

lIML Center 36 36.75 BOT Lead-Lag Bending 
lIMF 36.75 F1atwise Bending 

1LML Lower 42 123.0 BOT Lead-Lag Bending 
1LMF 123.0 F1atwise Bending 

1NML Lower 42 36.0 BOT Lead-Lag Bending 
1NMF 36.0 F1atwise Bending 

10ML Lower 48 36.625 TOP Lead-Lag Bending 
10MF 36.625 F1atwise Bending 

1PML Lower 48 121.25 BOT Lead-Lag Bending 
1PMF 12l. 25 F1atwise Bending 
lPAL 12l. 25 Lead-Lag Axial 
lPAF 12l. 25 F1atwise Axial 

1QML Lower 48 36.0 BOT Lead-Lag Bending 
1QMF 36.0 F1atwise Bending 

"The position cited here is the distance from the gauge to the top or bottom of the 
unreinforced blade section. 
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APPENDIXB 

GAUGE Circuits for Blade 2 

Gauge Approximate Position Gauge 
Desig Configuration 

Blad~ Position From 
Section (in) 

2XML Upper 48 36.0 TOP Lead-Lag Bending 
2XMF 36.0 Flatwise Bending 

2J\ML Upper 48 245.75 TOP Lead-Lag Bending 
2AMF 245.75 Flatwise Bending 

2DML Upper 42 37.0 TOP Lead-Lag Bending 
2DMF 37.0 Flatwise Bending 

2GMI., Center 36 36.5 TOP Lead-Lag Bending 
2GMF 36.5 Flatwise Bending 

. 

2HML Center 36 351.375 TOP Lead-Lag Bending 
2HMF 35l. 375 Flatwise Bending 
2HFl 35l. 375 Damage Axial 

2IML Center 36 35.5 BOT Lead-Lag Bending 
2IMF 35.5 Flatwise Bending 
2IDF 0.313 Flatwise Total 

2JMF Lower 42 38.375 TOP Flatwise Bending 
2JFl 34.375 Damage Axial 
2JDF 0.25 Flatwise Total 

2KMF Lower 42 8l. 25 TOP Flatwise Bending 

2LMF Lower 42 122.875 BOT Flatwise Bending 
2LFl 126.5 Damage Axial 

2MMF Lower 42 79.625 BOT Flatwise Bending 

2NMF Lower 42 36.75 BOT Flatwise Bending 
2NFl 39.75 Damage Axial 
2NDF 0.25 Flatwise Total 
2NML 36.75 Lead-Lag Bending 
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Gauge 
Desig 

2PMF 
2PAL 

2QDFl 
2QDF2 
2QDF3 
2QDL 
2QFl 

Approximate 

Blade 
Section 

Lower 48 

Lower 48 

APPENDIX B (cont) 

Position Gauge 
Configuration 

Position From 
(in) 

121.75 BOT Flatwise Bending 
121.75 Lead-Lag Axial 

0.375 BOT Flatwise Total 
6.0 Flatwise Total 

17.625 Flatwise Total 
0.375 Lead-Lag Total 
6.0 Damage Axial 
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APPENDIXC . ; 

.' Strain Gauge Readings for Blade 1 

Stra~n Gauge Circuit Measurements Dl Calc Dz 

Gauge Configuration None Encap 

lAML Lead-Lag Bend -3 -3 0 -2 1 
1AMF F1atwise Bend 47 49 2 51 2 

1DML Lead~Lag Bend -2 -4 -2 -2 2 
1DMF F1atwise Bend 60 59 -1 62 4 

lEML Lead-Lag Bend 0 -2 -2 -3 -1 
1EMF F1atwise Bend 108 108 1 112 4 

1FMl- Lead-Lag Ben\i -5 -2 3 -1 1 
1FMF F1atwise ~end 61 59 -3 60 2 

1HML Lead-Lag Bend -10 -6 4 -4 2 
1HMF F1atwise Bend 215 211 -5 218 8 
1HAF Flatwise Axial -1 -3 -2 -1 2 

lIML Lead-Lag Bend -2 -1 2 -1 -0 
lIMF Flatwise Bend 32 30 -2 32 2 

1LML Lead-Lag Bend -5 -6 -2 -3 3 
1LMF F1atwise Bend 110 108 -2 112 5 

1NML Lead-Lag Bend -2 -3 -2 -1 2 
1NMF F1atwise Bend 60 59 -2 60 1 

10ML Lead-Lag Bend -4 -2 2 -2 0 
10MF. F1atwise Bend 35 31 -4 34 3 

1PML Lead-Lag Bend -3 -3 0 -3 -0 
lPMF F1atwise Bend 54 54 0 54 1 
1PAL Lead-Lag Axial -5 -5 1 -5 -1 
lPAF F1atwise Axial 0 0 0 -0 -0 

1QML Lead-Lag Bend -1 -2 -1 -2 -0 
1QMF F1atwise Bend 46 48 2 48 1 

. .. 
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APPENDIXD 

Strain Gauge Readings for Blade 2 

Strain Gauge Circuit M:easurements D1 Calc D2 

Gauge Configuration None Encap 
. 

2XM:L Lead-Lag Bend -3 0 3 -2 -2 
2XM:F F1atwise Bend . 50 50 0 51 1 

2AM:L Lead-Lag Bend -5 -1 4 -2 ~1 

2AM:F F1atwise Bend 30 30 1 31 1 

2DM:L Lead-Lag Bend -5 -5 -1 -2 3 
2DM:F F1atwise Bend 57 59 2 61 2 

2GM:L Lead-Lag Bend -4 -1 3 -1 0 
2GMF F1atwise Bend 32 31 -1 32 1 

2HM:L Lead-Lag Bend , - 8 -6 2 -4 2 
2HM:F F1atwise Bend 221 215 -6 218 4 
2HF1 Damage Axial 229 224 -5 223 -1 

. 
i 2IML Lead-Lag Bend -4 -2 2 -1 

2IMF F1atwise Bend 30 30 -1 31 2 
2IDF F1atwise Total 14 14 0 15 1 

2JMF F1atwise Bend 62 ' 65 3 62 -2 
2JF1 Damage Axial 62 64 2 60 -4 

2JDF F1atwise Total 24 24 o . 26 2 

2KMF F1atwise Bend 100 104 4 105 1 

2LMF F1atwise Bend 122 110 -12 112 2 
2LFl Damage Axial 130 120 -10 115 -5 

2MMF F1atwise Bend 109 103 -6 103 0 

2NMF F1atwise Bend 66 61 -6 60 -0 
2NF1 Damage Axial 70 67 -3 66 -1 
2NDF F1atwise Total 33 34 1 26 -8 

2NML Lead-Lag Bend -2 -2 0 -1 1 

-29-



APPENDIX D (cont) 

Strain Gauge Circuit Measurements 01 Calc O2 

Gauge Configuration None Encap 

2PMF Flatwise Bend 56 I 53 -3 54 2 
2 PAL Lead-Lag Axial -1 -2 -1 -5 -3 

. 

2QDFl Flatwise Total -47 -35 12 . -37 -2 
2QDF2 Flatwise Total -43 -38 5 -39 -1 
2QDF3 F1atwise Total -42 -43 -1 -42 1 
2QDL Lead-Lag Total 9 3 -6 5 2 
2Qf1 Damage Axial 43 42 -1 39 -3 

APPENDIXE 

Strain Gauge Readings for the 48-inch Chord Blades 

Strain Gauge Circuit Measurements D1 Calc D2 

Gauge Configuration None Encap 

1AMF Flatwise Bend 47 49 2 51 2 
2XMF F1atwise Bend 50 50 0 51 1 

2AMF F1atwise Bend 30 30 1 31 1 

lPMF Flatwise Bend 54 54 0 54 1 
2PMF F1atwise Bend 56 53 -3 54 2 

10MF Flatwise Bend 35 31 -4 34 3 

lQMF Flatwise Bend 46 48 2 48 1 
2QFl Damage Axial 43 42 -1 39 -3 
2QDFl Flatwise Total -47 -35 12 -37 -2 
2QDF2 Flatwise Total -43 -38 5 -39 -1 
2QDF3 Flatwise Total -42 -43 -1 -42 1 
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APPENDIXF 

Strain Gauge Readings for the 42-inch Chord Blades 

Strain Gauge Circuit Measurements. D1 Calc D2 

Gauge Configuration None Encap 

1DMF F1atwise Bend 60 59 -1 62 4 
2DMF F1atwise Bend 57 59 2 61 2 
1FMF F1atwise Bend 61 59 -3 . 60 2 
2JMF F1atwise Bend 62 65 3 62 -2 
2JF1 Damage Axial 62 64 2 60 -4 
1NMF F1atwise Bend 60 59 -2 60 1 
2NMF F1atwise Bend 66 61 -6 60 -0 
2NFl Damage Axial 70 67 -3 66 -1 

2JDF F1atwise Total 24 24 0 26 2 
2NDF F1atwise Total 33 34 1 26 -8 

1EMF F1atwise Bend 108 108 1 112 4 
1LMF F1atwise Bend 110 108 -2 112 5 
2LMF F1atwise Bend 122 110 -12 112 2 
2LF1 Damage Axial 130 120 -10 115 -5 

2KMF F1atwise Bend 100 104 4 105 1 
2MMF F1atwise Bend 109 103 -6 103 0 

APPENDIXG 

Strain Gauge Readings for the 36-inch Chord Blades 

Strain Gauge Circuit Measurements D1 Calc D2 

Gauge Configuration None Encap 
. 

2IDF F1atwise Total 14 14 0 15 1 

lIMF F1atwise Bend 32 30 -2 32 2 
2IMF F1atwise Bend 30 30 -1 31 2 
2GMF F1atwise Bend 32 31 -1 32 1 

1HMF F1atwise Bend 215 211 -5 218 8 
2HMF F1atwise Bend 221 215 -6 218 4 
2HF1 Damage Axial 229 224 -5 223 -1 
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