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FOREWORD

The research work described herein resulted from two contract efforts
managed by Mr, Thomas P. Cahill, Wind Energy Project Office, NASA-Lewis Re-
search Center, The first, under NASA Contract NAS3-20062, was with the Concept
Development Institute of Hudson, Ohio. This effort involved the experimental
determination of urethane mechanical properties from specimen and blade-section
tests, and a preliminary evaluation of full-scale blade weight. Urethane spec-
imens were prepared by the Goodyear Tire and Rubber Company, and testing was
conducted at the University of Akron. This contract effort was directed by
Robert S, Ross of Concept Development Institute and by Demeter G. Fertis of
the University of Akron.

The second effort, under NASA Order C-7653 with Technical Report Services
of Rocky River, Ohio, involved a revision and expansion of the material de-
veloped in the first effort and a more detailed preliminary design analysis of
a full-scale reinforced urethane blade. These two parts were then integrated
into the single report contained herein by Seymour Lieblein of Technical Report
Services.
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SUMMARY

A preliminary evaluation was conducted of the feasibility of urethane as
a material for low-cost rotor blades for wind turbines. The study involved
two major phases: results of tests for determination of urethane mechanical
properties; and a theoretical analysis of a full-scale blade design based on
the results of these tests.

Specimen tests of nine urethane formulations showed that the best material
had a modulus of 457 000 psi and an ultimate tensile strength of 6054 psi. Ten-
sile strength decreased substantially with increasing temperature (around
1000 psi between room temperature and 120° F). Strain-gage measurements on
beam specimens revealed normal flexural behavior for urethane.

Urethane showed creep in both bending and tensile specimen tests. At a
steady load that produced a bending stress of 2000 psi, the bending deflection
increased by around 40% after 60 days. No fatigue failures occurred in tensile
specimens after 2 million cycles. However, this test duration was very small
compared to the design life requirements of wind turbine blades (4x108 cycles).

Test results were also obtained from a large-scale model blade section in-
stalled as a cantilever beam. The blade section was composed of two joined
cast halves of a symmetrical airfoil section with a length of 85 inches, a
chord length of 30 inches, and a maximum thickness of 4.5 inches. When the
blade section was loaded at the free end, it failed at the restrained end at a
calculated stress of around half the ultimate tensile strength for the material
and with around twice the calculated deflection (measured tip deflection was
22.25 in.). Although the insertion of two steel reinforcing rods along the
length of the cast urethane blade reduced the tip deflection substantially, it
did not materially affect the base failure. The behavior and premature fail-
ure of the model blade section is believed due to stress concentration effects
at the bolt holes in the fixed end of the urethane, and to incomplete rigidity
involved in the base attachment of the blade.

A theoretical analysis of a full-scale urethane blade that meets the de-
sign specifications of the 62.5-foot rotor blades for the MOD-0 wind turbine
was conducted based on the urethane properties and configuration determined in
the previous tests. Results indicated that metal reinforcement is needed, and
that the stiffness criterion is the governing factor that determines the rein-
forcement requirements.

Blade designs were conducted for two levels of design strength specifica-
tions and for two arbitrarily selected blade cross-sectional configurations.
The design calculation produced the radial variation of reinforcement width
and total unit weight for a complete blade with 0.25-inch-thick steel or alum-
inum plates imbedded in the upper and lower surfaces of the urethane. Results
indicated that blade weight varied little with design specification level but
substantially with blade cross-sectional area. For the conditions used in the
analysis, the calculated total weight of a full-scale reinforced urethane
blade varied from around 3000 to 4000 pounds compared to around 2000 pounds
for the aluminum blades of the MOD-0 rotor.

Further studies would be required to determine whether a reinforced cast
urethane blade can be fabricated at low cost and whether the urethane blade
sections can be constructed with thinner walls to reduce overall blade weight.



INTRODUCTILON

It is generally recognized that new forms of replenishable energy sources
must be developed and exploited in order to maintain the standard of living
now available and to improve it in the future. One of these sources is the
Sun, and one of its energy components is the wind. Wind is a form of energy
that is readily available, and is one of the forces of nature in constant
existence that man is attempting to harness and to put in a useable form. Al-
though wind energy has long been recognized, and even in many places used,
it has not obtained general acceptance on a large scale because of the vaga-
ries of the wind and the difficulty of storing it in a form which could be
drawn upon at will.

Recently, the Department of Energy (DOE) was given the task of trying to
find some way to harness wind energy on a large enough scale to become signif-
icant as a national energy source. In preliminary investigations, DOE has de-
termined that large size wind turbines might be one solution to this problem
(ref. 1). However, studies have indicated that the cost of the initial instal-
lation is considerable, and if these systems are to be economically viable,
the capital cost of the equipment must be reduced. Wind turbine costs can be
divided into three major components: (1) the rotor blades; (2) the tower that
supports the rotor and power generating equipment; and (3) the electrical and
electro-mechanical equipment. The program described in this report was di-
rected at means for reducing the cost of the rotor blades.

In the first experimental wind turbine installations investigated by NASA
for DOE (e.g., the 100-kW MOD-0 wind turbine, ref. 2), the rotor blades were
based on either propeller or airfoil design and fabrication techniques. These
provided workable blades, but at a relatively high cost. This rotor blade
technology was derived from the aircraft industry which has made aluminum or
fiber glass propellers and rotors for many years and, therefore, has probably
reduced blade manufacturing techniques to their practical minimums in costs.
It appeared, therefore, that an entirely new approach would be required if a
significant cost reduction was to be obtained.

A new approach to the blade cost problem would involve the search for new
blade materials. Since urethanes have a wide variety of structural properties,
and can be cast in low-cost molds where they generate their own internal heat
during the casting process, it appeared that these may be likely candidates for
rotor components. However, urethanes are relatively new materials, and very
little is known regarding their properties and structural behavior as a con-
struction material. It appeared desirable, therefore, to investigate the me-
chanical properties of the urethanes and also to look into blade fabrication
techniques to determine if a potential cost benefit might be realized from the
use of these materials in wind turbine rotor blade design.

It was recognized at the beginning of the program that the use of cast
urethane blades might entail some sacrifice in aerodynamic efficiency. Also,
some increase in rotor weight would be expected, since the mechanical proper-
ties of the urethanes do not match those of the metals, or of fiber glass.
However, it was recognized also that wind turbines are not flight vehicles,




and weight is not as critical to their efficient operation as it would be to a
helicopter or airplane.

In view of these considerations, NASA-Lewis Research Center funded an un-
solicited program to experimentally determine the significant mechanical
properties of several types of urethanes, and to analytically determine the
characteristics and weight of a full-scale rotor blade design using this mate-
rial. The program involved not only physical testing of specimens, but also
the fabrication and test of several model blade sections and a preliminary
analytical study of a full-scale blade design to determine the practicality of
the approach. It was believed that information obtained from such a program
could then serve as a data base for a further evaluation if warranted. The
results of the experimental and analytical phases of the program, preceeded by
a discussion of the program approach, are presented herein.

PROGRAM APPROACH

The experimental phase of the program was initiated with a survey of
urethane types having a wide variety of physical properties. These consisted
of cast elastomers, microcellular foams, rigid foams, and flexible foams. It
was decided during this preliminary study that materials of low-elongation
microcellular foams and rigid foams would be examined based on their rela-
tively high structural stiffness.

Samples of nine urethane compositions were prepared in shapes which could
be readily tested in bending for strength and elastic modulus determination.
While tests of these samples were continued to establish other properties, new
urethanes were formulated that yielded even higher elastic modulus values.

Tests were conducted on flat, round, and beam specimens to determine
elastic modulus and tensile, creep, and fatigue properties. Temperature ef-
fects on tensile stress were determined for three temperatures. In addition,
strain gage and other tests were performed on beam specimens to further eval-
uate the structural behavior of these materials. Two of the formulations had
elastic modulus values two to three times greater than had been achieved be-
fore for urethanes. One of the formulations was a rigid foam urethane, and
the other was a microcellular foam.

On the basis of the material properties obtained for these urethane for-
mulations, an untwisted airfoil test section was designed and cast for struc-
tural tests. The basic test sections were manufactured to simulate the cross
section of a 62.5-foot rotor blade at 80 percent of the radius. The sample
sections had a chord length of 30 inches, a maximum thickness ratio of 15 per-
cent, and a spanwise length of 7 feet. They were cast of two symmetrical
parts which were cemented together to form the airfoil section.

Although it may be possible to make rotor blades entirely of urethane
(they would be relatively heavy), it was felt desirable to examine reinforcing
metal rods cast into the sections so that a greater overall structural effi-
ciency could be obtained. Therefore, three blade sections were cast: two



with reinforcing metal; and one without. The blade sections were mounted in
a cantilever fashion and loaded separately in both torsion and bending. While
the test blades were mounted on the cantilever fixture, an accelerometer was
used to determine the blade natural frequency in bending.

In order to determine the potential of cast urethane blades, the informa-
tion obtained from the tests of the blade models was applied to the design of
an actual full-size blade in the second phase of the program. The blade de-
sign utilized urethane as the prime construction element with judiciously
placed metal reinforcement to increase stiffness and bending moment resist-
ance. For the purpose of this study, it was assumed that the full-sized re-
inforced blade would be the 62.5-foot-radius MOD-0 configuration, but with
symmetrical airfoil sections. Analytical methods were derived to determine
blade section properties along the span, and blade weight was calculated for
two levels of design strength specifications and for two blade cross-sectional
configurations.

PART I. PROPERTIES EVALUATION

The discussion of the evaluation of the mechanical properties of urethane
foam is presented in two main sections. The first deals with the results of
the tests with conventional small specimens. The second part covers the tests
of the large-scale model blade sections.

SMALL SPECIMEN TESTS

The types and formulations of urethane foam used for the small specimen
tests, together with some of their known basic properties, are listed in ta-
ble I. Except for sample A, the foams are low-elongation materials. Details
of the individual test specimens used for the urethane samples are shown in
appendix A. Unless indicated otherwise, the material specimens were tested at
room temperature. The results of these property evaluation tests are pre-
sented herein in groupings of the major mechanical properties involved: ten-
sile strength; flexural strength; flexural strain; creep resistance; and fa-
tigue strength.

Tensile Strength

Ultimate tensile load tests were performed on the nine urethane foam
samples of table I by using flat specimens that were prepared in accordance
with figure 1 of the D638 ASTM standards (p. 201, vol. 35) for plastic mate-
rials as a guideline. The test specimens had an overall length of 12 inches,
a gage length of 3 inches, and a thickness of 0.25 inch (fig. 1). Exact
specimen dimensions were recorded before the material was placed in the test-
ing machine and after it failed.

Rod specimens (fig. 2) were also used in some cases for comparison pur-
poses. These were prepared by following figure 3, page 204, volume 35 of the
ASTM standards. Additional tensile tests were also performed according to




TABLE I. - URETHANE FOAM TEST MATERIALS

(a) Microcellular foam

Property Sample material
A D F H
Specific gravity 1.05 0.91/1.0381/1.00
Density, 1b/ft> 65.4| 56.3| 64.7(62.4
Elongation, percent 80 3 3 3
Crescent tear, lb/in. 563 558| ----- -—--
Heat sag, in. 0.1875|1.6875|----- -—--
Notched Izod impact, |[------|------ 0.69(----
1b/in.

(b) Rigid foam

Property Sample material

B C E G GG
Specific gravity 0.86 0.70{1.05|1.00{1.00
Density, 1b/ft> 53.6| 43.4]|65.4062.4(62.4
Elongation, percent 3 2 3 3 3
Crescent tear, 1lb/in. 394 316|--==|====|=-==-=-
Heat sag, in. 1.1875|0.5625[ === [----|--~-
Notched Izod impact, |-ccccc|caen-a- 0.53 |ccee]-ee-

1b/in.

D-412 ASTM standards for the microcellular foams and the D1623 ASTM standards
for the rigid foams in order to compare results.

A Riehle Universal Testing Machine (60 000 1lb capacity) was used for the
tensile tests. The load was applied at a speed which produced an elongation
of 0.2 inch per minute on the specimen., Three to five specimens were tested
for each material, A sample test record for the flat specimen tensile tests
at room temperature is shown on page 7.
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Figure 2. - Round bar tensile test specimen.
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TEST RECORD FOR SPECIMEN D10-93-4

Specimen dimensions: W _ = 0.503 in.; t, = 0.137 in.; L = 2.00 in.
(Width) (Thickness) (Length)

Ultimate load: 370 1b

Final dimensions: Lf = 2.05 in.; wf = 0.501 in.; tf = 0.137 in.

) 370
u - (0.501) (0.137)

Ultimate stress: o = 5391 psi

Average values of ultimate tensile stress, o,, and ratio of ultimate
stress to density oy/p for the nine urethane materials are given in ta-
ble II. The rigid foam material E showed the highest value of ultimate
tensile strength and had the second highest strength/density ratio, with mate-
rial D, the best for the microcellular foams. These results indicate that a
design or working stress in tension of the order of 2000 lb/in2 may be feasible
for these materials.

TABLE II. - TENSILE STRENGTH OF URETHANE
(a) Microcellular foam
Sample A D F H
Ultimate tensile é
stress, 0, 1b/in 3838 5349 5455 5473
Strength/density raz
tio, oy/p, in.x103 |101.4 |164.2 |145.7 | 151.6
(b) Rigid foam
Sample B C E G GG
Ultimate tensile 9
stress, o,. lb/in 4837 3021 6054 5470 5179
Strength/density rasz
tio, o,/p, in.x103 |155.9 |120.3 |160.0 | 151.5 | 143.4

The urethanes, of course, are considerably weaker than the materials cur-
rently used in rotor design. However, it is interesting to note that the
urethane materials are about as strong as concrete in tensile strength, al-
though their weight is close to one third of that of concrete. Furthermore,
urethane is equally strong in both tension and compression, while concrete is
strong only in compression.



Effect of load rate. — In order to get some idea about the effect of

loading rate on the ultimate tensile strength of the urethane materials, a
number of 12-inch flat specimens were tested at elongation speeds of 0.05 inch
per minute, 0.2 inch per minute, and 0.8 inch per minute. The microcellular
foam material D was selected for this purpose. The results are shown in ta-
ble III. Also included in the table is another data value for room tempera-
ture from table II to indicate the degree of repeatability.

TABLE III. - ULTIMATE TENSILE
STRESS FOR MATERIAL D

Rate of Ultimate stress,
de?orma?ion, lb/inz
in./min
0.25 5225
.20 5325
.80 5478
0.20 5349 (table II)

These results indicate that the ultimate stress of the material is lower
at the lower rates of deformation or loading, as expected, because some creep-
ing in the material is taking place as the loading is applied at lower speeds.
The reduction in ultimate stress due to creep, however, is very small - the
difference in ultimate stress between rates of 0.05 inch per minute and 0.80
inch per minute (a ratio of 16) is less than 5 percent.

Effect of temperature. - Rotor blades for wind generator systems are ex-
pected to be subjected to large temperature variations due to climatic condi-
tions prevailing in the region of their location. Such temperatures are ex-
pected to be not lower than around 50° F below zero and not higher than about
130° F above zero. It is expected that, like other materials, urethanes will
also be affected by temperature change.

It was decided to run four temperature tests for one material, preferably
a rigid foam material, in order to find out how the ultimate load, or ulti-
mate tensile stress, is affected by temperature. The four temperatures se-
lected were -20° F, room temperature, 130° and 150° F. Since these studies
are preliminary in nature, it was believed that these temperatures would, at
this time, provide a sufficient input to the evaluation of this material as a
rotor blade candidate.

The tests for the above three temperatures were performed with material
GG. Flat 12-inch specimens were used, with preparation as described earlier.
The tests were performed using an Instron Environmental Chamber and a CGS
Closed Loop Hydraulic Machine (fig. 3). The tensile specimen was placed into
the Instron Environmental Chamber (fig. 4) and preheated to the required tem-
perature. A United Systems Corporation Thermocouple was used to record the




Figure 3. - Variable temperature test set up.

Figure 4. - Test specimen in environmental
chamber.



temperature of the specimen. The specimen was conditioned to the required
temperature for about 2 hours.

The environmental chamber was attached to the CGS closed loop hydraulic
machine. The tensile load was applied to the specimen by the CGS machine at a
speed of 0.2 inch per minute until the specimen failed. The results for ulti-
mate load and ultimate tensile stress are shown in table IV. Also included in
the table is another value for room temperature from table II.

TABLE IV. - TEMPERATURE EFFECTS
ON MATERIAL GG

Temperature, Ultimate | Ultimate tensile
OF load, stress,
1b 1b/in?
-20 2520 6167
64 (Room temp.) 2160 5094
130 1700 3935
150 1480 3490
Room temp. 5179 (table II)

As indicated in the table, increasing temperature produces a significant
decrease in ultimate tensile strength. The observed variation in ultimate
tensile strength with temperature is plotted in figure 5. For the range of ex-
treme climatic temperature variation (-50° to 130° F) the variation of ulti-
mate tensile strength is estimated from these results to be of the order of
35 percent for material GG. From room temperature (64° to 120° F), the ulti-
mate stress for this material decreased by about 20 percent. Thus, the ex-
pected maximum environmental temperature for the blade will be an important
determinant of the working stress level for the material.

Flexural Strength

Modulus. - The flexural modulus of the nine urethane materials were ob-
tained by using the D790 ASTM standards for flexural properties of plastics.
Two types of beam specimens are used: one with dimensions 3/4 in. by 3/4 in.
by 30 inches; and the other with dimensions 3/4 in. by 3/4 in. by 15 inches,
Four-point loading (two applied loads) is used for the first specimen con-
figuration with a gage length of 24 inches and a length-to-depth ratio equal
to 32. Three-point loading (one applied load) was used for the second one
with a gage length of 12 inches and a length-to-depth ratio of 16.

Sample laboratory load-deflection data (for specimen H2) are shown in

table V. The specimen was loaded gradually from O to 25 000 grams, and then
gradually unloaded to zero. The maximum bending stress on the specimen

10
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reached 2634 psi for the loading of 25 000 grams, The load-deflection curve
for both loading and unloading is plotted in figure 6. The shape of this curve
is nearly linear. When the load on the member was removed, a deflection equal
to 0.007 inch was indicated on the dial as shown in table V. This so-called
permanent deformation is not very permanent., The material recovers almost
completely in about 10 to 15 minutes. This is characteristic of all specimens
tested even when the stresses are much higher,

The flexural modulus E was computed from the experimental deflection
values as described in appendix A, The flexural modulus values for the load
deflection readings for material H are shown in table V, The average value
for this specimen is 230 740 psi. Similar values were obtained when other

11



TABLE V. - LOAD-DEFLECTION AND MODULUS DATA

FOR MATERIAL H

Load, | Deflection, A, in. | Slope, Modulus,
P ’ (P/A) ’ E ) 2
gr Loading |Unloading | 1b/in. 1b/in

0 0 007 | | mmmmo-
1000 0120 0200 | -7 | mmmmmc
2000 .0250 <0330 176,368 240775
3000 0395 .0440 167.438 | 228584
4070 .0515 0800 171.231 233762
5000 | ,0645 0730 170.899 | 233309
6000 L0775 .0860 170.679 | 233009
7000 .0910 .1005 179.535 | 231515
8000 «1040 «1145 169,585 231515
90C0 1170 «1280 169.585 231515

10000 +1300 «1410 169,585 231515

11000 «1430 .1545 169.585 231515

12000 1560 1680 169.585 231515

13000 | ,1695 .1810 165.084 | 230831

14000 .1825 .1950 169.120 230881

15000 .1970 2075 167.863 229165

16000 .2090 .2200 168,773 230407

17000 | ,2230 .2340 168,064 | 229439

18000 .2360 .2470 168,147 | 229552

19000 | .2495 .2590 167.385 | 229195

20000 2630 2725 167 .650 228874

21070 2770 .2840 167.136 228172

22000 +2900 .2965 167 .246 228322

23000 .3050 .3090 166.249 | 226961

25000 | ,3320 3320 166.009 | 286633

Aver = 230 740

COMMENTS ;
Creep does not appear to be significant.
Specimen Yo.: H2 Sp.F.=}.00

Specimen dimensions: 3/4" x 3/4" x 15"
3-Pt. loading
Experimental Date: February 5, 1977

specimens of the same material batch were tested. The repeatability of re-
sults by using various batches of the same material was considered good. De-
tails of test results for the other urethane materials are given in appen-
dix A,

The average flexural modulus for each of the nine urethane materials are
shown in table VI, in which the values of ultimate tensile strength and

12
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TABLE VI. - FLEXURAL PROPERTIES OF URETHANES

(a) Microcellular foam

Property Sample material
A D F H
Bending modulus, E, | 52.2 261 268 231
1b/in? x 1000
Calculated ultimate [----- 9387 |-----|-----
bending stress,
1b/in2
Ultimate tensile 3838| 5349| 5455 5473
stress, Ou>s
1b/in2
Tensile stress/ 101.41164.2]145.7(151.6
density ratio,
oy/p, in.x103
(b) Rigid foam
Property Sample material
B C E G GG
Bending modulus, E, 271 162 458 389 356
1b/in2 x 1000
Calculated ultimate| 4767 |----- 11,627|-----|-----
bending stress,
1b/in2
Ultimate tensile - 4837 | 3021 6,054| 5470{ 5179
stress, 0y,
1b/in2
Tensile stress/ 155.9(120.3] 160.0]151.5]|143.4
density ratio,
oyu/p, in.x10

strength/density ratio are repeated from table II,
produce the largest values of both bending modulus and ultimate tensile

14

Such low values of modulus

Material E

is seen to

The values of flexural modulus for the urethanes is considerably lower
than that for conventional structural materials.
would result in relatively large values of deformation under load, so that




some degree of reinforcement would probably be necessary in a practical design.
It is, therefore, important to carefully examine the deformation limitations
in any full-scale blade design in order to determine the proper working
stresses and which parts would have to be constructed of reinforced urethane.
Higher values of modulus, of course, would be more desirable, but it is not
known to what extent that can be achieved with current urethane formulations.

Ultimate stress. - Materials B, D, and E were tested for ultimate
bending moment and stress. Material D 1is microcellular foam with modulus of
elasticity E = 261 000 psi, and materials B and E are rigid foams with
moduli of elasticity equal to 271 000 and 458 000 psi, respectively. The
specimens used for these tests were 3/4 in. by 3/4 in. by 15 inches beam
specimens with a gage length equal to 12 inches, giving a length-to-depth ra-
tio equal to 16. The specimens were prepared in accordance with the D790 ASTM
specifications.

The load was applied gradually at the center of the beam specimen (three-
point loading) by the Rickle Universal Testing Machine until the specimen
failed. The rate of the applied load was about 0.2 inch per minute. Maximum
bending stress, tension or compression, was computed from the experimental
maximum load at failure and the assumption that the bending stresses through-
out the specimen at the ultimate load vary linearly from the neutral axis.

The stress distribution at the ultimate load, however, is not expected to be
linear, so that the actual maximum bending stress would be lower than the one
computed on the basis of linear distribution.

Load-deflection data up to the failure point for two specimens of mate-
rial E are shown in table VII, and the corresponding load-deflection plots
are shown in figure 7. The deflection variation is essentially linear for half
of the range. The calculated maximum bending moment was 795 inch-pounds for
the first specimen and 840 inch-pounds for the second specimen. The corre-
sponding calculated ultimate bending stresses were 11 307 and 11 947 psi, re-
spectively, for an average value of 11 627 psi.

For material D, the beam specimen failed at the center of the gage
length when the maximum load was 220 pounds (deflection of 1.30 in.). The
maximum bending moment was 660 inch-pounds which corresponds to a maximum bend-
ing stress of 9387 psi. Material B also failed at the center of the gage
length when the load reached 175 pounds to produce a maximum bending moment of
525 inch-pounds and a calculated maximum bending stress of 7467 psi.

The specimens of the three materials were also examined visually in order
to determine if other types of failures, such as shear and bearing stress,
have occurred. No other failures, except those due to bending, were observed.

Values of calculated ultimate bending stress for materials B, D, and E
are listed in table VI. For these materials, the calculated ultimate bending
stress (tension or compression) appears to parallel the values of ultimate
tensile stress obtained from the tensile tests. As expected, the calculated
ultimate bending stress is considerably larger than the measured ultimate ten-
sile stress. Material E 1is seen to produce the highest values of modulus
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TABLE VII. - LOAD-DEFLECTION DATA FOR MATERIAL E

(a) First specimen. (b) Second specimen.
Ultimate load = 280 1b Ultimate load = 265 1b
Deflection at failure = 1.03 in. Deflection at failure = 0.93 in.
Load, P, 1b Deflection, A, in. Load, P, 1b Deflection, A, in.
0 0 0 0
25 087 25 .0690
50 «179 50 «1530
75 262 75 2430
100 «039 100 «3220
125 «410 125 ¢ 9960
150 «492 150 «4770
175 .584 175 5650
200 671 200 «86540
225 776 225 7470
250 .878 250 .8600
2175 1.000 265 930
280 1.030

COMMENTS & FirsT Specdimen:

The specimen broke suddenly without clear warning. It broke
at the centre length, Two large pleces and four small ones.
The test went very well.

Specimen No.: E723-1406 Sp.G.= 1.05
Specimen Dimensions: 3/4"x 3/4"x 15" 3-Pt. Loading
Experiment Date: December 8, 1976

COMMEMTS = Second Specimen;

The specimen broke suddenly without very clear warning., It
broke into three large pieces and two small ones. The test went
very well.

Specimen Dimensions: 3/4"x 3/4"x 15" 3-Pt. Loading
Experiment Date: December 6, 1976
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and tensile stress and the next to the highest value of stress/density ratio.

Flexural Strain

Strain gage tests were performed for beam specimens of microcellular foam
material D, and for rigid foam material E, The purpose of these tests was
to determine:

(1) Load-strain relationships for structural beam specimens under loading
(2) Bending tensile and compressive characteristics

(3) Poisson's ratio

(4) Location of neutral axis

(5) Hysteresis characteristics

(6) Agreement between computed and experimental stresses

Because the beam specimens were loaded almost to the failure point, these
tests also provided valuable information on how these materials behave under
high levels of shear force and bearing stress.

The specimens used to perform these tests were 3/4 in. by 3/4 in. by
15 inches beam specimens with a 12-inch gage length. The loading increments
were applied at the location of 4 and 8 inches from the support (four-point
loading). The type of strain gage used is EA13-250BF-350 ohm, Option W, with
M-Bond AE-10/15 adhesive.

In addition to the strain gages, dial indicators were placed at the load
application points in order to measure deflections under the loading points
for cross checking purposes and modulus of elasticity computations. Figure 8
shows a photograph of an instrumented beam specimen, and figure 9 shows the
beam specimen under test with light and heavy loads.

Material D. - The first strain gage bending tests were performed on the
microcellular foam material D. Six strain gages were used with locations as
indicated in figure 10. A maximum load of Py = PR = 17 500 grams was used,
which corresponds to around 38 percent of ultimate strength. Some permanent
deformation was observed after unloading, but the beam specimen regained very
closely its initial undeformed status shortly after unloading. Most of the
recovery took place during the first 30 minutes after unloading.

The strain gage readings in microinches per inch (pin./in.) for strain
gages 1 to 6 are recorded in appendix B, and the load-strain curves for all
strain gages are plotted in figure 11 (absolute values of strain). The varia-
tion of strain with load is very nearly linear. Strain gages 1 and 3, which
should give the same numerical value, do so within about 3 percent. The same
applies for the pair of strain gages 2 and 4 and strain gages 5 and 6. Such
results are considered excellent in view of experimental inaccuracies and
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(a) Low loading,

(b) High loading.

Figure 9. - Strain gage test of beam specimen.
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Specimeh No.: D7-7556-93-3- 1265 S5p.G. = 0.9
SPec'\mer\ dimensions: 3/4" x 3/4" x 15" 4 - pt. load ing
Number of strain gages : b

“Testing date Se?ﬂ’.mber 1B, 19176

Gaﬂe \ehg‘f’h: 2 in.

¢
r-————————— 6“ >!~‘ 6 ——

oo s B

50r6/ ‘ \lor3

(a), Top or bottom.

pe——— O.%O"———-ﬁ
(measured)

125 T
| /4"I el 076"
#4 l* ° (measured)

S

r*5/8"*1I
(b). Cross section at ¢_

Figue 10, - Strain gage set-up Lor material D.
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small differences in the cross sectional dimensions of the specimen.

The approximately equal numerical values of gages 1 and 3, and gages 2
and 4 indicate that the neutral axis coincides with the centroidal axis of the
cross section. This result is illustrated for the values of the maximum
strains in appendix B,

The Poisson's ratio for material D was determined by using the readings
of strain gages 1 and 5 for compression, and the strain gage readings of
strain gages 3 and 6, for tension (table B2). The average value of the Pois-
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son's ratio for compression and for tension are given in table VIII. For com-
pression, the Poisson's ratio values ranged between 0.388 and 0.396, and for
tension the values ranged between 0.357 and 0.366. These values indicate good
consistency of results.

TABLE VIII. - MATERIAL PROPERTIES FROM
FLEXURAL STRAIN TESTS

Property Material
D E
Modulus, E, 1b/in2x103 248 433
Poisson's ratio:
Compression 0.393 0.366
Tension 0.362 0.364
Maximum deflection, in.
Beam equation 0.315 0.196
Measured 0.320 [0.190/0.197
Maximum stress, 1b/in2:
Beam equation 2195 2383
Strain equation 2137 2350

The modulus of elasticity E for this specimen was calculated from the
measured deflections (appendix B) and listed in table VIII. The value ob-
tained is somewhat less than the value of 261 000 psi determined in the earlier
bending strength tests (table VI). The experimental value of modulus E,
in conjunction with the experimental maximum strain value, was then used to
compute maximum bending stress. The value of maximum stress was also computed
by solving the beam problem for the maximum load. The results of the calcula-
tion (given in detail in appendix B) are listed in table VIII. Experimental
and computed values of stress differ by only about 2 percent.

The deflection of the beam specimen at the maximum load was calculated by
using the conjugate beam method and then compared to the measured deflections
under the two loading points. Results of the calculation, detailed in appen-
dix B, are shown in table VIII. The difference between the computed and ex-
perimental values of maximum deflection is also about 2 percent. Close agree-
ment is expected, however, inasmuch as the modulus value used in the deflection
equation was originally determined from the beam equation with measured values
of deflection. The comparison agreement is basically a reflection of the
agreement between the value of modulus at maximum loading and the average
value (i.e., linearity of load-deflection curve).

Material E. - The rigid foam material E was also tested in bending by
using six strain gages. The location of the six strain gages is shown in fig-
ure 12, Strain gages 3 and 5 and gages 1 and 6 were used to determine Pois-
son's ratios for tension and compression, respectively. Dial indicators were
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also placed at the local application points in order to measure the deflection
points for the same reasons as for material D. The maximum load applied to
the beam at each load application point was 19 000 grams for a total load of
38 000 grams. This corresponds to a maximum tensile or compressive stress of
2383 psi. Measured values of deflection and strain resulting from the loading
increments are given in appendix B.

A0000 7
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o — ——
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‘PL i P% |
|- | ‘ B
0 + H i
1 ‘ = ==
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- | | | PELIIN N
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g L E5-3I4D& SpLOS
1 4000 ‘ , 3/ X34 15" }1/13]76
Wil ' i i
J '. | | | i
- | . ! A N
O 2000 4000 000
Strain, £, pin. fin.
Figure 13. - Load-strain curves for strain gages

1 through 6 for material E.

The load-strain curves for all gages are plotted in figure 13. These
curves are about linear for these levels of stress, just as it was for mate-
rial D. Strain gages 1 and 3, for compression and tension, respectively,
read nearly the same values, which indicates that the material performs
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equally well for tension and compression. Similar observations are made by
examining the results from the pairs of strain gages 2 and 4, and gages 5
and 6. These results also indicate that the neutral axis of the beam speci-
men coincides with the centroidal axis of the cross sections.

The range of Poisson's ratio for compression was between the values 0,362
and 0.372, and that for tension was between 0.360 and 0.367, which indicates
good consistency of results. Average values for material E are listed in
table VIII.

As in the case of material D, comparison calculations of maximum bending
stress and maximum deflection were made for material E. Maximum stress was
computed from the beam equation and compared to the value obtained from the
modulus and maximum strain. Maximum deflection was calculated from the con-
jugate beam method and compared to the measured value. Details of the cal-
culations are given in appendix B, and results are listed in table VIII. Once
again, as expected, there is good comparison between calculated and measured
values. Also, the value of flexural modulus is reasonably close to the value
determined earlier for material E in table VI.

After recovery from the 19 000 gram loading, the beam specimen of mate-
rial E was loaded gradually a second time to a maximum load of
P, = PR = 38 556 grams (85 1b) which is about 80 percent of the ultimate capac-
ity of the specimen. After several days of recovery, the beam specimen was
loaded for the third time up to 90 percent of ultimate load strength (90 1b).
For this test, strain gage readings were obtained for both loading and unload-
ing. Then, after several days of recovery, the loading of the specimen was
repeated for the fourth time, again up to 90 percent of ultimate strength.
Strain gage readings and load-strain curves for these tests are presented in
appendix B.

The results of these tests of repeated loadings indicate essentially no
change in the load-strain variations of the individual strain gages. The
loading at higher levels produced an extention of the individual strain gage
variations established in figure 13. A high degree of linearity was main-
tained for gages 1 and 3, and a tendency toward an increased rate of strain
was observed for the other gages at the higher loadings.

Examination of data values indicates that the neutral axis coincides with
the centroidal axis of the beam specimens. Comparisons of calculated bending
stress obtained from the strain relation and from the flexure formula agree
to within 4 percent at these higher levels of loading. Other properties of
the material such as Poisson's ratio, shear strength, and bearing capacity
are well in order at 90 percent of ultimate strength. No failures of any
kind were observed in the material during or after loading, and the specimen
appeared to recover rather well its initial shape shortly after unloading.

Creep Resistance

The four microcellular foams and the five rigid foams were tested for
creep resistance by following the D674 and D2990 ASTM standards for plastics,
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Two types of creep tests are performed; bending creep and tensile creep. The
purpose of these tests was to find out how much these materials deform under
constant stress for long periods of time. Although creep may be negligible at
low stress levels, it could create undesirable structural distortion in the
course of time. Creep can occur at any temperature, but its rate depends upon
the magnitude of the temperature and the level of stress. Since these tests
are of a preliminary diagnostic nature only, they were performed at room tem-
perature with various levels of stress.

Bending creep. - Bending creep tests were performed with 3/4 in. by
3/4 in. by 15 inches beam specimens with a gage length of 12 inches. Two test
series were conducted. The first was a screening test of all nine materials
at relatively short time duration (hours). The best material from this test
was then evaluated over a much longer period of time (days). The screening
bending creep tests for the nine materials were limited to about 240 to 300
minutes of constant load application. For these tests, two or three judi-
ciously selected load or stress levels were used for each material. The ver-
tical load was applied at the center of the gage length (three-point loading)
at specified intervals of time for each specified bending stress level.

Material B, for example, was subjected to three constant loads of time
durations 270, 240, and 210 minutes. The magnitude of the first load was 6000
grams which corresponds to a calculated maximum bending stress of 564 psi; the
second was 8000 grams producing a calculated stress of 753 psi; and the third
was 14 000 grams with a calculated bending stress of 1317 psi. The deflections
A at the center of the specimen were recorded every 10 minutes as shown in
appendix C. The loading of the specimens as well as the unloading was gradual.
The deflection against time graphs are shown in figure 14. These plots show
that creep rate is much higher during the first hour, with decreasing values
thereafter. The figure also shows that higher stress levels produce higher
values of bending creep. Theoretically, these results follow in principle
those observed in metals that are commonly used as structural materials, ex-
cept that the stress levels for equivalent amounts of creep are much higher.

When the specimens were unloaded gradually to zero, a certain amount of
permanent deformation was left in the material. However, this permanent de-
formation is not really permanent. The tests showed that the deformation is
recovered almost completely in time. Almost 80 percent of the permanent de-
formation was recovered during the first 20 to 30 minutes after unloading, be-
cause the recovery rate is very high during this interval of time, Additional
testing however, is needed to accurately establish the pattern of recovery.

The bending creep (A - Agp) for materials A, B, C, and D are shown
plotted in figure 15(a). Materials A and D are microcellular foams and
materials B and C are rigid foams. The bending creep for rigid foam ma-
terials E, F, and G are shown in figure 15(b). For these materials, loads
of 14 000 grams corresponding to a calculated maximum bending stress of 1317
psi, and 24 000 grams producing a calculated bending stress of 2258 psi were
applied. The bending creep variation for material GG was about the same as
that of material G (slightly less resistance), and therefore, it is not in-
cluded in the plot. Materials G and GG are about the same materials, the
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difference being primarily in the curing or stress relief process.

On the basis of the least amount of creep, figure 15 shows that materials
E and G are the best (material GG 1is also as good as G). Another com-
parison can be made on the basis of the fractional increase in elongation
over the initial value of deflection caused by the applied load. The variation
of this parameter (A - Ag)/Ag at 200 minutes with calculated bending stress is
shown in figure 16 for the materials tested. Values of fractional creep in
figure 16(a) were obtained from measured initial deflections Ay presented in
appendix C, and in figure 16(b) they were obtained from initial deflections
calculated from the beam equation,

Figure 16 shows that the creep fraction for these materials tends to de-
crease with increasing stress levels, and that materials D, E, F, and G pro-
duce the lowest values. Inasmuch as material E also has the best values
of modulus and ultimate tensile stress (table VI), it was selected for the
long-duration creep test.

For the long-duration bending creep test performed on material E, the
beam specimen was loaded at the center of the gage length by a constant load
of 21 000 grams for 60 days, that is, 1440 hours. This load corresponds to a
constant calculated maximum bending stress of 2000 psi applied to the beam
specimen. The purpose of selecting the maximum bending stress of 2000 psi for
this test is to find out how well this material resists bending creep if this
stress is selected as the design stress.

The values of the measured deflections A and the bending creep A - Ag
for each time interval are tabulated in appendix C. A plot of the bending
creep is shown in figure 17. This plot shows that the highest creep rate
occurs during the first few days. The rate of creep slows gradually until
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Figure 17. - Long-term bending creep for material E.
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around 26 days. From there on the curve shows a very small and essentially
constant increase in creep. These results are similar to those observed in
structural metal materials such as structural steel.

The experimental values of the bending creep during the time interval
between 16 and 32 days indicate that the curve is somewhat wavy within this
interval. This small abnormality is attributed to the appreciable changes in
room temperature during the night hours due to energy conservation policies
adopted by the test laboratory. The temperatures indicated in the table are
the room temperatures during the day and at the time deflections were recorded.

The above results indicate that the total deflection due to bending creep
during the 60 days is 0.06 inch. This is about 40 percent of the initial de-
flection of 00,1435 inch at zero time due to the 21 000-gram load, and only
about 4 percent of the amount the beam specimen will deflect if it is loaded
to failure (test results indicate that the beam specimen will deflect 1.4 inch
when the load is gradually increased until the beam specimen fails).

Tensile creep. — The tensile creep tests were performed with standard
0,5 inch round specimens which were prepared in accordance with the require-
ments set by the D2990 ASTM standards. The ends of the specimen were threaded
so that it could be connected to the Baldwin Testing Machine for tension load-
ing. Figure 18 is a photograph of a specimen in the tensile creep test setup.

Figure 18. - Tensile creep test
apparatus.
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Material GG, which is a rigid foam material, was selected for the ten-
sion creep test. A load of 20 pounds was placed on the testing machine which
produced an equivalent axial tensile load on the specimen equal to 420 pounds
which corresponds to a stress of 2140 psi. The specimen was subjected to this
stress continuously for 35 days. A gage length of 1.934 inches was selected,
and the changes of this length during the 35 day interval were recorded. The
tension creep deflections and accumulations for material GG are tabulated in
appendix C. The plot of these accumulations against time is shown in fig-
ure 19.
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Figure 19. - Tension creep for material GG.

Figure 19 indicates that almost all of the creep occurs during the first
24 hours of loading. After the first day, the curve is practically horizontal,
which means that the creep is essentially constant and the creep rate is prac-—
tically zero. The small variations of the experimental values of the creep
during the flat portion of the curve are attributed practically to the temper-
ature variations of the laboratory between day and night previously mentioned.

The results up to this point indicate that the creep data for material GG
(and presumably for material E) follow acceptable patterns. Since these tests
are exploratory in nature in order to define if urethanes can be used as a po-
tential wind blade material, additional tests are needed to accurately define
the acceptable levels of creep that can be used in the design of wind turbine
blades. Also it should be taken into consideration that a design would most
likely require that the blade or part of it be constructed of reinforced ure-
thane. Further resistance to creep would be provided in that case.

Fatigue Strength

The materials of rotating wind turbine rotor blades are expected to be
subjected to repeated stress of various magnitudes resulting from the aero-
dynamic, gravity, and centrifugal forces acting on the blade. These effects
can be flexural, torsional, plain tension, or some combination of all three.
It is, therefore, important to determine how urethane materials resist deteri-
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oration resulting from repeated stress,

The urethane materials tested for fatigue strength are the rigid foam GG
and the microcellular foam H. Since the nature of this investigation is di-
agnostic, this fatigue property was evaluated by performing a limited number
of tension fatigue tests at room temperature. The specimen used is the same
type as the ones used for the temperature tests. The thickness for the fatigue
specimens, however, is somewhat larger (3/8 in.), the gage length is the same
(3 in.), and the width is either 2 or 1.5 inches. The overall length of the
specimen is 12 inches. A photograph of the specimen in the CGS test machine
is shown in figure 20.

Specimen eccentricity during the conduct of these tests did not exceed
0.005 inch. Slight eccentricity of axial load can cause serious flexural
stresses on the loaded specimens which can cause the specimens to fail much
sooner than when prefectly alined.

The rigid foam material GG was tested first by applying repeated ten-
sion stress levels of 2200, 1500, and 1000 psi. The fatigue tensile load was
applied by the CGS closed loop hydraulic machine at a speed of 5 and 10 cycles
per second. The specimen tested at the repeated tensile stress of 2200 psi
was left on the CGS machine until it reached 2 million cycles. At the
2-million mark, the specimen was taken out of the machine and examined. No
visible sign of any kind of failure was observed. However, in view of the in-

Figure 20. - Tensile fatigue test
setup.
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dicated design life for wind turbine blades of the order of 20 to 100 million
cycles, the extended fatigue life of the urethanes will have to be demonstrated
by further testing.

Due to some changes introduced in the cure process during the preparation
of the specimens, a number of these specimens exhibited imperfections in the
form of circular or eliptical holes of various size inside the material. These
types of imperfections were not observed in other batches of the same or simi-
lar rigid foam materials during the performance of other tests. Although such
imperfections can be eliminated in a practical application, it was decided to
investigate any potential deliterious effect of this factor on fatigue
strength.

A specimen tested at a repeated tensile stress of 1000 psi and a speed of
5 cycles per second, had a sizeable eliptical hole in its 3/8 inch thickness
with a major axis of 0.10 inch and a minor axis of 0.05 inch. This specimen
broke at the eliptical imperfection after 755 900 cycles of stress were com-
pleted. Another specimen tested at a repeated stress of 1500 psi and a speed
of 5 cycles per second had three small circular imperfections, about 0.03 inch
in diameter. This specimen also broke at the circular imperfections after it
completed 729 000 stress cycles. Additional tests showed that larger imper-
fections produced further reductions in the fatigue resistance of rigid foam
materials. The conclusion from these limited tests is that rigid foam mate-
rials may have acceptable fatigue properties as long as serious material im-
perfections can be eliminated.

The microcellular foam material H was also tested to some extent for
fatigue resistance. The specimen was subjected to a repeated tensile stress
of 1500 psi at the speed of 12 cycles per second. The specimen was left in
the CGS machine until 1 million cycles of stress were completed. After the
specimen was taken out of the machine and examined, no visual signs of any
kind of failure were observed. No visual signs of any kind of imperfections
inside this material were observed during all tests performed on this mate-
rial. Thus, microcellular foam as well as rigid foam may have acceptable fa-
tigue properties over the life ranges tested.

MODEL BLADE SECTION TESTS

The second phase of the program involved the design, construction, and
testing of a large-scale urethane blade section. The purpose was to demon-
strate the fabrication techniques, and to obtain the structural capabilities of
urethane in a realistic rotor blade configuration. Three model blade sections
were cast for testing. The results of such large-scale model blade tests could
then be used as inputs to an analysis of a full-scale blade design to be
covered in a succeeding section.

Design

The 23 000 series airfoils are often used for wind turbine rotor blade
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shapes. Thus, this profile was considered for the test models. In order to
keep the costs at a minimum and still obtain realistic values, a symmetrical
airfoil with approximately the same distribution of cross-sectional area as the
23 000 airfoil series was selected. Thus, only one mold need be used for both
the top and bottom surface, Figure 21 illustrates how closely a symmetrical
configuration (0012) matches an actual airfoil section (23012) for a represen-
tative profile of 12 percent maximum thickness.

Examination of the blade developed for the 125-foot-diameter MOD-0 system
(ref. 2) indicated that a chord length of 30 inches and a maximum thickness
ratio of approximately 15 percent would be representative of a cross section
at 80 percent of the radius from the hub on the existing full-scale blade.

For the purpose of this program, a test section approximately 7-foot-long with
a chord length of 30 inches was selected. The test section length was selected
so that it would be large enough to get realistic values and yet could be made
using existing mixing equipment. The coordinates of a symmetrical 15 percent
thick (0015) airfoil section of 30-inch chord length are given in table IX.
Once the surface configuration was established, tooling for the test section
was initiated. The physical properties of the blade from then on were a func-
tion of the design of the interior part of the mold,.

The selected cross-sectional shape for the blade model is shown in fig-
ure 22(a). A two-spar type of hollow arrangement was used to provide stiff-
ness and sufficient surface area to bond the two halves together. A total con-
tact area of approximately 750 square inches were provided for this purpose.

TABLE IX. - COORDINATES OF 0015 AIRFOIL SECTION
[Leading edge radius, 1.975 in., nominal chord length, 30 in.]

lell % of

Chord "X" Inches "Y" % Chord "Y" Inches
0 0 0 0
1.25 .375 2.368 0.7104
2.50 .750 3.269 0.9807
5.00 1.500 4.444 1.332
7.50 2.25 5.250 1.575
10.00 3.00 5.854 1.756
15.00 4.50 6.681 2.004
20 6.00 7.173 2.182
25 7.50 7.426 2.228
30 9.00 7.503 2.251
40 12 7.254 2.176
50 15 6.618 1.985
60 18 5.704 1.711
70 21 4.580 1.374
80 24 3.279 0.984
90 27 1.810 0.543
95 28.5 1.009 0.303

100 30 0 0
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The skin thickness varied from 5/8-inch in the forward part of the blade to
3/8 inch at the trailing edge.

In order to analytically determine the moment resisting capability of
the model blade, the section was divided into 19 chordwise segments. The
actual blade thickness in each segment was then approximated by a rectangular
element, and the total area and moment of inertia of the blade was then ob-
tained from the sums of the individual segments. Details of the calculation
are given in appendix D.

The calculated values of section modulus and cross section area allowed
calculation of the moment resisting capability and weight/foot of span of the
blade. These are illustrated in figure 23, The moment resistance is shown
for a design bending stress range of 1000 to 4000 pounds per square inch, and
the weight is shown for densities corresponding to specific gravities from
around 0.80 to 1.2. Thus, for a urethane material with a design bending stress
of 2000 pounds per square inch and a density of 65 pounds per cubic foot, the
blade section moment resistance is 56 600 in-1b, and the weight per foot of
span is 20.43 pounds per foot.

The model blade section thus designed had its weight distributed about
the 31 percent chord point. To determine if the section could support the
same bending moment with its weight further toward the nose, a redistributed
profile was examined. For the same total area, the new distribution produced
a section modulus within less than 5 percent of the original configuration with
a shift in center of weight from the 31 percent chord position to about the
27 percent point.

Since the earlier property tests indicated that metal reinforcement would
be required to increase the load-carrying capability of urethane, a second
model blade test section was designed for the inclusion of two 5/8-inch-
diameter standard reinforcement rods. These bars were to be placed about
l% inch from the centerline at approximately one third of the chord from the

nose, as shown in figure 22(b). No attempt was made to obtain any specified
value of stiffening with the rods.

Fabrication

The urethane blade test section was cast in a single mold as two separate
halves that were then bonded together to form the complete blade section. A
photograph of the mold and the urethane injection head located at the base of
the mold is shown in figure 24. The inside surface of the urethane is shown in
figure 25, and the removed half section is shown in figure 26, The completed
blade section after bonding of the two halves is shown in figure 27. Adhesive
number 7556-136-1A was utilized for the bond. After bonding, the blade section
surface was filled and painted.

The material used to make the test blade section was microcellular foam
material H. This urethane formulation has a modulus of 231x103 pounds per
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square inch and an ultimate tensile strength of 5473 pounds per square inch
(table VI). The length of the blade section is about 7 feet, the chordwise
dimension is about 29 inches, and the maximum cross-sectional thickness is
about 4.6 inches. The model blade was designed to represent a simplified ver-
sion of a 7-foot section of the MOD-0, 62.5-foot blade located at about the

80 percent radius point. The cross-sectional dimensions are uniform through-
out the span of the section, and there is no twisting of the section. Details
of the blade dimensions are given in appendix D.

Three complete blade sections were constructed: one of all urethane ma-
terial (fig. 22(a)); and two with reinforcing rods added (fig. 22(b)). The
reinforcement consisted of two 5/8-inch steel rods running throughout the
length of the blade, one in each half section, located about 10 inches from
the leading edge of the blade. The rods were placed in the mold at the se-
lected locations prior to the injection of the urethane. These rods weighed
2.08 pound-per-foot of length.

Tests

Both the unreinforced and reinforced model blade sections were tested in
bending, torsion, and free vibration. A special fixture was prepared to pro-
vide a rigid attachment for the test blade sections. The fixture was con-
structed of steel and weighed around 8000 pounds. The rigid fixture was bolted
to the hooks of a rigid platform. Each hook of the platform is capable of
carrying a 50-ton force. A photograph of the test blade attached to the sup-
port fixture is shown in figure 28. The base of the blade was inserted into a

Figure 28. - Model blade section in attachment
fixture.
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sleeve that was attached to the back plate. Four vertical bolts were inserted
through the blade to attach it to the sleeve. All tests were conducted in
this setup.

Bending. - For the spanwise bending tests, a vertical load P was ap-
plied gradually at the free end of the blade at the shear center until the
blade failed at the fixed end. The vertical load was applied with a 3000-
pound Sampson Crane Scale as shown in figure 29. Readings of vertical deflec-
tion were taken at every 100-pound increment of load.

Figure 29. - Model blade section under bending load.

For the unreinforced blade, the section broke at the fixed end when the
applied load reached 950 pounds for a maximum moment of 81 166 inch-pound. The
data collected are recorded in appendix D. Also shown in the appendix is the
calculation of deflection and bending stress as predicted from the relations
for a cantilever beam with concentrated load at the free end.

Figure 30 shows the measured moment-deflection plot and the variation in
calculated deflection. Measured deflection is linear with applied moment for
nearly the entire range. The maximum measured deflection of the blade section
is quite large (around 22 in. compared to 84 in. of length). Furthermore, the
measured deflection is considerably larger than the corresponding calculated
value (22.25 compared to 10.43 in.). This large difference is most likely the
result of some local yielding and rotation in the blade base attachment,

A source of section weakening at the root of the blade section is the four
vertical bolts that were used to secure the base section of the blade to the
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(b) View of blade part of failed root section.

Figure 31. - Photographs of failure of root section of un-
reinforced urethane blade section.
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(c) View of attachment part of failed root section.

(d) Base section removed from attachment sleeve.

Figure 31. - Concluded.
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fixture sleeve. As shown by the series of photographs of the blade failure in
figure 31, failure occurred in the plane of the three forward bolt holes in
the lower half of the blade. These bolt holes reduced the value of section I
by about 10 percent at the blade root and also created local stress concentra-
tions.

In view of the relatively short depth of the attachment sleeve at the
blade root, it is probable that a rigidly fixed end was not achieved with the
test setup used, However, for this effect to be the cause of the large meas-
ured deflection, the blade base would have had to rotate approximately 6.8° in
the sleeve during the loading.

The calculated maximum bending stress at the base of the test section is

plotted in figure 32. At failure, a calculated stress of 2267 psi was obtained
based on the moment of inertia of the full blade section. The stress variation

|0 000 =

é 8 000 - stress (specimen tests)
S
. Ultimate tensile stress

© 000k (specimen tests)

O - ) ) ) - i

W

& 4 000 |-

-+

g Failure
T wih bolt ‘/_,,{

QOOO - hD\CS—;\///’/
= I for full
section
0 20 40 0 80 100 xI0

Moment, M n-1b

Figure 32. - Maximum bending stress for unrein-
forced model blade section of material H.
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for the I reduced by the bolt holes is shown by the dashed line on the fig-
ure. The difference between the dashed line at failure (2518 psi) and the
ultimate tensile strength of 5473 psi (determined from specimen tensile tests
for material H) can be regarded as a form of stress concentration, The stress
concentration factor for these data is f_. = 2.17. Such a value is not un-

C
reasonable for the effect of bolt holes in brittle materials.

The calculated bending stress at failure (with the stress concentration
factor) is considerably below the value of estimated ultimate bending stress
as determined from specimen flexure tests (upper dashed line). The value of
9000 pound per square inch was selected for material H based on values of
9387 pounds per square inch and 7467 pounds per square inch determined in spec-
imen flexure tests on materials D and B, respectively, which have approxi-
mately similar values of modulus and tensile strength (table VI). The reason
for the large discrepancy between the calculated bending stress at failure for
the blade section and the apparent ultimate bending stress of the test speci-
men is not known. Perhaps the departure from linearity of local stress with
distance from the neutral axis as failure is approached is markedly different
for the blade cross section compared to the square test specimen cross section.
Further testing of blade sections with strain gages would probably be necessary
to resolve the questions raised by this preliminary investigation.

Load and deflection data for the blade section reinforced with two steel
rods is tabulated in appendix D and plotted in figure 33. The moment-
deflection variation in the figure is linear for a good part of the range,
but the linearity does not go through the origin. It is also seen in the plot
that the blade apparently yielded when the load P reached 1000 pounds. The
applied load P was reduced to 950 pounds, but the material regained strength
and the load was increased again. The blade broke by bending at the fixed end
when P reached 980 pounds. This is the first time that apparent yield was
distinctly observed in the material, probably due to the presence of the steel
reinforcement, or to slip between the reinforcing bars and the urethane.

The maximum bending moment at the fixed end is 87 750 inch-pound, only
slightly higher than the value for the unreinforced blade. However, inasmuch
as the reinforcing rods were not attached to the base supporting structure,
they would not be expected to influence the failure situation to any signifi-
cant degree. The largest gain in the use of reinforcement for the urethane
was in the reduction of the vertical deflection at the free end of the blade
(fig. 33). Maximum deflection was reduced from 22.25 to 16.42 inches; further
large reductions would require a much greater amount of reinforcement.

The reinforced urethane blade section also did not behave as a true com-
posite cantilever beam. For the composite blade, the tip deflection was cal-
culated to be around 0.4 that of the all-urethane blade, The measured ratio
was 0.6, which is considerably larger. It is possible that the increased de-
flection for the reinforced blade may have been the result of some slippage
between the rods and the urethane (the rods are not attached to the base).
However, if the blade did act as a composite beam, it would be necessary for
the blade base to rotate 6,5° in the attachment sleeve in order to produce the
observed tip deflection at maximum moment. This value is very close to the
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6.8° calculated earlier for the apparent rotation of the all-urethane blade.
It thus appears that the same problem was present in both tests, and that the
most probable cause of the problem is a deficiency in the base attachment.

Torsion. - A torsion test was conducted with a reinforced blade section.
Torque was applied at the free end of the blade through a fixture on which
weights were hung, The torsion test setup is shown in figure 34. The tor-
sion end fixture and available loads, however, were not large enough to fail
the blade by torsion,

Figure 34. - Blade torsion test setup,

Readings of angular twist ¢ were recorded for a range of values of
torque during both loading and unloading., Values are tabulated in appendix D
and plotted in figure 35, The torque-angular twist variation is essentially
linear as load is increased, but a shift in the curve occurs, as shown in the
figure when the torque reached about 12 000 inch-pound, The observed shift in
the curve may be due to some form of yielding, reading error, or other reason
not related to the torsion resistance of the blade, The observed permanent
deformation of 0.3° would probably not be present if the curve shift had not
occurred. During loading and unloading, the creep was negligible.

The maximum torque that it was possible to apply to the blade section with
the test setup used was 20 000 inch-pound. Preliminary computations indicated
that the blade section could resist around 200 000 inch-pound of torque before
failure in torsion., Thus, it was not possible to investigate the ultimate tor-
sion resistance of the blade section.

Vibration., - Both the reinforced and unreinforced blade sections were
tested for spanwise natural frequencies., An accelerometer was placed at the
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free end of the blade and the blade was excited to vibrate at its natural
fundamental frequency. The frequency was recorded by a BLH strip recorder
with a paper speed of 20 millimeter per second, The test setup is shown in
figure 36,

Figure 36, - Blade vibration setup,

The frequency waves for the unreinforced and reinforced blades are shown,
respectively, in figures 37(a) and (b). The unreinforced blade produced a
fundamental frequency of 4.3 hertz, and the reinforced one yielded a fundamen-

tal frequency of 5.5 hertz, which reflects the increased stiffness provided by
the steel reinforcement,

.......

S R . ! % . 3 | ] it | J’
A e EEEE e AR e

(a) Unreinforced blade section.

Figure 37. - Frequency data for blade sections of material H.
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(b) Reinforced blade section.

Figure 37. - Concluded.

PART II. BLADE DESIGN ANALYSIS

The earlier specimen tests and model blade section tests indicated that
some degree of metal reinforcement of the urethane is required in order to in-
crease the stiffness and moment resistance of the material for potential full-
scale blade application. This consideration was examined in more detail by a
preliminary analysis of the section characteristics and total weight of a full-
scale rotor blade design composed of reinforced urethane. The analytical de~
sign of the blade was based on the geometry and design specifications of the
62.5~foot long blade for the MOD-0 wind turbine rotor (ref. 2).

APPROACH AND ASSUMPTIONS

The basic approach of this preliminary analysis is to analytically deter-
mine the spanwise variation of blade section properties for two cross-sectional
configurations of a reinforced urethane rotor blade. The blade is composed of
symmetrical airfoil sections along the entire span in order to facilitate low-
cost casting fabrication (two half sections bonded together). The metal rein-
forcement is added as thin aluminum or steel plates imbedded in the upper and
lower surfaces of the urethane blade, so that the outer surface of the plate
is continuous with the contour of the blade profile. The insert for the rein-
forcement plate can be part of the mold or cut into the urethane after casting.
The metal reinforcement plates are assumed to be bonded to the urethane.

For the full-scale blade, both the section chord length and the maximum
thickness ratio increase linearly toward the base of the blade (r/ry =0.1).
The specific blade geometry is plotted in figure 38. Any blade twist which
might be required in a real design is neglected for the analytical developments.

Two cross-sectional configurations for the urethane blade were considered
for the analysis. The first cross section was taken to be similar to the blade
section constructed for the model blade tests discussed previously. This con-
figuration is referred to as the reference blade section. The second blade
configuration considered as an arbitary modification of the reference section
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Figure 38. -~ Blade geometry used for design analysis. Tip
radius, ry = 62.5 feet.
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to reduce the urethane material so that a lighter blade could be obtained.
The two section configurations could thus indicate the range of total blade
weights that might be obtained in a practical design. Specifically, the de-
sign analysis determines the dimensions of the reinforcement plates required
to satisfy the design specifications of moment resistance and stiffness along
the radius of the blade. From these dimensions, the total weight of the
blade is obtained as the sum of the weights of the urethane and metal por-

tions.

In order to indicate the sensitivity of total blade weight to the de-
sign specifications, high and low values of the strength requirements were
included. The high values of strength for the urethane blade were taken from
the specifications of stiffness EI and moment resistance M,y for the orig-
inal MOD-0 aluminum blades. 1t was believed that these values would consti-
tute a worst case for a urethane blade. Specifically, the spanwise variation
of EI was basically the same as that for the MOD-0 blade. The spanwise
variation of M, was determined from a constant value of aerodynamic pres-
sure along the span (varying force due to varying chord length) with the
value of bending moment at the base of the blade (r/rt = 0.1) the same as
that for the MOD-0 blade. The low values of EI and M, were then arbi-
trarily selected to be three quarters of the high values determined above.

The high and low design specifications for required moment resistance
and stiffness are given in table X, together with the prescribed variations
of blade chord and maximum thickness ratio. Formulation E was prescribed
for the urethane, since it produced the highest values of modulus (458 000
psi) and tensile strength (6054 psi) in the specimen tests (table VI).

TABLE X. - DESIGN SPECIFICATIONS FOR REINFORCED URETHANE BLADE

[Tip radius, r, = 62.5 ft.]

Location, Chord Maximum | Stiffness, EI, | Moment resist-
r/rt leigth, thick- inz-lbxlog ance, Mr’
, ness . 6
in. ratio, ) in.-1bx10
2y /C High Low —
max spec. | spec High Low
spec. | spec.
0.1 60.8 0.29 17.70 | 13.275 4.0 3.0
.2 56.4 .27 11.20 8.40 3.209 { 2.407
.3 52 3 .25 7 20 5.40 2.49311.870
.4 47 .6 23 4.50 3.375 1.859 | 1.394
.5 43.2 .21 2.70 2.025 1 310 .983
.6 38.8 .19 1.50 1.125 .860 .645
.7 34 .4 .17 75 .563 .485 364
.8 30.0 .15 .32 .240 .219 .164
.9 25 6 .13 .12 .090 .055 .041
1.0 21.2 11 04 .030 0 0
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REFERENCE BLADE SECTION

For the design analysis based on the reference blade configuration, it was
specified that the cross section of the full-scale blade at 80 percent of the
blade tip (r/ry = 0.8) be identical to the urethane blade section constructed
for the model blade tests discussed earlier. The cross-section of this sym-
metrical blade configuration was shown in figure 22(a). The area and moment
of inertia are 45.62 in2 and 81.62 in%, respectively (appendix D).

Analysis

With cross-sectional area and moment of inertia known for the 80-percent
location, analytical expressions are derived for these properties along the
length of the span. Details of the developments are given in appendix E. The
principal assumption for the design analysis is that the blade sections along
the span are geometrically similar in form, with skin thickness varying di-
rectly with profile maximum thickness. For these assumptions, the moment of
inertia Iy ,f and cross-sectional area Ay,f of the all-urethane sections
are obtained as functions of blade chord length C and maximum thickness ra-
tio 2ypax/C as (symbols are defined on p. 139)

3
2y
- 4 “max
1u,f = 0.029855 C <—c ) 1
and
2y
_ 2{ "' max
Au,f = 0.33527 C (}—E——) (2)

Available section stiffness EIu,f and moment resistance
M;)u £ = Gqu,f/Ymax for an all-urethane blade are then readily determined
’

from values of Iy f from equation (1).

The width of the metal reinforcement plate required to meet the specified
values of stiffness EI and moment resistance M, were determined from con-
sideration of the reinforced blade as a cantilever beam. From the development
of appendix E, relations were determined for the required plate width by in
terms of Iy, f (eqs. (E21) and (E26)). Substitution of equation (1) then pro-
vides equations in terms of the blade chord and maximum thickness ratio and
the material properties.

For the moment resistance requirement, the plate width is
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2
M 2y E
- L o 0.066344 03(——) (—‘i)
OR E
by = (3)

2 o 1.111(¢y /c) E,
0-9 tRC(_C—> Lo o " &,

where t is the prescribed thickness of the plate. For the stiffness

requirement, the width is
3
2y E
L _ 0.029855 c“(—“c’ai) <E‘-‘)
R ) R

b, = (4)
R 2
2 Ex ’ c R
With plate width known from equation (3) or (4), the weight per unit
length for the reinforced blade is obtained from the urethane and metal por-
tions from substitution in equation (E28) for A“ £ from equation (2)
2y
W\ _ 2 max _
(L) = 0.33527 p C (——C ) + 26 b (op - p) (5)

The maximum stress in the urethane material of the reinforced blade sec-
tion is given by (from appendix E)

tR Eu
oo a5 ®

where the maximum stress in the reinforcement plate is determined from the
bending moment on the plate.

Results

The calculated variation of stiffness and moment resistance available
from a blade composed only of urethane with cross sections similar to fig-
ure 22(a) is shown in figure 39. The moment resistance is plotted for a de-
sign urethane stress of 2000 psi. It is seen that the urethane alone is com-
pletely incapable of meeting the design requirements for both properties
(shown by the dashed lines in the figure for the high and low design specifi-
fications). Thus, as expected, a full-scale blade would require a consider-
able amount of reinforcement,
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Figure 33- Section properties of all-urethane
blade. Material H, reference blade section.
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The width of reinforcement plate bgp required to satisfy the design
specifications of EI and M, of table X with a plate thickness of 0.25 inch
(eqs. (3) and (4)) is shown in figure 40 for steel and aluminum plates. The
moment resistance is determined for 100 000 psi for steel and 40 000 psi for
aluminum. For both metals, the stiffness requirement is clearly controlling.
Maximum plate widths of about 14 inches for steel and 45 inches for aluminum
at the base are indicated by the calculations for the high stiffness specifi-
cation. For the low specification, the maximum widths are reduced to about
10 and 30 inches, respectively.

Figure 41 illustrates several half blade cross sections with steel rein-
forcement plates for the high stiffness specifications (fig. 40(a)) at three
locations along the span of the blade. The required reinforcement material,
depicted by the darkened area, is seen to constitute only a relatively small
part of the cross~sectional area of the blade.

The unit weight breakdown of the composite blade (eq. (5)) is shown in
figure 42 for the high stiffness specification and in figure 43 for the low
specification. The predominant weight contributor is seen to be the urethane.
Consequently, there is little difference between the total weight with steel
or aluminum reinforcement or for the high or low design specifications. For
the high specification, the calculated total weight is 4235 pounds for the
blade reinforced with steel plates, and 4075 pounds for the blade reinforced
with aluminum plates. For the low specification, the respective values are
4035 and 3909 pounds.

Results of the calculations for maximum stress in the urethane o, for
values of stress op in the 0.25-inch-thick aluminum or steel reinforcement
plates (from eq. (6)) is shown in figure 44. Figure 44(a) indicates that the
maximum stress in the urethane occurs at the base of the blade. At this lo-
cation, the urethane maximum stress varies with reinforcement stress as
plotted in figure 44(b). For example, for a design urethane stress of about
2000 psi, allowable stresses in the reinforcement plates are about
45 000 psi for aluminum and 135 000 psi for steel.

A design stress level of about 2000 psi for the urethane has been men-
tioned frequently in the report. This value now seems to be entirely reason-
able, as can be seen from the following considerations. The maximum ultimate
tensile strength at room temperature o,],; was found from the specimen tests
to be 6054 psi for material E (table VI). A full-scale blade for a wind tur-
bine application, however, will have to be designed for maximum ambient tem-
perature, say about 100° F. According to figure 5, at 100° F the ultimate
tensile strength is reduced by about 500 psi. Also, as indicated by the model
blade tests, some stress concentration effects may occur. Finally, in view of
a potential fatigue strength effect (unresolved in the specimen tests), a
conservative safety factor 1s indicated. Thus, a design stress for the ure-
thane might be established from
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Figure 40-Reinforcement plate thickness needed
to satisfy design specifications of stiffness
ond moment resistance, Plate thickness 0.25n.;
reference blade section.
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where fg is the safety factor, and f. 1s the stress concentration factor.
With the adoption of values f, = 1.5 and fg = 1.85 for material E,

g = 2001 psi
(“)d P

Thus, as long as the design stress in the reinforcement plates is less than
45 000 psi for aluminum or 135 000 psi for steel (fig. 40(b)), the urethane
maximum stress will be below a reasonable allowable value.

In figure 40, plate widths required to satisfy the moment resistance were
determined for stresses of 100 000 psi in the steel plates and 40 000 psi in
the aluminum plates. Thus, these widths are close to the minimum values that
would result from a maximum allowable stress of 2000 psi in the urethane. How-
ever, with the reinforcement plate sized for stiffness rather than moment re-
sistance, the stresses in both the metal and the urethane will be substantially
below their respective design or allowable values in a full-scale blade com-
posed of reference cross sections.

MODIFIED BLADE SECTION
Analysis

For the reference blade configuration discussed in the previous section,
it was found that the weight per unit length of the blade increased rapidly
toward the base of the blade, and that most of the blade weight was in the
urethane portion (fig. 42). Thus, if the potential for reducing blade weight
is to be explored, a blade section with reduced cross-sectional area compared
to the reference configuration (especially in the lower radius regions) should
be considered. Such a modified blade section was obtained by arbitrarily re-
ducing the skin thickness and the spar thickness of the blade section at the
20 percent radius point. In addition, the spar sections were moved forward to
place the supports closer to the center of pressure. The modified cross sec-
tion at r/ry = 0.2 1is shown in figure 45 compared to the original reference
configuration.

The moment of inertia of the modified blade section at r/rt = 0.2 was
determined i1n appendix F to be 4275.7 in (compared to 5945 in#* for the refer-
ence section). The cross-sectional area is 200.2 in? (compared to 288.0 in2).
It was then assumed that the modified reduced-material section is tapered uni-
formly toward the tip of the blade so that the area of the modified section at
r/ry = 0.9 1is 10 percent less than that of the reference section at that ra-
dial position. By such means, linear spanwise variations of moment of inertia
I;,f and cross-sectional area A, 5 were established for the modified all-
uréthane cross sections. These values are listed in appendix F.

Values of required reinforcement plate width for the stiffness design
specification were determined from the general equation for bR (eq. (E26))
with values of Iy, f from the tabulation of appendix F. Both steel and alum-
inum reinforcement plates are considered for both the high and low design
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stiffness specifications. Blade unit weight was determined from the general
equation (eq. (E28)) with Ay § values from appendix F.

Results

Inasmuch as the moment of inertia of the modified reduced-material section
is less than that for the reference blade section, the difference between re-
quired and available variations of stiffness EI for the modified all-urethane
blade will be even larger than that for the reference blade (fig. 39). The
comparison is shown in figure 46. Consequently, the width of reinforcement
plate required to supply the specified stiffness will be greater than for the
reference blade., Figures 47 and 48 show this comparison for a urethane blade
reinforced with 0.25-inch steel and aluminum plates, respectively, as required
for the high and low stiffness specifications. Plate thickness for the modi-
fied cross section, compared to the reference blade section, 1s increased by a
maximum of about 10 percent at the blade base for the high design specification
and around 14 percent for the low specifications.

The unit weight breakdown for a reinforced blade with modified cross sec-
tions is shown in figures 49 and 50 for the high and low stiffness specifica-
tions. The urethane still constitutes the major contributor to the total
weight, although the proportion is less than for the reference blade sections
(fig. 42). The comparison of total unit weight for reinforced blades with the
different urethane cross-section configurations is shown in figure 51. A sub-
stantial reduction in unit weight is seen near the base for the modified cross
section blade in all cases. Total weight for the modified blade is calculated
to be 3385 and 3167 pounds for the high and low design specificatioms for
steel plates, and 3197 and 3031 pounds, respectively, for aluminum plates.

WEIGHT COMPARISON

Calculated total weights for the full-scale 62.5-foot reinforced urethane
blades considered in the previous analysis are listed in table XI compared to

TABLE XI. - BLADE WEIGHT COMPARISON

Material Reinforced urethane MOD-0
blade, 1b blade,?
1b
Reference Modified
sections sections

High Low | High Low
spec. | spec. | spec. | spec.

Steel 4235 | 4035 | 3385 | 3167 ----
Aluminum 4075 | 3909 | 3197 | 3031 2000
Fiberglass| ---- | === | === | ==-- 2400

dWeight includes hub adapter.
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the blade weight for the MOD-0 wind turbine rotor. The reinforced urethane
blade designs considered in this analysis are seen to be considerably heavier
than a conventional airplane-type blade for application to the MOD-0 type of
wind turbine. The tabulated values further indicate that a relieving of the
design specifications of the magnitude considered in the analysis does not in-
fluence the blade total weight to any large degree. However, the cross-
sectional area of the blade profile appears to have a prime effect on blade
weight.

Because of the exploratory nature of the design analysis, the two blade
cross-sections considered were rather arbitrarily determined. A minimum de-
sign blade weight could therefore not be determined. The extent to which the
blade design weight can be reduced below the values obtained from these pro-
files will depend on the minimum values of skin and spar thickness that can
be tolerated for the urethane in a practical construction. Such determination
is beyond the scope of this report, and should be a key concern in any further
studies of the feasibility of urethane as a rotor blade material.

CONCLUDING REMARKS

The primary result of the exploratory evaluation of cast urethane as a
construction material for wind turbine blades is that the major structural
loads will have to be carried by metal reinforcement. The modulus of elastic-
ity of urethane (<460 000 psi) is much too low to accommodate the bending and
stiffness requirements of the blades. Thus, the strength properties of the
urethane need not be of paramount concern. For example, if the urethane can
serve primarily as a bond or filler system, urethane types less brittle than
the formulations considered in the investigation may be used. Brittleness
assoclated with high-strength urethane formulations is not a desirable prop-
erty for wind turbine blade applications.

Although the calculated weight of the reinforced urethane blade sectioms
considered was substantially greater than that of the MOD-0 aluminum blades,
it is not known what the minimum weight potential is for optimum blade cross-
sections. However, even if optimum reinforced urethane blades are somewhat
heavier than conventional blades, that alone need not be a serious deterrent
to its consideration. The principal question concerning its feasibility lies
in the extent to which the casting approach can result in a considerable re-
duction in fabrication cost.

For the design urethane blade configurations examined, the required
metal reinforcement constitutes a small fraction of the blade cross-
sectional area. Nevertheless, the bonding between the urethane and the re-
inforcement material, as well as the attachment to the blade hub, become
issues of concern. Further studies of the fabrication aspects of reinforced
urethane blades are therefore in order.

In the final analysis, the potential usefulness of cast urethane will
depend on the integration and fabrication aspects of reinforced blade con-
figurations. Of particular interest is whether such reinforced configura-
tions can be successfully fabricated at considerably reduced costs compared
to conventional blade construction techniques. Of further concern is the ex-
tent to which the cross-sectional area of the urethane blade profiles can be
reduced in order to minimize the overall weight of the blade.
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APPENDIX A ~ TEST SPECIMENS AND FLEXURE TESTS

Details of all the material specimens used i1n the test program are given
in table Al. Included in the table are the identification numbers of each
specimen, the number of specimens used, and a description of the specimen prop-
erties, Each of the nine urethane formulations (table I) is identified by the
prefix letter in the first column,

The main purpose of the flexure tests was to determine the modulus of
elasticity of each urethane material. A secondary objective was to observe
the structural behavior of the beam specimens with regard to such considera-
tions as deflection and hysteresis characteristics, deflection linearity, and
permanent deformation.

Three-point loading (P) was used for the 3/4 in. by 3/4 in. by 15 inches
specimens, and four-point loading (P; and PR) was used for the ones with di-
mensions 3/4 in. by 3/4 in. by 30 inches. Material specimens A through F
were first loaded gradually up to P = P; = Pgp ¥ 2000 grams, and then gradually
unloaded to zero grams. The deflections during loading and unloading were re-
corded for 100-gram loading increments. The results were examined in terms of
the structural characteristics stated above, and also by observations on creep
resistance when deflection measurements were recorded. For the three-point
loading, the 2000-gram force corresponds to a maximum stress of 188 psi in the
specimen, and a maximum stress of 502 psi for the four-point loading specimen.

After unloading from the 2000-gram load, each specimen was loaded again
gradually to much higher levels of stress, and then unloaded gradually to zero.
With the second loading, the maximum bending stresses in the specimens' reached
as high as 2500 psi. This was still in the linear range of the load-deflection
curves, The same observations and studies were made here as for the 2000-gram
loading. Beam deflection is designated by A.

The modulus of elasticity for each specimen was obtained from load and
deflection values from the use of the appropriate beam deflection equations
and a specimen nominal cross section of 3/4 in, by 3/4 in. The modulus equa-
tion for the three types of specimen sizes and loadings used is as follows:

E<—l%> = Multiplier x P (—li) (Al)
A \in.
in
Size Loading Gage length Multiplier
3/4 x 3/4 x 15 in, three-pt. 12 in, 1 365.3
3/4 x 3/4 x 15 in. four-pt. 12 in. 2 022.,7
3/4 x 3/4 x 30 in. four-pt. 24 in, 16 181.7

Values of P/A and E were determined for all values of load P > 500 gram
for the low-loading tests (P up to 2000 g), and for all values of P > 2000
gram for the high-loading tests (up to 24 000 g). The flexure modulus for a
given material was then obtained as the average of the local values of E,
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Results of the beam flexure tests were expressed in terms of tabulated and
Plotted values of load and deflection. The figure numbers and table numbers
for the results for each of the urethane materials tested are listed below:

Material Table numbers Figure numbers
A A2,A3 Al,A2
B A4,A6 A3,A4
c A5,A7 A5,A6
D A8,A9,A10,A11 A7,A8,A9
E Al2,A13 Al0,Al1l
F Al4,A15,A16 Al2,A13,A14
G Al7 Al5
H VI 6
GG Al8 Al6

The results of the modulus calculations for the specimens covered in the
flexure tests are given below.

FLEXURAL MODULUS FOR URETHANE MATERIALS

Material | Modulus, ||Material Modulus,
E, E,
1b/in%x103 1b/in2x10°
INES 35.3 ng 257 .4
Al 42.4 D3p 274.6
Az§ 67.4 D3, 277.7
A2 63.7 D4 266.2
Blg 269.1 E1§ 460.0
Bl 266.7 E1 460.9
32§ 281.0 E2; 464 .1
B2 277.3 E2 447 .7
c1§ 157.9 F1§ 2744
cl 148.8 F1. 273.1
cz§ 174.2 F20 255.5
c2 167.9 F2p 269.5
F3 266.8
n1§ 221.3 b
D1 259.4 6P 388.5
GG 356.2
a

bLow loading.
High loading.
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TABLE Al. - DETAILS

OF TEST SPECIMENS

Identification Number Description
used

A~ 7556-90-1-1238 4 Ductilo‘ 80% Elongation
8/24/1976 3/4"x 4/3%x 30", Sp.G.= 1.05

A-7556-90-2-1342 4 Ductile, 80% Elongation
8/24/1976 3/4"x 3/4"x 30", Sp.3.= 1.06

A-7556-806-639 4 Ductile, 80% Elongation
8/24/1976 1/2"x 1/2"x 30", Sp.G.= 1.05

A-755680-7-61"7 4 Ductile, 80% Elongation
8/24/1976 1/2"x 1/2"x 30", Sp.G.=1.05

A- 7556-80-3-1863 1 Ductile, 80% Elongation
8/24/1976 1/2"x 12"x 18", Sp.G.= 1.05

C-7556-91-2-346 4 2% Elongation, Sp.G.=0.70

9/1/1976 1/2"x 1/2%x 30"

C- 7556=91-3-1076 1 2% Elongation, Sp.G.= 0.70
9/1/1976 12%x 18"x 1/2"

C- 7556-91-5-341 4 2% Elongation, Sp.G.= 0.70
9/1/1976 1/2"x 1/2%x 30"

¢~ 7556-91-10-730 4 2% Elongation, Sp.G.= 0.70

9/1/1976 3/4"x 3/4"x 30"

C- 7556291-11-710 4 2% Elongation, Sp.G.= 0.70
9/1/1976 3/4"x 8/4"x 30"
B-7556=91-6-1331 3% Blongation, Sp.G.= 0.86

8/1/1976 1 1297 1872 178
B~ 7556-91-7-494 A 3% Elongation, Sp.G.= 0.86

9/1/1976

1/2%x 1/2%"x 30"
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TABLE Al - Continued
Identification Number Description
used
B-7556-91~8-483 4 3% Elon ation Sp.0.= 0.86
9/1/1976 1/2%2 30"
B-7556-91-12-1048 4 3% Elo ation, Sp.G.= 0.86
9/1/1976 3/4"x 3/4"x 30"
B-7556291~13-1034 4 3% Elongation, Sp.G.= 0.86
9/1/1976 3/4°x 3/4"x 30"
D-7556-93.5-1845 1 3% Elongation‘ Sp.G.= 0,91
9/9/1976 12°x 18%x 1 /2"
1-7556-93-3-1365 4 3% Elongation, Sp.G.= 0.91
9/9/1976 3/4"x 3/4"x 30"

D= 7556<93-8-1363 t 4 3% Elongation Sp.B.= 0.91
9/9/1976 3/4"x 3/4"x 30"
D-7556-93.7-632 4 3% Elongation, Sp.3.= 0.91
9/9/1976 1/2"x 1/2“x 30"
D-~"7556-93.8-635 4 3% Elongation, p.3.= 0. 91

9/5/1976 NS enx s Jong a0m
A- 90-4 6 80% Elongation, Sp.3.= 1,05
9/9/1976 12-in. Tensile Specimens
C- 914 6 2% Elongation, Sp.3.= 0.70
9/9/1976 12-1n. Tensiie Specimens
B-91.14 6 3% Elongation, Sp.G.= 0.86
9/9/1976 12-1n. Tensaile Specimens
D-93.4 3% Elongation, Sp.G.= 0.91
9/8,/1976 6 12-in. Tensile Specimens
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TABLE A1 - Concluded
Identification Number Description
used
E-105-2-1402 About 3% Elongation, Sp.G.=1.09
10/20/76 S 3/4"x 3/4";'30“
E-3-1406 4 About 3% Elongation,Sp.G.=1.05
10/20/76 3/4"x 3/4"x 30"
10/28/76 3/4"x 3/4"x 30"
F-7556-109-1-1390 4 About 3% Elongation,3p.3.=1.038
10/28/176 3/4"x 3/4"x 30"
G and GG 20 About 3% Elongation,Sn.G.=1.00
18/28/76 3/4"x 3/4%x 30"
GG 21 Bbout 3% Elongation,Sp.G.=1.00
12/28/76 12-in. Fatigue Specimens
G or GG 4 bout 3¢ Elongation,Sp.F.=1.00
12/28/76 12"x 18"x 1/4" specimens
GG 6 About 3% Blongation,Sp.F.=1.00
1/7/77 3/4" round bars, 30" long
H bout 3% Elongation,Sp.G.=1.00
1/27/77 16 3/4°x 3/4"x ‘30"
H 3 About 3% Elongation,Sp.G.=1.00
1/27/77 3/4" round bars, 30" long
H 15 [About 3% Elongation ,Sp.G.=1.00
1/27/17 12-in, Fatigue Specimens
H 4 About 3% Elongation,Sp.3.=1.00
1/27/77 1/4"x 12"x 18" apecimens
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APPENDIX B - FLEXURAL STRAIN TESTS

This appendix presents the tabulated and plotted data obtained from the
strain gage tests of beam specimens of urethane materials D and E.

Material D

Measured values of strain for the individual gages are tabulated in ta-
ble Bl for loading up to 17 500 grams. Values of deflection under the two load
points are listed in table B2. Also shown in this table is the calculation for
determination of flexural modulus E (from eq. (Al)). Plots of load against
deflection are given in figure Bl.

Calculations for stress and deflection comparisons are detailed in fig-
ures B2 and B3. Figure B2 shows the construction for determination of the
neutral axis and calculations for bending stress at maximum load determined
from the strain equation and the beam equation.

Material E

The first loading for the specimens of material E was up to 19 000
grams. The values of strain obtained for the individual gages are listed in
table B3. The measured deflections under the load points (from dial indica-
tors) are listed in table B4 and plotted in figure B4. Also shown in table B4
are the calculations for modulus E based on the two sets of deflection val-
ues. Because of the initial departure from linearity for the deflections un-
der the right load, values of local slope were used in the modulus determina-
tion. The average from the two deflections was then taken as the value of E
for the specimen. Figure B5 shows the diagram for determination of neutral
axis location and details of the calculated maximum stress obtained from the
strain and beam equations.

Tabulated and plotted strain data for the second loading of material E
(up to Py, = PR = 85 1b) are presented in table B5 and figure B6. The diagram
for neutral axis location and comparative bending stress calculations are given
in figure B7. The maximum value of strain at the maximum loading was obtained
from extrapolation of the load-strain curve for strain gage 3. Data for the
third and fourth loadings to 90 pounds are given in tables B6 and B7 and in
figure B8.
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TABLE Bl - MEASURED STRAIN FOR MATERIAL D.

10sD STPAIF STPRAIN STRAIR STRAIN STRAIN STRAIN
P (er) 1(yin /an )2 3 4 5 6
0 o] 0 [o] 0 0 0
10co -447 113 470 =101 170 =174
1500 -690 178 709 =173 253 =273
25G0 -1162 290 1178 =285 424 -462
3500 «1637 408 1664 =400 597 -644
4500 =2112 529 2140 =512 769 -827
5500 «-2594 652 2630 =630 945 -1007
6500 -3048 775 3112 =750 1126 «1197
7500 «3540 s02 3600 =864 1306 =1393
8500 =3991 1038 4073 -983 1482 =1575
9500 -4487 1168 4585 =-1100 1668 =1766
10500 =4957 1312 5178 «1222 1849 =1955
115G0 =543€ 144€ 5573 -1344 2035 -2141
13500 «6400 1712 6560 -1682 2400 -2612
15500 =7390 2000 7605 -1840 2783 «2896
17500 -8325 2272 8623 <2070 3147 -3263
UNTOADING TO ZERO
0 =160 g8 308 -43 70 -84
com = 1
T Scecimen No.- D7-7556-93-3-1365  Sp. 3.= 0.91
gpecimen Dimensions: 3/4"x 3/4"x 15 4-Pt. Loeding
Actuel Specimen Dimensions Between Supoorts: 0.80"x 0,76"x 12"
Txperiment Date September 18, 1976
TABLE B2 - MEASURED DEFLECTIONS FOR MATERIAL D
Slope, Modulus,
TOAD LOAD DEFLECTIOR DEFLECTION P/a, ,
Py (gr.) Py (gr.) BL (4n.) AR (in.) 1b/in 1b/1in2
0 0 0 0 - —
1000 1000 .0170 0170 129,68
1500 1500 -+0260 «0260 127.19
2500 2500 +0440 «0435 125.26 253365
3500 3500 40620 10620 124.45 251727
4500 4500 +0800 +0800 124.00 250817
5500 5500 +0995 0995 121.86 246488
6500 6500 <1180 «1185 121.44 245639
7500 7500 <1370 1370 120.69 244122
8500 8500 <1560 «1550 120.90 244546
9500 9500 .1740 1740 120.37 243474
10500 10500 «1920 «1920 120.56 2438590
11500 11600 «2110 «£2110 120.16 243050
13500 13500 2460 2470 120,98 244708
15500 15500 +2840 .2840 120.32 243373
17500 17500 «3200 3200 120.56 243859
UNLOADED 10 _ZEHO
Q (o] 017 <016 av = 2460170
COMNENTS :
Specimen No.: D7-75656-93-3-1365 Sp.G.z 0.9}
Specimen Dimensiona: 3/4"x 3/4"x 15" 4aPt. Loadl

ng
Aotual Specimen Dimensions Between Supports: 0.80%x 0.76"x 12"

Experiment Date: September 18, 1076
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TABLE B3

- MEASURED STRAIN FOR MATERIAL E

[Maximum load, 19,000 gr ]

INtD F GAGE 1 FAGE 2 GAGE 3 OAGE 4 GAQE § GA™E 6
or, uin /1in
0 0 0 0 0 0 0
1000 =277 <75 272 7 a8 =103
2000 =554 =130 548 130 201 =206
3000 -815 -201 820 201 299 -299
4000 -1091 «266 1086 266 396 -386
5000 -1358 -326 1363 33 500 =500
6000 -1640 -386 1645 402 603 -597
70090 =1922 =462 1928 478 700 =695
8000 -£2177 -521 2210 543 804 -798
INoo -2454 =586 2498 619 807 =896
10000 -2737 -652 2796 695 1015 -994
11000 -3003 =711 3084 7€0 1119 ~1QS7
12000 -3274 =776 3372 831 1222 ~-1185
13007 =3551 =836 3671 912 1330 ~1298
15000 -4073 =961 4230 1058 1531 =1493
17000 -4632 -1091 4833 1216 1748 -1694
19000 «5175 -1222 5430 1379 1566 -1895
UNTOADING TO 2ERO
0 =11 -49 71 16 =38
con By Te
Speciren No. E5-3-1406 Sp.C.= 1.05

Speciren Dlmensions-

Experiment Date

TABLE B4

3/4"x 3/4“x 15"

November 13, 1976

4-Pt. loading

[Maximum load., 19,000 gr }

LOAD LOAD  DEFLECTION DEFLECTION SLOPE,
Pi, (gr) Pg. (gr) 4 n ) 4 Gn )} (P/4)g
0 0 0 0 =e-e-
1000 1000 .010 005 220 5
2000 2000 020 014 220 5
3000 3000 030 022 220 5
4000 4000 .040 032 220 5
5000 5000 051 4043 216 1
6000 6000 061 053 216 8
7000 7000 072 065 214 3
8000 8000 .082 073 215 1
9000 9000 083 084 213 3
10000 10000 «103 095 214 0
11000 11000 2113 +106 214 6
12000 12000 .124 .116 213 3
13000 13000 135 +126 212 3
15000 15000 .156 147 212 0
17000 17000 .178 «169 210 6
19000 19000 199 «190 210 5
UNLOADING T0 ZERO LOAD
0 0 004 004
COMMYNTS;

peclmen No.-
Specimen Dimensicns:

Experiment Date:

ES-3-1406 Sp.G.s 1.05
3/4"x 3/4"x 15°

November 13, 1976
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MODULUS,
Ek.

1b/in4x103
446 0 ——--
446 0 ——--
446 0 220
437 1 200
438 5 220
433 5 183
435 1 275
431 &4 200
432 9 200
434 1 220
431 4 200
429 4 220
428 8 210
426 0 200
425 8 210

- MEASURED DEFLECTIONS FOR MATERIAL E

LOCAL MODULUS,

av =435,500

4-Pt. Loading

SLOPE,

oprOoOVEULELSOANLEWL

ER.

(3B/38)p 1h/1n2x103

o~
o
w
VWO WOoOWWUIROWO

424
av =429,900




TABLE B5S - MEASURED STRAIN FOR MATERIAL E MAxiMUM LdAbd BS b,

LOAD P, GA"E 1 GAGE 2 GAGE 3 GAGE 4 GAGE 5 GAGE 6
1b pin /in
[ 0 0 0 0 [o] (o]
5 =744 =147 ™ 163 272 «315
10 -1482 «-289 1471 320 489 «527
15 =2025 -445 2191 500 739 «787
20 «-2688 803 2731 668 939 «972
25 «3253 -T749 3361 858 1178 -1222
30 -4013 =845 4100 1059 1442 -1434
35 «4588 -1102 4860 1292 1732 «]749
40 «5386 -1297 3593 1499 1949 «1949
45 -5815 «1423 6098 1656 2150 -2150
50 -6554 -1618 6864 1884 2400 -2368
85 -7032 «1759 7461 2080 2623 =-2585
60 -7640 =1917 8064 2444 2818 =2753
65 «8275 =2096 8862 2514 3122 -3041
70 -8883 -2444 8508 2710 3323 =-3215
75 «-9394 -2400 10165 2927 3584 3464
80 -1018 =2601 - 3160 3823 -3665
85 «~10686 -2742 - 3383 4078 =3904

UNLOADING TO 2ERO

0 «163 0 250 54 e2 =33 (10:008.m,)
0 «2285 _=82 162 27 o -60 (10:10a.m,)
CONYENT:

This specimen was loaded once before this test to 19000 grams.
Speocimen Noy ES5-3-1406 Sp.G.-1.05

Specimen Dimenaions: 3/4" x 3/4% x 15" 4.pt. Loading
Experiment Date: November 20, 1676
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TABLE B6 - MEASURED STRAIN FOR MATERIAL E MAXIM UM LDPD‘ Go .3
(a) First loading

LOAD
PI or Pp (1b.) GAGE 1 GAGE 2 GATE & GAGE 4 GAGE 5 GAGE 6
puin /1in
0 0 0 0 [] 0 [¢)
10 «1211 «266 1292 310 472 «489
20 -2541 =559 2617 657 845 =945
30 «-3834 «-863 3863 1015 1428 «1417
40 -5169 «1195 5349 1423 1928 =1850
50 «6505 «1537 6771 1852 2433 8373
60 =7651 «1835 8009 2232 2862 2781
70 -B8998 «-2172 89481 2688 3394 «3274
80 «10274 «2498 - 3144 3899 -3747
90 - -2802 - 3595 4382 4197
U"LOADING TO ZERQO
80 <10105 ~B454 10762 3117 3828 <3865
60 «7971 =1917 8460 2411 2997 «2883
50 «-6657 =1596 7097 2009 2525 -2438
40 =5359 <1271 5723 1586 2036 <1977
30 «3942 =907 4241 1140 1504 =1466
20 =2666 -603 2943 787 1032 <1005
10 -1217 =304 1645 424 554 =538
0 =98 =16 326 92 81 «65
COWNENTS:

The specimen was once agaln loaded to 19000 grams and once more to P,=P.=85 1bg,
The straln gage readings in all cases are closely the same. LR
Specimen HNo.+ ES5<3-1406 8p.3.= 1.05
Specimen Dimensions. 3/4"x 3/4%x 15% 4-Pt. Loasding
Experiment Date: December 8, 1976 :

(b) Second loading
I 0AD
PL or p (1b.) GAGE 1 GAGE 2 GASE 3 GASE 4 GAGE § GAGE 6
pin /1in
o] o] 0 o 0 [¢] o]
15 -234 -282 1281 320 462 =472
20 -2530 =597 2601 695 934 «929
30 «3812 -918 3915 1064 1406 -1385
40 -5148 -1243 5305 1466 1901 «1873
50 -6413 «1238 6641 1868 2384 -2329
60 =7846 =1928 8150 2329 2916 -2834
70 =8949 2210 9356 2704 3350 3247
80 «102980 -2552 - 3193 3893 =3763
90 -_ -2807 - 3546 4284 -4127
UNLOADIN: TO ZEPO
80 -10154 -2498 10659 3122 3790 -3643
70 -9030 -2232 9519 2775 3383 =3263
60 =7640 -1879 8026 2319 2851 -2764
50 =-6570 -1613 6891 1971 2438 -2367
40 =5305 «1298 5566 2123 1982 «1933
30 «3899 «945 4105 1135 1466 =1428
20 -2677 «535 2845 766 1010 «994
10 =1336 =315 1482 386 - 521 «510
0 =109 «33 250 n n «54
CO'MENTS.

The specimen was loaded before to 19000 grams, to P,=P_= 85 1b., and to PL=PR=90 1b.
The strain gage readings in all cases are about the sam&.

Specimen No.+ B5-5-1406 S8p.G.= 1.05

Specimen Dimensions., 3/4"x 3/4"x 15" 4-Pt. Loading

Experiment Date December 13, 1976
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APPENDIX C - CREEP RESISTANCE TEST DATA

This appendix presents tabulated data from the bending and tensile creep
resistance tests. The bending creep tests contained an initial screening of
the nine urethane materials based on short-term loadings (210 to 300 min). An
example of the data obtained in these tests is given in table Cl which lists
the specimen deflections obtained for material B under three levels of load-
ing. Notes on these tests are given in table C2. Creep values were determined
as the increase in elongation from time zero, A - Ag. Similar tabulations were
obtained for the other materials.

Results of the long-duration bending creep test on material E are shown
in table C3, Included in the table are the deflection and creep values and the
time and room temperature (daytime values) of the readings.

Results of the tensile creep tests on round specimens of material GG are

listed in table C4. Included are the specimen length and creep values and the
times and daytime room temperatures.
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TABLE C2. - NOTES FOR BENDING CREEP
TESTS OF MATERIAL B

(a) Load, 6,000 gm

COMNENTS s

We unloaded the specimen slowly to 2zero at 3:24 F.N,
end we got & permanent deformation of 0.0160 in. At
3:30 P.M., the deformation was 0.0130 in. The move-
ment was very slow from there on.

Specimen No.: B3-7556-91-12-1048 Sp-G.=0.86
Specimen Dimensions: 3/4"x 3/4"x 15

Experiment Date: September 8, 1976

(b) Load, 8,000 gm

COMMENTS ; _
We ‘unloaded the specimen slowly to zero at 3:27 P.¥.
and we got a permanent deformation of 0.0120 in. At
3:30 P.M. the deformation was 0.0100in. Specimen
about stabilized.

Specimen No.: B4-7556-91-12-1048 Sp:G.=0.26
Specimen Dimensions: 3/4"x 3/4"x 15"

Experiment Date: September 8, 1976

(c¢) Load, 14,000 gm

CONMENTS .

We unloadsd the specimen slowly to zero at 3:32 P.M,
and we got a permanent defprmation of 0.0325 1in. At
3:39 P.M. the deformation was 0.0240 in, Specimen
about stabilized. Changing slowly about 0.001 in.
per 2 minutes.

Specimen No.,: B5-7556-91-12-1048 SR' G.=0.86
Specimen Dimensions: 3/4"x 3/4"x 15

Experiment Date: September 8, 1976
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TABLE C3. - BENDING CREEP DATA FOR MATERIAL E
[Load, 21,000 gm.]
CTOCK ACTUAL DEFIECTION  CREEP, TEMP,
TIME DATE TIVE T Af{in,) A ; bg
n.

2:25F% 12/17/76 O min 0
2:26 1 .1435 o} 68
2.27 2 .1445 .0010 68
2:28 3 <1450 .0015 68
2:29 4 »1455 .0020 68
2:30 5 .1460 ,0025 68
2:31 6 .1460 .0025 68
2:32 7 .1460 .0025 68
2:33 8 <1465 .0030 68
2:34 8 .1465 .0030 68
2:35 10 .1470 .0035 68
2:45 20 .1475 .0040 68
2:55 30 .1485 .0050 68
3:05 40 .1490 ,0055 68
3:15 50 .1490 .0055 68
3:25 60 .1495 .0060 68
3:35 70 .1500 .0065 68
3:45 80 .1500 .0065 68
3:55 20 .1510 .0075 68
4:05 100 .1510 .0075 68
4:15 110 .1510 .0075 68
4:25 120 min .1510 <0075 68
7.25 Shrs .1535 .0100 68
10:25AM 12/18/76 20hrs +1580 0145 68
2.25pM 24hrg .1590 .0155 68
2:25M 12/19/76 48hrs 1630 .0195 68
2:25FM 12/20/76 72hrs «1675 .0240 68
2:257% 12/21/76 96hra .1700 0265 68
2:25PM 12/22/76 120hrs <1730 .0295 67
2:25F¥ 12/24/76 168 " «1770 .0335 64
.25, 12/25/76 192 % «1780 0345 65
2:25m 12/26/76¢ 216 " «1790 .0355 65
2:25PM 12/27/76 240 " .1800 .0365 65
2:25F% 12/28/76 264 " «1815 .0380 66
2:25F¥ 12/29/76 288 " .1830 .0395 66
2:25m 12/30/76 312 " «1845 .0410 64
2:25rM 12/31/76 336 " »1860 0425 63
2:25PM 01/01/77 360 " «1870 .0435 61
2:25pPM 01/02/77 384 M .1875 .0440 82
2:25M 01/03/77 408 ° .1880 0445 65
2:25p¢ 01/04/77 432 " .1885 .0450 67

- 01/05/77 456 " - - -
2:25PM 01/06/77 480 " .1910 0475 4
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TABLE C3 - Concluded.

S1NCE ACTUAL DEFLECTION CREEP, TMP,

TIVE DATE. TIME T A (1in.) A - bg, oF
in.

2:25 R 01/07/77 504 hrs. ,1920 .0485 67

2:25 " 01/08/77 528 *® .1935 .0500 67

2:25 " 01/09/77 552 " .1945 .0510 65

2:25 " 01/10/77 576 " +1950 .0515 65

2:25 " 01/11/77 600 " .1960 .0525 64

2:25 " 01/12/77 624 " .1970 .0535 83

2:25 " 01/13/77 648 " .1975 .0540 63

2:25 " 01/14/77 672 " »1875 .0545 63

2:25 " 01/15/77 696 " 1975 0545

2:25 " 01/17/77 744 " .1990 .0560

2:25 " 01/19/77 792 " .1990 .0560

2.25 " 01/20/77 816 " .1990 .0560

2:25 " 01/22/77 864 " .1990 .0560

2:25 " 01/24/77 912 " «1990 .0560

2:25 " 01/25/77 935 " .1995 .0565

2:.25 " 01/26/77 260 " .1995 .0565

2:25 " 01/29/77 1032 " .2000 .0570

2.25 " 01/30/77 1056 " .2000 .0570

2.25 " 02/01/77 1104 % .2005 .0575

2:25 " o02/02/77 1128 " .2005 .0575

2:25 " p2/03/77 1152 " .2010 .0580

2:25 " 02/04/77 1176 ¥ .2010 0580

2:26 " 02/05/77 1200 " .2010 .0580

2:25 " 02/07/77 1248 " .2015 .0585

2:25 " o2/08/77 1272 " .2015 ,0585 62

2:25 " 02/09/77 1296 " .2020 .0590 64

2.25 " o02/10/77 1320 " .2020 .0590 65

2:26 " 02/11/77 1344 " .2020 .0590 66

2:25 " 02/12/77 1368 " .2025 .0595 66

2-25 " 02/14/77 1416 " «2030 0600 6o

2:25 " 02/15/77 1440 " .2030 .0600 66

TONNETTS .

Specimen Ko.: EB-105-2-1402 Sp.G.= 1.05

Specimen Dimensions: 3/4"x 3/4"x 15" 3-Pt. Loading
Directed By: Demeter G. Fertis

Fxperiment Date: December 17, 1976-February 15, 1977
Results look excellent.
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TABLE C4. - TENSION CREEP DATA FOR MATERIAL GG
(Load, 20 1b.]
CT0CK - ACTUAL LENGTH CREEP
' DATE U . TEMP.
TINE, TINT T, L (1n.) L - L, °F
in.
%g:gs Ag 1/14/77 0 m%n. 1.9340 o] 63
10333 o 1/14/77 S 1.9480 .0140 63
l0:88 i;§i§;; g o %.gzgg .0140 63
: . . .0140 63
ig:gg . %/1:/73 4 : 1.9480 .0140 63
10:38 /; ud 5 1 1.9480 .0140 63
l0:20 | 1 14/7 6 . 1.9480 .0140 63
10:40 1/14/77 7 o 1.9480 .0140 63
10:41 o %/13573 S n 1.9480 .0140 63
10:42 1/14/7'7 n 1.9480 .0140 63
10:43 1 7 10 - 1.9480 .0140 63
10:5% o 1/14/77 20 1.9520 .01830 63
1108 1514/77 30 ¢ 1.9520 .0180 63
n:1e 1 14/37 40 . 1.9520 .0180 €63
.28 | 1/14/77 50 o 1.9520 .0180 63
132 1/14/77 60 1.9520 .0180 83
%, 1/14/77 5 hﬁs. 1.9560 .0220 63
10:3% 1/15/77 24 . 1.9565 ,0225 58
lo:2s 1/17/77 7 1.9565 .0225 53
10:83 1/20/77 144 . 1.9570 .0230 57
10:33 1/21/77 168 ° 1.9550 .0215 60
10:3% 15;2 Z 192 " 1.9550 .0215 53
10:33 " i/ﬁg/vv ggﬁ " i'gggg '8532 o
: , . R &7
th i VO A
: . .9540 .0205 52
%8 gg . g/b%/77 432 : 1.9540 .0205 57
10:3% . 2/b5 7; 456 © 1.9550 .0215 60
10:32 z/b / 480 . 1.9550 .0215 64
10:3% o 2/’04/7'7 504 1.9560 ,0225 65
10:32 2/'0'7 7 576 1.9560 .0225 62
. /08/77 600 1.9560 .0225 62
10:33 2/09/77 624 "
10:3% o 2R " 1.9560 .0225 63
10:38 o 2 10/7 648 . 1.9565 .0230 67
10:85 2/14/77 744 © 1.9565 .0230 87
10:38 o /15/77 1768 " 1.9570 .0235 66
: 2/18/77 840 1.9570 .0235 66

COMMENTS

Specimen No.: 5G4 Sp. 6.2 1,00

Specimen Type:
Experiment Date:

n
1/2" diameter round specimen with 3" gauge length.

January 14,1877-February 18,1977
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APPENDIX D - MODEL BLADE SECTION
Section Properties

In order to determine the cross-sectional area and moment of inertia of
the model blade section of figure 22(a), the profile was divided into a number
of chordwise elements. The blade contour in each element was then approximated
by an equivalent rectangle as shown in the sketch of table D1, The cross sec-
tional area and moment of inertia are then obtained as

n
A=22Ai (D1)
i=1
and
n
I=2) I, (D2)
i=1

where the subscript 1 refers to an individual element, and n is the total
number of elements.

For the nomenclature of an element as shown in the adjacent sketch

cr————-ci-——dbq--i—
t\\
)

%hﬂ

1]
Ai = (dt)i (D3)
and
1, =L @), + @v £y’
i~ 12 Wty tl(yO-Z)i (D4)
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The moment resistance of the blade section, M, under the assumption that

it acts as a solid body, is given by

M. =0 y (DS)

where o is the maximum tensile or compressive fiber stress (1b/in2), Ymax
is the maximum distance from the centerline (maximum half thickmess), and I
is the moment of inertia of both half sections (eqs. (D2) and (D4)). From the
calculations of table D1, I = 2 x 40.808 in®, and Ymax = 2.28 in., so that

M, =35.796 ¢ (in-1b) (D6)

The weight per foot of length for the section is

==

= pA (d7)

and with A = 2 x 22.631 in2 (from table D1), and density p in lb/ft3

Bl=

= 0.3143 p (1b/ft) (D8)

Test Results
Bending. - Values of bending deflection and stress were calculated for the
unreinforced blade section from consideration of the blade as a cantilever beam

with a concentrated load at the free end. The deflection at the free end is
then given by

AE3E T3 E (09)

With L = 85.44 inches, E = 232x103 pounds per square inch, and I = 81.616 in’,

equation (D9) is
A = 0.1285x1073 M (D10)

The corresponding maximum stress at the attached end is

(D11)
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and, with Ypax = 2.28 inches,

o = 0.02794 M (D12)

Calculated values of A and 0 are listed in table D2(a) together with
the measured data for the unreinforced blade section. The measured data for
the reinforced blade section is given in section (b) of the table.

Torsion. — The readings of measured angular twist ¢ for the range of

values of applied torque for a reinforced blade section are tabulated in ta-
ble D3. Values were recorded for blade loading and unloading.
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TABLE D1. - SECTION PROPERTIES OF MODEL BLADE SECTION

R R
£
- - -
O | : _ - - -
| | I I I | 1
0 S 10 15 a0 2S5 D
X,
Element {Width, | Midpoint, Contour, Thickness, Area, |Moment of
range d, Xp» in. t, dt, |[inertia,
in. in in. in2 Ii’
Yin | Yo in%
0-1.0 1.0 0.50 0 0.80 0.80 0.800 0.171
1.0-2.0 1.0 1.50 0 1.33 1.33 1.330 .784
2.0-2.9 .9 2.45 0 1.62 1.62 1.458 1.275
2.9-4.2 1.3 3.65 .70 11.87 1.17 1.521 2.685
4.2-6.0 1.8 5.10 1.4812.08 .60 1.080 3.454
6.0-7.5 1.5 6.75 1.58}12.20 .62 .930 3.352
7.5-9.1 1.6 8.3 1.6212.27 .65 1.040 3.971
9.1-10.71 1.6 9.9 0 2.28 2.28 3.648 6.321
10.7-12.5| 1.8 11.6 1.6012.21 .60 1.080 3.931
12.5-14.5] 2.0 13.5 1.5512.13 .60 1.2001 4.143
14.5-16.5] 2.0 15.5 1.3911.98 .59 1.180 3.385
16.5-18.5f 2.0 17.5 1.2211.79 .58 1.160{ 2.677
18.5-20.0] 1.5 19.5 0 1.62 1.62 2.430| 2.126
20.0-21.5} 1.5 20.75 .99 | 1.44 .45 .675 1.008
21.5-23.0} 1.5 22.25 .84 11.25 44 .660 .752
23.0-24.5}1 1.5 23.75 .61 | 1.04 .43 .645 .460
24.5-26.0) 1.5 25.25 .34 .76 42 .630 .200
26.0-27.2} 1.2 26.6 .20 .60 .40 .480 .083
27.2-29.1] 1.9 28.15 0 .36 .36 .684 .030
i 22.631| 40.808
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TABLE D2.

(a) Unreinforced blade, L = 85.44 in.

- BENDING TEST DATA FOR MODEL BLADE SECTIONS

Load P, Moment M,| Measured Calculated | Calculated
in. in-1b deflection, |deflection, stress,
A (in.) in. lb/inz
0 0 0 0 0
100 8 554 2.44 1.10 239
200 17 088 5.16 2.20 477
300 25 631 7.01 3.29 716 i
400 34 175 8.98 4.39 955 |
500 42 719 11.14 5.49 1193 !
600 51 263 12.72 6.59 1432 |
700 59 806 16.14 7.69 1671 ;
800 68 350 18.03 8.78 1909 |
900 76 834 20.35 9.87 2146
950 (failed)| 81 166 22.25 10.43 2267 '
(b) Reinforced blade, L = 85.25 in.
Load P, Moment M, |Deflection,
1b in-1b A (in.)
0 0 0
100 8 575 0.87
200 17 150 1.77
300 25 725 3.66
400 34 300 5.04
500 42 875 6.50
600 51 450 7.95
700 60 025 9.49
800 68 600 11.02
900 77 125 12.28
1000 (yield) 85 750 14.57
950 81 463 15.63
980 (failed) | 84 035 16.42

137




TABLE D3.

- TORSION TEST DATA FOR REINFORCED BLADE SECTION

[L = 87.25 in.]

Torque T |Angular twist, ¢, deg
in-1b
Loading | Unloading
0 0 0.2991
840 .1432 .4905
1 680 .3186 . 6686
2 520 .4836 .8434
3 360 .6492 1.0313
4 320 . 8405 1.2256
5 280 1.0279 1.4421
6 240 1.2284 1.6077
7 200 1.4003 1.7985
8 160 . 1.5882 1.9893
9 120 1.7699 | 2.1738
10 080 1.9544 2.3554
11 040 2.1423 2.5434
12 000 2.3617 2.7152
12 960 2.8264 2.8871
13 920 3.0046 | 3.0590
14 880 3.1799 2 3.2275
18 240 | 3.7976 3.8640
18 720 3.8772
19 200 @ 3.9597 4.0044
19 680 ; 4.0359
20 160 4.1190
20 400 4.1889 4.1889
138
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APPENDIX E - BLADE DESIGN ANALYSIS

The objective of this analysis is to develop equations for the spanwise
variation of section properties, reinforcement dimensions, and unit weight
for a full-scale reinforced urethane rotor blade designed to meet certain
specifications. The spanwise variations of blade profile geometry (C and
Zymax/C), section stiffness EI, and section moment resistance M, specified
for the design are listed in table XI. The radius of the blade at the tip is
ry = 62.5 feet. The cross section of the blade at the 80 percent radius point
r7rt = 0.8 1is assumed to be that of the model blade section built for the
bending tests (fig. 22(a)). All sections of the full-scale blade are pre-
scribed to be symmetrical profiles similar to the section at r/rt = 0.8. The
section properties of the r/r, = 0.8 section are given in table Dl1. This
cross-sectional configuration is referred to as the reference blade section.

In the ensuing sectlons, equations are developed first for an all-urethane
blade, then for the metal reinforcement plates, and finally for the reinforced
blade as a composite beam.

Symbols
A area
b width of reinforcement plate
C blade chord length
d chordwise width of blade element
E modulus of elasticity
I moment of inertia
K1, - . ., K5 constants
L blade length
M, moment resistance
r blade radius
t thickness of reinforcement plate
W weight
X distance along chord
y distance normal to chord
Y0 normal distance to outer contour of blade profile
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5

YR normal distance to outer fiber of reinforcement plate
| Ymax maximum half thickness of blade profile
] p material density
‘ g stress

Subscripts:

R reinforcement

t blade tip

u urethane

u, f full urethane section

All-Urethane Blade

| For the all-urethane blade with reference blade sections, the blade cross-
‘ section at r/ry = 0.8 was divided into a number of individual chordwise ele-
: ments for which the blade material was represented by an equivalent rectangle

| as illustrated by the half section sketch in figure D1 of appendix D. The re-
sultant equations for moment of inertia I; and area A; for each element

are given by equations (D3) and (D4), respectively.

Under the assumption of similar profiles along the blade span, it is
specified that for each element, along the radius of the blade,

(%) = Constant = Kl,i )
i
t
= Constant = K, . L (E1)
Ymax 2 ] 1
i
Yo
= Constant = K
Ymax . 3,1 )

The properties K; y and K3 i are specifically required to maintain similar
section profiles aiong the span, while K; ; 1s an arbitrary specification for
the radial variation of skin thickness. For these conditions, the section mo-
ment of inertlia at a given radial position becomes

3
2y .
_ 1 4 max
1= 4 C (——E——) K4 (E2)
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where
n

2 2
2,1 Ko,
= —2 - —
% K2\ 27 ) * 55,1 -2 (E3)

By evaluating equation (E2) at r/rt = 0,8 for which the property is known
from table D4 (I = 2 x 40.808), it is found that K; = 0.11942. The moment of
inertia for the full urethane section then becomes

4 2ymax ’
Iu,f = 0,029855 C o (E4)

The moment resistance of the section is now

2
I 2y
- u,f - 3/ “max
(Mr)u,f o(—Lyma) 0.05971 C (————C ) o (ES5)

where the allowable stress for the urethane is taken as ¢ = 2000 psi, and the
stiffness of the section is

4 2ymax ’
EIu,f = 0.029855 C T E (E6)

where E 1is taken as 458 000 psi.

The weight of the urethane section per unit length of blade is, for the
urethane density o

(%) ) = Au’fp (E7)
u,

The cross-sectional area is obtained from equations (D1), (D3), and (El) are

y
_ ~2[ “max
Au,f =C (% C ) KS (E8)
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where

Ky = 2 SIRELOWY (E9)

By evaluating equation (E9) at r/ry = 0.8 for which A = 2 x 22.631 in? (ta-
ble D4), it is found that Ks = 0.33527. Thus,

2 2ymax
Au,f 0.33527 C - (E10)

]

and

—~~

=

N’
[

2 2ym
0.33527 pC —Cﬂ (E11)

For urethane formulation E, p = 65.4 pounds per cubic foot.

Metal Reinforcement
The metal reinforcement required for the urethane will be added in the

form of a thin plate imbedded in each outer surface of the blade in the region
of the maximum thickness of the profile, as shown by sketch E-1. For calcula-

:max “'_ be ﬂ_i

Sketch E-1

tion purposes, the reinforcement is represented by a thin rectangular plate
located at a distance yp from the neutral axis of the blade profile
(sketch E-2).
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] N

2T

Sketch E-2

Since the plate thickness tp will generally be small compared to yg,
the approximation form is used for the moment of inertia, that is,

2
'R
I, = ZbRtR(;R - 75) (E12)

It is further specified for purposes of analysis that the reinforcement plate
is of constant thickness tp, but of varying width by along the span. Also,
the location of the plate yg 1is at a fixed position with respect to the max-
imum half thickness The moment resistance of the plates can then be
shown to be given by

2
2Ynax\( IR 'R (Pmax | ¢
(Mr>R = oRbRtRC( C )(y—m—a';> 1 - < —y'R— Zymax (E13)

The stiffness of the reinforcement plates was derived in a similar fashion

to be
2 2 2
2y y t, [y
_ 2{ "“max R _R{’max C
(EI)R = ERbRtRC ( C ) (;max) 1 C (35;{)(;ymax> (E14)

For the calculations,6it was taken that tp = 0.25 inch and yR/ymax = 0.90.
For steel Ep = 30x10” psi, and for aluminum, ER = 10x106 psi.

Ymax-

The unit weight of the reinforcement plates is

Wy _
(E)R = ZprRtR (E15)
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in which for steel, p, = 490 pounds per cubic foot, and for aluminum, p = 168
pounds per cubic foot.

Reinforced Blade

In the determination of the moment resistance and stiffness of the rein-
forced urethane blade, it is necessary to consider the blade as a composite
(two-material) beam. In particular, the blade is regarded as a low-strength
material with metal reinforcement on top and bottom as shown in sketch E-1.
The plate thickness tg 1is a fixed value, which for the most part, is small
compared to the blade maximum half thickness (tg < 0.1 ymax). It is assumed
that the metal plates are rigidly attached to the urethame, so that they act
together as a unit (i.e., unit strains of the fibers vary directly with dis-
tance from the neutral axis). Accordingly, the unit strains of the plates and
the urethane are equal at the interface.

Urethane stress. - The maximum stress in the urethane is taken to occur

at the interface between the urethane and the metal plate at the chordwise lo-
cation of the point of maximum profile thickness, as shown in sketch E-3.

BMD}( ~— bll —QI

4

f—x, —

ﬂlnlx
Sketch E-3
At the point y = Ymax ~ tR»

GR = ERER and Gu = EuEu

so that for a given stress in the plate o, at the outermost fiber y -

R Ymax 1]

Eu tR
max. g = (oR) E; 1l - Yoan (E16)

Moment resistance. - The moment resistance of the reinforced blade section
acting as a composite beam is the sum of the resistance of the urethane and
metal portions

= () (),




and, from the flexure formula

M=o L + ® (E17)
r u yR qR ymax

The moment of inertia of the urethane portion I, is related to the moment of
inertia of the full urethane section I, ¢ through the subtraction

1 = Iu'f - I (E18)

With equations (E16) and (E18), the moment resistance becomes for o

M = Y max Eu Iulf IR IR Eu
r- %r E_ + R y_ y " E,
YR J\*rR/\Ymax YR Vmax

and the required value of section modulus for the reinforcement plate is

R

E (E19)

The section modulus for the plate can also be obtained from equation (E12) as

2 2
I t L\ /Y
R R R }{“max C
= =p t (1 -] =b,t 1—(— ——) (E20)
R RR( 2YR) RR C)( R)(ZY
The equating of equations (E19) and (E20) then produces
< f>< )
b, = X
e - tR ( max /’ C (l R _ Eu)
R ¢ YR \?ymax Ymax ER

Then, with I Jf from equation (E4), the plate width for the reference blade
section is

(E21)
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2
M 2y y

q—r ~ 0.05971 03(23;;) ( mx)(gﬁ)
R YR J\®r

b = _ (E22)
R /) 2 E
ymax yR tR max C yR u
trC c 1- T 2y y TE_
ymax yR max max R
Stiffness. — The stiffness of the composite blade is
EI = (EI)u + (EI)R (E23)

The value for the urethane portion of the blade is related to the value for the
full section as

(EI)u = Eu(Iu £ IR) (E24)

| so that the moment of inertia of the reinforcement plates is given by

E E u,f
_ R R ?
IR = E (E25)

1 -2
ER

The substitution of equation (E12) for IR then gives, after rearrangement,

bp = y (E26)

2
_ Eg_fg C 2ymax YR -t
E ]2 c y R
max
Then, with I, f from equation (E4), the plate thickness for the reference
blade section 1s
3,
2y E
=L - 0.029855 ci|—max)(_u
R c ER
b, = -
R E 2
1 - _g_tR C Ymax yR -
E_ |2 c Ny R
max
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For the calculations with equations (E22) and (E27), tg = 0,25 inch,and

yR/ymax = 0.9.

Weight. - The unit weight of the composite section is the sum of W/L
for the urethane portion (W/L)u and the reinforcement plate portion (W/L)g.
With (W/L)g from equation (E15) and (W/L),, from

(%) = OulBy, g = 2bpty)
u
The total unit weight is

W) _
(f) = puAu’f + 2bptp(pp = 0) (E28)

For the reference blade section, with Au £ from equation (E10),
’

W szmx
1= 0.33527 p,C —< |t ZbRtR(pR - ou) (E29)

The total weight of the blade is then obtained as a summation of W/L values

along the span of the blade,
W= g (‘f) (E30)
r/r,
001
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APPENDIX F - MODIFIED BLADE SECTION

The modified urethane blade section with reduced cross-sectional area de-
scribed by figure 45 was divided into 18 chordwise segments of rectangular
cross section that approximated the local area of the blade material. The
idealized blade section is shown in table Fl1. Blade section moment of inertia
and area were then determined from summation of the element properties as
listed in table Fl1. The section properties of the modified configuration com-
pared to the reference configuration discussed in the previous section are
Apod/Aref = 0.719, and Ipgq/Iresr = 0.695.

It was then assumed that modified cross section thus determined for
r/rt = 0.2 would be tapered uniformly toward the tip of the blade, so that at
r/rt = 0.9, the area of the modified section would be 10 percent less than that
of the reference blade section at that radial position. Thus, a linear varia-
tion of area ratio based on the two points Ap 4/A..¢ = 0.719 at r/ry = 0.2
and Apoq/Ares = 0.9 at r/rp = 0.9 provides the spanwise area schedule for
the reduced-material blade.

Inasmuch as the ratios of moment of inertia and cross-sectional area are
fairly close for the reference and modified blade sections, it is reasonable
to also prescribe that Ipgg/Iref = 0.9 at r/ry = 0.9. Thus, a linear varia-
tion of moment of inertia ratio was obtained to provide values of I along
the span for the modified blade.

Values of A, I, and EI for the modified all-urethane blade (E = 458 000
psi, material E) are listed in table F2,
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TABLE F2. - PROPERTIES OF ALL-URETHANE BLADE
WITH MODIFIED REDUCED-MATERIAL SECTIONS
Radius Cross- Moment of | Stiffness,
ratio, | sectional | inertia, EIu,f,
r/rt area, Iy, £, in2-1b

Au, f' in‘l’
in2
0.1 239.0 6915 3.167x10°
.2 200.1 4276 1.958
.3 164.3 2549 1.167
A 131.7 1442 .6604
.5 102.9 768 .4 .3519
.6 77 .87 382 .4 .1751
.7 56.73 174 .6 .0800
.3 39.38 71.42 .0327
.9 25.70 25.35 .0116
1.0 15.42 J 7.428 .0034
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