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ABSTRACT 

The feasibility of using straight blades for a Darrieus -type vertical
axis wind turbine is explored. Rotationally induced stresses for both straight 
and curved blades are compared. The scale-up implications are considered. 
The straight-bladed configuration does not appear to be practical because of 
the bending stresses induced by centrifugal forces. 
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Area mome nt of inertia 
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M Bending moment 

r Wind turbine radius 
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V B Blade instantaneous linear velocity 

y Perpendicular. distance from area moment-of-ine rtia ax is 

w Blade linear load distribution 

W Total blade we ight 

t1 Rotational acceleration 
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p Blade material density 

w Turbine rotational velocity 

0: Proportionality symbol 
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AN INVESTIGATION OF ROTATION-INDUCED STRESSES OF 
STRAIGHT AND OF CURVED VERTICAL-AXIS WIND TURBINE BLADES 

Introduction 

In 1925, G. J. M. Darrieus, Paris, France, proposed for United States patent a new type of 

wind tu rbine designed for the generation of power. The patent, issued in 1931 as Number 1,835,018, 

was for a "turbine having- its rotating shaft transverse to the flow of the current." A similar wind 

turbine was independently developed by the National Aeronautical Establishment of the National 

Research Council of Canada in the late 1960's. An artist's conception of this type of wind turbine 

is shown in Figure 1. The Darrieus patent statement indicates that each blade should "have a 

stream-line outline c urved in the form of a skipping rope." A mathematical equation presented by 

Blackwell a nd Reis
1
, 2 describes this "skipping rope" shape, which was given the name troposkien 

(from the Greek: TPO TrOS, turning. and (Yvolvlov, rope )_ This study also disclosed that the tropo

skien shape is not affecte d by a variation of the rotational velocity. If the blades are curved in the 

troposkien shape during fabrication, rotation will not cause the blades to deform as a r esult of 

bending loads; therefore, the stresses will be pure tension. 

When the operation of the Darrieus -type vertical-axis wind turbine is explained to a person 

unfamiliar with the magnitude of centrifugal stresses that can be developed in large rotating ma

chinery, the initial reaction invariably is "Why not use straight blades instead of curved blades?" 

This straight-bladed configuration, g iven the name squirrel cage,* is shown in Figure 2. The 

reasons usually quoted for preferring the squirrel-cage configurat ion are (1) increased aerodynam

i c efficiency because more of the blade is vertical and (2) increased swept area and hence increased 

power production. Both of these reasons are valid; nevertheless, the design considerations of a 

practical squirrel-cage wind turbine must also include the centrifugal forces acting on the straight 

blades. 

The purpose of this report is to demonstrate that, because of l arge centrifugally induced bend

ing stresses, the squirrel-cage rotor concept is not feasibl e . 

'" This configuration was also covered in the original Darrieus patent. 
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WIND 

~ Sandia laboratories 

VERTICAL AXIS WIND TURBINE 

Figure 1. Vertical-Axis Wind Turbine 
(c urved blades) 

Figure 2. Squirrel-Cage Configuration 
(straight blades) 

Blade Design Conside rations 

Sandia Laboratories has had a 15-foot-diameter vertical-axis wind turbine test bed of the 

Darrieus type in operation since May 1974. The blades are curved in an approximate troposkien 

shape. Curved blades and those of a squirrel-cage configuration of similar height and with a dia

meter of 15 feet are analyzed, and the rotationally induced stresses of the two configurations com

pared. 

The aerodynamic cross section of the 15-foot (4. 57-m)-diameter test bed blades is the sym

* metrical NACA 0012 profile .(Figure 3a). The airfoil chord used for these analyses is 6 inches 

(15 . 24 cm) and has a maximum thickness of 0.72 inch (1. 83 cm). 

* The maximum thickness is 12 percent of the chord. 
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Figure 3a represents a blade tbat could be easily manufactured as a straigbt section with roll-

forming or break-press techniques. The moments and cross-sectional area were determined through 

use of the Sandia AREA. BAS numerical computer program: 

I 0.038 in.4 (1. 58 cm4 ) 
xx 

A . 2 ( 2) 0.642 In. 4.14 cm . 

Next, it was considered that the material selected for such a blade should have low weight to 

keep the centrifugal loads down a nd a high modulus of elasticity to resist bending of the blade from 

its vertical configuration. A parameter called specific stiffness includes both of these: Specific 

stiffness = ~ (in.) with E = modulus of elasticity (psi) and p = density (lb~). 
m. 

(1) 

Candidate materials included steel, aluminum, magnesium, and fiberglass. The latter two 

were dropped because of cost considerations and of low specific stiffness, respectively. Aluminum 

and steel have nearly identical specific stiffness of about 1. 05 X 10
8 

in. (2.67 X 10
8 

cm). Another 

material property consideration is specific strength, which is a measure of strength versus density: 

Specific strength = % (in. ) and 0 = tensile yield strength (psi). Depending upon the particular alloy 

of steel or aluminum selected, the values of this parameter are comparable between 50 X 10
5 

inches 

(1. 3 X 106 cm) for a low-strength alloy to 80 x 10
5 

inches (2.0 x 10
6 

em) for a high-strength alloy of 

either material. Generally the cost of steel or aluminum alloys rises as the strength of that ma

terial rises. Thus, economy dictates the selection of a steel blade for a squirrel-cage configura

tion because of the lower material and fabrication costs for steel. 

Straight-Blade Stress Calculations 

3 
Assume that the airfoil speed is 7 times the free wind speed. This would represent a turbine 

run-away or no-load condition as shown in Figure 4. Assume also that the free windspeed is 75 

ft/s (22.9 m/s) or about 50 mph (80.5 km/hr.). This is considered to be a reasonable design goal. 

Figure 5a illustrates the problem to be solved. 

\ 
\ 

; I I 

4.0 5.0 6.0 7.0 

TIP SPEED RATIO RW'V 

Figure 4. Darrieus Turbine Performance 
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AIRFOIL SECTION 
OF FIG. 3 (a) 

(STEEL) 

Ii i - 15ft 

-'1~, 1 

Figure 5a. Bl ade Loading Proble m 
Definition 

W • 2490 Ibm' ft 

Figure 5b. Bl ad e Equivalent Load 

The blade loads can be r epres ented a s a be am l oading, with uniform distribution as shown in 

Figure 5b. 

Blade we ight W = A X L x 0.283 Ibm/ in.
3 

32.7 I bm (14.8 kg) 

V
2 

Centrifugal accele ration = ex = rB (wit h VB = 7 x 75 ft/ s ) 

2 2 
36,750 ft/s (11,200 m/s ) 

or 1141 g ' s whe re 

2 2 
g = 32.2 ft /s (9.81 m/s ) 

Total blade force = F L W X g's 

Load distribution 

Maximum moment 

3 7, 300 Ibf (1. 66 x 10
5 

N) 

w = F If, 
L 

2490 Ibf/ft (3 6, 340 N/ m ) 

M 
max 

wi = FLL 
8 8 

70,000 ft-Ibf (95, 000 Nm) 

(2 ) 

(3) 

(4 ) 

( 5 ) 

(6 ) 
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Bending stress 

6. 10 2 
B. O x 10 pSi (5.5 X 10 N/m). 

Note that the calculated bending stress is much greate r than the yield st r ess of approximate-

1y 70, 000 psi (4.B X lOB N/m
2

) allowed for a typical alloy steel. Before rej ecting the straight

blade concept o utright, conside r the allowed stress limit and accommodat e it by 

1. Adding interme diate r estraining straps from the blade to the vertical (rotation) axis. 

2. Reducing the allowed rotational velocity; i. e. , prescribing milde r wind operating 

condit io ns. 

3. Increasing the chord thickness . 

Addition of Restraining Straps 

(7) 

If equally space d res training straps a re used a long the blade as s hown in Figure 6a, the load ing 

between any pair of straps is equivalent to that shown in Figure 6b. For this loading the maximum 

moment is at the end point; i. e ., under the strap attachme nt point to the blade : 

where 

M 

Combining Eqs. . (. !l2ls) (7) and (B) and solvlng for d d = V--;;;;;-

S 70, 000 ps·i (tensile yield stress) 

B
. 4 

0.03 In. 

w 2490 lbf/ft; (F L/.e) 
c = 0.36 in. (chord half thickness), 

yields d 20.7 inche s (0. 52 m). 

That is, at the velocity assumed, this airfoil would have to be radially restrained (as shown in 

F igure 6a ) every 20.7 inches to keep the allowed be nding stresses down to 70,000 psi (4. B X 10
8 

N/m
2

). This many straps from the blade to the rotation hub (e. g., 10 per blade for 15-foot length 

considered) i s impractical because of a e rodynamic drag and also because of manufacturing cost 

considerations. 

(B) 



I 

Figure 6b. Equivalent Beam Loading 

Figure 6a. Spacing of R adial R e straining Straps 

R e duction of Maximum Turbine Rotational Speed 

This approach will reduce the apparent load per foot (w) along the blade. Combining Eqs. 

(6) and (7) and solving for w yields 

8 IS w 
max £2 c 

21. 9 Ibf/ft (319 N/m) 

w 
max 

* w 

* 

21. 9 
2490 

(w from E q . 5) 

0.0088 

The r educ e d centrifugal accel e ration is the product of this ratio a nd t he results of Eq. (3 ). 

2 2 
a (reduced) = 323 ft/s (98 m/s ), or only 10 g's 

From Eq. (3) the r e duc ed blade veloc ity i s 

VB = 49 ft/s (15 m/s). 

If, as assumed, the blade spee d is 7 times the windspeed, it is implie d that an unsupport e d 

blade could accommodate only a 7- ft/s (2-m/s) wind. This is totally impractical from a power con

v e rsion standpoint in that fe w wind turbines develop any useful e ne rgy be low windspeeds of 11 

ft/s (3.4 m/s). 

(10) 
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Increase of Chord Thickness 

At the outset of the wind turbine project, an optimum airfoil had not yet been determined. 

It was manifest that a thicker airfoil cross section would be advantageous for accommodating the 

* expected bending stress e s. Initially, therefore, an NACA 0024 cross section (as shown in 

Figure 3b) was selected for stress analysis considerations. 

Thicker sections are preferable because, with this straight configuration, th"e blade stre sses 

are predominantly bending; it is desirable , therefore, to have a large area moment of inertia with 

respect to the airfoil centerline axis (x-x in Figure 3). From the definition of the moment of 

inertia, I = f-y 2
dA, it is noted that the value of this parame ter rises rapidly with increased 

xx 
airfoil thickness. An NACA 0012 airfoil will have only about one-fourth the moment of inertia of 

an NACA 0024 airfoil if each has the same thin skin thickness as shown in Figure 3. Thus, the 

NACA 0012 airfoil actually used is half as thick as an NACA 0024 airfoil and, under the assumed 

conditions, can accommodate only one-fourth the bending load. 

The NACA 0024 airfoil was assumed to be constructed similarly to that shown in Figure 3b. 

and analyses such as those presented herein were performed. The resultant bending stresses 

were still about 1 order of magnitude higher than can be permitted. 

Troposkien Blade Stress Calculations 

Assume that-the same NACA 0012 blade cross section is used with a troposkien curved blade 

with both a diameter (D) and a " height (Ii> of 15 feet. The troposkien shape allows only tensile "st"ress 

along the blade. the least stress being at the midpoint and the highest near the hub at each end. 

Blackwell and" Reis2 developed the troposkien stress equation which, for D/H "" 1, can be simplified 

to 

T IA 
max 

"" 1 

where 

T blade tensile force (lbf) 

W rotational velocity (70 radsl s) 

A solid cross -sectional area 

Note that the numerator of Eq. (11) is a stress; i. e .. S max 
rearranged as 

* The maximum thickness is 24 percent of the chord. 

T 
~ 

A 
Thus Eq. (11) can be 

(11) 
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29,000 psi (2.00 x 10
8 

N/m
2

) . 

8 2 
A safety factor based on a reasonable yield stress of 70, 000 psi (4.8 x 10 N/m ) for alloy 

steel would, therefore, be about 2.4. 

Although this conservative design could permit operation at speeds higher than the 50 mph 

(80 km/ hr ) considered, it should be remembered that the tensile stresses increase with the square 

of the rotational speed. (w) and thus also with the square of the windspeed. For example, a 75-mph 

(120-km/hr) wind would produce blade stresses of over 65,000 psi (4.5 x 10
8 

N/m
2

), resulting in 

a safety factor of only 1. 07. 

Scale -Up Potential 

(12) 

From the work of Blackwell and Reis
1
,2 it is noted that, for the rotationally induced stresses, 

the single -mate rial parameter whic h affects the tensile s tresses developed is the dens ity of that 

material. Thus, the scale-up of a blade fabricated, as shown in Figure 3, from a single material 

will produce hlade stresses of the same magnitude as the smaller scale version using tha t material. 

In general , the stresses produced for a blade of this design are a result only of blade velocity and 

material density and not of size. 

For the squirrel-cage configuration, although the scaling effects are slightly more difficult 

to present in a closed-form expression, t he res ults are similar. Also, since the stresses pro

duced are bending stresses, they are heavily influenced by the airfoil cross section selected. 

The rationale for the above conclusions is presented in Appendix A. The crux of this discus

sion is that the results presented for the 15-foot-diameter prototype wind turbine blades are the 

same as those that can be expected for l arge r scale designs. Regardless of the turbine size, the 

bending stresses produced in a turbine blade of squirrel-cage des ign are too large to permit this 

design to be considered as a practical alternative. 

Conclusinns 

Curved and straight blade configurations of a 15-foot-diamet er vertical-axis turbine have been 

anal yzed to determine the expected stresses caus ed by rotation alone. For both designs a thin

shell cross s ection of airfoil shape, which appears desirable for optimum turbine performance and 

which would be r easonable to manufacture, was considered. The analysis shows that the hig h bend

ing stresses inherent with the straight-blade design would preclude its s el ection as a practical 

candidate. The t ensile stresses in the curved blade , however, permit operation in high winds whil e 

maintaining an acceptable safety factor. 

Finally, it was shown that the r esults presented are applicable to systems of a ny size. Tur

bine s yste ms will have nearly identical stress magnitudes for both large and small versions of the 

troposkien and squirrel-cage des igns, r espectively. 

15-16 



APPENDIX A 

DEVELOPMENT OF SCALE-UP STRESS PREDICTIONS 

Troposkie n Tensile Stresses 

Equation (12) is presented as 

S "" P (12 } 
max 2 '} 

(with a restriction that D/H '" 1). 

The quantity in th\, parentheses is the blade speed, VB' which has been assumed constant for 

this analys is . Thus, S varies only with p; i. e., no size factors influenc e the stress. It can also 

be shown that for ~ specified troposkien shape (D/H 11) the same conclusion is valid. 

Squirrel-Cage Bending Stresses 

1. Except for the airfoil s kin thickness not being increased, a linear scale-up of all the dimen

sions of the turbine and blade cross section is considered. Also, the blade velocity is a function of 

only the windspeed. For simplicity in presenting these results, assume that a thin-skin approxima

tinn of the airfoil cross section is valid. A characteristic length, L, will be applied to the various 

parameters considered in Eqs. (1) through (7) to ascerta in the cumulative effec t of a change in L: 

(a) I <X L 
3 

xx 

The skin thickness remains constant. 

() 1 
. 2 

b Bade welght ex L 

( ) C . 1 . 1 c e ntrlfuga acceleratlOn <X L 
The blade speed is constant ; therefo r e , W is inversely proportional to 

2 1 1 
L, acc = Rw : L X 2 L 

L 

(d) The total blade force F L cc L 

The results of (b), above, multiplied by the results of (c), above 

(e) The maximum moment M ex L 2 

FL t 
M=-S-:LXL 

(f) Bending stres s S <X unity 

S 
Mc 

I . 

i. e., for the r es tricted exampl e presented, the bending stresses produced 

are f!2!: a functinn of size. 

17 
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2. The assumption that the metal skin thicknesses can remain constant is plausible only for 

sizes that are, perhaps, less than doubled. At the other extreme, it may be considered that all the 

assumptions presented stili hold, except that now the airfoil skin thickness also increases linearly 

with turbine size increase. 

The effect of L on the various parameters is considered sequentially as before: 

(a) I <X L 
4 

xx 

(The thickness increase effec t is now noticed . ) 

(b) Blade weight <X L 
3 

(c) Centrifugal acceleration <X t 
2 

(d) Total blade force F L <X L 

(e) Maximum moment M <X L 3 

(f) Bending stress S <X unity 

S 
Mc 

I . unity 

Again ~ is observed that the be nding stresses produced are not a function of size. 

., 
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