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ABSTRACT 

The LIFE computer code was originally written by Veers to 
analyze the fatigue life of a vertical axis wind turbine 
(VAWT) blade. The basic assumptions built into this analysis 
tool are: the fatigue life of a blade component is 
independent of the mean stress; the frequency distribution of 
the vibratory stresses may be described adequately by a 
Rayleigh probability density function; and damage accumulates 
linearly (Miner's Rule). Further, the yearly distribution of 
wind is assumed to follow a Rayleigh distribution. The 
original program has been updated to run in an interactive 
mode on a personal computer with a BASIC interpreter and 256K 
RAM. Additional capabilities included in this update 
include: the generalization of the Rayleigh function for the 
wind speed distribution to a Weibull function; the addition 
of two constitutive rules for the evaluation of the effects 
of mean stress on fatigue life; interactive data input: and 
the inclusion of a stress concentration factor into the 
analysis. 

-This work is supported by the U.S. Department of Energy 
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INTRODUCTION 

. The production of energy using the Darrieus rotor, vertical 
axis wind turbine (VAWT) has been shown to be a viable option 
for using wind energy to meet the national energy production 
requirements utilizing renewable energy resources. However, 
to compete economically against conventional, fossil fueled 
systems, the wind turbine must produce energy for many 
years. As with all wind turbines, the long service lifetime 
combines with capital investment considerations to dictate a 
fatigue critical structure. 

Current techniques for the prediction of the service lifetime 
of a wind turbine are subject to significant errors.' This 
analytical shortcoming has dictated that wind turbine 
structures be designed with large margins of safety. 
However, with the loss of the energy credits, the design of 
wind turbines must become more cost competitive. Highly over 
designed structures can no longer be tolerated. Moreover, 
even with large safety margins, the wind turbines located in 
the high turbulence areas of California have seen fatigue 
failures. Thus, the inclusion of fatigue analysis into the 
design of wind turbines has become critical to the wind 
industry. 

For VAWTs, the need for fatigue analysis of critical 
components has been addressed by Veers, 2-4 Akins, 
Malcolm,' et al. Veers' research lead to the development 
of a research computer code, entitled the LIFE program, to 
evaluate the life of VAWT components under a set of 
simplifying assumptions. That code has now been adapted into 
an interactive code that can be run on a personal computer 
with a BASIC interpreter and 256K RAM. This report describes 
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the new code (LIFE, Version 1.2) and the additional 
capabilities that have been incorporated into it. 

The report starts with a review of the analytical and 
numerical models used in the code. The input parameters to 
the code are then discussed in detail. An example problem 
closes the report. 
from the code for the example problem, a list of the program 
variables used in the code, and a listing of the code. 

Appendices include the printed output 

ANALYTICAL CONSIDERATIONS 

An analysis of the fatigue characteristics of a VAWT 
component requires detailed descriptions of the wind regime 
in which the turbine will be operating, the stresses excited 
in the component, and an appropriate constitutive equation 
for the material comprising the component. The following 
section describes the formulation of the site, machine and 
material descriptors, and the underlying assumptions that 
have been incorporated into the analysis to make it 
tractable. 

WIND REGIME 

In the initial LIFE code,3r7 the wind regime is assumed to 
follow a Rayleigh probability distribution function. 
formulation, the probability density Pv of a wind speed V 
occurring is given by: 

In this 

2 R V  - R V  
I 

4 v2 exP - 
2 v2 pv - 

where v is the annual average wind speed at the site under 
consideration. 
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This formulation is a specialized form of the Weibull 
distribution: 

a-1 
pV =(+) (e) exp [ - (+a] ' 

where a and p are the shape factor and the amplitude 
factor of the Weibull distribution. 
Weibull distribution is equivalent to the Rayleigh 
distribution. 
speed through the gamma function 

For a equal to 2, the 

a and p are related to the average wind 

For this analysis, the gamma function I' was evaluated using 
the following expression:" 

where G(i), i = 1 to 5, are constants defined to be 
-0.5748646, 0.9512363, -0.6998588, 0.4245549, and -0.1010678, 
respectively. 
is always less than 5E-5 (5~10-~). 

This expansion yields an absolute error that 

. / "  

As suggested by several authors, e.g., see Ref. 9, the 
Weibull distribution is a better description of the wind 
speed spectrum than the Rayleigh distribution. 
have incorporated the Weibull distribution into this new 
version of the LIFE code. 

Therefore, we 



COMPONENT STRESSES 

The total stress at in the component under consideration 
may be divided into two parts: a mean stress Sm and the 
vibratory stress S. Assuming linearity, these three 
variables may be related by (here we present only a 
one-dimensional, scalar, formulation for this problem): 

at = sm + s .  (5) 

MEAN STRESS: 
two components: a gravity component a and a rotational 
component or. Again, assuming linearity permits one to 
write 

The mean stress Sm can itself be divided into 

4 

Here, the gravity component is the stress induced into the 
component by the body force loading on the structure due to 
its placement in the earth's gravitational field. 

The rotational stress may have several interpretations. 
Here, we define this component to be the stress induced into 
the component by rotation of the machine under no wind 
conditions. For constant speed VAWTs, this stress is a 
constant at a particular location on the blade component. 

VIBRATIONAL STRESS DISTRIBUTION: The above definitions for 
the various stress components imply that the vibrational 
stress component S is the stress introduced into the 
component due to aerodynamic loads on the structure. Based 
on detailed experimental data from the DOE/ALCOA 17-m 
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Low-Cost VAWT, Veers3 showed that, for this machine, the 
amplitude of the vibratory stresses S at any given wind speed 
follows the distribution of peak values of a Gaussian narrow 
band random process: namely, a Rayleigh distribution. Akins 
showed similar results for an Indal 6400 VAWT sited in 
California. This conditional probability density function 
ps/v of a stress S occurring at a particular wind speed may 
be written as 

2 

P s/v = [ 3 = X P [  -s2 OV ] (7) 

where uv is the RMS mean value of vibratory stresses. 
Here, we assume that the mean stress uv is only a function 
of the wind speed V. Based data taken from the Low-Cost 
machine,3 a common form chosen for uv is that of a single 
straight line over the operating range of the machine. 
general equation for this formulation is: 

The 

where uo is the zero velocity intercept of the linear 
approximation of this function over the operating regime 
under consideration. In this version of the LIFE code, the 
functional relationship between the wind speed and the mean 
vibratory stress is not restricted to a single straight 
line. Rather, the function is input, in tabular form, as a 
set of ordered pairs of the form [Vi,(uv)i]. For 
values of V that lie between the tabulated points, linear 
interpolation is used to determine the value of uv; namely, 

- (Jv - mi v + (9) 
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where v. I v c v i+l , 
1 

and I 

CONSTITUTIVE EQUATION 

S - N  FORMULATION: Several constitutive equations have been 
proposed for the accumulation of damage under cyclic loading 
(e.g., see Ref. 11). One of the more popular damage rules is 
called Miner's Rule. l2 
the damage accumulation D is independent of the order-of-load 
application and is the sum of the fraction of the fatigue 
life exhausted at each stress level. Miner's rule may be 
written in integral form as 

This linear rule simply states that 

1: 

where n(SmIS) is the number of applied cycles at the stress 
level defined by the mean stress SmI and the stress 
amplitude S and N(Sm,S) is the number of stres,s cycles 
required to fail the material at the same stress state. 
fatigue life is exhausted when D equals one (1.0). 

T. 

The 

The function N(Sm,S) is a constitutive property of the 
material under investigation. 
llS-N1l curve at a specific mean stress. For this analysis, 
the S-N curve is input in tabular form as a set of ordered 

It is usually formulated as an 
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pairs of the form (Si,Ni) at a mean stress of S,. 
values of S that lie between the tabulated points, 
exponential interpolation is used to determine the value of 
N. Namely, 

For 

where 

and 

MEAN STRESS CORRECTION: If the input S-N Curve is for a zero 
mean stress, it may be corrected by the LIFE code for mean 
stress. Two rules have been incorporated into the code for 
this analysis. The first , the Goodman rule, characterizes 
the effect of mean stress on an S-N material characterization 
as 

whe e S is the stress amplitude of the cyclic stress on the 
component (i.e., the component stress described in E q s .  5, 7, 
etc.), a, is the effective cyclic stress amplitude on the 
component at zero mean stress, and ou is the ultimate 
strength of the material. 

f 
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The second formulation, postulated by Falkenberg for 
aluminum, l3 is 

S = 0.6 oe - 0.2 Sm * (19) 

These formulations have been incorporated directly into the 
LIFE code and offer the user two formulations for the 
correction of the mean stress. 

Thus, the functions n(Sm,S) and N(Sm,S) are reduced to a 
function of oe alone; i.e., 

Rewriting the limits of integration to encompass the range of 
stresses encountered in the component yields: 

= /Omax( )doe I 

Omin 

where omin is the minimum stress encountered and omax is 

the maximum. Here, omin is taken to be the Ilendurance 
limitts of the material under consideration, i.e., the stress 
level below which material damage is assumed to be 
negligible. 

DAMAGE ACCUMULATION 

Combining the results of the above three sections permits the 
determination of the damage in the VAWT component. 
with Eq. 21, the total damage Dt accumulated over the 
entire wind regime is given by 

Starting 
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AS this formulation is only for the operating stresses, 
integral on wind speed may be reduced to cover only the 
operating range of the turbine. 

the 

Thus, 

where Vst is the cut-in wind speed (starting speed) and 
is the cut-out wind speed (stopping speed). vSP 

SERVICE LIFETIME 

To determine the service lifetime of the component under 
consideration requires that time be incorporated into the 
damage function Dt (Eq. 23). 
at what time in the service lifetime of the component we 
expect failure (i.e., when does Dt equal one). 

Namely, we have to determine 

Veers’ assumes that damage is accumulated, on the average, 
at a rate equal to the dominant frequency of blade vibration 
fo, then the time rate of damage is given by 

where t is the total time the VAWT has been operating. The 
service lifetime Tf occurs at Dt equal to one; i.e., 
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1 

Tf Vst min 
fo/vsp( pv pSlv ) /.""( )doe dV . 

DIFFERENCE EQUATIONS 

To use the above formulation in a numerical computer require's 
that the above equations be written in discrete form. 
we will compute the value of an integral by dividing it up to 
a finite-series of intervals, evaluating the kernel at each 
interval, and then summing the results, using Simpson's 
rule,14 over all intervals. 

Here, 

, 

Let us define the start of the ith interval of the wind 
regime to be Vi and its end to be Vi+l. 
AV is given by: 

Thus, its width 

In this version of the LIFE code, AV is taken to be a 
constant and equal to one. The mean velocity in this 
interval is defined to be 

z ? 

(Vm)i Vi + AV/2 

Let  the total interval between starting and stopping wind 
speed be divided into I intervals such that 
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and , 

vi = (i - 1) AV + Vst (29) 

In similar fashion, let the jth interval of the effective 
stress ue in the ith interval of the wind speed start at 
(ae)i, j and end at ( ~ ~ ) i , j + ~ .  
(assumed to be a constant here) is given by 

Thus, its width Aa 

and the mean stress in this interval is defined to be 

Let the total interval on the effective stress integration be 
divided into J intervals such that 

and 

Then Eq. 23 may be written as: 

. ^  
I J 

where, 
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and, 
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AUXILIARY CALCULATIONS 

The format chosen for input to this code has been designed to 
minimize input parameters. This approach has one significant 
drawback: the program's formulations perform only a limited 
number of internal correction to the input parameters. Thus, 
specialized corrections must be performed by the user outside 
the LIFE code. As a guide, some typical corrections are 
listed below. 

ALTITUDE CORRECTION 

As the stress amplitude S and the mean RMS vibratory stress 
oV are directly related to the aerodynamic loads on the 
machine, they are a function of elevation. 
be multiplied by the air density correction factor T~ to 
correct for elevation changes. The correction is given 
by15 

S and crV must 

T~ = 1 + 0.25[(Ho - H)/6100], (39) 

where H is the height of the machine under consideration and 
Ho is the height of the machine used to determine S (Note: 
Eq. 39 assumes that the dimensions of H are in feet). 

STRESS CONCENTRATION FACTORS 

The analysis performed in the LIFE code assumes that the 
input stress levels are the stresses in the most highly 
stressed section of the component; i.e., the stress level at 
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the highest stress concentration (stress riser). If the 
analysis and/or the experimental data used to evaluate the 
stress level are away from the stress concentration, the 
analysis will predict a service lifetime that is 
nonconsewative. To insure that the LIFE code is analyzing 
the correct stress state, the operator must determine the 
magnitude of the stress concentration factor. This term is 
incorporated numerically into the calculations through a 
stress concentration factor Kt that is defined here to be 

U 
mx I - 
Onom Kt - 

where anOm is nominal stress in the component and amx is 
the maximum localized high stress. 

Typically, the total stress concentration factor Kt is 
divided into its contributing factors through the 
relation16 

* K2 * ... * Kn . 
Each Kn factor is the stress concentration factor due to a 
particular phenomenon. 
that should be considered for VAWT applications include the 
type of loading, size effects, surface roughness, surface 
treatment, penetrations, and notch sensitivity. A 
description of various stress concentration factors is given 
in Refs. 16 and 17. 

Typical stress concentration factors 

-14- 



INPUT PARAMETERS 

To determine the service life of a VAWT component, the 
following information must be entered into the LIFE code in 
response to program queries. The program is run using a 
BASIC interpreter. Each data entry is concluded with the 
Return (ENTER) button. To document a computational session, 
selected input and output parameters are automatically 
printed by the program. 

1. TITLE. A title for the calculation may be entered at the 
first prompt for identification. The title may be up to 34 
characters in length. The date of the calculations is 
automatically added to the printed output. 

2 .  S-N CURVE. The material properties for the analysis are 
input via a tabular representation of the S-N fatigue curve. 
The curve is based on standard laboratory tests and may be 
obtained from several reference books (e.g., see Refs. 18, 19 
and 20). The first variable input is the number (integer) of 
points on the S-N curve you will be entering. 
20 points is allowed. 
for each S-N data point. The stress level is entered first 
and then the corresponding cycles to failure are entered. 
The values must be entered in ascending order of stress level 
to obtain correct predictions of service lifetime. 

A maximum of 
The program then queries the operator 

3 .  STRESS CONCENTRATION FACTOR. The stress concentration 
factor for the section under analysis is the next entry. 
discussed earlier, this number is based on the geometry of 
the component and must be calculated outside of this code. 

As 

A s  noted on the display, the Falkenberg equation (see 4 
below) for the mean stress adjustment already contains a 
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stress concentration factor of 1.67 in its formulation. 

A value of 1 disables this feature of the program. 

4 .  MEAN STRESS CORRECTION. Three options for correcting the 
S-N data for mean stress are available. The choices are 

1. The Goodman Rule (see Eq. 18) 
2. The Falkenberg Equation (see Eq. 19) 
3 .  No Mean Stress Correction 

Options 1-2 will query the operator for the value of the mean 
stress (see Eq. 6). Additionally, the Goodman rule option 
will query the operator for the ultimate strength of the 
material being analyzed. Option 3 disables this feature of 
the program. 

Upon completion of the input, the program automatically 
prints the adjusted S-N curve. 
the S-N curve has been adjusted for both the stress 
concentration factor and the mean stress. 

This tabular formulation of 

5. VIBRATORY STRESS DISTRIBUTION. The mean RMS vibratory 
stress amplitude, S, is the next input variable (see Eq. 7). 
As discussed earlier, the stress amplitude is assumed to be a 
function of the wind speed (Eq. 9). The function is input in 
tabular form. The query is for the number (integer) of 
points on the Wind Speed vs. RMS-Stress curve you will be 
entering. A maximum of 20 is allowed. The program then 
queries the operator for each point on the curve. The wind 
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speed is entered first and then the corresponding stress 
level is entered. The values must be entered in ascending 
order of wind speed to obtain correct predictions of service 
lifetime . 

The value of S input to the code must contain the machine 
elevation correction factor - T ~  described in Eq. 39. 

6 .  VIBRATIONAL STRESS CYCLE RATE. The next query is for the 
stress cycle rate in Hz (see Eq. 2 4 ) .  The value chosen for 
this variable may be obtained using one of several 
techniques. The first two techniques use experimental data 
to determine the fundamental (dominant) frequency of 
vibration. If one frequency clearly dominates the 
experimental data, then its frequency should be chosen for 
this variable. If there is no one dominant frequency, the 
zero crossing rate should be used to determine the cyclic 
frequency. 

If experimental data are not available, then the fundamental 
blade modes may be used to estimate this variable. For VAWT 
blade components in spanwise (flatwise) bending, the dominant 
frequency is of the order of twice the rotational frequency 
(for two bladed VAWTs). For chordwise (lead-lag) bending, 
the blade's dominant frequency is of the order of three times 
the rotational frequency. 

Note that the variable must have the units of Hz (cycles per 
second). 

7 .  OPERATION REGIME. The next set of queries defines the 
wind regime for the machine. The queries are 
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Cut-In Wind Speed - Wind speed at which the machine 
starts operation (Eq. 23). 

stops operation in high winds 
(Eq. 2 3 ) .  

Cut-Out Wind Speed - Wind speed at which the machine 

Average Wind Speed - Average wind speed at the wind 
site (see Eq. 2 ) .  

Weibull Shape Factor - The shape factor in the Weibull 
distribution of wind speed (Eq. 
2 )  

Note that a value of 2 for the Weibull shape factor , a ,  
yields a Rayleigh distribution. Values of the last two 
parameters have been summarized in Ref. 9 for a variety of 
wind sites. 

At this point, the program goes into the main computation 
loop. After completion, the results of the calculations are 
printed automatically. The absolute damage (for a time of 
l/fo second) the wind speed density (Eq. 1) vs. wind speed 
table, a short summary of the input data and the predicted 
service lifetime are included in the output. 

8. DATA DUMP OPTION. After completion of the calculations, 
the operator is queried for a "data dump." If this option is 
accessed, the operator will be asked for a file name (with 
the appropriate extension) for a dump of the numbers 
calculated during the course of this calculational session. 
The data are put into an ASCII file with appropriate 
headings. In this form, the data calculated by the code are 
available for archiving and for manipulation by other 
software. 
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9. RESTART OPTION. At the termination of the program, the 
operator has the following options: 

1. Exit to the BASIC interpreter 
2. Exit to DOS 
3 .  Restart the LIFE code from the beginning 
4 .  Restart the LIFE code at step 7 above (different 

wind regime) 

LIMITATIONS 

As discussed by several authors (e.g., see Refs. 5 and 6), 
the prediction of the service lifetime for a VAWT component 
by the LIFE code is subject to several limitations. All 
predictions should be evaluated in light of these 
limitations. The limitations include: 

1. Miner's rule is a linear rule that is known to 
over-predict fatigue lifetime by as much as four times. 

2. Fatigue damage due to stops, starts, and buffeting while 
parked is neglected. The importance of these contributions 
to the the fatigue life depends on the control system used 
for the machine under study and the site on which it is 
located. 

3 .  The fatigue life is sensitive to the chosen wind 
distribution. The choice of a Weibull distribution may or 
may not be adequate for the particular site under evaluation. 

4 .  The fatigue life is sensitive to the RMS stress 
distribution chosen. The Rayleigh distribution may or may 
not be adequate for the particular stress level and wind 
regime under consideration. 
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5. The LIFE code assumes that damage is accumulated at a 
constant rate that is proportional to the frequencey fo, 
see Eq. 2 4 .  This formulation may or may not be adequate. 

6. If the VAWT structure contains an internal flaw (crack), 
the LIFE code does not analyze its growth. 

EXAMPLE PROBLEM 

To illustrate the use of this code, we will compute the 
service lifetime of a VAWT blade joint. The blade will be 
assumed to be constructed from 6063 aluminum and is to be 
analyzed using Goodman's rule for correcting the S-N curve 
for mean stress. 

The ultimate strength of the 6063 aluminum is taken to be 
35,000 psi. 2o To the authors' knowledge, the only known 
point on the S-N curve for 6063 aluminum subjected to axial 
loading is 10 ksi at 5E8 cycles. 2o Therefore, the total 
S-N curve had to be deduced from other data. In particular, 
the S-N curve for rotational bending for 6061-T6 aluminum and 
6063-T6 aluminum was obtained from Ref. 21 (see Fig. 1 and 
Table I). As shown in Fig. 1 and tabulated in Table I, the 
curve for the 6063 aluminum can be inferred from the data for 
the 6061 aluminum by derating the 6061 curve by the ratio of 
their ultimate strengths: namely, 

- - (OU) 6063 
6063 (OU) 6061 s(n) I6061 

Here, we have taken the ratio to be 0.7540. Applying this 
technique to axial loading, the S-N curve for 6061 
aluminum20 may be used to determine the S-N curve for 6063 
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TABLE I. S-N Properties for 6061-T6 Aluminum and 6063-T6 

40 - I 1 1 I 1 I 

- L-CS 6061-16 ALUMINUM 
Q) (measured) - 6063-16 ALUMINUM 
Y 

6 (measured) cn - 
W -+a 6063-16 ALUMINUM 
U (calculated) 
I= 20 - cn 
0 

- 30 - 

- 

- - 
g 10 - - 
0 

I I I I 1 I 0 -  

Jycles to 
Failure 

1E4 

1E5 

1E6 

1E7 

1E8 

5E8 

Aluminum. 

cyclic Stress, ksi 

Rotational Bending 

5061-T6 

Yeasured 

- 
31.0 

23.0 

17.0 

14.5 

13.5 

5063-T6 

3easured 

- 
23.5 

16.5 

13.5 

11 
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Figure 1. Rotational Bending S-N Diagram for 6061-T6 and 
6063-T6 Aluminum 
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aluminum. The results of this calculation are shown in Fig. 
2 and tabulated in Table I. The known data point of 10 ksi 
at 5E8 cycles cited above is used in this S-N curve. 

40 I I I I I I - 

- - 606 1-16 ALUMINUM 
cn (measured) 
30 - -+- 6063-T6 ALUMINUM cn” (calculated) 

v) - 
W a 
I- 2 0  - 
v) 

0 - - 
II 

- 

- 

a a g 10 - -m-------* - 
0 - - 

I I I I I I 0 

Figure 2. Axial S-N Diagram for 6061-T6 and 6063-T6 Aluminum 

The stress state analyzed here will correspond to the lower 
joint in the DOE/ALCOA Low-Cost VAWT. The mean stress at the 
joint has a 4000 psi component due to rotation22 and a 
gravity component of 3000 psi23 
7000 psi. The vibratory stresses were measured as a function 
of wind speed in Ref. 24 and are shown in Fig. 3. 

for a total mean stress of 
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Figure 3 .  Vibratory Stresses vs.Wind Speed for the DOE 100 

kW Vertical Axis Wind Turbine 

Assuming that we are analyzing a series of widely spaced 
holes, the stress concentration factor is 3.016. The data 
in Fig. 3 were taken at an estimated stress concentration 
factor of 1.1to 1.5. We will assume the data have a 1.1 
stress concentration factor. Thus, using Eq. 41, the stress 
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concentration factor entered into the code is 2.73; i.e., 
3.0/1.1. 

concentration factor and the 7000 psi mean stress are shown in 
Fig. 4. 

The l'adjustedll S-N curve for this stress 

40 

..II on 
* 30 

a 
W 

cn" 

a c 20 cn 

i, 

I I I 1 I I I 
5 6 7 0 9 10 

LOG10 (CYCLES TO FAILURE) 
3 4 

Figure 4. Mean Stress Correction for the 6063-T6 Aluminum 
S-N Diagram 

The wind regime is assumed to have a Rayleigh distribution 
with a mean velocity of 14 mph. 
density distribution function, Eq. 2, for this wind 
distribution is shown in Fig. 5. 

The entire probability 

The primary vibratory stress cycle rate is taken to be 1.6 Hz 
(the first blade flatwise mode). 
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The damage density function is the fraction of the damage 
that occurs in a particular wind speed interval. For an 
operating range of 0 mph cut-in wind speed and infinite 
cut-out wind speed, this function takes the form shown in 
Fig. 5. For an operation regime with a 10 mph cut-in wind 
speed and a 45 mph high wind speed cut-out velocity, the 
damage density distribution function becomes the relation 
shown in Fig. 6. 
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~ 0.06 
I- 
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PDF 

\ 
\ 
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WIND SPEED, mph 

Figure 5. Wind Speed and Damage Density Functions for the 
Example Problem over the Entire Wind Spectrum 
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Figure 6. Damage Density Functions for the Example Problem 

The prediction of the service lifetime for the component with 
the operating wind regime between 10 mph and 45 mph is 15.2 
years (Fig. 6). Reducing the cut-out velocity to 40 mph 
increases the service lifetime to 20.6 years. For the 0 mph 
to infinite wind speed operating regime its life is reduced 
to 12.6 years (Fig. 5). 

A similar calculation using the Falkenberg equation was also 
conducted. Adjusting the stress concentration factor to 1.63 
(tlie total stress concentration factor of 3.0 must be divided 
by 1.1 for the input RMS stresses and by 1.67 for the stress 
concentration factor included in the Falkenberg equation) 
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yields the S-N curve and the damage density function shown in 
Figs. 4 and 6, respectively. 

The printed output from the computational session using the 
Goodman rule and a wind regime of 10 to 45 mph is shown in 
Appendix A. The graphs presented here were obtained using 
the "Data Dump" files from the LIFE code in coordination with 
other software. 

SUMMARY 

This report presents a description of the LIFE computer code. 
The code is designed to predict the service lifetime of a VAWT 
component based on a set of assumptions that have been outlined 
in the report. Within the restrictions placed on the analysis 
by these assumptions, the LIFE code may be used to predict the 
service lifetime of a VAWT component using a personal computer 
with 256K RAM and a BASIC interpreter. 
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APPENDIX A. 

PRINTED OUTPUT FROM THE 
EXAMPLE PROBLEM 

FATIGUE LIFE PROGRAM, VERSION 1.2 

****** Low Cost 6063-T6 Example Calc ****** 

Calculations Performed on : 03-25-1987 

THE NUMBER OF INPUT POINTS ON THE SN CURVE IS = 5 

THE INPUT S-N DATA ARE: 
STRESS LEVEL CYCLES TO FAILURE 

10000 5.00000E+08 
10700 1.00000E+07 
14400 1.00000E+06 
18300 1.00000E+05 
24700 1.00000E+04 

The Stress Concentration of Factor = 2.73 

THE MEAN STRESS AT RATED ROTOR SPEED WITHOUT WIND = 7000 

THE GOODMAN RULE FOR MEAN STRESS CORRECTION HAS BEEN SELECTED 
THE ULTIMATE STRENGTH = 35000 

THE ADJUSTED S-N DATA ARE : 
STRESS LEVEL CYCLES TO FAILURE 

2930 5.00000E+08 
3136 1.00000E+07 
4220 1.00000E+06 
5363 1.00000E+05 
7238 1.00000E+04 

THE NUMBER OF RMS VS WIND SPEED DATA POINTS = 4 

THE WIND SPEED AND RMS DATA ARE: 
WIND SPEED RMS STRESS LEVEL 

0 0.00 
10 320.00 
20 700.00 
40 1560.00 
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THE STRESS CYCLE RATE IN HZ = 1.6 

THE INTEGER WIND SPEEDS FOR CUT-IN AND CUT-OUT ARE: 

CUT-IN WIND SPEED = 10 
CUT-OUT WIND SPEED = 45 

THE YEARLY AVERAGE WIND SPEED = 14 
THE SHAPE FACTOR ON THE WIND DISTRIBUTION = 2  

Note: 2.0 implies a Rayleigh Distribution 

THE CHOSEN ENDURANCE LIMIT (STRESS) = 2782 

The Wind Speed Interval = 1.0 

CENTER OF WIND 
SPEED INTERVAL 

10.50 
11.50 
12.50 
13.50 
14.50 
15.50 
16.50 
17.50 
18.50 
19.50 
20.50 
21.50 
22.50 
23.50 
24.50 
25.50 
26.50 
27.50 
28.50 
29.50 
30.50 
31.50 
32.50 
33.50 
34.50 
35.50 
36.50 
37.50 
38.50 
39.50 

WIND SPEED 
PDF 

5.3987E-02 
5.4148E-02 
5.3470E-02 
5.2044E-02 
4.9977E-02 
4.73843-02 
4.4381E-02 
4.1086E-02 
3.7610E-02 
3.40533-02 
3,05073-02 
2.70483-02 
2.37383-02 
2.0627E-02 
1.7748E-02 
1.5125E-02 
1.2766E-02 
1.0675E-02 
8.8429E-03 
7.2582E-03 
5.9032E-03 
4.7578E-03 
3.8003E-03 
3.0084E-03 
2.3605E-03 
1.8358E-03 
1.4152E-03 
1.08153-03 
8.1929E-04 
6,15303-04 

DAMAGE 

4.23474E-25 
4,899643-22 
5.81351E-20 
2.34628E-18 
4.46782E-17 
4.83642E-16 
3.39308E-15 
1.695203-14 
6.46354E-14 
1.98139E-13 
5.56846E-13 
1.356823-12 
2.85610E-12 
5.33245E-12 
9.01592E-12 
1.403503-11 
2.03846E-11 
2.79200E-11 
3.63738E-11 
4.53858E-11 
5.45394E-11 
6.339683-11 
7.15321E-11 
7.85605E-11 
8.41630E-11 
8.81057E-11 
9.02528E-11 
9.05715E-11 
8.91288E-11 
8.60803E-11 



40.50 
41.50 
42.50 
43.50 
44.50 

4.58133-04 8.165213-11 
3.38183-04 7.61195E-11 
2.4750E-04 6.97829E-11 
1.7960E-04 6.29457E-11 
1.2922E-04 5.589433-11 

AVERAGE WIND SPEED = 14 
THE SHAPE FACTOR ON THE WIND DISTRIBUTION = 2 
CUT-IN WIND SPEED = 10 
CUT-OUT WIND SPEED = 45 
COMPONENT LIFE EXPECTANCY IS = 132910.4 HOURS. 
THIS IS EQUIVALENT TO = 15.16204 YEARS. 
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APPENDIX B 

PROGRAM VARIABLES 

The symbols used in this program are defined as follows: 

A 

A1 

ALP 

B 

BET 

B1 

C 

D 

E 

El 

F 

F1 

F2 

FS 

H 

Gl-G5 

I 

I1 

J 

- Average wind speed. 
- Internal variable. 
- The shape factor for the Weibull distribution of the 

- Internal plotting variable for stress. 
- Internal variable for the Weibull distribution. 
- Internal variable. 
- The number of data points in the S-N curve, less 
one. C=N-1. 

wind speed spectrum. 

- R-1. 
- Flag for ending or restarting the program. 
- Stress level at NO cycles. 
- Incremental damage rate (Miner's Rule) in the stress 
integration loop. 

- Reciprocal of the damage T. 
- Flag for describing the rule used to adjust the S - N  

- Output file name for data dump. 
- Life in hours. 
- Constants for determining the Gamma Function for the 

curve for mean stress. 

Weibull distribution. 

- Index. 
Cut-in wind speed. 

current wind speed. 
- Segment of the RMS stress curve fit chosen for the 

-33- 



J1 - Index. 
K2 - Segment of the S-N curve fit chosen for the current 

RMS stress level. 

K(1) - The intercept of the ith segment in the log-log 
curve fit of the S-N data. 

LB 

LD1 

L N 1  

LO 1 

LS 2 

LT1 

LT2 

LU2 

M 

ML 

Mu 

M1 

M2 

M3 

N 

NO 

- Internal plotting variable for B. 
- Internal plotting variable for Dl(1). 
- Internal plotting variable for Nl(1). 
- Internal plotting variable for Ol(1). 
- Internal plotting variable for S2. 
- Internal plotting variable for Tl(1). 
- Internal plotting variable for T2(I). 
- Internal plotting variable for U2(I). 
- Medium RMS stress level. 

- Sets M1. 
- Sets X1. 
- Lower bound for integration on the RMS stress. 
- Integer value of El. 
- Mean stress for the S-N curve adjustment. 
- Number of data points in the S-N curve. 
- Log of the number of cycles to the endurance limit 
for the S-N curve. 

NPI - Number;bf wind speed intervals. 
Nl(1) 

N2 - Incremental stress for the RMS stress integration. 
P - Probability density function for the Rayleigh 

- The ith component of the cycles in the S-N curve. 

distribution at the current RMS stress. 
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PLDl - Damage density function of the wind speed. 
a - Equal to S. 
Q1 

42 

- Number of cycles in the RMS stress integration loop. 
- Probability distribution for the wind speed 
distribution at the current wind speed. 

R - Number of data points in the RMS stress vs wind 
speed curve. 

R ( 1 )  

S 

- The ith component of the RMS stress. 

- Stepped wind speed in the wind speed integration 
loop. 

S C F  - Stress concentration factor. 
Sl(1) - The slope of the ith segment in the log-log curve 

fit of the S-N data. 

52 - Stepped RMS stress level: from M1 to X1. 
T - Total accumulated damage. 
Tl(1) - The ith component of the stress in the S-N curve. 
U - Ultimate strength of the material. Used to adjust 

the S-N curve for mean stress using the Goodman Rule 
(see Eq. 18). 

u1 - Stress integral summation 
U2 (I) 

density function. 
- The ith component of wind speed probability 

V1 - Cut-out wind speed. 
v2 - V1 minus 1. 
W ( 1 )  - The ith component of the wind speed. 
x1 - Upper bound for integration on the RMS stress. 
Y - Stress cycle rate in Hertz. 
YS - Title of the calculation. 
Y1 - Life in years. 



APPENDM c. 

PROGRAM LS-G FOR 'IHE 
LIFE EMEVJXR ODE 

VERSION 1.2 

100 
110 
12 0 
13 0 
140 
150 
160 
17 0 
180 
19 0 
200 
2 10 
220 
230 
240 
250 
2 60 
270 
280 
290 
300 
3 10 
320 
330 
340 
350 
360 
370 
380 
3 90 
400 
4 10 
420 
430 
440 
450 
460 
470 
480 
490 

REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
DIM 
DIM 
CLS 
REM 
REM 
REM 
REM 

'IHE LIFE (XIDE 

VERSION 1.2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
THIS PRCGRAM WAS As A PAHT OF WORK SPONSORED BY AN AGENCY OF 
THE U. S. -. NEITHER THE U.S. GOVERNMENT NOR ANY AGENCY 
THESEXIF, NOR ANY OF THEIR EMrm3yEFs, NOR ANY OF THEIR CONTRACrORS, 
-mRS, OR ?HEIR EMpLL>yEEs, MAKES ANY -, ExpfiEsS OR 
IMPLED, OR AS$WES ANY LEGAL IilABIm OR R E S F O N S I B I ~  FOR THE 
ACCURACY, m, OR USEFUI-NESS OF THIS FEOGRAM, OR REPRESENTS 
THAT OPINIONS EXPRESSED HEREZN D3 NOT NECESSARILY STA" OR REZ'IXcT 
THOSE OF THE U.S. GCNERNNEKT, ANY AGENCY THEREOF OR ANY OF THEIR 
ClXCRAC!IWS OR -CIDRS. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SEX' UP ?HE DIMENSIONS FOR THE PRDGFWI 
Tl(20) ,T2(20) ,S1(20) ,Rl(20) ,Wl(20) ,N1(20) ,KL(20) 
U2 (100) , D l ( 1 0 0 )  ,01(100) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
mmLIFE- 

USE THIS AREA TO I N I T I A U Z E  PROGRAM PARAME;TERs 
PI=3.14159265# 
REM set up ~arametexs for  amm ma Function 
G1=-.5748646 
G2= ,9512363 
G3=-.6998588 
G4= .4245549 
G5=-.1010678 
REM Set other Parametem 
u1=0 
so=o 
REM USE THTS AREA 933 SET UP PROGFWI C D N S m  
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500 RFM Define the cycles cQllllt a t  the Rxhmnce Limit 

the Limits of Integration on the 520 REM Set constants for Determmrq 
530 REM FU'4S Stress 
540 &-2 

510 NO==( l O " 1 0 )  . .  

550 MV== 
560 REM Set canstant that Determines the Size on the Stress Inteqntion 
570 REM Interval 
580 Q1=50 
590 REM Set mnstant for the Number of Intervals in the &ita Ixmrp of the 
600 REM S-N Curve 
610 -50 
620 RFM FVT IN PRINlZR CONI'ROL HERE TO INITIXJZE YOUR PRINTER 
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1500 'I LEVEL CYCLES TO FAILURE" 
1510 FOR 1=1 TO N 
1520 REM Correct the Stress State for the stress Concentration Factor 
1530 T1 (I) 42 (I)/S(IF 
1540 REM Make sum that the Adjusted stress Remains W i t i v e  
1550 IF Tl(1) <.1 ?HEN Tl(I)=I*5 
1560 €" USING ###### ##. #####^^^^ II. I Tl(1); N1(I) 
1570 LeRINT USING It ###### ##. #####^^^^ 'I; T1 (I) : N1 (I) 
1580 NEXT I 
1590 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1600 REM 
1610 PlUNT: LEl?INT 
1620 PRINT tl- THE CXlRvE FITS FWR THE S-N DATA" 
1630 REM LpRINT 
1640 PRINT I' IMEECWT SLI3pE" 
1650 REM LeEuNT It ll?EFam SIDPEY 

THIS FRCGRAM USES A LCIG-LOG FTT TO THE S-N CURVE CURSE 

THE CALLXTLATED CURSE FITS FOR THE S-N DATA ARE:" 

1660 FDR 1=1 TO C 
1670 S1 (I) =LM; (N1 (I)/Nl (I+1) )/LOG (T1 (I)/Tl (I+1) ) 
1680 K l  (I)=-Sl (I) *LOG(Tl (I) )+LOG(Nl (I) ) 
1690 PRINT USING #####.#### 
1700 REM LPfUNl' USING It #####.#### #####.####": n(I) i =(I) 

##### ####" ;K1 (I) ; s1 (I) 

1710 NEXT I 
1720 PFUNT: REM LPRINT 
1730 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1740 REM SET UP THE RMS VERSUS WIND SPEED DATA 
1750 PRINT WEXT: INPUT THE DATA 'IHAT DESCRIBES THE WIND REGINIP 
1760 PRINT t'INHJT ?HE NUMBER OF RMS VS WIND SPEED DATA POIN'I'S It 

1770 PRINT 
1780 INPUT R 
1790 PRINT: LPFUNT 
1800 IPiUNT THE NUMBER OF FUG VS WIND SPEED DATA POINIS = It; R 
1810 WR-1 
1820 PRINT "INPUT THE WIND SPEED VS RIVE !X'RESS IN ASCENDING ORDER," 
1830 PRINT "D WITH THE UWEST WIND SPEED." 
1840 PRINT: LPRINT 
1850 ISRINT THE WIND SPEED AND RMS DATA ARE2 It 

1860 L9R7NT SFC(4) "WIND SPEED" SFC(9) " R E  SrzzESs LEVEL" 
1870 FDR 1=1 TO R 
1880 PEUNT I' WIND SPEED" SFC(14) I SFC(12) RE/zs SIPIBS" 
1890 INHJT Wl(1) : PRINT SFC(43) CHR$(30); : INPUT Rl(1) 

T h e  Maximum Mmrber is 20." 

1900 Wl(1) = ABS (wl(1)) : Rl(1) = ABS (Rl(1)) 
1910 LPFuNr USING ##### #####.##": W(1) : =(I) 
1911 REM Error Check for Ascedmg ' order of Input Data 
1912 IF 1=1 THEN Gc/17c) 1920 
1913 IF Wl(1) > Wl(1-1) THEN GUIO 1920 
1914 PRINT "INHIT DATA IS NUT IN PROPID ORDER!" 
1915 PRINT "PL;EASE ENTEE3 DATA AGAIN" 
1916 GO TO 1820 
1920 NEXT I 
1930 PRINT: LPRINT 
1940 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1950 REM SET UP THE OPERATING OONDITImS 
1960 PRINT WEXT: THE OPERATING P- FOR THE TURBINEt1 
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II . 1970 PRlN": ISRINT 
1980 PRINT "INATT ?HE' SIRES CYCLE RATE IN HZ 
1990 INRTT Y 
2000 ISRINT "'IHE STRE93 CYCLE RATE IN Hz = ";Y 
2010 PRINT: LPRINT 
2020 PRINT WGUT 'IHE DJIEGER WIND SPEED FOR mIN I!; 

2030 INPvT I1 
2040 "IN" 'IHE INIEGER WIND SPEED FOR arr-CWr"; 
2050 INWT Vl 
2060 LPRINT THE?, INIXEER WIND SFEEIX FDR CUI'-IN AND arr-ovT ARE:" 
2070 IPRIN! 
2080 LpRlfJT tt CZTP-IN h'XND SPEED - , I1 
2090 WRJNl! CUIWUl? WIND SPEED # V l  
2100 PRINT: LPRINT 
2110 PRINT lwHAT IS ?HE YEARLY AVERAGE WIND SPEED @I; 

2120 IN" A 
2130 PRINT rrIN" ?HE SHAPE FACIOR FOR A WEIBWLL DISTRIBIFION 
2140 PRINT 
2150 INRTT ALP 
2160 -1/ALP 
2 170 GAEI=liGl*ALRIG2 *ALR" 2-3 *AIR"3+G4 *ATRA4+G5*ATRA5 
2180 REI=A/GAPl 

2200 LF!RINT "THl3 !SHAPE FACIDR ON THE WIND DISTRIBUI'ION 
2210 LPIUNT Note: 2.0 inplies a Rayleigh Distribution" 
2220 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2230 REM WIND SPEED -ON IDOP 
2240 REM Set up Constants in Integration limp 
2250 'Tto 
2260 W=Vl-l 
2270 NPl=INT (V2-11) +1 
2280 FOR I=IlTO Vl 
2290 Ol(I)=I 
2300 Dl(I)=O 
2310 MMT I , 
2320 REM Detadne the Stress  Level at the 
2330 REM This calculation is always based on the f h t  interval 
2340 REM in the curve fit. 
2350 El==( (NO-Kl(1) )/S1(1) ) 
2360 REM Only U s e  Integex Values of Stress 
2370 M2=INT(El) 
2380 PRINT: LRNC 

2400 F" lWIE CwOsEN ENEURANCE ILIMIT (STRESS) = , M2 
2410 PRINT: LPRlNC 
2420 PRINT: LpRINT 
2430 PRINT "THE FATIGCE LIFE cAI%uLATION HAS BM;uN" 
2440 PRINT "PLEASE WAIT' FOR THE CAIlXTlATIoN TO BE CY34PLETED" 
2450 F" 
2460 REM Only U s e  Integer Values of Velocity 
2470 FOR SI1 "0 Vl 
2480 Q S  
2490 I F  S = ( I N ? ( N P l * . l ) + I l )  THEN ERINI' *Talculation 5 % Completedl' 

- 11 . 
= II . 

Note: Input 2.0 for a Rayleigh Distribution It 

2190 IPRIN! "THE YEARLY AVERAGE WIND SPEED = 1l;A 

= ";ALP 

Iihit 

2390 LPRINT CHOSEN ENDURANCE LIMIT (STRESS) = r M 2  
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3000 REM Rayleigh Stress Distribution 
3010 =2/MA2*EXP(-S2*S2/ (2*M*M) ) 
3020 BEXP(Sl(K2) *rrX;(S2)+Kl(K2)) 
3030 REM Miner's Rule Calculation 
3040 PP/B 
3050 REM Corrected Summation for E d  Points 
3060 IF J1=1 THEN %F/2 
3070 IF J1=N2 THEN %F/2 
3080 Ul=Ul+F*Ql 
3090 
3100 
3110 
3120 
3130 
3140 
3150 
3160 
3170 
3180 
3190 
3200 
3210 
3220 
3230 
3240 
3250 
3260 
3270 
3280 
3290 
3300 
3310 
3320 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3410 

NEXT J1 
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REM END STFESs -ON UXlP 
REM Calculate the Wind speed PDF 
REM Weibull Wind Distribution 

Bl=ALP/EET 
Q2=B1* (Al" (-1) ) *EXP (-Al"ALP) 
REM FUF THE CXCULMTONS INID A MATRIX FOR SUMMATION 

Al= (CY=) 

01 (S) s 
u2 (SI -2 
D1 (S) =Ul 
NEXTS 

REM END WIND SPEED -ON UXlP 
REM Print the Damage vs Wird speed In- Function 

LPRINT 
LPRINT 8'CEWI'ER OF WIND" SpC(5) "WIND SPEED" SpC(8) "IYLMAGE" 
LPRINT "SPEED INERWiL1l SpC(5) PDF" 
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REM USE THE END PDINT TD GET AVERAGE IN THE MIDDLE OF THE WIND 
REMllnERmL 
PRINT glcdlculation 95 % cmpletdl 
FOR I=I1 TD V2 
REM Calculate the Average Values mer the flmrmation Intervdl 
REMandDetemme ' the Damage Function 
01 (I) = (01 (I) +01 (I+1) ) /2 
u2 (I) = (U2 (I) w 2  (I+1) ) /2 
D1 (I) = (D1 (I) +D1 (I+1) )/2 * U2 (I) 
REM Calculate the Total Damge 
"+Dl (I) 

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

LPRINT Tb wind speed Interval = 1.0" 

LPRINT'USING l1 ####.## # #  ####^^^^ 
U2(I) : Dl(1) 
3420 NEXT I 
3430 F1=1/T 
3440 H=F1/ (Y*3600) 
3450 Yl=H/(24*365.25) 
3460 PRINT "-IONS ARE NOW (XMPUEE" 
3470 PRINT: LPRINT: LPRIW: LPRINT: LPRmr 
3480 PRINT A SUMMARY OF RlSUEIS ARE: It 

3490 PRINT 

##. : Ol(1); 
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4000 lX2= (T2 (I) ) 
4010 JNl=(Nl(I)) 
4020 €RU"#l, USING l l##.######AAAA 

4030 NEXT I 
4040 REM 
4050 PRINT#l, USING "###### 
4060 DEIS = (LOG( Tl(N)) - W( Tl(1))) / ( P l )  

I t ;  W ;  m1; LN1 

a P l o t  of the Calculated S-N Curve 
1 1 .  Np 

4070 -#1, I' !3I'RE% CYCLES rn It 

4080 €RU"#l, " FAIIIJRE" 
4090 FOR J =1 'Io NP 
4100 S2=EXP( (J-1) *-+L(X;(Tl(l))) 
4110 REM INTERFOIATE 'IHE S-N CURVE 
4120 K2=1 
4130 FDR 1=1 'Io C 
4140 IF S2<Tl(I) TIEN 4200 
4150 K2=I 
4160 NEXT I 
4170 B(Sl(K2)*L(X;(SZ)+n(I(2)) 
4180 EEXP(B) 
4190 PRlNI'#1, USING "##.######"""" 
4200 NEXT J 
4210 CLOSE #1 
4220 PIUNT 
4230 PRINT 11 select froan the following options:11 
4240 PRINT 
4250 PRINT 
4260 PRINT I' o - to Basictt 
4270 PRINT 
4280 PFZNT It 1 - MIT pw3GRAM Des" 
4290 PRINT 
4300 PRINT 11 

4310 PRINT It @ the Material Functiontt 
4320 PRINT 
4330 PRINT 
4340 PRINT 
4350 INWT E 
4360 IF E H  THEN 4440 
4370 ON E W I O  4430,340,2020 
4380 GQlD 4270 
4390 CLS: SYSTl3l 
4400 CIS 

"; S2; B 

2 - start the program from the ~ e g i m . t h g  

- Continue program w i t h  a Different Wind spectrum I t  3 
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APPENDIX D. 

I I I I I I I I I 

- - 
- 

-.<)- MV WITH CONSTANT ML - 
- -Q- ML WITH CONSTANT MV - 

- - 
- - 
- - 
- - 
- - 

c * A " " v " A A A 
v . - 

I I I 1 I I I 1 I 

STRESS CYCLE INTEGRATION LIMITS 

0 

The upper and lower limits of the stress cycle integration (Eq. 
21) are set via the ML and the MV parameters (lines 540 and 550 
in the code shown in Appendix C). 
determined by 

The limits of integration are 

To minimize computational time, ML and MV should be set as small 
as possible. However, if their value is chosen too small, the 
prediction of the service lifetime will be too large. In Fig. 
D1, the influence of ML and MV on the predicted lifetime of a 
VAWT component (the example problem) is shown. In this figure, 
the predicted service lifetime is normalized to the predicted 
lifetime for large values of ML and MV. 

As seen in the figures, values of 2 and 8 for ML and MV, 
respectively, yield consistent predictions, and based on this 
and other analyses, represent the minimum values of these 
variables that yield correct results. These values are included 
in the current LIFE code. However, the operator may want to 
examine a range of values for these variables to determine if 
the integration interval is sized properly for the particular 
problem of interest. 

10 
W 

c z 9  

!k 

5 

n 4  

7 
4 
W 

O 6  

6 5  

y 3  

s 2  
g 1  
= o  

tn 
W 

Figure D.l Effect of the Internal Variables ML and MV on the 
Predicted Service Lifetime for the Example Problem. 
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APPENDIX E. 

ENDURANCE LIMIT 

Again to minimize computational time, the stress integration 
loop is limited to values above the "endurance limit" as 
determined by the S-N diagram input into the code. 

Here we have defined the endurance limit to be the stress 
level at which 1E10 cycles will not produce failure in the 
material. This parameter is set in with the NO variable 
(line 510 in the code shown in Appendix C). The program 
automatically determines the stress level corresponding to 
this number of cycles (via the adjusted S-N diagram) and 
outputs its value in the summary printout. 

Other values for this variable may be chosen by the operator 
by editing this line in the program. 
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APPENDIX F. 

AUTOMATED DATA ENTRY FOR THE LIFE CODE 

As the process for data input is somewhat cumbersome when 
parameter studies are being conducted, the LIFEA (automatic 
data entry) version of the LIFE code is also available (see 
Appendix G ) .  
been tlremarkedtt out of the process statements and replaced by 
data entries. The version of LIFEA listed here is set up to 
do the example problem shown in Appendix A. 

In this form all of the keyboard inputs have 

For operation LIFEA is simply executed by running it using a 
BASIC interpreter. Although the operator is queried by the 
program, no inputs are required. 

To run a parameter study with this version of the code, the 
operator should edit all of the data inputs to the particular 
problem of interest. Note that all of the statements 
requiring editing have been marked with a t t * - t t  pattern remark 
statement. As the input statements for data entry have not 
been deleted, keyboard entry for any particular variable (or 
sets of variables) can be reactivated by removing the ttREM1t 
at the beginning of each line of data input. 



APPENDIX G. 

PROGR?MUsIwGFORTHE 
IJFEA CODE 

VERSION 1.2 
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500 RFM Define the cycles cumt a t  the 

the Limits of Integration on the 520 RFM Set constants for De- 

Limit 
. I  

510 No=LoG (10"lo) 

530 RFM €WS - 
540 -2 
550 W8 
560 REM Set (3onstant that Determines the Size on the Stress Integration 
570 REM InterVal. 
580 Q1=50 
590 RFM set constant for the Number of Intervals in the Data Ixrmp of the 
600 RFM S-N w e  
610 -50 
620 REM FUI? IN PRINTER CIXlROL SWEMENE HERE To -ZE YOUR I'RIXWR 
630 REM 
640 PRINT - TITIE FDR THIS -ON OF FATIGUE LIFE (NO -)I' 
650 PRINT 'I I I 
660 REM ............................................................. 
670 Y + W ~  cost 6063- Example C!alc1I 

680 REM INH?I' Y$ 
690 LplsuNT "FATI- LIFE PRCGRAM, VERSION 1.2" 
700 HUNT: LPRINT 
710 PRINT: LPRINT 
720 *I****** 11; y$; 11 ******II 

730 JXtNT: LeRINT 
740 LAPRINT 
750 Talculations Ferfornred on : 1) ; DATE$ 
760 PRINT: LPRINT 
770 PRINT: LpRIfJT 

790REM S E T U P T H E S N a U R v E  
800 RFM 
810 PRINT VIRSI" IN" THE S-N FATI(TUE IYiTA FOR l T E  BIADE M A T E E W U I I  
820 PRINT "INHR: THE NUMBER OF WLTA POINIS ON THE SN CURVE" 
830 HUNT 'I 

850 5 
860 REM INFVT N 
870 PRINT: LeRINT 
880 LPRINT I I T H E  NUMBER OF INWT pOIN'I!S ON THE SN aURvE IS = ";N 
890 PRINT: LpR7NT 
900 c=N-1 
910 REpI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
920 T1(1)= 10000 : N1( 1) =5E+08 
930 T1(2)= 10700 :N1(2)=lE+07 
940 T1(3)= 14400 :N1(3) =1000000! 
950 T1(4)= 18300 :N1(4) =100000! 
960 T1(5)= 24700 :N1(5)=10000! 
970 PRINT "INRlT IN THE DATA IN ASCENDING ORDER," 
980 HUNT "D WITH ?HE IDWEST STRESS." 
990 LPRINT THE IN€UI' S-N IYiTA ARE:" 

780 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ihe Maximum Number is 20." 
840 ............................................................... 
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1000 
1010 
1020 
1030 
1040 
1041 
1042 
104 3 
1044 
1045 
1046 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
DATA 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
14 10 
1420 
1430 
1440 
1450 
1460 

Ln?Im" sI!RB!3LEvEL CYCLES TD FAILURE" 
FOR 1=1 '170 N 
PRINT STRESS LEVEL" SFC(12) I SFC(12) CYCZES TD FAIUTRE" 
REM DEVI' T l (1 )  : PRINT SpC(43) CHR$(30) : : INPUT N l ( 1 )  

REM Error check for A s c e t h g  * order of ~nput mta 
LeRINT USING ######  ## #####^^^^ T l ( 1 ) ;  N l ( 1 )  

I F  1=1 THEN Go 1050 
I F  T l ( 1 )  > Tl(1-1) THEN Go 1050 
PRINT "rn nATA IS Nur I N  mPER ORDER!" 
PRINT "PLEASE ENIpl IXTA AGAIN" 
GO To 970 

NEXT1 
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REM ADJUST THE STRESS LEVELS FOR !STRESS CW-ONS 
PRINT "ADJUST THE S-N IXTA FOR STRESS CONCXKtWUIONS" 
PRINT "IN" THE STRESS WCEMIRATIW FACTOR" 
PRINT I* U s e  1 i f  no correction is ~ e s i r e d ~ *  
XDTC Note: -IS EQUATION for the Mean Stress 
PRINT 
PRINT It of 1.67 INCLUDED in its Foxmulation. m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
s m 2 . 7 3  
REM rNFur SCF 
PRINT:LpRINT 

REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REM 
FOR MEAN SIRES" 
PRINT g'SELFCL' THE FORM OF 'IHE OORRECI'ION TEEFil DESIRED" 
PRINT 1 FDR COOCMAN RUIE ON THE IJXTMUT 
PRINT 2 FOR F-'S EQUATION" 
PRINT 3 FOR NO ADJUSTMEWIS" 

F2=1 
REMmn 
ON F 2  Go 1320,1320,1400 
WID 1230 
PRINT "a THE MEAN STRESS AT RATED R O R  SPEED WITHOUT WIND '' 
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
M3=7000 

PRINT: m 
LpRINT *I THE MEAN STRESS AT RATED R O R  SPEED WITHOUT WIND = "iM3 
LPRmr 
ON F2 GUlD 1460,1590 
PRINT: Lmmr 
PRINT "NO A D J U S m  FOR MEAN STRESS WERE MADEt1 
LeRINT NO ADJLJS- FOR MEAN STRESS WERE M7DE" 
GUIO 1640 

REM DO THE GOOIXAN €?ULE ADXTSTMENT ON MEAN STRESS 
PRINT VHJ3 GCOIXAN RULE FOR MEAN STRESS CORRECTION HAS BEEN SELGmD" 

T2 (I) -1 ( I )  

correction has a Stress conoentration Factor 

LpRINT The stress Concentration of Factor = 1 1 ;  s p  

ADJUST THE STRESS LEVELS EX MEAN STRESS 1220 XDTC "ADJUST THE S-N 

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

R E M I N p v T M 3 :  m M 3 = A B s  (M3) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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1470 LgRINT 18 THE GOODMAN FOR SIRES oOFG?E%XToN HAS BEEN S m m "  
1480 €SlNF "INWT ?HE I' 
1490 REM +-*-*-*-*-*-+-+-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-* 
1500 U=35000! 
1510 REM IN?UT U 
1520 IZRIM? THE = ";u 
1530 FOR 1=1 To N 
1540 Tl(1) = Tl(1) - (M3 * Tl(1)) / U 
1550 NEXT I 
1560 GUlD 1640 
1570 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1580 REM USE -0fJ NXUST MEAN STRF,Ss 
1590 PRINT "F-vS -ON FDR MEAN STRESS aXREKTION HAS BEEN SELECTED" 
1600 IZRIM? FAMENBEX'S FOR MEAN STRESS CO-ON HAS BEEN 
SELECCED" 
1610 FOR 1=1 To N 
1620 Tl(1) = .6 * Tl(1) - .2 * M3 
1630 NE)(T I 

1650 PRINT "THE ADJUSTED S-N WI!A ARE : I t  

1660 LPRINT THE ADXBIED S-N INTA ARE :'I 

1670 PRINT It SmEsSLEvEL CYCLES To FAILURE" 
1680 LPRINT SCFESS LEVEL CYCLES To FAILURE" 
1690 FOR 1=1 To N 
1700 REM Correct the Stress S t a t e  for the Stress Concentration Factor 
1710 T1 (I) e l  (I) /SCF 
1720 REM Mah Sure that the Adjusted Stress Remains Positive 
1730 IF  Tl(1) <.l THEN Tl(I)=I*5 
1740 PRINT USING It ###### ##.#####^^^^ ,I; Tl(1) ; N l ( 1 )  
1750 LPRlNT USING It ###### ## #####^^^^ ; Tl(1); Nl(1) 

1640 PRINT: IJRJHl' 

1760 NEXT I 

1780 REM THIS USES A L[x;-LIx F" To THE S-N CURVE CURVE 

1800 PF!INT THE CURVE FITS FOR THE S-N DATA" 
1810 REM IXRIKC 'I 'IHE cALL;uLATED UJRVl3 F'ITS FOR THE S-N DATA ARE:" 
1820 PRINT *I l N E K E P T  SLI3pE" 
1830 REM ITRIM' II IfJTERcEpT SUPE" 
1840 FOR 1=1 To C 
1850 S1 (I) =UX(Nl (I)/Nl (I+1) )/L(X(Tl (I)/Tl (I+1) ) 
1860 Kl (I)=-Sl (I) *I.CG(Tl (I) ) +L(X(Nl (I) ) 

1770 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1790 PRINT: IJRJHl' 

1870 PRINT USING 'I #####.#### 
1880 REM LPXN" USING #####.#### #####.####I1; Kl(1) ; =(I) 

#####  # # # # I 8  ;Kl (I) ; s1 (I) 

1890 NEXT I 
1900 PRINT: REM LsRINT 
1910 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1920 REM 
1930 pRI[NT WEXT: INHJT THE DATA THAT DESCRIBES THE WIND Rw;IMEii 
1940 PRINT "IN" THE NUMEER OF FtMS VS WIND SPEED DATA Po- 
1950 PRINT If The Maxirmrm Number is 20." 

1970 FWI 
1980 REM INRIT R 
1990 FJRINr: ImIm 

SET UP TI-E RMS VERSUS WIND SPEED IlATA 

'I 

1960 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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2470 PRINT w Nate: Inprt 2.0 for a Rayleigh Distribution 
2480 = ............................................................... 
2490 -2 
2500 REM IN" Z&P 
2510 AI&l/ALp 
2520 ~1-tG1*ALENG2*ALR"2ffi3*ALR"3+G4*ALR"4+G5*ALR^5 
2530 BFI'-A/GAM 
2540 LPFUNT "'IHE YEARLY AvERAI3E WIND SPEED 
2550 LmIMT YIFB SHAPE FACIOR ON THE WIND DISTRIEUTION 
2560 LPFUNT 
2570 REM **+*****f*************************************************** 
2580 REM WIND SPEED -m m p  
2590 IMuI Set up constants in Integration Lmp 
2600 P O  
2610 V2=Vl-1 
2620 NPl=INT (V2-11) +1 
2630 FOR I=I1 110 Vl 
2640 Ol(I)=I 
2650 Dl(I)=O 
2660 NEXT I 
2670 REM D e w  the stress -el a t  the EnAmmce Limit 
2680 EiEM T h i s  cdlculation is always based on the first interval 
2690 €?EN in the curve f i t .  

- - ";A 
= ";ALP 

Note: 2.0 i n p l i e s  a Rayleigh Distributionlv 

2700 El==( (NO-Kl(l))/Sl(l)) 
2710 REM Only U s e  Integer V a l u e s  O f  
2720 M2=IN"(El) 
2730 PRINT: "T 
2740 LPRTNT THE CHOSEN ENlxTRANcE L;IMIT (STRESS) = , M2 

2760 PRINT: LPEUNT 
2770 PRINT: LPEUNT 
2780 PRINT "THE FATIGUE LIFE CWLWATION HAS BFGUN" 
2790 PRIXl' "PIEASE WAIT FOR THE -ON TO PJ3 
2800 PRINT 
2810 REM Only U s e  Integer V a l u e s  of Velocity 
2820 FDR S I 1  TO Vl 
2830 Q S  
2840 IF S =(INT(NPl*.l)+Il) THEN PRINT Talculation 5 % cCXnpleted'* 
2850 IF S =(INT(NP1*.2)+11) THEN PRINT Talculation 15 % Ccapleted1I 
2860 IF S =(D?T(NP1*.3)+11) THEN PRINT Valculation 25 % Ccunpletedtl 
2870 IF S =(INT(NP1*.4)+11) THEN PRINT Valculation 35 % Campleted1I 
2880 IF S =(INT(NPl*.5)+11) THEN PFUNT tlcalculation 45 % CCanpletednl 
2890 IF S =(INT(NP1*.6)+11) THEN PRINT  calculation 55 % Ccnnpleted8I 
2900 IF S =(INT(NP1*.7)+11) THEN PRlMT Valculation 65 % Ccnnp1etedl1 
2910 IF S =(INT(NPl*.8)+11) THEN PRINT Valculation 75 % Ccapleted'l 
2920 IF S =(INT(NP1*.9)+11) THEN PRINT Valculation 85 % CCanpleted1l 
2930 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2940 REM CAUXLXE THE RMS STRES!S (L7NE31R INTERWIATION) 
2950 J=l 
2960 REM Chose Segment of FGE-Wind Sped Curve Fit 
2970 FOR 1=1 110 D 
2980 IF Q< Wl(1) THEN 3000 
2990 J=I 

2750 PRINT T3-E CHOSEN ENDURANCE L;IMIT (STRESS) = r M 2  
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4000 m : L p R I N T  
4010 PRlXC:LeRINT 
4020 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4030 REM MJMP IlATA TD A FILE FOR FTMTING - USING ZWUI'HEB PROQiAM 
4040 PFUNI' "Do YCXJ WWT A IXCA IXJMP FOR FLMTING THESE FEXJLTS" 
4050 PJXNI' 1 - Yes11 

4060 PRINT 'I 2 - NO" 
4070 PFUNT 
4080 INWT P1 
4090 ON P1 Gcrco 4110,4570 
4100 Gcrro 4040 
4110 PRIER: 'WHAT FTLE DO YOTJ WANT FOR 'ME I X I l  UUMP?" 
4120 IN" F$ 
4130 PRINT Ilq?ening the Data F i l e  II 
4140 OFEN F$ FDR (XTFUI' AS #1 
4150 PRJ3I'#1, Y$ 
4160 PFUNT#l, Valculations performed on : ; DA!I'E$ 
4170 REM O U I W T  THE WIND SPEED DISTRIEJTION AND IXMZGZ FUNCTION 
4180 REM calculate the Number of Points and Print 
4190 F"#1, USING "###### 
4200 PRINT#l, "CENTER OF WIND WIND SPEED IXMZGZ PEEICENT" 
4210 PRIER:#l, "SPEED IXIERWL PDF INMAGEY 

'I; NP1 

4220 FOR I=I1 TD V2 
4230 IDl=(Ol(I) ) 
4240 LU2=(U2 (I) ) 
4250 IDl=(Dl(I)) 
4260 PIDl=Dl(I)/T 
4270 PRINT#l,USING"##.######"""" 'I; U1; Tu2; LD1; m O l  
4280 NEXT I 
4290 REM Output the Original and Mcdified S-N Data 
4300 €"#I, USING 'I###### 

4320 PRINT#l, (I SIRES STRESS FAILURE 
4330 FOR I=lTO N 
4340 ETl=(Tl(I)) 
4350 IT2=(T2 (I) ) 
4360 LNl=(Nl(I)) 
4370 F"#1, USING pl##.######"""" 
4380 NEXT I 
4390 REM Output a Plot of the Calculated S-N Curve 

4410 DEIS = (uX;( Tl(N)) - uX;( Tl(1))) / ( P I )  

'I; N 
4310 PRINT#l, INHJT IKIDIFIED CYCLES TD" 

'I; m; m1; m1 

4400 PRINT#l, USING It###### 

4420 F'RINT#l, STRESS CYCLE TD 
4430 €"#1, FAILURE" 

11; NP 

4440 FOR J =1 'ID NP 
4450 S2=Exp( (J-l)*DnS+IE(Tl(l))) 
4460 REM INTERFoLATE THE S-N CURVE 
4470 K2=1 
4480 FOR 1=1 TD C 
4490 IF S2<Tl(I) THEN 4510 
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4500 
4510 NEXC I 
4520 B=(Sl(IQ)*LM;(S2)+K1(KZ)) 

4550 N" J 
4560 cIL)sE #I 
4570 PRINT 
4580 'I f 3 d d  
4590 PRINT 
4600 PRINT 

4620 PRINT 
4610 PRINT 'I 0 -  

4630 
4640 
4650 
4660 
4670 
4680 
4690 
4700 
4710 
4720 
4730 
4740 
4750 

1 

f m  the follcwbq uptions:vl 

IF lG=o ?HEN 4750 
ON E 0 4740,340,2290 
ccm> 4580 
CLS: S Y m  
CLS 
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