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ABSTRACT 

During the summer of 1988, th~ Wind Energy Research Division hosted Jesse Sims and 
Jocelyn Wright under the auspices of the Sandia Historically Black Colleges and 
Universities (HBCU) Summer Student Program. The research projects that they 
conducted during their tenure at Sandia are reported here. In the first Chapter of this 
report, the development of a software package to determine the calibration constants 
for a group of aerodynamic sensors is detailed. In the second chapter, the 
refurburishment activities on the Sandia 5-m VA WT are discussed . 

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



FOREWOlID 

During the summer of 1988, the Wind Energy Research Division hosted Jesse Sims and 
Jocelyn Wright under the auspices of the Sandia Historically Black Colleges and 
Universities (HBCU) Summer Student Program. The research I?rojects that they 
conducted during their tenure at Sandia are reported here. As their projects did not 
relate directly to one another, this report is divided into two chapters, one written by 
each of the two researchers. 

The first chapter was written by Jesse Sims. Jesse received a Bachelor of Arts degree in 
Physics from Texas Southern University in May, 1988. He will be attending graduate 
school at the University of Houston this fall. His chapter in this report details the 
development of a software package to determine the calibration constants for a group 
of aerodynamic sensors. . 

Jocelyn Wright wrote the second chapter. Jocelyn is a enrolled in a "dual degree" 
program at Xavier University of Louisana and Southern University. She is currently a 
senior Mechanical En~ineeri:pg student at Southern University. This chapter details her 
refurburishment activities on the Sandia 5-m VA WT. In the appendix to this chapter, 
Jocelyn discusses her activities in Sandia's material laboratories. This discussion 
centers on the examin;ltion of the fracture surface of an aluminum coupon that had 
been tested in fatigue bending at Southern University. 

-v -

Herbert J. Sutherland, Editor 
August 1988 



CHAPTER! 

SOLUTION ALGORITHM AND SOFfWARE PROGRAM 

TO AID IN THE CALIBRATION OF 

SHEAR STRESS SENSORS 

by 

Jesse D. Sims 

ABSTRACT 

The objective of this project was to develop a data reduction code, in Fortran, to aid in 
the calibration of sensors that measure shear stress or drag between the air and the 
rotors of a wind turbine. Previous work has shown that the data are fit best with a 
curve of the form y = A xl/n + B, where A, Band n are constants. These constants must 
be chosen such that the "correlation coefficient" between the data and the curve fit is 
maximized. A solution algorithm was formulated and programmed in Fortran 77 for an 
IBM PC-compatible computer. The program, called SENSOR, permits the data to be 
plotted directly from the program. The solution teChnique was tested using three sets 
of data, in two of which the correlation coefficient and the constants were known. The 
results obtained from the test data showed that the program calculated the correct fit 
for all cases. 
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INTRODUCTION 

The objective of this project was to qevelop a data reduction code to aid in the 
calibration of sensors that measure shear stress or drag between the air and the rotors 
on a wind turbine. Previous work has shown that the data are fit best with a curve of 
the form: 

lin y=Ax +B (1.1) 

where A, Band n are constants. These constants must be chosen so that the 
"correlation coefficient" (C) between the data and the curve fit is maximized. The 
correlation coefficient used here is given by the relationship 

N 
lin 2 

2 [ A - Yj] (x
j

) + B 

j=l 
C = 1 - (1. 2) 

N 

where N is the number of data points, j is the jth point in the data set, Xj is the wall 
shear stress and Yj is the output voltage. 

The solution algorithm was formulated to calculate C based on a least squares curve fit 
to a straight line. The program was written in Fortran 77 for an IBM PC-compatible 
computer. The program, called SENSOR, permits the data to be plotted directly from 
the program. 

The program takes a set of data, sensor voltage vs. wall shear stress, and maximizes the 
correlation coefficient by choosing the "best" values for the curve fit parameters. The 
SENSOR program also incorporates two plot subroutines using PLOT88.1.1 The first 
subroutine plots C vs. n allowing the user to determine if C has a maximum. The 
second subroutine plots the wall shear stress raised to the lin power vs. the sensor 
signal, and then plots the calculated best fit through data set. 

The report starts with a review of the solution algorithm used in the program. Then the 
input parameters used in the program are described in detail. Three example problems 
close the report. Listed in the appendices are the variables used in the program, a copy 
of the final version of the program, and example outputs. 
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Solution Algorithm 

The solution algorithm for this problem must determine values for A, Band n based 
upon the constraint that the value of C in Eq. (1.2) is maximized. An iterative 
technique on the parameter n was chosen. In the technique, the current value of n is 
updated after each iteration based on an adjustable step size and the slope dC/dn. 
Convergence of the iterations to a solution is judged by the closeness of succeeding 
iterations. 

Current Values 

Let the value of n in the ith step be given by ni. Assuming that ni is a constant for this 
iteration, then the curve fit may be written as 

y = A Xl + B , (1. 3) 

where 

X = 
I 

(1. 4) 

The values for A and B may now be found by using a least squares curve-fitting 
technique to fit a straight line to the order pairs of data points defined by [(Xl)j,Yj]j=1,N 
where 

(1. 5) 

The least squares curve-fitting algorithm used here was developed by Brain P. Flannery, 
et al.1.2 

Substituting these values into Eq. (1.2) yields a current value for C, namely C(ni), of 

N 
I/ni 2 

2 [ A (x
j

) + B - Yj ] 

j=l 
C(n. ) I - (1. 6) 

1. 
N 

The derivative or slope of this function may be determined numerically by 
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d C(n.+ h) - C(n.- h) 
1. 1. 

(1. 7) 
dn 2 h 

where h is an arbitrarily small increment. 

Next Value 

To update the value of nj to nj+ h define Anj to be 

n. 1 ~ n. + 6n. . 
1.+ 1. 1. 

(1. 8) 

Here, we chose the value and sign of 6nj based on an adjustable increment £j and the 
derivative defined by Eq. (1.7); namely, 

£: . sign [: [c(ni ) J] 1. 

6n. ~ min (1. 9) 
1. 

'i [: [c(ni ) lJ 

where minO is the minimum function of the arguments and signO is the sign function 
of the argument. This formulation uses the property of a maxima so that the value of nj 
should be increased if the sign of its derivative d[C(n)]/dn is positive and should be 
decreased if the sign is negative. If the derivative d[C(n)]/dn is a smooth function, then 
the second term in Eq. (1.8) will speed the convergence of nj to the solution. The value 
of £:j is given by 

0.10 ) 

if the sign{d[C(nj)]/dn} = sign{d[C(ni-l)]/dn} or by 

(1.11) 
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if the sign{d[C(nj)lIdn} .. sign{d[C(ni-l)]/dn}. This technique for adjusting the step size Ej 

holds the value of the step constant until the solution steps across the maxima of C(n) 
and then reduces the step by half. 

Solution 

The iteration is said to have found the maxima if 

or 

C(n.) = 1 
~ 

C(n.) - C(n. 1) ~ 0 
1 1-

(1. 12) 

(1.13 ) 

In the first case, the iteration scheme has found an exact fit to the data, and in the 
second, the solutions have converged within a specified tolerance, o. 

FORTRAN PROGRAM 

The solution algorithm described above was written in Fortran 77. It was compiled for 
an IBM-compatible PC using a Microsoft Fortran Compiler, Ver. 4.1.13 The code is 
listed in Appendix 1.A, and a list of variables are given in Appendix 1.E. 

The SENSOR program begins by asking the user if the data points are in a file. If the 
answer is yes, then it asks for the file name. (All the questions in the program that 
require a yes or no answer may be answered with an upper or lower case "y" or "n".) 
The file name must be input with the file extension. For example, if the file is a data 
file called exact, then the user would input exact.dat. The program then counts the 
number of data points and prints the actual data from the user's file. The format for the 
data points in the file must be. of the form in which the x variables are in one column 
and the y variables are in a column parallel to the x column. The x variable 
corresponding to the y variable should appear on the same line. 

If the data points are in a file, they are printed on the monitor, and the program asks 
the user if the data points the program read are the correct set. The user responds by 
answering yes or no. If the answer is yes the program proceeds to the next step. If the 
answer is no, the program asks the user to input the file name once again. This allows a 
user to search for a data set if unsure of the file name. 

If the data points are not recorded in a file, then the user may input them from the 
keyboard. First the program asks the user for the number of input data points. The 
user inputs the x variable first, and then on the same line inputs the y variable, 
separated by at least one space. After inputing both variables the user hits enter. The 
process is repeated for each pair of data points. The next question prompts the user to 
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check the input data for accuracy. This procedure not only provides the user with a 
check, but also provides a way of changing the input to the program. Also the user is 
able to change the number of input points. 

The next question is whether the user wants to use the default parameter set. A listing 
of the default parameters is contained in the program. If the user does not want to use 
the default parameters then he is able to input them from the keyboard. Each default 
parameter has an input statement. For example, for the statement input tolerance, the 
user would input the desired tolerance and hit enter, and then repeat the process for the 
next input statement, hitting enter after each entry. 

After the parameters have been input, the program calls the FIT subroutine. In the 
FIT subroutine slope A, intercept B, and correlation coefficient C are calculated for the 
current value of n. These numbers are passed back to a loop and the value of n is 
updated. The process is repeated until the program determines that it has found the 
answer. Then the best n and maximum C, With the corresponding slope and intercept, 
are printed on the screen. 

Next the program asks the user if he wants to plot C vs. n. The user can either have the 
plot sent to the screen for viewing or to the printer for a hard copy by entering either 
"s" or "n". This option sets the ioport and the model number variables for the plot 
package to their proper values. When the ioport and model numbers both equal 97, the 
hard copy is sent to the screen. And if the ioport and mode numbers are 0 and 1 
respectively the plot is sent to the printer. 

If the user wants a plot of C vs. n then the first plot subroutine, GRAPH, is called. This 
subroutine utilizes PLOT88 to draw the axes, the labels, and the title and to plot the 
actual curve. PLOT88 is a software library that utilizes different call statements. Note: 
PLOT88 has to be a part of the user's compiler in order for a user to implement it in an 
uncompiled version of the program. The user must set the parameters within the call 
statement. For example, the statement call piots(O,O,l) sets the ioport, which is the 
second number in the call statement, at zero. Also the third member in the call 
statement, the model number, is set at one. Note: The first number is always zero and 
is included for compatibility. 

The next question prompted by the computer is whether the user wants a plot of x vs. y. 
Again, the user has the choice of having the plot sent to the screen or to the printer. 
Then a second plot subroutine, GRAPH2, is called. And again, PLOT88 is used to draw 
the axes, the labels, and the title, but the plot will be a straight line instead of a curve. 
The same parameters used in the previous plot subroutine are implemented in this 
subroutine. 

The program also gives the user the option of printing the output to a file. The user 
responds by entering yes or no. If the answer is yes, the data is printed to a file called 
output.dat. 

The final question asked by the program is whether the user wants to run the program 
again. With this option, the user can restart the program without having to leave and 
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re-enter the program externally. The user can also replot the same data set or plot a 
different data set using this option. 

EXAMPLE PROBLEMS 

Data Without Scatter 

The initial check of the program was conducted with a known data set. The coefficients 
A, Band n, see Eq. (1.1), were chosen to be 2.0, 1.0 and 2.5, respectively. A total of 
seven data points were calculated using these values. The points are summarized in 
Appendix I.e. 

The seven points were then input into the SENSOR program, and a curve fit was 
obtained. The initial value of n, tolerance 0, increment fI, and step size £ were chosen 
to be 3.0, .00001, .001 and 1.0 respectively. These are the default values chosen for the 
program. 

The solution is also shown in Appendix I.e. As seen there, the fit chosen by the 
solution algorithm is identical to the expected values, within numerical round-off. The 
plots generated by the program are shown in Figs. 1.1 and 1.2. Figure 1.1 is a plot of 
correlation coefficients vs. n, and it shows a maximum in the correlation coefficient 
curve. Figure 1.2 is a plot of wall shear stress vs. sensor signal, and it shows the 
straight-line relationship between the two variables. 

Data with Scatter 

In this example we changed the third and fifth data points of the first example by adding 
and subtractmg 0.1 to the y value or sensor signal of the data set. 

The nine points were then input into the SENSOR program, and a curve fit was 
obtained. The default set of solution parameters was used for this solution. The initial 
values were chosen to be the same as those chosen in the first example, i.e., their 
default values. 

The output is shown in Appendix 1.D. Again, as seen there, the fit used by the solution 
algorithm is identical to the expected values, within numerical round-off. The plots 
generated by the program are shown in Figs. 1.3 and 1.4. 
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Figure 1.1. Correlation Coefficient for the Data Without Scatter Example. 
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Figure 1.2. Comparison of Input Data to Curve Fit for the No-Scatter Data Fit 
Example. 
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Figure 1.4. Comparison of Input Data to Curve Fit for the Scatter Data Fit Example. 
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Typical Laboratory Data 

The data for this example are given by J. Mathews.1.4 

In this example, the coefficients A, B, and n were not known. There was a total of 
eleven data points, which are summarized in Appendix I.E. 

The eleven points were input into the SENSOR progrflm. The default parameter set 
was also used for this solution. The d~ta generated by the program included slope A, 
intercept B, n and the correlation coefficient. 

The output is shown in Appendix I.E, and Figs. 1.5 and 1.6. For these data, the 
expected range for n was between 3 and 4. The n chosen by the solution algorithm was 
3.6545, which is within this expected range. The graph in Fig. 1.5 shows that there is a 
solution for these data, and FIg. 1.6 shows the straight-line relationship between sensor 
signal al'ld wall shear stress. The conclusion was that the solution chosen by the 
algorithm was accurate within numerical rqund-off . 
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Figure 1.5. Correlation Coefficient for the Typical Laboratory Data. 
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Figure 1.6. Comparison of Input Data to Curve Fit for the Typical Lab Data. 

CONCLUSIONS 

SIMS 

This report presents a detailed description of the SENSOR program. The SENSOR 
program is a data reduction code to aid in the calibration of sensors that measure shear 
stress or drag between the air and the rotors on a wind turbine. The report starts with 
an introduction, proceeds to a solution algorithm and concludes with example 
problems. The solution algorithm utilizes an iterative and least square fit technique to 
calculate the desired output. The program was written in Fortran 77 using an lBM­
compatible Pc. With the data obtamed from the program, shear stress sensors may be 
calibrated. 
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APPENDIX 1.A 

PROGRAM LISTING 

c +++++SENSOR.FOR+++++ 
c 
c ..... The purpose of the following program is to calculate slope A, 
c intercept B, correlation coefficient(COEF) and the best n, 
c where lin is the the exponent for the surface shear stress. 
c The program also plots COEF versus n and signal y versus shear stress 
x 
c using a plot library called PLOT88. 
c 
c 
c Written at Sandia National Laboratories 
c by Jesse Sims 
c 
c 
c********************************************************************** 
c 
c 
c PROGRAM SENSOR 
c 
c********************************************************************** 

character answer*1,filename*10,bell*2 
common x(lOO),y(lOO),xl(lOO) ,npoint,xplot(102) ,yplot(102) 
real n,nstep,lowern,uppern 

10 write(6,1020) 

c 

write(6,2000) 
read(5,4000) answer 

c Allows the user to input data from a file 
c 

c 

if(answer.eq.'Y' .or.answer.eq.'y')then 
write(6,1020) 
write(6,20l0) 
read(5,40l0) filename 
goto 60 

c Allows the user to input data from the keyboard 
c 

elseif(answer.eq.'N' .or.answer.eq.'n')then 
write(6,1020) 
write(6,3040) 
read(S,4020)npoint 
write(6,1020) 
write(6,2030) 
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do 20 i=l,npoint 
read(S,*)x(i),y(i) 

20 continue 

c 

goto 30 
else 

bell=char(7) 
write(6,30l0) bell 
write(6,1020) 
goto 10 

endif 

c ..... Allows the user to check entered data set 
30 write(6,1020) 

write(6,1000) 
do 40 i=l,npoint 

write(6,1010)x(i),y(i) 
40 continue 

write(6,30S0) 
read(5,4000) answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 

goto 140 
elseif(answer.eq.'N' .or.answer.eq.'n')then 

write(6,1020) 
write(6,3040) 
read(5,4020)npoint 
write(6,1020) 
write(6,3070) 
do 50 i=l,npoint 

read(5,*)x(i),y(i) 
50 continue 

c 

goto 30 
else 

bell=char (7) 
write(6,30l0) bell 
write(6,1020) 
goto 30 

endif 

c ..... Open text file 
c 
60 open(unit=l,file=filename,status='unknown') 

npoint=O 
c 
c ..... Read data in text file 

do 70 i=l,lOO 
read(1,*,end=80) x(i),y(i) 
npoint=npoint+l 

70 continue 
c 
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c ..... Write data to the screen 
80 write(6,1020) 

write(6,1000) 
do 90 i=l,npoint 

write(6,1010)x(i),y(i) 
90 continue 
c 
c ..... Close text file 

close(l) 
c 
c ..... Allows the user to change'the file within the program 
c 
100 write(6,3020) 

read(S,4000) answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 

goto 140 
elseif(answer.eq.'N' .or.answer.eq.'n')then 

write(6,1020) 
write(6,3030) 
read(S,4010) filename 
open(unit=2,fi1e=filename,status='unknown') 
npoint=O 
do 110 i=l, 100 

read(2,*,end=120) x(i),y(i) 
npoint=npoint+1 

110 continue 
120 write(6,1020) 

write (6 ,1000) 
do 130 i=l,npoint 

write(6,1010)x(i),y(i) 
130 continue 

c 

close(2) 
goto 100 

else 
bel1=char (7) 
write(6,30l0) bell 
write(6,1020) 
goto 80 

endif 

c ..... Want to use the default parameters 
c 
140 write(6,1020) 

write(6,2020) 
read(S,4000) answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 

deln 1. 0 
tol 0.00001 

h 0.001 
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n = 3.0 
goto 160 

elseif(answer. eq. 'N' . or. answer. eq. 'n' ) then 
goto 150 

c 

else 
bell=char(7) 
write(6,30l0) bell 
write(6,1020) 
goto 140 

endif 

c ..... input delta n or step size 
150 write(6,l020) 

c 

write(6,l030) 
read(5,*)deln 

c ..... input h 
write(6,1020) 
write(6,1040) 
read(5,*)h 

c 
c ..... input tolerance 

write(6,1020) 
write(6,10SO) 
read(5,*)tol 

c 
c ..... input n 

write(6,1020) 
write(6,1060) 
read(5,*)n 

c 
c ..... calculation of best n 
c ..... Calling the FIT subroutine 
160 oldslp=O 

write(6,1020) 
wri te (6,2080) 

170 call FIT(n,A,B,coef) 
if(coef.ge.l-tol.and.coef.le.l+tol) goto 180 
call FIT(n+h,aO,bO,coefO) 

c 

call FIT(n-h,al,bl,coefl) 
slope=(coefO-coefl)/(2*h) 
if(slope.ge.-tol.and.slope.le.tol) goto 180 
if(oldslp/slope.lt.O) then deln=deln/2 
oldslp=slope 
delnl=abs(deln*slope) 
nstep=min(deln,delnl) 
n=n+sign(nstep,slope) 
goto 170 
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c ..... Calculation of best n 
c ..... Gives a better value of nand COEF 
180 deln=.Ol 

tol=.OOOOOOl 
190 call FIT(n,A,B,coef) 

if(coef.ge.l-tol.and.coef.le.l+tol) goto 200 
call FIT(n+h,aO,bO,coefO) 
call FIT(n-h,al,bl,coefl) 
slope=(coefO-coefl)/(2*h) 
if(slope.ge.-tol.and.slope.le.tol) goto 200 
if(oldslp/slope.lt.O) then deln=deln/2 
oldslp=slope 
delnl=abs(deln*slope) 
nstep=min(deln,delnl) 
n-n+sign(nstep,slope) 
goto 190 

200 write(6,1020) 

c 

write(6,2090) 
write(6,1090)A,B,coef,n 

c ..... Want a hard copy of output? 
210 write(6,1080) 

read(5,4000)answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 

goto 220 
elseif(answer.eq.'N' .or.answer.eq.'n')then 

goto 240 

c 

else 
bell=char(7) 
write(6,30l0) bell 
write(6,1020) 
goto 200 

endif 

c ..... Opens new text file to store the output 
c 
220 open(unit=3,file='output.dat' ,status='unknown') 

write(3,1000) 
do 230 i=l,npoint 

write(3,1010)x(i),y(i) 
230 continue 

c 

write(3,2090) 
write(3,1090)A,B,coef,n 

c ..... Close text file 
close(3) 

c 
c ..... Want a plot of COEF vs n ? 
240 write(6,1020) 
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c 

write(6,2040) 
read(5,4000) answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 

write(6,1020) 
write(6,2050) 

c ..... Inputing of upper bound and lower bo~nd 
read(5,*)lowern 
write(6,1020) 
write(6,2060) 
read(5, *)uppern 
step~(uppern-lowern)!99 
i~O 

do 250 n=lowern,upper~,step 
call FIT(n,A,B,coef) 
i=i+l 
xplot(i)-=n 
yplot(i)=coef 

250 continue 
nplotF(uppern-lowern)!step 

c 
c ..... Calling coef vs n plot rQutille 
c 

call GRAPH(nplot) 
goto 260 

elseif(answer.eq.'N' .or.answer.eq.'n')then 
write(6,1020) 

c 

goto 260 
else 

bell~char(7) 

write(6,3010) bell 
write(6,1020) 
goto 240 

endif 

c ..... Want a plot of x vs y ? 
c 
260 write(6,l020) 

write(6,2070) 
read(5,4000) answer 
if(answer.eq. 'Y' .or.answer.eq. 'y') then 

c 
c ..... Recalculation of best n 
c .. , .. Calling the FIT subroutine 
c 

oldslp~O 

write(6,l020) 
write(6,3000) 
deln~l.O 
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tol~.OOOOl 

n=3.0 
270 call FIT(n,A,B,coef) 

if(coef.ge.l-tol.and.coef.le.l+tol) go to 280 
call FIT(n+h,aO,bO,coefO) 

c 

call FIT(n-h,al,bl,coefl) 
slope=(coefO-coefl)/(2*h) 
if(slope.ge.-tol.and.slope.le.tol) goto 280 
if(oldslp/slope.lt.O) then deln=deln/2 
oldslp-slope 
delnl=abs(deln*slope) 
nstep=min(deln,delnl) 
n=n+sign(nstep,slope) 
goto 270 

c ..... Calling y vs xl plot routine 
c 
280 xplot(2)=xl(npoint) 

c 

xplot(l)=xl(l) 
yplot(l)=a*xl(l)+b 
yplot(2)=a*xl(npoint)+b 
call GRAPH2 

. goto 290 
elseif(answer.eq.'N' .or.answer.eq.'n')then 

goto 290 
else 

bell=char (7) 
write(6,30l0) bell 
write(6,1020) 
goto 260 

endif 

c ..... Want to run the program again? 
c 
290 write(6,1020) 

c 

write(6,1070) 
read(S,4000) answer 
if(answer.eq.'Y' .or.answer.eq.'y')then 
write(6,1020) 

goto 10 
elseif(answer.eq.'N' .or.answer.eq.'n')then 

goto 300 
else 

bell=char (7) 
write(6,30l0) bell 
write(6,1020) 
goto 290 

endif 
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c 
1000 format(/26x'shear stress' ,6x'sensor signal'/) 
1010 format(lBx,flB.4,9x,flO.4) 
1020 format (//////////////////////) 
1030 format(/23x,'input delta n>'//////////) 
1040 formatC/23x,'input h>'/////////) 
1050 formatC/23x,'input tole~ance>'//////////) 
1060 formatC/23x,'input n>'/////////) 
1070 formatC/23x,'Do you want to run the program again ?' 

& /23x,'Enter Y or N and hit return.>'/////////) 
1080 formatC/23x,'Do you Want to send tpis output to a file in order' 

& /23x,'to get a hard copy. Enter Y or N and hit return.>', 
& /23x,/////) 

1090 formatC/23x,'Slope: A ~ , ,£B.4, 
& /23x,'Intercept: B - ' ,fB.4, 
& /23x,'Coefficient: COEF = ' ,f&.4, 
& /23x,'Best n n = ',£8.4,/) 

2000 formatC/23X,'Are your data points tn a file ?' 
& ,/23x,'Enter Y or N and hit return.>'/////!////) 

2010 formatC/23x,'What is the fi~ename ?>'/////////) 
2020 formatC/23x,'delta n = 1.000', 

& /23x,' tol = O.OOOO~', 
& /23x,' h = 0.001', 
& /23x,' n"" 3.000'//", 
& /23x,'Do you want to use these ~efault perimeters?', 
& /23x, 'Enter Y or N I'lnd h~t: return.>' //1/////) 

2030 formatC/18x,'Input your data. Note: The user should input the', 
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& /lBx,'x coordinate first, followed by a space and then', 
& /18x,'the y coordinate. After each x and y input hit enter.', 
& /18x,'Repeat the procedure for each data point.'/////////) 

2040 formatC/23x, 'Do you want to plot COEF vs n ?', 
& /23x,'Enter Y or ~ and hit return.>'//////////) 

2050 formatC/28x,'Input lower limit.>'///////////) 
2060 formatC/28x,'Input upper limit.>'///////////) 
2070 formatC/23x,'Do you want to plot signal (y) vs shear', 

& /23x,'stress Cx). Enter Y or N and hit return.>', 
& /////!//) 

2080 formatC/23x,'CALCULATION OF BEST FIT IN PROGRESS'///!!!////) 
2090 formatC/23x,'This the computer generated', 

& !23x,'best fit of your data.'!) 
3000 formatC/28x,'PLEASE STAND BY'!!/!!I!!//!!!/) 
3010 formatC!23x,'INVALID ENTRY' ,ail/III!!!) , 
3020 formatC/23x,'Are these the data points in your file ?', 

& /23x,'Enter Y or N and hit return.>'/!///) 
3030 formatC/23x,'Enter your file name again.>'!/////!!!) 
3040 formatC/23x,'Enter number of data inputs.>'//////!!//) 
3050 formatC/23x,'Is this the data set th~t you input?>'////!) 
3060 formatC/23x,'Enter data set again.>'/!!//!//!/) 
3070 formatC/23x,'Input your data again.>'/!!!!!!!!) 
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4000 format(a) 
4010 format(lOa) 
4020 format(i4) 
c 
c 
300 end 
c 
c 
c 
c********************************************************************** 
c 
c ++++++FI T++++++ 
c 
c ..... This subroutine FIT allows the user to calculate A and B 
c for a given x;y and n 
c 

subroutine FIT(n,A,B,coef) 
c********************************************************************** 
c 
c 

character answer*l,bell*l 
common x(100),y(100),xl(100),npoint,xplot(102),yplot(102) 
real n 
be l1=char (7 ) 
sumxl=O 
sumy=O 
st2-0 
A=O 
ss=O 

c********************************************************************** 
c 
c ..... Calculation of the xl value 

do 10 i=l,npoint 
xl(i)=x(i)**(l.O/n) 

10 continue 
do 20 i=l,npoint 

sumxl=sumxl+xl(i) 
sumy=sumy+y(i) 

20 continue 
ss=npoint 
sxoss=sumxl/ss 
do 30 i=l,npoint 

t=xl(i)-sxoss 
s t2=s t2+t*t 
A=A+t*y(i) 

30 continue 
A=A/st2 
B=(sumy-sumxl*a)/ss 
sum=O 

-22-

." 



-, 

do 40 i=l,npoint 
sum=sum+(A*xl(i)+B-y(i»**2 

40 continue 

c 
c 
c 

points=npoint 
coef=l-(sqrt(sum)/points) 

1005 format(//////////////////////) 
2000 format(a) 
c 

c 
c 

return 
end 

SIMS 

c 
c********************************************************************** 
c 
c 
I\: 

++++++GRAPH++++++ 

c ..... This subroutine GRAPH allows the user to plot coef versus n for 
c a given x,y,A and B. 
c 

subroutine GRAPH(nplot) . 
c********************************************************************** 
c 
c 

character tit2*36,xaxt*3,yaxt*6 
character bell*2 
common x(lOO) ,y(lOO) ,xl(lOO) ,npoint,xplot(102) ,yplot(102) 
ioport=97 
model=97 
xlt=7 
ylt=4 

c 
c********************************************************************** 
c 
c 
c ..... Initialize the plot routine 
c 
10 write(6,1010) 

write(6,1020) 
read(5,3000) answer 
if(answer.eq.'P' .or.answer.eq.'p')then 

xzr=1.5 
yzr=1.5 
xt2=xzr -1.15 
call plots(O,O,l) 
write(6,1010) 
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write(6,1030) 
goto 20 , 

elseif(answer.eq.'S' .or.answer.eq.'s')then 
xzr=l 

c 

yzr=l 
xt2=xzr -.65 
call plots(O,ioport,model) 
goto 20 

else 
bell=char(7) 
write(6,30l0) bell 
write(6,1020) 
goto 10 

endif 

20 call color(2,ierr) 
c 
c 
c ..... Draw the outline for the plot 

call plot(xzr,yzr+ylt,3) 

c 

call plot(xzr+xlt,yzr+ylt,2) 
call plot(xzr+xlt,yzr,2) 
call plot(xzr,yzr,-3) 

c ..... Scale y-axis and x-axis 
c 

call scale(yplot,ylt,nplot,l) 
call scale(xplot,xlt,nplot,l) 

c 
c ..... Writes the title of the plot 
c 

nt2=32 
yt2=yzr+y1t+.2 
tit2=' CORRELATION COEFFICIENT vs N ' 
call symbol (xt2 ,yt2, O. 24, tit2, 0.0, nt2) 

c 
c ..... Draw the axes 
c 

nx=3 
ny=6 
xaxt=' N ' 
yaxt=' COEF ' 
xfst xplot(nplot+l) 
xdel xplot(nplot+2) 
yfst yplot(nplot+l) 
ydel = yplot(nplot+2) 
call staxis(0.15,0.17,0.1111,0.1111,3) 
call axis (0.0,0.0,yaxt,ny,-ylt,90.0,yfst,ydel) 
call axis (O.O,O.O,xaxt,-nx,-xlt,O.O,xfst,xdel) 
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c 
c ..... Plot the curve 
c 

call line(xplot,yplot,nplot,l,O,O) 
c 
c ..... Output the drawing to the screen 
c 

c 
c 

call plot(O. ,0. ,999) 

1000 format (1111111) 
1010 formatUIIIIIIIII/II/IIIIIIII) 
1020 format(/20X,'Do you want th~ plot sent to 'the Printer (P)', 

& 120x, 'or Screen (S)'. Enter P or S and hit return.', 
& 111111111) 

1030 iormat(/28x,'PLOT IN PROCESS'IIIII//I///I/I) 
3000 format (a) 
3010 format(/2x,'Invalid entry/ ,a) 

retUl;n 
end 

c 
c 
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c 
c********************************************************************** 
c 
c +:H-+++GRAPIl21 I I I I I 

c 
c ..... This subroutine GRAPH2 allows thl'! user to plot sensor signal y 
c vs shear stress x. 
c 
c 

subroutine GRAPH2 
c********************************************************************** 
c 
c 

cqaracter tit2*~6 ,xaxt*3 ,Yaxt*,6 
character bell*2 
common x(lOO) ,y(lOO) ,xl(lOO),npoint,xplot(102) ,yploc(102) 
ioport=97 
mode 1 ... 97 
xlt",,7 
ylt=4 

c 

c********************************************************************** 
c 
c ..... Initialize the plot routine 
c 
10 write(6,lOlO) 

-25-



write(6,l020) 
read(5,3000) answer 
if(answer.eq.'P' .or.answer.eq.'p')then 

xzr=1.5 
yzr=l. 5 
xt2=xzr-.95 
call plots(O,O,l) 
write(6,lOlO) 
write(6,l030) 
goto 20 

elseif(answer.eq.'S' .or.answer.eq.'s')then 
xzr=l 

c 

yzr=l 
xt2=xzr- .45 
call plots(O,ioport,model) 
goto 20 

else 
bell=char (7) 
write(6,30l0) bell 
write(6,1020) 
goto 10 

endif 

20 call color(2,ierr) 
c 
c 
c ..... Draw the outline for the plot 

call plot(xzr,yzr+ylt,3) 

c 

call plot(xzr+xlt,yzr+ylt,2) 
call plot(xzr+xlt,yzr,2) 
call plot(xzr,yzr,-3) 

c ..... Scale y-axis and x-axis 
c 

call scale(y,ylt,npoint,l) 
call scale(xl,xlt,npoint,l) 

c 
c ..... Writes the title of the plot 
c 

nt2=32 
yt2=yzr+ylt+.2 
tit2='SENSOR SIGNAL vs SHEAR STRESS' 
call symbol(xt2,yt2,0.24,tit2,0.0,nt2) 

c 
c ..... Draw the axes 
c 

nx=4 
ny-3 
xaxt=' Xl ' 
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yaxt=' Y , 
xfst = xl(npoint+l) 
xdel = xl(npoint+2) 
yfst = y(npoint+l) 
ydel = y(npoint+2) 
xplot(ny)=xfst 
xplot(nx)=xdel 
yplot:(ny)=yfst 
yplot(nx)=ydel 
call sta~is(0.15,0.24,0.111t,0.1111,~) 
call axis (O.O,O.O,xaxt,-nx,-xlt,O.O,xfst,xdel) 
call aKis (0.0,0.0,ya~t,ny,-ylt,90.0,yfst,ydel) 

c 
c ..... Plot the curve 
c 

call line(xl,y,npoint,t,-l,11) 
call line(xplot,yplot,2,1,0,0) 

c 
c ..... Output the drawing to the scre~n 
c 

c 
c 

call plot(D.,O. ,999) 

1010 format (1111111/11111/11/11111) 
1020 format(/20x,'Do you want the plot sent to the Printer (P)', 

& 120x,'or Screen (5). Enter P or S and hit return.', 
& 11111111) 

1030 format(/28x,'PLOT IN PRQCESS'IIIIII/IIII///) 
3000 format(a) 
3010 format(/2x,'Invalid entry' ,a) 

return 
end 
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APPENDIX I.B 

PROGRAM VARIABLES 

The symbols used in this program are defined as followed: 

A 
Answer 
B 
COEF 
deln 
h 
lowern 
n or lin 
nplot 
npoint 
nstep 
nt2 
nx 
ny 
oldslp 
points 
slope 
st2 
sumxl 
sumy 
sxoss 
t 
tal 
uppern 
x 
xl 
xaxt 
xdel 
xfst 
xIt 
xplot 
xt2 
xzr 
y 
yaxt 
ydel 
yfst 
yIt 
yplot 
yt2 
yzr 

- Slope of the least squares curve fit 
- Logical Input variable; yes or no 
- Intercept of the least square fit 
- Correlation Coefficient; the variable C in Eq. (1.6) 
- Step size; the variable l:j in E~. (1.9) 
- Small increment; Ii in Eq. (1.7) 
- Lower bound for C vs. n plot 
- Exponent for the surface shear stress 
- Number of points to plot 
- Number of data points in file; N in Eq. (1.2) 
- Change in n; Ani in Eq. (1.8) 
- Number of characters in title of plot 
- Number of characters in the x-axis label 
- Number of characters in the y-axis label 
- Stores the old slope value 
- Real value of N; Equal to npoints 
- Derivative of C; d[C(ni)]/dn . 
- Sum of the squares of the mean deviation 
- Sum of the xl data 
- Sum of the y data 
-Mean 
- Mean deviation 
- Tolerance; 6 in Eq. (1.13) 
- Upper bound for C vs. n plot 
- Array for wall shear stress data 
- Array for wall shear stress data raised to lin power 
- Label for x-axis 
- Number of data points per x-axis inch 
- Value at the first tick mark ofx-axis 
- Length of the x-axis 
- Array for n data 
- Positions the title with respect to x-axis 
- Zero point for the x-axis 
- Array for sensor signal data 
- Label for y-axis 
- Number of data point per y-axis inch 
- Value at the first tick mark of y-axis 
- Length of the y-axis 
- Array for C data 
- Position the title with respect to y-axis 
- Zero point for y-axis 
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FiLe: OUTPUT.QATl 

shear stress 

.0000 

.5000 
1.0000 
1.5000 
2.0000 
2.5000 
3.0000 

APPENDIX I.e 

Exact Data Example 

sensor signal 

1.0000 
2.5157 
3.0000 
3.3522 
3.6390 
3.88~4 
4.1037 

This the computer-generated 
best fit of your data. 

Slope: 
Intercept: 
Co~fUcient: 
Best n 

A :;;: 
B = 

coef = 
n = 

2.0000 
1.0000 
1.000P 
2.5(,100 
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File: OUTPUT.DAT2 

shear stress 

.0000 

.5000 
1. 0000 
1. 0000 
1.5000 
2.0000 
2.0000 
2.5000 
3.0000 

APPENDIX t.D 

Inexact Data Example 

sensor signal 

1.0000 
2.5157 

·2.9000 
3.1000 
3.3522 
3.5390 
3.7390 
3.8854 
4.1037. 

This the computer-generated 
best fit of your data. 

Slope: 
Intercept: 
Coefficient: 
Best n 

A = 
B = 

coef = 
n = 

2.0001 
1. 0000 

.9778 
2.5002 
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APPENDIX 1.E 

Typical Laboratory Data Example 

File: OUTPUT3.DAT 

shear stress sensor signal 

94.2000 
162.7700 
291. 4300 
523.6100 
690.8100 

1710.7800 
2331.4700 
3702.2900 
6028.5700 
9514.6500 

15550.1200 

20.0000 
20.9500 
22.0000 
23.5000 
24.2500 
27.0000 
28.5000 
30.2500 
32.5000 
35.0500 
38.0000 

This the computer-generated 
best fit of your data. 

Slope: 
Intercept: 
Coefficient: 
Best n 

A= 1.7120 
B = 14.0139 

coef = .9745 
n = 3.6545 
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CHAPTER 2 

RENOVATION OF THE SANDIA 

5-METER WIND TURBINE 

by 

Jocelyn R Wright 

ABSTRACT 

The 5,m wind turbine was renovated so that various blade modification tests, including 
P'Qmped spoiling, could be performed. The renovation included repairs on the brake 
system, tile sensor system, the anemometry system, verification of the operating 
procedure, and routine maintenance. The repair of the brake system included 
replacing the linear actuator, the back-up battery and charger. The sensor system 
repairs consisted of calibrating the torque sensor and replacing the torque/rpm signal 
indicator. The anemometry system had to be partially replaced. New wind direction 
and speed transmitters were installed, and the signal indication modules were 
reconnected. The operating procedures were verified, and the instrumentation located. 
The 5-m system was connected to the HP 1000 data analysis system. In addition various 
routine maintenance tasks were performed. The tower bearings must be lubricated and 
the belts replaced before f\Ill scale testing can commence. Once the remaining repairs 
are done the turbine will be fully operational. 
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INTRODUCTION 

One of the present goals of the wind energy pro~ram at Sandia National Laboratories 
(SNL) is to design a more cost effective and effIcient wind energy conversion system. 
Pumped spoiling is one method of blade modificatipn that is being examined to achieve 
thes~ goals. In this system the speed and power output of the turbine are controlled 
using a series of air jets controlled by valves at the blade ends.2.1 When the valves are 
opened, the airflow through the jets spoils the flow over the surface of the blade, thus 
allowing additional control of the power generated by the turbine during high wind 
conditions. This in effect increases the life and decreases the cost of the machine. 

Pumped spoiling and other blade modification tests will be performed on Sandia's 5-m 
vertical axis wind turbine (VA WT). This turbine is ideal for testing airfoils because its 
small size allows ease in removing and installing blades. The problem at hand was to 
refurbish the 5-m wind turbine. 

A general description and background of the 5-m system follow, including a schematic 
of the electrical system and detailed descriptions of the inoperative systems. The 
necessary repairs were divided into tasks as follows: I. brake system, II. anemometry, 
III. sensor system, IV. control instrumentation, V. data acquisition, analysis and 
storage, and VI. maintenance. 

DESCRIPTION OF THE WIND TURBINE 

The 5-m VA WT test site is located at Sandia National Laboratories in Albuquerque, 
New Mexico, Fig. 2.1. The turbine was built in 1974 and was used for testing until 1984. 
It has produced 1 kilowatt of power in 15 mph winds.2.2 In 1986, during an inspection, 
the brake was found to be broken; since that time the turbine has been inoperatIve. 

The turbine stands 8.4 m (28 ft) high and is supported by four steel guy cables 
positioned 90° apart. The blades are 5 m (15 ft) in diameter at their equator. They 
were made by extruding 6063-T6 aluminum alloy into an airfoil shape, and then 
bending the extrusions to forman approximate troposkien.2.3,2.4 The wind turbine is 
started using a 230-V ac induction generator, and its speed can be manually varied by 
changing the pulleys that connect the motor to the turbine shaft.2.5 The output of the 
turbine is measured by a torque sensor, which measures the torque output by the 
turbine shaft and the turbine speed. The braking system consists of an electrical disc 
brake with an emergency back-up battery and a manual brake.2.6 The ambient 
conditions are determined using wind speed and direction, temperature, and pressure 
transducers. These sensors and the data acquisition system are depicted in Fig. 2.2. 
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Figure 2.1. The 5-m VA Wr. .. 

-36-



". 

Brake System 

E WIND SPEED 
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Figure 2.2. The S-m system flow chart 

PROBLEMS AND SOLUTIONS OF SUBSYSTEMS 

WRIGHT 

The brake system,!ictured in Fig. 2.3, is activated when brake pads fixed to a set of 
calipers are force against a disc that is fixed to and rotates with the turbine. The 
calipers are controlled using an electric linear actuator. The brake system layout is 
pictured in Fig. 2.4. 

The braking system was inoperative because the linear actuator had a burned out motor 
and a fractured rear clevis mount.2.7,2.8 In addition, the metal plate on which the 
actuator rested had perforated the underside of the arm housing. This and the 
fractured clevis mount were possibly due to an inadequate initial design. As a 
temporary measure, an actuator was constructed from the broken actuator and a spare 
that was broken also. Tape was installed around the arm housing to [revent 
perforation. The repaired actuator was nominally functional when installe on the 
turbine. In an attempt to have a more reliable braking system, it is recommended that 
two new linear actuators be ordered. One will replace the present actuator and one 
will serve as a back-up. Minor modifications may be needed to install the replacement 
actuator. 
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Figure 2.3. The brake system. 
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Figure 2.4. The brake system layout. 

The 24-V back-up Ni-cad battery could not be charged and was too expensive to 
replace with another Ni-cad battery. It was replaced with two 12-V gel cell batteries 
placed in series.2.9 The 24-V battery charger was replaced with two 12-V chargers.2.10 
The manual brake was functional, but the non-criti~al components of the arm were 
frozen. Although lubrication was not entirely effective in releasing the components, it 
was decided that the manual brake was functioning adequately. 

The 'procedure for operating the disc brake system was unclear because the specific 
locatIOn of the control instrumentation was unknown. Visual inspection of Rack 5, 
located to the right of the conrrol cabinet, Fig. 2.5, revealed possible brake controls, 
and test runs 'of the, brake system confirmed that they were the controls. The operating 
procedure for this machine, called the "safe operating procedure" (SOP) at Sandia, had 
to be modified because the emergency braking procedure was unclear.2.11 ' 

Anemometry 

To quantify the performance of a wind turbine requires a detailed description of the 
incoming flow field. At the 5-m site, this characterization is accomplished using wind 
speed and direction transmitters and indicators, and barometric pressure and ambient 
temperature transducers.2.12 The pressure and temperature transducers are mounted 
on the outside of Building 899. Two wind speed transmitters, Fig. 2.6, are located on 
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Figure 2.5. Rack 5 containing the brake controls and the torque/rpm sensor analog 
transducer. 
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"- Figure 2.6. The wind speed indicator. 

". 
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top of towers (at a height even with the equator of the blades), one on the south and 
one on the east corners of the security fence, surrounding the 5-m site. The wind 
direction indicator, Fig. 2.7, is located on top of the turbine tower. The signal 
indicators are located in Rack 1, the right instrumentation rack shown in Fig. 2.8. The 
system layout for the anemometry is pictured in Fig. 2.9. 

Figure 2.7. The wind direction indicator. 
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Figure 2.8. The wind speed and direction indicator modules, digital readouts, control 
switches, Rack 1, and Rack 2, the temperature readout and Phoenix AID converter. 
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Figure 2.9. The system layout for the anemometry. 

The wind speed and direction indicators were not operating. The wind speed indicators 
had missing cups and the wind direction indicator was missing part of the vane. These 
were replaced.2.13 

The anemometry circuitry was discontinuous in Building 899. The indicator modules 
and power supply were reconnected, leaving the existing wiring intact. The 
instrumentation then functioned properly. 

Control Instrumentation 

The 5-m control panel in Fig. 2.10, the second panel from the left in the control panel 
cabinet, consists of ON and OFF switches and three meters: voltage (volts), power 
(kilowatts) and current (amps). The start-up procedure was listed in the SOP; however, 
the instrumentation was not marked, and the location of some instruments was 
unknown.2·11 This caused some ambiguity in the procedure. 
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Figure 2.10. The 5-m VAWf control panel. 

The ON/OFF controls for the 5-m turbine were located on the control panel adjacent 
to the controls for a 17-m turbine in Building 899. After the first run of the turbine, it 
was concluded that they worked and the start-up procedure in the SOP was correct. 
The circuit breaker was located in another building inside the security fence. 

Sensor System 

The output of the turbine is determined by characterizing the output torque and the 
speed of the turbine tower. A torque and rpm transducer is used to measure these 
parameters. Figure 2.11 shows the torque sensor mounted on the turbine.2.14 These 
signals are read using an analog transducer. The output system layout is depicted in 
Fig. 2.12. 
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Figure 2.11. The torque sensor transducer mounted on the S·m VAWT. .' 

.' 
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Figure 2.12. The schematic of the output system. 

On the first run of the turbine, the torque sensor appeared to work, but it was unknown 
if its output was accurate. It was decided to have the sensor calibrated to insure it was 
functioning properly. Brackets were designed and machined, in preparation for 
calibration. The rpm indicator was not giving logical readings, and it was discovered 
that its wires had been broken, between the junction boxes JB02A (Iocated in the 
building containing the junction t)oxes) and JB03B (located on the southeast side of 
the turbine stand near the concrete slab). The wiring was repaired. 

The torque and the rpm indicators were replaced with a single transducer.2.15 When 
connected, both rpm and torque indications registered. However, the rpm readings had 
to be adjusted because the transducer was reading speeds on the order of three 
magnitudes too high. 

Data Acquisition, Analysis and Storage 

The Hewlett-Packard 1000 Data Acquisition and Analysis System (DAAS) is used to 
take and analyze data from testing the turbine.2.16.2.17 The incoming parameters 
include wind speed and direction, torque and speed of the turbine, ambient 
temperature, and barometric pressure. These signals are channeled through the 
Phoenix analog-to-digital (NO) converter, then sent to the HP computer.2.18 At this 
point the data can be analyzed using data analysis software and/or stored on magnetic 
tape. 

Initially, the 5-m system was not linked to the DAAS system. The connection between 
the two was accomplished by wiring between the wind speed and direction signals 
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output from the indicator modules in Rack 1, and the turbine speed and torque output 
from the rpm/torque indicator to the Phoenix NO converter, located in Rack 2 (the left 
instrumentation rack in Fig. 2.8). 

Maintenance 

The drive belt from the motor to the large pulley on the torque sensor shaft, the belt 
from the small pulley on the torque sensor shaft to the turbine shaft and the belt 
around the turbine shaft below the slip rings (a spare) appear to have been damaged by 
the environment.2.19 The belts are shown in Fi~. 2.11. Visual inspection revealed 
brittleness and some cracking. Changing the turbme shaft belt and the spare requires 
disassembling the turbine. It was decided not to change any belts at this time, as the 
machine can be run with the existing belts. It is recommended that these be changed in 
the near future. 

The maintenance schedule indicates that the lower tower bearings should be lubricated 
every 3 months, but does not mention how the bearings are accessed.2.20.2.21 Visual 
inspection of the turbine revealed no evidence of lubricant. There were no lubricant 
stams on the tower in the areas where the bearings are suspected to be located. Since 
there were no indications of tower bearing problems during the first run of the turbine, 
it was decided to limit the number of test runs of the turbine until the tower bearings 
can be lubricated. 

The bearings located above and below the torque sensor on the torque sensor shaft 
were lubricated on June 30, 1988.2.22 

CONCLUSION 

The 5-m vertical axis wind turbine was refurbished so that various blade modification 
tests, including pumped spoiling, could be performed. The components repaired were 
the brake, anemometry, output and control systems. Repair of the brake system 
included replacing the linear actuator, the back-up battery, and charger. The output 
system repaIrs consisted of calibrating the torque sensor and replacing the torque/rpm 
signal indicator. The anemometry system had to be partially replaced. New wmd 
direction and speed transmitters were installed, and the signal indication modules were 
reconnected. The operating procedures were verified and the instrumentation located. 
The HP 1000 data analysis system was linked with the 5-m system. In addition various 
routine maintenance tasks were performed. 

At this point the turbine is mechanically reliable and able to run. However, a new 
actuator should be ordered and installed, the pulley belts should be changed and tower 
bearings located and lubricated before any testing is conducted. 
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At Southern University in Baton Rouge, Louisiana, 6063-T6 aluminum alloy bending 
specimens are being fatigue tested. Three samples from a single specimen were 
mounted and examined using an optical microscope. Based on these results, it was 
concluded that the crack propagation was inter-granular. Additional examinations of 
these fracture surfaces were conducted at Sandia National Laboratories using a 
scanning electron microscope (SEM). A sample was cut from the specimen and was 
cleaned using an ultrasonic cleaner. It was then mounted on a carbon stub. A thin, 
uniform film of gold-palladium was deposited on the fracture surface using a vacuum 
sputtering depOSItor to insure a continuous conducting surface during examination in 
the SEM. 

RESULTS AND ANALYSIS 

The SEM pictured in Fig. 2.A1 is of the initial crack zone in which mostly inter­
granular crack propagation is seen. However, there are small regions of trans-granular 
cracking.2.A1 . 

In Fig. 2.A2 notice the ductile striations at the bottom and the dimpled region 
throughout the upper portions of the photo. The striations and the dimpled 
appearance are indications that this region failed in a ductile mode. It is the overload 
region.2.A1 

Fig. 2.A3 is a schematic of the specimen fracture surface showing the direction of 
cracking and fracture mode regions.2.A1 Note the specimen was cycled with a mean 
stress so that the tensile bending stress was higher on one side than the other; crack 
initiation occurred first on the high tensile stress side. 
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Figure 2.A.I. SEM picture of the initial crack zone. 
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Figure 2.A.2. SEM picture of the overload zone which is characterized by high stress. 
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Figure 2.A.3. Schematic of the fracture surface. 

Figure 2.A4 shows the region of Fig. 2.A3 just below the dimpled region. The higher 
magnification, 600X, allows distinction of the ductile striations leading to the final 
overload region. Notice that the spacing between the striations increases the closer to 
the dimpled region. 

CONCLUSION 

The 6063-T6 aluminum alloy specimen fractured in bending fatigue was examined using 
the scanning electron microscope. Analysis of the fracture surface revealed mainly 
inter-granular cracking, but there was evidence of some intra-granular cracking. 
Examination also revealed ductile failure in the overload region. More specimens need 
to be examined microscopically before any conclusive results can be drawn regarding 
the behavior of this matenal. 

The SEM is a much more powerful microscope than the optical microscope with which 
the fracture surface could not be viewed with any clarity. Thus the fracture modes 
presented above were determined with much more accuracy and detail. 
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Figure 2.A.4. SEM picture of the region leading to the overload region. 
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