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MULTIPLE PROPERTY VARIATIONS TN COAXIAL CYLINDRICAL CONDUCTORS 
DETERMINED WITH MULTIPLE-FREQUENCY EDDY CURRENTS 

W. E. Deeds C. V. Dodd 

ABSTRACT 

Since many factors Can influence eddy-current readings, one must generally make readings on a 
given sample at several different frequencies to determine a particular factor unambiguously. To 
cxpedite and automate the taking of readings, we have written and tested computer programs that 
take simultaneous measurements of the magnitude and phase of the output voltage from an eddy- 
current pickup at  several different frequencies on standards with known properties. Empirical for- 
mulas are then constructed from powers of various possible functions of the magnitude and phase 
readings, and the formulas are fitted t o  the desired properties of the material by  a least-squares 
process. Finally, the empirical formulas arc used with readings on  unknorvn sainples EO determine their 
properties. 

Our computer pfograms, written in FOK'TKAN lV ,  are especially designed to be uscd with coils 
coaxial with multiple layers of cylindrical conductors, possibly containing defects. I-Iowevet, the 
instrument calibrating, data taking, and formula fitting parts of tlic programs are actually applicablc to 
any configuration of coils and conductors. 

Thc programs for the calibration, acquisition, and reduction of data haw been used to take 
measurements at lhree different frequericies on tubular sampltx. 111) to six different properties have 
been obtained simultaneously and accurately for each sample. 

LNTKODUCTION 

Since many parameters influence eddy-cui lent measurements, the unique determination of d given 
sample ptoperty when othcr propetties may dso  be varying may be difficult or impossible unless sufficient 
data are obtained to eliminate 1 tie effects of unwanted variableb. In general, at least as many independent 
eddy-current readings must be made on a given specimen as there are properties whose variations tnay affect 
the ieadings. By using sinusoidal eddy currents, one can detemime no inore than two quantities, such as the 
magnitude and phase, at the fixed frequency. Therefore, if more than two properties are to be determined, 
multiple-frequency, pulsed, or swept-frequency eddy currents tnust be used. 

The use of multiple-frequency eddy currents i o  determine multiple properties in parallel stiata has been 
discussed extensively in a pievious repurr.' IfN different frequencies are used, no nioie than 2N independ- 
ent pieces of data or readings can be obtained in a single set of measurements. These data are then used to 
obtain the values of no more than 2N independent properties. Samplmg pulsed or swept-frequency eddy 
currents at 2N different times 01 in 2N different frequency channels can also provide simdar Information. 
We shall consider only the use of multiple sinusoidal frequencies, though the programs arid procedures can 
easily be adapted to equivalent data ohtarried 111 other ways. 

The complete procedure for optimizing eddy-current tests of coaxial conductors consists of the fol- 
lowing steps: 

1 .  The eddy-current readings (of inagnitude and phase) dre theoretically calculated for a number o f  dif- 

ferent frequencies and all of the anticipated cornbinafions of pertinent sample proper ties This step iiszs 
the ENCIKM program, which will be described in another report.' The calculated magnitudes, phases, 
and corresponding properties are written on a random access data (KAD) file. 

I 



2. The data in the RAD file are read by a second program, ESQENC.’ It makes a linear least-squares fitting 
of user-selected polynomials constructed from the magnitude and phase readings t o  obtain the various 
desired properties. This program also enables the user to  determine what combinations of frequencies 
and coil designs can best fit those desired properties. 

3 .  Coils of the optimum design are selected or constructed, and the eddy-current instrument is set up to 
operate at the proper frequencies. The instrument, interfaced with a minicomputer, is then used with a 
third program, TUHRDC, to  make readings of magnitudes and phases on standard tubing samples whose 
properties are “known” (i.e., determined by some other niethod). These readings are then written on 
another RAD file. 

4. The data in the latter RAD file are read by a fourth program, TUBFIT, which allows the user t o  make a 
linear least-squares fitting3 of the known standard properties by using various polynomials constructed 
from the actual experimental readings (of magnitudes and phases at the various frequencies). 

5 .  The polynomial coefficients determined by TUBFIT can be used to calculate the properties of unknown 
samples. This is done by using the TUB1 program in thc minicompiiter o r  hy programming an 
on-board microcomputer in the eddy-current instrument io  use the same least-squares polynomial coeffi- 
cients with measured magnitudes and phases. 

The five steps described above will be discussed in greater detail in later sections of t h i s  report, and the 
TUBRDG and TUBFIT programs will be listed and analyzed in Appendixes A and B respectively. 

‘The instrumentation is shown in the block diagram iil Fig. 1 and is described in earlier rep0rts.’3~ It 
consists of a multiple-frequency phase-sensitive eddy-current instrument connected to  a test coil and a 
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Fig. I .  Block diagram of eddy-current instnment. 
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dizital cornputer capable o f  measuring arid recording (lie magnitude arid phase (for exariiple) of the currents 
in the test coil at severs1 fretpiencies. 

The programs are ti, be used with coils that either encircle o r  are inside coaxial conductors, as shown in 
Fig. 2. However, the a c t d  corifiguration is used only for recording the experimental conditions, arid datii 
recording and processing are redty indepcntlent. of the particular arrangement o f  coils and conductors. 

OR NL:- DWG '73-4859 

k ig. 2. Multiple cylindrical conductors encircling and encircled by two disjoint colls. 

MEASUREMENT OF MULTIPLE PROPERTIES 

No more that, two pieces o r  informatioii can be obtained from a given sample w i t h  ;in eddy-current 
instrument operating at a single frequency - - -  for  example, the magnitude arid phase of the output voltage. 
However, many sample properties can affect the re:idings, and their effects are so  interrehtzd that various 
combinatioiis of the properties could produce the same pair of instrument readings. 'Therefore, to distin- 
guish the actual properties from other possible combinations, one must make at least as many independent 
readings as there are parameters that can b o h  vary a i ~ d  afiect t.he readings. This can lie done by using ( I )  
magnitude a i d  phase readings at iV different fixed frequencies to obtain 2N pieces of information, (2) the 
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magnitudes of pulged currents read at 2N different times, or (3) the magnitudes and phases of swept- 
frequency currents read through N different frequency channels or at N different times (or the magnitude 
read in 2N channels or at 2N times). Though we shall consider only the first procedure, information 
obtained by the other methods could also be used. 

It is important that the pieces of information be really independent. For example, at very high fre- 
quencies the conductor will appear essentially perfect, and the readings will depend mostly upon the 
lift-off, or coil-to-coaductor spacing, and hardly at all upon the other properties. Similarly, at very low 
frequencies, defects will produce no changes, and even resistivity and thickness are relatively unimportant. 
Therefore, the range of useful frequencies is generally limited to those with the skin depth of the eddy 
ciirients in the material roughly comparable to  the thickness of the material. 

Assume that there are N parameters that may affect the readings, such as conductivity, permeability, 
lift-off or fill factor, wall thickness, and defects. Let (Pii) be an array of the parameters in which j = 1, 2, ..., 
N gives the paiticular parameter or property, and i = 1, 2 ,  ...> hf is the index giving the particular sample. We 
can write the array as 

Let US also suppose that the set of properties Pii e. = 1, 2,  ..., N) for the i th sample produces a set of N' 
independent readings Rik ( k  = 1 ,  2, ..., N') ,  where N' > N .  We want to obtain a set of formulas such that, 
for the ith set of properties, 

where i = 1, 2; ..., M ,  and the symbol ::: indicates that the functions F l ,  F 2 ,  ..., FN give only approximations 
to the corresponding properties. To obtain good approximations we may wish t o  expand the readings into 
polynomials, such as 

where N1,  N 2 ,  ..., NNI are the highest powers of the readings R i ,  , xi,, ..., R j N f  in the pOlynOnIial. ro  
determine all of the coefficients qn 1 n 2  __. nNi (see above) for the j th  property, one must have at least as 
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many sets of readings (‘i = 1, 2, ., M‘) as there arc coefficients to be determined If M is greater thm the 
tiumber of coefficients to be determined, then a linear least-squarzs fitting program“ can be risrd to 
determine the set of coefficients t o  mininrize the sum of squares 

for the jth property. This is done by a subroutine called ALSQS in the TUBFIT program, which numbers 
the coefficients used consecutively. The first term in the polynomial expansion b; is the constant qo0 o, 

which is called the “offset.” Of course, it may be zero. 
Once the potyriorriial coefficients have been dekrmined to  calculate a given property with the desired 

accuracy, they can be used to  calculate that property for an unknown sarnple if the properties of the 
unknown sainple fall within the range o f  validity of the polynomial expansion. This is assured by fitting the 
polynortual to a wider range of variations than is expected for the unknown samples. 

Thus, dropping the index i from Eq. (3 ) ,  we can calculate the property PI of an unknown sample from 
the readings R I  , J i 2 ,  , K,! by the formula 

At first glance it stem obvious that any desired precisLori C ~ I L  be obtained by making the polynomial 
large enough. This is indeed true. If the number of sets of measured properties, M, is equal to the number of 
sets of linearly independent readings, N’,  then a unique and exact fit can be obtauied for the iM values of 
each property by using only linear terms. However, the function I;; may fluctuate drastically between the 
fitted points so that intermediate values of the property would not be fitted well. 

Furthermore, if each reading R, is subject t o  a certain amount of random error, mi, so that the 
polynomutl becomes 

then we see that the random errors, particularly in the terms involving high powers, may lead to  consider- 
able e r~or .  The worst possible combination of errors, in which all the errors in the value of the property are 
in the a m e  direction, will be called the “DRIFT.” In the curve-fitting program TUBFlT, the worst possible 
combination of errors produced by changes of 0.01% in each magnitude and 0.01” in each phase are 
calculated and printed as the DRIFT, since eirors uf this amuunt are characteristic of present eddy-current 
equipmcnt. 

Since most material properties will not oscillate rapidly in a limited range o f  any given parameter, it is 
rarely necessary or even useful to include cubic or higher powers of the readings to fit a given property. 

Details on the linear least-squares curve-fitting procedure are given i n  refs. 1 and 3 and will be discussed 
briefly in a later section. The coefficients C / n l , J 2  , , , ~N ,  in Eq. (3)  are determined by the subroutine called 
ALsQS in the TUBFIT program to minimize the sum of squares in Eq. 14). 



EXPERIMENT DESlGN 

The computer pi-ograni ENCIRM2 calculates the values of the magnitude and phase of the output 
voltage at various frequencies and for various combiriations of the pertinent properties, including possible 
defects. The ranges of the various propertics should cover all of the expected variations in those propeitics. 
The coil and circuit parameters can be varied as the operator chooses. The “readings” ~ the calculated 
values of the magnitudes and phases o f  the output signal for a given coil system at the various frequencies 
are written in a RAD file. These data are then read by  another program, LSQENC, which allows the 
opei-ator t o  try various polynomials (using magnitudes and phascs at various combinations of frequencies) 
to  fit the desired properties. In this way the operator can determine the optimum coil design, circuit values, 
and test frequency combination to  measure the desired properties most accurately and to  reject the effects 
of unwanted variables. 

This computer-assisted experiment design step will be extensively treated in another report’ and can be 
very helpful for optimizing the experimental conditions or for conducting feasibility studies. However, it is 
not absolutely essential. 4s a result of previous experience, design data front othcr sirnilar problems, or 
limitations of available equipment, one can choose the coil and instrument parameters without irsing the 
ENCIRM and LSQENC progra,ms. Our TUBRDG and TUAFIT programs use actual experimental instiurnent 
readings, and the coil, circuit, and instrument values are used only for identification purposcs. 

Although the use of ENCIRM and LSQENC is not essential, we should cmphasize that they can help 
pi-edetermine the accuracy for measuring any particnlar propzrtji and the allowable tolerances in the 
instrrirnental parameters. 

The required equipment i s  essentially the same as we have describcd in ollier reports.” It includes a 
coil system capable of fitting the tubing samples, a multiple-frequency eddy-current instrument to operate 
this system, and a digital computer with a parallel data acquisition system (called a MODAC for tlie 
ModComp IV computer) and a FORTICAN IV compiler compatib’re with the FK4 compiler of the 
ModComp MAX IV system p r o c e ~ s o r . ~  The computer pi-ogratns assume that tlie tubing will be inspected 
from one side, either by inner or by encircling coils. However, only the recording of the test conditions 
would need to be changed for throughtransmission inspections. The data processing parts of the programs 
would need no changes. A block diagram of the eddy-current instrument is shown in Fig. 1. The instrument 
must also contain a calibration module that will switch in phase-shifting networks on command from the 
computer to  introdlice known phase shifts at the various frequencies. Modifications of the programs to 
allow manual switching of the calibration networks are described in Appendixes A and B .  

Ideally, the coil design and the operating freqiiencies should be optimized by running the ENCIKM and 
LSQENC programs first.2 From the results of running those programs or from other considerations, a 
suitable coil and circuit design is chosen or constructed, and the instrument is set up to operate at the 
frequencies expected to give the best results. 

The actual coil and circuit parameters are then measured so that they can be entered in the data file for 
thc cxperiment. The values of the coil and circuit parameters are used only for records and not for 1-unning 
TUBRDG and TURFTT. These two programs use only the actual measured eddy-current readings and the 
stated material properties (assumed t o  have been determined previously for the calibration standards). 

The computer should have storage and core capacity uf about 7K for the operating program itself, disk 
storage capacity for the random access data files (up to  perhaps SOK), and a parallel data acquisition system 
(such as the MODAC for the ModComp TV). 
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I’ubing slanddrds dre obtaiiied with properties that spao 1111: expected ranges o f  the various properties to 
be encountered i n  the uoknowr~ samples, and the optimum coil 1s selected 01 constructed The  eatl lings (of 
the magnitudes arid plidseb of the eddy currents at the selected Erequeticiei) are then made with the actual 
coil dnd ciicuil coniponents and lliz actual eddy-curlent instruinerit by running tlie TUBRDG p~ogrdrn,  
which wdl write bc)tli the ieadings measured on the standaids and the calibratiori reatiirigs on a R A D  file. 

‘The TTJURIX program is writteri 111 bOKTRhN IV.’ I t  asks the operator to type in dzta concerning 
{he test appaidtus, test conditions, and tubing samples 11 then takes readmgs of the magnitude and phase of 
the output voltage at the ~ a r i o i ~ s  frequencies for the various samples and friulllly stores ttiz ieadings XI Kx4D 
file 37 

To use the program the operator should titst cdl up the TIJBICDG program, catdog it under a different 
name, such as N h W R W ,  then e u  t The new program (e.g., NCWKDC) can then be ediretl a n d  r u n  without 
etidarigering the original p rogrm Table 1 lists t lx  editorial c h ~ g e s  t h t  must be made in the renamed 
version ot TUBKUG before kt IS IUIJ. Table 2 lists the promptmgs (and suitable responses) displayed as the 
program is run. T.tble 3 lists tllz quantities contmed 1p1 the COMMON block b3 A detailed description and 
explmation of the ‘TUBKEG progtain IS given m Appendix A 

nie diniensrons ol the various arrays and EA19 files need to  be carcfully checked. Acrually, the 
dimensions can be lager  t i i m  needed, as lorig as tlie capacity c~f the curnputei i3 riot exceeded. However, 
h e y  must not be smaller than iridicated by the guides in lines 37 47 and Imes 6 2  6&. RAD 61r 29 should 
c o a t d m  data for vmous coilb, but if ‘1 coil with diil.rien1 paratneters 1s to be used, the uperator c:tn type UI 

tkic new valueb when the p r o g r m  is run. 

FITTING OF PROPERTIES WLTH DATA FROM STANDAKDS BY USING TUBFIT 

The TUBFIT program riot orily deteiniiries least-squares coefficien~r of polynoniials to fit the properties 
i)f  standard samples, but also stores thc coefficients, takes ieadings (of magnitudes and phases) of unknown 
samples, and uses the stoied coefficients to calculate the properties of the unknown samples. It is an 
atiteraciive program wriiten in FOKTKAN LV’ and requires about 7K of mernory, four RAD files for 
stormg up to 50K of data, and a parallel data acquisition system (called MOUAC on the ltlodComp IV 
:.ysternj. 

Table 1. Summary of editorial changes preparatory to riinriing TURRWa 

Lines 

49-59 

70 --71 

73 

7 5  

Line 15 
of the 
K E A  B A T  
subroutine 

Action 
_ _ _ ~  

Adjust array dimensions; follow key in lines 37-47. 

Make sure FILES 29 and 37 have been allocated with correct specifications; follow guide in  lines 
62-68 .  

Select operator input terniinal (LJj, disk input terminal (LlD),  operator output terminal (LOT), line 
printer (LPT), number of data channels (NCMS), and RAD file limit [NFILIM), which should he the 
same as the first dimension of FILE 37. The LID may be the ,same as 1.1. 

Set MAG = 1 if there is a saturating magnet used with ferroniagnetic tubing, otherwise MAG = 0. 

The real number 819.2 in the definition of CONFAC i s  the number of A/D converte1 counts equal to 
1.0 V for the instrument used to  make the readings. As long as the same value is osed in READAT 
whan called by the TUBFIT program, there wjll be no difticulty. However, rhe values of magnitude 
and phase printed out will he incorrect unless COWPAC is the correct conversion factor. 

‘The “PR07E.7‘” switch for the computer muat he in the OFF position to allow data to be read by the MODAC. 
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rable 2. Interactive prograin queries and operator responses during execution of the TUBRDG program _- ~- - ~. - - ~ 

Line 
._ 

99 

105 

106 * 

115 

116 * 
118 

119 * 
121 

122 * 
124 

125 + 

127 

128 * 
130 

131 * 
133 

134 * 
136 

137 * 
139 

140 * 
142 

143 * 
148 

149 * 
151 

152 * 

1 5 1  

155 

157 

158 * 

161 

162 * 

164 

Query and response 

TYPE IN THF FOLLOWING DATA AS REQliESTtD 

PROBE X :  

Enter six-character alphanumeric; may containleading or trailing blanks (spaces). If response is "OLD," 
data from previous running of TUBRDG will be used, and the next response required will be at line 
271. If response is a zero (or blank ?pace), the user will be asked to type in cnil name and data. This 
will also occur if the user types a coil namc not found in FILE 29. If the coil name ir  found in the 
file, no other response will be needed for this query. 

SERIAL it: 

Enter free format integer. 

DRIVER Sb:RIES RESISTANCE: 

bhter free foirnat real nuinbe; of ohms. 

DRlVER SIIUNT CAP: 

Enter free foimat real number of farads. 

PICK-UP SlJUNT KLSISTANCI': 

Enter free format real number of ohins. 

PICK-UP SHUNT CAP: 

Enter free format real number of farads. 

CABLL 1.D.f;: 

Enter six-character alphanumeric; may contain spaces. 

LENG'I'H OF CABLE: 

Enter free format length (real number). 

CAPACITANCE OF CABLE:: 

Enter free format real number of farads. 

EDDY CURRENT INSTRUMENT t;: 

Enter six-character alphanumeric; may contain spaces. 

POWER OSC I.D. : 

Enter six-character alphanumeric; may contain spaces. 

NO. OF FREQUENCIES: 

Enter free format integer. 

INPUT THE VALUE OF EACH FKEQ SEPARATED BY A SPACE: 

Enter a free format real number for each of the frequencies, with a space or comma between the 
numbers. 

INPUT THE FOLLOWING DATA, 6 CHAR WITH A SPACE BETWEEN 

FREQUENCY: (first freq) (second freq) ... 
PICK-UP AMP 1.D.: 

Enter a six-character alphanuiirzric for each frequency in order, with a space or comma between the 
I.D. numbers. 

Enter a six-character alphanumeric for each frequency in order, with a space or comma between the 
I.D. numbers. 

180-DEG SW(OI'F/ON): 



Table 2 continued. 

Line Query and response 

165 

171 

J 72 

114 

175 

180  

4 Lnter a three-character alphanumcric [either OF1 or ON(space)J for each I rquencv  i n  order, with a 
qpace or conimd between the words. 

NUMBLK OP TUBING SAMP1,I.S 
* Lnter a free format integer 

NUMRI:R OF COAXIAL RbGIONS 

bnter d free forinat integer 

TYPb (No ) I’ERMEALIII l l l E S  kOR RIGIONS OF qAFVIPLk (No.) 

& 

181 * Enter free format real nurnbers for the relative perineabilities of the various regions of the designated 
sample, starting with the region farthest from the coil and putting a space or comma between the 
numbers. 

TYPE (No.) RESISTIVITIES FOR REGIONS OF SAMPLE (No.): 

Enter free format real numbers for the resistivities in microhm-cni for each of the regions of the desig- 
nated sample, putting a space or comma between the valuzs and starting with the re.g+n farthest from 
the coil. 

183 

184 * 

I86 ‘TYPE (NO.) VALUES 01: REGION KADII FOR sf i iaLI: ,  (NO.): 

203 

204 * 

210 

211 

212 * 

187 * Enter free format real nurnbers for thz radii in inches fur the interfaces between rhe regions of the 
designated sample, skirting with the boundary between the two regions farthest from the coil and 
leaving a space or comma between thc numbers. 

201 ERROR: COIL WILE NOT FIT. 
* This message will appear if the limiting radius of the coil will not accommodate the tubing sample. If 

this occurs the proyani will stop, and the user should start over after checking coil and tubing dimen- 
sions. 

CTS IN EACH OF (No.) KEGIONS OF SAMPLE (No.): 

Enter an integer for the number of defects in each region of the designated sample, starting with the 
region farthest from the coil and not including the coil region. Leave a space or comma between the 
integers. 

TYPE SIZE, AXIAL 01ST & RADIAL LOCATION OF DEFECT $ (No.) 

FOR SAMPLE X- (No. j IN R6CION (No.) 

230-210 * 

21 1 

285 -28 6 

31 2 
313 

342 

345 

Enter three free format real numbers for the properties of the designated defect in the designated 
region. The dimensions should be in cubic inches for the s i x  and inches for the axird displacement 
from the center of the coil and the radial distance frotn the region surface nearer the coil. Leave a 
space or comma between the numbers. 

If the user typed “OLD” in response to the query PROBE #: in line 105, previous data in FILE 37  
will be read and displayed on the LOT terminal, ending with the data for the 180 PHASE SWITCH. 

The display on the LOT terminal will pause for inspection until the operator types any character (or a 
space) followed by a carriage return 

SAMP PROP DIAM THICK RHO PERM DLf SIZE RADLOC AXILOC 

No response i s  neLessary, sample and deiect properties will be displayed. 

CALIBRATION RFADINGS. 

The calibration reddings will be taken automatically and wdl be contuiudly updated until the foot 
pedal i s  pressed to stop the calibration. 

READINGS, N OTNERWISF, 

Type Y of N. If N IS typed go to statement 1140 (line 441). 

SWITCH TO O P E , R ~ ~ ~ F  AND ANSWER Y IF YOU AXE, READY TO TAKF THE r I w r  w r  OF 



Table 2 continued. 
~ __________ - - _ _ _ _ _ _ _ _ ~  

~ ~ ~~-~ - - ~  ~- 

Line Query and response 
~- ~- _ _  _- - - 

367-368 SAMP PROP DIAM THICK R:IQ PERM D k r s I z  RADLOC AXILOC 

€'he the probe at the indicated position on the Indicated sample and press the toot switch to  take the 
reading? 

(No ) SFTS Ob READINGS HAVE R E b N  MADE 

DO YOU WANT TO DF L I H E  PRI VIOUS s k i  or READINGS? TYPE Y OR N 

Type Y 01 N If N is typed the calibration and ?ample reddings n ~ l l  he added to  prev~ous sets Other- 
wise the lntest readings will be ignored, and control nil l jump to statement 1140 (line 441). 

DO YOU WAN1 TO (1) RF-DO THk CAT IRRATIONS, (2) MAKF 

ANOTIIFR SET Ot KEAJ)INGS, OR (3) STOP? TYPF 1 ,  2 ,  OR 3 

Type 1, 2. 01 3 If 3 is typed the rest of the procedure will be autoixdtiL 

412 

413-414 

416 

443  

444 

445 
- - ~ ~- ___ ~ ~ ~~ 

*Responses preceded by an astensk will not be necessary if ihe LID terminal IC a dibk pditntion containing prereLorded 
responses 

_ _  
COIL 

RBAR 

R1 

K2 

XL 

Z L 

KLIM 

R6 

R7 

I N D K  

'INPU 

ZLDR 

Z1,PlJ 

X 

Table 3.  Quantities in COMMON block R 3  

coil name (conldining up to cis characters) 

mean coil radius (in inches) 

norrriali~ed inner coil radius 

normalized outer coil iadius 

norinalized length of pickup and driver coil 

normalized dirtance between pickup and driver coils 

noriiidized lirnitirig radius of tube to  fit the coil assembly 

RDCDR = driver coil resistance (ohms) 

RDCPU = pickup coil resistance (ohms) 

number of turns on driver coil 

number of turns on pickup coil 

air inductance of driver coil (henries) 

air inductance of pickup coil (henries) 

unused parameter in the RAD file 

~. .. ~ ~~ 

The operator should first call up the TUBFIT program in the edit mode, rename it (e.g., NEWFlT), and 
exit. Then the newly named ptogram (e.g., NEWFIT) can be called up, edited, and run withoirt endangering 
the original piogram. 

The editorial changes that must be made in the renamed version of TUBFIT before it is run are 
sunirnarized in Table 4. When the input data and diinensions have all been checked, the program can be run. 
rahle 5 shows both the queries that are used to prompt the operatnr as the program is run and the types of 
responses needed. 

As TUBFIT is run it will read data stored in FILE. 37 during the execution of the TUBRDG program. If 
the coil named NPKORE in the latter program is not found in the coil data file, FILE 29, then the operator 
will be asked to type in the coil data, as defined in Table 3. 



Table 4. Summary of editorial changes preparatory to running T U 8 F W  

%ine Action 
_ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . ___ . . . . . . .. . . . . . . . . . . .. . . . -. . - ~~. ............................. .. . ~ 

65 - -79  

8'1 --97 

Adjust array diimJ2SiOnS; fo!lo%w key in linss 44 --  6 0  

Make 5ure tiles 29 and 37 are provided with the necessary data; i lk  37 is written when the TUBRDC 
progr:im Is run m d  must havc the s;ime specifications in both programs. Makc sure files 21 m d  31 have 
been allocated w-irh correct specifications. 

rlie KP?' value should agree with the first dintension of the TMAGM array, for example. The line 
printer output device is LOU; LTTEK is the operator input terminal; LO is the operamr outpur 
terminal. Thd NFILIM value should agrt:e with the first dimension of FILE 

Scr NIJNI 'PL for output  of lengths i n  inches; NUNIT-2 for output lengths in mjllirneters. 

lnsert NRTWPT initial values of RHO, IJ, Tti, RDCL, U S E ,  KT,OC, and ZLOC. Different values for 
certain regions will be read from FILE 37 when necessary. 

lnserc N!:T values o f  CAIN; this is used only for information printout. 

107 

108 

118--119 

120 
. . . . . . . . . . _. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . ~. ........ ~ . ~ ~ . ~ ~ ~ - ~  

"'The "PK " switch for  thc computer should be in the OFF position to allow data to be read by the MODAC. 

Line 

166 

172 

225 

227 

22s 

307 

308 

309 

310 

322 

323 

327-328 

3 79 

331 

3 34 

342 

Table 5. hteractive program queries and operator responses during execution of TUBFIT 
~ ~ ~~~ . ......... .~~ .................... ~ ~~ 

Query and response 
. . . . . ..-~ ~ ~~~~~~~~ ~~~~~~~~~ .............................. ......... ~.. ~ . ~~ 

It :be number of lines read 
and the program will be terminated. The operator should check the diniensioris and data in the file. 

If the coil named NPROBE; in FILE 37 is not found in FILE 29, the terminal will display 

COIL (Name) NOT FOUND. TYPE F'OI,l,OWING COIL PARAMETERS: KBAR,Rl,R2,XL,ZL,RLIM, 
RM:DR,RDCPU,TNLSH ,TNPU,%LDK,ZLPU,X 

'Typc in the data requested (see definitions in Table 3). 

If the number uf properties (NP) read from FILF 37 does not agree with the number (NPT) used in the 
array diniensions o f  T-UBFIT, the following error message will be prihted: 

THERE JS AN EKROR IN 'THE NUMBER OF PROPERTIES. 

FILE 37 exceeds the limit, NFILLM, an error message will be printed, 

'NP=(No.) NPT=(No. j NPTT-(N~. j 

Execution will be halted. Check the input data and dimension statements. 

CT NUMVIBER 01; PROPEK'rY TO BE rm-rm. 
l=Rl iO 2zMU 3=THICKNESS 4=RADCLR S=I>EFECT KAT) 6=DE 

SELECT RI!.GION TO BE 

Enter two integeis with a cornma or space between them: from 1 t o  6 for the property and from 1 to 
NRT for the region where the property is to be fitted, with region 1 fadhest from the coil. 

ED. Lowsr IS NUMBER 1. 

HERE IS OFFSET: 0 IF NO OFFSET: 

Enter 0 or 1 ,  usuaIly 1. 

S u x r  'THE NUMBER OF THE FUNCTION -TYPE, POLYNOMIAL DEGREE &ii OF 

CROSS TERMS FOR EACH MAGN1TUT)E AND PHASE 

FUNC'TI(3N TYPE: l=LPNEAR 2-LOG 3-EXP 4=INV 

MAG AT (Jreq) kJZ 

Enter three inregers with cotnriias or spaces between them. The first should be 1, 2: 3, or 4 ;  the second at  
least 0 but  probably not  greater than 3;  the third integer should be zero. 
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Table 5 continued. 
____ ~~~~ _ _ _ _ _ ~ ~  ~- ~ 

Line Query and response 
~ ~~ -- ___ - 

343 PH.4 AT (Treq ) H 7  

357 

4 6 2 -- 46 3 

423- 424 

462-463 

5 38 --5 39 

Enter three more integers: 1, 3, or 4; 0 up; 0 up (not necessarily zero). 

Repeat responses to  lines 342 and 343 for each of the frequencies. If the sum of the offset number and 
the second and third integers in these responses exceed$ IS, the following error message will be  displayed: 

ERROR: ,+ 01: TERMS IN POLAKY EXCEEDS DIMENSION 

1 FIT PROP 2 PRT ENTIRE FIT 3 PRT/SV COEF 4 CHG FCTN/POJ, TYP 5 RUN i‘EST 

Enter 4 and include fewer terms in the polynomial. 

RMS DIFF IN (Property) IN REG (No.) = (No.)(Units) DRIFT= (No.)(Units) 

Information on quality of fit; no response needed. 

1 FIT PROP 2 PRT ENTIRE FIT 3 PRT/SV COEF 4 CHG FCi’N/POL TYPE 5 RUN ‘TEST 

Enter integer froin 1 through 5: 1 returns control to  statement 300, permitting selection of another prop- 
erty to be fitted; 2 returris control to stateinent 500 for a printout of the actual and calculated property 
for each sample, with the difference and “drift”; 3 returns control to statement 590 and saves the coeffi- 
cients of the fit by writing them on I‘ILES 31 and 21 ;and 4 returns control to statement 350 and allows 
a change in the polynomial used to fit the same property just fitted. If 5 is typed the following messagc 
will be displayed: 

PRINT: I .  PARAMETERS 2. MCAS VOLT ’3. CAL & DISPLAY PROPS 4.  RAVJ R J X  5. RECALIR 
6. S’WP 

Enter integer from 1 through 6; 1 produces a complete printout of input data; 2 lists the measured volt- 
ages and phases; 3 is the choice for making measurements and calculating properties froin the readings; 
4 displays the magnitudes and phases; 5 causcs a recalibration; and 6 terminates execution. I f  3 is chosen 
the foot pedal is pressed to take a set of readings on the selected sample, and the program will then return 
to the above set of choices. 

~~~~ ~~ .. ___ _______ ~ _ _ _ _ _ ~ ~ ~ - . . -  

The operator will then be asked to select a property to be fitted and the region where the property is 
located. Next the type of polynomial for approximating the property is specified: if there is to be a 
constant term (called “offset”), the typc of functions of the various magnitudes and phases, the powers, 
and the cross-terms (if any) that will be included. Each magnitude and phase can be converted to a variable 
that is the same as the original reading (LIN function), the logarithni uf the reading (LOG function), the 
exponential of the reading (EM’ fiinction), or the reciprocal of the reading (INV function). The operator 
can then choose the highest power to which that variable is to be raised as well as the number of cross 
products between the variables at a given frequency. 

When the type of polynomial has been chosen, the computer will do a linear least-squares fitting3 of the 
polynomial to the actual properties, as written in FILE 37 by TURRDG. The differences between the 
actual properties and those calculated by using the least-squares polynomial are called DIFF and can be 
printed out as an option. In any case, the root mean square (rms) value of the differences will be printed for 
a given polynomial fitting a given property. In addition, the worst possible error in the property caused by 
the worst possible combination of errors of 0.01% in the magnitudes or 0.01” in the phases is called 
DRIFT. It can be printed out, and the rms value of the drifts is always printed. If the differences and drifts 
are larger than desired, different polynomials can be tried. If the fits are satisfactory, a complete printout of 
the actual and calculated property values, differences, and drifts can be obtained, and the coefficients of 
the fits can be saved and written on FILE 31 (and in hexadecimal binary form in FILE 21). Then another 



pioperly and/or region can be fitted in a similar fashion. This car1 be continued unfd all desired properties 
and regions have been covered if the capacities of FILES 21 and 31 ale not exceeded. 

Appendix B contains a detailed analysir arid explarration of the TUBFIT progiatn and also a p i  intout o f  

a sample run. 

FITTING PROPERTIES OF UNKNOWN SAMPLES WITH TUBFIT 

The ‘TUBFIT program not only determiries least-squares coefficients of polynomials to fit the proper ties 
of standard samples but also stores the coefficients, takes readings (of magnitudes and phases) of unknown 
samples, and uses tlie stored coefficients to calculate the properties of the unkiiown samples. 

The least-squares coefficients can be stored in the mneniory of a microcomputer built into a mu1 ti- 
frequency eddy-current instrument so that the properties of the unknown samples can be calculated and 
(tisplayed directly by tlie instrument. 

The TUBFIT program is written in FOKTRAV lV5 and requires a computer with a parallel data 
acquisition system (called MODAC for the ModComp IV). The TURRDG program mus!. be run first, to 
write data from known standards ori RAD file 37. 

If the third option in lines 538-539 of TUBFIT i s  chosen (CAL& DISPLAY PROPS) by typing 3 when 
prompted, the 1,OTEK terminal will display die name of the properties being measured arid the calculated 
values of  the properties for wliatever sample the coil is on at the time. These values will also be printed on 
the Ix)IJ output device when tlie foot pedal is pressed to tecord the values and to keep a hard c:opy of the 
measured sample properties. 

If the fourth option is selected (RAW RDCS) by typing 4 when prompted, the itistruriierit readings o f  
magnitudes and phases at thc various frequencies will be displayed on the L0TEK terminal aiid the LOU 
output device. Although this option will seldom be chosen, it can be used to keep a recoi.ti of the 
instrument readings as a check on the operation of the equipment. 
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The actual dimensions of the various arrays must be inserted in lines 49-59 by usjng the guides given 
above. The dimensions may be larger than actually riecessiry if the storage capacity of the computer i s  not 
exceeded. 

4E1 c 
49  
50 
51 
52 
J 3 
54 
55 
56 
57 
5 8  
59  

E.' 

The COMMON block B3 in line 60 is shared with the subroutine CIRCQL and serves to return coil data 
to  the main program when the subroutine reads it from RAD file 29. The quantities in COMMON block R 3  
are defined in Table 3 .  

The RAD files are defined in lines 70 and 71. File 29 contains the data for various encircling coils; file 
37 will contain the data written on it when the TUBRDG program i s  run. The comments in lines 62-68 
describe the minimum acceptable dimensions for RAD file 37. 

The data designating the logical. input and output units are inserted in line 7 3 .  The input terminal at 
which the operator types input data is LI; LID is the logical input for data (it may be the same as LI or 
assigned to  a disk partition containing prerecorded data); LOT i s  the CSI terminal wheie the operator is 
prompted; LYI' is the hard-copy line printer. The data in line 74 will not need to be changed. In line 75, 
ITIMS is the number of times the data acquisition system i s  read and will not need to  be changed unless the 
system is altered. To turn on the saturating magnet for ferromagnetic tubing, MAG i 3  used; i t  should be 1 
for inspecting ferromagnetic tubing and 0 otherwise. The number o f  phase and magnitude calibrations at 
each frequency i s  NPElCAL and NMGCAL respectively; they will normally be changed only if the calibrator 
rnodule and subroutines are changed. 
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The screen of the operating terminal is cleared by jumping to statement 1800 in line 593 and then back 
to statement 10 in line 87 because line 604 returns corktrol to ISTATE, which was sei equal to 10 iriline 
81. 

76 
7 7 
7 El 
7 Y  
I3 0 
!3 1 
51 2: 

5 9 0 
541 
592 
593 
594 
.I 3 3  
596 
537 
598 
999 
600 
60 1 
602  
603 
604 

L-< E^ 

Since ISTATE = 10, control returns to statement 10, which writes the name of the program on the LX)T 
terminal. 

The date and time are obtained and written on the LOT termind. 

The operator is prompted to  type in data for the experimental apparatus and conditions. The data are 
read from the LID terrninal,-wliicti might be the same as the LI terminal, or i t  might have been assigned to a 
disk par1 ilion containing prerecorded data. 



If the operator typed OLD for the probe name, NPKORE, the program jumps to statement 450. 
Experimental data entered previously in FILE 37 will be read and printed. Otherwise, the subroutine 
CIRCOL is called, and the properties of the WROB13 coil are read from FILE 29 and returned to the main 
program i.n COMMON block R3.  If NPROBE is not found in FILE 29, the user i s  prompted to type in the 
necessary coil data. 

108 IF (NPROEIE:,EO. 'OLD ' )  GO 'TO 450 
109 C 
110 c T H E  COIL. F'FZOF:'E:R~TI€:S ARE: C A I  .. l...E:D F R U t I  FILE: :?Y. 
1 1 1  c 
112 CALL.. C::IF~C:I.IL.(LI: I i .or r ~ ~ ~ ~ ~ ~ . )  

Next the operator is prompted to type in the coil serial number and data on the circuit components 
used with the eddy-current instrument. If LID has been assigned to  a prerecorded disk partition, the data 
will be read from there. The operator does not need to make any response until line 27 1 has been cached. 

The instrument identification and operating conditions are read in. 

138 
139 
140 
141 
142 
143 
144 
145 
146 
147 



I9 

150 
1. 3 1 
i 52 
193 
1 5 4  210 
155 
156 
157 21.70 
I58 
159 230 
3.h0 
161. 240 
1 6 2 
1 6 4 
154 250 
3. h S  
166 2h0 

2 0 0 

The tubing properties are read in. 

The tubing radius next to the coil i s  called X and is compaied with the Inem coil radius RBAR to see 
whetlier the coil is encircling or iiiside the tube; it i s  then coinpared with the limitiiig radius KldlM of the 
coil to see whether the coil will fit the tubing (will) tadinl cleatance RRDCLR). If not, the crror message 111 
FORMAT 360 will be printed. 

188 
1.89 
190 
s 9 I. 
192 330 
183 
1Y4 
19s c 
1. 46 
1. P?  
f98 i: 
1Y9 3 4 0  
200 350 
201 360 

The defect sizes arid locatioris are read from the LID termirial. 
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202 
203  3 7 0  
204 
205 
206 
207 
208 
209 
2 1. 0 
211 
2 1 2 
23.3 3Y0 
214  400 

3 I 3  0 

The total number of properties (including defects) i s  accumulated as NPT. 

215 
216 
217 
218 
219 410 
220 
221 420 
223  
223 
224 
225 440 

The program now skips to statement 690, omitting the lines from statement 450 to 690, which are used 
only if the operator typed OLD for the coil name NPRORE in line 106. In the latter case, data written on 
FlLE 37 in the previous running of TUBRDG are read and printed on the LOT terminal. 



2 7 3. 
2 '2 2 
2 7 3  
27.4 
275 
276 5 7 0  
2 '7 7 
278  580 
,? 7 y 
280  
2 a 1. 
2Et2 

284 
285 590 
2 86 
287 
288 
289 
790 
as 1. 
2Y2 
2 9 3  
294 
295 
296 
297 
298 hO0 
29'17 610 
300 
301 620 
302 630 
303 680 

zn3 

To ensure that the program control will return to  790 later, NSTATE is assigned the value of 790. 

304 690 ASSIGN 790 'IO NS.T'AIE 

The calibration readings are made by calling the CALIB subroutine, which returns the readings in the 
KDGC array. This array is then transferred to  the OLDRDGC array, which stores the old readings for later 
use or updating. The term LNF i s  twice the number of frequencies, and NCAL is the number of phase and 
magnitude calibrations at each frequency. 

305 C 
306 C T H I S  SECTION TAKES THE CAL.I:BKATIIJN READINGS+ CONTROL. IS R E T U R N E D  
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307 C 
3013 c 
30Y c 
310 700 
:31 1 
312 710 
313 750 
314 
:3 1 5 
3 1. 6 
317 
31 8 
319 
320 770 
:3 2 1 

Various arrays are initialized. 

374 
32s 
3.26 
32 1 
3 ? F1 
329 
330 
33 1 
33:' 
33.3 
334 

3 3 6 
337 
338 
3 J P  
340 

33"J 

The operator is asked whether he or she i s  ready to take readings. If N is typed, control will switch to  
statement 1140, which will set NPRINT' 0 and then offer various options. 

If the answer was not N, the program will proceed to  statement 830, where the data-taking loops are 
started. Then the opsrator will be prompted to set the coil on the various sarnplcs, and the data will be read 
into the computer via the MODAC when the subroutine XEADAT is called. 

347 
348 
349 
350 
35 1 

3!53 
354 355 

3f.6 
35 7 
3 5 c  

J =- d,: <' 

C 
C 'THIS SECTION TAKES SHE ACTIJAI.. F'HASE. & M A G N I .  ).IJI:IE: U A T A  R E A D I N G S  
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359 
3 ,s 0 
.7;6:L 
3 h 2 
3 h 3 
Jhrt 
3 6  5 
J h 6 
367 
368 
369 
370 
371 
3 7 2 
373 
374 
3 7 5 
376 
3 7 7 
3713 
579 
SHO 
38 1 
382 
1 L3 3 
384 
385 
386 

Because of line 390, RhADAT i s  called repeatedly, as lung as the foot switch- is not pressed (i.e., 
NSTOP = 0). Each time the last index in the call of READAT is Lero; therefore, this is the value of MAG t n  
the subroutme 3 r d  means that the saturating magnet will be turned off. 

When the foot switch IS pressed, NSTOP i s  greatei tban 7e10, and KbADAT LS again called. If the value 
o f  MAG was set at 1 in the initial DATA staternenl of the main piogram, the readings are first made 1034 
times, giving a delay of 0.210 sec tu  alluw the readings to settle down. 'Ihe desiied readnigs ale made when 
READAT is caUed again in line 392. The saturating magnet is then turned. off by calling the SATMAG 
subroutine, with the value ofMAG set equal to 0. 

The array o f  readings called VOLTS is returned from the KEADAT subroutine and tlieri separated into 
the phase arid magnitude arrays called PHASE and TMAG respectively. 

314 
395 
346 
397 
398 
J?? 
400 
40 1 
402 
403 
404 
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The number of sets of readings, MSbT, is incremented, NSTATE i s  changed to 1000, and control is 
shifted back to statement 700 to  make another set of Calibration readings, after which control will retiurn to 
statement 1000. 

After return from the calibration procedure, the set of  options in FOKMAT 1010 is offered. 

410  C 
411 1.000 WRITE(L..OTrlOl0)M 
412 1010 FLlKMAT(3.I-I ~ 1 5 ~ '  N i'lAISE + ' ./ 
413 i'E A D :1: NG!:; 5' ' 
4 1 4  
415  
416 R E A D  (1. I I :l 0 2 ' 0  ) ANSWER 
417 :LO20 F O I i M A T ( A I  1 

If the answer was N (not to delete the new set of readings). the new sets of readings will be added to the 
previous ones - OLRDCG, SIJMPHA, and SUMMAC for the calibration, phase, and magnitude readings 
respectively. If the answer was anything else, the value of MSET will be decremented, and the options in 
F O W A T  1150 will be offered. 

41 8 
419 
410  
4 1  1 
4?2 
413 
424 
415  
42b 
417  
428 
417  
430  
431  
432  
433 
4 3 4  
435  
436 
457 
438 
439  
4 4 0  
4 4 1  
442  
443 
444  
445 

I / I  

The three options return control to  statements 700, 830, and 1170 respectively. If any number other 
than 1,  2,  or 3 was entered, the error message in FORMAT 1160 will be piinted, and the options will be 
offered again. 

445 GO T O  ( 700 v 830 I 11'70 ) I NEX.T 
447  LJHITE ( L O T  I 1160 1 
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If the third option, STOP, was chosen, the averages and standard deviations of the calibratiori, phase, 
arid niagnitiide readings will be calculated as SUMCAL, SDVCAT,, SLIMPIIA, SDVPHA, SLJ;\;1MAG, and 
SDVMAG respectively 

450 
45 1 
4"1 
453 
4;4 
455 
496 
457 

459 
460 
46 1 
462  
463  
464 
465  
466 
467 
4113 
469  
470 
471 
472 
473 
474 
475 
476 
477 
478 
47Y 
480 
48 1 

J i  

458 

482 

404 
485 
486 
487  
488 
409 
490 
4 9 1  
4Y2 
493 
494 
495 
446 
447 
490 
4Y Y 
500 
50 1 
502 
503 
504 
SO5 

4a3 

The data are now written on RAD file 37. 
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The data are also written on the U T  line printe1 

512 
513 
514 
515 
516 
517 
518 
519 
520 
52 1 
522 

523 
529 

576 
J :.. 7 
52[3 
529 
530  
53 1 
532  
533 
534 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
5 4 5  
546 
5 4 7  
548 
549 
550 
J J  1 

553 
554 
555 
556 
557 
558 
559 
560 
56 1 
562 
563 
564 
565 
566 
567 
568 
569 
570 

i: 1 c J i .J 

C )  

cc 

=!=+ d4.L 

FERM ' 7 
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The section startirig with statement 1800 contains the assernbler code to clear the screen of the LOT 
terrniaal. 

590 
59 I 
592 
5? 3 
594 
595 
5 Y 6  
5?7 
5?8 
5 9 Y  
600 
601 
602 
603 
604 

The program is terminated. 

605 2000 STOP JOB 
606 END 

A sample printout is given below. 
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Appendix B 
THE TUBFIT PROGRAM 

The TIJBFIT program is written in FORTRAN IV, which is compatible with the FK4 compiler in a 
ModComp MAX 1V systerti processor.' It reads data from RAD file 37, which was recorded when the 
TUBKDC; program was run. Before running ?'UBFIT, three preparatory steps are required: the file should 
be allocated, the TUBRIX program should be run, and the prograin should be called up in the edit mode 
arid cataloged under another name, such as NEWFIT? so that the newly named program can tlien be edited 
and run without endangering the original TUBFIT program. 

It is most important that the dimensions of the arrays be correctly specified in lines 65 --79 and that the 
arrays shared with TUBRM; should 'nave identical dimensions. The conimented dimensioii statements in 
lines 44-60 indicate the necessary dimensions in ternis of the quantities defined in lines '7--- 36. Actually, 
the use of dimensions larger than necessary would no1 cause trouble if the computer capacity i s  not 
exceeded, except f i ir the first  dinzerzsions of READNC;, TMAGM, and PI-IASEM; these must be exactly as 
specified in lines 48 and 5 3 .  The term NPT is equal to the total riumber of properties (including defects). 
The user must also ensure that RAD files 21 and 31 have enough space l o  store the data t o  be recorded 
when the program is run. RAD file 29 must also be set up. However, if it  does riot contain the necessary 
coil data, the user will be prompted to type in whatever coil properties are needed; these data are used only 
for reference purposes and are not used in any of the calculations in t h i s  program. 

The data in lines 106---1 10 may need to  be changed. 'l'he terms LITEK :md LOTEK are the logical input 
and output units, respectively, for the terminal at whicli the operator works; LI is the logical input unit for 
typing in responses to the computer questions, and 2.011 is the hard-copy output line printer. The other 
parameter that may need changing is NUNIT, which selects the units to be used for the computer printout. 
1-6 NUNIT = I the output lengtlis will be in inches, and the defect voluine will be in cubic inches. If NUNIT 
'tf 2 the lengths will be printed out in millimeters and ttie volumes in cubic millimeters. It1 either case, thr 
resistivities will be in microhm-cm, and the permeabilities will be relative. 'The NFILIM value should be 
equal t o  the first number in the dimension statement of FILE 3'7. 

A listing and step-by-step analysis of the program follows. Various variables are defined in lines '7 ---36. 

29 
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N k: x 1 I'  (:I c: (:I I I .. . 
N k: x I T 1.) c: 11 1: I. . 

'The dimensions of various arrays are given in lines 39-41 for arrays of fixed diineiisions and symboli- 
cally in lines 44---60 for arrays whose dimensions may need to be changed. The actiial dirilensions for the 
latter arrays must be entered in lines 65-79. 

Various special variables and the common blocks are declared in lines 8 1-85. 
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'The RAD files are defined in l ~ n e s  87 97. 

Initial DATA values are entered in lines 100-121. Line 100 contains conversion constants, and lines 
181-103 contain priiitoiit words; these will not oidinarily need to be changed. Lmes 106 108 contain 
constants used in the computer proglam and defined in lines 7 36. 

Lines 118 and 113 contain NRT*NPT initial rnaleiial properties. scme of which wlll be changed when 
tlie program is run. The N l r  values of GAIN should be entered in line 120; NGRS initial values of 
cdibration gains and offsets should be entered in line 121; they wdl also be modified as the prograni is run. 
The MAG value should be 0 if a saturating magnet is not used; I if it i s .  

The date and tinie are read and printed at the LOU terminal. 



The coefficient data file index, NCOED, is incremented, and the data from FILE 37 are read. If the 
number of lines read exceeds the preset limit, NFILIM, which should be the same as the first dimension of 
FILE 37, subsequent calciilations will probably contain erroneous data. 'Therefore, control jumps to state- 
ment 855 to print an error message and t o  produce a choice of options, allowing the operator to stop the 
program and 

1 s 4  
135 
1 3 b 
I 3 ! 
138 
1 :31> 

1-10 
1 4 1. 
: I42 
1 4 3  
1 4 4  
1.4 5 
1 4 6 
147 
148  
1 4 r  
3. 50  
1 5 .l 
1 5 2  
153 
154 
155 
1.5 b 
:L 5 7 
158 
15Y 
160  
1 6 :l 
161 
163 
164 
:L65 
166 

c 
1; 
c1 RI  
c: 

3 0 

4 0 

5; 0 

check the input data and dimensions. 

The CIRCOL subroutine is called to read the data from FILE 29 for the coil named NPKOBE or to 
prompt the user to type in the coil data (see Appendix C for CIRCOL listing). 

The total number of defects, NDF(NS), in the NRI'1 rcgions of the NS sample is found. 

j. 7 3 L:: 
1 7 4  c 
I.?:.; [, 
:I ?A C: 
1. 7 ." 
:1 7 i l  
179 
180 
'1 8 1. 6 0 
1 (3 2 
1.8 3 I L1 
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The conversion factor, CVT, for the units is set, and the property index, NP, is initialized. 

The properties in the NR regions or the NP set o f  properties are set with data read from FJLE 37. All 
other properties not specifically overwritten at this time will remain as initialized in the DATA statenientr 
io lines 118 and 119. 

The date and time when the data in FILE 37 were taken are printed on the LOU output terminal. 
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'Lhe total shunt capacitaiices in the driver m d  pickup circuits are calculated. 

Statement 150 is used as a return point for a later option. If the variable NI'RIFJT = 1, then the 
properties in the various regions of each sample are printed on the LOU output terminal 

If NPKINI = 2 the phase and magnitude of the output voltage at each frequency are printed on the 
LOU output terminal. 



An index uscd to prevcnt repetition o f  cettain priiituuts. such as propetty Iicaclings, is NTABL. lf  
WRJNT = 0 ,  control diif'tts to statement 6.30, where various printout options are offelzd; IFNL'KIN T f 0, 
control shifts to statement 880, where options sre otfered to print out  data arid niea~iire unknown silmpler 

The propert y-fitting part of the prngrain staris liow. 

'T1ie first dimension of tlie PiiOP array, MSGTI, is set, and the second index, NPKOPT, L S  cl-ie&ed to 
see that it does not exceed the maxiinurn allowed value, NPROPM. 

Phe choices of property and region to  be studied are offered arid read; the properly narne, XP, and the 
units, UT, arc selected. Then tlie NPROPT column of the PROP array IS sei up. 

3 0 5 
305 
:5 0 7 
:i 0 il 
3 0 Y 
3 'L 0 
. I  I s. 
3 1. 2 
3 1. :1 
.3.I 4 
:s 3. 5 
-3 I 6 
3 1  7 
3 1 8 
3 1 '? 
3 I? 0 

'The type of polynomial is selected to fit the chosen property. The number of t e r m  in the polyrrortiial is 
IRDPII; the array specifying the terms is JPOL; the tirsl. index indicates whetlier the term is a Inagnitude or 
phase and specifies the type of function, its highest power, and the nirtnber of cross products; 1:he secund 
index specifies the frequency; the thitd index gives the property. The subset of .JPOL for the particular 
properly being fitted in 1 1 ~  current operation is NPOL. The subroutine POkTYY actually sets up the 
polynomial it1 the array called BOLARY. 
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By using the selected polynomial type, the instrument readings are expanded into the READNG array 
by calling the KDGEXP bubroutine. 'Phe working set of properties i s  PRO. 

The least-squares fitting o f  the READNG polynomial expansions to the PRO properties i s  done by the 
ALSQS subroutine. 

The sum nf squaies of the differences between the actual and calculated values of the pioperty, 
SSDFF, and the sum of squares of the drifts, SSDRIF, are initialled, and printout headings are written if 
NPMNT = 2. 
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The '"drift" is initialized for each property value. Loops are started to introduce a 0,01% error in a 
magnitude or a 0.01" error in a phase shift, the polynomial expansion with one erroneous reading is set up 
by calling the RDGbW subruutine, arid the "drifted" propetty value IS accumulated as SUM. 

The value of READNG (NP, IRDPRI) is the value of the NP property obtained by the least-squares 
fitting of the polytiomial by the subroutine ALsQS. Its difference from SUM is accumulated without regard 
to sign as DRIFT, and its difference from the actual value of the property, PRO (NP), is called DIFF. The 
squares of the differences and drifts are accumulated as SSDIFF and SSDRIF. 

If NPRINT = 2 the actual and calculated values of the property and the corresponding difference and 
drift are printed on the LOTEK and LOU output terminals. 

The rms values of the drifts and differences are calculated as SDRIF arid SDIFF; they would be the 
standard deviations o f  the drifts and differences if tlie distributions were normal. In any case, the nmie, 
region, and mis values of tlie selected property are printed on both output terminals, with the selected 
units, UT. 



If NF'RINT = 3 the least-squares coefficients of  the fit, C o b ,  are convelted to binary hexadecmal by 
the subroutine CONVR8 or CONVR9 (depending upon which Inicrocomputer IS being used) and then 
written on FILE. 31 The file index, NCOED, IS incrernented, and the property name is written on the 
PMUNAh4 array. 

414 
4 T' I- 

426 
427 
4 7 8  
429  
4 3 0  
43 1 
4 3 2  
433 
434 
435 
436 
437  
438 
439 
4 4 0  
4 4 1  
441 
44.3 
4 4 4  
445 
446  
4 4 7  

The unconverted coefficients of the fit are also written on FILE 21. Then the file index ICOl3F i s  set 
back so that the last written line of FKE 21 (containing STOP) will be overwritten the next time data are 
entered in FILE 21. Finally, the property index is incremented to  be ready for data for the next property. 

The operation to be perforrned next is selected. 
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Bf the last optiuti was selected, the property number i s  set back to tlic previous value, and coritiol jumps 
to statement 880, where anothei choice of  options is offered 

IT the v:tlue of NPIUNT was typcd in as 5, contiol is transferred to statmeiit 900, which termiriates the 
progiam. If NPRlNT is typed iri as 3 or 4, control jumps to statement 700 to take new readings from the 
eddy-current instrument. 

A loop is now started to take magnitude and phase ieadings (Tb1AGh.I and PIIASEM) to expand them in 
[lie chosen polynomials (JPOL) by calling the polynomial expansion subroutine (WGEXP), and to use the 
stored coefficients (COEF) with the polynomial terms of powers of the measurements (READNC) to 
calculate the properly values (PRO). The instrument readings are updated by calling tlie REALIAT sub- 
wutiae. The loop i s  continued by the test in Ime 521 until the foot pedal is depressed, which will set 
NSTOP to 0 and terminate the loop with the last calculated values of  tlie properties (PRO), magnitudes 
(TMAGM), and phases (PHASEM). 
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Appendix C 
THE SUBROUTINES 

GIKCOL 

The subroutine CIRCOL retrieves d;it,i f t ~ r  the coil n'imzd COLNAM fioni FILE 2.9 dnd transiers the 
data back to the main program in COMMON block 33 .  IF COINAM = 0 the operato1 will be asked to type 
in d six-charactei cod name. In any case, a search wlll be made thiough FJIX 29 for a coil nanied 
COLN/21\/1. I T  no such cud is found, the message in FORVAT statement 60 will be dtsplayed on the LOTEK 
terminal, and the operator's responses wdl be read at the LtTEK terrnmal. 

1. I: 
2 
3 c 
4 
5 
t 
7 
I3 
Y 

i o  
1. I 
12 
1 3  
14 
15 
16 
:t 7 
18 
1Y 
20 
2 1 

TOTAL. RECORDS WRI'I'TEN = 24 

$EN11 LIS'I 

READAT 

The READAT subroutine i s  not included in the listed program but i s  stored in the user library (UL) in 
binary object code. It controls the acquisition of data from the eddy-current instrument via the parallel 
data acquisition system of the computer (called MODAC for the ModConip IV computer). The data are 
stored in an array called MARRAY and converted to floating-point volts in line 51. As long as the foot 

pedal is held down, t t ie lest in line 53 will keep the control loopmg back to statement 30. When the pedal 1s 
released, the last values calculated for VOI,TS are returned to the main program. 

Foi a different computer system this subroutine would probably need to be rewritten, particularly the 
part in assembly language. The objective is lo return the NCHS instrument readings of magnitudes and 
phases at the various frequencies back to  the main program in the array called VOLTS. 

43 
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':) -5 

1 4 

26 
2 7 
20 
':) (7 
30 
31 
32  
3 3 
34 
35 
36 
:3 7 
38 
3 "r' 
4 0  
4 1. 
42 
4 3 
44 
4 !5 
46 
47 
48 
4 7  
5 0 

I 

-) c L. \.I 

CORRDG 

This subroutine takes the values of VOLTS for each channel from the main program, multiplies by the 
GAIN for that channel, adds the corresponding OFSET (offset), and returns the corrected value of VOLTS 
to the main program. 
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CALIB 

This subroutine automatically takes the calibration readings by calling the READAT subroutine with 
appropriate calling parameters to set the relay switches in the calibrator module. Actually, MADAT is 
called twice for each channel, with a delay after the first switching t o  allow the readings to settlr: down 
(primarily to  allow the low-frequency filters to  have sufficient discrimination time). The delay is produced 
by taking readings 1024 times in line 391 before callirig READAT again in line 392. The values of VOLTS 
rei urned from fZEADAT are called K W C  (calibration readings) before being returned to  the main program. 

For a different computer or a different instrument, this subrouti.ne would probably need to be rewrit- 
ten. 'This versiori is writ ten for an autoniatic calibrator module, whicti switches known phase shift al9d 

aitenuator networks into the circuit at the various frequencies by means of relays acf,iva.tetl by the program. 
If no automatic calibrator is available, this subroutine can be eliminated, the switching can be done by 
hand. and the data can be taken by the READAT subroutine when the foot pedal is pressed. 

u w x  
The RESET subroutine does ii least-squares fitting the NR1)=NCAL=NPHCAI,*NMCrCAT, calibbration 

readings for each of the NCIIS channels. It finds the best-fitting values of offset and gain to corrcct the 
latest calibration readings (RDCC) back to the values (RDGO) when (lie data in FII.,E 37 were taken. i t  
iises the formula 

RDGO = OFSET t GAIN*RDGC: , 



46 

'I'he best (least-squares) values of OFSET and GAIN t o  make this correction for each of the channels are 
then returned to  the main program with the standard deviations of the fits. 

:1 

J 
4 

6 
/ 
13 
9 

10 
11 
I2 
13 
14  
1. 5 
16 
17 
1. 8 
19 
20 
21 
2'2 

2 3 
24 
25 
26 
2 '7 
2 8  
29 
30 
31 
32 
3 3  
34 
35 
36 
3 7 
38 
39 
40  
41 

- 
I 

C 
c 
f.: 
0 

I: 
I:: 
0 
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SATMAG 

If ferromagnetic samples are being tested, a saturating electroinagilet is usually needed. It can be turned 
on and off by the computer by using the SATMAG subroutine. If the value of MAG is 0 in the call, the 
MODAC port 32 sends out an instruction to switch off the magnet; if MAG = 1 the magnet is switched on. 

I C  
2 SIJBRUU'I I NE SATMAG ( MAL; ) 
3 c  
4 c  IF- MAG z I r S A T L I K A T I N G  COIL IS SIJJTCHED ON rIF M A G  OrFIELT! IS 

6 1 :  
7 JNTEGER$2 IBIT 
8 IF(MAG.GT,l)GO IO 100 
4 I B I.I:MAGI8 192 

5 c  TLJRNED OFF,IF MAG,GT.I~ROUTINE RETURNS WI'rH NO n c . r i o N ,  

10 INLINE 
1 1  1-BPI v 2 I El I T THE: VAL.IJE O F  M A G ( 0  OR 1 )  I S  F'UT IN BIT 2 





CONVK8 

Floating-point numbers from the ModComp mjnicomputer are converted to the hexadecimal represen- 
tation of the floating-point binary used by the NUT-COMP8 microcomputer, which has an exponent and a 
high- and low-order mantisna. (The numbers converted here are not used directly by the microcomputer but 
rather by the minicomputer assembler program, which generates the program for the microcomputer.) The 
three parts of the hex number are returned in the NCONV array. It is written in the ModComp 1V assembly 
language.' 
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9:12 
9 3 3  
934 
7:Js 
93A 
93:' 
938 
737 
9 4 0  
94:1 
9 4 2 
743 
9 4 4  
7 (1 5 
744, 
9 4 7  
9413 
9.49 
9 5 0 
7 5 :I. 

7NlJM 

N F  X V l  

N t.1 :I 3. 

N I. [.J 3 

CONVK9 

Floating-point numbers from the ModComp minicomputer are converted to tlie hexadecimal represen- 
tation of the floating-point binary used by  ttie NDT-COMP9 microcomputer, which has an exponent and a 
high- and low-order mantissa. (The numbers converted liere are not used directly by (he microconipuier but 
rather by the ininiconiputer assembler program, which generates the program for the rnicrocampu(er.) The 
t h e  parts of tlie hex number are returned in the NCONV airay. It is written in the ModComp IV assernbly 
language. 

2 '-3 
24 
25 
2 6 
2 -7 
28 
2 Y 
:5 0 
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POLTYP 

Subroutine POL'1"fP constructs the FOEARY array for printing a representation of the polynomial 
expansion. The ENCODE instruction is a ModComp addition to standard FORTRAN, It is the equivalent of 
a WRITE statement, which performs an internal character transfer to specific positions to construct output 
"words." 

SHY 
5Y0 
59 1 
5 9 2  
5 4 3 
594 
-1 Y > 
596 
F;<j7 

598 
594 
600 
60 1 
b 0 2 
603 
604 
605 
606 
607 
608 
609 
610 
6 1  1 
6 3. 2 
61 3 
614 
6 1. 5 
b3. b 
h17  
618 
619 
620 
621 
632 
623 
624 

c . e- 

625 

626 
637 
628 
629 
630 
63  1 
632 
6 3 3  
634 
635 
636 



51 

R 5 3 
654 
A 5 3  
655 
657 
658 
6 5 Y  
6 6 0 
66 I 
6 h 2 
t63 
6 b 4 
665  

KUCBXP 

Subroutine K[>GEXP constructs the KEADNG array from a polynomial. expansion or various powers uf 
various functions of the magnitude and phase readings. 

'The "recipe" for the expansion is contained in the value of lOFSET and in the W O L  array (see Table 
C.1). Subroutine KDGEXP constructs 1 tie Mth row o f  the READNG array, which will have the following 
e~eanents(tola~ rRDPRM+ I): 1 , f I@rl) ,  ..., ~ 1 ( ~ 1 ) ] 2 ~ , , ~ 1 ~ ~ 1  j, ..., [gl(sl j ] ~ ~ , j ' l ( ~ w l j  iy,lpdjkt--J, ... 
~ ~ ~ ~ ~ ~ ) ~ ~ ~ i - - - ~ ~ ~ ~ ~ ~ ~ j ,  .-, Cfrl(fwp2))kn .- ' g f l (PJ*  0, ..., 0, where the numbcr o f z e m s  will equal flRDPKrM i- 
ip ~ tmw. If 101 T = 0 the leading 1 is omitted, and all other terms move one p13sitim left, addirig 
mother  0 a t  the right or making another f'unciion term available if rieerleti 

Table C.1. Function descriptive TciW parameters in the &POL array 

Parameter definitions, 
NPOL ( I ,  NF) Row I 

........... ~ _ _  ~ ~. ~.~ .................. ~ 

1 

2 

Function type for output voltage magnitude conversion" 

Maximum degree of polyncmial in the magnitude function 

3 Zcrob 

4 

5 

6 

lhait ion type for ourput voltage phase conversion' 

Maxinium degree of polynomial in the pilasc function 

Number of  cross terms between the magnitnde and phase functioii 

nl =linear ;  2 = logarithm; 3 = exponeritial;2 = inverse. 
b ~ f  value i o is inserted, an errof message results. 
CLogarithrn (2) is not allo\ved, since phase may be negativc 



.. 
L
 ... 

n
 

d
 

3
 

c.: 
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1. Modular Computer Systems, Inc., Ft. Lnuderdale, Fla., Reference Matzual, MAX II/IIi/IV System 
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Appendix D 
THE COLLDATA PROGRAM 

A sep.u,itz prograni called COILDATA LS u e d  10 list, ch~rige, o r  ~cld cod data on FILES 28 and 29. 
1.1 LE 28 contains the data for reflection and 111rougii-transrnission cods, FILE. 29 cuntarns data For encir- 
cling u r  inner-diameter coi~s.  

Befuie COILDATA i s  run, F [ U S  28 and 29 should be allocated a5 specified m lmes 7 and 8, -Also, the 
input terminal (LI), output terminal (LOU), and tbe line printer (I,P'I'j should be specified m line 9. 

The uszr is asked to choose between reflection coils (FILE 28) arid encircling cods (1'lW: 29) by typing 
KF,F o r  CIR respectively. If neither is typed, NF1I.E remains zero, and control returns to  statement 5. 

The procedural options are offered in statement 17, and several input and output formats are listed in 
lines 18 21. The options are read in line 22 and used in line 2 3 .  

The LIST option starts by initializing the file index (NCOIL) in statement 100. The proper data file is 
selected, read, and printed llrie by line in lines 28-45. The process is cycled through the complete file by 
line 46 until the end of the file is found in line 34, which causes coritrol to jump out of the loop and back 
to the list of options in  stdteinent 16. 
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The second (CHANGE) option allows the user to change the data in a specified line of the file, the om 
with index NCOIL, read from the terminal in statement 220. The new coil name i s  read as COIlN;  the 
proper file is selected in lines 55 and 56. The user is prompted to type in the data for the coil, and the data 
are read into the appropriate line of the file. 'The definitions of the encircling coil data are listed earliei in 
Table 3; corresponding definitions for reflection coils are given in another report.' 

The third option, to add data to  one of the files, sends control to statement 300, where the file index 
(NCOIL) is initialized. The NFILE file is then read through in the loop in lines 81 and 82 until the coil 
END is found. The coil index is decremented by 1 in line 83 to overwrite the data listed for the coil 
previously called END. 
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Statement 315 prompts the user to type in the new coil name; statement 317 tells how to stop the 
process. The value o f  NFlLE selects the data requested, which is then read from the terminal and written 
on the appropriate file. The prucess is looped back in line 106 until the coil name END is typed in, at which 
t h e  cotitrol jumps to statement 390, atid the final line of the file is written with coil name END followed 
by a number of zeros. The execution is then stopped. 

lllie fourth option (STOP) also causes control to  shift to statement 400 and stop execution. 

A printout of the data in FILE 29, the encircling coil file, is given below. In running other prograins the 
data for the chosen coil are read from the first line of the f i e ,  which had previously been changed to 
contain the data for that coil. Hence, the data for coil 1300-A appear twice. The initial "I" in the coil name 
iridicates an inner coil; an "E '  would indicate an ericirclirig coil. 

RBAR 

0I.3000 
0.16Y0 
o.:?yja 
0.3000 
0.3000 
0.3570 
(i..55'$5 
O.lfi90 
0.1670 
0.1770 

h 1 

0.9167 
(1.8876 
0.Yl4O 
0 .  Y 1 h i  
0.8867 
0 .  Y 4 V h  
0.7.300 
0 . 8 9 6 2  
0.Y083 
0.701/ 

1 . 0 7 0 0  
1.1164 
1 1 0Y47 
1 $ 1  1 2 7  

0 .  1 4 0 0  
0 4 6 ? U  9 
0. F19 1 7 
0.5780 
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