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V I  ABSTRACI' 

An ultrasonic linear measurement system uses the travel 
time of surface waves along the perimeter of a three-di- 
mensional curvilinear body to determine the perimeter 
of the curvilinear body. The system can also be used 
piece-wise to measure distances along plane surfaces. 
The system can be used to measure perimeters where 
use of laser light, optical means or steel tape would be 
extremely difficult, time consuming or impossible. It 
can also be used to determine discontinuities in surfaces 
of known perimeter or dimension. 

14 Claims, 10 Drawing Sheets 
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also be used to determine discontinuities of surfaces of 
known dimension. ULTRASONIC LINEAR MEASUREMENT SYSTEM 

The invention described herein was made in the per- 
formance of work under NASA Contract NO. NAS 5 
8-33708, and is subject to the provisions of Section 305 
of the National Aeronautics and Space Act of 1958, as 
amended (42 U.S.C. 2457). NASA signed a patent 
waiver (NASA Patent Waiver W-2697, NASA Case 
MFS-28, 266-1) for the invention on Sept. 26, 1988. 

BACKGROUND OF THE INVENTION 

BRIEF DESCRIPTION O F  THE DRAWINGS 

For a further understanding of the nature, objects, 
and advantages of the present invention, reference 
should be made to the following detailed description, 
taken in conjunction with the accompanying drawings, 
in which like reference numerals denote like elements, 

FIG. 1 is a side view of a Space Shuttle System com- 
prised of an orbiter 3 mated to an External Tank 2 to 
which two solid rocket motors 5 (one shown, one oppo- 
site) are attached. 

FIG. 2 is an exploded view of the external tank 
shown in FIG. 1. 

FIG. 3 is a perspective view of sensor assemblies of 
the present invention attached to a section of the exter- 
nal tank. 

FIG. 4 is a perspective view of a cabinet housing 
electronic equipment in accordance with the present 
invention. 

FIG. 5 is a perspective view of a wedge which is 

lo and wherein: 

1. Field of the Invention 
The invention relates to measuring apparatus, and 

more particularly to length measuring apparatus. 
2. General Background 
The External Tank 2 (FIGS. 1 and 2, of the 

l5 

System is a very large cryogenic tank with a 
relatively thin wall. Tank 2 is generally made of welded 
aluminum (2219) and is nominally 331.000 inches in 2o 
diameter (86.656 feet or 1,039.867 inches in circumfer- 
ence). The wall of tank 2 is nominally 0.200 inches thick 
(4% of the thickness of its diameter). If tank 2 were 
reduced proportionally so that its diameter were equal 25 shown in use in FIG. 10. 

half the thickness of the soft drink can wall. External 
Tank 2 comprises a number of cylindrical barrel sec- 
tions 4 and dome structures 6 which are welded to- 
gether. Because of the thinness of the wall, the penme- 3o 
ters of two barrel sections 4 which are to be welded 
together must be manufactured within close tolerance 
(k0.02 percent). If not, the out-of-tolerance section 4 

proposition. 
The current method Of perimeter measurement Of 

tanks such as tank 2 involves using a steel tape. The steel 
tape is pulled with constant tension around the surface 
to be measured. Care is taken to ensure that the tape 
remains in the same measurement plane. The tempera- 40 
ture is determined using a hand-held surface probe. 
Several measurements of the surface temperature are 
taken and averaged to determine the nominal tempera- 
ture. The measurement is then corrected to account for 
the difference between the nominal temperature and 45 
some reference temperature. It normally takes approxi- 
mately one hour to perform the steps necessary to ob- 
tain one measurement. Anomalies in the steel tape used 
for the measurement and defects in the surface to be 
measured can adversely affect the measurement. Since 50 
the measurement is technique-dependent, it is difficult 
to maintain a high degree of repeatability without sig- 
nificant nus, using a steel tape, it is &fflcult to 
obtain a repeatable and measurement of the 
perimeter of an External Tank section 4. 

to that Of a Soft drink Can, the tank 2 Wall Would be one FIG. 6 is a perspective view of a wedge which is 
to that shown in FIG. 5. 

FIG. 7 is a bottom view of a wedge which is shown 

FIG. 8 is a perspective view of another wedge in 

FIG. is a perspective view of another wedge in 

in FIG. 9 in accordance with the present invention. 

accordance with the present invention. 

accordance with the present invention. 
may have to be discarded, which is a very expensive FIG. 10 is a sectional view of the system shown in 

35 FIG. 3. 
FIG. 11 shows a return waveform produced by the 

apparatus of the present invention. 
FIG. 12 shows the of FIG. 11 displayed 

over a shorter time interval. 
FIG. 13 is a plan view of a reference standard in 

accordance with the present invention. 
FIG. 14 is an end view taken along lines 1614 of 

FIG. 13. 
FIG. 15A is a side view of a sensor assembly in accor- 

dance with the present invention. 
FIG. 15B is a side view of a sensor assembly in accor- 

dance with an alternative embodiment of the present 
invention' 

FIG. 15C is a side view of a sensor assembly in accor- 
dance with another alternative embodiment of the pres- 
ent invention. 

FIG. 15D is a sectional view of a sensor assembly in 
accordance with yet another alternative embodiment of 

FIG. 16 is a schematic diagram showing the intercon- 
nection of various components of the system of the 
present invention- 

55  the present invention. 

SUMMARY O F  THE INVENTION 
m e  present invention comprises a system for using 

ultrasonic waves to make linear measurements. The FIG. 17 shows the system of the present invention 
system is particularly useful for making perimeter mea- 60 being used to measure the perimeter of an External 
surements of curvilinear surfaces, but can also be used Tank section. 
to make linear measurements of plane surfaces. More- FIG. 18 is a view similar to FIG. 17 showing the 
over, the system can be used to make linear measure- system of an alternative embodiment of the present 
ments where the use of conventional measuring means invention in use. 
would be extremely difficult or even impossible. It can 65 FIG. 19 is a perspective view of the sensor assembly 
measure perimeters having lengths of more than loo0 shown in FIG. 18. 
inches, as well as shorter lengths. In piecewise fashion, FIG. 20 is a cut-away view taken along lines 20-20 
it may be used to measure unlimited distances. It may of FIG. 19. 
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FIG, 21 is an end view of a curvilinear object whose 
perimeter can be measured with the system of the pres- 
ent invention. 

FIG. 22 is a side view of another embodiment of the 
sensor assembly of the present invention. 

FIG. 23 is a an end view showing the sensor assembly 
of FIG. 22 in use. 

ment of the sensor assembly of the present invention. 

transducer 15 acoustically contacts second surface 52 of 
ultrasonic wedge 13. 

Surfaces 51 and 52 are relatively oriented such that 
ultrasonic waves emitted or received by ultrasonic 

5 transducer 14, when it is in acoustic contact with sur- 
face 52 of wedge 12, generate or detect Surface waves 
which travel on the surface of a body when surface 51 
is in acoustic contact with the surface Of the body. 
Wedges 12 and 13 are relatively oriented such that 

10 ultrasonic waves emitted by transducer 15, when it is in 
acoustic contact with surface 52 of wedge 13, generate 
surface waves which travel on the surface of a body in 
a desired direction relative to (such as opposite to) that 
of surface waves generated by transducer 14 when it is 

FIG. 24 is a sectional view of the preferred embodi- 

FIG. 25 is a detail thereof. 
FIG. 26 is a view of a clamp used with the 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

assembly shown in FIG. 24. 

15 in acoustic contact with surface 52 of wedge 12. 
A preferred embodiment of the present invention is a 

portable ultrasonic linear measurement system compris- 

portable temperature Sensor assembly 20, and a portable 

Clamps l6 and 17 pressure between housing l1 
wedges l2 and 

fluid between first sur- 

and the wall oftank section 4, 
ing a portable ultrasonic sensor assembly 10 (FIG. 3), a 

datahignal processing assembly 30 (FIG. 4). Multiple 2o faces 51 Of wedges l2 and l3 and the 
systems may be used concurrently to make a multiplic- 
ity of simultaneous measurements in various 
sions. 

l3 between housing l1 and the Of tank section 4. 

Of tank 
There is preferably a 

tion 4 to ensure that surfaces 51 acoustically contact the 
wall of tank section 4. There is also preferably a cou- 
pling fluid between second surfaces 52 and ultrasonic 
transducers 14 and 15 to ensure that the transducers 14 

25 and 15 and the wedges 12 and 13, respectively, remain The portable data processing assembly 30 (see FIG. 

and four Of which are shown in connect ultrasonic transducers 14 and 15, respectively, FIG. 4) and containing all datahignal processing equip- to ultrasonic transceiver ment. For example, an ultrasonic transceiver 40 sits on Portable temperature assembly 2o (FIG. 3) 
shelf 32. Ultrasonic transceiver 40 comprises a main- 3o comprises a temperature 21 and a toggle clamp 

low. A timer 44 sits on shelf34 A computer 45, includ- temperature is to be monitored, which, in FIG. 3, is the 
ing data and a wall of tank section 4. A cable 23 interconnects temper- 
keyboard 47, sits on shelf 35, which slides out of cabinet 35 ature sensor 21 and data acquisition unit a. T ~ ~ ~ ~ ~ ~ -  
31 to make to the computer 45 and keyboard 47 ture sensor 21 is preferably a responsive, sensitive, high 
easier. A data acquisition unit 48 for temperature mea- accuracy device such as a resistance tempera- 
surement sits on shelf 37. One Or more of components ture device (of suitable durability). There may be many 

44p 459 and 48 may be combined into a sing1e$ more such assemblies 20. Nominally there are four assemblies 
compact device. 

Portable ultrasonic sensor assembly 10 Comprises a FIG. 6 shows an alternative embodiment of a wedge 
sensor housing 11 in which Ultrasonic wedges 12 and 13 in accordance with the present invention. Wedge 60 has 
(see FIG. 10) are disposed. Sensor housing 11 comprises a first surface 61 for acoustically contacting a subject 
sections (for example, two sections 28 and 29) which are surface area of a body to be measured and a second 
individually Or collectively adjustable with respect to 45 surface 62 for acoustically contacting a transducer, such 
one another. Sections 28 and 29 have holes and slots, as transducer 14 or 15. Wedge 60 also has a heel 63 
respectively (not shown in the drawings), through projecting perpendicularly outward from adjacent first 
which bolts 26 and 27 Pass, securing housing 11 to surface 61. Heel 63 has a surface 64 which abuts against 
clamps 16 and 17. Wedges may be temporarily Or Per- an end of a body whose length is to be measured. Heel 
manently affixed to each housing by various means (for 50 63 acts as a means for assisting in the orientation of 
example, adhering, clamping, screwing) and disposed at wedge 60 relative to the surface of the body. Wedge 60 
various angles relative to each other including 0". For can be used to determine the length of finite length 
example, screws 25 may extend through holes in sec- surfaces, such as semicylinders or plates. The operation 
tions 29 and 28 and internally threaded spacers 24 ex- of wedge 60 will be described below. 
tend between vertically aligned screws 25. Wedges 13 55 Wedge 80, shown in FIG. 8, is another embodiment 
and 12 are placed between or affixed to sections 28 and of a wedge in accordance with the present invention. 
29 of housing 11, and threaded cylinders 24 are rotated Wedge 80 has a first surface 81 for acoustically contact- 
in a direction which draws sections 28 and 29 together, ing a subject surface area of a body to be measured, 
clamping wedges 12 and 13 therebetween, thereby fix- second surface 82 for acoustically contacting an ultra- 
ing the positioning of wedges 12 and 13 180" relative to 60 sonic transducer 84, and a third surface 83 for acousti- 
one another. cally contacting an ultrasonic transducer 85. 

Ultrasonic wedges 12 and 13 each comprise a wedge Surfaces 81 and 82 are relatively oriented such that 
50 (shown in more detail in FIG. 5) having a first sur- ultrasonic waves emitted or received by ultrasonic 
face 51 for acoustically contacting a subject surface area transducer 84, when it is in acoustic contact with sur- 
of a body to be measured and a second surface 52 for 65 face 82, generate or detect surface waves which travel 
acoustically contacting an ultrasonic transducer. An on the surface of a body when surface 81 is in acoustic 
ultrasonic transducer 14 acoustically contacts second contact with the surface of the body. Surfaces 81 and 83 
surface 52 of ultrasonic wedge 12 and an ultrasonic are relatively oriented such that ultrasonic waves emit- 

4, comprises a portable cabinet 31 having 32-37 in acoustic contact with each other. Cables 18 and 19 
38 (Only 

frame 41 and a 42 having a 22, which Serves as a means for maintaining the temper- 
ature Sensor in thermal contact with a structure whose a, the purpose Of which be described be- 

56j a printer 559 a 

40 used for most measurements. 
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ted by transducer 85, when it is in acoustic contact with 
surface 83, generate surface waves which travel on the 
surface of a body in a desired direction relative to (such 
as opposite to) that of surface waves generated by trans- 
ducer 84 when it is in acoustic contact with surface 82. 

Another embodiment of a wedge in accordance with 
the present invention, wedge 90, is shown in FIGS. 7 
and 9. Wedge 90 comprises a block 98 having a first 
surface 91, a recessed transmission chamber 72, a reser- 
voir 71, a vent 75, and fluid passageways 73 and 74 
providing fluid communication between reservoir 71 
and recessed transmission chamber 72. Vent 75 is re- 
cessed further into block 98 than is recessed transmis- 
sion chamber 72, and provides a means for allowing air 
bubbles to escape from recessed transmission chamber 
72 through passageway 74. Reservoir 71, vent 75, and 
fluid passageways 73 and 74 may be recessed in any 
surface as may be advantageous, based on the desired 
orientation of block 98 with respect to gravity. A cover 
plate or cap for reservoir 71 may be added. 

When wedge 90 is to be used on rough surfaces, 
rubber or other sealing means may be provided on sur- 
face 91 to maintain couplant within the area of wedge 
90. 

Wedges 80 or 90 may additionally comprise a heel, 
such as heel 63, or other means of edge reference. Re- 
cessed transmission chamber 72 may be omitted from 
wedge 90. Wedges 50, 60, 80, 90 may include certain 
characteristics as described in any of the other wedges 
as the application requires. 

Block 98 has disposed therein recesses 96 and 97 in 
which are disposed cylinders 94 and 95, respectively. 
Cylinders 94 and 95 are capable of being indexed with 
respect to block 98. A second surface 92 of wedge 90 is 
present on cylinder 94 and a third surface 93 of wedge 
90 is present on cylinder 95. Cylinder 94 and recess 96 
act as a means for relatively orienting first surface 91 
and second surface 92, and cylinder 95 and recess 97 act 
as a means for relatively orienting first surface 91 and 
third surface 93. Surfaces 92 and 93 may be oriented 
with respect to surface 91, at any angle between some 
minimum and maximum. 

6 
ence standard whose dimensions are well known, and of 
relative scale to, and constructed of the same material as 
an object whose length or perimeter is to be measured. 
The velocity of acoustic waves in the material can be 

5 determined by using the measuring apparatus of the 
present invention to measure the amount of time it takes 
the acoustic waves to traverse these dimensions. The 
velocity thus determined can be used to determine the 
length or perimeter of the object to be measured. 

FIG. 15D shows a sensor assembly 310 comprising a 
sensor housing 111 and two wedges 312 and 313, which 
comprise wedges 80. Bolts 324 affrx a calibrated caliper 
323 to sensor housing 111. Wedge 313 is affrxedly at- 
tached to housing 111. Wedge 312 is attached to caliper 

l5 head 321 by spacer 329, which extends through a slot 
328 in housing 111. Caliper head 321 has a display 322 
on the top thereof. Means for manual or automatic 
vernier adjustment of the position of wedge 312 is pro- 
vided. For example, a threaded rod 327 may be thread- 

2o edly disposed in a nut 325 afilxedly attached to guide 
326 from housing 111, and is rotatably attached to 
spacer 329. Movement of caliper head 321 along caliper 
323 and tank section 4 may be effected by rotating rod 

25 327. Caliper head 321 also comprises an automatic posi- 
tion-sensing means which detects the position of wedge 
312 and displays the position on display 322. It may also 
send position information to computer 45. Wedges 90 
could be substituted for wedges 80. 

Sensor assembly 340 (FIG. 15A) is similar to sensor 
assembly 310, except that wedge 313 is replaced with 
wedge 60, and wedge 312 is replaced with wedge 50. 

Sensor assembly 350 (FIG. 15B) is similar to sensor 
assembly 310, except that wedge 50 replaces wedge 313. 

Sensor assembly 410 is similar to sensor assembly 350, 
and sensor housing 411 is similar to sensor housing 111. 
Sensor housing 411 additionally comprises a heel 463 
for referencing housing 411 against the end of an object 
to be measured. 

The preferred embodiment of the sensor assembly of 
the present invention, assembly 510 (FIG. 24), com- 
prises a sensor housing 511 and wedges 512 and 513. 

10 

3o 

35 

40 

Wedges 50, 60, 80, and 90 preferably are made of -%%le wedges 80 are shown as wedges 512 and 513, 
acoustic grade clear acrylic plastic, a material well- they could be replaced by any of the above-mentioned 
known in the industry and often used for acoustic 45 wedges. Sensor housing 511 is positioned on the surface 
wedges. of tank section 4 by gravity or mechanical means such 
FIGS. 13 and 14 show a reference standard 140. Ref- as clamps (FIG. 26) which comprise two Jaws 541 

erence standard 140 comprises a number of reference and 544, a tongue 542, release mechanism 547, and han- 
lengths 131-138. Each reference length comprises three dles 545 and 546. An ablative material such as plytetra- 
reference thicknesses 141,142, and 143. Each reference 50 fluor*thYlene (mm) spacer 543 prevents tongue 542 
length 131-137 also comprises an acoustic barrier from coming into contact with and damaging tank sec- 
(151-157) whereby a slot is cut between a reference tion 4. A PTFE bolt 551 and hand-adjustable nut 552 
length 131-137 and the reference length (132-138) adja- adjustably space jaw 544 from tank section 4. Jaw 541 is 
cent it. Acoustic barriers 151-157 may be cut at either attached to housing 511. A positioning assembly 520 
end of reference standard 140. It may also be cut at both 55 comprises means for optimizing the angle between the 
ends of the reference standard as required for direction- transducers 514, 515, 518, and 519 and tank section 4 
ality. By way of example, reference standard 140 could and means for relatively orientating the axes of wedges 
have a total length of 130.000 inches (i scale), each 512 and 513, for example, the X, Z ,  and Z-rotation axes. 
barrier 152-157 having a length of 16.250 inches, barrier There may be a Z-translation stage 521, an X-translation 
151 having a length of 8.125 inches, and each reference 60 stage 522, a goniometer 523 and a wedge attachment 
length differing from the previous length by 32.500 means 524 attached to each of wedges 512 and 513. 
inches, each thickness 141,142, and 143 having a width Wedge attachment means 524 (FIG. 25) comprises two 
of 2.000 inches with thickness 143 having a reduced brackets 529 and 530 joined by a screw 527 and a nut 
width of 1.900 inches on each length 132-138 along and 528 which adjust their lateral displacement. A screw 
beyond acoustic barriers 151-157, each thickness 141 65 526 secures brackets 529 and 530 to the base of goniom- 
having a height of 0.500 inches, each thickness 142 eter 523. Hand-adjustable screws 525 (some not shown) 
having a height of 0.320 inches, and each step 143 hav- rotate/translate positioning assembly 520 in housing 
ing a height of 0.200 inches. One could provide a refer- 511. 
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When the ultrasonic linear measurement system of Transducer 14 transmits a plurality of waves 100, 
the present invention is not in use, ultrasonic transduc- adjacent waves 100 being spaced far enough apart in 
ers 14 and 15 and wedges 50, 60, 80, and 90 may be time such that a wave 102 corresponding to a first wave 
stored in a transducer case 49 on shelf 36 of portable 100 generated by transducer 14 is detected by trans- 
cabinet 31, and the remainder of ultrasonic sensor as- 5 ducer 15 before the next wave 100 is transmitted by 
semblies 10, 310, 340, 350,410, 510, temperature assem- transducer 14. 
bly 20, and cables 18, 19, and 23 may be stored on shelf The measurement program in computer 45 deter- 
33. A bottle 53 containing acoustic coupling fluid 54 mines the constant for the speed of ultrasonic surface 
may be stored in cabinet 31 on shelf 36. Thus, all corn- waves for the type of material making up tank section 4. 
ponents of the ultrasonic linear measurement system of 10 It obtains a number of individual temperatures from 
the present invention can be contained in cabinet 31, data acquisition unit 48 (which received the tempera- 
which can be transported to the site where it is needed. tures from sensor 21 via cable 23) and calculates their 

In operation, when it is desired to measure the perim- average. It sets the correct signal level such that wave 
eter of tank section 4, one wheels cabinet 31 to the form 104 will be detectable by timer 44, based on the 
location of tank section 4. One places ultrasonic assem- 15 characteristics of the tank section 4 (approximate length 
bly 10 in acoustic contact with the wall of tank section and type of material) and the average temperature. It 
4, as shown in FIG. 3. Temperature assemblies 20 (usu- obtains a multiplicity of samples, for example one hun- 
ally four) are placed in thermal contact with the wall of dred, each sample consisting of the measured time inter- 
tank section 4. val between generation of wave 100 by ultrasonic trans- 

When tank section 4 comprises 2219-T87 aluminum, 20 ducer 14 and the receipt of wave 102 by ultrasonic 
wedges 50 preferably are approximately 2.070 inches transducer 15. It deletes out of range samples, and ad- 
long, 1.475 inches high, with an angle of 63.40” between justs the measurement for temperature, shift and trigger 
surfaces 51 and 52, and may comprise part No. 57K0878 point, distance between transducers 14 and 15 and other 
made by Stavely NDT Technologies; tranducers 14 and offsets and corrections. It then plots average tempera- 
15 are preferably 1 MHz transducers, such as part No. 25 ture and average length, then it prints the time, signal 
57A8311 made by Stavely NDT Technologies; opti- strength, length, temperature, standard deviation, and 
mum acoustic coupling can be achieved by using demin- number of samples used. 
eralized water between wedges 50 and tank section 4, Detailed information about the software used in the 
and heavy viscosity ultrasonic couplant between present invention, including a copy of a program, can 
wedges 50 and transducers 14 and 15. 30 be found in Appendix A attached hereto. Detailed in- 

Once assemblies 10 and 20 are placed in acoustic formation about the hardware can be found in Appen- 
contact with the wall of tank section 4, an operator 70 dix B. 
(see FIG. 16) informs computer 45, via keyboard 47, to FIGS. 18, 19, and 20 show a portable ultrasonic sen- 
begin operations. The computer communicates with sor assembly 110 which is similar to, and can be used 
timer 44, data acquisition unit 48, and transceiver 40 to 35 instead of, portable ultrasonic sensor assembly 10. It can 
perform diagnostic testing of each individual unit and be used to determine the propagational velocity of, and 
the entire system for proper operation. Computer 45 to measure the perimeter of, a curvilinear body, such as 
then communicates with each unit to load the proper tank section 4. Portable ultrasonic sensor assembly 110 
front panel settings for the particular part number or is advantageous in that only the relative offsets of the 
test article under test. The sensors 20,10, are then tested 40 wedges used need be known. Additionally, the velocity 
for proper operation. The average temperature is deter- of surface waves on the surface of tank section 4 can be 
mined and printed. Computer 45 communicates with determined at the same time that the distance is being 
mainframe 41 of ultrasonic transceiver 40. Mainframe measured, as will become apparent shortly. 
41 causes ultrasonic transducer 14 to generate ultrasonic Transducers 114 and 215 (not shown in FIG. 18) are 
acoustic waves 100 (see FIG. 10) in wedge 12 and initi- 45 placed in acoustic contact with surfaces 92 and 93 of 
ates timer 44 measurement through display output 43. wedges 112 and 113 (each of which comprises a wedge 
Waves 100 may be either longitudinal or transverse. 90 as shown in FIGS. 7 and 9), respectively. Wedges 
The relative orientation of first surface 51 and second 112 and 113, which could alternatively comprise 
surface 52 of wedge 50 is such that the ultrasonic waves wedges 50, 60, or 80, are placed a predetermined dis- 
100 produce ultrasonic surface acoustic waves 101 on 50 tance apart. Wedge 113 is clamped to sensor housing 
the surface of tank section 4 (as used herein, “surface 111 in the same manner that wedges 12 and 13 are 
acoustic waves” or “surface waves” shall be understood clamped to sensor housing 11 and wedge 112 is attached 
to describe both the theoretical Rayieigh surface wave to caliper head 321 through spacer 329. Wedges 112 and 
and the practical Lamb waves associated with thin 113 and housing 111 are placed in acoustic contact with 
plates). Surface waves 101 travel on the surface of the 55 tank section 4 with clamps 116 and 117 with first sur- 
wall of tank section 4 in the direction of arrows 103 (see faces 91 of wedges 112 and 113 in acoustic contact with 
FIGS. 10 and 18). When waves 101 reach wedge 13, the surface of tank section 4. Acoustic coupling fluid 
they generate ultrasonic acoustic waves 102 in wedge (preferably demineralized water) is used to acoustically 
13. Ultrasonic waves 102 are detected by mainframe 41 couple surfaces 91 with the surface of tank section 4. 
through transducer 15. The relative strength of return- 60 The coupling fluid is preferably poured into reservoir 
ing ultrasonic wave 102 is detected by transducer 15. It 71 after wedges 112 and 113 are clamped to tank section 
is conditioned and amplified by mainframe 41 and is 4. Surfaces 92 and 93 of wedge 112 are oriented relative 
displayed as waveform 104 on display 43 in the form of to surface 91 of wedge 112 such that the signal strength 
voltage (vertical) as a function of time (horizontal). of the ultrasonic waves is maximized. This can be done 
Waveform 104, and specifically peak 106 (FIG. 12) of 65 by trial and error by starting with surfaces 92 and 93 
spike 105 (FIGS. 11 and 12) is used by timer 44 to deter- near the theoretically determined optimum angle with 
mine the time of propagation of waves 100,101, and 102 respect to surface 91 and varying the relative angles of 
from transducer 14 to transducer 15. surfaces 92 and 93 until the signal strength is at a maxi- 
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10 
mum. This normally takes only a few moments. The ducer 114, and dividing the known, predetermined and 
same optimization technique is then performed using incremental distances by that time interval. 
wedge 113. Optimization takes place by alternating . The perimeter of tank section 4 is determined by 
between wedges 112 and 113 until no further optimiza- measuring the time interval between transmission of the 
tion is necessary. The positions of wedges 112 and 113 5 ultrasonic waves 205 in wedge 113 by transducer 215, 
are then locked to prohibit inadvertent movement dur- and reception of wave 204 by transducer 114 in wedge 
ing measurements. Offsets are entered into the com- 112, and multiplying that time interval by the experi- 
puter. mentally determined velocity and correcting for certain 

Once the proper angle between surface 91 and each other constants (such as distance between wedges 112 
of surfaces 92 and 93 has been determined and locked in 10 and 113). 
place, measurement of the perimeter of tank section 4 One could use a wedge 80 (FIG. 8) or 90 (FIG. 9) 
begins. An ultrasonic wave 205 is generated by ultra- without a sensor housing. For example, one could at- 
sonic transducer 215, which is in acoustic contact with tach cables 18 and 19 to ultrasonic transducers 84 and 85 
third surface 93 of wedge 113. This ultrasonic wave (see FIGS. 22 and 23), respectively. A single wedge 80 
travels through wedge 113 and generates a surface 15 would act as the transmitting and receiving wedge, the 
wave 202 on the surface of tank section 4. Surface wave ultrasonic wave being generated at surface 82 and de- 
202 travels in the direction of arrow 203 to wedge 112, tected at surface 83. The wedge 80 could be placed in 
where it generates an ultrasonic wave 204 which travels acoustic contact with a surface (such as tank section 4) 
through wedge 112 and is detected at surface 92 of whose perimeter is to be measured with one's hand or 
wedge 112 by ultrasonic transducer 114, which is in 20 other mechanical means (such as clamp 17). The opera- 
acoustic contact therewith. Wedge 112 is then moved tion otherwise would be similar to the system using 
an incremental distance from wedge 113 by rotating rod wedges 12 and 13. 
327 and the previous steps are repeated. This process A three-dimensional curvilinear body 210 is shown in 
takes place a multiplicity of times until the differential end view in FIG. 21. One can readily see how difficult 
velocity measurements converge statistically within the 25 it would be to measure the perimeter of body 210 with 
required measurement tolerance. All the data is then a steel tape. Using the system of the present invention, 
statistically analyzed and corrected for relative lateral the perimeter of body 210 can be measured as easily as 
and angular position of the wedges. The velocity of that of tank section 4. 
surface waves on the surface of tank section 4 is calcu- In view of the numerous modifications which could 
lated by statistically analyzing the incremental time 30 be made to the preferred embodiments disclosed herein 
intervals between transmission of the ultrasonic waves without departing from the scope or spirit of the present 
205 in wedge 113 by transducer 215 and detection of the invention, the details herein are to be interpreted as 
ultrasonic waves 204 in wedge 112 by ultrasonic trans- illustrative and not in a limiting sense. 
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APPENDIX A 

A. 1 SOFTWARE OVERVIEW 

A.3 SOFTWARE DESCRIPTIONS 

A.3 SOFTWARE LISTIXGS 

1 .O Softwarc Ovcrvicw - 
Thcrc arc four main programs that arc executed by the main computer; 

' .~utosr' .  'DGNOS2'. 'FPSMOD', and 'TCC70.F'. Thc programs included here are subject 
to  change without notice and are inrendcd to generally convey the measurement 
process srrucrurc rather than focus on thc specific commands. The software \vas 
u.rittcn in a Hewlerr Packard version of thc BASIC programming langua._ce IHP 
Basic) for use on an 85B person31 computer that has a'vanced programming and 
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1/0 ROMs installed. The complete program listing fr;llows this more generai 
d e s c r i p t i o n .  

1 .1  A u t o s t  

Designated as 'Autost', this program is automatically started ( A u t n m a t i c a l l ~  
- started) on power-up. It initiates executim of the rest of the programs and sets 
the system time and date. 

1.2 DGSOSZ 

Designated 'DGNOS2', the program indicates the : e:ond major revision o i  
the program designed to perform the system diagnostics ( D i a G  N 0 S tics u). 
Included in the software are the communications, calibration, command string 
ana operation verification checks. 

1.3 FPSMOD 

Designated 'FPSMOD', the program was desiglied to handle data base 
inquiries, modifications. deletions. and additions, generaLy described as front 
panel setup modifications (Front Panel Setup M ODi f i ca t i  . l i*: . ;  

1.4 TCC704A 

Designated 'TCC704'. the program was designed to perform the measurement 
and remotely control the individual pieces of equipment involved in the 
measurement process. I t  includes a timer correction constant introduced in the 
1987 major revision 04 a i m e r  Correction Constant - 1981 major revision w. 

2.0 Software Description 

The following is a general description of the individual subroutines and 
main drivers that form each program. The line numbers refer to the line on 
which the subroutine besins. Thcy are also indicated in the prosram printout by  
the hand marked lines. 

2.1 

2.1.1 

2.1.2 

9.2 

A u t o s t  

Main driver 

Line # DescriDtion 
10 Des igna t ion  
20 Configurat ion:  monrh-day-year- t ime 
30 In i t i a l i za t ions  
120 System time clock and date 
190 transfer of control to DGNOS3 

S u b r o u t i n e s  

N o n e  

DGNOS2 
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2.2.1 Main driver 

Line ## 
10 
20 
30 
130 
133 
240 
3 90 
580 
750 
860 
970 

DescriDtion 
Des igna t ion  
Configurat ion:  month-day-year - t ime 
Address definitions 
Array definitions 
In i t i a l i za t ions  
Check communications port  
Check data acquisition equipment  {temperature sensors) 
Check timer equipment 
Check ultrasonic transceiver 
Transfer of control to TCC704 
Error Messages gS transfer of  control 

2.2.2 S u b r o u t i n e s  

2.2.2.1 Parallel interface (HPIB) 

Line # Descriution 
1 100 Switching and Handshaking test 
1370 Status bit test 
1490 Error messages & transfer of control 

-.-.-.- 7 7 3 - ,  D3t3 Acquisition Equipment (HP 3421Xj 

Line # 
1600 
1800 
1920 
1980 
2160 
2190 
2350 
241 1 

Dcscrinrion 
Initialization test 
Configuration test 

ReI3y test 
Reference junction test 
General setup test 
Status word acquisition 
Status word printing 

R A 51 - R 0 M - A D  t e s t 

2.2.2.3 Timer Equipment (HP 5335.4) 

Line Y Descrintion 
2420 Ser id  Poll status check 
2550 In i r ia l iza t ion  
2710 S e I f D i aSn o s t i c s 

-.-.,.-r 3 , 7 9 4  L'ltrasonic Equipment (QC 2000) 

Line +# 
3890 
4140 
4180 
4610 
4860 
4950 
5040 
5200 
53 80 

Desc ri D t i on 
Configuration check  
Error messages and transfer of ccnrrol 
Print status bytes 
Automatic Gain Control 
Initial display setup (5000 ms window) 
Measurement display setup (50 LIS v,*indow) 
Bit masks for gain control 
Check for signal level 
Error message and transfer of c - 7 ,  I 
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16 
5430 
5530. 
5600 
5660 
5710 
5790 
5 840 
5970 
6060 
61 10 
6300 
6410 

Store new setup 
Program module 
Store in memory block 1 
Recall current setup 
Recall setting in memory block 1 
Lock out front panel controls 
Set sweep length 
Set blocking delay to center signal in display (50 ms window) 
Set divisor for echo or thru beam modes 
Get 100 time samples 
Check for samples within set tolermces 
Sort measurements and delete ones out of tolerance 

2.2.2.5 General use 

Line # Description 
4260 Part number data entry format 
4420 Part number check and search 
4530 EPIB Reset 

2.3 FPShIOD 

3.3.1 &lain driver 

Line tt 
10 
70 
30 
110 
30 1 
308 
3 22 
410 
5 10 
640 
760 
sso 
1000 
1070 

Description 
D e s i g n a t i o n  
Conf igura t ion :  month-day-year- t ime 
I n i t i a l i z a t i o n s  
Str ing array definitions 
Array def ini t ions 
In teger  def ini t ions 
Real number definitions 
I n i t i a l i z a t i o n s  
blain Menu 
Change Menu 
Add Menu 
Print Menu 
Program -completion and transfer of control 
Error m e s s q e s  and rrclnsfer of control 

2 - 3 2  S u b r o u t i n e s  

2.3.2.1 General use 

Line 3 
1100 
1210 
1310 
1440 
1680 
1780 
1840 
1980 
2160 
2370 
2460 

Description 
Part  number formatting 
Part number check and seirch 
Part number delete 
Part number add 
Part  number print 
Sensor  combination change'- 
Sensor  combination add 
Sensor  combination print 
T imer  configuration change 
Timer status check 
Timer  configuration store 
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3050 
3210 
3460 
3700 
3880 
4160 
4270 
4390 
4480 
4730 
4820 
4910 
5070 
5250 
5300 
5400 
5470 
5530 
5580 
5660 
5710 
5760 
5810 

52900 

18 
Timer status print 
Data Acquisition status check 
Data Acquisition status print 
Data Acquisition add 
Data Acquisition configuration store 
Timer  configuration decode 
Ultrasonic  configuration ch -nge  
Ultrasonic status byte print 
Ultrasonic program byte pri I 
System configuration data stc l*r ge (on tzpe) 
Automatic Gain Control 
Initial display setup (5000 -s 1. indow) 
Measurement display setup ( 0 Ins window) 
Bit masks for gain contr i 
Check for  signal level 
Error message and transfer rf control 
Store new setup 
Program modulc - 
Store in memory block 1 
Recall current setup 
Recall setting in memory block 1 
Lock out front panel controls 
Unlock front panel controls 
Set sweep length 
Set blocking delay to ccnter Ligna1 in display (50 ms window) 

2.4 TCC704 

2.3.1 Main driver 

Line # 
-1 0 
20 
30 
90 
3 10 
550 
570 
1160 
1590 
1710 

Descrintion 
Des igna t ion  
Conf igura t ion :  month-day-year - t ime 
In i t i a l i za t ions  
Str ing array definitions 
Array de fin i t i ons 
In teger  definit ions 
Real  number definitions 
Initializations (see also 7560) 
Load system configuration 
Measure length 

2.4.2 S u b r o u t i n e s  

2.4.2.1 General use 

Line # D e  scri D t i  on 
1790 System operation verification axA ' 5 : .sor checks 
2000 Perform measurement  
2240 Timer  configuration load 
2340 Error messages and transfer of control 
2380 Data Acquisition configuration load 
2470 Error  messages and transfer of control 
2520 Ultrasonic configuration load 
2750 Error messages and transfer of control 



2790 
2870 
3000 
3170 
3430 
3520 
3720 
3780 
3860 
3 940 
4000 
41 10 
4170 
4320 
43 60 
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20 
Ultrasonic program byte print 
Par t  number formatting 
Part number check and search 
Measurement statistics print 
Measurement  session terminatic , verification 
Graphics  print: screen. seconds ' nches histogram 
Close files and terminate prograr . 
Time and measurement data set : - i t  
Reset HPIB 
Determination of graph vert' ;& ' /h\lrizontal position 
Graph print and clear, point s e i  
Graph vertical shift 
Temperature (RTD) conversion tr. centigrade 
Temperature conversion - centigiade to Fahrenheit 
Individual RTD conversion - resistance to Fzhrenheit 

3.0 SOFTWARE LISTIXG 

30 

35 

40 

45 

50 

55 

60 

65 
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5828 GljSUB 5536 ! F I N R L  SETUP 
5e38 RETURN 
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12.18 F l = R 2  
1258 ON ERROR COT0 1440 ! EOF 

1iGG N E X T  R 2  
1776 CLEAR @ KEY LRBEL 12 RETURN 



26-50 I F  S4StSlSC65,943 THEI.  . . 
T "DHTfi B A S E  LOHOING Ei?; ... 2 

2668 C L E A R  E! RETURN - -. .- - -. I - .-. I '2 : 

EX 



I F  LEEI!RS)#l THEN RO=R%C1,1 
3 ! FORMhT 
528C17+N,  17+N7=RSCl.- 13 
NEXT Fl  
FOF: t4=7 TO 12 STEP 3 ! F R U M  
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RET U f? E! 

i CHHNGE-QCZOBB FROtiT F N L  
GOSClB 1 1813 ! FOEP1HTffEHF;C E 
[ r iF  KEY# 2 
OFF KE'C# 3 
OFF KEY# 4 
! POLL FOE STATUS 
SET TIMEOUT 3;10898 
ON TINEOIJT ? GOTO 1 6 9 4  
P = S P O L L < 9 9 4 >  
I F  F # B  THEN EETIJRN 
GOSUB 5589 ! CHK STRTIJS 
G O S U B  571 8 ! ljEILiii:# 
OUTPUT 983 ; "DRQ" 
D I S P  "CHRt4GE FROElT PAMEL E:: 

1 

DESIRED"  j "THEN PRESS K1" 
Ot4 KEY# 1 r "STORE" GOTCI 4070 
ON KEY# B,'' Q U I T  " IlOTO 425: 
B 
KE'Y LHBEL 

4180 P R I N T  'SFOLL STATCIS B*i'TE";D 

4488 
A 4 1 8  
442so 
4430 
4440 
4458 
4460 
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3553 PRINT B PRINT 12 F P I N T  I? PF! 
NT 
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.11PENDIX B 

HARDWARE 

The company that manufactures the ultrasonic equipment 
listed below has changed hands several times since 1 9 8 4 .  In 
1 9 8 4 ,  they were Automation Industries; in 1 9 8 5  they became 
Automation Industries, Sperry Products Division; in 1 9 8 7  

they became Qualcorp, Automation/Sperry Division; and in 
March 1 9 8 8  they were purchased by Stavely NDT Technologies 
arid are now referred to as Stavely NDT Technologies. 

Part No. Description Manufacturer 
3056DL Data Acquisition System Hewlett Packard 
5335A Universal Timer/Counter Hewlett Packard 
85B Personal Computer Hewlett Packard 
22271 Platinum RTD RdF Corp. 
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Part Eo. 
QC2000 
50D1029 
50D1128 
50D1130 
SOD1 14 0 
50D1141 
50D1142 
5QD1143 
5001 15 3 
50D1155 
SOD1158 
50D1310 

The 
options 

Description Manufacturer 
Ultrasonic Transceiver Stavely NDT Technologies 
PR Buffer/Sweep Stavely NDT Technologies 
System Timing Stavely NDT Technologies 
Display Sequencer Stavely NDT Technologies 
Front Panel Controller Stavely NDT Technologies 
General Purpose Receiver Stavely NDT Technologies 
General Purpose Pulser Stavely NDT Technologies 
System Controller Stavely NDT Technologies 
Mainframe Stavely NDT Technologies 
A-scan Display Stavely NDT Technologies 
Analog 1/0 Stavely NDT Technologies 
Digital 1/0 Stavely NDT Technologies 

\ 

Hewlett Packard equipment was procured with most 
factory-installed. A high stability time base 

(option OlQ), expanded HPIB control (option 0401, and set of 
rear panel connectors (option C10) were included with the 
533SA Timer. An advanced programming ROM (00085-150051, ROM 
drawer (82936211, and HPIB interface (82937A) were later 
added to the computer. The 3056DL Data Acquisition System 
was procured as a 3421A mainframe, software, and certain 
options including two ten-channel multiplexers with 
thermocouple reference and connector block (option 022) , 
HPIB interface (option 2011, deletion of the cabinet and 
locking drawer (option 4 0 0 ) ,  and 120 Volt/60 Hz operation 
(option 326). The only part of the 3056DL software that WES 
used was the routine for converting the F.TD resistance 
values to temperature. 

The ultrasonic transceiver mainframe (50D1153) was 
factory modified to provide convenient rear panel 
connections for the transmitting and receiving sensors (mod. 
# 50K5889). The System Timing module (50D1128) was factory 
modifiecl to provide a four-fold increase in the blockin5 
delay and sweep delay ranges required for this application 
(mod # 50K5888). The Analog 1/0 (50D1158) is of no use in 
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this application. Instead, the vertical display output 
signal coming directly from the mainframe (Y video input to 
the display) is tapped and fed to the timer where it is used 
to determine propagation time. The transducers are stock 
items. 

The ultrasonic wedge (wedge 50) dimensions were based 
on Staveley NDT Technologies standard part number 57A9195 
and similar parts. Optimization of surface wave propagation 
and detection required variation of angle and length. It 
also required close-tolerance machining of wedge angle. 

What is claimed as invention is: 
1. A method of measuring a subject surface length of 

a three-dimensional curvilinear body, the method com- 
prising the steps of: 

(i) initially placing the transmitter a first distance 
from the receiver; 

(ii) generating a first surface wave on the surface of 
the body using the ultrasonic transmitter; 

(iii) detecting receipt of the first surface wave with 
the ultrasonic receiver; 

(iv) measuring the time period between generation of 
the first wave by the transmitter and detection of 
the first wave by the receiver; 

(v) moving the transmitter relative to the receiver a 
measured distance such that the transmitter is a 
second distance from the receiver; 

(vi) generating a second surface wave on the surface 
of the body using the ultrasonic transmitter; 

(vii) detecting receipt of the second surface wave 
with the ultrasonic receiver; 

(viii) measuring the time period between generation 
of the second wave by the transmitter and detec- 
tion of the second wave by the receiver; 

(ix) determining the surface wave velocity by divid- 
ing the measured distance by the difference be- 
tween the time period measured in step (viii) and 
the time period measured in step (iv); and 

8.  A method of measuring a subject surface length of 
a three-dimensional curvilinear body, the method com- 

(i) initially placing the transmitter a first distance 
from the receiver; 

(ii) generating a first surface wave on the surface of 
the body using the ultrasonic transmitter; 

(iii) detecting receipt of the first surface wave with 
the ultrasonic receiver; 

(iv) measuring the time period between generation of 
the first wave by the transmitter and detection of 
the first wave by the receiver; 

(v) moving the transmitter relative to the receiver a 
measured distance such that the transmitter is a 
second distance from the receiver; 

(vi) generating a second surface wave on the surface 
of the body using the ultrasonic transmitter; 

(vii) detecting receipt of the second surface wave 
with the ultrasonic receiver; 

(viii) measuring the time period between generation 
of the second wave by the transmitter and detec- 
tion of the second wave by the receiver; 

(ix) determining the first surface wave velocity by 
dividing the measured distance by the difference 
between the time period measured in step (viii) and 
the time period measured in step (iv); 

25 prising the steps of: 

30 

35 

4 

45 

(x) determining the subject surface length by multi- 50 
plying the time period measured in step (iv) by the 
velocity determined in step (ix). 

2. The method of claim 1, wherein the body to be 
measured is an enlarged cylindrical body, and the mea- 55 
surement is of the perimeter of the cylindrical body. 
3. The method of claim 1, wherein the subject surface 

length exceeds 120 inches. 
4. The method of claim 3, wherein the subject surface 

5. The method of claim 4, wherein the subject surface 
length exceeds 480 inches. 
6. The method of claim 5, wherein the subject surface 

length exceeds 960 inches. 
7. The method of claim 1, wherein the surface wave 

travels from the transmitter to the receiver without 
reflection. 

length exceeds 240 inches. 60 

65 

(x) moving the transmitter relative to the receiver an 
Nth measured distance such that the transmitter is 
an (N+ 1)th distance from the receiver; 

(xi) generating the Nth surface wave on the surface of 
the body using the ultrasonic transmitter; 

(xii) detecting receipt of the Nth surface wave with 
the ultrasonic receiver; 

(xiii) measuring the Nth time period between genera- 
tion of the Nth wave by the transmitter and detec- 
tion of the Nth wave by the receiver; 

(xiv) determining the Nth surface wave velocity by 
dividing the Nth measuring distance by the differ- 
ence between the Nth and N-1)th time periods 
measured in step (xii); and 

(xv) repeating steps (x) through (xiv) a plurality of 
times such that the statistical result of the velocity 
values converges within a specified tolerance; and 

(xvi) determining the subject surface length by multi- 
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plying the time period measured in step (iv) by the 
statistical result of the velocity values determined face length exceeds 120 inches. 
in step (xv). 

9. The method of claim 8, wherein the body to be surface length exceeds 240 inches. 
measured is an enlarged cylindrical body, and the mea- 
surement is of the perimeter of the cylindrical body. surface length exceeds 480 inches. 

10. The method of claim 8, wherein the surface wave 
travels from the transmitter to the receiver without surface length exceeds 960 inches. 
reflection. * * * * *  

11. The method of claim 8, wherein the subject sur- 

12. The method of claim 11, wherein the subject 

13. The method of claim 12, wherein the subject 

14. The method of claim 13, wherein the subject 
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