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[57] ABSTRACT 

An ultrasonic probe utilized in an ultrasonic ranging system 
for determining ?uid volume and/or ?uid leakage in an 
underground storage tank, as well as monitoring ?uid inven 
tory, is provided which is characterized by (i) having its 
calibration re?ectors positioned whereby each of the sec 
ondary echo packets formed by the calibration re?ectors of 
the ultrasonic probe becomes imbedded into the trailing 
edge of apn'mary echo packet of another calibration re?ec 
tor or to cause its secondary echo packet to be detected by 
the transducer after the transducer has detected a primary 
echo packet associated with the ?uid surface, (ii) each of the 
calibration re?ectors being positioned perpendicular to and 
offset from the longitudinal axis of the probe body, (iii) an 
ultrasonic sound wave dampening member ?xedly posi 
tioned in the probe body between the transducer assembly 
and the tank bottom, the wave dampening member having a 
surface facing toward the transducer assembly wherein the 
surface is con?gured to dampen sound waves striking the 
surface before the sound waves are re?ected from the 
surface, or (iv) the transducer assembly comprising a trans 
ducer body in which is housed a piezoelectric crystal ori 
ented perpendicular to the longitudinal axis of the prove 
body, wherein the transducer body is structured to dampen 
selected ultrasonic sound waves which emanate from the 

crystal. 

22 Claims, 16 Drawing Sheets 
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METHODS AND APPARATUS FOR USE IN 
ULTRASONIC RANGING 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates in general to systems and methods 

for determining ?uid volume, detecting ?uid leaks, and 
monitoring ?uid inventory in one or more tanks by the use 
of ultrasonics, and more particularly, as these systems and 
methods are applied to underground storage tanks (UST). 

2. Prior Art 
The need to accurately measure the volume of a ?uid in 

a vessel, such as an underground gasoline tank, has long 
been recognized. Perhaps the oldest, and, at least at one time, 
the most common way of determining the volume of fuel 
was to insert a gauge stick into the tank and read the height 
of the ?uid from the line formed on the rod by the fuel’s 
surface. However, this method only provides course esti 
mates of the volume that are no longer acceptable in meeting 
today’s environmental requirements. 

In an effort to overcome the various shortcomings of the 
gauge stick, other devices and methods have been tried. One 
of these is the use of ultrasonic ranging systems. Examples 
of the earlier ultrasonic ranging systems can be found in U.S. 
Pat. Nos. 3,113,456; 3,184,969; and 3,394,589. In these 
systems the transducer was placed above the fuel surface 
and measurements were made from the top of the tank to the 
fuel surface. This measure was then subtracted from the 
known distance of the bottom of the tank to the top of tank 
-to obtain the level of the fuel in the tank. From that 
calculation and the known geometry of the tank, the volume 
of fuel in the tank could be calculated. However, because of 
variance in the fuel surface level 'due to temperature ?uc 
tuations in the tank, variance of the speed of sound depend 
ing on the medium in which the sound waves were travel 
ling, as well as, the accumulation of water in the bottom of 
the tank, these systems could not provide the accuracy now 
demanded. 

In an attempt to overcome some of the di?‘iculties of these 
earlier ultrasonic ranging ‘systems, reference re?ectors were 
added to provide data which could‘ compensate for the 
environmental conditions within a fuel tank. In addition, the 
transducer began to be placed within the fuel rather than 
above the fuel in order to facilitate the determination of how 
much water had accumulated in the bottom of the tank. 
Examples of these systems can be found in U.S. Pat. Nos. 
4,170,765; 4,210,969; 4,337,656; 4,470,299; and 4,578,997. 
Although these systems represented an improvement over 
the prior art systems of that time, the combination of tank 
geometry, variations in the speed of sound through the 
propagation medium, the electronic circuitry, and the probe 
design still limited the performance of such systems. 

In 1988 the U.S. Environmental Protection Agency (EPA) 
?nalized regulations for underground storage tanks (UST) 
containing petroleum or other hazardous substances. The 
regulations established the requirement that release detec 
tion procedures for USTs must be implemented. In response 
to these regulations six general categories of release detec 
tion methods have been developed: tightness or precision 
testing, tank gauging systems, inventory control methods, 
ground-water monitoring, vapor monitoring, and interstitial 
monitoring. 
The last three categories are secondary methods; that is, 

the product release is detected via external sensors placed in 
the immediate area of the tanks and the piping system. This 
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2 
invention can work in conjunction with these secondary 
methods. On the other hand, the ?rst three categories for leak 
detection are primary - methods; that is, these methods 
provide direct evidence of the loss of a product. 

For inventory control purposes, these EPA regulations 
require that the system must make a gasoline level measure 
ment and interval temperature measurements so as to com 
pensate the inventory to a reference temperature (typically 
68° F.). correspondingly, the gasoline level and temperature 
must be measured to within 0.1" and 20° B, respectively. In 
addition, a system must be able to detect product losses as 
small as 0.1 gallons per hour. In a typical UST this last 
requirement means that the system must be able to detect 
differential changes in fuel level to within 0.0005 inches and 
differential changes in temperature within the UST to within 
0.005° F. 

These regulations impose extraordinary performance 
requirements on the accuracy, resolution and repeatability of 
the fuel level measurement. In order to obtain these perfor 
mance requirements, more recent ultrasonic ranging systems 
have modi?ed the reference re?ectors and signal discrimi 
nation electronics in the systems in an effort to better 
discriminate between the primary echo signals and the 
secondary echo signals created within the systems, as well 
as to better detect the exact time in which a primary echo 
signal is received. Examples of these systems are seen in 
U.S. Pat. Nos. 4,748,846, 4,805,453 and 4,984,449. 

However, even these most current prior art systems do not 
provide the performance nor the function capabilities nec 
essary to determine the fuelvolume in a tank, the leak rate 
from the tank, or maintain the inventory record for the tank 
being monitored as is required by the EPA. There still exists 
a need for an ultrasonic ranging system which can more 
accurately take into consideration the operating environment 
within a UST when making such measurements. 

OBJECTS AND SUMMARY OF THE 
INVENTION 

Therefore, one object of this invention is to provide an 
ultrasonic probe for use in an ultrasonic ranging system, as 
well as an ultrasonic ranging system and a method, which 
will accurately and repeatedly measure ?uid level and then 
the ?uid volume in a tank of known dimensions. 

Another object of this invention is to provide an ultrasonic 
probe for use in an ultrasonic ranging system, as well as an 
ultrasonic ranging system, and a method which will accu 
rately and repeatedly measure the ?uid leakage rate from a 
tank of known dimensions. 

Still another object of this invention is to provide an 
ultrasonic probe for use in an ultrasonic ranging system, as 
well as an ultrasonic ranging system, and a method which 
will accurately monitor the ?uid ?ow. 

Accordingly, an ultrasonic probe utilized in an ultrasonic 
ranging system for determining ?uid volume and/or ?uid 
leakage, as well as monitoring ?uid inventory, in an under 
ground storage tank is provided which is characterized by (i) 
having its calibration re?ectors positioned whereby each of 
the secondary echo packets formed by the calibration re?ec 
tors of the ultrasonic probe becomes imbedded in the trailing 
edge of a primary echo packet of another calibration re?ec 
tor or to cause its secondary echo packet to be detected by 
the transducer after the transducer has detected a primary 
echo packet associated with the ?uid surface, (ii) each of the 
calibration re?ectors being positioned perpendicular to and 
offset from the longitudinal axis of the probe body, (iii) an 



5,568,449 
3 

ultrasonic sound wave dampening member ?xedly posi 
tioned in the probe body between the transducer assembly 
and the tank bottom, the wave dampening member having a 
surface facing toward the transducer assembly wherein the 
surface is con?gured to dampen sound waves striking the 
surface before the sound waves are re?ected from the 
surface, or (iv) the transducer assembly comprising a trans 
ducer body in which is housed a piezoelectric crystal ori 
ented perpendicular to the longitudinal axis of the probe 
body, wherein the transducer body is structured to dampen 
selected ultrasonic sound waves which emanate from the 
crystal. 

Also provided are an ultrasonic ranging system for use in 
measuring ?uid level and leak detection in an underground 
storage tank cavity of known dimensions having an ultra 
sonic probe as described above, a transducer assembly 
positioned between the tank cavity bottom and the probe 
calibration re?ectors for transmitting a packet of ultrasonic 
sound waves within the ultrasonic probe and detecting 
primary and secondary echo packets re?ected from each 
calibration re?ector and from the ?uid surfaces, which is 
characterized by inclusion of electronic components which 
(i) permit transmitting the electrical signal from the trans 
ducer directly to a DAC prior to further processing or 
analysis, (ii) permit transmitting the electrical signal from 
the transducer directly to a FWR/LPF prior to further 
processing or analysis, (iii) permit transmitting the electrical 
signal from the transducer directly to a ADC prior to further 
processing or analysis, (iv) permit a synchronizer to simul 
taneously transmit a ?ring signal to a pulser and a start signal 
to a timer when the synchronizer detects the rising edge of 
a clock cycle, (v) permit a micro-controller to read a timer 
stopped when a threshold detector has detected a recti?ed, 
?ltered signal greater than a pre-detennined threshold volt 
age, (vi) permit a micro~controller to read a timer stopped 
when a zero-crossing detector has been enabled and has 
detected the ?rst zero-crossing signal after being signaled by 
a threshold detector that it detected an electrical signal 
greater than a set threshold voltage, (vii) permit an inverter 
to receive and invert the electrical signals originating from 
the transducer prior to their transmission to a threshold 
detector and/or a zero-crossing detector, or (viii) permit 
combinations of the above signal processing and analysis. 

Also disclosed is a method for determining the volume of 
a ?uid from a tank cavity of known dimensions utilizing an 
ultrasonic ranging system such as described above, charac 
terized by the inclusion of the steps of: (i) synchronizing the 
?ring signal and/or start signal from a synchronizer to a 
pulser and/or timer, respectively, with the rising edge of a 
clock cycle, (ii) amplitude adjusting by a DAC/ampli?er the 
electrical signals from the transducer, (iii) rectifying and 
?ltering by a FWR/LPF the primary echo packets associated 
with the ?uid surfaces, the tank bottom, and the calibration 
re?ectors to form primary echo envelopes, (iv) digitizing by 
a ADC the primary echo packets or primary echo envelopes 
associated with the ?uid surfaces, the tank bottom and the 
calibration re?ectors prior to their scanning by a microcom 
puter to detect the leading edge of each primary echo packet, 
or (v) (I) storing in the memory of a micro-controller 
preliminary TOF of the leading edge of each primary echo 
envelope associated with the ?uid surfaces, the tank bottom, 
and the submerged calibration re?ectors determined from 
scanning a low gain amplitude adjusted, recti?ed, ?ltered, 
digitized electrical signal and a high gain amplitude 
adjusted, recti?ed, ?ltered, digitized electrical signal, (2) 
enabling a threshold detector to scan for an electrical signal 
from a low gain amplitude adjusted, recti?ed, ?ltered elec 
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4 
trical signal for the purpose of detecting a voltage signal 
greater than a pre-determined threshold voltage, (3) enabling 
a threshold detector to scan the electrical signal from a high 
gain amplitude adjusted, recti?ed, ?ltered electrical signal 
for the purpose of detecting voltage signals greater than 
another pre-determined threshold voltage, (4) stopping a 
timer each time that the threshold detector detects a searched 
for electrical signal, (5) reading the time of each stop of the 
timer by the microprocessor, and (6) calculating from the 
read times and the known geometry of the tank cavity the 
?uid volume in the tank cavity. 

Further disclosed is a method for determining the ?uid 
leakage from a tank cavity of known dimensions utilizing an 
ultrasonic ranging system such as described above, charac 
terized by the inclusion of the steps of utilizing the prelimi 
nary TOF obtained in the ?uid volume measurements 
described above to set the periods of enablement of a 
threshold detector and a zero-crossing detector to scan the 
electrical signals originating from the transducer to detect 
the ?rst electrical signals after enablement greater than a 
pre-determined threshold voltage and to detect the ?rst 
zero-crossing after the detection of the ?rst electrical signals 
greater than the threshold voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The speci?cation and the accompanying drawings show 
and describe a preferred embodiment of this invention, but 
it is to be understood that this embodiment is not intended 
to be exhaustive nor limiting of the invention, but on the 
contrary is given for the purpose of illustration in order that 
others skilled in the art may fully understand the invention 
and the principles thereof and the manner of applying it in 
practical use so that they may modify and adapt it in various 
forms, each as may be best suited to the conditions of a 
particular use. 

FIG. 1 is a pictorial representation of a system of this 
invention as applied to an underground gasoline tank. 

FIG. 2 is a three-dimensional partially cutaway side view 
of the probe assembly. 

FIG. 3 is a cross-sectional view of the probe body 
illustrating the position of a calibration rod relative to the 
longitudinal axis of the probe body. 

FIG. 4 is a top view of a preferred embodiment of the 
bushing assembly used to vertically position the probe body. 

FIG. 4a is a side view of the preferred embodiment of the 
bushing assembly shown in FIG. 4 

FIG. 5 is an exploded view of a preferred embodiment of 
the transducer assembly having a back-ranging trap. 

FIG. 6 is a cross-sectional view of the preferred embodi 
ment of the transducer assembly shown in FIG. 5. 

FIGS. 7 and 7a are comparative cross-sectional views of 
a portion of the ultrasonic probe of the prior art compared to 
this invention illustrating the meniscus e?fect on the ?uid 
surface as its level crosses a calibration re?ector. 

FIG. 8 is a representative cross-sectional view of a 
preferred embodiment of the ultrasonic probe illustrating the 
positioning of the calibration re?ectors within the ultrasonic 
probe and tank cavity wherein the ?uid level is between 
calibration re?ectors R8 and R9. 

FIG. 9a is a block diagram illustrating the various opera 
tive relationships between the micro-controller, the synchro 
nizer, clock, pulser, transducer, DAC, ampli?er, FWR/LPF, 
and ADC used in making the various possible low resolution 
?uid volume measurements and determination of the leading 
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