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Conventional liquid-level gauging systems have a sensor with a reflector mounted in a tube extending above a transducer and
which Is filled with liquid to the same height as outside the tube. The reflector provides a reference reflection against which
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reflection from the ligquid surface can be calibrated. The present invention Is less prone to thermal stratification effects by having
multiple reflectors and a processor that calculates liquid height from the ratio of the difference between the arrival times of pulses

reflected from the two uppermost submerged reflectors and the difference between the arrival times of pulses reflected from the
surface of the liquid and the uppermost submerged reflector.
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Abstract of the Invention

Conventional liquid-level gauging systems have a sensor with a reflector mounted in a tube
extending above a transducer and which is filled with liquid to the same height as outside the
tube. The reflector provides a reference reflection against which reflection from the liquid

surface can be calibrated. The present invention is less prone to thermal stratification effects by
having multiple reflectors and a processor that calculates liquid height from the ratio of the
difference between the arrival times of pulses reflected from the two uppermost submerged

reflectors and the difference between the arrival times of pulses reflected from the surface of

the liquid and the uppermost submerged reflector.



LIQUID-LEVEL GAUGING

Background of the Invention

This invention relates to liquid-level gauging,

The invention is more particularly concerned with ultrasonic liquid-level gauging

sensors and systems.

Ultrasonic liquid-level sensors utilize the fact that ultrasonic vibrations travel {reely in a
liquid but are rapidly attenuated in air or other gas. If an ultrasonic transducer is mounted on
the base of a liquid reservoir so that it directs energy up towards the liquid/air interface, the
energy will be reflected back down to the transducer by this interface. By measuring the time
taken between transmission and reception of an energy pulse, it is possible to measure the

distance between the transducer and the liquid/air interface and, from this, the depth of liquid.

It is common practice for ultrasonic transducers of this kind to be mounted at the lower
end of a tube that extends from the bottom to the top of the liquid reservotr. The tube is open
at the bottom so that liquid fills the tube to the same depth as in the reservoir outside the tube.
The tube serves several purposes. It helps isolate the transducer from other sensors or sources
of interference. It also confines the ultrasonic beam, so that it is directed only at the region of
the liquid surface directly abOQe the transducer. Furthermore, the tube produces within it a

region of liquid surface that is substantially damped of waves.

Another advantage arising out of the use of the tube is that it is easy to provide a
reference height, by mounting some form of reflector at a known height within the tube. In this
way, the transducer will receive a reflection from the liquid surface and one from the reference
reflector against which the liquid height can be calibrated. This enables the ultrasonic gauging
system to compensate for different liquids having different acoustic propagation properties and

for temperature variations which can affect ultra-sound propagation. An example of an
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ultrasonic probe having a tube of this kind is described in,

for example, EP 0106677. In this previous arrangement, the

reflected pulse from the reflector below the liguid level is

used to provide an average 1ndication of the velocity of

'

sound in the fluid below that reflector. This 1ndication of

the average velocity 1s used, 1n conjunction with the time

of travel of pulses reflected from the liguid surface, to
calculate the fluid height. Although this does take into
account variation in acoustic propagation of fluids, 1t does
not produce accurate results where there 1s considerable

stratification of the fluid. 1In alrcraft applications, for

example, the fuel remaining in a tank after a flight may be

at a very low temperature. On refuelling, with warmer fuel,

this will lie above the cold fuel and will have very

different acoustic propagation properties. Taking the

average of the acoustic velocity within the fuel below the

uppermost submerged reflector will not, therefore,

necessarily give a very accurate 1ndication of the acoustic

propagation properties for the fuel above the reflector.

Brief Summary of the Inventlon

It is an object of the present invention to

provide an improved ultrasonic liquid-level gauglng systemn.

According to one aspect of the present 1nvention
there is provided a liquioa-level gaugling system i1ncluding an
1ltrasonic liquid-level sensor and processing means, the
sensor including an ultrasonic transducer mounted towards a
lower end of the sensor and arranged to direct ultrasonic
energy generally upwards through the liquid, a plurality of
reflectors mounted one above the other along the sensor such
that each reflector submerged 1n liquid reflects ultrasound
energy back to the transducer, and the processing means

being arranged to identify reflections from an uppermost two
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of the submerged reflectcrs and to measure the height of the

ligquid above the uppermost of the submerged refliectors from

F

the times of arrival of pulses reflected from the liqgquid

surface and the two uppermost submerged reflectors.

The processing means may be arranged to calculate
the height of the liquid from the ratio of the difference
between the arrival times of pulses reflected from the two
uppermost submerged reflectors and the difference between
the arrival times of pulses reflected from the liquid
surface and one or other of the two uppermost submerged

reflectors. The sensor may include a tube extending

upwardly above the transducer that 1s arranged to be filled
with ligquid to the same height as ligquid outside the tube,
the reflectors being studs that project through the wall of
the tube. The system may include means to energize the
transducer to produce bursts of ultrasonic energy having
durations that are longer when liquid level 1s high than
when liguid level i1s low. The system may 1nclude means to
energize the transducer to produce ultrasonic energy having
an amplitude that i1s greater when liguid level 1s high than
when liquid level is low. The processing means may have a
higher gain when liguid level 1s high than when liquid level

1s low.

According to ancther aspect of the present

invention there 1is provided a method of liquid-level gauging

including the steps of: energizing an ultrasound transducer

submerged in liguid to produce bursts of ultrasound energy

upwardly towards the liquid surface and toc a serilies of

reflectors mounted at kncown fixed positions and spacings

above one another along the entire length of an elongated

sensor; receiving ultrasound energy reflected from the

ﬁ

liguid surface and submergesd ones of said reflectors;

P B

identifying reflections from an uppermost two of the
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submerged reflectors and the liquid surface, and calculating

the height of liquid from the spacings of the reflectors and

the times of arrival of pulses reflected from the liquid

surface and the two uppermost submerged reflectors.

The calculating step preferably i1ncludes measuring
the ratio of the difference between the arrival times of the

pulses reflected from the two uppermost submerged reflectors

and the difference between the arrival times of pulses

reflected from the liqu.d surface and one or other of the

two uppermost submerged reflectors.

Such a system and method, can provide an accurate

ligquid level measurement in situations where there 1s severe

stratification of the liguailid at the bottom of the tank

because the
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height is measured above the uppermost submerged reflector and is based on the propagation
properties of liquid in the zone immediately below this reflector which in most cases are very

similar to those in the zone immediately above the reflector.
A fuel-gauging system for an aircraft including an ultrasonic sensor, in accordance with
the present invention, will now be described, by way of example, with reference to the

accompanying drawings.

Brief Description of the Drawings

Figure 1 is a side elevation view of the system;
Figure 2 is an enlarged sectional side elevation view of the sensor; and
Figure 3 illustrates signals received in the system.

Detailed Description of the Preferred Embodiment

With reference to Figure 1, the sensor 2 is mounted vertically in a tank 4 of an aircraft
containing liquid fuel 6. The sensor 2 is supported by two clamps 8 and 10 which are secured
to the upper and lower end of the sensor respectively and to the wall of the tank 4. The drive
signal to the sensor and its electrical output are taken from the lower end of the sensor via a
cable 12 to a control unit 13 including a fuel gauging computer which computes the volume of
fuel from the height information provided by the sensor and from knowledge of the tank shape.
The output from the control unit 13 is supplied to a display 14, or other utilization means,

which may be in terms of either volume or mass if a density input is provided.

With reference now also to Figure 2, the sensor 2 comprises a tubular assembly 15 and

a base assembly 16 mounted at the lower end of the tubular assembly.

The tubular assembly 15 is up to about 2 metres and has an external diameter of about

25mm. The assembly is made up from a cylindrical tube 30 of metal, such as aluminium, which
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has a wall thickness of about 0.5mm and a coated layer 32 on its inside of an acoustically-
absorbing plastics material such as a two-part polysulphide or similar plastics material. The
thickness of the layer 32 is not critical and is typically about equal to the wall thickness of the
tube 30, being between about 0.4 to 0.5mm. The layer of acoustically-absorbing material could
instead be applied to the outside of the tube although the improvement this produces 1s not as
great as for an internal layer. The coating can be carried out by any conventional technique
such as by pouring the coating material in a liquid form though the tube. At its upper end, the
assembly 15 is closed by a metal cap 33 soldered to the tube 30. At its lower end, the assembly
is open to fuel within the tank 4 through four equally-spaced slots 34 around the lower end of
the tube 30. Ten reference reflectors 101 to 110 (only five of which are shown) are mounted
one above the other in the tubular assembly 15. The reflectors 101 to 110 are short rectangular
stubs of metal or other acoustically-reflecting material and project horizontally across about one

third of the diameter and are equally spaced from one another along the probe.

The base assembly 16 includes an inner support structure 60 with a tubular sleeve 61
that embraces the lower end of the tube 30, the sleeve having slots 62 that align with the slots
34 in the tube. At its upper end, the support struc'ture 60 has a radially-extending tlange 63.
On one side, this is secured with the tube 30 by means of a metal strap 64 which is brazed to
the outside of the tube at one end and is bolted to the flange 63 at its other end. A mounting
bracket 65 projects vertically from the flange 63, this being attached to the clamp 10 at the
lower end of the sensor. At the lower end of the base assembly 16 there is a transducer
assembly 66 which comprises a mounting plate 67 and an ultrasonic transdu cer 68 potted onto
the underside of the plate with an acoustically-absorbing plastics 69 such as polysulphide. The
transducer 68 is positioned on the axis of the tube 30 and its wires 70 extend into a terminal
block 71, the hollow space around the wires being pdtted with a plastics material that is slightly
conductive electrically, such as a polysulphide with a dispersed conductive powder. This
provides a safety leakage path with a resistance of the order of several thousand ohms to

prevent charge built-up in the event of damage to the sensor 2. The mounting plate 67 is of a
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plastics material such as polyphenylene sulphide and its thickness 1s such that it enables the axial
beam of energy from and to the transducer to pass through the plate without substantial
attenuation. The plastics material of the plate 67, however, with the potting material 69, acts as

an acoustic isolator, isolating the transducer from the tubular assembly 135.

The base assembly 16 is completed by a cylindrical outer cover 72 which encloses the
structure 60 and the transducer assembly 66. Apertures 73 towards the lower end of the cover
72 allow fuel to flow into and out of the base assembly 16, and hence, into and out of the

tubular assembly 15.

In use, the processing unit 13 energizes the transducer 68 with electrical pulses that
cause the transducer to emit ultrasonic energy bursts of generally sinusoidal form with a
frequency of about 1MHz and a burst repetition frequency of about 1 second. The number of
electrical pulses supplied to the transducer 68 varies according to the height of fuel in the tank
4, A greater number of pulses are supplied to the transducer 68 when there 1s a large amount of
fuel in the tank than when the fuel height is at a low level so that the duration of ultrasonic
energy transmitted by the transducer reduces with a fall in the height of fuel. Because the
ability of the processing unit 13 to distinguish reflected pulses from noise depends to a large
extent on the length of the bursts of energy received by the transducer, the longer bursts
maximize this ability at greater depths where the amplitude of the received signals will be
reduced. At lower depths, where the signals received by the transducer 68 will occur very
shortly after transmission, there would be a risk of thé beginn_ing of the reflected burst
overlapping the end of the transmitted burst, making it difficult or impossible to identify the
start of the reﬂécted burst accurately. By shortening the bursts at low heights, the separation
between the end of the transmitted burst and the start of the reflected burst is maximized and
hence the ability of the system accurately to id’entify low level pulses is improved. The
amplitude of the transmitted energy may also be varied according to liquid level so that the
strength of the transmitted energy is increased for high levels of fuel and reduced for low levels

of fuel. Similarly, the gain of the receiving amplifier in the processing unit 13 may be varied
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with liquid height so that a higher gain is used for the weaker received signals reflected from

higher level fuel surfaces.

The ultrasonic energy is directed vertically upwards, along the axis of the tubular
asssembly 15. Each burst of ultrasonic energy travels axially up the assembly 15 within the fuel
6 until it meets the interface with the air or gas in the tank 4 above the fuel. At this point the
energy burst is reflected downwardly back to the transducer 68. The transducer 68 will also
receive an echo signal arising from reflection from those of the reflectors 101 to 110 which are
submerged. These echo signals provide calibration signals, against which the echo from the
liquid surface can be calibrated, as described below. The coating 32 on the inside of the
assembly 15 reduces considerably the amount of energy transferred from the fuel within the
assembly to the wall of the assembly and the amount of energy transferred from the wall to the
fuel. This leads to a considerably cleaner output signal, that is one with far less spurious noise,

than would be produced by a metal tubular assembly that did not have a similar coating.

When the fuel surface lies between the fourth reflector 104 and the fifth reflector 105,
the signals received by the transducer 68 will resemble those shown in Figure 3. The signals
comprise four relatively low amplitude bursts B1 to B4, produced by reflection from the
reflectors 101 to 104, and one higher amplitude signal produced by the reflection the fuel
surface. The times of reception of the bursts B1 to BS are designated T1 to TS5 respectively.
Because the location of the reflectors 101 to 104 is known, each of the bursts Bl to B4 1s
associafed with a reflection from a known height. The processing unit 13 computes the height h
of the fuel above the highest of th.e submerged reflectors 104 from the signals received at the
transducer 68 from the two highest submerged reflectors 103 and 104. These reflected signals
are readily identified because they are the penultimate signal and the third from last signal in any
series of received signals. Once the signals from f.he two highest reflectors have been identified,
signals from the other reflectors can be ignored. More particularly, the processing unit 13

calculates the ratio of the time difference between reception of the signals from the fuel surface
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and the uppermost submerged reflector 104, and the time difference between signals from the

uppermost reflector and the reflector 103 immediately below it, or:
(TS5-T4)/(T4-T3)=h/s ............. (1)

where s is the spacing between the reflectors 103 and 104

Rearranging (1) gives:
h=s.(T5-T4)/(T4-T3) ............. (2)

The total height of fuel is then calculated by adding h to the known height of the

uppermost submerged reflector 104,

Alternatively, the time difference between reception of the fuel surface echo and that

from the lower of the two uppermost of the submerged reflectors 103 could be measured to

give an expréssiont

(TS-T3)/[(T4-T3)=(bts)/s...cconeve. (3)
This can be simplified to give:

=5, (TS-T3Y(TAT3)S e (8)

It can be seen that this techmque computes the helght of fuel above the uppermost
reflector using information about the acoustic propagatlon propert:es wﬂhm the zone of fuel
immediately below this reflector. Where there is considerable stratification of the fuel, this will

provide a more accurate measure of fuel height than previous techniques which average the

propagation properties of the fuel over its entire height.
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When the fuel surface lies below the reflector 102 which is the second from the bottom,

it will not be possible to use this technique but in these situations stratification will not be a

significant problem.

Although the tube gives the sensor advantages, the invention could be used in sensors

where the reflectors are mounted on a support rod or on the wall of the tank.

[Y \PATENTS\SPEC\92\UFGS.DOC]
22/02/93



10

15

20

25

CA 02091021 2002-02-25

23340-218
10
CLAIMS:
1. A liquid-level gauglng system comprising: an

ultrasonic liquid-level sensor, the sensor 1ncluding an
ultrasonic transducer mounted towards a lower end of the

sensor and arranged to direct ultrasonic energy generally

upwards through a lliquid, a plurality of reflectors, and

means mounting the reflectors one above the other along the

sensor such that each reflector submerged 1n liquid reflects

ultrasound energy back to the transducer; and processing

means, the processing means l1dentifying reflections from an

P

uppermost two of the submerged reflectors and measuring the

height of the liquid abcve the uppermost of the submerged

.

reflectors from the times of arrival of pulses reflected

from the ligquid surface and the two uppermost submerged

reflectors.

2. A system according to Claim 1, wherein the
processing means calculates the height of the liquid from

the ratio of the difference between the arrival times of the

pulses reflected from the two uppermost submerged reflectors

and the difference between the arrival times of pulses
reflected from the liguid surface and cne or other of the

two uppermost submerged reflectors.

3. A system according to Claim 1 or 2, wherein the
sensor 1includes a tube, and means mounting the tube to
extend upwardly above the transducer, the tube being open at

1ts lower end so that i1t 1s filled with liguld to the same

height as liguid outside the tube, and wherein said

reflectors are studs that project through a wall of the

tube.
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4 . A system accorcding to Claim 1 including means to

energlize the transducer to produce bursts of ultrasonic

energy having durations that are longer when liquid level 1s

high than when ligquid level 1s low.

D. A system according to any one of Claims 1 to 4,
including means to energize the transducer to produce
ultrasonic energy having an amplitude that 1s greater when

liquid level is high than when liquid level 1s low.

6. A system according to any one of Claims 1 to 4,
wherein the processing means has a higher gain when liquid

level is high than when liquid level 1s low.

7. A method of liquid-level gauging 1including the
steps of: energizing an ultrasound transducer submerged 1in
liguid to produce bursts of ultrasound energy upwardly

F
—

towards the liguid surface and to a series of reflectors

mounted at known fixed positions and spacings above one

another along the entire length of an elongated sensor;

receiving ultrasound enerqgy reflected from the liquid

surface and submerged ones of said reflectors; i1dentifying
reflections from an uppermost two of the submerged

reflectors and the liquid surface, and calculating the

height of ligquid from the spacings of the reflectors and the

times of arrival of pulses reflected from the liquid surface

and the two uppermost submerged reflectors.

3 . A method according to Claim 7, wherein the

calculating step includes measuring the ratio of the

difference between the arrival times of the pulses reflected

from the two uppermost submerged reflectors and the

difference between the arrival times of pulses reflected

from the liquid surface and one of the two uppermost

submerged reflectors.
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9. A method according to Claim 7 or 8, wherein the
transducer 1s energized to produce bursts of ultrasonic

energy having durations that are longer when liquid level 1s

high than when liquid level 1s low.

5 10. A method according to Claim 7, wherein the

transducer 1s energized to produce ultrasonic energy having

an amplitude that 1s greater when liquid level 1s high than

when ligquid level 1s low.

11. A method according to Claim 7, whereln the
fled with a

10 wultrasonic energy received by reflection 1s ampli:

higher gain when liquid level 1s hlgh than when liquid level

1s low.

FETHERSTONHAUGH & CO.

PATENT AGENTS

OTTAWA, CANADA
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