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ABSTRACT 

The suitability of modem fuel level sensing technology is evaluated in the context of propane 

vehicles. This current technology is shown to be unsatisfactory due to problems with poor 

reliability and performance. In an effort to solve this problem, level sensing technologies 

suitable for static and dynamic applications are explored as possible alternatives. From the 

technologies discussed, the Helmholtz method is chosen as the best option due to its potential 

to disregard enors caused by the movement of the fuel inside the tank. 

A study of the major factors affecting the implementation of the Helmholtz method is also 

presented. This study focuses on the acoustic properties of Helmholtz resonators as they 

apply to fluid level sensing. Expenmental results demonstrate the ability of this method to 

detect volume change in a tank. These experiments also explore the effects of using speakers 

as excitation sources. The behavior of tanks with simple and complex geomevic features are 

also examined. 
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Concems of high pollution and limited energy resources have forced govemments to 

create legislation that will encourage the development of alternative energy sources. This 

has been reflected in the automotive industry in many forms, including the development of 

alternative fuel technologies. With this goal in mind, many of the large automotive 

manufacturen have established research and development centers dedicated to solving the 

many technical issues involved in the use of alternative fuels. 

One of these technical issues is that of on-board fuel level measurement. Until now, the 

development of this technology has been focused on gasoline tanks. Yet, even afler many 

decades of refmement, the existing systems have failed to gain the confidence of the users. 

The main cornplaints are usually rooted in problems with the accuracy, linearity or 

stability of the gauges. 

Most current automobiles are equipped with a Boat type sensor that detects the depth of 

the lue1 at a particular point inside the tank. These sensors, though inaccurate, have 

proven to be adequate enough for use in gasoline vehicles. This can be explained by the 

ease that exists in finding a gasoline refueling station even in remote areas. Therefore, 

refueling while there is still a safe amount of fuel in the tank c m  compensate for any 

inaccuracies in the gauge readings. Unfortunately, the same refueling infrastructure does 

not yet exist for other fbels such as propane. This could potentially create a problem if 

automotive companies were to introduce aitemative fuel vehicles into the market. 



Unreliable fuel gauges could cause vehicles to become stranded in dangerous situations if 

they were to run out of fuel. 

It is clear that there is a need to develop a more reliable and accurate method to measure 

fuel level, especially in alternative fuel vehicles. A great deal of information is available 

on different methods that have been developed to measure volume in applications ranging 

lÏom industriai processing to rockets. The challenge is now to apply these concepts to the 

particular problem of alternative fuel vehicles. 



This project aims at developing a new system that can accurately detect the amount of fuel 

remaining inside an automotive fuel tank. The focus will be on liquefied fùels, and more 

particularly on propane. For this purpose, three objectives have been set. 

The first is to perform a detailed background research on the different methods that have 

been developed over the years to rneasure fluid level. This research is not to be Iimited to 

automotive applications. In fact, a very important part of it is to discover technologies 

used in other areas that show promise in automotive fuel level measurement. 

The second objective is to choose a potential candidate technology based on a thorough 

understanding of the choices available. This decision must also take into account al1 the 

safety regulations cunently in place for propane equipment, as well as al1 the needs that 

are characteristic of an automotive component. Of special interest will be to find a method 

to improve the accuracy, linearity, and stability of the readings displayed on the fiel gage 

in the vehicle's instrument panel. It is hoped that the technology developed will also be 

transferable to any vehicle that uses other liquid fùels such as gasoline or alcohol. 

The final objective is to study the basics of the chosen technology and to c o d m  its 

potential for use in alternative fuel vehicles. This study should demonstrate the particular 

advantages of the chosen technology, as well as uncover any potential difficulties. 



CHAPTER 1 

The first issue that must be considered in volume sensing is the physical quantity to be 

measured. Even though measuring volume directly is very difficult, it is possible to infer 

volume fiom other quantities such as the depth or pressure of the liquid. In automotive 

applications, the cornrnon approach to fuel volume measurement has been through level 

sensing, which can be used to infer volume if the geometry of the tank is known. 

The main problem with this approach has to do with the changing conditions that the fluid 

may be exposed to while measurements are being taken. For instance, if the vehicle is not 

perfectly horizontal, the hie1 will shifi to accommodate the new direction of gravity with 

respect to the tank. Depending on the geometry of the tank, this may cause the level of the 

fuel to increase or decrease at the point where it is being measured, even though the actual 

arnount of fuel has not changed. Therefore, when a vehicle is parked or is moving on a plane 

that is not horizontal, it is comrnon for the luel gauge to display an error caused by this effect. 

The location of the sensor may be used to compensate for this phenomenon by locating it 

near the axis of rotation of the fuel surface (see Figure L I ) .  However, this can only work on 

regular shaped tanks, and does not account for al1 situations. 

Level sensors may also be fooled by the motion of the vehicle. This includes acceleration, 

deceleration, and tuming maneuvers. If the forces generated during these maneuvers are 

small enough, the hiel will just flow to one side of the tank and the d a c e  of the fuel will 



remain approximately flat (although it may not be horizontal). This will introduce an error 

sirnilar to that caused by tilting of the vehicle. However, during harsher maneuvers, the fuel 

may gain enough energy to slosh in the tank. The non-unifonn nature of slosh will cause 

level sensing to be extremely inaccurate. 

Figure 1.1 : Effect of float kation on the output teading [I j 

It is possible to compensate for inaccuracies caused by the tilting of the surface of the fuel, as 

long this surface remains approximately flat. When using a single level sensor, a computer 

can be used to adjust the data gathered using several strategies. For instance, filtering 

routines can be used that take average readings over a period of time, and that c m  selectively 

eliminate readings that are hown to be wrong (i.e. sudden peaks followed by sudden drops). 

In more sophisticated vehicles that are equipped with accelerometers, the acceleration data 

can be used to adjust the readings from the level sensor accordhg to changes in the dynarnics 

of the vehicle. Hardware filtering can also be added in the form of resistor/capacitor (WC) 

filters located before the analogue to digital converter (see Figure 1.2) [2]. In addition, 

depending on the geometry of the sensor, a slosh barrîer can also be added that will limit the 

speed in which the level of the fluid in the immediate vicioity of the sensor will mise and 

drop (see Figure 1.3) [3]. 



Figure 1.2: Low part RE filter used to dampen slosh and to fiiter EMURFl emissions (21 
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Figure 1.3: Oamping tube used to reduce slosh effects [31. 

Another strategy that may be used to compensate for tilting of the fuel surface is to ernploy 

multiple level sensors. In level sensing, the actual quantity that is of interest is the location of 

the top surface of the fluid. Having this information, it is possible to calculate the volume of 

the fluid below this plane. However, it is impossible to locate a plane in space using a single 

point obtained by a single sensor. In fact, the minimum number of points required to locate a 

plane in space is three. Figure 1.4 shows how the inciination of the surface of the fuel can be 



found by definkg two angles of inclination with respect to the vehicle: front to rear, and left 

to right [4]. 

(a~eft or right : P 

Figure 1.4: Method for locating the top surface of a fluid using thtee levrl senson (41 

The main difficulty in using multiple level sensors is calcu!ating volume accurately after the 

location of the surface of the fuel has been determined. This becomes particularly difficult as 

the geomeûic cornplexity of the tank increases. From a data processing point of view, the 

volume can be calculated using a known mathematical model that defines the geometry of the 

tank. Another approach is to use a look up table which already has the required information 

stored. Both of these approaches have been successfully applied, however they are both 

specific to tank geometry [4, 5,6, 7, 81. This means that if the shape of the tank is changed, 

the mathematical model or the look-up table must be modified accordingly. Another 

disadvantage of this approach is that the need for extra sensoa and data processing hardware 

and software malces these systems very costly to implement. 



In cases where sloshing becomes severe, level sensing is extremely inaccurate. Even 

multiple sensors become unable to give accurate readings. However, since sloshing usually 

occurs in short bursts, slosh barriers and R/C filters can be used to reduce most of this noise 

T h e  averaging routines can also heip, as well as intelligent data processing routines. 

1.2. SYSTEM CONSIDERATIONS FOR LEVEL SENSING 

Ln addition to the problems just descnbed, there are several other issues that must be 

considered in fuel level sensing. First, the linearity of the output signal is dependent on the 

interaction of the sensor with the fuel tank. If the tank has an irregular shape which causes 

the level of the fluid to drop in a non-linear fashion, the readings fiom the level sensor will 

not accurately reflect the change in volume of the fuel in the tank (see Figure 1.5) [1, 91. In 

addition, depending on the method used to measure level, it may be very difficult to measure 

the end points accurately (Le. hi11 and empty) [ l ,  101. For ernpty readings, either the sensor 

may not be able to reach the bottom (for example a flooat), or the bottom may become 

contaminated with residues which eventually interfere with the accuracy of the sensor. In the 

case of full tank readings, it is not uncornmon that tanks are designed such that the fuel is 

allowed to reach points higher than the highest possible reading of the sensor (for example 

inside the filling spout) [Il. From the designer's perspective, this ensures that the gauge will 

always be able to reach full. However, this also means that the actual amount of fuel in a full 

tank will depend on the filhg habits of the user and in the variability of the shut-off pressure 

on different filling pumps. As a result of these inconsistencies, the end points of level 

sensors in different vehicles can have a negative effect on the perception of lineanty of the 

gauge [1, IO]. 



Other system issues that must be considered include the stack up of tolerances between the 

different components in the tank and the level sensor [l]. Also, the geometry of the tank may 

change with time due to deformations caused by material creep, and by variations on the 

intemal pressure of the tank due to changes in atmospheric conditions [l, 111. Variability of 

the manufacturing process can also cause different tanks to exhibit different stiffhess and 

therefore to behave differently over time [ 1 1, 121. The geometry of the tank may also cause 

pockets of fuel to form in areas that cannot be reached by the measuring probe. 

A linear scndcr 
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different tank 
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Figure 1.5: E f f a  of the crosr sectional shape of the tank on the linearity of a Ievel sensor 191 

1.3. CUSTOMER PERCEPTIONS 

An added difficulty conceniing fuel gauge design is the variability of the interpretations of 

fuel gauge behavior among different people. For instance, a fuel gauge that does not move 

during dynamic driwig conditions rnay cause the custorners to cornplain because they 



believe that the gauge is broken [13]. In addition, the way linearity is perceived varies fiom 

one person to another. For example, some drivers increase the fiequency with which they 

look at the gauge as the level of the fuel decreases [l]. As the gauge gets closer to the empty 

mark, these dnvers tend to increase the nequency with which they look at the gauge. 

Therefore, the driver may think that the gauge is falling faster on the second half of the tank, 

when in fact this is an illusion caused by the fact that they have been looking at the gauge 

with shorter intervals. 

In general, most cornplaints that customers have with regard to hel gauges have to do with 

either their accuracy, their linearity, or their stability [l ,  10, 141. Yet, there is a great level of 

subjectivity when it cornes to deciding on acceptable levels of error or variation in these three 

areas [l]. Therefore, accuracy, linearity and stability must be designed while considering 

how they will be perceived by different customers. 

One alternative fuel that is of particular interest in this study is propane, due mainly to its 

increasing popularity. This makes it necessary to consider the properties and physical 

attributes of this fuel. Propane is stored as a liquid, and is usually pressurized between 150 

and 300 psi. Propane tank manufacturers such as Sleegers Engineering design their propane 

tanks for a maximum pressure of 3 12 psi. 

In terms of safety, it is necessary to look at the ignition characteristics of propane. This is 

particularly important when considering any sensors that will be mounted inside the tank and 

that requh the use of electronic components. A value of particular relevance is the amount 



of energy required to ignite propane. This value will govem the maximum curent and 

voltage that c m  be present in any exposed conductors inside the tank. A comparison to 

gasoline shows that this value is comparable between both fuels [15, 161. The main 

difference is that propane is stored with little or no oxygen inside the tank, which makes it 

less susceptible to accidental ignition [15]. Nevertheless, any sensor that requires electricity 

to be directed into the interior of the tank will need a firewall against voltage or current 

overload [17]. This is commonly done using what is known as a Zener diode barrier. These 

barriers use a Zener diode to limit the voltage, and a fuse to lirnit the current [17]. 

Another issue that must be taken into account is the composition of the fuel. Propane in 

particular is hown for having a widely varying composition depending on the geographical 

location [18]. The composition may have an effect on the matenals that cm be used for a 

fluid level sensor, and the physical principle used to make this measurement. The arnount of 

impurities is also significant since it may interfere with the long term operability of any 

component located inside the tank. 

The design of this sensor must meet a minimum set of specifications set by the Canadian 

Standards Association, the ASME pressure vesse1 codes, and General Motors. 

Table 1.1 surnmarkes the basic performance specifications that General Motors uses in the 

design of gasoline fuel level sensoa. These requirements can be used as a basis for the 

design of a sensor for propane. 



Aside from basic specifications, the sensor must be designed to meet safety, performance, 

and life expectancies set by regdatory agencies and by General Motors. For instance, the 

sensor should be able to function effectively for an extended period of time without 

maintenance and while being continuously exposed to the fuel. Another challenge is the 

temperature fluctuations experienced by vehicles during their service life. This has an effect 

on the properties of the fbel and of the materials used in the sensor. It may also cause 

inaccuracies in the sensor readings due to expansion and contraction of the sensor and the 

hel. 

Table 1.1 : Summary of expected peifonnancr panmetm for a gasoline fuel levd sensor. 

1 Accuracy 1 I 2% 
Wear Resistance 

Electrical resistor range 

I Pressure resistance I 1,45 psi ( 10 kPa) 

1 Temperature Range 1 -40F to 125F (-40°C to 5Z°C) 

Material selection is critical in this application. Certain plastics tend to absorb the fuel, 

which may cause them to swell. This problem is only aggravated by the high pressure used 

to store propane. If conductive plastics are used, fuel absorption will cause the electrical 

properties of the material to change with time. Some plastics may also be prone to 

degradation, and may contaminate the fuel. Metals are very prone to corrosion, especially if 

designs include galvanic couples. Conductive and resistive materials are prone to corrosion, 

degradation, and residue buildup that may dfect their properties. 



CHAPTER 2 CURRENT STATUS OF AUTOMOTIVE FUEL LEVEL 

SENSING TECHNOLOGY 

An overview of technology currently used to mesure fuel level in automotive applications is 

given in this chapter. Some companies who have developed new and unique systems are 

highlighted. It is important to note that d l  the technologies described in this chapter rely on 

level sensing. 

A float arm sensor uses the vertical buoyancy forces of a float to locate the surface of the 

fuel. In order to translate the location of the float into an electronic signal that can be 

transmitted to the hiel gauge (or the electronic control module), the float is connected to a 

pivoting arm, which in tum carries a sliding electrode. The electrode rides on top of a 

variable resistor, which produces a change in resistance proportional to the location of the 

float . 

Float arm sensors are by far the most cornmon type of sensors used in automotive 

applications. Nevertheless, they have evolved very little over the past few decades, with the 

major developments concentrating on better materials and improved resistor performance, 

rather than on any modifications to the working principles. 



Most vehicles now incorporate their fuel level sensors into the "fuel sender" assembly. This 

assembly carries other hardware such as the fuel pump, a filter, a canister, and the exit, retum 

and venting lines for the fuel. Most vehicles carry only one level sensor. The only instance 

where more than one float sensor are used is in tanks with complex geometry that isolate 

pockets of fuel away from the main sensor. 

The float is usually constructed from a closed ce11 foarn designed to survive in direct contact 

with fuel without wearing or eroding. The connecting arm is typically made by bending a 

corrosion resistant steel wire. The ami is designed to cany a wiper which slides on top of a 

variabIe resistor. 

The only significant change that this technology has seen in the past two decades has been a 

transition fiom wire wound resistors to thick film technology. Wire wound resistors are 

known for being very unreliable. The main problem stems fiom the Wear expenenced by the 

resistor as the wiper slides over it. With time, the wiper develops a sharp end which picks 

material away fiom the resistor wire [19]. In addition, the fiiction of the wiper causes fatigue 

in the wires due to continuous stretching and releasing actions [19, 20, 2 11. A combination 

of these two problems results in common failure of these sensors due to wire breakage or 

shortage. In addition, loose windings can cause the wiper contact to become stuck [20]. 

Although wire wound technology is still being used, it is slowly being replaced by thick film 

resistor cards. Thick film resistor cards are manufactured by a screening process which 

deposits a resistor and a conductive element onto a ceramic surface [19]. This component is 



later fired to improve bonding between dl the layers. Laser trimmiag is used after firing to 

custornize the resistance pattern. The manufacturing technique employed in thick film 

resistors offers the advantage that it allows customized resistance profiles to be easily 

manufactured into the card, allowing the output signal to be linearized with respect to the 

shape of the fuel tank (see Figure 2.1) [20]. 

Figure 2.1 : Typical resirtor profiles made thmugh the thick film process (201. 

A new resistor technology that is now available in the market was developed by VDO in 

Germany [22]. It uses a magnet to attract the electrical contacts towards the resistor element. 

It mounts ont0 the fuel sender assembly in the same way as a regular thick film resistor. 

However, it does not rely on direct contact between a wiper and the resistor, which eliminates 

most of the Wear. It is also encapsulated in a sealed chamber which keeps contamination and 

debris away fiom it. The main concerns with this design are the possibility of fatigue of the 

contact electrodes, and the suitability of an enclosed sealed chamber to high pressure 

applications such as propane. This design is illustrated in Figure 2.2. 



Figure 2.2: The M O  nonmcontact resistor design (221. 

The main advantage of rotary float ami sensors is by far their low cost. This technology has 

been in use for a long time, and therefore it is well developed. For the most part, these 

sensors have proven to be adequate in terms of reliability, and the use of sophisticated on- 

board signal processing software has greatly improved system performance. 

Another advantage of rotary sensors is that a large float movement is translated into a small 

movement on the resistor. Although this causes a compromise on accuracy and resolution, it 

also requires a very mal1 resistor which in turn reduces the cost significantly. 

Despite its success, there is a long List of deficiencies related to this technology. 

0 The fact that float sensoa have rnoving parts make them prone to modes of failure related 

to fatigue and Wear. This has an adverse effect on reliability. 



The movement of the float arm places special requirements for clearances [2, 141. This 

means that these sensors are difficult to adapt to some tank shapes. They are also buiky 

in the sense that they need a large space to operate. 

Wire wound resistors c m  cause significant electrical noise [14]. 

Even with thick film resistors, it remains difficult to linearize the sensor output over al1 

possible conditions. 

It is very easy for the pivot ann to be damaged prior to, or during installation. This can 

potentially overthrow the calibration [23]. 

Electrical contact may be lost if a dry film deposits on the surface of the resistor, if there 

is sulfuration of the resistive tracks, or if there is electroiytic corrosion [ 5 ] .  

Any degradation of the float (or loss of buoyancy) will cause a progressive cirifi in the 

signal [SI. 

2.1.5. HISTORY OF RELJAEILITY 

Float arm sensors have reached a much improved record of reliability over the years. Wear 

of the resistor card remains the main problem, although material degradation and corrosion 

can also be a problem. 

In general, float sensor technology has proven to be adequate for passenger and general 

purpose vehicles. However, other vehicles that travel considerably greater distances (such as 



trucks and taxis) h d  this technology generally inadequate. The main reasons are the lac k of 

durability and the difficulty in changhg a sender unit. 

There are two basic types of rotary float a m  senson currently available in the market for 

propane vehicles. The first is a purely mechanical sensor used by most vehicles that have 

been converted to propane, such as taxis and police vehicles [23, 24, 25, 261. These sensors 

have a float attached to a swivel arm. This arm transfers the motion to a rotating shafl using 

a bevel gear. At the end of the rotating shaft, and just behind the tank wall, there is a magnet 

which rotates as the float moves up and down. On the opposite side of the tank wall is a 

smdl gauge which follows the movement of the magnet and displays its location using a 

needle. This gauge may also have a resistor output compatible with common automotive fuel 

sensor outputs. Using this output, these sensors can be comected directly to the fuel gauge in 

the instrument panel of the vehicle. 

Walbro, a supplier of fuel sender assemblies for gasoline vehicles, has also developed a new 

sender unit specifically designed for propane vehicles [27]. The main users of these units are 

automotive companies such as Chrysler. This unit is very similar to a conventional gasoline 

sender, and also uses the thick film technology previously described. 



The components of the mechanical gauges that are inside the tank are usually al1 made fiom 

metal [25, 261. The float is typically a sealed, hollow, aluminum chamber. The arm is also 

aluminum, so that the float cm be welded to the am. The rest of the interna] assembly is 

made of steel alloys and aluminum. Some units have also been developed using sorne 

intemal plastic components. 

The materials used for the outer components of these sensors Vary with the manufacturer [25, 

261. The outer housing is usually made of steel, but corrosion problems have prompted a few 

companies to switch to brass. The resistor unit (which is mounted on the tank with the use of 

two screws) is made of plastic and steel. 

The sender unit designed by Walbro resembles a gasoline unit in most aspects [27]. The 

main differences are the rnounting flange and the float. The mounting flange is made from 

cast alurninum and rnachined. Al1 the fuel lines and valves are mounted on this flange. A 

featuxe of particular interest is the fitting used to pass the electrical wires through this flange. 

This fitting is manufactured by an Amencan Company narned PAVE (see Figure 2.3) [15]. 

The float used by Waibro is made fkom a plastic material called Nitrophil which is also used 

in some gasoline sender units. 



The main advantage of curent mechanicd float sensors for propane is their low cost [24, 25, 

261. Also the addition of the wire output allows them to be interfaced to the gauge on the 

instrument panel. The aluminum floats used in these sensors have proven to be very reliable. 

The unit manufachired by Walbro has the advantage that it combines most of the components 

necessary for a propane tank, such as safety valves and fuel lines, into a single unit [27]. This 

simplifies the design and assembly of the tanks significantly. 

Figun 2.3: Compression fitüng dmigned by PAVE for use in automotive propane tanks PB]. 

Current propane sensors are plagued with many problems. The mechanical units are very 

inaccurate, and cannot be calibrated during installation [24, 25, 261. Their construction 

makes them very prone to corrosion, for which they have a working life rated in months. The 

fact that there is a gauge mounted on the tank makes the sender unit prone to being broken by 



flying rocks and other road debris. Sloshing in the tank also causes false readings, especiall y 

in older GM vehicles that lack proper electronic suppression. Another problem has been the 

movement towards non-standardized fuel gauges in the past few years, i.e. the movement 

away from the 0-90 ohm standard used by the most of the automotive industry. 

The Walbro unit requires a large hole, and therefore does not fit most conversion tanks. 

Also, since it uses a float, it is also prone to inaccurate readings due to fuel sloshing. 

Mechanical float sensors have a very bad reptation [24,25, 261. Corrosion seems to be the 

main mode of failure. This can happen in the gearing inside (causing the sensor to stick), or 

on the outside where the gauge is exposed to the elements. The sender unit also tends to 

corrode, causing the gauge to stop functioning. In general, these sensor units are not 

expected to 1st more than a few months. 

The unit developed by Walbro also has several problems. In particular, the float has been 

reported to sink if exposed to greatly varying weather conditions [18]. In addition, impurities 

in the hiel cause the resistor card to experience excessive Wear by abrasion. These two 

problems have made this sensor very unreliable. 

Linear float sensors work on a similar principle as rotary arm sensoa. They differ in that 

there is no rotating float am. Instead the float slides up and down dong a vertical guide. 



The float c d e s  a double wiper which allows a conductive strip on one side of the vertical 

guide to contact a resistor strip on the other side [2,3, 141. This can be used to produce either 

a 3 wire potentiometer, or a 2 w-ke resistor (see Figure 2.4) [14]. 

3 WRE 2 WlRE 

Figure 2.4: Two and three w i n  circuit design8 ured for vertical float senson (141 

2.3.2. CONSTRUCTION 

Currently, there are two basic types of construction used for linear float sensors: Metallic 

and Plastic 



2.3.t.I. Metallic Construction: 

This construction was developed by Spectrol Electronics [3, 141. The conductor stnp 

consists of a steel substrate with a low alkali porcelain coating (see Figure 2.5). The 0.2 mm 

coating prevents damage to this path h m  electrolytic action in the fuel. 
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Figure 2.5: Cemet vertical float sensor designed by Spectrol Technologies [14]. 

The resistor sûip is a thick film type, and can be tailored to the shape of the tank in order to 

improve linearity. The float used in this design is made fiom a closed ce11 foarn. 

2.3.2.2. Plastic Constwction: 

This construction was developed by Rochester gauges (see Figure 2.6) [2]. It follows the 

same working principle as the Spectrol design, but varies in the materials used for its 



construction. The centrai support shaft is extnided nom aluminum, acetal, or nylon. The 

float is acetal, and carries the two wipers. The resistive and conductive strips are made fiom 

a specially formulated conductive plastic. The entire assembly is held together under 

compression by a stainless steel shaft and two nuts. 

Figure 2.6: Vertical float senior developed by Rochester Gauges (2j. 

2.3.3, ADVANTAGES OF LINEAR FLOAT SENSORS 

These sensors are characterized by having very good resolution [21]. The Wear issues are 

different with these sensors than with the rotary a m  type since the wiper has to move larger 

distances, but the resistor surface is not wom by the wiper as much. Their symmetry makes 

them easier to design and build, and the fact that they are vertical allows easy installation of 

an anti-slosh banier. They also have lesser space requirements for the moving parts. 



The linear design allows the sensor to be easily tailored to tank depths up to a few meters [3]. 

This design also offers a reduced chance that the float will bind somewhere in the tank. The 

variable voltage or variable resistor output can be easily interfaced with modem automotive 

cornputers. The plastic sensors have the advantage of being resistant to corrosion and of 

being lighter. 

The main reason linear sensors have not yet found widespread use has to do with their greater 

cost. In particular, the need for a resistor that will span the entire length of the sensor adds 

considerably to their price. Also, the longer travel of the float can cause greater Wear on the 

wiper contact. 

Linear float sensors also have the same problems conceming the accuracy in the end points 

(full and empty) as their rotary counterparts. The plastic sensors may not corrode, but they 

have other problems that can cause their performance to detenorate with tirne. For example, 

the conductive plastics may absorb fuel causing the resistance of the material to change over 

time. 

There is no data on the reliability of existing linear sensor designs. However, it is expected 

that similar problems will be found with these sensors as with rotary sensoa. 

Only two companies were found during the research who manufacture linear sensors in North 

America [2, 3, 141. To date, neither has been able to introduce their sensors for use in mass 



produced passenger vehicles. Spectrol Electronics has had some success in implementing 

their sensor in trucks and off road vehicles. However, Wear in the sensor remains a problem. 

A capacitive level sensor detemines the depth of a fluid by measuring changes in the 

capacitance across two electrodes irnmersed vertically in the fluid [4, 5, 6, 7, 8, 29, 301. 

Since the fluid acts as a dielectric, changes in its depth translate into a measurable change in 

the permitivity of the void between the electrodes (see Figure 2.7). This change can be 

measured using proper instrumentation and signal processing equipment. An oscillator is 

used to excite the capacitor with a series of pulses at a known fiequency. The fiequency of 

response of the capacitor will depend on the void permitivity, and therefore, on fluid level. 

From this, fluid levei can be correlated directly to the fiequency of response of the capacitor. 

The calibration of a capacitive sensor is affected by changes in the dielectric qualities of the 

fluid, which in tum depend on the fuel grade, pressure, temperature, and other factors. This 

effect must be cornpensated by measuring the specific inductive capacitive of the fluid in 

order to maintain a reliable calibration [4]. This cm be done by having a second capacitor of 

known geometry that is fully irnmersed in the fluid. This capacitor acts as a reference against 

which the measuring capacitor cm be compared. 



Figure 2.7: The uprcitive sensor principk 141. 

A capacitive sensor has no movhg parts. The actual sensor consists of two electrodes that 

can be made fkom two concentric cylinders or fiom two flat plates placed in a parailel 

arrangement. The concentric cylinder style has the advantage of having better structural 

strength, and therefore can be easily adapted to deep tanks [4]. The parallel plate style 

requires supports dong their length, which may create dead zones wherever the supports are 

located. One sensor was found in the fiterature that has a planar electrode and uses the 

metailic support fÎame as the second electrode [5]. In some static applications (Le. storage 

tanks) the tank shell itself is used as one of the electrodes [17]. 



The two electrodes must be kept electrically insulated fiom each other with the use of 

spacers. The reference capacitor can be built into the main capacitor or can be separate. In a 

cylindrical sensor, the reference capacitor can be mounted inside the inner tube. This way the 

inner electrode of the main sensor can aiso be used as the outer electrode of the reference 

sensor. In flat plate sensors, the reference electrode may also share one of the main 

electrodes. 

The electronic module makes an integral part of a capacitive sensor. This is because in order 

to read the signal, a system is required that can provide excitation, multiplexing, timing, and 

signal processing. The entire electronics module can be built into the mounting cap in the 

sensor. It is also possible to share some of the processing with the on-board computer of the 

vehicle, and Ieaving only the basic data acquisition bctions on the sensor cap. 

One of the main advantages of capacitive sensors is that they have no moving parts. This 

removes the possibility of failure due to fatigue or Wear. Also, there is a minimal number of 

parts that need to be inserted inside the Fuel tank, improving reliability, and simplimng the 

material selection process. These sensoa are also charactenzed for being accurate within a 

few percentage points of full scde [SI. 

The concentric cylinder design creates an anti-slosh bamer automaticdly. They also have no 

dead zones, and the calibration sensor can be easily added in the center (by using the middle 

electrode for the main sensor and for the calibration sensor) [4]. The depth of the tank is not 



an issue since the sensors can be cut to length. They also require less space to operate since 

no clearance is required for a rotating arm or a sliding float. 

Most fuel sensor suppliers rate cost as the main disincentive for using capacitive sensors in 

automotive applications [3 1, 32, 33, 341. Even though the sensor itself is very simple and 

cheap, the electronics and software that are required to run it can be very expensive. 

Although Wear and fatigue are not a problem, electrolytic accumulation, or sludge 

accumulation on the electrodes can deteriorate the accuracy of the sensor with tirne. In 

addition, the sensor can only be mounted vertically, and requires a direct line of sight to the 

bottom of the tank. 

A potential problern for applying this sensor to propane applications is the changing in 

dielechic properties of the fuel with geographic location [18]. In particular, Hydrogen 

Sulfide can be a problem since it causes the propane to become conductive. Conductive 

fluids require special consideration when designing a capacitive sensor in order to prevent 

short circuiting between the electrodes. 

Capacitive sensors have been used mainly in the aircraft industry with a good track record. 

There are only a few known manufacturers of these sensors for automotive applications. 

Datcon developed a sensor using parallel electrodes an a cylindrical slosh barrier (see Figure 



2.8) [35]. This sensor is used mostly in trucks and in off road applications (Le. construction 

equipment). 
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Figure 2.8: Automotive capacitive senror distributed by Datcon 1351. 

Toyota developed a sensor consisting of a bundle of three capacitive sensors and a reference 

sensor (see Figure 2.9) [4]. Having three sensors ailows the system to calculate the real 

location and inclination of the surface of the fuel, and can therefore compensate for tilting of 

the vehicle. Experiments with this sensor demonstrated an increase in accuracy on sloped 

surfaces and in dynarnic driving conditions as compared to a single sensor (see Figure 2.10). 



This sensor went into production in the early 1990's, but no long term performance data are 

available. 

Figure 2.9: Multiple sansor drrignd by Toyota uring the capadtjvr technique 141. 

Magneti Marelli of Italy also developed a capacitive sensor, but interviews with 

representatives of the Company were ineffectual in uncovering any details regarding plans for 

its production [33]. This sensor uses a planar electrode made by etching a coppered circuit 

on one side [SI. The metallic hune that supports the sensor is used as the opposite electrode 

(see Figure 2.1 1). The copper electrode is divided into the main sensor and the reference 



sensor. The main sensor is etched to follow the shape of the tank, and therefore to linearize 

the output. This approach diffen fiom the sensor developed by Toyota in that the latter uses 

software to linearize the output. Magneti Marelli also claims to have developed a multi 

sensor array similar to Toyota's, however no specific literature was found on this sensor [SI. 
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Figure 2.10: Rerub oôtaind by Toyota during dynamic testing of their multiple sensor design [4]. 

As mentioned before, capacitive sensing technology still requires some development. Some 

parricular aspects that need M e r  investigation include the selection of materials compatible 

with modem fuels, methods to reduce residue buildup, and the effect of conductive elements 

present in the fuel. The method used to add a reference sensor also needs some further 

development since some dead zones still exist, particularly in the lower end of the scale. 

With regard to the multi seosor approach taken by Toyota, the mathematical modeling that 

they have used for this system remains inadequate since it is ody an approximation that does 

not take into account the shape of the tank. This requires further attention in order to meet 

the needs of modem conformal plastic tanks. 
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F igun 2.1 1 : Capacitive sensor derigned by Magneti M a d l  [SI. 



CHAPTER 3 OTHER FLUlD LEVEL SENSING TECHNOLOGY 

The summary presented in chapter 2 only includes technologies that have been successfully 

applied to automotive fuel level sensing applications. Nevertheless, there are several other 

fluid level and fluid volume sensing technologies that could potentially be incorporated into 

automotive fuel tanks. This section s rna r i zes  some of these techniques. 

The principle of ultrasonic range sensing is very similar to that of sonar [36, 37, 38, 39, 401. 

This method measures the time that it takes for a sonic pulse to travel to a target and corne 

back [41]. This time is usually known as the Time of Flight, or TOF (see Figure 3.1). By 

knowing the speed of sound in the medium and the time of travel, it is possible to deduce the 

distance traveled. To do this, d l  that is required is an excitation source that can produce a 

sonic pulse, and a device that is sensitive enough to detect the returning signal. The sarne 

device can be used as the transmitter and the receiver, in which case it is known as a 

transceiver. 

Figun 3.1 : a) 8asic Wup of an uîtmonic distance srntoc; b) Time of FHgM (TOF) definlon; c) Method for 
memuring r(md of round wing a benchmark dwtor  [41] 



This principle can be applied to fluid level sensing in a vax-iety of ways. In their most basic 

configuration, ultrasonic sensors send a sonic pulse towards the surface of the liquid. This 

can be done h m  above (the dry side), or from below (the wet side) [42]. nie signal travels 

through the vessel, bounces off the fluid surface, and retums to a receiver. The main problem 

with this approach is that, since there is no method to guide the pulse, the signal is prone to 

inaccuracies [39,43]. For instance, echoes tiom objects interfering in the path of travel are a 

major problem. So are vibrations and noise from external sources that work to confuse the 

signal processing system. 

Problems of this type were very severe when this technology was first applied. However, 

improvements in sensor construction and signal processing have made this technology very 

reliable. Modem sensors can be taught the conditions common to a particular application so 

that they can ignore interferences [3 81. 

Some sensors have been designed so that the sonic pulses travel through a guide tube [39, 

431. This tube reduces the attenuation effects that sound waves suffer in a gas, and collimates 

the signal (see Figure 3.2). In addition, it reduces the effect fiom reflection signals coming 

fiom other features in the vessel. 

A matter of particular concem with ultrasonic sensors is the fact that variations in the 

conditions of the transmitting medium will cause changes in the speed of sound. In order to 

compensate for this, some sensors use temperature and pressure compensation by measuring 

these quantities separately [38, 441. Other sensors use a benchmark reading at a known 



distance to continuously monitor the absolute value of the speed of sound (see Figures 3 . k  

and 3.2) [39,43]. 

Figure 3.2: Waveguide tube used for uItnsonic level senson (43) 

3.1.2. CONSTRUCTION 

In general, the most critical component in an ultrasonic sensor is the sound wave 

generatorlreceiver. This component is usually manufactured fiom a piezoelectric material 

and can be made as one single component, or as two separate parts. Combining the 

transmission and receiving functions reduces the overall cost of the unit, but gives the sensors 

a dead band [41]. A dead band is the time during which the transrnitter is still vibrating aAer 

sending a pulse, and duhg which it is not ready to read the incoming signal. This effect is 

illustrated in Figure 3.3. 

Having a dead band creates a Limitation as to how close the surface being sensed can be 

located. The dead band can be reduced by using electronic damping of the transceiver, 



although this has a negative effect on the cornplexity and the cost of the system [45]. It is 

also possible to physically cut the transceiver in half, and use one half for transmission and 

the other half for receiving [41]. This eliminates the dead band, but it increases the 

complexity of the sensor. 

Figure 3.3: Oveilap of the generatsd and returning signal in the dead band of the transceiver (411. 

If a tube is used to guide the signai, it should be manufactured nom a material that attenuates 

sound transmission. The size of the tube is not very critical, and diameters between 8 and 25 

mm have been used successfblly [39]. The tube itself can also be bent around the tank as 

desired, although some limitations do exist on the maximum radius of any bend. The length 

of the tube is also not critical, and lengths of more that 10 meters have been used 

successfblly. 

The fact that sonic sensors do not need to contact the fluid makes them very safe when used 

in flammable liquids [38, 391. This is true even if a sonic tube is used. In addition, the fact 

that al1 the electronics can located away fiom the fluid makes it possible to use these sensors 

in corrosive or othenivise detrimental environrnents. 



The fact that the only moving part is the transmitter/receiver gives this sensors good 

reliability. This also reduces the amount of space that they need to operate. And since the 

tube size and geometry are flexible, they can be easily adapted to almost any shape of tank. 

The main detractor of ultrasonic sensors is their high cost. In terms of performance, having a 

combined transmitter/receiver give these sensors a dead band, and thus a restriction on the 

mounting location of the sensor. Also, noise problems can potentially become very 

significant in vehicle applications where extemal vibrations continuously affect the car. 

Unfortunately, little work has yet been done to confirm whether this is a problem or not. 

Another potential problem is the frequency range used to create the sonic pulses. The term 

used to describe ultrasonic senson is very misleading because the actual fiequency range 

used can often fa11 within the audible range [43]. This is often necessary when using a gas as 

the transmitting medium because of the attenuation effects that the signal may suffer. 

This sensor aiso works by measuring vibrations, except that in this case a solid rod is used as 

the medium for wave propagation [IO]. The basic idea is to vibrate a solid metal rod at a 

known frequency and amplitude, and to measure the changes in the fiequency response of the 

rod as it is immersed in the fluid. Essentially, the fluid acts as a darnper which affects the 

vibration of the rod depending on the depth of immersion. 



No evidence was found that these sensoa have been used in production vehicles. One paper 

published by Robert Bosch GmbH describes a prototype of a sensor of this type which was 

used to measure gasoline level in a car [IO]. The basic construction of this sensor consisted 

of a straight rod with a wave generation source (an electromagnet) and a piezoelectric 

bending transducer mounted on the dry end (see Figure 3.4). The electromagnet was used to 

generate bending waves dong the rod at a fixed wavelength, and the charactenstic oscillation 

fiequency was measured using the piezoelectnc transducer. This fiequency was known to 

Vary as a function of immersion depth, as long as the phase was kept constant. 

Sonic conduaor 

F a m  mmtœid 

Figm 3.4; The vibnting md sensot [1 O]. 



In its physical embodiment, the prototype sensor was built using a spring loaded telescopic 

slosh barrier (which adapts to changes in the shape and tolerances of the tank). The rod was 

held in place using special attachments designed not to interfere with the vibrations. Testing 

of this device showed that it could maintain good accuracy during a period of one year while 

immersed in a car's gasoline tank. 

These sensors can be easily interfaced with on-board electronics. Accuracy is very good, and 

they are not as prone to being affected by extemal noise as ultrasonic sensors are. Their 

construction allows them to be bent around the tank, as long a minimum radius is observed. 

The profile of the rod itself c m  also be changed to fit the tank in order to linearize the output 

signal as a fùnction of tank shape. 

One of the main limitations of this technology is the material selection which must be done 

under strict requirements for acoustical properties. This severely limits the number of 

materials that can be used, which is a problem for components which are expected to have a 

long life inside a fuel tank. 

The cost of manufacturing these sensors is also a potential problem due to their high 

complexity as compared to a float arm sensor. Also, an expensive electronics module is 

necessary to drive this unit. 



Another problem is that changing the fluid measured may require sensor recalibration. This 

is aiso a problem if the damping characteristics of the fuel (i.e. density) change severely with 

tirne. 

Finally, compared to ultrasonic sensors, the modes of vibration thai must be accounted for in 

a vibrating solid rod are very complex (compression, fiexural, torsional, and radial). This 

makes the signal acquisition and processing much more complex than in ultrasonic sensors. 

There are many ways that optics have been applied to level sensing. Both continuous and 

discrete sensors have been developed, although most optical sensors available in the market 

today are only point sensors (ON/OFF) [17,46,47,48,49,50]. 

The most cornmon type of point sensoa use a prism ont0 which a beam of light is directed 

[17]. If there is no fluid on the other side of the prism, the light will reflect back to an optical 

sensor (see Figure 3.5). However, if there is fluid on the other side, the light will be 

absorbed instead of bouncing back to the optical sensor. The light beam could be directed to 

the prism fiom a remote location using fiber optics, or it could be directed fiom an LED 

placed directly behind the prism. These sensors are very useful for process applications 

where al1 that is required is a signal when a tank is full or empty (see Figure 3.6); however, 

they fa11 short when continuous signals are critical. It is possible to arrange these sensors in 

an array that can measure level discretely, but this is rarely done because of cost and practical 

considerations. 
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Figure 3.5: Pibmatic sensoi piinciplr [IV. 

A similar type of sensor has been developed which uses a bent optical fiber with its 

protective cladding removed [48]. There is a transmitter on one end, and a receiver on the 

other end. If the bent section is immersed in a fluid, the fiber stops transmitting light to the 

receiver. Conversely, if the fiber is removed h m  the fluid, it allows light to be transmitted 

through. These sensors are not very cornmon because they are more complex than the prism 

sensors, and do the same job. 
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Figure 6: Prismatic 8 m o n  can be us& to detect high or low volume conditions 131. 

A few continuous measuring techniques have also been developed using optics. Most of 

these techniques have been developed in university and research labs, and none have yet 



reached the market [46,47]. There are still many problems with most of them. Some require 

very expensive, high quality optical fibers; others are very sensitive to the optical properties 

of the fluid. In general, they are al1 very sensitive to any deposits that may form on the 

optical components during long terni immersion in a fuel tank. 

Sandia National Labs in Texas has developed a hybrid sensor which measures hydrostatic 

pressure using optics (see Figure 3.7) [51]. It uses a comgated diaphragm that is located 

horizontally near the bottom of the tank. The diaphragm is exposed to the fluid pressure on 

one side, and to the pressure above the liquid on the other side by using a tube that extends 

fkom the bottom to the top. The motion of the diaphragm is detected by using a transmitting 

fiber that sends a light beam towards the center of the diaphragm. Several receiving fibers 

smounding the transmitting fiber detect the reflected light. Al1 the fibers c m  be made of 

plastic (although this limits their length), and the system uses an LED for transmission and a 

PM diode for detection. A computer analyzes the signal and detects the location of the 

diaphragm which changes according to the depth of the fluid. 

The diaphragm is comgated in order to increase its total displacement, and in order to 

linearize the output. Some problems still exist with the coefficient of thermal expansion of 

the diaphragm that creates an error with changing temperature. Another potential problem is 

the formation of a coating on the optical components since they are still exposed to the 

gaseous phase of the fuel. 
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Figure 3.7: Optical senror derigned by Sandia National Labs [SI]. 

A Japanese research team has developed a continuous optical sensor that works in a similar 

fashion to an ultrasonic sensor [47]. It uses an LED to generate a light beam which is 

directed at the surface of the fluid. The light beam travels to the surface and bounces back to 

a receiving fiber. A computer calculates the time of travel and deduces the distance to the 

fluide This sensor has only been tested using oil as the measured fluid, and little data exists 

regarding its performance. 

Thermal sensors consist of a series of themistors arranged discretely along the length of an 

insulated rod (see Figure 3.8) [3]. The idea behind thermal sensors is that when the 



thermistoa are exposed to an electrical current, their temperature increases [3, IO]. However, 

if they are immersed a fluid, their temperature will drop causing a measurable change in the 

resistance. This change can be detected using sophisticated electronics in order to sense 

changes in level. There is Little literature available on this technology, but it appears that 

manufacturing and signal processing difficulties have placed a limitation on their 

development. 

Figure 

Figure 3.8: Thermal rensor [31 

Hydrostatic sensing uses pressure sensors to caiculate the depth of a liquid using basic fluid 

equations (see Figure 3.9) [52]. The total volume is then calculated fiom the depth of the 

liquid and the tank geomeûy. This method works well, but has several short comings. First, 

it requires a multitude of sensors to measure at least two pressure points (above the fluid and 

at the bottom of the tank), and at least the fluid temperature (to cornpensate for expansion). 



Also, the motion of the fluid inside the tank adds fluctuations to the pressure readings that 

may be difficult to interpret. However, the main problem currently is to find suitable 

pressure sensors that have good accuracy, but that are also available at a reasonable cost. As 

an advantage, other properties such as density and mass can also be measure using this 

technique, which makes it very useful if more information about the fluid is desired (see 

Figure 3.9). 

HYDROSTATIC TANK GAUGING 

MASS (M) = (Pt-P3)"A. where A =VIL DENSITY (D) = (Pl-P2)iH 

LEVEL (L) = (Pl -P3)/0 STD. VOL. (V) = MID ref. 

# 

Figure 3.9: HydroWc mmuring technique ureâ to calculate mas%, level, density, and standard volume [52). 

3.6. PNEUMATIC SENSORS 
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Another method that cm be used to deterrnine the amount of fluid in a ciosed tank is to first 

measure the volume of the gas above the Buid, and then subtract this volume from the total 

volume of the tank. This approach is often referred to as pneumatic senshg. Three distinct 

techniques have been developed which take advantage of the ideal gas law to measure the 

volume of gas in the tank [53,54,55,56,57,58, 59,60,61,62,63,64]. 
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The first method was developed in Japan [53, 54, 551. The idea is to have two separate 

chambers, one of a known volume, and a second of unknown volume. The first chamber is 

illustrated in Figure 3.10 as the smaller chamber contained within the tank. The second 

chamber is the air space inside the tank above the fluid. Both chambers are connected 

through a small hole which allows the gas quality to equalize between the two. 
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Figure 3.10: Pneumatic volume sensing (531. 

A diaphragm is located in the wall shared by both chambers (a speaker in this case) which 

cm be used to displace the air and cause a pressure change. There are also two microphones 

which can detect changes in pressure in each charnber caused by the diaphragm. The 

diaphragm is driven by a sine wave generator at a frequency which is matched experimentally 



to the tank. The driving fiequency is critical because certain fiequencies cm lead to standing 

waves inside the tank that will cause erroneous results. 

By using the ideal gas law, and more specifically Boyle's law, the change in pressure caused 

by the diaphragm cm be used to deduce the volume of the gas chamber above the fluid since 

the volume of the smaller charnber is already known. By subtracting the amount of gas fiom 

the total volume of the tank, it is possible to calculate the amount of liquid inside the tank. 

Some features that are significant with this method are as follows: 

The optimal driving fiequency of the diaphragm is dependant on the tank geometry. 

The calibration of the system is also dependant on the tank shape. This means that a new 

calibration curve must be develop experimentally for each new tank design. 

The use of pneumatic sensing means that the attitude (tilt) of the tank has no effect on the 

output. In addition, slosh inside the tank has little effect on the readings fiom the sensor. 

The use of two microphones compensates automatically for changes in the quality of the 

gas due to temperature a d o r  pressure changes. 

This method has been irnplemented successfully into a gasoline vehicle, but only 

experimentally. No evidence was found that this sensor has yet been used cornmercially. For 

this reason, the long term robustness of this sensor is at this time unlmown. 

A second pneumatic method uses a principle knom as the Helmholtz resonator [56, 57, 58, 

59,60,61,62]. A Helmholtz resonator is an acoustic equivalent of a simple mass and spring 



system. It consists of a closed chamber with a tube attached to it through an opening (see 

Figure 3.1 1). The volume of air inside this tube is considered to be a mass, whereas the air 

inside the chamber is considered to be a spring. If the air volume inside the tube is excited 

using piston or a diaphragm, it is possible to cause the chamber to resonate with the same 

ffequency as an equivalent mass-spring system. 

Figure 3.1 1 : Helmhoik resonator. 

Since the equivalent spring constant of the air inside the chamber is directly dependent on its 

volume, the Helmholtz frequency of the system is also dependent on the volume of air. 

Knowing this, it is possible to determine how much fluid is inside the charnber by measuring 

the natural kequency of the system. This c m  be done using a piston or diaphragm to excite 

the air, and a microphone to measure the response. 

A third pneumatic measuring method involves using the fuel tank leakage detection system 

that akeady exists in many vehicles [63, 641. The idea is to use the vacuum present in the 

engine manifold to create a change in pressure within the tank. The time that it takes to 



change the intemal pressure in the tank by a known amount is measured, while the gas is 

evacuated at a known flow rate. Having this information, it is then possible to calculate the 

volume of the gas inside the tank by using Boyles's law. 

There is little infiormation regarding this technology. Robert Bosch GmbH produced a 

prototype and holds a patent for a device that works on this principle [63]. The main concern 

with respect to its applicability to propane tanks is the high pressures that exist inside the 

tank. 



CHAPTER 4 SELECTION OF A FEASABLE FUEL SENSING 

METHODOLOGY FOR THE PROPANE ENVIRONMENT 

The next phase in this thesis consisted on using the information in chapters 1, 2 and 3 as the 

basis for the selection of a feasible fuel level sensing method suitable for propane tanks. As a 

first step in making this selection, the following functional requirements were chosen as 

critical for this application: 

Safety 
0 Longevity 

Linearity 
Accuracy 

0 Stability 

Meeting requirements for linearity is not a difficult issue since on-board cornputers c m  be 

used to compensate for this problem. Furthemore, safety and longevity can be achieved with 

proper design and material selection. However, the requirements of accuracy and stability 

can ody be met if the proper sensing method is used. From al1 the technologies descnbed in 

chapters 2 and 3, three possible sensing methods can be extracted: 

The first consists of point level sensing, which simply measures the depth of the fluid at 

particular point in the tank. It is important to point out that most of the technologies 

discussed in chapters 2 and 3 are simply alternative methods of doing this. The signals 

generated by these sensors generally add no idormation as compared to simple float senson, 

although certain techniques may be better suited for particular environments and applications. 

Still, as was discussed in chapter 1, single point level sensors are incapable of providing 

enough information to compensate for the motion of the fuel in the tank of a vehicle. 



The second method combines several level sensors to overcome this limitation. This in turn 

c m  be used to calculate the volume of fuel more accurately. Published information shows 

the improvement in the quality of the level readings if multiple senson are used [4]. 

However, as was discussed in chapter 1, even multiple sensors are not able to compensate for 

severe £bel slosh in the tank. 

The last method available consists of pneumatic sensing. To date, this technology has not 

been appiied commercially, but published studies show the potential improvements that this 

technique cm bring to in-vehicle fuel level sensing [53, 54, 551. In particular, it has been 

shown that pneurnatic methods are insensitive to most inaccuracies created by the motion of 

the hel in the tank, 

M e r  careful consideration of these options, it becarne clear that the first method is unable to 

give accurate and stable readings in al1 circurnstances. And even though the second method 

has shown better potential, this technology has been thoroughly investigated for many years 

and M e r  research will not overcome its basic limitations. 

Based on this, a decision was reached to pursue a pneumatic based method for this project. 

This decision was made based on the fact that pneurnatic methods offer the greatest potential 

to fulfill al1 the functional requirements. In addition, this sensing technique has not been 

studied in as much detail as conventional level sensing methods, which provides more leeway 

for meaningful research. 



CHAPTER 5 APPROACH AND METHODOLOGY 

As was desdbed in chapter 4, the approach chosen to develop a new propane fuel level 

sensor was the pneumatic principle. Using this approach, the quantity that is actually being 

measured is the volume of gas or vapor present in the tank. Since it is assumed that the tank 

is of fixed volume, the volume of liquid can be easily inferred by subtracting the volume of 

gas fiom the total volume of the tank. Of the different pneumatic methods described in 

section 3.6, the Helmholtz principle was chosen because it requires the simplest 

instrumentation. 

A Helmholtz resonator is an acoustic equivalent of a simple spring-mass system [65]. As 

such, it shares some of the same characteristics of its mechanical equivalent, such as inertia, 

damping, and resonance. The actual Helmholtz resonator consists of a closed cavity that has 

rigid walls and a single opening (see Figure 5.1). On this opening is a neck co~ect ing  the 

interior of the cavity to the outside. For the purpose of modeling the resonator, the gas 

trapped inside the neck is considered to be a solid, incompressible block or mass which can 

move in and out. In contrast, the gas inside the cavity is considered to be a compressible gas 

which behaves Wre a spring when compressed. The viscous losses caused by the movement 

of gas in the neck, in addition to acoustic emanations fiom the mouth also add a damping 

element to the system 1651. 



Just as in a mechanical spring-mass system, if the mass in the neck of the resonator is 

somehow excited, there will be a given fiequency where resonance will occur. This 

resonance (known as the Helmholtz resonance) will depend on the effective mass M of the 

gas trapped in the neck, and the effective stifniess K of the gas inside the cavity which acts as 

the spring (see Figure 5.1). Since the stiffness of the gas in the cavity is directly related to its 

volume, the resonant fiequency of the resonator will depend directly on the volume of gas 

present in the cavity. 

Figure 5.1: Idealized Helmhoiû reaonator. 

This principle may be used to measure the amount of fîuid stored in a tank by measuring the 

Helmholtz fkequency of the tank for a given volume of fuel. This resonant frequency may 

then be related to a calculated or a previously known volume of gas. The volume of hiel may 

then be deduced f?om the total capacity of the tank (Note that this method will only work for 

liquefied fbels). One of the main attractions of this method is that the quantity being 

measured is only aflrected by the volume of the gas chamber, regardless of its shape [66]. 

Therefore, unlike typical fuel level sensing methods, the attitude of the tank, or even sloshing 

of the fuel inside the tank should have a negligible effect on the measurements. 



The theory of the Helmholtz resonator has been extensively studied for well over a century. 

Helmholtz himself fïrst modeled the system and developed equations descrïbing its behavior 

[67]. However, since that tirne, it has become apparent that the original mode1 has many 

limitations. Repeatedly, authon have reponed discrepancies between calculated and 

experimental frequency values [67,68,69]. 

A Helmholtz resonator is usually described by an equation of the form [65]: 

where F is the driving force, M is the effective mass of the resonator, R, is the radiation 

resistance, K is the effective stifhess, and x is the displacement of the air plug in the neck. 

Note that this equation is analogous to a mechanical mass-spring-damper system with 

extemal excitation such as is depicted in Figure 5.2. 

Figure 5.2: Hdmholh nronator with dmmping and extemal excitation. 



The effective mass M refen to the mass of the air plug inside the neck of the resonator and 

may be calculated as follows [65]: 

M = p,SLt (5.3 -2) 

where p, is the density of the gas in the charnber, S is the cross sectional area of the neck, and 

L ' is the effective length of the neck. The effective length of the neck is longer than the 

actual length of the neck because of radiation resistance at each end of the tube [65]. This 

means that a correction factor must be added to account for air surrounding the openings on 

both ends of the neck [56, 651. For a round opening, this correction is usually 0.61 R, where 

R is the radius of the opening [56]. Since the neck has two open ends, the total correction is 

1.22R, meaning that the effective length L 'of the air plug is: 

L' = L + 1.22R (5.3-3) 

The radiation resistance R, depends on whether the ends of the neck are Banged or not (see 

Figure 5.3). 

Figure 5.3: OHlemnce brtwm flanged and unfiangecl pipes. 

Assuming that the wavelength of the excitation source is much larger than the radius of the 

neck R, the radiation resistance at the neck is given by [65]: 

k2S2 for a flanged pipe, or 4 =P,C= 



k2S2 
4 = & c z  for an unflanged pipe. (5.3-5) 

Where c is the speed of sound in the gaseous medium and k is the ratio of speci fic heats. 

The effective stifniess K of the system may be found by considenng the pressure increase in 

the cavity for a given displacement x of the air in the neck (assuming that the displacement of 

the air is unifonn across its cross section). The effective stifhess for a resonator with an 

open ended pipe is given by [56,65]: 

where V is the volume of the cavity. 

In equation (5.3-1) it is assumed that a harmonic driver is used to excite the system. The 

force F that this driver exerts on the system is a fùnction of the cross sectional area S of the 

neck and the amplitude A of the incoming acoustic wave [65]: 

F = S A P  (5.3-7) 

The resonant frequency a>. can be found fiom equation (5.3-1) and is given by [65]: 

Note that the resonant Eequency is dependent upon the inverse of the square root of the 

volume of the cavity. 



5.4. CORREUTION BECWEEN THEORY AND PRACTICE 

At first sight, the equations just described seem to give the basis upon which to build a 

Helmholtz resonator. It should be possible to use equation (5.3-8) to determine the 

dimensions of the system in order to obtain a given desired response. Nevertheless, applying 

this theory into practice faces several obstacles. For instance, expenence by many 

researchers has shown that the correlation between the predicted resonant fiequency of a 

resonator and the volume of the cavity is not always reflected by experimental values [63,68, 

691. Aiso, choosing a desirable fiequency range is very difficult because this range must take 

into account environmental disturbances and the limitations of the existing equipment. In 

addition, other acoustical resonating modes not described by these equations may appear in 

the system and interfere with the spring-mass resonant mode. 

With respect to the accuracy of the models, one source of error that is ofien discussed is the 

correction used to account for the radiation resistance on both open ends of the neck. The 

correction of 1.22 cited previously is a number aven by a particular author, despite the fact 

that other numben are also quoted. For instance, Kinsler and Frey consider this correction to 

be 1.7 for flanged openings, and 1.2 for unflanged openings [66]. Other authors such as 

Troke and Ingard consider this correction to be a fiuiction of the diarneter of the neck [68. 

701. 

Another important source of error is the excitation source. A jet of air flowing over the top of 

the neck is often used to excite these resonators in laboratory experiments. The principle is 

the same as is used to drive many musical instruments, such as organ pipes. Nonetheless, the 



Stream of air fiom the jet may hit the opposite side of the neck creating edge effect resonant 

modes that may interfie with the spring-mass resonant mode [69]. 

Speakers are also commonly used as excitation sources by hermetically coupling them to the 

mouth of the resonator. Locating a speaker in the mouth means that the mass of the 

diaphragm and the coi1 must be added to the mass of the gas in the neck in order to find the 

total effective mass of the system [65]. The stiflhess of the speaker cone must also be 

combined with the stifiess of the air in the cavity in order to find the total stiffhess of the 

system. In addition, the effective length L ' used to calculate the m a s  of the air plug inside 

the neck is af'f'ected by the presence of the speaker. The presence of the speaker will 

generally cause a net reduction in the effective length L '. 

Another exarnple of the limitations of the original model was given by Troke [68]. In his 

study, he extended the model deveioped by Helmholtz to include the viscous effects on the 

walls of the neck by using the boundary layer theory developed in the field of aircrafl design. 

The correction made to his model seems to correlate better to his experimental results. 

However, al1 his expenments were done using small resonators (with dimensions less than 

about 50 cm.), and therefore the effectiveness of this model in larger resonators remains 

unproven. 

Troke remodeled the system by making the assumption that a static layer of air always exists 

near the walls of the neck [68]. He also assumed that the viscous forces were larger away 

nom the center of the oeck. He then developed a model where the effective mass of air in the 

neck is smaller due to these effects. From this he developed the following equation: 



where D corresponds to the diameter of the neck. Note that this equation shows the same 

relationship between frequency and volume as equation (5.3-8). 

5.5. REGRESSION ANALYSIS OF THE MODELS 

Despite their differences, equations (5.3-8) and (5.4- 1) show that the resonant frequency of a 

Helmholtz resonator is inversely proportional to the square root of the air volume in the 

chamber: 

Therefore, there must exist a constant ofproportionality C such that: 

This equation cm be linearized by taking the natural logarithrn on both sides: 

Therefore, a plot of ho, vs. inV will have a slope of -0.5, and intercept the vertical axis at 

InC. Equation (5.5-3) may be used to predict volume changes in a storage tank by measuring 

the resonant fiequency as long as the constant C is known. This constant could be calculated 

fiom theory, or could be determined experimentally. 

5.6. Acousmc CONSIDERATIONS 

Equation (5.3-8) shows that the spring-mass resonant mode of a cavity is not dependent on its 

actual shape, but only on its volume. However, the shape of the cavity rnay have an effiect on 

the emanation of other overtones which may have an effect on the spring-mass resonance 



[65]. In order to understand the types of overtones that may occur, it is necessary to separate 

the system into its three main components: the neck, the cavity, and the excitation source. 

The neck may be treated as an open ended pipe which is susceptible to one, two, or three 

dimensional standing waves along its length or across its diameter. Standing waves rnay 

occur as the wavelength of the excitation source reaches the same order as the dimensions of 

the pipe. The fundarnental acoustical mode seen in these pipes is usually a quarter wave 

resonance mode along the length of the pipe. This fundamental is accompanied by evenly 

spaced higher order overtones. Other standing wave modes are also possible across the 

diameter of the pipe if this dimension is suitably matched to the wavelength. 

The fundarnental quarter wave resonance and al1 the overtones of an open ended tube may be 

found using the equation [68]: 

Where n = 1 corresponds to the fundamental and n = 2,3,4,. . . corresponds to its overtones. 

Note that the quarter wave resonant frequency will drop with increasing neck length. Also, 

since the wavelength is a function of the speed of sound and the kquency, this equation is in 

effect just a relation between the wavelength and the length of the neck. 

The fundamental of the quarter wave resonating mode generally occurs at a higher fiequency 

than the Helmholtz mode [66]. However, it is possible to build a resonator where the 

Helmholtz mode closely matches one of the lower overtones in the neck. This c m  be very 

problematic if the system is to be used to measure volume, since the interaction between the 



different modes may cause enatic and unpredictable behavior. Research conducted by 

Khosropour and Millet shows the effect of edge tone fiequencies generated at the neck which 

pull the Helmholtz fiequenc y in di fferent directions as the velocity of the excitation source 

(in this case a jet of air) is increased [69]. This demonstrates the importance of keeping the 

diflerent resonant modes far enough apart so that they do not interfere with one another. 

Just as in the neck, the main cavity of a Helmholtz resonator rnay also develop standing 

waves [65]. For this reason, the geometry of the cavity and the relation between the 

dimensions of the cavity and the wavelength of the excitation source become critical. In 

automotive fuel tank design, this is particularly problematic, since the geometnc design of 

the tank evolves around available space rather than acoustic considerations. 

The choice of excitation source is also very important because of its interaction with the 

system. As was already mentioned, it is often cornmon to use a jet of air flowing over the 

mouth of the resonator as a source of excitation. However, as research done by as 

Khosropour and Millet has shown, this source of excitation produces edge tone vibrations 

that affect the spring-mass resonance of the system [69]. As an alternative, acoustical 

excitation cm be produced using audio speakers. Speakers are useful because they can be 

controlled so that they emit only one fiequency. However, as was already discussed, their 

presence in the neck affects the total effective mass and total effective stiflhess of the 

resonator. In the extreme case, a speaker with very hi& acoustical impedance may dominate - 
the acoustical vibrations of the resonator, masking the sprhg-mass resonant mode. In 

addition, speakers have their own resonant mode which usually fdls within the typical 



Helmholtz regirne. This resonance may also have an effect on the behavior of the spring- 

mass resonant mode. 

In order to keep the different modes of vibration separate from one another, it is important to 

keep in mind that there are only a few design parameters available for this purpose. These 

include the dimensions of the neck, the dimensions and the shape of the tank, and the type of 

excitation source. Therefore, the ability to use the Helmholtz principle to measure volume 

relies heavily on the optimization of these parameters so that a useful fiequency range 

becomes available. 

5.7. f EMPERATURE AND HUMIDIN 

As equation (5.3-8) shows, the resonant fiequency of a Helmholtz resonator depends directly 

on the speed of sound. As a result, a further cause for concem are any changes to the 

properties of the medium that will have an effect on the speed of sound. Two particular 

properties of concem are the temperature and composition of the gas inside the resonator 

[44l 

In the case of propane powered vehicles, changes in temperature is a very critical issue since 

these vehicles are expected to operate within a wide range of environments. in addition, 

variability in the quality, purity, and pressure of the hie1 within different locations will add 

extra uncertainty to the system. 

Compensation for this type of variabilîty can generally be done in two different ways. The 

b t  is to mesure the physical quatities that are affecting the accuracy of the readings, such 



as the temperature, pressure, and humidity of the vapor inside the tank. These data c m  be 

used to automatically compensate the readings f?om the Helmholtz sensor by using known 

equations. Aithough this method may seem the most logical solution at first, it has two 

serious drawbacks. First, it requires multiple sensors which makes it complex and costly. 

And second, it usually does not account for al1 the factors affecting the final result making its 

accuracy limited. 

The second method consists of directly measuring the affected factor, which in this case is 

the speed of sound. This method takes into account al1 the factors that affect the speed of 

sound without having to measure any of them individually. Nevertheless, measuring the 

speed of sound is a challenging issue in itself which requires special instrumentation 1441. 



CHAPTER 6 EXPERIM ENTAL PROCEDURE 

A series of experiments were perfomed in order to demonstrate the feasibility of using the 

Helmholtz pnnciple as a fuel level sensing technology for automotive applications. The 

purpose of these experiments was to develop a proof of concept mode1 for the chosen 

method. They also provided an opportunity to confirm the accuracy of the results obtained 

through the theory and to l e m  about the severity of some of the problems descnbed in 

chapter 5. 

The approach used to evaluate the acoustical response of the experimental resonators is 

discussed in this chapter. The equipment used for this purpose is also descnbed. The results 

obtained during the experimental phase are presented and analyzed in later chapters. 

6.1. SIGNAL GENERATION AND ACQUISITION 

Several experimental resonators were used in order to compare the response obtained through 

the theoretical models against the actual response. The excitation and measurement of the 

response were done using two different approaches. The first was to excite the cavity using 

random and unifonn white noise while measuring the total response over a given fiequency 

spectrurn [69]. The second was to excite the cavity at discrete fiequencies and to measure the 

response at those fiequencies only [56, 57, 58,59,60,61,62]. 

Using white noise to excite the resonator is very usefûl as an exploratory technique because it 

makes it possible to measure the response of the resonator over a wide range of fiequencies at 



once. This approach gives a quick snapshot of the response of the system. Computationally, 

it is very simple and fast, which is an attraction for any type of software that may be used in 

an automotive cornputer. 

In ternis of equipment, al1 that is necessary is a generator of uniform white noise to excite the 

resonator over a wide range of fiequencies. The response cm be measured with a computer 

which monitors the pressure fluctuations in the cavity through a microphone. This time 

domain signal is converted by the computer into the frequency domain by using a Fast 

Fourier Transform (FFT). Any resonant frequencies can be identified as spikes in the FFT 

plot. The computer also allows the data to be stored for later analysis. 

One of the shortcomings of this method is that, by its own nature, a lot of noise is added to 

the signal This often makes it difficult to distinguish the resonant peaks. The accuracy of the 

results are also dependent upon which fiequencies are actually excited. This will Vary since 

the random nature of the excitation does not guarantee that any particular fiequencies w il1 be 

g enerated. 

Figure 6.1 shows an example of an FFT obtained fiom a Helmholtz resonator excited using 

random white noise. It is clear that there is one frequency (430Hz) which is more prominent 

and which corresponds to the spring-rnass resonant mode of the system. However, it is also 

clear that other peaks also appear corresponding to other resonant modes. In practice, the 

response obtained through this method is not always as clear as is s h o w  in Figure 6.1, 

making it difficult sornetimes to determine the resonant fiequency of the system. 



Figure 6.1: Response of a Helmholtz resonator to uniform white noise. 

Another approach is to excite the resonator at discrete fiequencies over a desired band and to 

measure the response at each of these fiequencies. The equiprnent that is needed for this is a 

controllable excitation source, a microphone, and a control unit for system sync hronization, 

signal acquisition, and data processing. 

A frequency sweep begins by exciting the system at the initial fiequency of the chosen scan 

band. AAer a short delay which allows the systern to settle (typically in the order of 

milliseconds), the signal acquisition begins. A sample of data is then collected at the 

excitation fiequency and transformed fiom the time domain into the fiequency domain by 

using an FFT. After the data have been collected, the system moves to the next fiequency in 

the spechvm and repeats the same signal generation and acquisition. This process is repeated 

until the desired fiequency band is exhausted. From each frequency that is tested, it is then 

possible to extract the amplitude of response of the system at that given fiequency. By 

plotting al l  the individual resonating amplitudes against their corresponding kequencies, it is 

possible to see the response of the system over a desired fiequency range. 



The need to excite and sample at each individual frequency makes this method inherently 

slow and computationally dernanding. However, this approach provides a much more 

accurate picture of the acoustical response of the system than c m  be obtained using a white 

noise generator. One reason is that each frequency is excited individually, thus making sure 

that the entire spectrum is covered. In addition, the discrete nature of this method allows 

three quantities to be measured: 

61.2. I .  Amplitude Response 

The amplitude of the pressure fluctuations in the cavity can be measured by using a 

microphone. It is known fiom theory that the amplitude of the acoustic pressure in the 

resonator will reach a maximum at resonance [65]. Therefore, the resonant fkquency c m  be 

found by keeping track of the amplitude of the response at each excitation frequency during 

the fkquency sweep. The resonant eequency will be that where the arnplitude reaches a 

maximum. Figure 6.2 illustrates the response of a resonator with a resonant frequency of 

1 85Hz. 

. 
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Figun 6.2: Amplihida nrponu obtained uring the fnquency sweep method. 



6.1.2.2. Phase Response 

Another measure that c m  be used to Uifer the resonant point is a shift in phase between the 

driving signal and the response of the resonator [58, 59, 61, 621. The phase difference 

between these two signais will be 90 degrees at the resonant point. A practical method to 

detemine if the phase difference reaches 90 degrees is to consider the signal sent to the 

speaker and the signal received fiom the microphone as phasors. Since it is known that the 

dot product between two vecton is zero when they differ by ninety degrees, the dot product 

of these two phasors should also be zero when they differ by ninety degrees. Therefore if the 

dot product between the signal sent to the speaker and the signal received by the microphone 

is plotted at each frequency during the sweep, the resonant point will be identifiable where 

the plot crosses the zero line. During routine observations, it becomes clear that the plot of 

the phase differential may cross this line many times; however, the only crossing that is of 

interest is that which corresponds to the maximum amplitude measured in the microphone. 

The purpose of measuring both the amplitude and the phase differential is to provide a means 

to distinguish different peaks in the amplitude plot that may otherwise appear to be resonant 

points. Figure 6.3 shows a plot of the phase shift for a resonator passing through its resonant 

point. Note that this resonant point corresponds to the maximum amplitude recorded in 

Figure 6.2 at 185Hz for the same resonator. 



O 200 250 300 
Ftequrncy (Hz) 

Figure 6.3: Phase shiR between speaker and microphone. 

6.1.2.3. Impedance Response 

An alternative technique that was successfully tested during the experiments is to measure the 

impedance of the speaker, which reaches a minimum at resonance [56]. The impedance 

response can be inferred from changes in the current drawn by the speaker, which will reach a 

maximum when its electricd impedance reaches a minimum. This current may in tum be 

measured by placing a low resistance shunt in series with the speaker, and by measuring the 

voltage across the shunt. This voltage will drop to a minimum when the system reaches 

resonance. 

A frequency sweep can be performed while measuring the voltage across the shunt at each 

individuai frequency. This voltage will drop to a minimum when the system reaches its 

resonant point. This point will in tum correspond to the maximum amplitude measured in 

the microphone response, and to the phase transition point between the microphone and the 

speaker. Figure 6.4 shows the plot of the shunt voltage corresponding to the resonator 

discussed in sections 6.1.2.1 and 6.1.2.2 which has a resonant fkquency of 1 85Hz. 



Figure 64: lmpdancr responsr obtaineâ using the frequency sweep rnrthod. 

The instrumentation used for the experimental section of this project was built around a 

computer based data acquisition and control board. A very important part in the selection of 

the instrumentation was a recognition of the types of signals that needed to be generated and 

collected. Due to the nature of the project, it was known in advance that the system needed 

to be able to process data in the frequency domain. Using the theory and existing literature, it 

was also known that the fiequencies of interest would likely lie in the range between O and 

2000Hz. In order to meet these requirements, the equipment components that were used 

during the experimental phase of this project included a microphone, several speakers, and a 

computer. They are described below. 

In order to mesure pressure fluctuations inside the resonator, a Bruel & Kjaer condenser 

microphone Mode14176 was used. This microphone has a resonant fiequency of 12.5kHz, 



and a good fiee field response below lOOOHz [71]. In addition, the microphone cartridge is 

made of corrosion resistant materials that make it ideal for this application. 

The microphone was driven by a Bruel & Kjaer power supply Mode1 2804. This battery 

driven power supply provides the proper excitation voltage for the microphone, as well as 

sorne amplification. 

As was mentioned before, audio speakers were used during the experimental phase of this 

project in order to provide a source of acoustical excitation. Speakers were preferred over air 

jets because of their ease of implementation, their controllability, and their relatively low 

cost. Furthemore, the experimental work perfomed for this thesis did not require the use of 

fuel in order to verify the relationship between fiequency and volume. Instead, water was 

used which, in addition to the fact that durability was not a concern, made it possible to use 

ordinary speakers designed for home use. 

The main concem in the selection of suitable speakers for the experiments was their 

fiequency response. An ideal speaker was considered to have a constant amplitude at al1 

frequencies. In practice however, this is not possible due to the characteristics of the 

speakers themselves. Al1 speakers have a resonant fiequency where the amplitude of their 

output reaches a maximum. This fiequency normally fdls somewhere within the typical 

Helmholtz range (below 1000Hz). Therefore, pnor to using any speaker, it was necessary to 

record its resonant frequency so that its effect could be taken into account on the overall 



performance of the resonator. The actual responses recorded for the different speakers used 

during the experiments are shown in chapter 7. 

In addition to the resonant fiequency of the speaker, some devices added to the driving circuit 

were also found to have an efiect on the amplitude of the output. For instance, if an amplifier 

is used to drive the speaker, the amplifier electronics may filter out a part of the spectrum, 

thus affecting the output in this range. Therefore, al1 the electronics added to the circuit must 

be checked in order to ensure that they do not interfere with the proper excitation of the 

speaker at the desired fiequency ranges. 

Figure 6.5 shows the combined effect of the resonance of the speaker and an amplifier that 

filten the signal in the lower spectnim. These readings were taken by exciting the speaker in 

&e air, while mounted on a soft surface. The shunt voltage readings show the electrical 

impedance response of the speaker, whereas the microphone readings show the amplitude of 

the output acoustical signal. The impedance response shows that the amplitude of the driving 

voltage increases only graduaily in the lower fiequency range as a result of the electronics in 

the amplifier. In addition, the resonant point correspondhg to the speaker is recorded at 

1 1 OHz. It is clear from this figure that the characteristics of the excitation source must be 

controlled carefblly in order to prevent unwanted effecis from affecting the Helmholtz 

response of the system. 

A PC computer was used in order to integrate the data measurement and data analysis. This 

computer consisted of a Pentium 200, with 16Mb of RAM, and 2Gb of hard drive space. The 



operating system used was Windows 95. The cornputer was outfitted with a data acquisition 

board and the required software in order to perfom signal control and analysis. 
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Figure 6.5: Combined frequency rerpanse of amplifier and speaker. 

6.2. 3.1. Data Acquisition Boanl 

The signal generation and acquisition was achieved using a National Instruments data 

acquisition board, Mode1 AT MI0 16 E10. A National uistruments SCB-68 connector block 

and cable were used to interface with the instrumentation. This connector block has a built in 

cold junction compensation sensor that allows the board to use thennocouples for 

temperature sensing. The board has 16 channels of analog input with intemal multiplexing 

and b ~ e r i n g .  The maximum acquisition rate is lOOlcHz distributed over al1 the active 

channels. Two andog output channels are dso available with an output voltage range of +/- 

10V. The maximum output sarnpling rate is also 100k.H~ distributed over the two output 

channels. 



Two programs were written ushg the LabVIEW programming language, version 5.0. The 

control panel of the fïrst program is shown in Appendix I. This prograrn is capable of' 

controlling a speaker and outputting a signal consisthg of random white noise. As the signal 

is sent to the speaker, the program monitors the response of the resonator through the 

microphone. The computer takes a sample of the response, processes the signal, and finally 

displays it on the screen. The signal processing uicludes a Hanning window to reduce 

spectral leakage, and an FFT which converts the signal fiom the t h e  domain to the 

fiequency domain. 

As cm be seen in Figure 6.1, the white noise generation method provides a very simplistic 

look at the collected data. The displayed data can also be difficult to interpret due to 

excessive noise, or because the fiequencies of interest may have not been excited. As a 

solution to these problems, a second program was created that takes advantage of the 

fiequency sweep method previously described. The control panel of this program is show in 

AppendUr II. This prograrn also provides simultaneous excitation and data acquisition, but it 

scans one fiequency at a tirne. The screen displays a time record of the amplitude, the 

irnpedance, and the phase responses. 

A detailed wiring diagram of the equipment just described is given in Figure 6.6. Note that 

in this diagram, the speaker used can be easily interchanged according to the needs of each 

experiment. An amplifier may also be needed to drive larger speakers. If an amplifier is 



used, it should be placed between the board and the shunt resistor so that the shunt records 

the actual current passing through the speaker. 
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Figure 6.6: Wiring diagnm of experimental setup. 

A very important issue in the experimental setup is the location of the microphone with 

respect to the resonator. This location will in tum depend on how the speaker is mounted 

with respect to the neck. In general, the speaker may either be mounted hemetically ont0 the 

neck of the resonator (coupled), or it may be located at a distance away fiom the mouth 

(uncoupled) . 

I f  the speaker is coupled, not only will the resonator react to the speaker, but the speaker will 

also react to the resonator. The speaker will control the fkequency of the system, but its 

amplitude of vibration will depend on the amplitude of the response of the resonator. As a 



result, the combined systern will have oniy one resonant fiequency which will depend on 

both the Helmholtz fiequency and the resonant fiequency of the speaker. 

For the coupled case, the microphone can be located either near the diaphragm of the speaker 

or inside the resonator itself. Furthexmore, if the housing of the speaker allows access to the 

diaphragm fiom the outside, the microphone can be located entirely in the outside of the 

resonator since the diaphragm will reflect the acoustic response of the entire resonator (see 

Figure 6.7). 
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Figun 6.7: Microphone location in coupleci resonator. 

If the speaker is uncoupled fkom the resonator, the response of the resonator will have no 

effect on the response of the speaker. Therefore, the microphone must be mounted inside the 



cavity or the neck of the resonator in order to detect its resonance. Figure 6.8 illustrates this 

mounting approach. 
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Figure 6.8: Microphone location in uncoupled resonator. 

It is important to note that for the first mounting method, the acoustical impedance of the 

speaker must be low enough so that the Helmholtz resonant mode is detectable at the 

diaphragrn of the speaker. Ln addition, since the movement of the speaker diaphragrn is 

directly affected by the resonator, impedance changes in the speaker can also be used to 

detect resonance with the use of a shunt resistor, as was described in section (6.1.2.3). It is 

very important to point out that this is not the case when the speaker is uncoupled fiom the 

resonator. This rneans that m e a s u ~ g  the irnpedance response of the system is only useful 

when the speaker and the resonator are coupled. 



CHAPTER7 RESULTS 

Background research into the Helmholtz method indicated that the three most important 

aspects of a resonator are the dimensions of the cavity aad neck, the shape of the cavity, and 

the excitation source [56, 57, 58, 59, 60, 61,62,65, 66, 67, 68, 69, 70, 72, 731. In order to 

investigate these h e e  elemeats, five expetùnents were conducted tbat explored the behavior 

of resonators having diffemit dimensions, shapes, and speaker locations. This chaptei 

discusses the results obtained. 

The first experiment was set up in order to test the basic relationship between volume and 

freciuency as is given in equation (5.3-8). For this experiment, it was decided to use a small 

glas jar with a volume capacity of 0.75L. This jar was chosen because of the rigidity of its 

walls and because its relatively mal1 dimensions made it less prone to standing wave 

formation. Figure 7.1 shows the jar dimensions. 



The tirst step in the pmcess was to calculate the predicted resonant frequency of the jar 

acwrding to the theory. The resonant fkquency of the jar was calculateci using two different 

methods. The first was the commonly accepted equation developed by Helmholtz (Equation 

(5.3-9)). The second was equation (5.41) developeâ by Troke to inclde bomdary layer 

effects in the neck. 

Rior to applying these equations, it was necessary to adjust the effective length L ' to reflect 

the presence of the speaker at the end of the ne&. It was aireaây mentioned in Section 5.3 

that the correction commonly used for the Helmholtz mode1 is 1.22R. For the purpose of the 

cakulations, it was assumed that the speaker diaphragm was essentially flat. As a resuit, the 

compensation added to L ' was cut in ôaif to 0.61R in order to reflect the fact that the neck 

had no direct interaction widi the outside. The same correction was applied to the Troke 

equation. The results of these calculations are summarized in Table 7.1: 

Mode1 Helmholtz Troke 
Equation l Q 

As is apparent nom these dcdations, the resuits predicted by both methods diffa 

considerably. Nevertheless, it is clear tbat the resonant fresuency of the jar should be 

expected to lie at a relatively low fhquency near 300Hz. Keeping this in min& it is still 

important to check that no unwanted resonant modes may occur inside the cavity riround this 



fieqriency range. As mis pfeviously disçussed, unwanted resonant modes cm occur in three 

different places: the cavity, the neck, and the speaker. 

The respome of the cavity cari be verified by calcuiating the wavelength at the highest 

pmlicted frequency by using the following quation [74]: 

Using a frequency of 313Hz and a speed of sound of 344m/s, this equation predicts the 

wavelength to be 1.09m. Since this is more than six times the largest dimension of the jar, 

there is little reason to believe that standing waves will fonn inside the cavity. 

The next thhg that must be checked is the q-er wave resonant fiequency of the neck. 

This fiequency should be high enough so that it does not interfère with the spring mass 

resonant mode of the resonator. Using equation (5.61) with n = 1, this fiequency is 

predicted to be l433.33m clearly out of the range of concem. 

Finally, the speaker response must be obtained experimentally. Figure 7.2 shows the 

response of the speaker in &ee air. This response was achieved by resting the speaker on a 

soft mount, and by placing the microphone near the diaphmgm. This figure shows that the 

speaker has a resonant point at 415 Hz. 

In or& to measure the interaction between the ne& and the speaker, their combimd 

cesponse was m d  in the absence of the cavity of the resonator. Figure 7.3 shows that 

the nsonant point of the speaker at 41SH.z is not affected considerably by the prrsence of the 



neck. Also, no other resonant peaks due to the aeck are seen in this fiequency range, thus 

confumiag the previous prediction. 

Fnquancy (Hz) 

In order to measure the a d  response of the mnator, the jar was hstnimented with a 

speaker and a microphone. The experimental setup for this jar is shown in Figure 7.4. 



Fb~n 7 8  Ywntlw d inrai-011 gku ju. 

The speaker was selected fiom among several choices available because of its low 

impedance. The diameter of the speaker was 4.5cm, and its rating mis given as 0.2Watt and 

8Q. The microphone was rnounted externally so that no wiring had to be run into the cavity. 

This was Unportant because of the difficdty in cutting a hole through the glass. The actual 

microphone location during the experiments was about 4.0mm away fkom the speaker cone. 

Using the set up shom in Figure 7.4, the resonant fkquency of  the resonator was 

detennined using the fresuency sweep method, and by simultaneously monitoring the 

microphone, the speaker impeâance, and the phase differential. 



Fipre 7.5 shows that the resouant fiequency of the speaker and resonator system when 

empty (0.75L air volume) is 391 Hi. This value is higher than that predicted in Table 7. I for 

the tesonator alone, but lower than the monance measu~ed for the speaker alone. This 

coafinns that there is an interaction between the speaker and the resonator. To investigate 

this interaction M e r ,  the same test was repeated while changing the internai volume of the 

resonator by adding water to it in O. 1 18L increments. 

Figure 7.5 shows the change in resonant fiequency with volume as detected by the 

microphone. Figures 7.6 and 7.7 also correlate this effect in terms of impedance response 

and phase shift. It is clear that the resonant fiequency încreases with increasing water 

volume (dropping au volume), as predicted by equation (5.3-8). This cm also be explaineci 

intuitively, since a drop in air volume means an increase in stiffhess, and therefore an 

increase in resonant fkequency. 



1500 ---------. 

Alr Vdumo (L) 

1000 

sa0 

! O 

H O 

-500 

-?O00 

I 

Figura 7.1: Phw Jiift nrpom d #lm jar. 

Figure 7.8 shows a plot of resomt lkequency as a fiuiction of air volume. The three curves 

shown in this graph correspoad to the predicted behavior using Helmholtz's equation and 

Troke's equation, and the experimental resuits. Note that the volume used in the calcdations 

was the volume of air in the jar, which decreased as water was added. 
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Figure 7.8 shows that the predicted Helmholtz response is consistently lower than the 

response predicted by Troke. The experimental &ta show that even though some correlation 

bawea volume change and fiequency response was measured, the resonant mode of the 

system always remained very close to the resonant mode of the speaker (415Hz). In fact, at 

lower air volumes, the experimental resonant fiequency appears to be dampened by the 

speaker, whereas at higher air volumes the experimental resonant fkequency appears to be 

enhanced by the resomce of the speaker. An interesting feature of this plot is the point 

where the experimental curve crosses the predicted cuves. This point corresponds to the 

natural fkequency of the speaker. 

Figure 7.9 shows a logarithmic plot of the theoretical and the experimental results. In this 

case, the volume d is in cubic meters and the frrquency is in Hertz. The slope calculateci 

in both theoretical lines is 4.5, as mis predicted in the regression analysis of the mode1 in 

section (5.5). The regression equation of the liw obtained experimentally bas a dope 4.1,  

and a lin- correlation coefficient r of 0.998. This suggests a strong logarithmic 



relationship between volume and resoaant fresuency, although this relationship differs 

somewbat h m  the predicted behavior. 
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The discrepancies between the predicted and the experimental values obtained in the first set 

of experiments prompted an investigation of the relationship between the m n a n t  mode of 

the speaker and that of the resotmtor. For uiis purpose, a second experiment was set up using 

a slightly larger container. 

For this experiment, it was decided to use a plastic container with a volume capacity of 3.8L. 

This container was chosen because of the desire to insert the microphone into the resonator. 

The plastic walls made it very eaoy to cut the necessary access hole which would have ban 

extremely difficult in the glas jar. The downside to this choice was the p i b i l i t y  of 

introdUCiI1g new errors due to the greater cornpliance of the container walls. In general, the 

resonance Wuency of a Helmholtz resonator Qops with lower wall stifniess [72]. The size 



of the container was again chosen to minimize the probability of standing wave formation. 

Figure 7.1 O shows the container dimensions. 

The same analysis that was done for the first resonator was repeated with the second one. 

Note that since the speaker was again mounted hennetically on the neck, it was necessary to 

adjust L'  the same way as it was &ne for the glass jar. Table 7.2 shows the predicted 

behavior for the 3.8L resonator. 



The wavelength for 166Hz was calculated as 2.07m using equation (7.1.1-1). Since this 

wavelength is over ten times the largest dimension of the resonator, no standing waves were 

expected inside the cavity. Using equation (5.6-l), the quarier wave resonance of the neck 

was preâicted to be 7ûûHz 

The response of the speaker used in this experiment was also measured while on its own, and 

when mounted ont0 the neck. Figures 7.11 and 7.12 show that resonant fiequency of this 

speaker dropped from about 210Hz without a nec4 to about 175Hz with the neck. The 

explmation for this &op lies on the interaction of the speaker with the neck. The presence 

of the neck affects the boundary conditions of the speaker. These two components then act 

as a system es described by Kleppe, and therefore have a combined resonant fiequency[73]. 

It is important not to confuse this mechanical resonant mode with the acoustical quarter wave 

resonant mode of the neck which occurs independently. Figure 7.12 shows this quarter wave 

resonance as a peak near the predicted value of 700Hz. 



The plastic container was instnimented with the speaker and the microphone. The 

experimentai setup for this case is show in Figure 7.13. 

Container 



The diameter of the speaker was 7.5cm, and its rathg was given as 1.5Watt and 6R. This 

time the microphone was momted intemally, but very close to the top so that it would not 

become immersed as water was added. 

The microphone response, impedance respoase, and phase shifi were measured while adding 

water to the container in 0.6L increments. The redting &ta are plotted in Figures 7.14, 

7.15, and 7.16. It is clear that the response of this container is very similar to diat observed 

in the glass jar, with the resonant frequency increasing as the air volume of the chamber 

decreases. 

Nt Vol uma (L) 
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Figve 7.1 7 shows a plot of the resonant hquency as a fiuiction of volume of air. Note the 

similacity between this plot and that obtained for the glass jar (Figure 7.8). Again, the m e  



obtained experimentaily crosses the predicted cuves near the resonmt fiequency of the 

speaker (210Hz). Also, the spring-mas resonance of the system seems to be dampened at 

lower air volumes, and enhanceci at higher air volumes. 

Figure 7.1 8 sbows a logarithmic plot of the theoretical and the experimental results. The 

slope measured in both theoretical lines is again 4 . 5 ,  as was predicted in the cegression 

analysis of the model. In this case, the slope of the line obtained experimentally is 

approximately -0.15, very close to that recorded for the glass jar. The linear correlation 

coefficient r in this case is 0.994, again showing a strong logarithmic relationship between 

volume and fiequency. 



Even though the first two sets of experiments have show a clear logarithmic correlation 

between volume and resonant fiequency, the results also show that there is an interaction 

between the speaker, the neck and the resonator. To f.urther investigate this phenornenon, a 

third experiment was set up that uncoupkd the speaker fiom the resonator. Using this 

approach, the resonator is only excited by an incoming acoustic wave travelling through 

space. This allows the speaker and the container to cesonate individually. For this 

experiment, it was decided to use the plastic container with 3.8L volume capiicity and the 

same neck as before. 



The analysis that was pedormed on the second resoaator was repeated, but this tirne the full 

value of L ' was used to account for the fact that the speaker was no longer coupled to the 

neck. The tesults are summarized in Table 7.3. 

1 Mdel  1 Helmholtz 1 Troke 1 
Equation D 

a, =c- 
L'Y J E  

The wavelength for 149Hz was calculated as 2.2% using equation (7.1.1-1). This 

wavelength is over eleven times the largest dimension of the resonator, leaving linle reason 

to believe that standing waves wodd fonn inside the cavity. 

The plastic container was instnimented with the speaker and the microphone. The 

experimental setup for this case is shown in Figure 7.19. 

A more powerful speaker was used for these experiments in order to ensure that sufficient 

acoustical energy wodd reach the mouth of the resouator. The resonant fkquency of this 

speaker was measrired as 120Hz The microphone was rnounted the m e  way as it was in 

the pmious experirnent. 



Speaker 

The microphone response, impedance response, and phase shift were measured while adding 

water to the container in 0.6L increments. The resulting data are ploned in Figures 7.20, 

7.21, and 7.22. 

It is clear fiom these r d t s  that the behavior of this resonator varies significantly h m  the 

coupled case stuàied in section (7.2), despite the fact that the two do not dEer geometrically. 

The separation of the speaker resonant moQ and the spring-masa tesonant mode can be seen 

in Fi'e 7.20. Two peaks are prominent in this plot. The tint, at -und 120& 

conesponds to the rrsonant fhquency of the speaker. As the speaker nsonates, the greater 



intensity of the acoustical excitation is picked up by the microphone iaside the container. 

n ie  second peak corresponds to the spring-mess resonant mode of the cavity and neck. This 

peak shifts to the right between 150 Hz and 260 Hz as water is added to the container. An 

ditional feature in this plot is the increase in total amplitude as the two resonant peaks 

A m e r  example of the uncoupling between the speaker and the resoaator is seen in Figure 

7.21, which shows the impedance change in the speaker. This plot shows that the speaker 

behaves the same throughout the experiment because it is not affecteci by the resonator. The 

disadvantage of this of course is that uncoupling the speaker makes it impossible to rneasure 

the resonant fiequency using the impedance response of the speaker. 

Fmqusncy (Hz) 



Alr Volume (L) 

Figure 7.23 shows a plot of the spring-mass nsoiuuit freriuencies (comsponding to the 

second pet& measured by the microphone) as a fiinction of au volume. This plot shows that 



the experimental curve again departs from the predicted values as the excitation frequency 

moves away from the resonant fresuency of the speaker. However, the severity of this 

departwe is not as great as when the speaker was coupled. 

Figure 7.24 shows a logarillunic plot of the theoreticai and the experimental results. The 

slope calculateci in both theoretical lines is again 4 . 5 ,  as was pndicted in the regressioa 

analysis of the model. Howeva, the dope of the line obtained experimentally is 4.4, much 

closer to the predicted value than in the coupled example. Fdermore, the correlation 

coefficient r for this case is 0.999, thus showing a strmig logarithmic relation between 

volume and resonant fiequency. 



The experiments described in sections 7.1, 7.2, and 7.3 demonstrate the feasibility of using 

the Helmholtz method to measure volume in a small container. However, as was previously 

mentioned, larger tanks present a potential problem if the wavelength of the excitation source 

reaches a dimension close to those of the tank. To fiuther investigate this problem, the 

Helmholtz method was applied to a large tank having a simple geometry. The tank used was 

a custom made propane tank having a simple cyluidrical geometry with rounded ends. 

Figure 7.25 shows the dimensions of the tank. 



Figura 7.D. Dfnnmion, d propino hnk 

Being a steel tank designed to store bl at hi@ pressures, the walls could be assumed to be 

very stiff. The neck mis built into the top of the tank and had a diameter of 13.5cm and a 

From the experience gained in the previous experiments, it wss decided to perform this 

experiment using a speaker uncoilpled fkom the uezk of the tank. The reason fot this was 

that previous experiments revealed a clear interaction between the speaker cesonance and the 

spring-mass nsonant mmode of the tank when the speaker was coupled Xn contrast, 

pedorming an uncoupled experiment yields the pure acoustical response of the Helmholtz 

resonator independent of the excitation source used. Having the pure acoustical response of 



the system is more usehl in examining the true behaviour of the tank since the errors 

introàuced by the speaker an removed. 

The preiimiaary analysis that was peiforrned on the propane tank was the same as was &ne 

for previous resmators. The total volume of the tank when empty was 131.8L. The results 

are summarùed in Table 7.4. 

Mode1 Helmholtz Troke 1 

The wavelength for 50.5Hz was caiculated as 6.8 lm using equation (7.1.1- 1). Since this 

waveiength is over six times the largesi dimension of the resonator, no standing waves were 

expected insi& the tank. Using equation (5.61). the quarter wave resonance of the neck was 

predicted to be 19 1 1 Hz. 

C 

Preàicted Resonance 

The speaker was mounted on a support stand at a distance of 6- away fiom the top of the 

neck Having such a large gap between the speaker and the neck allowed fot a minimiud . *  * 

coupihg between the resonator aud the speaker. However, at such a large distance a much 

more powaful speaker was needed in order to produce sunicient acousticai energy to excite 

the nswator. In addition, since the operating fitasuency range was so low (around SOHz),  it 

was also necessary to use a speaker with a good fiesuency respo~l~e in the lower range. 

These two rrquirements were met by using a Bass speaker, or subwoofer. The speaker used 
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344 mis 344 m/s 
50.5 Hz 47.9 Hz 



for this experiment had a 20cm diameter cone and a Sûoz rnagnet. Its power rating was 

6ûûWatt and its electrical impedance SR. 

Since the speaker was uncoupled, it was necessary to use a microphone to record the 

acoustical respome of the tank. The microphone was inserted though an access hole at the 

top of the tank (labeled pressure gauge in Figure 7-25'), and located just Uiside the wall. The 

impedance respow of the speaker was not recorded durhg the experiments since the lack of 

coupling meant that this signal camied no usefid information. 

The microphone response and phase shifi response were measured while adding water to the 

tank in 3.8L Uicrements. The water was mixed with a rust inhibitor agent to prevent the 

degradation of the steel tank. The tank was only filleâ to 80./0 of full capacity since this is 

the maximum allowable volume when filling a propane tank. The redting &ta are plotted 

in Figures 7.26 and 7.27. 

Figure 7.26 shows that there is ody one prominent peak for each volume in the range 

between O and 200Hz. This peak moves to the nght as the volume of liquid inside the tank is 

Uicreased. The same shift is observeci in Figure 7.27 with the p h  response. 

Fi' 7.28 shows a plot of the spring-mass resonant fkquency as a hction of air volume. 

This plot shows that the experimental c w e  is very close to values predicted by both models. 

Note that in this case, the ceSul& predicted by the Tmke model are higher than the results 

predicted by the Helmholtz model. 
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Figure 7.29 shows a logarithmic plot of the theoreticai and the experimental results. The 

slope calculated in both theoretical lines is again 4 . 5 ,  as was predicted in the cegression 

analysis of the model. However, the dope of the line obtained experimentally is 4.54, 

much closer to the predicted value than in previous experiments. Furfhermore, the 

correlation coefficient r for this case is 0.999, again showhg a strong logarithmic relation 

between volume and resonant kquency. 

Figure 7.29 shows that it is possible to use the Helmholtz principle to measure volume Ui a 

large tank. A key issue is to maintain the wavelength of the excitation source as large as 

possible by working with very low fkequencies. The simplicity of the geometry of the tank 

also makes the formation of unwanted standing waves less probable. 

4 0 !  I 1 1 I 1 

24 44 84 84 104 124 
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To M a  investigate the effect of size and geometry on a Helmholtz resonator, another 

expriment was performed using a steel tank fkom a gasoline powered Chevrolet Lumina. 

This tank is characterized by having a wedge shape designed to fit under the back seat of the 

car, and in front of the rear suspension. This makes its shape very complex since the tank 

has many geomeüical contours and varying dimensions throughout. In addition, the tank 

dso has intemal bacs designed to d u c e  the sloshing effects of the fuel during driving. 

The presence of these baffles adds to the complexity of the geometry of the tank, while at the 

same the dividhg the tank iato sepamte compartments. A tank with such a complex 

geometry is much more prone to the formation of standing waves at differeat wavelengths 

because of the wide range of dimensionai features. This made this tank an interesthg 



specimen to investigate. Figure 7.30 shows and expl& view of the tank depicting the top 

and bottom halves, as weli as the i n t d  baffles. 

The tank itself was made of steel, although one of the baflles waî made out of molded 

plastic. A plastic neck measuring 4cm in length and 7.5cm in diameter was added to the top 

access hole to complete the resonator. 



This experiment was also pedormed with the speaker uncoupled from the neck. The total 

volume of the tank when empty was 56.8L. The predicted behavior of diis tank when empty 

is swnmarhd in Table 7.5. 

1 Mode1 1 Helmholtz 1 Troke 1 

The wavelength for 50.8Hz was calculated as 6.77111 (using equation (7.1.1-l)), which is 

over six times the largest dimension of the tank (0.75m.). Using quation (5.6- l), the quarter 

wave resonance of the neck was predicted to be 2 150Hz 

In order to make the r d t s  f?om this experiment comparable with those obtained with the 

propane tank, the same basic setq and equipment was useâ for this experiment. This tirne, 

the speaker was mounted at a distance of 80cm away fiom the top of the neck. 

The microphone was inserted though an opening on the side of the tank used for venting 

duririg Ming. Once inside, the microphone was mounted five centimeters bclow the top of 

the tank. 



The microphone cesponse and phase shift response were measured while adding water to the 

tank in 3.8L increments. The tank was oniy filled up to 49.2L in order to prevent the 

microphone from becoming irnmmed in the water. The resulting &ta are plotted in Figures 

7.31 and 7.32. 

Figure 7.31 is much more difficult to interpret than similar results obtained for previous 

nsonators. One peaic is prominent between 38Hz and 44Hz correspondhg to the tirst 26.5L 

of water added. This peak moves to the nght with increasing volume, but not as preâicted 

(its shifi is linear when it should k logaridimic). Mer 26.5, this peak disappears and otha 

peaks become prevalent at around 80Hz. These new peaks are unrelated to the Helmholtz 

resonance, and behave erratically as the volume of water is M e r  increased. Mer passing 

41.6L, anotber peak appears which moves to the right at 45.4L and 49.2L. It is uncertain 

whether these peaks comspond to the Helmholtz resonance. 



The phase response illusirated in Figure 7.32 shows the same enatic behavior that Figure 
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It is clear fiom these two figures that the Helmholtz resonance of the Lumina tank does not 

behave as predicted by the theory. The complexity of the tank causes other acoustical 

resonant modes to interfixe with the Helmholtz mode. Such unpredictable behavior 

demonstrates that the geometry of the tank is critical in order to implement the Helmholtz 

method. 

Another important factor that rquired ftrther investigation was the susceptibility of the 

Helmholtz resonaat mode to changes Ui the shape of the cavity. These changes take place 

due to movement of liquid Uiside the tank if the vehicle tilts. This effect was investigatetî 

using the 3.8L plastic container with the OJWatt speaker hennetidly coupleâ to its neck. 



Two experiments were coaducted. In the nrsi, 1.2L of water were added to the container. 

Subsequently, the Helmholtz tesonance was rneaswed while tilting the resouator O, 10, 20, 

and 30 degrees. The same experiment was repeated with 2.2L of water* The results are 

plotted in Figures 7.33 to 7.38. 
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These plots show that aithough there i s  a definite change in the resonant fraiuency of the 

system wtien the volume of water is increased fiom 1.2L (2OSH.z) to 2.2L (220Hz), tilting 

the container has little effect on this cesponse. This is consistent with both theoretical 

models presented in this study which correlate resonant fieqwncy to the volume of the 

resonator, but not to its shape. 



CHAPTER 8 DISCUSSION 

It is clear fiom the results presented in chapter 7 that it is possible to use the Helmholtz 

resonator principle in order to measure the amount of liquid stored in a tank. The results 

show a clear correlation between volume and resonant frequency that, with proper design, is 

easy to measure. However, these results also demonstrate that there are several points of 

concern with this method that must be addressed before it can be applied in a practical 

situation. 

For instance, the size and shape of the tank raise a very difficult problem. As was shown in 

section 7.5, some tanks have such a complex acoustic behavior as a result of their geometncal 

attributes that they cannot be used with the Helmholtz method. The presence of other 

acoustic resonating modes in the cavity makes the behavior of the spring-mass mode very 

erratic. Such behavior limits the usefulness of this technology in certain applications that use 

tanks with complex shapes, such as gasoline tanks. 

In addition, even if the size and shape of a tank are suitable for the Helmholtz method, the 

design of the software and hardware will also play a critical role on its acoustical behavior. 

For instance, the operating fkequency range is afTected not only by the speaker design, but 

also by its location. The design of the neck also affects the acoustic behavior of the tank. In 

fact, this is the primary design parameter that can be used to tailor the fiequency range of the 

tank Finally, the type of instrumentation required is a.€fected by both the location of the 

speaker and the scanaing strategy used to find the resonant fiequency. The following 

sections contain a detailed discussion on these topics. 



8.1. TANK SKE AND SHAPE 

The first factor that must be examined during the implementation of the Helmholtz method is 

the geometry of the tank itself. Most literature relating to experirnental work with Helmholtz 

resonators quote the use of resonators with dimensions that are much smaller than the 

wavelength of the resonant frequency [67, 68, 69, 70, 75, 761. These dimensions are usually 

kept below about one sixth of the wavelength in order to avoid a quarter wave resonant mode. 

In fact, the equations developed in chapter 5 assume that the dimensions of the cavity are 

much smaller than the wavelength. 

This requirement is not difficult to meet with small resonators since the wavelength remains 

acceptable even at high frequencies. However, larger cavities such as those found in 

automotive fuel tanks require very large wavelengths in order to prevent enatic behavior. 

This can only be done with very low frequencies, usually below 100Hz. Such low 

frequencies pose a problem fiom the point of view of instrumentation because equipment 

designed to work in those ranges tends to be less accurate and more expensive. 

In some cases, size alone is not the problem. As was s h o w  in section 7.5 with the Lumina 

tank, even if the wavelength greatly exceeds d l  the dimensions of the tank, unwanted 

resonant modes may appear due to the shape of the tank. These modes are probably two and 

three dimensional standing waves which are very difficult to predict. 



As the experimental results have shown, the actual behavior of a Helmholtz resonator is 

afl'ected by the type of hardware and soAware used. However, the idea of using the spring- 

mass resonant mode to measure volume will remain practical as long as this behavior is 

repeatable. In order to achieve this, it is necessary to 6nd a range where the Helmholtz 

resonant fiequency of the system c m  Vary with changing volume without being disturbed by 

other acoustical resonant modes or by the electronic equipment. in finding such a range, it is 

necessary to take into account the following points: 

a) Due to the logarithmic relation between fiequency and volume, the resolution of the 

system will decrease as the operating range is moved into the lower fiequency range. 

This means that at the lower end of the spectnun the amount of change of the resonant 

frequency per unit of change in volume will be srnaller, and thus the resolution will be 

smaller. This makes working at higher fiequencies advantageous. 

b) At the same time, the wavelength of the resonant fiequency will drop as the fiequency 

increases. Since it is always desirable to work with the largest possible ratio between 

wavelength and tank dimensions, the higher end of the spectrum becomes unattractive 

because it makes the tank more susceptible to the formation of standing waves. 

C) Furthmore, as the cornpanson between the coupled and uncoupled resonaton 

codimed, the resolution of the system is also affected be the presence of the speaker on 

the neck of the resonator. The extent of this effect will depend on the acoustical 

impedance of the speaker. 



d) The electronic hardware used to drive the speaker may also have an effect on the overail 

behavior of the system. The example of an amplifier that filters the lower end of the 

spectnun was given in chapter 6. In designing the system, it is important to have a very 

good understanding of the effect of each electronic component on the actuai output of the 

speaker. It is particularly important to make sure that this output is not affected in the 

Helmholtz regime of the tank. 

e) Since this is an acoustically dnven system, there is always the possibility that extemal 

acoustical noise may affect the desired response. The fact that this technology is being 

developed for an automotive application should take into account any acoustical resonant 

modes in the vehicle that may affect the operation of the system. Appendix III shows a 

guide to the commody accepted fnquency ranges for noise emanating fiom passenger 

vehicles. This type of chart should be kept in mind when selecting the operating 

fiequency range. 

f) As was shown in the experiments, other acoustical resonant modes different from the 

spring-mass mode may appear in the system. This is perhaps the most challenging issue 

in the application of this technology. The dimensions and the shape of the tank are 

critical in order to prevent standing waves fiorn forming. Yet it is unlikely that these 

considerations could be used in the design of the tank since modem fuel tanks are 

designed to fi11 preciously scarce space under the M e  of the vehicle. Therefore, other 

factors such as the dimensions of the neck must be used to shifi the working range to an 

acceptable area. 



g) Another issue of concem is the amount of noise emanating fiom the fuel level sensor. 

Automotive companies spend a great deal of effort trying to rninunize acoustical noise 

inside and outside of vehicles. Since the m e a s h g  technique proposed here uses 

acoustics, passenger comfort should always be kept in mind. It is important to note that, 

during the experiments, it was possible to obtain a very good signal to noise ratio without 

having to use excessively loud excitation noise. 

h) The last area of concern has to do with the cost of the equipment. Acoustical hardware 

capable of giving a good response in the lower end of the spectnvn tends to be very 

costly. Therefore, the search for a working fiequency range should also take into account 

the fiequency ranges where the hardware is capable of providing acceptable performance 

at a reasonable cost. 

It is clear from this summary that there are several conflicting factors affecting the design of 

an effective Helmholtz based fuel level sensor. Points a) and b) give a good example of the 

difficult choices bat the designer faces, such as a balance between resolution and standing 

wave suppression. In order to deal with these issues, the designer has only a few design 

factors available. These include the dimensions of the neck, the size and shape of the tank, 

and the dimensions, charactenstics, and location of the speaker. 

The design of the neck of the resonator is the most important tool that can be used to manage 

the overall response of the system since its dimensions cm be used to shift the resonant 



fiequency. In designing the neck, there are three design factors that are of importance: its 

length, its diameter, and the ratio between these two quantities. 

The length and diameter of the neck can both be used to change the effective mass of the plug 

of air inside of it. This in turn has a direct effect on the resonant frequency of the system. 

Therefore, these dimensions can be used to shift the working range away fiom undesirable 

resonant modes. 

The ratio between length and diameter can have an effect on the proportion of viscous losses 

in the neck. However, this will only be of significance in extreme cases when the neck is too 

nanow [65]. In general, the ratio of the dimensions of the neck do not affect the resonance of 

the system as long as the neck maintains the same total volume. This gives some leeway to 

the designer in order to fit a neck with the required volume into a limited space. 

It is also necessary to reiterate here the relation of the neck dimensions with the formation of 

standing waves inside of it. The neck used in the 3.8L resonator illustrated how these 

resonant modes may appear near the operating spring-mass range if the neck has the 

appropriate dimensions. 

A very important characteristic of equations (5.3-8) and (5.4-1) is that they lirnit the usable 

frequency range for a given tank volume. This means that for a given tank size, there will be 

an upper limit placed on the obtainable resonant frequency. The equations show that in order 

to obtain a higher fkequency, a larger neck diameter is necessary. Eventually, if the desired 

resonant fiequency is too high, the required diameter wiiî become impracticd, possibly even 

larger than the tank itselE This is illustrated in Table 8.1, which shows the relation between 



the neck diameter and the resunant fiequency for a typical60L (assuming the neck length is 

zero). These results were obtained using the equation developed by Troke [68]. 

Table 8.1 : Minimum neck diameter as a funcüon of resonant ftequency. 
- - 

p i r e d  Resonant 1 Minimum Neck 1 

This table shows that, according to the theory, a neck with a minimum 6.819m diameter 

would be necessary to make a 60L tank resonate at 600Hz. It is clear that such a diameter 

would in al1 likeiihood be larger than the tank itself. 

Frequency (Hz) 
25 
50 
100 
150 
250 
400 
600 

In transfemng this techwlogy to an automotive application, the use of speakers to provide 

the necessary acoustical excitation seems appropriate. Speakers provide a very simple and 

cost effective source of acoustic excitation which could be easily adapted to the harsh 

environment of a fuel tank. Furthemore, a properly selected and installed speaker can be 

y e d  both as the source of excitation and as the sensor. From an automotive perspective, this 

provides a specially attractive device since it minimizes the hardware needed, especially 

inside the tank. This helps both the cost and the reliability of the system. 

Diameter (m) 
0.0 18 

0,047 
O. 189 
0.426 
1.184 
3 .O3 1 

6.819 

A M e r  advantage of speakers is that even though they are electrically driven, they can be 

made to work at low voltage and curent levels. This is a very important point for this 



application since it involves their installation in a highly flammable environment. Float arm 

fuel level sensors also require a flow of current through an exposed variable resistor, but 

proper design using low level voltages and currents has shown that this is not a detriment to 

safeîy. 

In ternis of reliability, the construction of a speaker is comparable in many ways to that of 

existing rotary a m  fuel level sensors. For instance, a speaker only requires the use of a 

magnet, a coil, a diaphragm, and a housing. In contrast, modem float level senson require a 

coi1 (or resistor card) and a housing. Moreover, the complexity of the float and arm is 

comparable to that of the diaphragm and magnet in the speaker. It is obvious fiom this 

cornparison that by selecting the proper materials, the construction of a speaker capable of 

working inside a fuel tank should be possible. 

Choosing a proper speaker has its own challenges. The most important factor in selecting a 

speaker has to do with its acoustical impedance. A high impedance speaker will tend to 

dominate the spring-mass response of the system making it dificult to detect the Helmholtz 

resonant mode. Therefore, a low impedance speaker is desirable in order to minimize its 

influence on the resonance of the system. In addition, this makes it possible to detect 

changes in the response of the speaker as the tank reaches its resonant modes. As was just 

discussed, this is very desirable fiom the perspective that it reduces instrumentation. 

Another characteristic of the speaker that is important is its resonant fiequency. As the 

experiments demonstrated, the resonance of the speaker will have a definite effect on the 

overall response of the system. This is made particularly clear when the results obtained for 



the coupled and the uncoupled resonators in sections 7.2 and 7.3 are compared. These 

experiments show that the speaker resonance and the Helmholtz resonance combine together 

to fom a single resonant fiequency. Nevertheless, this effect should not be a problem as 

long as the overall response is always predictable. As a benefit, this effect c m  be used as 

another tool that cm be used to tailor the working fiequency range of the system. 

This study has also illustrated two different strategies that can be used to obtain the resonant 

fkequency of a Helmholtz resonator. The fust uses white noise to excite the cavity and has 

the advantage of being computationally very fast. This allows a very fast update rate for the 

cornputer scanning the liquid level. However, this method has the inherent disadvantage that 

it requires a microphone. Its accuracy is also limited due to the random nature of the 

excitation. 

The second strategy uses the fiequency sweep method, which provides a very stable and clear 

response. This method has the advantage that it cm be used without a microphone if the 

speaker is coupled to the neck. However, obtaining the resonant fiequency of a Helmholtz 

resonator using a frequency sweep is also inherently slower due to the finite amount of time 

required to scan each fiequency interval. 



CHAPTER 9 CONCLUSIONS 

The background research presented in this paper revealed that pneumatic techniques are 

superior to conventional level sensing for use in moving vehicles. Previously reported results 

demonsîrated the possibility of using a pneumatic method to remove most enon due to 

tilting or sloshing in gasoline tanks. However, no attempt has been made to incorporate this 

technology into propane vehicles. 

This current study demonstrated the use of the Helmholtz resonant rnethod as a potentially 

viable pneumatic method for use in propane tanks. Five experiments were perfomed to 

uncover the characteristics and potentiai problems of this method in tanks of different sizes 

and shapes. 

The results dernonstrated that this method works better in tanks with simple shapes such as 

are found in propane vehicles. The appearance of intrusive acoustical modes was show in a 

tank with a complex shape. Such behavior prevents the use of this technology even if the 

wavelength of the excitation source is much larger than the dimensions of the tank. 

Altogether, propane tanks seem to be the best suited for the Helmholtz method since they 

generally have a much simpler geometry than gasoline tanks and their walls are much stiffer. 

Conversely, conformal gasoline tanks appear to be the poorest due to their complicated 

shapes. 

The experiments also demonsûated that it is possible to use the Helmholtz method without a 

microphone as long as the speaker is coupled to the neck. This makes this method attractive 



for automotive use because it requires very Little hardware. Nevertheless, using an uncoupled 

speaker with a microphone proved to be a valuable laboratory technique that can be used to 

characterize the pure acoustical behavior of a resonator. Uncoupled resonators were shown 

to behave closer to the response predicted by the theory than coupled resonators. 



CHAPTER 10 FUTURE RECOMMENDATIONS 

Although the principles of using the Helmholtz method to measure volume are covered in 

this paper, m e r  research is needed in order to implement this system successfully into a 

propane vehicle. This chapter is an overview of the main topics that still require 

investigation. in addition, the end of this chapter includes a number of proposed steps that 

should be taken in order to complete this project. 

10.1. EFFECT OF TEMPERATURE AND HUMIDITY CHANGES 

The dependence of the Helmholtz method on the conditions inside the tank remains an issue 

of concem. As was Ciscussed before, the speed of sound depends on the properties of the 

medium, such as temperature and humidity. This problem has not yet been addressed, but it 

is clear that some fom of calibration will have to be added to the system if it is ever to be 

used in a vehicle. 

Two rnethods are proposed in here as possible solutions to this problem. The first is to use 

temperature measurements inside the tank to calibrate for changes in the speed of sound. 

This method does not take into account al1 the factors that affect the speed of sound, but it is 

easily implemented using thennocouples. A second method would consist of measuring the 

actual speed of sound in the tank. This is much more difficult to do, but would offer better 

accurac y. 



10.2. EFFECT OF ~ I ~ T ~ N G  AND SLOSHING 

Tilting and sloshing of the fuel in the tank are the primary sources of error for float based 

level sensors. Future experiments should demonstrate the effects of these phenomena on the 

accuracy of the Helmholtz method. An experimental setup is currently under construction for 

this purpose. This machine is capable of sliding a propane tank on a track to simulate slosh. 

The fkame also allows the tank to rotate in two different axis to simulate the effect of tilt. 

AppendUc N shows an assembl y drawing of this fixture. 

Further research in this project should concentrate in propane tanks. The propane tank used 

in this curent study was designed with these future experiments in mind. The following 

steps in the project should be: 

1. To find a speaker with a low acoustical impedance which can be coupled to the neck of 

the propane tank. The behavior of the coupled system should be matched as closely as 

possible to the behavior recorded in this study in order to maintain the highest possible 

resolution. 

2. This speaker should be used to conduct tests on the effects of tilt, slosh, and temperature 

fluctuations. These tests should be done at atmospheric pressure to sirnpliQ the study of 

these phenomena. 

3. If the technology is shown to work under these conditions, the next step should be to 

develop a Helmholtz resonator that can work in a high pressure environment. A 



preliminary design of such a sensor is shown in Figure 10.1. The danger of using 

propane should not be underestimated. These tests should be conducted using a different 

fluid (Le. water mixed with mst inhibitor), and by pressurizing the tank using a gas with 

similar acoustical behavior to propane, such as Freon 12. 

-- Mounting Flange 
/.- Tank Wall 

and Magnet 

Figure 10.1: Propored Helmhotk reronator design for use inside a propane tank. 

10.4. PROPOSED SENSOR DESIGN FOR PROPANE ENVIRONMENT 

Figure 10.1 illustrates the proposed design. It consists of a cylinder divided into two separate 

charnbers by an electrically driven diaphragm (speaker). The lower part of the chamber 

forms the air plug that acts as the mass in the Helmholtz resonator. The air in the tank acts as 

the spring. Since the tank is pressurized, the back of the diaphragm cannot be directly 

exposed to the outside pressure. Therefore, the top chamber acts as a buffer which allows the 

pressure in the tank to increase with the movement of the speaker. A small orifice allows the 
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pressure of the top chamber to equalize with the rest of the tank, but limits the speed in which 

this happens in order to allow the mass spring system to work. If the air flow into this cavity 

was not restricted, the diaphragm would be unable to cause a significant pressure change in 

the tank, making the resonator unable to fimction. 

The proposed design is a combination of the design proposed by Kobayashi et. al and the 

Helmholtz approach (531. These two methods were thoroughly studied in the context of 

propane tanks. However, since neither of these sensors was designed with high pressure 

applications in mind, it soon became obvious that some modifications were needed. Despite 

the good results obtained by Kobayashi et. al, this system requires extensive hardware and 

very sophisticated electronics and software. In contrast, the Helmholtz resonator approach 

overcomes many of these problems by using a simpler method that can function without a 

microphone. However this systern was not designed for pressurized tanks, and requires the 

back of the speaker to have access to the outside of the tank. In addition, this system is more 

sensitive to temperature variation since its readings depend on the instantaneous speed of 

sound. 
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APPENDIX 1: White Noise Generator Control Panel 

Summary of inputs and outpub avdlable 10 the user through this software. 

1 Signal Ceneration 
Output Buffer Siae 

L 

Random Noise Seed 

Dehes the number of samples per wave period to be sent to 
the output buffer. This number can be wd to control the 
resolution of the output. The buffer size must reflect the 
maximum output fiequency of the board, which is given in 
the total number of samples that can be generated in a second. 
Provides the cornputer with a seed nuber used to generate a 
"random" wavefom. 
Refers to the label of the channel connected to the speaker. 
This value defines the spacing between adjacent fkquencies 
during a sweep. A smaller step gives a better resolution, but 
also requires a Iarger data sampte. Therefore, this number 



Amplitude 

Frequency Scan START 

1 Frequency Sein END 

Save to Fiie? 

Output Waveform 

I Acquired Data 

must reflect a balance between resolution and available 
processing power. 
This control specifies the amplitude of the outgoing 
waveform. The amplitude mut  be large enough to cause a 
measurable response. However, very large amplitudes rnay 
cause very loud sounds that are uncornfortable or even 
painfui for human observers. 

The scan rate defies the number of samples per second to be 
collected in each input channel. A higher rate is desirable in 
order to provide higher resolution and accuracy and in order 
to prevent aliasing. The scan rate used should reflect a 
balance ôetween hardware capabilities and meastuement 
requirements. 
This delay specifies the amount of t h e  that the system waits 
between exciting the speaker and collecting the &ta. This 
delay allows the system to settle so that the collected data 
corresponds to the steady state. The delay is usually given in 
tenns of rnilliseconds. 
Refers to the label of the input channel used. In this case, 
only one channel was used for the microphone. 
Refns to the start of the frequency range that is analyzed and 
displayed. 
Refers to the end of the fiequency range that is analyzed and 
displayed. 
If set to YES, it will prompt the user for a file name to save 
the collected &ta. This data is saved as plain text in one 
column corresponding to the microphone readings 

Displays one period of the outgoing waveform. This period 
is sent to the output channel once every second. 
Displays the FFT of the response acquired through the 
microphone. 



APPENDIX II: Frequency Sweep Control Panel 

Summary of inpue and outpua avaihble to the user through tbis sotban. 

Signal Generation 
Output Buffer Size 

Signal Type 

1 Output Channel 
1 Sweep Step Size 

Defines the number of samples per wave p e r d  to be At to 
the output buffèr. This number cm be used to control the 
resolution of the output. The buffet size must reflect the 
maximum output Spsuency of the board, which is given in 
the total number of samples that cm be generated in a 
second. 
Specifies the type of waveform to be generated at the 
output. Typically, the wavefom used is a sinusoid since it 
provides the simpiest kquency output. 
Refers to the label of the channel connected to the speaker. 
This value defiaes the spacing between adjacent frrquencies 



Signal Acquisition 
%an Rate 

Delay 

Input ~bannels 

Window 

Peak Quaîity 

Frequency Scan START 

Frequency Scan END 

Save to Fiie? 

during a sweep. gives resolution, 
also requires a larger &ta sample. Therefore, this number 
must reflect a balance between resolution and processing 
time. 
This control specifies the amplitude of the outgoing 
wavefonn. The amplitude must be large enough to cause a 
measurable response. However, very large amplitudes may 
cause very loud sounds that are uncornfortable for human 
O bservers. 

The scan rate defines the number of samples per second to 
be collected in each input channel. A higher rate is 
desùable in order to provide higher resolution and accuracy 
and in order to prevent aliasing. The scan rate used should 
reflect a balance be tween hardware capabi li ties and 
measurement requirements. 
This delay specifies the amount of time that the system 
waits between exciting the speaker and collecting the data. 
This delay allows the system to settle so that the collected 
data corresponds to the steady state. The delay is usually 
given in tenns of milliseconds. 
Refers to the label of the input channels used. In this case, 
three channels were w d :  one for the microphone, one for 
the shunt resistor in the speaker circuit, and one to measure 
the actual outgoing waveform generated by the board in 
channel O* 
This conml dehes  the type of window used to process the 
incoming signai in order to reduce spectral leakage. A 
Hanning window was used for ail the experiments. 
This command specifies the minimum acceptable peak 
quality for the response collected through the microphone. 
The peak quality measures the sharpness of a peak and is 
detuied as the ratio between the resonant fiequency and the 
difference between its two half power points [6 11. The 
software calculates the quality of al1 the peaks in the scan 
and marks ttie ones with a quality higher than the minimum 
using a white dot. 
Refers to the start of the fiequency range that is analyzed 
and displayed. 
Refers to the end of the fiequency range that is analyzed and 
displayed. 
If set to YES, it will prompt the user for a file name to Save 
the collected data. This data is saved as plain text in dnee 



Output Waveform 

Microphone 

Speaker 

Phase Difference 

Maximum Amplihide 

Rcsonant Frequeacy 

Amal  Output Fnqueacy 

columns. The first corresponds to the microphone readings, 
the second to the shunt resistor readings, and the third 
corresponds to the phase shift. This data is the satne as is 
displayed on the control panel during nm time. 
When twned ON, it applies a low pass filter which is 
automatically set to prevent aliasing. 

The display shows what one period of the outgoing 
waveform looks like at the set resolution. Using a higher 
resolution results in a smoother outgoing signal, and 
therefore in a reduction of noise in the system. 
This plot shows two cuves. The one in green is the FFT for 
the currently exarnined kequency. The one in red is a 
tecollection of the amplitude of the response at each 
scanned fiequency. in addition, a white dot is added at the 
top of any peak in the red c w e  that bas a quality bigher 
than the specified minimum. 

The speaker plot also has two cuves, except that these 
correspond to the shunt resistance. The r e m  that an FFT 
is necessary in reading the voltage across the shunt is that 
this is an alternating current. Therefore the amplitude of the 
driving voltage is given by the amplitude of the peak in the 
FFT at the driving frequency. 

This plot shows the shift in phase between the signal sent 
out to the speaker and the signal received at the microphone. 
Records the amplitude of the largest resonant peak recorded 
by the microphone. 
Records the frequency of the largest resonant peak recorded 
by the microphone. 
Shows the cment output fresuency of the system. This 
kequency is not always the same as the specified output 
fiequency because of hardware limitations. 
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