
DETECTING LEAKS IN A FLUID DISTRIBUTION SYSTEM 

TECHNICAL FIELD 

[0001] 	The present disclosure generally relates to fluid distribution systems, and more 

particularly relates to detecting leaks in pipes used in all portions of fluid distribution systems, 

including water distribution systems, made from all varieties of materials — PVC, cast iron, 

AC, etc. 

BACKGROUND 

[0002] 	Water utility companies source water, pump water to storage facilities, and 

distribute water to customers through a network of water pipes. The size of pipes may vary 

depending on the volume of water that is designed to flow through a particular section of pipe. 

For example, large water mains may provide water distribution in areas close to the source of 

the water or carry water from a source to an area where it is distributed, and the size of pipes 

may decrease as the distance from the source increases. One concern for water utility 

companies is the loss of water through leaks in the pipes. Not only do leaks waste clean 

potable water, but sometimes contaminants may be introduced into the water supply from 

outside the pipes. 

[0003] 	Due to the rapidly escalating costs of potable water, the scarcity of fresh water 

supplies, the increasing costs for water treatment and distribution, and the potential for costly 

damage to subsurface infrastructure, minimizing leaks in water distribution systems is a goal 

of both public and private water distribution utilities. If a leak is not particularly conspicuous, 

it may go undetected for months at a time without repair. It is therefore important to be able to 

detect leaks early. One technique for detecting leaks is to measure pressure. However, a leak 

in a piping system may not necessarily produce a head pressure that appears as a change from 

normal pressures. In addition to allowing leaks to go undetected, another issue with existing 

leak detection systems is the high rate of false alarms. A false alarm, for instance, may cause 

extraneous and costly maintenance activity or it may diminish the effectiveness of the 

detection system since operators may start to ignore leak warnings. There is therefore a need 

for a leak detection system that accurately detects leaks in a network of water pipes. 

SUMMARY 

[0004] 	Technologies for detecting leaks in a fluid distribution system are described 

herein. According to some embodiments, a method for detecting leaks in the fluid distribution 



system comprises receiving at historical leak detection information from a sensor in the fluid 

distribution system and collecting the historical leak detection information in a database. A 

processor then determines a baseline from the historical leak information. The processor may 

then receive current leak detection information from the sensor and determine a probability of 

a leak in the fluid distribution system based on a difference between the current leak detection 

information and the baseline. 

[0005] 	In further embodiments, a system for detecting a leak in a fluid distribution system 

includes a plurality of leak detectors in the fluid distribution system and a host. Each leak 

detector may comprise one or more sensors, a processing device, and a first communication 

device. The processing device may be configured to receive signal data from the one or more 

sensors, process the signal data, and send the processed signal data via the communication 

device to the host. The host may comprise a processor, a database, and a communication 

module, with the processor configured to receive via the communication module the 

processed signal data from the plurality of leak detectors, store the processed signal data in 

the database, determine a baseline from the stored signal data for each of the plurality of leak 

detectors, receive later signal data from one of the plurality of leak detectors that is different 

from the baseline determined for that leak detector, and determine that a leak has occurred in 

the fluid distribution system based on the difference between the later signal data and the 

baseline determined for that leak detector. 

[0006] 	In further embodiments, an apparatus comprises one or more sensors, a 

communication device, and a processing device operatively coupled to the one or more 

sensors and the communication device. The processing device may be further configured to 

receive an acoustic waveform from the one or more sensors and compare the acoustic 

waveform to a predetermined threshold to determine if the predetermined threshold has been 

exceeded. If the predetermined threshold has been exceeded, the processing device may 

remove a section of the acoustic waveform that exceeds the threshold and rejoin the 

waveform, and, upon rejoining the acoustic waveform, transmit data regarding the acoustic 

waveform to a host via the communication device. The host may be configured to detect a 

leak in a water distribution system based on the data regarding the acoustic waveform. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] 	The features and components of the following figures are illustrated to emphasize 

the general principles of the present disclosure. Corresponding features and components 
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throughout the figures may be designated by matching reference characters for the sake of 

consistency and clarity. 

[0008] 	FIG. 1 is a block diagram illustrating a leak detection system according to various 

implementations of the present disclosure. 

[0009] 	FIG. 2 is a block diagram illustrating a mesh network according to various 

implementations of the present disclosure. 

[0010] 	FIG. 3 is a diagram illustrating an example of a water distribution system. 

[0011] 	FIG. 4 is a diagram illustrating an example of leak in a main of a water distribution 

system. 

[0012] 	FIG. 5 is a block diagram illustrating a leak detection system according to various 

implementations of the present disclosure. 

[0013] 	FIG. 6 is a block diagram illustrating the host shown in FIG. 1 according to 

various implementations. 

[0014] 	FIG. 7 is block diagram illustrating a leak detector according to various 

implementations of the present disclosure. 

[0015] 	FIG. 8 is a block diagram illustrating the processing device shown in FIG. 7 

according to various implementations of the present disclosure. 

[0016] 	FIGS. 9A-9E are graphs illustrating examples of signals detected by the sensor 

assembly shown in FIG. 7 and the processing of the signals. 

[0017] 	FIG. 10 is a flow diagram illustrating a method for processing acoustic signals 

according to various implementations of the present disclosure. 

DETAILED DESCRIPTION 

[0018] 	The present disclosure describes systems and methods for detecting leaks in a 

water distribution system. In the present disclosure, a distinction may be made between 

different sizes of water mains, for example, those having a larger diameter and those having a 

smaller diameter. Using acoustic data and pressure data that is sensed by various types of 

sensors in contact with the water mains, leaks can be detected. The leak detection information 

can be communicated to the utility provider for further analysis. Depending on the type of 

leak, maintenance personnel may be deployed to repair or replace leaky pipes in the water 

distribution system. 

[0019] 	Minimizing leaks in the water distribution system is recognized as a critical 

success factor for water distribution utilities, especially due to the scarcity of fresh water 

supplies, the cost of water treatment, and the costs for water distribution. The present 
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disclosure provides an autonomous leak detection system that overcomes the limited 

effectiveness of existing leak detection systems with attendant high false alarm rates (dry 

hole), undetected leaks, poor performance on small and/or quiet leaks, poor performance on 

pipes of differing materials, and high false positives. The water leak detecting systems and 

methods disclosed herein provide continuous leak detection so that water utilities may be 

automatically alerted to pipe breaks in their system, allowing them to rapidly dispatch repair 

crews to minimize customer service disruption and simultaneously minimize sub-surface 

damage, water loss, and infrastructure damage. 

[0020] 	The leak detecting systems of the present disclosure are compatible with all 

distribution pipe types, including plastic pipes and those with plastic repair sleeves. Also, the 

present systems have a high accuracy rate as measured by the percentage of leaks identified 

and a minimal percentage of false alarms. Another advantage of the present systems is the 

ability to provide continuous monitoring for burst pipes or large leaks, which may require 

immediate attention. 

[0021] 	FIG. 1 is a block diagram illustrating an embodiment of a leak detection system 

10. The leak detection system 10 comprises at least a server 12, an operator system 14, a 

communication network 16, a client system 18, a host 20, and a mesh network 22. The host 

20 is configured to communicate with a plurality of "nodes" of the mesh network 22. The 

nodes may include leak detectors, and in some embodiments may also include customer meter 

devices, relay devices, system status detecting devices, devices for measuring various system 

parameters such as pressure, water quality, etc., and other communication devices. The nodes 

are configured for communicating leak detection information and/or utility information from 

the nodes, leak detection system or meter to the host 20. 

[0022] 	According to various implementations of the present disclosure, the host 20 may 

be configured to receive information from leak detectors, which are connected within the 

mesh network, pertaining to the status of various water pipes in a water distribution system of 

a water utility company. The leak detectors may be configured to provide information related 

to various measurements, such as acoustic, pressure, or vibration measurements. This 

information may be stored by the host 20 for historic purposes for determining a baseline 

waveform indicative of a properly operating water distribution system. When later signals are 

received that indicate excessive acoustic or vibration activity, the host 20 may be configured 

to determine that a leak has been detected. Optionally, the host 20 may confirm the leak by 

performing a correlation of samples of acoustical data from two or more different nodes. 
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[0023] 	Also shown in FIG. 1 is a server 12 that may be configured to provide much of the 

leak detection analysis to assist the host 20. The server 12 may be located on the utility 

company (e.g., water utility company) premises or located remotely and may provide 

communication with other users via the communication network 16. In some embodiments, 

the server 12 may be part of a company responsible for managing the utility measurement 

data or for providing monitoring services for communicating issues (e.g., leaky pipes) in the 

utility infrastructure to the various utility companies. The communication network 16 in these 

embodiments may be a local area network (LAN), wide area network (WAN), such as the 

Internet, or any other suitable data communication networks or combination thereof The 

communication network 16 may also include other types of networks, such as plain old 

telephone service (POTS), cellular systems, satellite systems, etc. 

[0024] 	The operator system 14 shown in FIG. 1 may represent a computer system that is 

operated by personnel of a company managing the leak detection systems and utility 

measurement devices within the mesh network 22. In some respects, the operator system 14 

may include an administrator for the leak detection system 10. Optionally, the operator system 

14 may include an interface for notification that is also an interface to a short message service 

(SMS) network. In some circumstances, as described in more detail below, the user of the 

operator system 14 may be provided with information indicating that an event has occurred 

that requires immediate response. For example, if a large leak, or burst event, has occurred in 

one of the water mains, resulting in a large amount of water escaping from the mains, the user 

of the operator system 14 may need to deploy maintenance or repair personnel to resolve the 

burst issue. The server 12 and/or host 20 may detect extreme events, such as a burst in a pipe, 

and provide an alarm to the operator system 14. The alarm may be in the form of an 

automated e-mail, a pop-up window, text or SMS message, an interrupt signal or indication 

on a computer or other communication device of the operator system 14, or other suitable 

message signifying an urgent event. 

[0025] 	The client system 18 may include a computer system used by the utility provider. 

In this respcct, the utility provider system 18 may be a client of the administration company 

that manages the utility measurement data and/or provides monitoring services regarding the 

status of the utility infrastructure. The client system 18, therefore, may be enabled to receive 

and review status updates regarding the infrastructure. Alarms may be provided to the client 

system 18, which may then be acknowledged and confirmed. The client system 18 may also 

receive historic data and manage the customer's accounts and usage information. In some 

embodiments, information may be provided to the client system 18 in a read-only manner. 

- 5 - 



[0026] 	FIG. 2 is a block diagram showing an embodiment of the mesh network 22 of FIG. 

1, shown in a hierarchical configuration. Although the mesh network 22 may typically be 

distributed throughout a geographical region, the block diagram of FIG. 2 shows a hierarchy 

to emphasize the parent/child relationships among the various components. As illustrated, the 

mesh network 22 includes the host 20, a first level of intermediate nodes 34, a second level of 

intermediate nodes 36, a lowest level of intermediate nodes 38, and meters 40. Nodes may be 

identical at all levels, and intermediate nodes may be associated with meters or leak detectors 

or may simply be network repeaters. In some embodiments, the intermediate nodes may 

include leak detectors for detecting leaks, where communication with the host 20 may include 

forwarding information up the hierarchy via other intermediate nodes. The intermediate nodes 

may be configured as stand-alone devices for assisting in the transfer of data between the host 

20 and leak detectors (or meters 40). The mesh network 22 may include any number of levels 

X of intermediate nodes between the host 20 and the meters 40. 

[0027] 	The host 20, intermediate nodes 34, 36, 38, and meters 40, according to various 

implementations, may comprise circuitry and functionality to enable radio frequency (RF) 

communication among the various components. The dashed lines shown in FIG. 2 may 

therefore represent RF communication channels between the different components. In other 

embodiments, the devices may communicate with the host 20 by a cellular service, via 

cellular towers and/or satellites. The wireless communication between the host 20 and 

nodes/devices 34, 36, 38, and 40 may be active during some periods of time (when two 

respective devices are linked) and may be inactive during other periods of time (when the 

devices are not linked and/or are in sleep mode). Alternatively, any of the nodes may be 

connected together through wired connections. 

[0028] 	FIG. 3 is a diagram illustrating an example of a portion of a fluid distribution 

system, such as a water distribution system 50. It should be understood that the portion of the 

water distribution system 50 is shown merely as an example and does not necessarily depict a 

specific water utility. Furthermore, it should be understood that the portion of the water 

distribution system 50 only illustrates the distribution portion, while the present disclosure 

may relate also to source, treatment, storage, and distribution systems of a utility. Many 

different configurations of fluid distribution systems are possible and may be based on factors 

such as geography, usage requirements, population, etc. The water distribution system 50 in 

this example includes a utility provider 52, such as a water utility company, and various water 

mains. The water mains include transmission mains 54 (shown by thicker lines), which may 

include water pipes having an inside diameter of at least twelve inches for example. The water 
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mains also include distribution mains 56, which may include smaller pipes having an inside 

diameter of less than twelve inches for example. The transmission mains 54, having a greater 

size, may be configured to allow a greater amount of water flow in comparison with the 

distribution mains 56. The transmission mains 54 may be located nearer to the utility water 

source (e.g., utility provider 52) and the distribution mains 56 may be located farther from the 

utility provider 52. In some systems, distribution mains 56 may be located along secondary 

roads or residential roads. The water distribution system 50 also includes a number of fire 

hydrants 58 (shown as dots), which are spaced along the distribution mains 56. Although not 

shown, the fire hydrants 58 may also be tapped into the larger transmission mains 54. In some 

embodiments, the fire hydrants 58 may be spaced up to a distance of about 1,500 feet from 

each other. 

[0029] 	According to various embodiments of the present disclosure, leak detection 

devices may be attached to the fire hydrants 58. In some embodiments, leak detection devices 

may be attached to each hydrant 58 while other embodiments may include attachment with 

about every other one of the hydrants 58. In FIG. 4, two adjacent fire hydrants 58 are shown, 

connected to the mains 54/56 for detecting a leak, such as leak 60. Because of the nature of a 

water leak, such as leak 60, acoustic signals or vibration signals can be detected on the 

components (e.g., mains 54 or 56, fire hydrants 58, etc.) of the water distribution system 50. 

Particularly, leak detectors may be mounted on the mains 54/56 themselves or may be 

mounted on the hydrants 58. Optionally, when two leak detectors, adjacent on the water 

distribution system such as sensors mounted on hydrants 58 nearest to the leak 60, are able to 

pick up acoustic signals with sufficient strength, the signals may be used to detect the 

presence and location of a leak. Alternatively, a leak detector may be located in a meter, in 

another communication device, as a stand-alone unit, or in any other piece of utility 

equipment that interfaces with the water distribution system 50. 

[0030] 	FIG. 5 is a block diagram illustrating an embodiment of a portion of a leak 

detection system according to various implementations. As illustrated, the leak detection 

system of FIG. 5 includes a section of pipe 70, which has a leak 72. The system also includes 

leak detectors 74, which are positioned strategically in the water distribution system 50. 

Although the leak detectors 74 are shown as being attached to or in contact with the section of 

pipe 70, it should be understood that the leaks detectors 74 may also be connected to an inside 

surface of the pipe 70 and in contact with the water flowing in the pipe. In other 

embodiments, the leak detectors 74 may be connected to an outside surface of the pipe 70, on 

an inside or outside portion of a fire hydrant 58 attached to pipe 70, attached to operating nut 
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on a valve, or attached to another portion of a water distribution system. The leak detectors 74 

communicate sensed signals (e.g., acoustic signals, pressure signals, etc.) to the host 20 via 

the mesh network 22. In one embodiment, the leak detectors 74 communicate the sensed 

signals periodically or upon detection. In another embodiment, the leak detectors 74 may 

communicate the sensed signals in response from a request from a host. For example, the 

network 22 may include relay devices (e.g., using Industrial, Scientific, and Medical (ISM) 

frequency transmission under Part 15 of the FCC Regulations within the range of 908-928 

MHz) for relaying radio signals from the leak detectors 74 to the host 20. The network 22 in 

some embodiments may also include a cellular network, a radio network, a LAN, a WAN, or 

any other suitable network, or any combination thereof. The host 20 may be configured to 

store signals from the leak detectors 74 in a database 76. In one embodiment, the host 20 may 

request that leak detectors 74 provide data relating to the sensed signals at specific times or on 

demand via the network 22. In another embodiment, the leak detectors 74 may be configured 

to send data relating to the sensed signals at specific times or in response to detecting data 

indicative of a leak condition. 

[0031] 	In one embodiment, the leak detectors 74 may be configured to send acoustic data 

to the host 20 on a periodic basis. For example, the leak detectors 74 may be configured to 

provide the acoustic information collected over a two-hour period every day at a certain time. 

The leak detectors 74 may also be configured to communicate urgent events, such as an 

indication of a large leak or burst. Alarms may be communicated to the host 20 when a burst 

is detected. Therefore, the leak detectors 74 may be configured to detect both small leaks and 

large leaks. During the periodic acoustic measurement times, any indication of a leak may be 

seen as an inconsistency with historic data. However, any large amount of acoustic activity 

detected at any time may give rise to an alarm signal for indicating a burst. Since small leaks 

do not necessarily require immediate attention, the reporting of the small leaks can be delayed 

until a designated reporting time. However, a detected burst usually requires a quick response 

in order that the burst can be attended to rapidly. 

[0032] 	FIG. 6 is a block diagram illustrating an embodiment of the host 20, shown for 

example in FIGS. 1, 2, and 5. In this embodiment, the host 20 comprises a processor 80 

configured to manage the data and signal processing functions of the host 20. The host 20 also 

includes a training module 82, a sample request module 84, a communication module 86, a 

timing module 88, graphical user interface(s) 90 (or GUIs), a leak detector management 

device 92, and the database 76 shown also in FIG. 5. The host 20 may include any 

combination of software, hardware, and/or firmware. For example, a portion of the training 
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module 82, sample request module 84, communication module 86, timing module 88, GUIs 

90, and leak detector management device 92 may be configured entirely or partially in 

software and stored in a suitable memory device (not shown). 

[0033] 	The training module 82 may be configured to conduct a training session during a 

period of time when the leak detectors are first installed and ready to be initialized. The leak 

detectors may "listen" for acoustic signals for a 24-hour period to determine the quietest 2-

hour window during the day. For instance, external noise from street traffic or other activities 

may create large amounts of acoustic signals that might be sensed by the leak detectors. In 

fact, some noise may appear to be a leak when sensed. Therefore, quiet times during the day 

(or night) can be determined as being adequate times to clearly detect leak activity without 

excessive interferences. The training module 82 may analyze the acoustic information from 

the plurality of leak detectors 74 disbursed throughout the system to determine specific wake-

up times for each of the leak detectors 74. The leak detectors 74 may then be awakened at 

their designated times to detect leak activity. The sample request module 84 may be 

configured to send a signal to the leak detectors 74 at their designated reporting time to 

awaken them from a sleep mode. Optionally, once the sampling period is known, the leak 

detectors 74 will awaken automatically at designated times (e.g., the host may not send a 

wake-up but instead the node analyzes the data and automatically sends results). Upon waking 

the respective leak detectors 74, the sample request module 84 may then request that the leak 

detectors 74 detect acoustic signals during the respective 2-hour period and then transmit the 

results to the host 20. It will be understood by one of skill in the art that the 2-hour period 

referenced herein is for exemplary purposes only and is not intended to limit the disclosure in 

any way. Time periods may range from thousandths of a second to many hours, including 

continuous monitoring, in various embodiments. 

[0034] 	The communication module 86 may be configured to communicate with the leak 

detectors 74 via radio communications, cellular communications, or other suitable types of 

communication. The timing module 88 may be configured to provide synchronization with 

the various lcak detectors, maintain timing for the processor 80, and maintain time/day 

information. In this way, the present disclosure supports localizing the leak, which requires 

time correlated samples from adjacent leak detectors to confirm the present of the leak and to 

estimate the location of the leak. 

[0035] 	The GUIs 90 of the host 20 may be configured to display information regarding 

leakage information to the user of the host device 20. For example, the GUIs 90 may include 

color-coded displays to indicate the health status of various mains 54/56 of the water 
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distribution system 50. The GUIs 90 or other similar types of GUIs may also be incorporated 

with operator system 14 and/or client system 18 shown in FIG. 1. 

[0036] 	The leak detector management device 92 may be coordinated with software in the 

server 12 to share, monitor, and store leakage information from the leak detector nodes within 

the mesh network. The leak detector management device 92 may receive signals regarding the 

health status of the actual leak detectors themselves as well as receive acoustic signal 

information from the leak detectors. The leak detector management device 92 may also be 

configured to determine the probability of leaks based on the received acoustic information. 

For example, if the received acoustic information is significantly different from the historic 

data received by the same leak detector over the past several days, then the leak detector 

management device 92 may determine with greater probability that a leak has occurred. 

Optionally, the system may analyze the leak probability from one or more adjacent nodes to 

determine if the acoustical data is significantly different from a baseline. Otherwise, if the 

acoustic information is only slightly different from the historic data, a lower probability of a 

leak can be determined. In this respect, the leak detector management device 92 may provide 

an indication of the probability of a leak. This indication might be presented as a "high 

probability," "medium probability," "low probability," or "no probability" of a leak. In other 

embodiments, the indication of probability may be provided as a percentage. For example, it 

may be determined that according to received information, the probability of a leak might be 

35%. 

[0037] 	The database 76 may include a repository for acoustic measurements, such as 

acoustic waveforms and/or acoustical spectrum data for each of the various leak detector 

nodes. The database 76 may also store information regarding the configuration of leak 

detectors 74 within the water distribution system 50 to be able to determine which leak 

detectors 74 are considered to be adjacent. Therefore, when two adjacent detectors sense 

similar acoustic activity, the host 20 may be able to determine the general location of a 

potential leak. 

[0038] 	FIG. 7 is a block diagram illustrating an embodiment of the leak detector 74 

shown in FIG. 5, according to various implementations. As shown, the leak detector 74 

comprises an enclosure 100, a sensor assembly 102, and an antenna 104. The enclosure 100 

may include any suitable structure for protecting electrical components mounted inside the 

enclosure 100 from water and other elements. In some cases, the sensors will be inside the 

enclosure. According to some implementations, the enclosure 100 may contain a housing that 

meets IP68 standards. Mounted to the walls of the enclosure 100 are sensor connectors 106 
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and an antenna connector 108. Electrical components included inside the enclosure 100 and 

protected by the walls of the enclosure 100 are a carrier assembly 110 and a power supply 

112. In some embodiments, the carrier assembly 110 includes a sensor interface 114, a 

processing device 116 (also referred to as a "logger board"), and a communication device 

118. The enclosure 100 also includes a diagnostic port 120 that allows the communication 

device 118 to have direct contact and communication with another device, such as a portable 

computer or handheld device, which may be used during installation or maintenance periods. 

The other device in this respect may be used for monitoring the integrity of the leak detector 

74 in the field and for running diagnostic tests on the leak detector 74. 

[0039] 	In some embodiments, the carrier assembly 110 is a single printed circuit board 

with the components of the sensor interface 114, processing device 116, and communication 

device 118 incorporated on the printed circuit board. In other embodiments, the carrier 

assembly 110 may include multiple printed circuit boards with the components of the sensor 

interface 114, processing device 116, and communication device 118 incorporated on the 

boards in any suitable configuration. When the electrical components are disposed on multiple 

boards, standoffs may be used as needed. Connectors may be used to couple the processing 

device 116 with the sensor interface 114 and communication device 118. 

[0040] 	The sensor assembly 102 may include any combination of sensors for detecting 

various parameters that may be analyzed to detect the presence of a leak or burst. For 

example, the sensor assembly 102 may include one or more piezoelectric sensors, acoustic 

sensors, acoustic transducers, hydrophones, pressure sensors, pressure transducers, 

temperature sensors, accelerometers, or other types of sensors. According to some 

embodiments, the sensor assembly 102 includes five sensors, where four sensors are 

configured to detect small leaks and the fifth sensor is configured to detect a large leak or 

burst. The detection of large leaks or bursts may be configured as multiple sensors instead of a 

single fifth sensor in some embodiments. According to various implementations, the sensor 

assembly 102 may include three sensors (e.g., an acoustic sensor, a pressure sensor, and a 

temperature sensor) and may provide the threc measurements, respectively, via the sensor 

connectors 106 to the sensor interface 114. 

[0041] 	In yet another embodiment, a primary sensor (such as a hydrophone) may 

continuously listen for leak detection information while one or more secondary sensors 

intermittently turn on only at predetermined times, on command, or in response to data 

detected by the primary sensor. For instance, if the hydrophone detects data indicative of a 

leak or pipe burst, secondary sensors such as pressure and temperature sensors may activate. 
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The secondary sensor data may be used in conjunction with the primary sensor data to 

determine location of the leak, severity of the leak, or other information. In other 

embodiments, the secondary sensors may turn on at predetermined times or on command. For 

instance, the utility company may wish to monitor the temperature of the water at various 

intervals such as every few hours or once per day. The temperature sensor may therefore be 

remotely activated through a network by the utility company, at which point the temperature 

sensor may determine the temperature and send the data to the utility company via the 

network. Alternatively, the temperature sensor may be set to automatically and periodically 

take a measurement, store that measurement, and forward to the host on a pre-determined 

scheduled. In other embodiments, other configurations of primary sensors and secondary 

sensors may be implemented, including varying the number and types of primary and 

secondary sensors. Optionally, the primary and secondary sensor(s) may be integrated into a 

single sensor or sensor array while in another embodiment the primary and secondary 

sensor(s) or sensor array(s) may be separate. 

[0042] 	The power supply 112 may contain one or more batteries, solar-powered devices, 

electrical power line couplers, or other power sources. When external power is required, 

additional connectors or ports may be added through the walls of the enclosure 100. When 

batteries are used, the power supply 112 may also include a battery voltage detection module 

for detecting the voltage of the one or more batteries. 

[0043] 	The sensor interface 114 acquires the acoustic, pressure, and/or temperature data 

from the sensor assembly 102. In addition, the sensor interface 114 may include amplification 

circuitry for amplifying the sensed signals or the sensor assembly 102 may include an 

amplification circuitry to eliminate effects of interconnecting cable. The sensor interface 114 

may also include summing devices, low pass filters, high pass filters, and other circuitry for 

preparing and/or manipulating the signals for the processing device 116. 

[0044] 	The processing device 116, as described in more detail below with respect to FIG. 

8, is configured to process the sensed signals, determine whether a leak exists or the 

probability that a leak exists. The processing device 116 is also configured to log the acoustic 

information and save it until a designated time when the host 20 requests the data. 

[0045] 	The communication device 118 may include a modem, such as a cellular or ISM-

enabled modem to provide network access to the communication device 118. Also, the 

communication device 118 may include a timing module, such as a GPS timing receiver, or 

timing might be provided over the mesh network, for providing an accurate timing reference 

for the leak detector 74 and for synchronizing timing signals with other elements of the leak 
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detection system 10. The communication device 118 may be configured to transmit and 

receive RF signals (e.g., ISM frequency signals), cellular signals, GPS signals, etc., via the 

antenna 104. In addition, the communication device 118 may send and receive diagnostic 

testing signals with an external device (e.g., handheld device) via the diagnostic port 120. 

[0046] 	FIG. 8 is a block diagram showing an embodiment of the processing device 116 

shown in FIG. 7. The processing device 116, which may also be referred to as a "logger" 

device, is configured to detect the presence of a leak in a pipe. As illustrated, the embodiment 

of the processing device 116 includes a processor 124, a sensor data handling device 126, a 

power assembly 128, a communication module 130, a time/sleep module 132, a leak 

processing module 134, a health status detecting module 140, and a storage module 138. The 

processor 124 may comprise one or more of a microcontroller unit (MCU), a digital signal 

processor (DSP), and other processing elements. 

[0047] 	The sensor data handling device 126 connects with the sensor interface 114 and 

handles the sensor data to allow processing of the signals by the processor 124. The power 

assembly 128 may comprise a power source, which may be separate from the power supply 

112. In some embodiments, however, the power assembly 128 may be connected to the power 

supply 112. The power assembly 128 may also be configured to control the voltage and 

current levels to provide constant power to the processor 124. In some embodiments, the 

processor 124 may be provided with about 3.0 volts DC. The communication module 130 

connects with the communication device 118 and receives and/or sends signals for 

communication through the communication device 118. 

[0048] 	In some embodiments, the communication device 118 may include a GPS device 

for receiving timing samples for synchronization purposes. Time samples (or time stamping) 

is useful for synchronizing two or more devices (such as leak detectors) to assist in correlating 

the signals of each device. In one embodiment, time stamps may be accurate to less than 10 

ms, although other degrees of accuracy may be applicable depending on the particular 

deployment. Once the leak detectors collect data and time stamp them, the timing samples 

may be forwarded to the communication module 130 to allow the processing device 116 to be 

synchronized with other devices. For instance, referring to FIG. 5, leak detectors 74 may 

collect data associated with leak 72 in pipe 74. The data will be time stamped and transmitted 

through network 22 to host 20 and stored in database 76. In this way, data collected from two 

or more leak detectors may be synchronized and correlated in order to isolate the specific 

location of a leak or break in a pipe. In one embodiment, the communication device 118 may 

receive precise timing information over the mesh network from a server, GPS satellite, etc., 
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and may input the precise timing information via the communication module. The precise 

timing information enables the leak detectors and/or other nodes within the network to 

synchronize their data and communications. In another embodiment, the communication 

device 118 may be equipped to communicate directly with a server, GPS satellite, etc., 

without transmitting data through the mesh network. 

[0049] 	The timing samples may also be used to wake up the processing device 116 when 

needed or cause the processor to sleep when inactive. Alternatively, the processing device 116 

may wake up at predetermined or scheduled intervals. In one embodiment, two leak detectors 

may be in a sleep mode. A "wake up" signal may be sent remotely through a network (such as 

network 22) to the leak detectors commanding the leak detectors to wake up and "listen" for a 

leak. When the two leak detectors wake up, they may first synchronize with one another by 

exchanging time stamping information to ensure that the two leak detectors perform their 

respective leak detection at the same time. This allows the location of a leak to be determined. 

The leak detection information may then be transmitted through the network to a host and 

database for correlation and analysis. 

[0050] 	The processing device 116 also includes a time/sleep module 132 for providing 

timing signals to the processor 124 and may include a crystal oscillator. The time/sleep 

module 132 also controls sleep modes in order to minimize battery usage when the leak 

detector 74 is not in use. For example, the processor 124 may include an MCU that operates 

continually and a DSP that sleeps when not in use. In one embodiment, the processing device 

116 sleeps most of the time and awakes periodically to detect a signal on one of its sensors. 

Since the DSP normally uses more power, it is allowed to sleep whenever possible in order to 

conserve battery power. 

[0051] 	The time/sleep module 132 may be configured to wake various components of the 

processor 124 at designated times to transmit sensor data stored during a previous time to the 

host 20. In some embodiments, the time/sleep module 132 may wake the leak detector 74 at a 

certain time during the day, enable the sensor assembly 102 to analyze and record an acoustic 

waveform for approximately ten seconds, return to a sleep mode for about ten minutes, and 

repeat the wake/analysis/sleep cycle every ten minutes or so for about two hours. The 

time/sleep module 132 may be further configured, in one embodiment, to cause the processor 

124 to wake upon receipt of a remote signal requesting the leak detector 74 to perform leak 

processing on demand. After these waveforms are sensed, the leak detector 74 sends the data 

to the host 20 and the time/sleep module 132 returns the device to a sleep mode until the 

designated time on the next day. Separate from the regular sensing schedule, the time/sleep 
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module 132 may be configured to wake up the processor 124 in the event that a large leak, or 

burst, has been detected. 

[0052] 	The leak processing module 134 may be configured to perform the analysis of the 

acoustic waveforms and other sensed parameters to determine if a leak has been sensed. The 

leak processing module 134 can also determine the probability or likelihood that the sensed 

data is indicative of a leak. The leak processing module 134 may also be configured to 

constantly monitor for a burst, in which case an alarm will be sent. In addition to sensing 

small leaks and bursts, the leak processing module 134 may also be configured to detect 

unauthorized tampering with a fire hydrant 58 associated with the leak detector 74. Regarding 

tamper sensing, the leak processing module 134 may be configured to determine if a person is 

tampering with a pumper nozzle of the hydrant 58, if there is an unauthorized flow of water 

from the hydrant 58, or if the hydrant 58 has been damaged, such as from impact by a vehicle. 

In some respects, detecting for tampering may use similar methodology as is used for sensing 

bursts, in that the acoustic waveform may display a quick and pronounced plateau above the 

normal baseline waveform. 

[0053] 	At times, the health status detecting module 140 may be configured to operate to 

determine the health or integrity of the leak detector 74 using various diagnostic tests. For 

example, the status may be detected every time the leak detector 74 wakes up from a sleep 

mode, which may be repeated several times throughout a two-hour sensing stage. The health 

status detecting module 140 may detect the sensor functionality and the functionality of other 

hardware devices to determine if there are any issues. The health status detecting module 140 

can also monitor an MCU and/or DSP of the processor 124, memory of the storage module 

138, etc. When issues are discovered during the diagnostic tests, the health status detecting 

module 140 may set flags to indicate the status of the various components of the leak detector 

74. These flags may be communicated to the host 20 at designated times or on demand. 

[0054] 	The storage module 138 may include flash memory, read-only memory (ROM), 

random access memory (RAM), or other types of memory. The storage module 138 may 

comprise a database for storing acoustic waveforms. The database may include frequency bins 

for storing current acoustic data as well as historic data collected over several days. The 

processor 124 is configured to utilize the stored waveforms to detect the presence or 

probability of leaks, bursts, or tampering activity. 

[0055] 	According to various implementations of the present disclosure, the leak 

processing module 134 may be configured to process acoustic signals related to large-

diameter pipes (e.g., transmission mains) in the water distribution system 50. The leak 
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detection in these implementations includes monitoring acoustic activity of the water main. 

As such, water mains are acoustic systems that respond to various excitations by vibrating at 

their resonant frequencies. For a large pipe, the resonant frequency is typically very low and 

may contain a fairly precise or predictable natural frequency. Since acoustic signals will 

attenuate as a function of frequency, where attenuation occurs per frequency cycle, low 

frequency waves (which have longer wavelengths) will tend to travel much farther than higher 

frequency waves (which have shorter wavelengths). Thus, the farther an acoustic wave travels 

along the water main, the more the water main attenuates the lower frequencies. 

[0056] 	Sensing the acoustic or vibration response of a large pipe may include the use of a 

hydrophone, a pressure sensor, piezoelectric sensor, an accelerometer, or other types or 

combinations of acoustic measuring instruments. Hydrophones may be used in particular to 

measure a change in pressure or vibration. Pressure sensors, on the other hand, may be used in 

particular to measure an absolute pressure value. Also, pressure sensors may be used as a 

burst sensor (e.g., as disclosed in the present disclosure) or used along with the burst sensor. 

In this respect, the sensor may measure a high-speed pressure transient profile. Both the 

pressure change value and absolute pressure value may be useful for different applications. In 

some embodiments, a hydrophone may operate continually and measure a transient, which 

may be indicative of a burst from a leak or a noise signal, and then awaken other sensors as 

needed. The sensor(s) may measure voltage signals that represent vibration strength over time 

or other frequency measurements. Temperature sensors may also be used for measuring the 

temperature of the water within the pipe. This information may be useful, not to measure a 

leak, but to determine the temperature at which a pipe breaks, if this information is desired for 

pipe integrity analysis. The sensed waveform signals are supplied to the processing device 

116, which may process the signals at the point of measurement. In other embodiments, the 

signals may be transmitted to the host 20 for processing. 

[0057] 	Although the descriptions herein disclose processes by the leak processing module 

134 for detecting leaks in large pipes, it should be noted that the leak processing module 134 

may be configured as software or firmware and the functions performed by the processor 124. 

The processor 124, as mentioned above, may include a DSP, microcontroller, or other types 

of processing units. In some embodiments, the signals may be communicated to the host 20, 

as shown in Fig. 6, such as using radio-frequency, where processing may occur. It is 

advantageous that the various processing devices automatically clean the waveform signals in 

order to remove unwanted noise. The real time processing may be performed by a DSP, for 
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example. Then, when most traces of noise are removed, the processing devices can determine 

the presence of a leak and its characteristics (e.g., size, volume, etc.), if one is present. 

[0058] 	The frequency range of interest for large pipes may include signals in the 

frequency band from zero to about 2500 Hz. A leak is detected as a low frequency wave, but 

it shares the same frequency range as other noises that interfere with the leak signal. For 

example, a subway train traveling down a track or a truck driving over a manhole cover 

provides an acoustic waveform in the same frequency range as a leak. The leak processing 

module 134 is configured, according to these embodiments, to filter or remove the portions of 

the waveforms that are not related to a leak. A leak typically has a constant waveform at a 

constant frequency. A noise event is typically detected as a transient, which may appear as a 

blip or sharp point on the waveform. 

[0059] 	In one embodiment of the present disclosure, the leak processing module 134 

receives multiple acoustic signals from the sensor data handling device 126 to listen for leaks. 

Upon a determination that a leak condition may be present, the leak processing module 134 

may convert the received acoustic signals from the time domain to the frequency domain 

(e.g., using fast Fourier transforms), according to some embodiments. The leak processing 

module 134 calculates a threshold level related to a normal baseline waveform. When the leak 

processing module 134 detects a transient in one of the received acoustic signals that exceeds 

the threshold level, a portion of each of the acoustic signals' waveforms is spliced. For 

example, splicing, which occurs in the time domain, the portion of the waveform may be 

similar to cutting out a short length of ribbon from a middle section along it entire length and 

then reattaching the two loose ends. However, when a waveform is reattached, oftentimes a 

discontinuity may occur where the points are rejoined. If this is the case, the leak processing 

module 134 is configured to perform a wave smoothing operation, which gradually 

smoothens out the waveform to a more natural look without any discontinuity. 

[0060] 	FIGS. 9A-E are graphs illustrating a waveform smoothing operation according to 

the embodiments described above with respect to the detection of leaks in large-diameter 

water mains. FIG. 9A shows a sample of exemplary acoustic data received by the processing 

device 116. According to this example, the acoustic data includes a waveform having a 

transient caused by noise unrelated to a leak. The leak processing module 134 detects the 

transient based on a comparison with threshold levels. For example, the threshold levels may 

be calculated as a percentage of the amplitude of the signal's power above and below a 

normal waveform. When the detected signals exceed the threshold levels, the leak processing 
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module 134 is configured to process the signals to determine if a leak is present or if the 

signals are indicative of a transient caused by noise from traffic or other external sources. 

[0061] 	When it is determined that a transient in the waveform is caused by a source 

unrelated to a leak, the leak processing module 134 is configured to remove the transient from 

the waveform. The graph of FIG. 9B shows a process wherein the leak processing module 

134 completely removes the data in the section of the waveform, which leaves a gap in the 

waveform. As shown in FIG. 9C, the gap is closed by rejoining the loose ends of the 

waveform back together at the dashed line. When multiple sensor data, are used to form 

multiple parallel waveforms, the same time section of each waveform is extracted and 

rejoined in order that keep the same sections of time for all waveforms. 

[0062] 	After the loose ends of the waveform are reattached, the leak processing module 

134 determines if a discontinuity is created by the splicing of the sections of waveform 

together with the middle part removed. FIG. 9D shows a magnified view of a waveform 

where it has been reattached. In this case, a discontinuity may be detected. In this case, a wave 

smoothing operation may be performed, as shown in FIG. 9E, where the points of the 

waveform are automatically manipulated by the leak processing module 134 to provide a 

continuous waveform. Some points before the splice and after the splice can be manipulated 

to smooth out the waveform. 

[0063] 	FIG. 10 is a flow diagram illustrating an embodiment of a method 150 for 

processing acoustic signals. In this embodiment, the method 150 includes the step of 

receiving a continuous acoustic waveform from the sensor assembly, as indicated in block 

152. The sensor assembly may include the sensor assembly 102 shown in FIG. 7, or in some 

embodiments, may include a single sensor, such as a hydrophone. According to some 

embodiments, the sensor assembly may include a hydrophone, pressure sensor, and a 

temperature sensor integrated into one sensor or combined in separate sensors. The 

hydrophone or other sensors may operate continually to provide the ongoing acoustic 

waveform. 

[0064] 	According to decision block 156, it is determined whether an end of the waveform 

is detected, such as if the sensor is turned off or put in a sleep state. If so, the method ends. If 

the waveform continues, the method proceeds to block 158. As indicated in block 158, the 

method includes continually comparing the waveform with a predetermined threshold. The 

predetermined threshold can be determined immediately before the comparing step is 

performed. The comparison may comprise determining how much the waveform differs from 

a normal waveform without the presence of external noises and leaks by a certain amount or 
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by a certain percentage. As indicated in decision block 160, it is determined whether or not 

the threshold has been exceeded. If not, then the waveform does not require further processing 

at the particular section in the waveform and loops back to decision block 156. However, if it 

is determined that the waveform does exceed the threshold, the method proceeds to block 162 

for further processing. 

[0065] 	As indicated in block 162, the method includes removing a section of the 

waveform that exceeds the threshold and then rejoining the loose ends of the waveform back 

together. This may be similar to cutting a short length of ribbon from a middle section of the 

ribbon and then re-attaching or splicing the loose ends of the ribbon together. Once 

reattached, the method proceeds to decision block 164, which indicates that it is determined 

whether or not the rejoined point forms a discontinuity in the waveform. For example, it may 

be unlikely that the reattached waveform is joined where the points match. Therefore, a 

discontinuity may be a jump from one point to another with little transition time, which itself 

may cause problems in the processing of such a resulting waveform since such a jump might 

be interpreted as another transient or a leak. If there is not discontinuity determined in 

decision block 164, the method returns back to decision block 156. Otherwise, if there is a 

discontinuity, the method proceeds to block 166. As indicated in block 166, the method 

includes performing a wave smoothing operation to smooth out the discontinuity. The wave 

smoothing operation may include manipulating points of the waveform so as to eliminate the 

discontinuity. Thus, the waveform may be presented so as not to disrupt any further 

processing. After wave smoothing for this section of the waveform, the method returns to 

decision block 156 to continue analyzing more sections of the waveform, if there are more 

sections to analyze. 

[0066] 	One should note that conditional language, such as, among others, "can," "could," 

"might," or "may," unless specifically stated otherwise, or otherwise understood within the 

context as used, is generally intended to convey that certain embodiments include, while other 

embodiments do not include, certain features, elements and/or steps. Thus, such conditional 

language is not generally intended to imply that features, elements and/or steps are in any way 

required for one or more particular embodiments or that one or more particular embodiments 

necessarily include logic for deciding, with or without user input or prompting, whether these 

features, elements and/or steps are included or are to be performed in any particular 

embodiment. 

[0067] 	It should be emphasized that the above-described embodiments are merely 

possible examples of implementations, merely set forth for a clear understanding of the 

- 19 - 



principles of the present disclosure. Any process descriptions or blocks in flow diagrams 

should be understood as representing modules, segments, or portions of code which include 

one or more executable instructions for implementing specific logical functions or steps in the 

process, and alternate implementations are included in which functions may not be included 

or executed at all, may be executed out of order from that shown or discussed, including 

substantially concurrently or in reverse order, depending on the functionality involved, as 

would be understood by those reasonably skilled in the art of the present disclosure. Many 

variations and modifications may be made to the above-described embodiment(s) without 

departing substantially from the spirit and principles of the present disclosure. Further, the 

scope of the present disclosure is intended to cover any and all combinations and sub-

combinations of all elements, features, and aspects discussed above. All such modifications 

and variations are intended to be included herein within the scope of the present disclosure, 

and all possible claims to individual aspects or combinations of elements or steps are intended 

to be supported by the present disclosure. 
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CLAIMS 

What is claimed is: 

1. A processor-implemented method comprising the steps of: 

receiving, at a processor, historical leak detection information from a first sensor in a 

fluid distribution system; 

collecting, by the processor, the historical leak detection information in a database; 

determining, by the processor, a baseline from the historical leak information; 

receiving, at the processor, current leak detection information from the first sensor; 

and 

determining, by the processor, a probability of a leak in the fluid distribution system 

based on a difference between the current leak detection information and the baseline. 

2. The method of claim 1, wherein the leak detection information comprises 

acoustic signal information. 

3. The method of claim 1, wherein the leak detection information comprises time 

stamp information. 

4. The method of claim 1, wherein the current leak information is received from a 

first node in a mesh network communicatively connected to the processor through one or 

more intermediate nodes. 

5. The method of claim 1, wherein the first sensor comprises one from the group 

consisting of a piezoelectric sensor, an acoustic transducer, a hydrophone, a pressure sensor, 

and an accelerometer. 

6. The method of claim 1, further comprising the step of providing an alarm to an 

operator system based on the probability of the leak. 

7. The method of claim 1, further comprising receiving historical leak detection 

information from a plurality of sensors in the fluid distribution system. 
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8. A system for detecting a leak in a fluid distribution system, the system 

comprising: 

a plurality of leak detectors in the fluid distribution system, each leak detector 

comprising one or more sensors, a processing device, and a first communication device, the 

processing device configured to receive signal data from the one or more sensors, process the 

signal data, and send the processed signal data via the communication device to a host; and 

the host comprising a processor, a database, and a communication module, the 

processor configured to receive via the communication module the processed signal data from 

the plurality of leak detectors, store the processed signal data in the database, determine a 

baseline from the stored signal data for each of the plurality of leak detectors, receive later 

signal data from one of the plurality of leak detectors that is different from the baseline 

determined for that leak detector, and determine that a leak has occurred in the fluid 

distribution system based on the difference between the later signal data and the baseline 

determined for that leak detector. 

9. The system of claim 8, wherein the processing device is configured to send the 

processed signal data to the host on a periodic basis. 

10. The system of claim 8, wherein the processing device is configured to send the 

processed signal data to the host in response to receiving a request from the host. 

11. The system of claim 8, wherein the processing device is configured to, upon 

receiving signal data from a first sensor of the one or more sensors indicative of a leak in the 

fluid distribution system, activate a second sensor of the one or more sensors to collect 

additional signal data to be sent to the host. 

12. The system of claim 11, wherein the second sensor is configured to collect data 

regarding one or more of a size of the leak and a location of the leak. 

13. The system of claim 8, wherein the leak detector comprises an acoustic sensor, 

a pressure sensor, and a temperature sensor, wherein each of the sensors may be activated by 

the processing device independently. 
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14. The system of claim 8, wherein processing the signal data comprises time 

stamping the signal data. 

15. The system of claim 14, where the processing device is further configured to 

exchange timing information with other of the plurality of leak detectors to synchronize time 

stamping of signal data between the plurality of leak detectors. 

16. An apparatus comprising: 

one or more sensors; 

a communication device; and 

a processing device operatively coupled to the one or more sensors and the 

communication device and configured to 

receive an acoustic waveform from the one or more sensors, 

compare the acoustic waveform to a predetermined threshold to determine if 

the predetermined threshold has been exceeded, 

upon determining that the predetermined threshold has been exceeded, remove 

a section of the acoustic waveform that exceeds the threshold and rejoin the 

waveform, and 

upon rejoining the acoustic waveform, transmit data regarding the acoustic 

waveform to a host via the communication device, the host configured to detect a leak 

in a fluid distribution system based on the data regarding the acoustic waveform. 

17. The apparatus of claim 16, where the predetermined threshold comprises a 

value of difference in the acoustic waveform and a normal waveform without a presence of 

external noises. 

18. The apparatus of claim 16, wherein the processing device is further configured 

detect a discontinuity in the acoustic waveform at a position of the removed section; 

and 

upon detecting the discontinuity, perform a wave smoothing operation to smooth the 

discontinuity in the acoustic waveform. 

to: 
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19. The apparatus of claim 16, wherein the apparatus is coupled to a distribution 

main of the fluid distribution system. 

20. The apparatus of claim 16, wherein the fluid distribution system comprises a 

water distribution system and the apparatus is coupled to a hydrant of the water distribution 

system. 
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