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Introduction

During the period of 10 through 13 October 2000 we were at Ft. Campbell, KY, applying acoustic emission (AE) techniques to locating leaks in a fire deluge system (we returned again on 26 October 2000 to monitor an additional building). The Ft. Campbell personnel that we interacted with during our work were Ron Jones, Bob Ott, Ralph Scruggs, Jack Johnson, Lee Pilant, and Terry Davidson.

We used acoustic emission technology to detect and locate leaks in the Fire Deluge System at the 160th SOAR buildings at Ft. Campbell. Three leaks were located in the system, and another two leaks are suspected of being there. Problems with the jockey pump were also discovered.

Acoustic Leak Location Procedure

Detecting leaks with acoustics is fairly straightforward. The following five steps must be accomplished by any acoustic instrument in order to locate a leak:

1. Position two sensors so that they bracket (or surround) the leak. If the sensors do not surround the leak, location cannot be done, no matter what signal processing method is used! (Only leak detection can be accomplished if the sensors do not surround the leak.)

Acoustically couple the sensors to the pipe so that distinct leak signals are received by both sensors. Leak location cannot be performed without signal arrivals at both sensors. This step implies that quick, reproducible methods exist to acoustically couple sensors to pipes in the field.

2. Measure the distance between the sensors (D) and determine the velocity of sound in the media contained in the pipe (V).

Use signal processing (coincidence detection, cross-correlation, etc.) to determine a time difference, t, for the arrival of a specific signal at both sensors.

3. Using the time difference (t) obtained in Step 4, calculate the location of the leak using the following equation:



Location from first sensor detecting signal = (D ‑ (V t)) / 2

Instrument Description

The AE instrument used during the leak location investigation at Ft. Campbell was a Physical Acoustics Mistras. The instrument resulted from a SERDP program, in which the objective was to develop and demonstrate acoustic techniques for accurately locating small (0.1 gallon per hour) leaks in underground petroleum pipelines. The instrument that was developed showed the capability to locate (within a few feet) 12 gph leaks with a sensor spacing of up to 650 feet, and 0.75 gph leaks with a sensor spacing of 50 feet.

The instrument operates at 15,000 Hz and use coincidence detection to obtain a t value to locate leaks. Coincidence detection determines the precise time (accurate to 0.25 µS) when a leak signal crosses a specific voltage threshold at the first sensor and again when it crosses the threshold at the second sensor, and subtracts the two arrival times to obtain a t. Coincidence detection is very robust in the field because it is relatively insensitive to dispersion (whereby a signal increases in duration and decreases in amplitude in a frequency dependent manner as it propagates).

One very positive aspect of this instrument is that it can operate in spite of flow noise and noise caused by vehicular traffic on roads next to the pipes being monitored. Drawbacks of this instrument are that it requires AC power, cables to connect the instrument to the sensors, and it does not work as well in plastic pipes because of the high attenuation in such pipes. 

Results

For all of the results described below, the sensors were bonded directly onto the steel deluge piping using cyanoacrylate glue. The glue (gelled Superglue) was put on the face of the sensor, which was then held in place by wrapping a bungee cord with hooks at each end around the sensor and the pipe. Acoustic contact was assured with this method, and a measure of the bond was that some of the deluge pipe coating adhered to the sensor face when the sensor was removed.

	Pump House D7272 to Hangar 7262

	Sensor 1 was on the output Tee inside the pump house, 240 feet from sensor 3, which was placed inside hangar 7262 below the flange where the deluge line entered the hangar. Monitoring was done for 55 minutes, and no sign of a leak was found. 
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	Figure 1. Mistras results for 240 feet of line from Pump House D7272 (left side) to Hangar 7262 (right side). There are no leak indications present in this plot.


	Pump House D7272 to Hangar 7268

	Sensor 1 was on the output Tee inside the pump house, 565 feet from sensor 3, which was placed inside hangar 7268 below the flange where the deluge line entered the hangar. Monitoring was done for 44 minutes, and no sign of a leak was found. 
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	Figure 2. Mistras results for 565 feet of line from Pump House D7272 (left side) to Hangar 7268 (right side). There are no leak indications present in this plot.


	Hangar 7273 to Hangar 7272

	Sensor 1 was inside hangar 7273 below the flange where the deluge line entered the hangar, 510 feet from sensor 3, which was placed inside hangar 7272 below the flange where the deluge line entered the hangar. Monitoring was done for 27 minutes, and no sign of a leak was found.
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	Figure 3. Mistras results for 510 feet of line from Hangar 7273 (left side) to Hangar 7272 (right side). There are no leak indications present in this plot.


	Hangar 7268 to Hangar 7264

	Sensor 1 was inside hangar 7268 below the flange where the deluge line entered the hangar, 872 feet from sensor 3, which was placed inside hangar 7264 below the flange where the deluge line entered the hangar. Monitoring was done for 10 minutes, and no sign of a leak was found.
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	Figure 4. Mistras results for 872 feet of line from Hangar 7268 (left side) to Hangar 7264 (right side). There are no leak indications present in this plot.


	Hangar 7262 to Hangar 7264

	Sensor 1 was inside hangar 7262 below the flange where the deluge line entered the hangar, 263 feet from sensor 3, which was placed inside hangar 7264 below the flange where the deluge line entered the hangar. Monitoring was done for 66 minutes. While there are no signs of a leak in the deluge line, there is an indication of a leak inside of Hangar 7264 (which was later confirmed visually) because of signal amplitudes.
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	Figure 5. Mistras results for 263 feet of line from Hangar 7262 (left side) to Hangar 7264 (right side). There are no deluge line leak indications present in this plot, but there is evidence of a leak inside 7264 due to signal amplitudes.


	System Shut Off Valve to Hangar 7262

	Sensor 1 was on the system shut off valve, 720 feet from sensor 3, which was placed inside hangar 7262 below the flange where the deluge line entered the hangar. Monitoring was done for 27 minutes. While there are no signs of a leak in the deluge line, there is an indication of a leak inside of Hangar 7262 (which was later confirmed visually) because of signal amplitudes.
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	Figure 6. Mistras results for 720 feet of line from the System Shut Off Valve (left side) to Hangar 7262 (right side). There are no deluge line leak indications present in this plot, but there is evidence of a leak inside 7262 due to signal amplitudes.


	Warehouse 7281 to Hangar 7262

	Sensor 1 was inside warehouse 7281 below the flange where the deluge line entered the warehouse, 846 feet from sensor 3, which was placed inside hangar 7262 below the flange where the deluge line entered the hangar. Monitoring was done for 32 minutes. While there are no signs of a leak in the deluge line, there is an indication of a leak near Warehouse 7281 (which was later confirmed visually) because of signal amplitudes.
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	Figure 7. Mistras results for 846 feet of line from Warehouse 7281 (left side) to Hangar 7262 (right side). There are no deluge line leak indications present in this plot, but there is evidence of a leak near 7281 due to signal amplitudes.


	Warehouse 7244 to Simulator 7267

	Sensor 1 was inside warehouse 7244 below the flange where the deluge line entered the warehouse, 890 feet from sensor 3, which was placed inside simulator 7267 below the flange where the deluge line entered the simulator. Monitoring was done for 11 minutes, and no sign of a leak was found. 
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	Figure 8. Mistras results for 890 feet of line from Warehouse 7244 (left side) to Simulator 7267 (right side). There are no leak indications present in this plot.


	Simulator 7267 to Cross Over Shut Off Valve

	Sensor 1 was inside simulator 7267 below the flange where the deluge line entered the simulator, 200 feet from sensor 3, which was placed on the cross-over shut off valve. Monitoring was done for 22 minutes. Note the peak at 130 feet, indicating a leak at this point.
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	Figure 9. Mistras results for 200 feet of line from Simulator 7267 (left side) to the Cross Over Shut Off Valve (right side). There is a leak indication present in this plot at 130 feet.


	Mid-Point Hole on 8” Line to Cut-off Valve

	Sensor 1 was on the 8” line at the mid-point hole, 690 feet from sensor 3, which was placed on the cut-off valve. Monitoring was done for 10 minutes, and no sign of a leak was found.
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	Figure 10. Mistras results for 690 feet of line from the Mid-Point Hole on the 8” line (left side) to the Cut-Off Valve (right side). There are no leak indications present in this plot.


	Mid-Point Hole on 12” Line to Cut-off Valve

	Sensor 1 was on the 12” line at the mid-point hole, 690 feet from sensor 3, which was placed on the cut-off valve. Monitoring was done for 15 minutes, and no sign of a leak was found.
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	Figure 11. Mistras results for 690 feet of line from the Mid-Point Hole on the 12” line (left side) to the Cut-Off Valve (right side). There are no leak indications present in this plot.


	Building 7273 to Mid-Point Hole on 12” Line

	Sensor 1 was inside building 7273 below the flange where the deluge line entered the building, 943 feet from sensor 3, which was placed on the 12” line at the mid-point hole. Monitoring was done for 16 minutes, and no sign of a leak was found.
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	Figure 12. Mistras results for 943 feet of line from Building 7273 (left side) to the Cut-Off Valve on the 12” line (right side). There are no leak indications present in this plot.


	Building 7273 to Mid-Point Hole on 8” Line

	Sensor 1 was inside building 7273 below the flange where the deluge line entered the building, 943 feet from sensor 3, which was placed on the 8” line at the mid-point hole. Monitoring was done for 15 minutes, and no sign of a leak was found.
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	Figure 13. Mistras results for 943 feet of line from Building 7273 (left side) to the Cut-Off Valve on the 8” line (right side). There are no leak indications present in this plot.


	Building 7277 to Building 7276

	Sensor 1 was inside building7277 below the flange where the deluge line entered the building, 287 feet from sensor 3, which was placed inside building7276 below the flange where the deluge line entered the building. Monitoring was done for 27 minutes. While there are no signs of a leak in the deluge line, there is an indication of a leak inside of building 7277 because of signal amplitudes (this leak was not confirmed).
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	Figure 14. Mistras results for 287 feet of line from Building 7277 (left side) to Building 7276 (right side). There are no deluge line leak indications present in this plot, but there is evidence of a leak inside building 7277 due to signal amplitudes.


	Building 7277 to Building 7278

	Sensor 1 was inside building7277 below the flange where the deluge line entered the building, 278 feet from sensor 3, which was placed inside building7278 below the flange where the deluge line entered the building. Monitoring was done for 7 minutes. Monitoring was done for 27 minutes. While there are no signs of a leak in the deluge line, there is an indication of a leak inside of building 7277 because of signal amplitudes (this leak was not confirmed).
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	Figure 15. Mistras results for 278 feet of line from Building 7277 (left side) to Building 7278 (right side). There are no deluge line leak indications present in this plot, but there is evidence of a leak inside building 7277 due to signal amplitudes.


	Building 7278 to Hangar 7268

	Sensor 1 was inside building 7278 below the flange where the deluge line entered the building, 897 feet from sensor 3, which was placed inside hangar 7268 below the flange where the deluge line entered the hangar. Monitoring was done for 8 minutes, and no sign of a leak was found.
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	Figure 16. Mistras results for 897 feet of line from Building 7278 (left side) to Hangar 7268 (right side). There are no leak indications present in this plot.


	Building 7278 to Warehouse 7279

	Sensor 1 was inside building 7278 below the flange where the deluge line entered the building, 530 feet from sensor 3, which was placed inside warehouse 7279 below the flange where the deluge line entered the warehouse. Monitoring was done for 19 minutes, and no sign of a leak was found.
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	Figure 17. Mistras results for 530 feet of line from Building 7278 (left side) to Warehouse 7279 (right side). There are no leak indications present in this plot.


Discussion

The results of this work show that acoustic leak location instruments have the ability to locate leaks in underground lines while they are operating. Naturally, as with all nondestructive testing techniques, there are some limitations as to what can be done but there are also some very definite advantages.

The reader should be aware that there are certain difficulties in presenting the results. The difficulties stem from the fact that the graphs are necessarily static in the report, while they are dynamic when the data is being obtained. This difference often leads to the reader to wonder why a particular peak is singled out as being significant while another peak is not. The most important reason is that a leak related peak will repeatedly be seen at the same position when the graph is zeroed and allowed to build again, while noise will appear in a different locations, randomly. Another reason is that during testing a leak related peak will be seen to climb in value rapidly, while noise just increases steadily. It should be noted that it is normal for the graphs to have a Guassian shape, i.e., to be a bell curve. The peaks that are of significance are narrow spikes which appear on the sides of the curve.

A total of 17 measurements were made at the 160th SOAR buildings at Ft. Campbell Ft. Campbell. We inspected the entire deluge line system, from the shut off valve west of Hangar 7262 going east to the end of the system at Warehouse 7281. All system laterals were inspected, too, including:  Hangars 7262, 7264, 7268 and 7272; Pump House D7272; Buildings 7273,  7276, 7277 and 7278; Simulator 7267; and Warehouses 7244, 7281 and 7279. During the first visit we could not inspect Warehouse 7279 because we could not gain access Friday, 13 October 2000. We returned on 26 October 2000 in conjunction with another job, and monitored Warehouse 7279 at that time.

Definite leaks were located at three places:

4. Hangar 7262 - This leak is inside the building's Maintenance room, through a small pressure relief valve. The primary data for this test run appears in Figure 6. As can be seen there is no direct evidence in this particular plot showing a leak. Instead, we noticed that there were high signal amplitudes coming from the sensor at hangar 7262, and water coming out of a pipe outside the building. Monitoring with a portable instrument showed that the highest sound level inside the Maintenance room was coming from a small pressure relief valve. By moving the valve stem we significantly reduced the volume of water coming out of the pipe. Note that since this leak was not located between our two monitoring sensors, there is (and can be) no leak indication produced on the leak position plot (refer to the Acoustic Leak Location Procedure section for details as to why).

5. Hangar 7264 - This leak is also inside the building's Maintenance room, through a large 6" gate valve on number 1 leg. The primary data for this test run appears in Figure 5. As can be seen there is no direct evidence in this particular plot showing a leak, because again the leak is outside of the leak location area between the monitoring sensors. We noticed an unusually high amplitude for the signals coming from the Hangar 7264 sensor. Monitoring with a portable instrument showed that a large gate valve was producing the noise. We followed the pipe leading from the gate valve outside the building (around the corner from where we were working) and found that water was coming from the pipe – proving the existence of a leak.

6. PI valve outside Bldg 7281-MO-1 - We suspected something was wrong when we were monitoring the deluge line from Warehouse 7281 to Hangar 7262. Although the data in Figure 7 does not show any indication of a leak (probably because of the long distance between the two monitoring sensors – the instrument was optimized for 500 foot sensor spacing), there were anomalous high amplitude signals coming from the sensor in Warehouse 7281. The next day we were in the process of investigating the deluge pipe run between these buildings with a hand held instrument to locate the source of the high amplitude signals when the leak was discovered. The valve had to be closed, repairs were carried out, and it was found that seal of the outlet pipe was leaking due to loose bolts. Apparently the sudden rise in pressure (due to the need to run the diesel pumps in the morning to get the pressure to a point where the jockey pump could sustain it) had made a rather small leak in the PI valve very large. In any event, the PI valve was shut just before noon because water started coming up out of the ground around the valve stem. We noted that after the PI valve was closed the jockey pump had a very easy time of maintaining pressure in the deluge system, so apparently this was the major reason for the continuous running of the jockey pump.

Leaks were suspected in the following two places:

7. Simulator Bldg 7267 - A suspect leak was located 5 feet from the PI valve going towards the building, over a trench line containing a sanitary sewer. The data for this is shown in Figure 9, the peak at 130 feet is obvious even in these static plots. Digging would be necessary to verify this leak, which we could not do in the time available. We would like to point out that the dirt surrounding this line across the road near the cross-over shut-off valve was wet. Due to the initial lack of anchoring of this line under the corner of the building, it is possible that all connections in this line from the building to the supply are loose, so it would be prudent to inspect this entire run from supply to building.

8. Bldg 7277 - A leak is suspected internal to the building. The data for this building, shown in Figures 14 and 15, do not show leak indications in the monitored areas between the buildings, but there were anomalous high amplitude signals noted coming from the sensor in Building 7277. Unfortunately, due to time constraints we could not track the source of the signals down. 

Jockey pump problems were noted as follows:

10 Oct
Jockey pump was running continuously to maintain a pressure of 110 psi.

11 Oct
Jockey pump again running continuously, maintaining pressure of 100 psi.

12 Oct
After the PI valve outside Bldg 7281-MO-1 was closed, the jockey pump cycled between 108 and 127 psi, taking 32 minutes to pump up the pressure and taking 26 minutes to bleed off the pressure.

13 Oct
At 0830 the pressure was still between 108 and 127 psi. At 1200, however, it was found to be 134, and the pump was cycling between 133 and 134 psi. At 1900 it was found to be down to 65 psi, the pump was cold, and it wouldn't run until the control was moved to Manual from Automatic.

26 Oct
The limit switches on the jockey pump appeared to be inoperable. We turned the pump on, and it kept pumping up to 150 psi!

Conclusions

The Mistras instrument has unique advantages for underground pipe leak location that were illustrated during this project at Ft. Campbell. Specific conclusions are as follows:

9. Acoustic techniques are suited for locating leaks in buried water lines while they are operating. The techniques were shown to handle a variety of pipe diameters under actual field conditions on a deluge system at Ft. Campbell.

10. The location of leaks in buried pipelines between buildings can be pinpointed – see Figure 9, which shows a suspected leak at 130 feet from Simulator 7267.

11. Leaks outside of the area being monitored between two sensors can be inferred. We were able to find leaks inside Hangars 7262 and 7264, as well as a leaking PI valve near Warehouse 7281. Similar indications were obtained in Building 7277, so we suspect an internal leak there. 

12. The practical limit for monitoring sensor separation is about 600 feet. The data in Figure 8, with an 890 foot sensor separation, does not show any leak indication near Simulator 7267 - although a leak indication was found near there using a closer sensor separation, see Figure 9. Similarly Figure 7, with a 846 foot sensor separation, does not show any leak indication, although a leaking PI valve was discovered the following day.

Recommendations

13. We recommend replacement of the pressure controller for jockey pump.

14. We recommend that the internal valve leaks at Hangars 7262 and 7264 be repaired.

15. We recommend that the line to Simulator 7267 be dug up, to check both the leak indication we obtained 5 feet from the PI valve towards the building, as well as all of the other line connections for looseness.

16. We recommend that the internal line in Building 7277 be inspected for leaks.

17. We recommend that a survey of the deluge system internal to all buildings be conducted, to check for additional leaks as well as for unauthorized taps.
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