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Abstract

A wireless sensor network was created to measure water-flow rate in a fire hose. An
integrated electronic piezoelectric (IEPE) accelerometer was chosen as the sensor to measure
the flow rate based on the vibrations generated by water flowing through a fire hose close to
the hose nozzle. These sensors are small, lightweight, and they can attach to the outside of
the hose, not obstructing the water’s flow path. A relationship between the dominant-
frequency metric and the flow rate was applied and used to determine real-time water flow in
a fire hose critical for improving fireground situational awareness. A nearly monotonic
relationship of flow rate to the dominant frequency was established and then used in a
custom graphical user interface for quick, real-time, visual referencing by fire personnel of
flow rate in a fire hose. While more work is needed, such as improved physical robustness of
the sensor-node assembly and increase robustness of the signal metric, this preliminary study
showed the potential of a “smart” fire hose for improved situational awareness during a fire
attack.

Key words

Accelerometers; fire hose; flow induced vibration; flow rate; hose vibration; dominant
frequency; smart fire fighting; sensors; water flow rate measurement; wireless sensor
network.
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1. Introduction

1.1.  Smart Fire Fighting — Water Flow at the Fire Hose Nozzle

There is an old fire service saying, “As the first line goes, so goes the fire.” Placing, and
flowing water, from the initial hose line, and including all other hose lines, at a fire is very
important for the success of the fire attack. The water flowing from the hoses helps cool the
environment which improves the chance of survival of trapped occupants, protects the fire
fighters from excessive heat, and extinguishes the fire. Therefore, hoses are simultaneously a
fire fighter’s and occupant’s lifeline [1]. Knowing the rate at which water is flowing through
those hoses is a critical part of those lifelines, in general, and situational awareness, in
particular, especially if that rate is zero, which unfortunately happens.

Applying ‘smart’ technology to a fire hose could improve the awareness of the hose’s current
status and the chance of a successful fire attack. Harnessing the power of ‘smart’ technology
to improve situational awareness of the hoses was a part of the vision of Smart Fire Fighting
as documented in the Research Roadmap for Smart Fire Fighting [2]. A ‘smart’ system uses
sensors to collect data, provides the data in an understandable format to a user, then allows
the user to make a decision. Today, the users are human, but tomorrow they may include
software.

Human fire fighters are the backbone of the fire service. The safety of fire fighters who risk
their lives on the fireground could benefit from a smart sensor network, that could perform
two tasks: determine if water is flowing at the fire hose nozzle and communicate this
information back to the pump operator or incident commander (IC) at the fire engine. The
smart system includes a sensor at the nozzle, wirelessly transmitting the flow rate data to the
incident commander (IC), and a way to present the data to the IC (Fig. 1). The IC must be
able to make quick decisions regarding the water flow for suppression activities on the
fireground.

a7

Incident
Commander

K) J 2 el {
((‘ )
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Fire Engine

Wireless Sensor
at Fire Hose Nozzle

Fig. 1. A ‘smart’ sensor network can measure flow rate at the fire hose nozzle and wirelessly
communicate the flow rate in real time to the IC and pump operator for decision making.



1.2.  Current State of the Art

Currently, communication between the fire fighter at the nozzle and the pump operator or IC
is typically done using radios. The fire fighter at the nozzle, or his backup, should be able to
communicate by radio with the pump operator or IC to provide feedback about water flow.
However, this is not always possible to do with competing radio traffic, while the team is
advancing the hose, and conducting suppression activities that take two hands.

Presently, water pressure measured at the fire engine’s pump panel is used by the pump
operator to determine if water is flowing at the hose nozzle. Fireground threats to normal
water flow such as hose damage and hose blockage can make reliable decisions on water
pressure misleading. A pressure loss indicated on the fire engine’s pump panel may occur
when water flows from the nozzle, as intended, or unintentionally through a ruptured hose. A
ruptured hose can occur as a result of wear and tear, a burn hole in the hose, a leaking
coupling, or from being crushed under a vehicle tire or structure debris.

Sufficient water pressure may show at the pump panel even if the hose is partially or fully
blocked preventing water, or allowing too little water, from reaching the nozzle. A charged
hose line advanced inside a structure could become partially blocked as a result of being
crimped around a sharp corner or past a piece of furniture. A hose pinched under a door,
under a piece of furniture, under a vehicle tire, or under fallen debris could also reduce water
flow at the nozzle. Water flow through the hose could be fully blocked by a closed in-line
valve, debris in the hose, or by a closed nozzle bale that cannot be opened by an
incapacitated fire fighter.

1.3.  Study Goal

The safest way for the IC to know that water is flowing from the hose nozzle is to have real-
time water flow information sent to them. The goal of this study is to provide that
information digitally by developing a wireless-sensor network to measure water flow in a fire
hose. Our approach is to collect vibration data, send it to the IC’s laptop, and then convert it
into a flow rate based on data-derived correlations. Flow rate will be determined in real time
to improve fireground situational awareness.

2. Background Literature

Vibrations from fluid or gas flow can occur in any relatively rigid pipe such as water, oil, and
gas utility or industrial pipes. Wired sensors, including accelerometers, have been attached
securely to the outside surface of rigid pipes to measure fluid or gas induced pipe vibrations
to determine flow rate within the pipe in research settings as well as in the utility pipeline
industry [3-16].

The advantages of wireless sensor networks have resulted in their application to rigid pipes
and utility pipelines to detect flow and assess pipeline health where long distances of pipe

can be checked from fewer remote locations [17-21]. Wireless technology has been applied
to fire hoses. An in-line, turbine, commercial wireless flow meter is available for fire hoses



that transmits data to a hand-held device using Bluetooth® that reports the flow rate [22].
The turbine also supplies power to the hose meter.

A detailed literature review was included in the previous technical report [23] describing past
work focused on detecting vibration from flowing water in relatively rigid pipe using sensors
like accelerometers [24]. Standard deviation of acceleration increased as flow rate increased
in rigid pipes [8-10, 14-16]. This relationship was found to be similar for flexible fire hose at
lower flow rates, from 0 LPM to at least about 300 LPM (80 GPM), however at higher flow
rates, above 300 LPM (80 GPM), the standard deviation of acceleration became
unpredictable, often peaking and decreasing [23]. The bell-shaped curve therefore made the
standard deviation of acceleration metric not suitable as the only metric for determining the
flow rate in a flexible fire hose.

For relatively rigid pipe, previous research has shown a decreasing dominant frequency with
increasing flow rate [8, 13, 25]. A similar relationship was also found for flexible fire hose in
our previous research [23]. Dominant frequency was therefore chosen as the primary metric
to determine flow rate. Dominant frequency determined by impact testing matched the
dominant frequency as determined by our flow tests. Therefore, it is possible to use this
metric to determine flow rate in the fire hose in real time using a wireless sensor network.

3. Methods
3.1.  Wireless sensor network (WSN) components

The wireless sensor network for this research has three main components: 1) the
accelerometer as the sensor, 2) the wireless node, and 3) the base station (Fig. 2). The sensor
collects data, the wireless node transmits the data, and the base station receives the data and
passes it to a laptop for analysis.

= o 1) (L5
(accelerometer) (( _

Wireless Base
Node station

Fig. 2. The wireless sensor network components in this study: 1) The accelerometer sensor,
2) the wireless node, and 3) the base station at the laptop.

3.1.1. Wireless sensor network - Sensor - Accelerometer

Accelerometers measured the vibration of the hose caused by water flowing through the fire
hose. Two accelerometers were used on the hose at the Front (downstream) and Back
(upstream) locations for one series of tests (Test 4). Three accelerometers collected data from
the Front, Mid (middle) and Back locations on the hose for the following two different series



of tests (Test 5 and Test 6). The wired sensor network tests from the previous report were
labeled as Test 1, Test 2, and Test 3 [23].

The piezoelectric accelerometers at either end of the hose (PCB model 352C33) measured
acceleration and stand about 2 cm high mounted on a base epoxied to the exterior fabric of
the fire hose (Fig. 3). The Front accelerometer was located approximately 3 m (10 ft) from
the nozzle on a section of hose laying on grass (Fig. 4 and Fig. 5). The Back accelerometer
was located approximately 2.4 m (8 ft) from the hose attachment to the water source at a
position where the fire hose was on the concrete floor.

Acceleromet

Fig. 3. The Front accelerometer attached to a base that was epoxied to the exterior fabric of

the fire hose. The wireless node is inside a protective plastic box.

Upstream Middle Downstream
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Fig. 4. The three accelerometer locations along the 15 m (50 ft) fire hose.
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Fig. 5. The two accelerometers at the Back and Mid locations on the concrete floor (left), and
the accelerometer at the Front location outside in the grass close to the nozzle (right).

The Mid accelerometer (PCB model 288D01) also measured acceleration and was about

2 cm high mounted in the same way to the hose (Fig. 6). The Mid accelerometer was located
approximately 10 m (32.5 ft) from the nozzle (Fig. 4) on a section of hose that was on the
concrete floor (Fig. 6). Power to the accelerometers was supplied from the wireless nodes.

Middle (Mid
Accelerometer

Fig. 6. The Mid accelerometer mounted to the base on the exterior fabri of the fire hose.



3.1.2. Wireless sensor network - Node

The second component of the wireless sensor network was the wireless node (LORD
MicroStrain IEPE-LXRS) (Fig. 7). Each accelerometer was connected to a wireless node by
a coaxial cable with 10-32 connectors. Some wireless nodes may include an embedded
sensor, however for this study, the same accelerometers were also used for the wired sensor
network in a previous study [23].

“Qf >
o o
SERREN

| Fig. 7. The wireless node with anenné. ‘

The number of wireless nodes used in the wireless sensor network affects the data sampling
frequency, data collection time, and interval between data collection times. To meet our data
collection needs, a maximum of three wireless nodes were used. The node is powered by a
rechargeable battery which also powered the accelerometers. During testing in this study, the
nodes were placed within a protective plastic box to prevent damage (Fig. 8). The protective
plastic box did not affect the wireless signal.

~ Wireless
node

Fig. 8. During testing, the wireless node was inside a protective plastic box to avoid damage.



3.1.3. Wireless sensor network - Base Station

The third component of the wireless sensor network was the base station, also called a
gateway (Fig. 9). The wireless nodes communicate with the base station using radio
frequency (RF) signal (2.425 GHz) which receives and collects the sensor data. The base
station in this study was connected to, and powered by, a laptop via a USB port. The base
station synchronized the data from multiple wireless nodes transmitted on the same RF and
passed the data to the laptop software for processing.

ENE
Station

Fig. 9. The base station attached;tb the laptop through a USB port.

3.2.  Experiment Set up

The commercial fire attack hose used in this study had a nominal 4.5 cm (1.75 in) inner
diameter and is approximately 15 m (50 ft) long with 3.8 cm (1.5 in) couplings. It had a
polyester inner and outer jacket with EPDM (ethylene propylene diene monomer rubber)
synthetic rubber inner lining typical for a commercial fire hose attack line. Water was
supplied to the hose from a building interior water supply. The maximum pressure supplied
by the water source to the hose was approximately 0.6 MPa (90 psi).

A commercial turbine flow meter was used at the nozzle to measure the reference flow rate
during the study. The flow meter was previously shown to provide the correct flow rate
following AS/NZS 1221:1997 [26]. For a variety of reasons, the reference flow rate drifted
approximately £3.8 LPM (1.0 GPM) at the highest reference flow rates, but drifted less than
approximately +1.9 LPM (0.5 GPM) at the lower reference flow rates. For consistency, the
abbreviation ‘LPM’ represents L/min and ‘GPM’ represents gallons/min for the remaining
text. The turbine flow meter and a dial pressure gauge were attached between the fire hose
and the nozzle (Fig. 10). There was sufficiently straight flow upstream and downstream of
the commercial flow meter turbine to satisfy the manufacturer’s recommendation for
maintaining the flow meter accuracy.
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Fig. 10. Nézzle, dial preé'su:r'e g'aijgé',w and turbine reference flow meter at the front, or
downstream, end of the fire hose.

In the wireless sensor network used in this study, the wireless nodes sampled data in
synchronized bursts and followed a burst cycle. Sampling data continuously was not an
available option with the wireless nodes. The burst cycle consisted of four phases: Phase 1 -
the accelerometer was charged from the wireless node before the first data sampling burst;
Phase 2 - at the scheduled burst time, the node started sampling data for the duration of the
burst period as selected; Phase 3 - once data sampling was completed, the data was
transmitted from the wireless node to the base station; Phase 4 - when transmission was
completed, the node returned to its low power mode until the next scheduled burst [27].

For this study, the parameters for the burst cycle were selected based on the number of nodes
in the network and the data sampling rate for the available bandwidth of the wireless sensor
network. For a three-node network, and a data sampling rate of 10 kHz, data was sampled for
0.19 seconds every 10 seconds (Fig. 11). The node takes time to transmit data that depends
on the amount of sampled data and the transmit rate. The transmit rate for the nodes in this
study was automatically set based on the time increment between samples. The data received
by the base station was passed to the software in nearly real-time acquisition.
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Fig. 11. The data sampling burst cycle for a single node. Data was sampled for 0.19 seconds,
every 10 seconds in the burst cycle in this study.

The hose was pressurized with the nozzle closed and the dial gauge measured approximately
0.6 MPa (90 psi). Once the three sensors were attached and confirmed to be collecting
vibration data, the data collection program was started and vibrations from the Back
(upstream), Front (downstream), and Mid (middle) accelerometers were collected at a
sampling frequency of 10 kHz. The no-flow vibrations from the three sensors were collected
for five minutes. The baseline data collected indicated that the no-flow, noise vibrations were
in the range of approximately + 0.1 m/s? (Fig. 12).

Dashboard 1 -

Time Ser
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Fig. 12. Baseline data collected during a single sampling burst for 0.19 seconds for the no-
flow condition in a time-series plot.



/02'NL LSIN/8209 0T/B10"10p//:sdny :wo.y ab.reyd Jo a3y ajge|rene s uonedignd siy L

After the no-flow condition was sampled, the desired flow rate was measured using the
nozzle bale to regulate the water flow. The reference flow rate was measured by the turbine
flow meter at the nozzle. Data sampling bursts for 0.19 seconds continued to occur every 10
seconds throughout the entire flow range. The water flow rate was measured about every 19
LPM (5 GPM) from approximately 606 LPM (160 GPM) to 0 LPM (Fig. 13). Each flow rate
was maintained for approximately 5 minutes for a minimum of 30 consecutive data sampling
bursts at a single flow rate (Fig. 14). The nozzle was closed for several data bursts between
each flow rate.
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Fig. 13. Data collected (from Test 6) for all data sampling bursts in a time-series plot for the
entire water flow range.
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Fig. 14. Data collected (from Test 6) for data sampling bursts for three flow rates, 458 LPM
(121 GPM), 473 LPM (125 GPM), and 488 LPM (129 GPM) in a time-series plot.
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The last ten data sampling bursts of 0.19 seconds were exported from the data collection
software as .csv files. The time column within each file was originally recorded as the time-
of-day and was reset to time relative to the beginning of each data burst; time was set to 0 s at
the start of the 0.19 seconds of data, and the sampling burst ended at 0.19 seconds. Each data
file was checked to confirm that each accelerometer recorded a full data set of 1900 data
samples. The files were saved as text files (.txt) in preparation for data analysis.

4. Results and Discussion — Test 4, Test 5, and Test 6

The first step of this study was to develop the wireless sensor network to measure water flow
at the fire hose nozzle using an accelerometer as the sensor. Although it was determined that
the dominant frequency metric can be used to determine flow rate as documented previously,
the standard deviation of acceleration was also determined at the sensor locations along the
hose to compare our results to the results of the wired sensor network [23].

4.1. Results and Discussion — Test 4, Test 5, and Test 6 - Standard Deviation of
Acceleration

The standard deviation of acceleration was determined in order to compare the results of the
wireless sensor network to the wired sensor network as documented previously [23]. The raw
time-series acceleration data was collected from all the accelerometers (Fig. 15). However,
the standard deviation of acceleration was determined for only the Front accelerometer for
each flow rate based on 1) the results of the wired testing that showed the Front
accelerometer had the highest values, and 2) it was the sensor closest to the hose nozzle and
therefore of most interest for our application.

M LEODx

15 m/s?

\ y | | 1 of AL ] | b
Mid sensor LT ! g i\ T || f W A r‘;l AT .'L‘I L) I'l| I'II‘I W | ATy "_-I.f | PEY i\
| AN Y ir' VIS 1 W | |

-15 m/s?

Fig. 15. Data collected (from Test 6) for a single data sampling burst for 0.19 seconds for the
three accelerometers at 420 LPM (111 GPM) in a time-series plot from which the standard
deviation of the signal was determined.
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The standard deviation of acceleration was determined for each flow rate for the Front
accelerometer for Test 4, Test 5, and Test 6 (Fig. 16-17). Although the last 10 sampling
bursts were processed at each flow rate, the data were similar such that only one sampling
burst was used at each flow rate to determine the standard deviation of acceleration. The
trend followed the wired sensor network tests (Test 3 shown) with a bell-shaped relationship
for the flow range (Fig. 18) [23]. The decreasing trend at higher flow rates was not expected
based on previous research for rigid pipes [8-10, 14-16]. The peaks also continued to occur in
approximately the same region as for the wired tests. Based on the bell-shaped relationship,
this metric will continue to be excluded as the primary metric for determining flow rate.

Flow Rate (GPM)
0 20 40 60 80 100 120 140 160 180

Standard Deviation of Acceleration (m/s?)

0 100 200 300 400 500 600

Flow rate (LPM)

—8—Test 4 Test5 —@—Testb

Fig. 16. The standard deviation of acceleration versus flow rate for Test 4, Test 5, and Test 6
for the Front accelerometer.
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Fig. 17. The mean standard deviation of acceleration with standard deviation bars versus
flow rate for the Front accelerometer from Test 4, Test 5, and Test 6.
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Fig. 18. The standard deviation of acceleration versus flow rate for the Front accelerometer
for the wireless Test 4, Test 5, and Test 6 and wired Test 3.
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4.2.  Results and Discussion — Test 4, Test 5, and Test 6 — Initial Dominant Frequency

Based on the previous study using the wired accelerometers, the primary metric of interest to
determine flow rate was the dominant frequency of the hose [23]. The time-series
accelerometer data was converted to the frequency-domain using a Fast Fourier Transform
(FFT). A dominant frequency at each flow rate was determined based on the peak frequency
from the power spectrum (Fig. 19).

Periodogram Power Spectral Density Estimate
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0 0.5 1 15 2 25 3 35 4 45 5

Frequency (kHz)

Fig. 19. A sample of the dominant frequency based on the power spectrum. A peak can be
seen around 300 Hz.

A dominant frequency at each flow rate was observed for the Front accelerometer for Test 4,
Test 5, and Test 6 (Fig. 20). The dominant frequency generally decreases with increasing
flow rate for water flowing within the fire hose. The dominant frequency decreases with
increasing flow rate for rigid pipes [6, 11, 25], and for flexible fire hose using a wired sensor
network [23].

The dominant frequency results from Test 4, Test 5, and Test 6 for the wireless sensor
network compare well to Test 3 results from the wired sensor network (Fig. 21). The same
decreasing trend of the dominant frequency is observed over the flow rate range. The mean
relationship for the dominant frequency and flow rate for wired Test 3, and wireless Test 4,
Test 5, and Test 6, were used initially for real-time processing to determine flow rate (Fig.
22). The spread of the data was likely the result of the short data sampling burst time, which
was only 0.19 seconds for the wireless Test 4, Test 5, and Test 6.
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Fig. 20. Dominant frequency versus flow rate for the Front accelerometer for the wireless
Test 4, Test 5, and Test 6.
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Fig. 21. Dominant frequency versus flow rate for the Front accelerometer for the wireless
Test 4, Test 5, and Test 6 and for the wired Test 3.
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Fig. 22. The mean dominant frequency with standard deviation bars versus flow rate from
wired Test 3 and wireless Test 4, Test 5, and Test 6.

The initial dominant frequency results from the Front accelerometer for the wireless sensor
network, although similar to the wired tests documented previously, resulted in large values
of standard deviation (Fig. 22). The scatter in the data is primarily the result of the wireless
sensor network tests (Test 4, Test 5, and Test 6). Determining the flow rate was difficult from
Figure 22 because of the data scatter. For example, if a dominant frequency of 340 Hz was
detected, it could indicate a flow rate of anywhere between 337 LPM (90 GPM) and

568 LPM (150 GPM). This is a large flow range for a single dominant frequency, and for this
example, could mean the difference between hose flow that is adequate with 568 LPM

(150 GPM) versus inadequate flow at 337 LPM (90 GPM) for extinguishing a fire. Although
Figure 22 provided an initial relationship between dominant frequency and flow rate, more
testing was needed to reduce the data scatter to make real-time processing a possibility.
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4.3. Results and Discussion — Beyond Test 4, Test 5, and Test 6 - Dominant
Frequency

The initial data sampling parameters were modified in order to capture more data to reduce
the dominant frequency data scatter. The data sampling rate was lowered from 10 kHz to

1 kHz, but the data sampling burst time was increased from 0.19 s to 10 s. This change
resulted in approximately five times more data being processed during the burst cycle over a
longer time period of 10 s. The raw accelerometer time-series data from the Front
accelerometer was collected and processed in the custom data acquisition program. The
software converted the time-series data to the frequency domain in real-time. A Savitzky-
Golay filter [28] was used to smooth the frequency domain data in which the dominant
frequency was identified for each flow rate (Fig. 23).

Flow Rate (GPM)
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390
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0 100 200 300 400 500 600

Flow Rate (LPM)

Fig. 23. Dominant frequency with standard deviation bars versus flow rate data after
modifying the data sampling parameters resulting in reduced scatter, except at zero flow
where the signal noise dominated causing scatter.

The use of filtering techniques resulted in reduced data scatter and standard deviation for the
dominant frequency at each flow rate. The dominant frequency fluctuated less in Figure 23
than in Figure 22 with changing flow rate; the negative slope is less. However, the standard
deviation bars are much smaller. The standard deviation bar at zero flow is large because the
signal noise instead of the flow in the hose dominated the signal at zero flow. Other limits,
discussed later, were used within the software to identify the zero-flow condition since the
dominant frequency was inconsistent due to signal noise. Figure 23 was used to determine
the flow rate in real-time based on the dominant frequency of the water flowing through the
hose during subsequent flow tests.
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5. Real-Time Fire Hose Flow Rate

Data processing software was used to receive the raw time-series accelerometer data and
convert the time-series to frequency-series using an FFT. The dominant frequency was then
determined by the processing software to identify the flow rate using Figure 23. The
graphical user interface (GUI) for the software, as seen in Figure 24, was designed as two
dashboards: the ‘Flow’ dashboard and the ‘Frequency’ dashboard. The Flow dashboard
displayed a colored flow bar meter to indicate the flow rate in GPM, as well as a two-light
indicator for quick reference by an IC during a fire. The Frequency dashboard displayed the
initial conditions for the wireless node including the dominant frequency.

D

N H Real Time Wireless Fire Hose Flow Meter - Fire Research Division
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Fig. 24. The GUI - Flow dashboard (left) and Frequency dashboard (right).

The Frequency dashboard (Fig. 25) was separated into several sections. First, there was a
section that displayed the basic data collection parameters such as the number of samples
recorded during a data burst (i.e., 10,000 samples), sample rate (1 kHz) and time between
bursts (30 s). Second, a time-series plot displayed the raw acceleration signal including
amplitude. Third, the raw power spectrum signal showed the dominant frequency along with
the Savitzky-Golay smoothing filter input data. Fourth, the filtered power spectrum showed
the dominant frequency after the smoothing filter. Fifth, the value of the dominant frequency
based on the filtered power spectrum, and the amplitude of the time-series accelerometer data
were shown. Sixth, the flow rate estimate (in GPM) was displayed based on the dominant
frequency in Figure 23.
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Fig. 25. The Frequency dashboard for the zero-flow condition: 1) the initial settings, 2) the
raw time-series signal, 3) filtering input, 4) filtered frequency, 5) dominant frequency, 6)
flow rate based on the dominant frequency.

Figure 25 shows the Frequency dashboard during the zero-flow condition. During zero-flow,
the software also monitored the amplitude of the time-series signal. If the amplitude of the
time-series signal was less than 0.5 m/s? then the no-flow condition would remain regardless
of the dominant frequency. The amplitude of the noise during the no-flow condition did not
typically exceed approximately 0.5 m/s? but the dominant frequency of the noise could jump
into a dominant frequency range as shown in Figure 23 with the large data scatter at zero
flow. To avoid the signal noise triggering a false dominant frequency measurement, the
amplitude must exceed a minimum value of 0.5 m/s2. In the raw power spectrum plot, there
was a lot of signal at the lower frequencies, between 150 and 250 Hz. Filtering removed that
signal below 200 Hz so that the dominant frequency was not influenced by the noisy lower
frequency signals.

In the Flow dashboard, there were three main sections (Fig. 26). First, the time-series plot of
the raw acceleration signal was shown. Second, a colored bar meter displayed the flow rate
both numerically and visually. The bar was red when the flow rate was less than 50 GPM
(dominant frequency between 399 Hz and 403 Hz), yellow between 50 GPM and 140 GPM
(dominant frequency between 399 Hz and 356 Hz) and green when the flow rate was

140 GPM or above (dominant frequency 356 Hz or less). Third, there was a two-light
indicator that showed no lights for the no-flow condition, one blue light when flow was
measured up to 140 GPM, and then two lights were illuminated when the flow exceeded
140 GPM. The two-light display was for a quick reference for an IC to easily check on the
flow rate. Figure 26 shows the Flow dashboard for the zero-flow condition; signal amplitude
less than 0.5 m/s?, bar meter showed red at 0 GPM, and neither blue lights were illuminated.

19



Setup Results 'i

N H Real Time Wireless Fire Hose Flow Meter - Fire Research Division

Amplitude

48976 49050 49100 49150 49200 49250 49300 49350 49400 43450 49500 49550 49500 49650 49700 49750 49800 49850 49900 49950 43999
Time

: 140 GPM)  Ideal

-Il i 100 110 '.EZU 130 1-50 150 160 ‘.I.?U ") J
Bl sop Sampling 2 3

Fig. 26. The Flow dashboard for no-flow: 1) the time-series signal, 2) a bar meter for the
flow rate of 0 GPM, 3) two-light indicator for flow rate.

At 100 GPM, the Frequency dashboard displayed a higher raw time-series signal amplitude
up to approximately 10 m/s? (Fig. 27). This amplitude corresponded with Figure 17 that
showed the peak standard deviation of acceleration occurring often around approximately
100 GPM. The dominant frequency was shown on the dashboard as 378.6 Hz which
corresponded to approximately 100 GPM as shown in Figure 23.
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Fig. 27. The Frequency dashboard for 100 GPM and displayed a dominant frequency of
378.6 Hz.
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On the Flow dashboard, the bar meter showed yellow for the 100 GPM flow rate, and one of
the two blue lights was illuminated indicating flow. Although flow was indicated (thus the
yellow color, and one light illuminated), the flow rate was less than the goal of 150 GPM
[29] for a fire hose attacking a single-family dwelling fire (Fig. 28).
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Fig. 28. The Flow dashboard for 100 GPM with yellow colored bar meter and with one blue
light illuminated.

At 164 GPM, the Frequency dashboard displayed a smaller amplitude on the raw time-series
plot (Fig. 29). This corresponded to the trend in the standard deviation of acceleration results
(Fig. 17) where a decrease in standard deviation occurred at higher flow rates. On the raw
power spectrum, two peaks were seen to be competing for dominance. The Savitzky-Golay
smoothing filter reduced the two competing frequencies to one dominant frequency value.
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Fig. 29. The Frequency dashboard for 164 GPM. Note the Savitzky-Golay smoothing filter
reduced the two peaks seen in the raw power spectrum to one dominant frequency.
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On the Flow dashboard, the bar meter for flow rate was green since the flow rate was above
140 GPM (Fig. 30). Both blue lights were illuminated on the 2-light indicator since the flow
rate was above 140 GPM. The IC can refer to the two blue lights and know that the attack
hose has a flow rate above 140 GPM at the nozzle.
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Fig. 30. The Flow Panel for 164 GPM with green colored meter and with two blue lights
illuminated.

6. Practical Considerations for a Nozzle Flow Meter

There were several limitations to the wireless sensor network that need to be resolved before
applying this wireless sensor network to a fire hose.

1. Power — The sensor, wireless nodes, and base station required power. In this study, power
was supplied to the accelerometers from the nodes, and from the laptop to the base station.
For the fire hose application, the wireless nodes and sensor will need a source of power.
Replaceable or rechargeable batteries may work.

2. Hostile environment — The wireless sensor network in this study was applied to the fire
hose in a non-hostile, outside, environment. The wireless sensor network on a fire hose on
the fireground will need to be capable of withstanding high temperature, water, and must
be durable to survive being dragged on the ground while attached to the exterior fabric of
the fire hose. The protective case used in this study was intended to provide only
minimum protection during testing.

3. Equipment size — In this study, the accelerometer and the wireless node were separate, and

the node was too large to be applied directly to a fire hose. Combining the accelerometer
and the wireless node together and reducing the node size would be required for adoption
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to an actual fire hose. Although already sufficiently lightweight, a smaller single unit
containing both the sensor and node with a lower profile would be less likely to be
damaged during use on the fireground.

4. Signal strength and range — The wireless node in this study used radio frequency (RF)
signals to transmit data to the base station. In order to maximize the signal range, physical
barriers should be minimized, radio frequency interference and electromagnetic
interference should be minimized, and metal near the node or base station antenna should
be minimized [27, 30]. For an actual fire hose application, the node will not likely have a
clear line of sight to the base station, either due to structural obstructions like interior and
exterior walls, floors, ceilings, or doors. Ground terrain may prevent a clear line of site in
a forest or if the node is underground in a basement. There may also be civilian sources of
RF signals as well as radio interference from fire department sources that could interfere
or weaken the RF signal from the flow meter. Preventing the loss of a signal due to these
factors will be important.

5. Metric robustness — Because the dominant-frequency metric was based on acceleration at
the hose surface, the dominant-frequency metric was affected by hose structural dynamics.
The relationship of dominant frequency to flow rate (Fig. 23) changed slightly based on
factors including (1) bending of the hose, (2) placement of the hose on stiff concrete or
pliable grass foundation, (3) pressure and head loss, (4) friction inside the hose. Currently,
filtering is used to eliminate lower-frequency affects from other sources, such as the pump
on a fire engine. However, low-frequency movements of the hose that cause the hose
dynamics to change may affect the dominant frequency, which is an undesired situation.
For example, the difference in slopes and values between Figure 22 and Figure 23 was due
mainly to the different hose dynamics from the differences in experimental setup. Thus, a
more robust metric needs to be established to accommodate these differences in hose
dynamics.

7. Uncertainty

There were several possible sources of uncertainty in this study, which must be considered.
The commercial flowmeter specifications report a + 1 % accuracy over the flow range for the
meter. This supports the range of drift in the flow rates from the reference flow meter,
mentioned earlier in this report, of approximately + 3.8 LPM (1.0 GPM) at the higher
reference flow rates and less drift of approximately + 1.9 LPM (0.5 GPM) at lower reference
flow rates. The fittings upstream and downstream of the reference flow meter may have
slightly altered the water flow dynamics as it passed through the turbine affecting the
reference flow meter’s measurement. There was also a likely contribution of uncertainty in
our measurements attributed to the fluctuation in the water flow from the water source; the
water utility pipes of the building supplied the water to the fire hose. The uncertainty
contribution from the water supply is likely to be a much larger contribution than the
uncertainty from the accelerometers. The measurement uncertainty from the accelerometers,
at the 95 % confidence level with coverage factor of 2, was less than £ 1.0 % for the
frequency range used in this study. The real-time wireless flow meter output was typically
within about £ 10 GPM of the commercial flow meter throughout the flow range tested, or
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within between 6 % and 16 % of the commercial flow meter output. The intention of the
wireless flow meter was not to provide an exact numerical flow rate to an incident
commander on the fireground, but rather to give the IC a visual representation of the
approximate flow rate using the 2-light-indicator. Reducing the total uncertainty of the real-
time wireless flow meter output will be the focus of additional research.

8. Conclusion

The focus of the previous technical note [23] was the development of the wired
accelerometer as a sensor to determine flow rate near the nozzle of a fire hose. The dominant
frequency metric yielded a relationship with flow rate for an accelerometer located close to
the hose nozzle. The focus of this technical note was 1) the development of the wired
accelerometer system into a wireless sensor network, and 2) the application of the dominant-
frequency metric to determine real-time water flow in a fire hose to improve fireground
situational awareness. A nearly monotonic relationship of flow rate to the dominant
frequency was established and then used in a custom GUI for quick, real-time, visual
referencing by fire personnel of flow rate in a fire hose. While more work is needed, such as
improved physical robustness of the sensor-node assembly and increase robustness of the
signal metric, this preliminary study showed the potential of a “smart” fire hose for improved
situational awareness during a fire attack.
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