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Abstract:

The audible fire alarm system of the building makes a sharp sound to alert all occupants when fires
occur. According to the fire code, the fire alarm should be loud enough to be heard in any corner of the
building. Thus, this work explores a smart technology of using alarm attenuation to reveal the fire scene
information. Different alarms with frequencies from 500 to 2,000 Hz are tested. The propanol pool fires
of different sizes and shapes are selected as the detecting targets. Results show that the sound pressure
attenuation by the fire plume is positively correlated with the fire scene heat release rate. The sound-
pressure attenuation is also greater if the flame thickness is larger along the sound path. Hence, a sound-
field fire monitoring model is proposed and further verified by experiments using larger wood-crib fire
and liquid-pool fire. This work provides a practical sound-based fire monitoring model and helps
establish a scientific framework for the smart technology of using the existing audible alarm system to

continuously monitor the building fire development.

Keywords: building fire; fire detection; audible fire alarm; sound pressure; fire hazard

Graphic Abstract

250 Sound-based fire

HRR prediction

200 2

Smoke §- - : ;; :; i \a "'.,..’ :_::

' Ll .
ﬁ @ & s fw/’\./\ﬂw‘\/\/\ .

Alarm Hot T 100 S4 7 AN
plume Sound o Real fire HRR N
ic

J
\ sensor 50 \
6‘ HRR < ASPL
Fire 0

0 50 100 150 200 250 300
Time (s)

1

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


https://doi.org/10.1016/j.jobe.2022.104264
mailto:xy.huang@polyu.edu.hk

C. Xiong, Z. Wang, Y. Huang, F. Shi, X. Huang (2022) Smart Building Fire Hazard Evaluation by Attenuation of
Alarm Sound Field, Journal of Building Engineering, 104264. https://doi.org/10.1016/}.jobe.2022.104264

1. Introduction

A reliable method of identifying the complex fire scene and monitoring the fire development inside
the building is commonly desired in fire protection and firefighting operations. As required by the fire
codes, smoke, heat, and flame image detectors are installed in most modern buildings to detect the
existence of fire (i.e., Yes or No) in the early fire stages [1-4]. However, these conventional fire
detectors are not designed to provide additional information from the fire, such as the power and hazard
of fire and the height of the smoke layer, and are easily damaged by high temperature and heat flux [5].
The CCTV camera network installed inside the building can help observe the fire scene, but the camera
views are normally limited to public areas [6]. Also, cameras are often installed near the ceiling, so
they are easily blocked by the heavy smoke from the fire. In sum, there are so far limited methods that
can monitor the transient fire development and at the same time measure the real-time fire heat release
rate (HRR) [2,7-9]. More methods are expected to improve the building fire response.

Fire is an extreme event that can significantly change the building environment, such as temperature,
gas composition, luminance, and visibility [2-4]. As a result, quantifying the change of environment
can help reveal critical fire information, which is the basis of different fire detection methods. As the
sound, i.e., a longitudinal pressure wave [10,11], propagates in the air, the sound propagation velocity
increases with the air temperature [12]. Since fire can significantly raise the temperature of the building
environment, it is possible to detect fire by measuring the average sound velaocity over the path across
the fire scene. Such a technique, termed acoustic pyrometry [13-16], has been implemented and used
to measure the flame and gas temperatures by measuring the average velocity of sound over the path
through the flames in boiler and furnace [13]. However, this method requires a large fire size and
multiple expensive sound-speed sensors to ensure accuracy. For a fire event that occurs at a random
building room on any combustible, it is difficult to apply this velocity-based acoustic pyrometry.

Generally, the sound wave has two primary parameters, i.e., sound pressure and frequency [17].
Previously, the impact of fire on sound frequency has been extensively explored, motivated to improve
the reliability of the personal alert safety system carried by firefighters for rapid positioning in the fire
rescue [18,19]. It has been found that for an existing sound signal in a room, the rapid increase of room
temperature at the moment of fire ignition will cause a frequency shift of the sound spectra towards a
higher value, which was then used as the basis of an early-stage fire detection system [20]. However,
this frequency-based system is only sensitive to the initial fire occurrence and cannot continue
monitoring the building fire development.

In contrast, sound pressure is rarely used as a parameter for detection, let alone for building fire
monitoring, even though it is the most easily measured parameter and requires no additional signal
processing technology. Because fire plume is essentially a cloud of hot gas and is of a large density
difference from cold air, it is expected that the fire plume can behave as a plate or wall to block part of
sound, depending on the fire size and intensity, and thus causing an obvious sound pressure attenuation

(i.e., variation in the sound pressure level, ASPL). Furthermore, if a correlation between the fire HRR
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and the caused pressure attenuation can be established, this pressure-based technology can further
reveal and continuously monitor the fire evolution [21]. Conveniently, the most common sound sources
in modern buildings are the audible fire alarms, pre-installed on the sidewalls and ceilings [22-24]. In
case of a fire, these alarms can emit a standard sound with sufficient energy to cover all building corners
[25-28]. In this way, these fire alarms might have the potential to support acoustic-based fire
monitoring, requiring only low-cost microphones (Mic) or other acoustic sensors from computers,
mobile phones, and the Internet of Things (1oT) system already in the building [29].

Therefore, this paper explores a smart technology of using the pressure attenuation of fire alarm
sound for monitoring the building fire HRR and evaluating fire hazards. The experiments first test the
fires supported by propanol with different pool shapes and sizes. Alarm attenuations at different sound
frequencies are measured to establish a model between the pressure attenuation ASPL and the fire HRR.
A larger propanol-pool fire and wood-crib fire are also tested to validate if the proposed model can
continuously predict the more complex fire HRR evolutions.

2. Experimental methods
2.1. Sound source and measurement

The experiment uses a sound source to emit acoustic waves to pass through the target fires, as
illustrated in Fig. 1. To help build up the model, an adjustable source is first used, in which the acoustic
signal is produced by a wave generator, enhanced by a power amplifier, and emitted as audible sound
by a 2.5-inch (6.35-cm) diameter speaker. A commercial Honeywell alarm bell (SSV-series) with a

pre-set working frequency and pressure is also used for model demonstration.
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Fig. 1. The schematic of the experimental setup with different sound and fire sources.

To make the speaker-produced sound close to the real alarm but with flexible acoustic parameters,

the requirements of both the alarm frequency and pressure in different building fire codes (HK [30],
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UK [31], and US [32]) are referenced. In general, all codes recognize the alarm to have a duration of at
least 60-s and usually last throughout the fire incident. For the alarm frequency, the UK code
recommends a normal range from 500 — 1,000 Hz that is easily captured by human ears. The HK and
US codes give no prescribed frequency but only suggest being higher than the background noise picket.

As for the alarm SPL, both the HK and UK codes recommend a range from 65 — 120 dB, while the
US code requires 5 — 15 dB higher than the background noise. If considering the elder group or
equipment aging, a higher alarm SPL range from 75 — 120 dB is recommended [26]. Combined, the
speaker used produces a sound with an SPL of 93 dB at 1 m distance, which also covers an area within
a radius of 8 m with an SPL larger than 75 dB. As for the sound frequency, an extensive range based
on code recommendation, 500 — 2,000 Hz, was used, which helps check the impact of alarm frequency
on the proposed technique. Measurement of the sound signal is completed by the KM-2 free-field Mic
placed in the test room. Digitization of the signal received is carried out by an audio card. The pressure
attenuation of the signal is measured by a post-processing program installed on the computer, which

calculates the signal transfer function in real-time.

2.2. Tested fire sources

The tested fires include the one produced by propanol pool at different shapes and sizes, and the
other supported by a scaled wood crib (30cmx20cmx20cm) used in the British fire standard (BS8414-
2) [33], seen in Fig. 1. The small round pools, with diameters from 9 — 28 cm, are first used to study
the influence of fire HRR on the alarm ASPL. Then, two rectangular pools, with the same width of 10
cm but different lengths of 30 and 50 cm, are used to investigate the influence of fire geometry (width,
length, and height) on the alarm ASPL. Afterwards, the larger fires supported by a 41-cm round pool

and wood crib are used for model demonstration.

Table 1. Parameters for the tested fuels, fires, and sound sources.

Exp. Fuel Pool shape Fuel size * Fuel mass Fire HRR  Sound source Research purpose
group loss rate
[em] [9/s] [kw]
a Propanol  Round 9 0.07 25 2.5-inch speaker Check the impact of
12 0.14 4.6 fire HRR on ASPL
14 0.19 6.4
18 0.55 195
22 0.80 26.9
28 0.96 324
b Propanol  Rectangular 30 x 10 0.34 114 2.5-inch speaker Check the impact of
50 x 10 0.62 20.9 fire geometry on ASPL
c Propanol  Round 41 3.53 121.6 Alarm bell Model verification
Wood Cubic 50x10x20 6.01 105.8

* Round pool diameter; length x width of rectangular pool; heat of combustion: 33.6 kJ/g (propanol) and 18.0 kJ/g (wood) [34].
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To confirm the repeatability of the experiment, the fuel in all pools keeps 1-cm deep, which allows
for a stable burning for more than 1 min in different trials (see the measured fuel mass-loss rates in Fig.
Al). The fire HRR increases with the pool size, ranging from 2.5 kW (9-cm pool) to 121.6 kW (41-cm
pool). Because the stable burning always occurs at about 60 s after ignition, the alarm ASPL during the

stable burning stage is measured. All fuel- and fire-related parameters are given in Table 1.

2.3. Experimental procedure
All experiments are conducted in a large fire test room with a size of 8 m (length) x 5 m (width) x
3 m (height). Three groups of tests are conducted: (a) round pool fire with an adjustable speaker, (b)

rectangular pool fire with an adjustable speaker, and (c) large fires with a standard alarm bell (Fig. 2).

(a) Round pool fire with speaker (c) Wood-crib fire with alarm bell
Blocking height . Wall
A |
s Alarm

. ® !
2.5-inch ' ' bell
Speaker .
~ Ground _
' 4 y

3m
< »

(b) Rectangular pool fire with speaker

Blocking thickness
>

Top view

4
i

Speaker

v | \'Ground
Pool orientation Blocking width po—

Fig. 2. Setups of test groups (a) round pool fire with a speaker, (b) rectangular pool fire with a speaker,

and (c) large fires with a standard fire alarm bell for model verification.

In Group (a), the fire HRR varies with the pool diameter. The fire is set on the floor in the center
of the room. To help build up the monitoring model, the adjustable speaker is placed on the floor with
its diaphragm facing upward. Such a configuration can produce simplified hemispherical sound waves
and moderate the impact of sound directivity [18]. Here, two Mics in line with the speaker are first used
to help quantify the distribution of alarm sound in the tested room (Fig. 1). Then, only one Mic after
the fire is left and used to evaluate the fire-induced alarm ASPL (Fig. 2a). The height of Mic is at least
30 cm above the floor to avoid sound blocked by the pool edge.

In Group (b), rotating the rectangular pool can easily change the fire geometry without changing
fire HRR. When changing the pool orientation angle (8), two fire geometry parameters (fire blocking
width and thickness) also change, which can be calculated. Usually, the larger the fire HRR, the higher
the fire height. Thus, the information of fire height can be covered by the fire HRR variation.

In Group (c), a Honeywell alarm bell installed on the sidewall with a height of 2-m to the floor is
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used, mounted 3-m away from bell and 0.5-m to the floor. The target fire is between the bell and Mic.

Before tests, the background noise in the test room is measured to be around 45 dB and lower than
30 Hz. The noise generated by buoyant fire puffing is also quantified, which is very close to that of the
room background noise, as shown in Appendix (Fig. A2). Thus, the influence of background noise is
negligible, which does not significantly affect alarm-based monitoring. During experiments, the
speaker is activated first to produce sound with pre-defined frequency and SPL. After the fire develops
to a stable stage, the Mic starts to receive the local sound signal and transfer data to the post-processing
system to calculate ASPL. The whole monitoring process lasts for 60 s, and each trial is repeated three

times to reduce the uncertainty by fire puffing.

3. Experimental results
3.1. Natural sound attenuation vs. fire-induced attenuation

As seen in Fig. 1, the spacing between the fuel pool and speaker is defined as r, and the spacings
between the speaker and two Mics are given as « - r and 8 - r. The initial experiment using a 1,000-Hz
sound and an 18-cm round pool is selected as the base case to begin with. This base case is first carried
out to check whether a fire can block the alarm and cause an obvious ASPL as expected. Here, the
speaker-fire spacing is fixed at » = 1.5 m, and two Mics are mounted at 1 m and 2 m away from the

speaker, leading to a = 0.66 and 8 = 1.32, based on the spacing ratio given in Fig. 1.
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Fig. 3. A comparison of the gain and phase between the sound received by two different Mics in test room

(a) without and (b) with an 18-cm pool fire.

To characterize the sound field in the test room, the 2.5-inch speaker is activated to produce a
1,000-Hz sound with specific SPL, and the natural pressure attenuation (ASPL) in the test room is
quantified by the two Mics. Fig. 3a shows both ASPL and phase changes between the signals received
by Mics #1 and #2, where ASPL can keep around 6 dB in a wide frequency band. This confirms that
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the small speaker can behave as a point source to produce hemisphere waves, where the SPL decreases
by 6 dB every time the distance from the source is doubled [32]. Also, the phase variation near the
target frequency is almost zero, demonstrating that the sound reflection in the test room has only little
effect on the experiment.

Then the 18-cm pool is ignited to produce fire to block the 1,000-Hz sound. The ASPL and phase
changes between two Mics are given in Fig. 3b. It is seen that, compared with the natural attenuation
ASPL, the fire-induced attenuation ASPL is increased almost in the whole frequency band. Particularly,
the maximum attenuation ASPL occurs at the target frequency 1,000 Hz, increased from 5.9 dB to 15.2
dB, which equals a pressure difference of 0.29 Pa. This observation confirms the ability of the fire and
its hot plume to attenuate alarm pressure. The mechanism behind this fire-induced attenuation can
probably be attributed to acoustic scattering because the pool-fire sheet is not perfectly homogeneous.
However, details of this mechanism require future study, but it has no impact on the current applied

research. As a result, the technique of using alarm pressure attenuation to monitor a fire is feasible.

3.2.  Alarm pressure attenuation vs. fire HRR

As the fire HRR is the key information of a fire scene, the correlation between alarm ASPL and fire
HRR is explored. The Group (a) experiments, which are expanded from the base case, are then carried
out. More round pools with diameters from 9 — 28 cm are used here (Fig. 4a). Specifically, only one
Mic after fire is left to measure alarm ASPL. Fig. 4b shows all the measurements plotted versus the fire

HRR measured in the stable burning stage.

(a) Fire variation with increasing pool diameter
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Fig. 4. (a) Target pool fires, and (b) dependence of ASPL on fire HRR at different frequencies by one Mic.


https://doi.org/10.1016/j.jobe.2022.104264

C. Xiong, Z. Wang, Y. Huang, F. Shi, X. Huang (2022) Smart Building Fire Hazard Evaluation by Attenuation of
Alarm Sound Field, Journal of Building Engineering, 104264. https://doi.org/10.1016/}.jobe.2022.104264

As expected, the fire with a larger HRR can cause a greater ASPL, which forms a basis on which
to carry out the pressure-based fire monitoring technology. Note that the measuring error increases as
the fire HRR increases. This is because the larger the fire, the louder noise the fire will generate to
interfere with the sound field. To further quantify the influence of sound frequency, two different
frequencies at 500 and 2,000 Hz are tested. Fig. 4b compares the trends at different frequencies, where

the positive correlation between ASPL and fire HRR does not change.

3.3. Sound pressure attenuation vs. fire geometry
So far, all the measuring data are only applicable to ideal fire cases, i.e., round pool fires. In practice,
room fire is usually supported by irregular fuels. Re-examining the fire shapes in Fig. 4a, when the pool
diameter increases, the fire HRR increases, but the fire geometry also changes, represented by three
geometry parameters: fire blocking width, thickness, and height (see Fig. 2). In this way, in addition to
the fire HRR, Group (b) experiments with rectangular pool fires are used to study the influence of fire
geometry on ASPL.

Fig. 5a shows the measured ASPL by the same Mic after fire when changing the pool angle under
a 1,000-Hz sound. The most prominent feature in Fig. 5a is that, although the fire HRR of the
rectangular pool is fixed, the fire-induced ASPL still shows a dependence on the fire geometry. In
particular, the fire blocking thickness has a greater impact on ASPL than the other two geometry
parameters, as evidenced by the difference in ASPL in Fig. 5a when using different rectangular pools,
i.e., the ASPL measurements have a difference of 7dB at # = 0°, caused by the increase in fire blocking
thickness from 30 cm to 50 cm, which is much larger than the differences at other pool angles 8, see
Fig. 5b. Thus, the fire HRR and fire blocking thickness are the two main factors to affect the alarm
attenuation ASPL.

(a) Dependence of ASPL on pool angle
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Fig. 5. Dependences of (a) alarm attenuation and (b) difference in the alarm attenuation on pool angle.
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4. The pressure-based fire monitoring model
4.1. Model formulation

Re-examining Fig. 1. Based on the acoustic fundamentals [35], the initial sound intensities at Mic
#1 and #2 without fire are

Lnic1 = 1
€l = 5> Car)? n(ar)? ey
I S )
mic2 — 2 (ﬁT)Z ( )

where S denotes the sound source power, and the denominators denote the area of the hemispherical

sound waves. Then, the natural attenuation ASPL between Mics #1 and #2 can be

L. ;
ASPLy = 10 - logy, (1"“”) =20-logy, (g) (3)

mic2
As seen, Eq. (3) is irrelative to the source power, which depends only on the Mic spacing. In the initial
base experiment, the Mic spacing is in a double-distance condition [32], i.e., B = 2a, so ASPLy keeps
around 6 dB.

The appearance of fire can change Eq. (2). Since fire is essentially a high temperature gas, it has a
density vastly different from surrounding cold air. To expose the idea, the concept of light transmission
is borrowed. The small speaker, which is a point sound source, can be viewed as a point source of light
here, and the fire and its hot plume can be considered as a light-transmitting glass wall. In this way, a
transmission coefficient I' can be added to Eq. (2), which represents the relative intensity of the sound

wave that passes through the fire and reach Mic #2:

r-s
Lnicof = 553 4
TS 2m(Br)?
As a result, the measured ASPL becomes
I 1
ASPL = 10 X log10< micl > =20-logy, (E) +10 - logy (—) (5a)
Imicz,f a r

Based on Eq. (5a), the measured ASPL in experiments between Mic #1 and #2 in Fig. 1 is found to
consist of two parts: 1) the natural pressure attenuation caused by Mic spacing (ASPLy in Eg. 3), and

2) the attenuation caused by fire blocking (or transmission), given as 10 - log,,(1/T).

On the other hand, Eg. (5a) can be written as

Lmici I In; Ln;
ASPL = 10 X log, ( miel LCZ) =10 - logy, (1"””) +10 - logy, (1 micz ) (5b)

ImicZ Imicz,f mic2 mic2,f

A comparison between the right-hand side of Egs. 5a-b allows finding that the alarm attenuation by fire

blocking, i.e., 10 - log10(1/T), can be measured using only one Mic behind the fire (i.e., Mic #2), as
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10 - loglo(lmicz/lmicz,f)- In this way, if only using Mic #2 to monitor fire, the measured ASPL is

Lni 1
ASPL = 10 x logy, (1 micz ) =10-logy, (F) (6)

mic2,f
In either case, the coefficient I' is a parameter that has to be modelled. Based on the previous
discussion, it is known that there are two fire-related factors to affect ASPL, i.e., fire HRR and blocking

thickness AL. Thus, I' can be expressed as a function as
I = T'(HRR,AL) (7

Note that although HRR and AL may be coupled with each other, writing them separately can provide

convenience to build the model. Besides Eq. (7), I’ must meet two boundary conditions:
T'(HRR,AL)|rr=0 = 1 (8a)
T(HRR,AL)|pp=0 = 1 (8b)

which means that if there is no fire, the pressure attenuation by fire blocking should be zero. Since T
should be negatively correlated with HRR and AL, and combined with the boundaries Egs. 8a-b, it can
be confirmed that Eq. (7) is an exponential function and both HRR and AL are the exponents.

Since T is initially introduced by borrowing the concept of light transmission into the current work,
the Beer-Lambert law [36,37], which describes the light transmission based on the properties of the
material through which the light is travelling, is also borrowed to help obtain Eq. (7)

T =107€¢? 9)

where T is the transmittance of the material; ¢, ¢, z are the molar attenuation coefficient, concentration,
and traveling path length of light in the material. As can be seen, both I in Eq. (7) and T in Eq. (9) have
essentially the same mathematical features, and they are all used to describe the wave attenuation in the

material. Thus, Eq. (7) is expanded in the same exponential form as
= 10—a-HRR-AL (10)

where a is a fitted coefficient analogous to the molar attenuation coefficient £, HRR mimics the
material (plume or smoke) concentration ¢, and AL mimics the path length z in the Beer-Lambert law

[36,37]. By combining Eqgs. 6 and 9, the pressure-based fire monitoring model using one Mic becomes
ASPL =10-a- HRR - AL (11)

Fig. 6a shows the calculation of the coefficient a in Eq. (11) based on the data from Fig. 4b. It is
seen that a is not constant but is negatively correlated with fire HRR. However, what a mimics is the
molar attenuation coefficient € in the Beer-Lambert law, which should have been constant. This is
because as the fuel pool becomes larger, the fire will stay in different burning conditions. Although the
fire is always fueled by propanol vapor, the increase in pool size will change it from a fuel-lean fire to

a fuel-rich fire, evidenced by the color change of fire in Fig. 4a.

10
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Fig. 6. (a) The fitted coefficient a and (b) attenuation coefficient a - AL by various experiments.

Although there is no constant a to fit Eq. (11), it is found that the product of coefficient a and fire
blocking thickness AL, i.e. a - AL, can be a value concentrated around 0.085, see Fig. 6b. In fact, this
combined term is formulated based on the Napierian attenuation coefficient in Lambert’s law [36,37].
It can be seen that the unit of a - AL is dB/kW, which reflects the attenuation of alarm pressure per each
1 kW of fire. Eventually, the demand fire monitoring model using only one Mic behind fire is
established as

HRR = ASPL 12
"~ 0.085 (12)

which can give a stable prediction with the measurement uncertainty of about 10%.

4.2. Model verification and perspectives

To verify Eq. 12, Group (c) experiments are carried out with larger fires to mimic real building fire
scenarios, see Fig. 7a, in which a 41-cm pool fire and a wood crib fire are separately used as the target.
The alarm source changes to use a standard alarm bell installed on the sidewall, with the peak frequency
measured to be around 2,120 Hz.

Figs. 7b-c compare the instant ASPL measured by the Mic at 3-m from the bell. Overall, with the
sound emitting from the alarm bell, the fire can cause an overall increase in the ASPL in a wide
frequency range, which again confirms the feasibility of such a pressure-based method. Specifically,
the fire-induced attenuation ASPL at 2,120 Hz is the largest, recorded every 10 s with the uncertainty
calculated from the local 1-s signal piece. These data are then used to fit Eq. (12) to predict the overall
fire HRR evolution from initial fire ignition to final extinction. To further validate the monitoring model
(Eg. 12), data from another Mic mounted at 4-m from the bell are also used. Fig. 8 shows a comparison
of the measured fire HRR evolution (coming from the product of fuel mass loss rate and heat of
combustion, Fig. Al) and the predicted ones by Eq. (12). It is found that the proposed model (Eq. 12)
can effectively evaluate the hazard level as the fire develops.
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(a) Measurements in the Group-c experiments
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Fig. 7. (a) Measurements in the Group-c experiments, and the instant ASPL received by the Mic after (b)

41-cm pool fire and (c) wood-crib fire.

Note that the existing fire detection devices, such as smoke, heat and flame detectors, and CCTV
cameras, can only tell the existence of fire (e.g., Yes or No) but can neither tell how big the fire is nor
how fast the fire is growing. Comparatively, the proposed smoke fire monitoring system, based on the
change of alarming sound field, can provide more information about fire scenarios for firefighting and
rescue operations. Moreover, other optical-based detectors and CCTV cameras will soon be covered
by smoke layer [38] and lose the monitoring capability in the early stage of fire. Nevertheless, the
proposed smart acoustic system can continuously monitor the development of and evaluate the fire
scene covered by an invisible smoke layer until all sensors are physically destroyed by fire.

(a) HRR of 41-cm pool fire (b) HRR of wood crib fire
300 300
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Fig. 8. Evolution of fire HRR from ignition to extinction by model prediction and balance measurement

for (a) 41-cm pool fire and (b) wood crib fire.
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Fig. 9. The potential application of the alarm-based fire monitoring technology based on the existing

sensors and alarm in the building.

Today, more and more sensors are adopted in buildings to achieve intelligence, resilience, and
sustainability. Different kinds of microphones are available inside the building, such as the mics in
everyone’s smartphone and laptop, as well as the audio system (e.g., in the classroom), as illustrated in
Fig. 9. Most of these mics are low cost and can be connected to the existing fire detection system or the
future smart loT system. Thus, the proposed smart fire monitoring technique by measuring the sound

field has unique advantages and a great potential for applying in future smart firefighting systems.

5. Conclusions

This paper carried out an experimental investigation of using audible fire alarm sound to monitor
the existence of building fire and continuously evaluate the fire-scene hazard. The pressure attenuation
of the alarm sound by fire blocking is used as the primary monitoring parameter. The tested alarm
sources include a 2.5-inch flexible speaker and a commercial Honeywell alarm bell (500-2,000 Hz),
and fire sources include different propanol pool fires and wood-crib fires up to 200 kW.

The correlation between alarm ASPL and fire is first explored. Experiments using round pool fires
indicate that the fire with a larger HRR can cause a greater alarm ASPL. Experiments using rectangular
pool fires further indicate that the alarm ASPL is positively correlated with the fire blocking thickness
(ASPL « HRR). On the ground of this, a simplified but practical alarm pressure-based building fire
monitoring model is proposed, further verified by experiments using large propanol-pool fire and wood-
crib fire. Results prove that the proposed model can continuously evaluate the fire HRR from ignition
to extinction in real building fire scenarios without interference by the fire smoke. The proposed fire-
monitoring technology could be part of the future smart firefighting system driven by loT sensor
networks and Al algorithm.

This work provides a promising smart technology for monitoring building fire based on the existing

fire alarm system, which helps expand the conventional channel to non-intrusively evaluate building
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fire development. Considering the sound field is sensitive to the variation in the environment
temperature, further research on using the alarm sound to evaluate the fire smoke properties like smoke
thickness or height seems reasonable.
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Appendix
Fig. Ala shows the measured mass loss rate when burning liquid propanol in different pools and

burning the wood crib. Fig. Alb shows the corresponding fire heat release rate.

(a) Fuel burning mass loss rates (b) Comparison of fire HRRs
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Fig. Al. The time evolution of (a) fuel mass loss rates of different fire sources and (b) the corresponding

fire heat release rates (HRR).

Fig. A2a shows the background noise pressure spectra measured by the two Mics as a function of
frequency. When the test room is in a quiet environment, a normal noise level around 45 dB and 30 Hz
is found [39]. The noise generated by fire puffing is also quantified. For example, when the 18-cm
diameter pool fire reaches a stable burning stage of 19.5 kW, two Mics mounted 0.5-m away from the
fire are used to measure the fire noise spectra, see Fig. A2b. It is found that both the frequency and SPL
of the fire noise are small, which are very close to the room background noise. In this way, all possible

noise sources will not significantly affect the pressure-based monitoring.

(a) SPL spectra at two mic positions in test room (b) SPL spectra at two mic positions in room with fire
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Fig. A2. Sound spectra at two Mic positions in base case for (a) room environment and (b) pool fire.
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