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Abstract. High-rise residential fires pose a significant threat to the life and prop-
erty safety of residents. To address the issue of inadequate early feature recogni-
tion by photoelectric smoke alarms in current high-rise residential buildings, this
study employs FDS simulation software Pyrosim to establish a typical high-rise
residential room model. The effects of ambient wind speed and monitoring point
height on dimming rate, room temperature distribution, and CO concentration are
analyzed to identify the causes of fire alarm failures. Results indicate that as am-
bient wind speed increases, the time required for dimming rate, temperature, and
CO concentration monitoring values to reach the alarm threshold significantly
increases. Specifically, when the ambient wind speed is 10 m/s, the alarm times
increase by 4.8, 1.45, and 1.76 times, respectively, compared to no wind condi-
tions, which substantially diminishes the early warning capability of fire alarms.
The findings of this study provide valuable insights for enhancing the safety of
high-rise residential buildings and improving multi-sensor fusion warning sys-
tems for fire alarms in such structures.
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1 Introduction

The rapid expansion of urban areas has driven the development of high-rise residential
buildings, which play a crucial role in optimizing land resource utilization and enhanc-
ing spatial efficiency. However, their inherent characteristics, including vertical height,
high population density, and substantial fire load, make them particularly vulnerable to
severe losses in the event of a fire[1]. According to statistics from China's National Fire
and Rescue Administration (January to August 2024), high-rise residential fires ac-
counted for 36, 000 of the 660, 000 nationwide fire incidents, resulting in 203 fatalities,
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which represents over 15% of total fire-related casualties. These data underscore the
significant threat posed by high-rise residential fires to public safety and property.

Early fire detection and timely intervention in residential settings can significantly
improve evacuation success rates and reduce property damage. Environmental factors,
particularly wind fields, exert a substantial influence on fire behavior in high-rise build-
ings, with wind speed increasing with height following a power-law relationship [2].
Consequently, fires on upper floors are subject to more pronounced wind effects, which
significantly impact fire development and spread. Song et al.[3] demonstrated that envi-
ronmental wind accelerates horizontal fire spread along building facades, with the lee-
ward side exhibiting the largest spread area. Yang et al.[4], using CFD software Fluent
coupled with the Weather Research and Forecasting (WRF) model, found that both par-
allel and antiparallel wind directions promote horizontal and vertical flame spread in
high-rise buildings. He et al.[5] conducted experiments on stairwell fire dynamics, show-
ing that increasing wind speed reduces initial flame volume and the time required to
reach stable combustion. Gao et al. [6] studied the impact of environmental wind on heat
release rate (HRR) using mass loss calorimetry, revealing that HRR increases rapidly
with wind speed when airflow is not directly aligned with the fire source, with HRR at
5 m/s being 1.8 times greater than at 0 m/s.

Photoelectric smoke detectors are widely used in residential fire warning systems due
to their high safety, adaptability, low false alarm rate, and ease of maintenance. How-
ever, their design standards do not fully account for the interference of high-wind envi-
ronments, and research on their reliability under such conditions remains limited. To
evaluate the performance of photoelectric smoke detectors in high-rise residential fires,
this study employs FDS simulation software Pyrosim to establish a typical residential
room fire model. The model analyzes the effects of different wind speeds and vertical
heights on light obscuration rate, temperature distribution, and CO concentration during
a fire, as well as the time required for monitoring points to reach design thresholds. The
results provide insights for improving fire safety in high-rise buildings and developing
multi-sensor fusion early warning systems.

2 Research Process

2.1 Calculation Model

Fig. 1 presents the computational model schematic, with its detailed parameters listed
in Table 1. As shown, the model represents a master bedroom in a residential setting
with dimensions of 3.3 m (W) x 5.8 m (L) x 3 m (H), comprising both a bedroom and
an attached bathroom to simulate realistic air flow and thermal comfort conditions. The
window is designed as a sliding type with overall dimensions of 1.8 m (w) x 1 m (h),
divided into two sections, each measuring 0.5 m in width and 1 m in height. The model
incorporates four types of furniture—a bed, wardrobe, bedside table, and storage cabi-
net—based on typical residential bedroom layouts.

In this paper, PyroSim, developed based on Fire Dynamics Simulator (FDS), was
selected to simulate fires in the model. Based on the principles of conservation of mass,
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momentum and energy, the spatial geometry of a typical house is divided into several
small rectangular control units or computing units [7, 8].

Table 1. Model Parameters Table

Name H W L w h
Numerical value(m) 3 33 58 1.8 1

The open
door

Fig. 1. Geometric model diagram

Mass conservation equation:
op
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Momentum conservation equation:
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Energy conservation equtaion :
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Where p is the density, kg/m3; V is the Hamiltonian operator; u is the velocity vector,
m/s; t is the time, s; p is the pressure, Pa; g is the gravitational acceleration, m/s2; f'is the
external force vector acting on the fluid, kg/(s2:m); t is the viscous force tensor,
kg/(s2-m); h is the specific enthalpy, J/kg; D is the diffusion coefficient, m2/s; ¢ is the
heat release rate per unit volume, kW/m3; ¢ is the energy transmitted to the evaporating
droplets, kJ; ¢ is the conduction heat and radiant heat, kW/m2; ¢ is the dissipative func-
tion.

The average wind speed of the ambient wind field at each height can be calculated
according to the power empirical formula [2] :

u =u(z/z) 4)

U, is the estimated average wind speed at height z, m/s; #, is the average wind speed

at a known altitude, m/s; 72 is the ground roughness coefficient, which is 1/2 ~1/8 ap-
proximately;

By calculating the average ambient wind speed at the typical height of 23 cities in
China [9], the average wind speed at the typical height of 30, 50 and 100m in three fire
protection fields was obtained. The boundary conditions for wind speed calculation were
Om/s without wind, 2m/s at low speed, 5Sm/s at medium speed and 10m/s at high speed.

2.2  Numerical Calculation Model

For the fire dynamics parameter settings, the unsteady-state heat release rate (HRR) of
the bedroom was set to a baseline value of 6 MW, based on the distribution character-
istics of combustible materials in the bedroom space and the technical standard GB
51251-2017 ("Technical Standard for Smoke Control Systems in Buildings") under
conditions without sprinkler systems. Residential fires are typically unsteady-state
fires, which can be described using the # fire growth model.

0=ar 5)

QO is the heat release rate, kW; ¢ is the fire growth coefficient, kWes2;¢ is the time
after fire, s;The fire source material is wooden material [10], and the type of fire growth
is rapid, soa =0.044 kWes? | = 369s can be calculated by (5). The roof of the model
is made of gypsum board [11], and the walls and ground are made of concrete [12]. The
thermal and physical parameters of the two materials are shown in Table 2.

Three monitoring points were set up in the simulation for data acquisition to capture
key parameter changes in the fire development process, with their specific parameters
listed in Table 3.
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As shown in Fig. 1, the monitoring sites are equipped with virtual sensors to record
data on the loss rate, carbon monoxide concentration, and temperature change over time
during the fire process. And the alarm threshold is shown in Table 4 below:

Table 2. Material Thermal Property Parameters

Materials 3(2/1;?), Specific heat(kJ/(kg*K)) Thermal conductivity(W/(m*K))
Gypsum board 790 0.9 0.16
Concrete 2280 1.04 1.8
Table 3. Height Of Each Monitoring Point
Monitoring point 1 2 3
Height (m) 2.95 2.5
Table 4. Alarm Thresholds Of Monitoring Parameters
Name Light Obscuration Rate  CO Concentration  Temperature
Alarm threshold 3.28%/m 50ppm 58°C

3 Results and Analysis

3.1 Light Obscuration Rate

Fig.2 illustrates the flow field and smoke distribution at the moment when the light
obscuration rate reaches the alarm threshold under environmental wind speeds of 0 m/s,
2 m/s, 5 m/s, and 10 m/s. Comparing scenarios with and without wind, the presence of
environmental wind enhances indoor convective flows. As wind speed increases, the
turbulence intensity of the indoor flow field significantly intensifies, thereby influenc-
ing the movement and distribution of smoke within the space.

Fig. 3 shows the relationship between light obscuration rate and time at monitoring
point 1. As illustrated, the light obscuration rate at this point exhibits a gradual increase
during the early stage of the fire (<30 s), followed by a rapid rise to a stable fluctuation
range. Under low environmental wind speeds (0 m/s and 2 m/s), the time required to
reach the alarm threshold at all monitoring points is significantly shorter compared to
high wind speeds (5 m/s and 10 m/s).

For monitoring point 1, the light obscuration rate curves for 0 m/s and 2 m/s are
closely aligned, with alarm threshold times of 15.6 s and 20.1 s, respectively, differing
by 4.5 s. This is attributed to the buoyancy-driven flow of high-temperature smoke,
which has a lower density than the surrounding cold air. In contrast, at higher wind
speeds (5 m/s and 10 m/s), the times to reach the threshold are 46.9 s and 90.7 s, respec-
tively. This delay occurs because the driving force of the environmental wind dominates
over the buoyancy force at higher speeds, causing a significant portion of the smoke to
be carried away by the wind and resulting in a slower increase in light obscuration rate
compared to low-speed conditions.
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Fig. 2. Flow field and smoke distribution (a, Environment into the wind Om/s; b, Environment
into the wind 2m/s; ¢, Environment into the wind Sm/s; d, Environment into the wind 10m/s)
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Fig. 3. Relation between dimming rate and time at monitoring point 1

Fig. 4 illustrates the relationship between environmental wind speed and the time re-
quired for the three monitoring points to reach the light obscuration rate alarm threshold.
As shown, under low wind speeds (0 m/s and 2 m/s), the increase in time to reach the
threshold is minimal. However, as the environmental wind speed increases, the time to
reach the threshold increases significantly across all three monitoring points.

Compared to monitoring point 1, at wind speeds below 5 m/s, the time differences for
monitoring points 2 and 3 to reach the threshold are more pronounced, but these differ-
ences diminish as wind speed increases. At wind speeds of 5 m/s or higher, the time
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differences between the monitoring points become smaller and increase only gradually
with further wind speed increases.
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Fig. 4. Relationship between different monitoring points reaching the attenuation threshold and
ambient wind speed

3.2 Temperature

Fig. 5 depicts the relationship between temperature and time at monitoring point 1. As
shown, the temperature at this point exhibits an initial gradual increase, followed by a
rapid rise to a stable fluctuation range as the fire develops. Under low environmental
wind speeds (0 m/s and 2 m/s), the time required to reach the temperature alarm thresh-
old is significantly shorter compared to high wind speeds (5 m/s and 10 m/s).

For monitoring point 1, Fig. 5 reveals distinct differences in the rate and magnitude
of temperature rise under varying wind speeds. At 0 m/s, the temperature rises at the
fastest rate and reaches the highest magnitude, resulting in the shortest time to reach the
temperature alarm threshold. As the environmental wind speed increases, the rate of
temperature rise decreases, the peak magnitude reduces, and the time to reach the thresh-
old lengthens. This phenomenon is attributed to enhanced convective heat transfer at
higher wind speeds, which increases heat transfer efficiency and allows more heat to be
carried away by the environmental wind.

Fig. 6 illustrates the relationship between environmental wind speed and the time re-
quired for the three monitoring points to reach the temperature alarm threshold. As
shown in Fig. 6, under low wind speeds (0 m/s and 2 m/s), the increase in time to reach
the threshold is minimal. However, as the environmental wind speed increases, the time
to reach the threshold increases significantly across all three monitoring points, while
the time differences between them gradually decrease.
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The rate of increase in time follows the order: monitoring point 1 > monitoring point
2 > monitoring point 3. This indicates that monitoring point 3 is the least affected by
environmental wind speed, while monitoring point 1 is the most affected.
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Fig. 5. Relation between temperature and time at monitoring point 1
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Fig. 6. Relation between the temperature threshold reached at 3 monitoring points and the am-
bient wind speed
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3.3 CO Concentration

Fig.7 illustrates the relationship between CO concentration and time at monitoring point
1. As shown, the CO concentration at this point exhibits an initial gradual increase,
followed by a rapid rise to a stable fluctuation range as the fire develops. Under low
environmental wind speeds (0 m/s and 2 m/s), the time required to reach the CO con-
centration alarm threshold is significantly shorter compared to high wind speeds (5 m/s
and 10 m/s).

For monitoring point 1, the CO concentration curves for 0 m/s and 2 m/s are closely
aligned, with alarm threshold times of 58.7 s and 63.3 s, respectively, differing by 4.6 s.
This is attributed to weaker air flow at lower wind speeds. At higher wind speeds (5 m/s
and 10 m/s), the increased air flow rapidly disperses CO from the fire zone, reducing
local CO concentration. Additionally, higher wind speeds enhance combustion effi-
ciency, thereby reducing CO production from incomplete combustion.
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Fig. 7. Relationship between CO concentration at monitoring point 1 and time

Fig. 8 illustrates the relationship between environmental wind speed and the time re-
quired for the three monitoring points to reach the CO concentration alarm threshold. As
shown, under low wind speeds (0 m/s and 2 m/s), the increase in time to reach the thresh-
old is minimal. However, as the environmental wind speed increases, the time to reach
the threshold increases significantly across all three monitoring points.

From the perspective of the monitoring points, Fig. 8, reveals that as the environmen-
tal wind speed increases, the time required for each monitoring point to reach the CO
concentration threshold also increases. However, the time differences between the three
monitoring points remain relatively constant.
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Fig. 8. Relation between CO concentration threshold at different monitoring points and ambient
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4 Conclusions

This study employs FDS software to conduct numerical simulations of high-rise build-
ing fires, investigating the effects of environmental wind speed and monitoring height
on fire alarm performance. The main conclusions are as follows:

(1) At lower environmental wind speeds (<=2 m/s), the increase in time to reach the
alarm thresholds is minimal. Compared to no wind, the alarm times increase by approx-
imately 0.29x%, 0.06x, and 0.08% for light obscuration rate, temperature, and CO concen-
tration, respectively, indicating a limited impact on early warning performance.At higher
environmental wind speeds, the time required for light obscuration rate, temperature,
and CO concentration to reach their respective alarm thresholds increases significantly.
Specifically, at 10 m/s compared to no wind, the alarm times increase by 4.8x, 1.45x,
and 1.76x, respectively, resulting in a substantial reduction in early warning capability.

(2) At a monitoring height of 2.95 m, compared to 2.8 m and 2.5 m, the time required
for light obscuration rate, temperature, and CO concentration to reach alarm thresholds
is significantly reduced across all tested wind speeds (0 m/s, 2 m/s, 5 m/s, and 10 m/s),
demonstrating a notable improvement in early warning capability.

(3) Due to the high average ambient wind of high-rise residential buildings, the early-
warning ability of single-sensor fire alarm is unstable. More advanced detection tech-
nology can be integrated, so that the alarm threshold range can be automatically adjusted
according to the change of environmental wind speed, and then multi-sensor fusion com-
bined with visual recognition can improve the early warning ability and reliability under
the influence of wind speed.
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which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
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source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
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