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Preface

As the Guest Editors of this Special Issue, we are honored to present a collection of scholarly
articles that delve into the intricate world of fire safety and prevention. This reprint encompasses
a comprehensive array of topics, from predictive modeling using machine learning to innovative
firefighting techniques and the synthesis of eco-friendly flame retardants. Our aim is to provide
a platform that bridges the gap between theoretical research and practical applications, offering
insights that can inform and enhance the strategies employed in mitigating fire hazards.

The motivation behind this compilation stems from the pressing need for advancements in fire
safety technology and the desire to share knowledge that can save lives and protect property. We have
carefully selected these articles for their contributions to the field, each offering a unique perspective
on the challenges and opportunities in fire science.

This reprint is addressed to a diverse audience, including researchers, engineers, policymakers,
and public safety professionals, who share a common interest in advancing the frontiers of fire safety.
We extend our heartfelt thanks to the authors for their invaluable contributions and to the peer
reviewers as well as editorial staff for their diligent work in ensuring the quality of this publication.

We are also grateful for the support and assistance from various institutions and individuals who
have helped bring this Special Issue to fruition. Their collaboration has been instrumental in creating
a reprint that we hope will serve as a valuable resource for years to come.

In particular, we would like to express our deep appreciation for the financial support provided
by the National Natural Science Foundation of China (grant nos. 12202410 and 51906238), the Project
Funded by the China Postdoctoral Science Foundation (grant nos. 2023T160734 and 2023M733935),
the Natural Science Foundation of Hunan Province (grant no. 2023]JJ40726), the Changsha Municipal
Natural Science Foundation (grant no. kq2208277), the Research Project Supported by the Shanxi
Scholarship Council of China (grant no. 2022-139), the Fundamental Research Program of Shanxi
Province (grant nos. 20210302123017 and 202303021211145), the Fund Program for the Scientific
Activities of Selected Returned Overseas Professionals in Shanxi Province (grant no. 20220012), and
the Opening Foundation of Key Laboratory in North University of China (grant no. DXMB]J2023-03).
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1. Introduction

As society rapidly evolves and urbanization accelerates, fire safety has become an
increasingly pressing concern. Fire-extinguishing technology serves as a vital tool for
the prevention and control of fires, capable of averting casualties and mitigating severe
damage to the environment. The performance of extinguishing agents, a central component
of fire-extinguishing technology, is pivotal to both the effectiveness of fire suppression
and its environmental repercussions. Notably, technologies utilizing extinguishing agents
such as water, dry powder, gas, and foam have demonstrated significant utility across
a variety of application scenarios [1-4]. In light of the recent advancements in efficient
fire-extinguishing technologies, access to timely research findings and profound insights
is imperative for expanding the knowledge base in this domain. This Special Issue com-
piles 11 papers that tackle emerging issues and challenges in various fire suppression
technologies, offering the necessary insights for effective fire mitigation.

2. Descriptions

The research scope of this Special Issue encompasses the development of fire-
extinguishing agents, the design of fire-extinguishing systems, the transport dynamics of
agents, dispersion kinetics, and simulation studies. These areas of research lay a robust
foundation for the evolution of fire-extinguishing technology and its practical applica-
tion. As environmental consciousness grows and demands for fire-extinguishing effi-
ciency escalate, the innovation of novel extinguishing agents has emerged as a prevalent
field of study. Notably, water-based fire-extinguishing agents, which leverage water as
their primary component, have seen enhancements in their fire-suppression capabilities
through the incorporation of chemical additives or the modification of water’s physical
properties. Among these, fine water mist systems, recognized for their cleanliness and
efficacy, have garnered considerable interest [1]. According to the national standard of
China for “Water mist extinguishing equipment” [5], fine water mist is characterized
by droplets with a flow-weighted cumulative volume distribution of less than 200 pm
(Dyo.50) and 400 pum (Dyg.99) under the minimum design operating pressure. Systems
are categorized based on operating pressure into high pressure (p > 3.50 MPa), medium
pressure (1.20 MPa < p < 3.50 MPa), and low pressure (p < 1.20 MPa), where P denotes
the pressure of the medium within the distribution network. The fire-extinguishing
mechanisms are illustrated in Figure 1.

Fire 2024, 7, 309. https:/ /doi.org/10.3390/fire7090309 1
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Figure 1. Water mist extinguishing mechanism.

Fine-water-mist firefighting technology markedly enhances both the efficiency and
versatility of firefighting applications through the incorporation of physical and chemical
additives. Physical additives, such as surfactants, bolster cooling and suffocation effects,
work by diminishing the surface tension of water, augmenting the diffusivity and wetta-
bility of the water mist, and promoting the amalgamation of water with fuel. Surfactants
may be hydrocarbon-based or fluorinated [6]. While fluorinated surfactants offer superior
hydrophobicity and the capacity to create aerosolized water films, they may also exert
adverse environmental effects due to their persistence and potential for bioaccumulation
in natural ecosystems [7-9]. Chemical additives, including alkalis, transition metals, and
their hydroxides and salts, contribute to fire suppression by engaging in chemical reac-
tions and physical processes. For instance, sodium and potassium compounds slow flame
propagation and create a foam blanket to smother the fire source [10], whereas metal
hydroxides quench combustion through neutralization reactions and by sequestering free
radicals [11]. Furthermore, ultrafine water mist, engineered via high-pressure atomization,
exhibits exceptional heat transfer efficiency and swift evaporation traits. This technology
can precipitously lower the temperature of the fire source, offering a novel and efficient
direction for environmentally friendly firefighting techniques.

Gaseous extinguishing agents are a class of fire suppression media that inhibit or
extinguish fires through physical or chemical actions, playing a significant role in the field
of fire extinguishing. Perfluorohexanone, as a new generation of gaseous fire-extinguishing
agents, has garnered widespread attention in the international firefighting community due
to its highly efficient fire suppression capabilities and excellent environmental characteris-
tics [3]. This agent features an exceptionally low extinguishing concentration of 4.2%, rapid
extinguishing speed, and the ability to effectively prevent fire re-ignition, with an extin-
guishing efficiency that significantly surpasses that of the traditional halon 1301 agent [12].
Perfluorohexanone has an Ozone Depletion Potential (ODP) value of zero, indicating no
harm to the atmospheric ozone layer, and it possesses a relatively low Global Warming
Potential (GWP), with an atmospheric lifetime of merely 0.014 years, thereby exerting a
negligible impact on global climate change [13]. During the fire-extinguishing process, per-
fluorohexanone does not generate harmful corrosive gases and exhibits good compatibility
with metals and polymeric materials, along with excellent electrical insulation properties. It
leaves minimal residue post-extinguishing, reducing environmental pollution and post-fire
cleanup efforts. Its excellent long-term storage stability also minimizes the maintenance
costs associated with fire suppression systems. Amidst the global focus on environmental
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protection and sustainable development, the market demand and application prospects
for perfluorohexanone are expanding. It is anticipated to play an increasingly prominent
role in the realm of fire-extinguishing agents, contributing significantly to the protection of
human life, property safety, and the environment.

Foam extinguishing agents are employed to extinguish fires through their mixture with
water, resulting in the formation of foam. These agents are categorized into the following
two primary types: protein-based and synthetic. Protein-based foam agents incorporate a
range of reinforcing agents into their animal protein base liquid. Notably, fluoroprotein
types enhance fire-extinguishing efficiency by incorporating fluorocarbon compounds [14].
On the other hand, synthetic foam agents exhibit a spectrum of characteristics. For instance,
aqueous film-forming foam (AFFF) can create a protective film on the surface of combustible
materials, as depicted in Figure 2. This protective film bolsters the fire-extinguishing process
and the material’s resistance to re-ignition [15].

Hydration film

Figure 2. Foam cooling schematic.

Dry powder extinguishing agents are a class of efficient, economical, and environ-
mentally benign fire suppressants that integrate the functions of chemical extinguishing
with physical suppression. Their fire-extinguishing efficacy can be several times greater
than that of halon, leading to their widespread adoption across various applications [2]. A
derivative of dry powder, dry water extinguishers, leverage the combined benefits of dry
powder and water mist technologies, making them exceptionally suitable for extinguishing
lithium-ion battery fires [16]. In their preparation, water and hydrophobic silica are blended
via high-speed agitation, yielding a core-shell structured powder extinguishing agent (as
illustrated in Figure 3). The extinguishing mechanisms of this agent encompass physical
cooling, chemical inhibition, thermal radiation blocking, and free radical trapping [17].
During the firefighting process, the substantial volume of water discharged by the dry
water extinguisher rapidly evaporates, drawing heat away from the fire source. Concur-
rently, the hydrophobic silica particles produced create a barrier over the fuel surface,
sequestering the fuel from external heat exchange and oxygen, thereby effectively inter-
rupting the combustion chain reaction. Moreover, dry water extinguishers exert minimal
environmental impact post-use, aligning with contemporary requirements for green and
efficient firefighting technologies.
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Figure 3. (a) Formation mechanism of the dry water extinguishing agent; (b) mechanism of dry water
extinguishing [17].

Recent scholarly research underscores the pivotal role of piping design in the transport
and dispersion dynamics of extinguishing agents, which is essential for enhancing fire
prevention and suppression strategies. An optimized piping design enhances the flow char-
acteristics and spatial dispersion efficiency of extinguishing agents by considering critical
fluid dynamics parameters, including flow velocity, pressure loss, and turbulence [18]. By
meticulously designing the pipe diameter, length, elbows, and branches, the system'’s pres-
sure loss can be minimized, thereby augmenting the delivery efficiency of the extinguishing
agents. The utilization of simulation technology further refines piping design, facilitating
the virtual simulation of extinguishing agent flow. This enables pre-assessment and refine-
ment of the design scheme in a controlled environment, ensuring the high efficiency and
reliability of the fire suppression system prior to its actual deployment [19].

3. Future Research Direction

The evolution of big data and artificial intelligence technologies is propelling fire
suppression research to unprecedented heights. The integration of sophisticated AI algo-
rithms with fire suppression technologies is poised to expand into broader application
domains. Concurrently, the exploration of multimodal fire suppression technologies that
integrate physical and chemical suppression mechanisms is underway to accommodate a
wider array of fire scenarios. Furthermore, innovation in pipeline design, coupled with the
application of simulation and modeling technologies, should be further advanced. These
advancements should be integrated with transport and dispersion models within actual fire
contexts to optimize the distribution efficiency of extinguishing agents. This optimization
is essential to ensure the high efficiency and effectiveness of firefighting operations.
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Abstract: This article focuses on using machine learning to predict the distance at which a chemical
storage tank fire reaches a specified thermal radiation intensity. DNV’s Process Hazard Analysis
Software Tool (PHAST) is used to simulate different scenarios of tank leakage and to establish a
database of tank accidents. Backpropagation (BP) neural networks, random forest models, and the
optimized random forest model K-R are used for model training and consequence prediction. The
regression performance of the models is evaluated using the mean squared error (MSE) and R?. The
results indicate that the K-R regression prediction model outperforms the other two machine learning
algorithms, accurately predicting the distance at which the thermal radiation intensity is reached
after a tank fire. Compared with the simulation results, the model demonstrates higher accuracy
in predicting the distance of tank fire consequences, proving the effectiveness of machine learning
algorithms in predicting the range of consequences of tank storage area fire events.

Keywords: pool fire; machine learning; prediction; PHAST

1. Introduction

In the production process of chemical enterprises, due to their special nature, large
quantities of flammable and explosive liquids and gases are stored in the storage tank
area. If an oil tank leaks and is exposed to an ignition source, it may lead to a serious fire
accident. Once a disaster occurs, personnel exposed to the radiant heat of the fire may suffer
serious injuries. In the UK, a significant chemical plant tank leakage and fire incident took
place on 11 December 2005 at the Buncefield oil depot, which is situated less than 50 km
from London. The explosion and subsequent fire ravaged over 20 substantial oil storage
tanks, resulting in injuries to 43 individuals but no fatalities. The direct economic damage
amounted to GBP 250 million. This event triggered the most profound ecological crisis in
Europe during peacetime, substantially affecting the ecological landscape of London and
the entire nation of Great Britain [1].

By collecting and analyzing data on domestic and international chemical incidents
from 10 December 2003 to 10 January 2024, we obtained the following findings: domes-
tically, there were 1060 poisoning incidents, 797 fire incidents, 759 explosion incidents,
592 leakage incidents, and 1 other type of incident; internationally, there were 36 poisoning
incidents, 285 fire incidents, and 638 explosion incidents, with leakage incidents being the
most frequent at 933 occurrences. Based on these data, we conducted a comprehensive
analysis of the proportions of each type of incident and visually displayed the proportion
of each incident type in Figure 1. This paper conducts a study with a certain oil transfer
station as the background, focusing on petroleum products such as gasoline and diesel.
These chemicals, when leaked or burned, generate toxic gases or smoke, posing a threat
to the surrounding environment and human health, with toxic accidents likely being a
consequence of leakage and fire incidents. Among these, explosions are instantaneous
reactions that are difficult to intervene in, so this paper does not involve the study of

Fire 2024, 7, 114. https:/ /doi.org/10.3390/ fire7040114 6
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explosions. By combining the frequencies of accident types in Figure 1, this paper mainly
focuses on tank leakage and fire accidents.

I Toxic 0.03%
- Fire 18.45%
B Explosion 7

P Leak

Other

33.03%

23.65%

24.84%

P Fire
[ Toxic bk 15

I txplosion 3%
B Lcak

Other 1. 9%

49.2%

33.6%

(b)

Figure 1. (a) Data chart of China’s domestic chemical park accidents. (b) Data chart of foreign
chemical park accidents.
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In existing research, the consequences of leakage and fire accidents in chemical en-
terprises can be calculated using empirical models, computational fluid dynamics (CFD),
and integrated models such as the Process Hazard Analysis Software Tool (PHAST 8.7).
Although empirical models provide quick calculations, their accuracy is limited due to
factors affecting the overall evaporation rate, such as surface roughness. CFD models like
the Fire Dynamics Simulator (FDS) and FLACS can capture these effects, but they come
with higher computational costs and longer execution times. The integrated model used in
PHAST strikes a balance between accuracy and computational cost while still capturing the
effects of surface roughness on propagation, pool evaporation, and mass evaporation—this
has been validated by the fire scene experimental results obtained by Henk W.M [2]. Tan
Wu et al. [3] used PHAST for a risk analysis and system safety integrity study of enclosed
ground flame devices; their findings are useful for designing various types of material
windbreaks and flame systems’ strength and for determining the safety distances of sur-
rounding personnel and facilities. Wang Kan et al. [4] studied the impact of leakages of
different forms of high-pressure hydrogen storage containers on the scope of consequences
after accidental hydrogen leaks or explosions, as well as the variations in environmental
temperature differentials and wind conditions. Song Xiaoyan [5] employed the Unified
Dispersion Model (UDM) in the PHAST program to conduct numerical simulations of
liquefied petroleum gas leakage explosions, analyzing the impact of changes in the wind
speed and leak orifice diameter on the consequence range after a leakage.

Although PHAST has significant advantages in process simulation and consequence
analysis, with the continuous development of deep learning technology, we can also explore
the combination of PHAST and machine learning to achieve more accurate predictions
of the consequences in chemical industrial parks. This integrated approach will provide
us with more comprehensive and detailed prediction results, helping to further optimize
safety management and emergency response strategies. Additionally, machine learning
is now widely used in the field of fire decision making. More and more experts and
scholars are applying it to the auxiliary decision-making domain. For example, Manuel
J. Barros-Daza et al. [6] proposed a data-driven method using artificial neural networks
(ANNs) for classification, providing real-time optimal decision making for firefighters in
underground coal mine fires. Bilal Umut Ayhan et al. [7] utilized a latent class clustering
analysis (LCCA) and artificial neural network (ANN) to develop a new model to predict
the outcome of construction accidents and determine the necessary preventive measures.
Peng Hu and colleagues [8] performed an analysis and machine learning modeling of
the highest roof temperature in the longitudinal ventilation tunnel fire, introducing a
new model called the genetic algorithms backpropagation neural network (GABPNN) to
predict the highest roof temperature in the ventilation tunnel. Aatif Ali Khan et al. [9]
established an intelligent model based on machine learning to predict smoke movement
in fires and enhance emergency response procedures through predicting key events for
dynamic risk assessment. Mohd Rihan and co-authors [10] conducted an assessment of
forest fire susceptibility areas in specific regions using geographic information technology,
machine learning algorithms, and uncertainty analysis based on deep learning technology,
achieving significant results. Sharma et al. [11] compared eight machine learning algorithms
and concluded that the enhanced decision tree model is the most suitable for fire prediction.
They also proposed an intelligent fire prediction system based on the site, considering
meteorological data and images, and predicted early fires.

Machine learning has made significant progress in the field of fire safety, and we should
not overlook the potential advantages of combining PHAST with machine learning. Recent
studies have shown that Sun and his team [12] simulated chemical leakage scenarios using
PHAST and built causal models of three types of fires using ANN to predict radiation effects
on distance. Wang et al. [13] proposed a method for source estimation using ANN, particle
swarm optimization (PSO), and simulated annealing (SA). In addition, Yuan et al. [14]
established a database of organic compounds with low flammability limits using PHAST,
analyzing and predicting the lower flammability limits of organic chemicals. Makhambet
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Sarbayev et al. [15] proposed a method involving mapping a fault tree (FT) to an ANN
and verified the significant progress of combining a numerical simulation software and
machine learning to predict the consequences of fire accidents in the chemical industry
through the analysis of system failures in the Tassero-Anacortes refinery accident. Jiao
et al. [16] used PHAST to establish a toxic diffusion database and developed a model to
accurately predict the downwind toxic diffusion distance based on this database. This
study aims to accurately estimate the risk level of the oil tank area by utilizing simulated
data from the PHAST 8.7 software based on previous research. A comprehensive oil tank
leakage fire database was constructed, and machine learning technology was employed to
predict the potential impact ranges of accidents. The proposed method seeks to enhance the
effectiveness of chemical safety management and risk assessment. However, it is important
to note that the created database solely relies on PHAST simulation results and lacks the
integration of actual accident data or validation using empirical formulas, consequently
limiting its applicability and accuracy. Subsequently, the database is utilized for conducting
a predictive analysis of accident consequences through machine learning technology. It is
crucial to emphasize that all input data exclusively originated from the PHAST software
simulation results, signifying that the database employed for machine learning training is
constrained by the scope of PHAST simulation. Hence, this study elucidates the model’s
limitations and the restricted application scope of the database, offering valuable insights
for future research avenues and data integration.

This paper focuses on the oil storage tank area of a certain oil transfer station as the
research object. The station area includes a diesel tank area, gasoline tank area, mixed oil
tank area, and mixed oil processing tank area. The main materials involved are gasoline
and diesel hydrocarbons. Consequently, the database is constructed based on the PHAST
fire consequence simulation results of gasoline and diesel, and it is then used to train the
predictive model.

2. Methodology
2.1. Workflow of the Model Design

The main steps of machine learning prediction for the consequence range of storage
tank leakage are as follows:

(1) Identify the research subject and scenarios; simulate the consequences of tank leaks
and fires using PHAST.

(2)  Construct a database of fire consequences based on the simulation results from PHAST.

(3) Develop a quantitative prediction model for the range of consequences based on
the database; these include a BP neural network, random forest regression, and K-R
regression prediction models.

(4) Tune the prediction models to determine the optimal model.

(5) Evaluate the model’s performance by calculating the mean squared error (MSE) and
the R? coefficient of determination [17].

(6) Apply machine learning algorithms to predict the consequences of fire accidents
caused by leaks from storage tanks and draw conclusions by comparing and analyzing
actual cases with the predictive results.

The workflow diagram is shown in Figure 2:
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Figure 2. The workflow diagram.
2.2. PHAST Model

This study is based on the research of a certain oil depot’s storage tanks. The specific
distribution of storage tanks in the oil depot is shown in Figure 3 below. The tank area
consists of four sections, labeled according to Figure 3, where “1” represents the diesel tank
area, “2” represents the gasoline tank area, “3” represents the mixed oil tank area, and “4”

represents the mixed oil processing area. The specific specifications of the tank area are
shown in Table 1.

Table 1. Storage tank sizes in each tank area.

Area (m®) Spe;\c/ll‘f)lcclzilon Quantity Capacity (m®) Slteo;iaf;
1 P60 x 19.92 4 50,000 diesel fuel
2 P38 x 19.8 8 20,000 gasoline
3 D22 x 14.852 1 5000 diesel fuel
3 D22 x 14.852 1 5000 gasoline
4 $8.920 x 12.565 2 500 gasoline
4 $8.920 x 12.565 2 500 diesel fuel

10
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Figure 3. Tank area distribution.

To systematically analyze the impact of the wind speed and direction on the outcomes
of fires resulting from tank leakages across varying orifice diameters, this study classifies
ten distinct orifice sizes. The sizes range from small (5 mm) to medium (25 mm) and large
(100 mm) orifices, extending to scenarios involving catastrophic ruptures. Additionally, this
study investigates the influence of environmental temperature on tank leakage outcomes,
considering a range of temperatures from —17.9 °C to 42.5 °C, including intermediate con-
ditions at 10 °C, 20 °C, and 25 °C. Moreover, this study evaluates the impact of atmospheric
stability on tank leakage outcomes by categorizing atmospheric conditions into ten stability
classes labeled A through G. The analysis also explores the effects of preset leak orifice
sizes on tank leakages containing diesel, gasoline, and mixed oil. The wind speeds vary
from 1 to 16 m/s in 1 m/s increments, resulting in 16 unique meteorological scenarios.
These methodological configurations are detailed in Table 2, outlining the foundational
settings for the PHAST (Process Hazard Analysis Software Tool) model utilized in this
investigation.

Table 2. PHAST model settings.

Range Interval Total Category
Leakage pore size/(mm) 5 mm-Catastroptic rupture 5/10/15 10
stability A-G - 10
Wind velocity /(m/s) 1-16 m/s 1 16
N-OCTANE
Material N-OCTADECANE - 3
N-HEXADECANE
Capacity/ (m®) 500, 500, 5000, 20,000, 50,000 - 5
Taking the example of a 5 mm leak orifice in a diesel storage tank, the specific configu-
ration parameters are shown in Table 3.
Table 3. The 5 mm leakage setting parameters of the storage tank.
Leakage Pore . 3 -, o Wind
Size/mm Tank Materials Volume/m Filling Level Temperature/°C Velocity/(m/s)
5mm N-HEXADECANE 50,000 80% 25 1

11
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Based on previous research results, the impact of tank leakage on the surrounding
environment mainly depends on its thermal radiation intensity, which varies in its level
of harm to the human body. The losses caused by different levels of thermal radiation
intensity are shown in Table 4 [18]. According to the results of the literature review, the
thermal radiation intensity level for this study is determined to be 4 kW /m?.

Table 4. Losses caused by different incident intensities of thermal radiation.

Incident Intensity/(kW/m?) Damage to Equipment Injury to Individuals
375 Complete damage to the 1% death (10°s)
’ operating equipment 100% death (1 min)
The minimum energy
25 required for wood combustion Severe burns (10 s)
under flameless, prolonged 100% death (1 min)
radiation
The minimum energy
125 required for wood combustion First-degree burn (10 s)
’ and plastic melting in the 1% death (1 min)
presence of flames
Pain lasting for more than 20's,
4 - not necessarily accompanied
by blisters
16 . Long-term radiation without

any discomfort

2.3. Machine Learning
2.3.1. BP Neural Network

The machine learning algorithm [19] learns and recognizes patterns from historical data
and uses these patterns for prediction and decision making. The main machine learning
methods include supervised learning, unsupervised learning, and reinforcement learning.
This article uses the supervised learning algorithm, employing the BP neural network, random
forest regression prediction, and the K-R model, as shown in the neural network architecture
diagram in Figure 4. By utilizing PHAST to construct models and perform simulation
calculations, this study conducts a comprehensive analysis of the data and organizes them
based on the obtained computational results, thereby constructing a dataset. Subsequently,
this dataset is used to train algorithmic models, and based on the predictive outcomes of the
training process, this study explores and identifies the optimal algorithm.

P PHAST Simulations

Data Collection

OQutput layer

Input layer Hidden layers

Figure 4. Neural network architecture diagram.
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Regarding the BP neural network model [20], its distinct feature is that signals are
propagated forward and errors are propagated backward. Through a certain number of
iterations and updates, the network’s predictive results reach the expected accuracy or
convergence, yielding the best predictive outcome. The hyperparameters in the neural net-
work also have a significant impact on its predictive outcome. The main hyperparameters
include the learning rate, batch size, number of iterations, network structure and layers,
activation function, optimizer, and so on. A larger learning rate leads to faster convergence,
but there is a risk of skipping the optimal solution. The literature indicates that the batch
size is set by considering the memory of the device running the code and the model’s
generalization ability [21]. In this model, the device configuration includes a processor
of 12th Gen Intel(R) Core(TM) i5-12400F 2.50 GHz and an NVIDIA GeForce RTX 3060
GPU. Considering the dataset size, the batch size is set to 32. The number of iterations and
the network structure and layers are mainly found through parameter tuning to seek the
optimal results. The number of neurons in each layer of the neural network is calculated
based on empirical Formulas (1)—(3) [22] and actual training parameter calculations. The
settings are as shown in Table 5.

h= VAT (1)
h=/nm @)
h=15x (n+m) 3)

where /1 is the number of neurons, 7 is the number of input neurons, m is the number of
output neurons, ¢ is an integer, and ¢ € [2,10).

Table 5. BP neural network parameter settings.

Number of Number of Neurons in Number of Neurons in Number of Learning Rate

Hidden Layers Hidden Layer 1 Hidden Layer 2 Iterations &
1 1 14 - 100 0.001
2 1 14 - 150 0.001
3 1 14 - 150 0.01
4 1 24 - 150 0.01
5 1 24 - 150 0.001
6 2 14 5 150 0.001
7 2 24 5 100 0.01
8 2 24 5 150 0.01
9 2 24 10 150 0.01

During the training process of the BP neural network model, a common problem
encountered is the vanishing and exploding gradients. The vanishing gradient issue can
lead to a slowdown or almost negligible weight updates, while the exploding gradient
occurs when the gradient values between network layers exceed 1.0, resulting in an ex-
ponential growth of the gradients. This makes the gradients extremely large, causing
significant updates to the network weights and thereby making the network unstable.
Common activation functions include Sigmoid, Tanh, and ReLU [23], as shown in Figure 5.
To address the issues of gradient descent and exploding gradients in the training process
mentioned above, the ReLU function is set as the activation function to avoid the vanishing
gradient. The final hyperparameter related to the BP neural network is the optimizer [24],
with commonly used optimizers such as tochastic gradient descent (SGD), Momentum,
Adagrad, and Adam. To avoid becoming stuck in local minima, the optimizer chosen
is SGD.

13
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Figure 5. Illustration of activation functions. (a) Sigmoid activation function graph; (b) tanh activation
function graph; (c) ReLU activation function graph.

2.3.2. Random Forest

Random forest [25] is an ensemble model composed of multiple decision trees. It
creates multiple subsets by performing sampling with replacement on the training set
and builds a decision tree based on each subset. When training each tree, random forest
also introduces feature random selection, considering only a random subset of features
during the splitting process at each node. During prediction, random forest aggregates
the prediction results from multiple trees, commonly using methods such as taking the
average (for regression problems) or voting (for classification problems) to obtain the final
prediction result. In summary, decision trees split and predict data through a tree-like
structure, while random forest utilizes an ensemble strategy of multiple decision trees
to enhance predictive performance. Its performance is superior to that of decision tree
regression prediction models.

2.3.3. Cross-Validation

Cross-validation is a commonly used model evaluation technique that involves di-
viding the dataset into training and testing sets. This process is repeated multiple times,
allowing for the derivation of various performance metrics for the model. Common cross-
validation methods include K-fold cross-validation, leave-one-out cross-validation, and
stratified K-fold cross-validation [26], as well as time series cross-validation. The process of
K-fold cross-validation, as depicted in Figure 6, involves randomly dividing the dataset
into K mutually exclusive subsets, referred to as folds. Then, the model is trained K times,
with each training iteration reserving one fold as the testing data and using the remaining
K-1 folds as the training data, ensuring different folds are retained for each training iter-
ation. After K iterations of model training, the model with the minimal estimated error
on the testing set is selected, and its network architecture and parameters are retained
for random forest regression prediction. This article utilizes K-fold cross-validation for
model optimization and proposes a new model, the K-R model, by combining K-fold
cross-validation with tree models to optimize the tree model’s hyperparameters, thereby
improving prediction accuracy.

14
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Training Set Testing Set
Model 1 1 ! 2 ! ! K
Model 2 1 ! 2 ! ! K
Model K 1 | 2 | | K
I I I

Figure 6. K-fold cross-validation.

2.4. Model Evaluation

Regarding the performance measurement of the model, the main metrics include
accuracy, precision/recall, P-R curve, ROC curve/AUC, R2, MSE, etc. This article utilizes
R? and MSE to evaluate the model’s performance, with the formulas for R? and MSE shown
as Equations (4) and (5).

i (yA1 - y)z
R? =1 @
‘)::1(]/1 *]?)2
n A 2

where 7J; is the predicted output value from the neural network model, y; is the target value
obtained from PHAST, and y is the average of the target values, with n representing the
number of scenarios or the quantity of data.

3. Data Preprocessing and Discussion
3.1. Data Preprocessing

In the section regarding data preprocessing and discussion, the initial step involved
assessing and cleaning the data for quality. Subsequently, an in-depth exploration of the
data’s correlations was undertaken, employing the Pearson correlation coefficient analysis
to investigate the linear relationships between variables. Additionally, attention was drawn
to the presence of multicollinearity, and corresponding exploration and treatment were
carried out. The following will provide a detailed introduction of the specific data analysis
methods and results, along with a discussion and explanations of the findings.

3.1.1. Correlation Analysis

The correlation of data within a database is crucial to model training prediction ef-
fects; through the Person correlation coefficient [27] analysis for variables—as shown in
Formula (6)—we obtain a correlation matrix to eliminate highly correlated variables. As
shown in Figure 7, on the right side is a color bar for heat maps; r represents various corre-
lation coefficients. Generally, |r| > 0.8 indicates high correlation between two variables;
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0.5 < Irl <0.8 indicates medium correlation; 0.3 < Ir| <0.5 suggests low correlation; and
Irl <0.3 implies little to no correlation between two variables.

pxy = cov(X,Y)/oxoy (6)
. . 1.0
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Figure 7. Thermal map of correlation coefficients in fire aftermath area prediction models.

3.1.2. Multicollinearity

Selecting the right variables is essential to the model’s predictive effectiveness. We
determine the input variables for the model based on expert opinions, a search of the
literature, and software modeling parameters. Variance Inflation Factor (VIF) and Tolerance
(Tol) [28] are widely used indicators for assessing multicollinearity between independent
variables in a regression model. VIF represents the variance inflation factor, while Tol
represents tolerance.

The VIF value is a measure of the correlation between independent variables. In
general, a stronger correlation between independent variables indicates more severe multi-
collinearity. A VIF value below 10 is generally considered reasonable. Values exceeding
10 indicate strong correlation, necessitating variable screening or transformation. In Table 6,
all VIF values are below 10, which is acceptable. Tol represents tolerance and is defined as
1/VIE. Smaller Tol values indicate more severe multicollinearity. Severe multicollinearity
is typically indicated when Tol values are below 0.1. Specifically, for this dataset, the
minimum Tol value is 0.4827, indicating no multicollinearity.
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Table 6. VIF and Tol of variables.

NO Variable VIF Tol
1 Leakage_pore_size 1.00 0.97
2 Capacity 1.227 0.814
3 Wind_Velocity 1.00 0.97
4 Temperature 1.00 0.972
5 Material 1.227 0.814
6 Stability 2.0716 0.4827

3.2. Discussion

The PHAST simulation was used to construct a fire database containing over thirty
thousand records. This database includes 12,799 sets of jet fire data, 35,998 sets of early
pool fire data, and 39,991 sets of late pool fire data. In order to train and validate the model,
the training and validation sets were divided in a 7:3 ratio, and predictive analysis was
performed. The BP neural network was used for training, and the hyperparameters that
minimized prediction errors were selected. The structure of the BP neural network was
determined to have two hidden layers, with the first hidden layer comprising 24 neurons
and the second hidden layer containing 10 neurons. The learning rate was set to 0.01, the
number of iterations was set to 150, and the batch size was 32.

The analysis was conducted on the random forest regression prediction model. Based
on the training and debugging results of the model, it was found that the initial parameters
of the random forest model with the max depth set to 2 had a large error.

Therefore, in combination with five-fold cross-validation, parameter optimization
was carried out, and the K-R model was proposed. The evaluation results of the three
models, including MSE and R? values, are shown in Table 7. It can be observed that the BP
neural network model had a large prediction error for the fire dataset, but with a moderate
level of accuracy. The random forest model performed well in predicting jet fires and
early pool fires but had poor predictions for late pool fires. An analysis indicated that
the addition of data related to catastrophic ruptured fire consequence in the late pool fire
dataset led to the poor performance of the model. The optimized K-R model outperformed
the first two models in predicting jet fires and early pool fires, achieving a high accuracy of
0.99 and optimal predictive performance. The predictive performance of the K-R model for
late pool fires improved by approximately 12% compared to the first two algorithms, with
an accuracy of 0.99, proving its improved accuracy. This demonstrates that the optimized
K-R model has good predictive effects.

Table 7. MSE values and R? of three algorithms.

Jet Fire Early Pool Fire Late Pool Fire
Evaluation MSE R2_score MSE R2_score MSE R2_score
BP 0.008 0.945 0.004 0.986 0.017 0.968
RandomForest  0.010 0.945 0.010 0.954 0.084 0.888
K-R 0.0005 0.997 0.0004 0.997 0.0007 0.998

The bar chart shows the MSE and R? values of the predictions of the three algorithms
for the three types of fires. From Figure 8a, it can be seen that the BP neural network, after
model training, parameter tuning, and selecting the optimal network structure, outperforms
the random forest regression prediction model. However, compared to the K-R model,
the prediction results of the BP neural network are slightly inferior. In Figure 8b, the K-R
model’s prediction accuracy is at least 0.01 higher than that of the BP neural network,
demonstrating a more superior predictive performance.
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Figure 8. (a) Bar chart of R? values for fire prediction outcomes. (b) Bar chart of MSE values for fire
prediction outcomes.

We analyzed the predicted values and actual values of three models and plotted the
scatter and residual graphs. It is clear from Figure 9 that the data distribution of the K-R
model is more concentrated, with a smaller range of fluctuations along the Y = X line,
approximately between —0.05 and 0.05, demonstrating a better clustering effect; at the
same time, the residuals of this model are relatively small.
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Figure 9. (a) Scatter plot of predicted outcomes for jet fires. (b) Residual plot of predicted outcomes
for jet fires. (c) Scatter plot of predicted outcomes for early pool fires. (d) Residual plot of predicted
outcomes for early pool fires. (e) Scatter plot of predicted outcomes for late pool fires. (f) Residual
plot of predicted outcomes for late pool fires.
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The predicted results of fire consequences were analyzed, and scatter plots and residual
plots of the fire consequences were drawn. According to Figure 9a, the predicted values of
the three models are evenly distributed along the Y = X line, but it is clear that some points
of the BP and random forest models deviate from the Y = X line, indicating a significant
error between the predicted and actual values. Based on the residual plot in Figure 9b, the
regression effect of the K-R model is relatively better. A comparison of the scatter plots for
early pool fires, shown in Figure 9¢c, and late pool fires, shown in Figure 9d, reveals that,
compared to the scatter plot for jet fires, the three models for early pool fires, especially the
BP neural network, exhibit a significant error, with many data points distributed outside
the Y = X fitting line. In comparison to the three models, the K-R model demonstrates
relatively good performance, although there is still room for improvement. From the
scatter plots, the residual points of the BP neural network and random forest models
are approximately between —0.05 and 0.05, while the absolute error of the K-R model is
approximately between —0.02 and 0.02. The data points in the residual plot for late pool
fires are more chaotic, with the residual points of the BP neural network and random forest
models distributed between —0.03 and 0.03, and the residual points of the K-R model
distributed between —0.01 and 0.01. This is attributed to the performances of the first
two models.

4. Conclusions
4.1. Case Study

Based on the model database developed through the above analysis and research, a
mid-hole leakage incident in a 100,000 m® internal floating roof gasoline storage tank in a
large oil depot was analyzed. The outdoor temperature was 20 °C, the wind speed was
6.5m/s, and the atmospheric stability was D. Through a PHAST simulation, we derived the
thermal radiation intensity of an early pool fire, late pool fire, and jet fire from this oil tank,
as well as the corresponding graph (Figure 10) of thermal radiation intensity and downwind
distance. From Figure 10a, it can be seen that the downwind distance to 4 kW / m? for
an early pool fire is 35.9504 m; the downwind distance to 12.5 kW /m? is 28.2839 m; and
the downwind distance to 37.5 kW /m? is 17.8842 m. From Figure 10b, it can be observed
that the thermal radiation effect almost disappears at a downwind distance of about 46 m.
For a late pool fire, the downwind distance to reach a radiation intensity of 4 kW / m? is
found to be 71.9381 m, and the required downwind distance to reach an intensity level of
12.5 kW /m? is approximately 48.9713 m, while achieving an intensity level of 37.5 kW /m?
demands a downwind distance of around 40.7759 m, and thermal radiation intensity from
late pool fires ceases around at about 100 m downwind. The thermal radiation intensity
from jet fires gradually increases with increasing downwind distances—it starts declining
when the downwind distance reaches around 2 m, and the rate of decline slows at about the
5 m mark, whereas such thermal radiation effects disappear once the downwind distance
reaches approximately 9.2 m.
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Radiation vs Distance for Early Pool Fire
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Figure 10. Related charts for pool and jet fire cases. (a) Early pool fire thermal radiation intensity;
(b) Comparison chart of early pool fire thermal radiation intensity and downwind distance; (c) Late pool
fire thermal radiation intensity; (d) Comparison chart of late pool fire thermal radiation intensity and
downwind distance; (e) Comparison chart of jet fire thermal radiation distance and downwind distance.

The consequences of the tank leakage fire were predicted using the K-R model. The
logarithmic value of the consequences was obtained and converted to ascertain the down-
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wind distance of an early pool fire to a specified thermal radiation intensity, which equates
to 36.15 m; for a late pool fire, this distance extends to 69.98 m. The early pool fire prediction
error is 0.1996 m, and the late pool fire prediction error is 1.9581 m.

4.2. Conclusions

Incorporating case studies into the analysis offered practical insights into the model’s
applicability and effectiveness in real-world scenarios, reinforcing the conclusion that
machine learning algorithms, notably the K-R model, are essential tools for predicting fire
consequences in chemical storage tank areas. This progress signifies a new era in hazard
prediction, wherein technology-based solutions have the potential to enhance emergency
response planning through more informed decision making, thus potentially saving lives
and preventing property damage.
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Abstract: School buildings gather a large number of underage students, and the disastrous conse-
quences of fire in such buildings are very serious, which is one of the key concerns of society in fire
prevention and control. This study takes a “[” type kindergarten teaching building as the background
and constructs a BIM-FDS building fire simulation model to reveal the fire smoke dispersion law
under the coupling of the typical building structure and fire protection systems. The results show
that the stairwells on both sides of the “[” type building are the main channels for the diffusion of fire
smoke, and the asymmetry of the stairwell structure will cause apparent differences in the diffusion of
smoke. Using the natural smoke exhaust in the stairwells of low-rise buildings does not aggravate the
spread of smoke in the building and is conducive to smoke emissions. The high-pressure water mist
system is superior to the water spray system in fire extinguishing and controlling room temperature.
While it reduces smoke exhaust performance, it does not adversely affect personnel evacuation. This
study systematically reveals the law of diffusion of fire smoke from “[”-type teaching buildings,
which can support the design of similar building structures, ventilation, fire protection, and the
formulation of fire escape plans.

Keywords: fire; building information modeling; fire dynamics simulator; kindergarten; low-rise
building; high pressure water mist; natural smoke exhaust

1. Introduction

Building fire is one of the most common sudden social security incidents. According
to the U.S. Fire Administration report, fires caused 3515 deaths and 16,600 injuries in the
United States in 2019 [1]. In general, fires have the characteristics of suddenness, rapid
process development, and severe catastrophic consequences. The probability of successfully
escaping trapped people is affected by the response speed and evacuation efficiency of
themselves and rescuers. Children and students are one of the more vulnerable groups in
society. Their ability to make emergency judgments and active ability in a fire emergency is
severely lacking, significantly reducing their probability of successful escape. For example,
in 2001, a fire broke out at night in a kindergarten in Jiangxi, China, killing 13 children and
injuring one [2]. Therefore, for kindergartens and other places where children concentrate,
practical fire safety emergency plans should be made to improve the protection ability and
rescue efficiency for young children in disaster scenarios. A complete fire safety emergency
plan should follow the unique fire laws of each type of building to be practical and targeted.
Therefore, studying the fire law of specific buildings is of great significance.

The evolution process of building fires is affected by many factors, such as building
structure characteristics, building materials, and fire protection systems. When formulating
building fire emergency plans, copying other engineering data is impossible. It is necessary
to carry out particular relevant research to determine the potential fire evolution charac-
teristics of specific buildings to effectively improve disaster protection and mitigation. At
present, the research on the fire development process and smoke diffusion law mainly
adopts physical and numerical model experiments [3]. Physical model experiments con-
sume a lot of labor and material costs in operation, and environmental parameters such
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as temperature, wind speed, and air humidity cannot be accurately set. Therefore, numer-
ical simulation has become the primary way to study building fire characteristics. The
numerical model mainly includes the zone model, network model, and field model. The
field model describes the fire development process by calculating the change of these state
parameters with time [4]. As a classical field model simulation software, FDS is widely used
to study the smoke and heat transfer process in fire and the effect of the water spray system.
In recent years, the advantages of BIM technology in life cycle management and data
sharing have become increasingly prominent, and the combination of BIM and professional
emergency management software has become particularly important. Fire simulation can
be realized by relying on the simulation method in the “BIM+” framework, setting the
initial simulation information, using computer program algorithms, and displaying the
simulation process and results visually. For example, Schatz designed a serious game based
on BIM to explore human behavior in fire evacuation [5]. Wang proposed a dynamic fire
escape path planning method based on BIM [6]. In addition, BIM can correct deviations
between 3D and 2D drawings, visualize building surroundings and facility locations in 3D,
and improve differences when using traditional 2D fire management tools [7]. BIM not
only supports 3D visualization, but its models also contain architectural information such
as building materials and quantities. Fire trends are closely related to building materials,
and these parameters are critical for simulation [8].

Building fire is a fire in an indoor space with unique evolution characteristics due to
its structural characteristics. The horizontal and vertical structures inside the building have
various forms, which form a unique indoor space, thus affecting the evolution of fire and
the law of smoke diffusion. For example, the rectangular configuration contributes better
to smoke ventilation design than the square and triangular configurations [9]. Kerber’s
physical experiments concluded that smoke takes less time to fill buildings with smaller
aspect ratios (R/H) [10]. The smoke will accumulate at the closed end of the L-shaped and
annular corridors and the corner of the corridor, forming an escape danger area, while
the T-shaped corridor will not form a similar area [11]. The stack effect in shafts such as
elevator shafts and stairwells can accelerate smoke propagation in tall buildings [12]. The
concave building structure can increase the longitudinal propagation of fire and smoke,
increasing the level of danger on the upper floors of the building [13].

The design of building fire protection systems is an essential part of fire emergency
management. Water-based fire extinguishing systems are widely used as a relatively
mature fire extinguishing technology in several locations, such as urban tunnels [14,15],
warehouses [16], subways [17,18], and nuclear power plants [19]. According to the different
particle sizes of sprayed water droplets, water-based fire extinguishing systems can be
divided into water sprinkler systems (WSS) and fine water mist fire extinguishing systems
(WMS) [20]. The traditional WSS mainly achieves the fire extinguishing effect by directly
spraying and cooling the fire source. Water mist also has the same cooling effect, but its
sprayed droplets are smaller in diameter, resulting in faster heat absorption and evaporation
and a better cooling effect [21]. At the same time, the water mist will be suspended in the
form of dense droplet particles around the ignition point, blocking the heat transfer from
the fire source to the surrounding material [22]. The water vapor formed by evaporating
droplets will also create a barrier around the ignition point, isolating oxygen from it [20,23].

WMS is an emerging fire extinguishing technology using water as the medium. It has
the advantages of fast extinguishing speed and small water consumption and is widely
used in several scenarios [24,25]. Jiang’s study on the application of HPWMS in subway
fires concluded that HPWMS could effectively suppress fire development and has better
suppression of ambient temperature and CO concentration[18]. Liu studied the application
of WMS and WSS in an indoor ventilation environment and concluded that the WMS has a
shorter action time and better cooling effect, effectively reducing the risk of backfire [26].
Liu demonstrated the ability of fine water mist to bypass obstacles in complex indoor
environments through half-size experiments [27]. Wang concluded that water mist curtains
applied in narrow passages effectively hindered the early spread of smoke, and the CO
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concentration and smoke particles in the protected area were reduced to a large extent [28].
Ku studied the application of HPWMS in transformer fires to provide theoretical and
technical references for the safe and stable operation of transformers [29]. The WMS nozzle
parameters are critical for effective fire suppression in different application scenarios. Lee
studied the application of WMS in a nuclear power plant electrical room and derived a
power function relationship between the nozzle and fire source horizontal distance on
fire suppression time [30]. Gui discussed the effect of nozzle characteristics parameters
such as atomization cone angle, spray velocity, droplet size, and spray flow rate on fire
suppression effectiveness in a naturally ventilated room [31]. Ku discussed the effect of
different droplet velocities and nozzle flow rates on fire extension [29]. In addition to the
aforementioned building fires, WMS still provides excellent fire suppression in restricted
spaces with little water volume, such as vehicle and aircraft fires [32]. There are even a
large number of applications in particular scenarios, such as oil and gas explosions [33],
lithium battery fires [34], suppression of natural gas leaks [35], and jet fires caused by gas
leaks [36]. However, WMS are currently less applied in densely populated public buildings
such as school buildings, shopping malls, and office buildings, and targeted research on
such buildings is necessary.

Although the cooling and extinguishing performance of the WMS are good, it cannot
reduce the amount of smoke diffused in the room. The building smoke exhaust system
can effectively reduce the smoke concentration. Common smoke extraction systems in-
clude mechanical and natural smoke extraction systems. Natural smoke exhaust is an
unorganized natural smoke exhaust through building exterior windows or smoke exhaust
windows without consuming mechanical power. It is the preferred smoke exhaust method
for multi-story civil buildings. In multi-story buildings, vertical shaft structures such
as stairwells and elevator shafts are the main stairwells for smoke diffusion. Using the
natural smoke exhaust in stairwells can quickly discharge smoke and is conducive to
smoke control. For example, Chen concluded in the smoke exhaust experiment of an office
building that the maximum total smoke exhaust of stairwell windows is 7852 m?, and the
smoke exhaust capacity of the first-floor window is the largest at 2800 m? [37]. Through
small-scale experiments, Ahn found that when all the stairwell windows were open, the
time of smoke rising was prolonged [38]. However, using natural smoke exhaust in the
stairwell will form a stack effect, increasing the risk of the upper building. For example, Su
conducted a fire experiment on a residential building in Taiwan and concluded that the
chimney effect could cause smoke to spread to the top floor of the building within 180 s [39].
In a 10-story residential building simulation, Philip showed that opening the fire doors
reduced residents’ available safe egress time (ASET) by 36% [40]. In addition, the effect
of natural smoke exhaust often depends on the temperature difference between indoors
and outdoors, the height difference between exhaust and air inlet, outdoor wind, and other
factors. Therefore, whether the natural smoke exhaust method is used in the stairwell must
be determined by the smoke diffusion simulation of a specific building.

Fire extinguishing and smoke exhaust are essential in building fire emergency manage-
ment. It is challenging to simultaneously achieve fire extinguishing and smoke exhaust by
relying solely on a single fire protection system. Multiple fire protection systems often need
to be installed in buildings to work together. However, some studies have shown that the
water mist system will reduce the smoke diffusion rate, destroy the stability of the smoke
layer, and reduce the efficiency of the smoke exhaust system. Sun also found that the water
mist system can effectively prevent the spread of smoke in the tunnel but does not work
under mechanical ventilation [41]. The open doors and windows will increase the oxygen
content of the fire and increase the fire. However, Zhou concluded that a lower mechanical
exhaust rate (0.381 m3/s)-assisted water mist system could shorten the fire extinguishing
time [42]. Lee proposed that setting the activation temperature of the spray system below
85 °C can eliminate the activation time delay caused by the smoke exhaust system [43].
However, these studies mainly focus on the coupling effect of two fire protection systems

28



Fire 2023, 6, 203

in the same room. There are few studies on the influence of the spray system on the smoke
exhaust system in the main evacuation path.

From the above, it can be seen that the building structure greatly influences the
smoke diffusion law, and the research on the application of WMS is mostly focused on
special-purpose buildings such as warehouses, subways, nuclear power plants, urban
tunnels, etc. However, the research on applying WMS in low-rise buildings with complex
internal structures, such as shopping malls and school buildings, is less. In addition,
whether the use of natural smoke exhausts in the stairwell of low-rise buildings will
aggravate the spread of smoke in the building or is beneficial to smoke emission requires
the study of smoke diffusion in the building. Therefore, this study takes the actual single
building of a kindergarten as the research object supported by BIM technology and uses
the numerical simulation method to study the internal temperature and smoke diffusion
law of the building under the joint action of the building structure, smoke exhaust system
and spray system, and explores the smoke law in the stairwell of low-rise buildings, the
fire suppression and smoke extraction performance of the fire protection systems, and the
influence of the spray system on the smoke exhaust system in the main evacuation path. It
strongly supports the fire protection system design, fire emergency plan, and emergency
rescue of the kindergarten and similar building structures.

2. Research Methodology
2.1. Methods of FDS

The FDS (Fire Dynamics Simulator) is a fluid dynamics software developed by the
National Institute of Standards and Technology for analyzing and simulating fire flames
and smoke. The FDS uses large eddy simulation (LES) to show the flame propagation
process and smoke diffusion path in fire scenarios. Since the FDS is open-access, it is widely
used in fire research.

Pyrosim was developed based on the FDS, which provides a graphical user interface
(GUI) for dynamic fire simulation. Based on computational fluid dynamics, the software
can predict the movement, concentration, and temperature changes of toxic gases such as
smoke and CO in the fire. Among many fire simulation software, Pyrosim is widely used
in fire simulation because of its fast model establishment, convenient parameter setting,
and location determination. Therefore, this paper chooses the Pyrosim software to simulate
the fire of the model.

2.2. BIM-Based Simulation Framework

The accuracy of parameters such as building geometry, building material information,
and fire source information is crucial to the numerical study of building fires. BIM integrates
various information about the whole life cycle of the building and allows the numerical
model to approximate the physical model as closely as possible. This study uses BIM as
an information integration and visualization platform to establish a BIM-FDS-based fire
simulation framework for building fire risk management. The overall framework is shown
in Figure 1. The first step of the framework is to build the building model through the
Autodesk Revit software and then import the building material information into the model
to ensure the accuracy of the graphical and non-graphical information of the building
model. In addition to the building model, fire origin information and detection equipment
are equally important. Therefore, the second step is to import the Revit model into Pyrosim
in DXF format and set the calculated fire parameters, grid parameters, and detection
equipment in Pyrosim. Finally, the corresponding building’s fire simulation results and
detecting points data are obtained.
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Figure 1. BIM-FDS integration framework.

3. Case Study
3.1. Fire Model Setting

This article takes a large kindergarten in Zhejiang Province, as an example. The
kindergarten is “[” shaped, covers an area of 1466 m?, with a building area of 3363 m?,
including three floors above ground and one underground floor, and the floor height is 4
m. The whole building can accommodate 240 students and 70 staff members. The first and
second floors are mainly for teaching and activity areas, and the third is for the staff office
area. The layout of the ground floor plan is shown in Figure 2.
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Figure 2. First floor layout plan.

3.1.1. Design of the Fire Scene

The lobby is an important public space in kindergartens. It is often used as an indoor
playground or festival site, where many decorative materials are often laid out, posing a
greater fire hazard. Therefore, this article assumes that the fire event is a Christmas tree
made of PVC in the hall that catches fire due to a short circuit in the decorative lamp wire.
It was during teaching hours at the time of the fire, and the door to the hall was closed. The
development of early fires can be described using the 2 model, the formula for which is as
follows [44].

Qs =af? @
where Q i is the heat release rate of fire, « is the fire growth coefficient, and ¢ is the burn-
ing time.

In this paper, the fire source is set to fast fire with the power of 4 MW, and the growth
coefficient is & = 0.047. Table 1 describes the main parameters of the model and sets the
other parameters to the system defaults.
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Table 1. Details of environment parameters.

Settings Parameters
HRRPUA (kW/m?) 4000
Burner size Imx1m
Soot yield (kg/kg) 0.07 [45]
COyyield (kg/kg) 0.04 [45]
EPUMO2 (k] /kg) 13,100
Initial temperature (°C) 20
Initial pressure (Pa) 101,300
Humidity (%) 40
Simulation time (s) 500
Initial visibility (m) 30

3.1.2. Grid Resolution Analysis

The mesh size has a significant impact on the accuracy of numerical simulation results.
The more precise the meshing in the fire model, the more accurate are the numerical
simulation results, but it will lead to longer calculation time. The mesh size needs to be
determined according to the characteristic diameter of the fire source (D*) as follows [46]:

Q 2/5
P= (PmCPTw\/é?) @

where D* is a characteristic fire diameter, m; Q is the heat release rate of the fire, KW; po, is
the ambient air density, generally 1.204 kg/m?3; cp is the specific heat capacity of ambient
air, generally 1.005 k] / (kg-K); Teo is the ambient air temperature, generally 293 K, g is the
acceleration of gravity, generally 9.8 m/s.

This paper’s fire source power is 4 MW, and the calculated D* is 1.67 m. The 0.06D*-0.25D*
recommended by the National Institute of Standards and Technology is used to obtain a
reliable calculation grid size range of 0.100-0.418 m. In this interval, the grid sizes of 0.1 m,
0.2 m, 0.3 m, and 0.4 m were selected for fire temperature simulation and comparative
analysis. To save time, the simulation time was set to 300 s, and the results are shown in
Figure 3. It can conclude that the temperature variation curve of the grid size of 0.4 m is
different from the others, while the temperature deviation caused by the grid size of 0.3 m
and 0.1 m is only 3%. Therefore, in the case of similar accuracy, to minimize the simulation
time, this case selected the mesh size of 0.3 m x 0.3 m x 0.3 m.
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Figure 3. Comparison of temperature above the fire source among the four grid systems.
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3.1.3. Configuring the Detecting Point

Most of the casualties during the fire are caused by smoke. The CO concentration,
temperature, and visibility in the air are the key factors affecting the evacuation of the af-
fected people. In order to obtain the diffusion path information of these three factors inside
the building, 14 detecting points are set in this paper, and CO concentration, temperature,
and visibility sensors are set at each detecting point. The National Health Commission of
China has pointed out that the average height of Chinese adult men and women is 169.7 cm
and 158.0 cm, respectively. Therefore, detecting points are set at the height of 1.7 m to
better reflect the impact of smoke on the affected personnel. The elevation position of each
detecting point is shown in Figure 4, and the plane position is shown in Figure 2.

= %’

T pt T 1) il
I S | AL
e

(o i e O S g
Wl Nl 5 Y
| RID o |‘|‘ R12)e|| [ ¥ eRKA)
N e Y S R
i — 2
T —B E— L { il JJL

Figure 4. Distribution of detecting points.

3.2. Scenarios of Simulation

In this paper, HPWMS and WSS are used as the water-based fire extinguishing systems
of the building, and assuming that only the sprinklers in the hall are triggered, other
building locations are not reached. According to the relevant provisions of the architectural
design of fire protection norms, the hall of the spray system layout is shown in Figure 2.
The WSS parameters refer to the fire design drawings of the case model, and the HPWMS
parameters are assumed based on the existing research in the review. The two parameters
are shown in Table 2. Moreover, the activation time of the system is assumed to be the 50 s
when the fire occurs.

Table 2. Spray system setting parameters.

Parameter HPWMS WSS
Operating pressure (MPa) 10 0.13
K-Factor 1.2 80
Jet velocity (m/s) 15 5
Median volumetric diameter (pm) 100 1000
Distribution Constant Constant
Spray cone angle 60° 60°

There are two different forms of window design in stairwells, fixed windows for
lighting only and sliding windows for lighting and exhausting. In this paper, the above two
kinds of windows are set in the stairwells on both sides of the case to study the influence of
natural smoke exhaust on the smoke diffusion of such typical buildings.

HPWMS, WSS, sliding window, and fixed window are combined into four working
conditions, as shown in Table 3. The influence of different water-based fire extinguishing
systems and natural smoke exhaust system on fire and smoke will be obtained by comparing
the detecting data of the four scenarios.
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Table 3. Operating conditions.

Working Conditions Sprinkler System Window Type
Test 1 WSS Fixed window
Test 2 WSS Sliding window
Test 3 HPWMS Fixed window
Test 4 HPWMS Sliding window

4. Results and Analysis
4.1. Smoke Diffusion Law

The building structure will affect fire smoke during the diffusion process to form a
unique smoke diffusion law. Figure 5 shows the smoke diffusion law of Test 1 within
500 s. In a short period after the fire, the fire layer and the top floor are the first to be
affected by the smoke, followed by the middle floor. The two side stairwells are the main
path of smoke spread, and the amount of smoke in the R stairwell is more than in the L
stairwell. The same diffusion law was observed in the simulation results of the other three
working conditions.

t =50s, the atrium is
already filled with smoke

t=100s, the first floor is
already filled with smoke

t =200s, the flue gas has
filled the stairwell and
preferentially diffuses to
the third floor due to the

thermal buoyancy

t=300s, third floor is filled
with smoke

t =500s, the simulation ends,
and the whole building is
filled with smoke

Figure 5. Smoke diffusion process (Test 1).

During the fire evacuation process, the maximum ambient temperature and CO
concentration that the human body can withstand are 60 °C and 500 ppm, respectively, and
the visibility should not be less than 10 m [47,48], exceeding which will pose a threat to the
escape of affected persons. The time for one of the indicators to reach the critical value is
the available safety egress time (ASET) under that indicator. The ASET corresponding to
the air environment indicators at each detecting point was obtained statistically, as shown
in Table 4. It can be seen that the difference in the ASET among the three indexes increases
with the increase in smoke diffusion distance. Among them, the change in visibility is
the fastest and most widely affected by smoke, which is the first factor threatening the
escape of disaster victims. The CO concentration is second, and the temperature change is
the slowest.
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Table 4. ASET Statistics Details (Test 1).

Site

Detecting Point Available Safety Egress Time (s)

CO Concentration Temperature Smoke Visibility

R1(1) 101 101 72

Firet £l L1(1) 93 97 76
irst floor R1(2) 104 110 88
L1(2) NO* NO 124

R1(3) 134 168 100

L1(3) NO NO 124

Stairwell R2(2) 180 334 122
tairwe L2(2) NO NO 126
R3(2) 169 330 124

L3(2) NO NO 132

Second fl R2(1) NO NO 299
econd toor L2(1) NO NO 392
_ R3(1) NO NO 188
Third floor L3(1) 398 NO 250

* NO—indicates that the critical value is not reached during the simulation period.

According to the data of the detecting points in the stairwells, the three data of each
detecting point of the L stairwell are smaller than those of the R stairwell. The reason can
be attributed to two points. First, two staircases in the building are located at the ends of
each side of the stairwell. In case of a fire, smoke accumulates at the end of the stairwell,
forming a hazardous area [11]. Second, the exits on both sides of the first-floor stairwell are
set differently, as shown in Figure 2, using a red wireframe marker area. A wall is set at the
right end of the stairwell exit to separate the interior from the exterior, which reduces the
smoke extraction area and prevents the smoke from spreading outside in time, resulting
in a large influx into the R stairwell. Therefore, when formulating fire emergency plans,
teachers and students should try to avoid evacuation from the R stairwell.

4.2. Effect of HPWMS on Smoke Diffusion

This section selects the CO concentration and ambient temperature of Test 1 and Test 3
for quantitative comparative analysis.

4.2.1. Temperature

Figure 6 depicts the temperature change with time at 1 m above the fire source for
Test 1 and Test 3 simulation conditions. It can be seen that the fire source has gone through
three stages: 1. rapid growth stage; 2. attenuation stage; and 3. stabilization phase.

In the first stage, the temperature above the fire source continues to rise due to the
intense combustion of combustibles. The sprinkler systems were activated after 50 s,
but as the fire source was burning violently at this time, neither sprinkler system could
immediately reduce the temperature around the fire source; hence, the temperature above
the fire source continued to rise. The temperature curve of the two conditions at this stage
tend to be consistent. In the second stage, the temperature above the fire source decreases
due to the influence of the spray system. Under the action of HPWMS, the temperature in
Test 3 decreased sharply at 82 s, and decreased to 68 °C at 132 s, and then entered the next
stage. However, it is worth noting that the temperature curve shows obvious oscillation
in the stage of 114 s-132 s. This is due to the decrease in fire temperature, resulting the
decrease of evaporated droplets, which leads to a worse cooling and oxygen insulation
effect. The temperature rises briefly and then decreases again, but the overall trend is
downward. Under WSS, the temperature decreases slowly and enters the next stage after
decreasing to 160 °C at 304 s. In comparison, HPWMS reduces the fire extinguishing time
by 76.6%. In the third stage, the temperature above the fire source in both conditions
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fluctuates in a small range. The difference is that the temperature in Test 1 is stable at about
170 °C, while Test 3 is stable at about 75 °C.
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Figure 6. Temperature change at 1 m above the fire source during Test 1 and Test 3.

HPWMS shows a better effect than WSS in fire extinguishing; the cooling effect of
HPWMS is also better for the ambient temperature of the first floor. Figure 7 shows the
temperature distribution for the first floor at 400 s for the two working conditions. It can be
seen that the temperature difference between the two conditions in the hall is enormous.
Most of the Test 1 hall is about 100 °C higher than the Test 3 hall, and the temperature in
the stairwell is also higher.

Temperature ('C)

Temperature (C)
20

40 60 80 100 120 140 160 150 200 220 20 406080 100 120 140 160 180 200 220

Test 1 Test 3

Figure 7. First floor temperature distribution during Test 1 and Test 3 at 400 s.

In summary, HPWMS has more advantages than WSS in extinguishing fire sources
and controlling ambient temperature.

4.2.2. CO Concentration

As shown in Table 4, the CO concentrations at R1(2), R1(3), R2(2), and R3(2) exceeded
the critical value during the simulation period. The CO concentration curves corresponding
to these four detecting points are shown in Figure 8. It can be seen that the CO concentration
is lower under the action of HPWMS, and the difference between the two conditions is the
largest at R1(2). However, with the increase in smoke diffusion distance, the difference
gradually decreases, but this inhibitory effect gradually decreases with the increase in
smoke diffusion distance. This shows that HPWMS has a significant inhibitory effect on
CO concentration, but this inhibitory effect gradually decreases with the increase in smoke
diffusion distance, which indicates the limitation of the action range.
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Figure 8. Variation in CO concentration during Test 1 and Test 3 at the following detecting points:
R1(2), R1(3), R3(2) and R2(2).

It can also be seen from the change curve of CO concentration in Figure 8 that the CO
concentration curve of Test 3 has a slower growth trend, which is due to the better cooling
effect of HPWMS on the smoke, weakening the thermodynamic force of the smoke and
slowing down the smoke diffusion rate. As shown in the CO concentration observed in
Figure 9 (Test 1), the smoke has obvious stratification. Therefore, in the process of smoke
diffusion into the stairwell, a small amount of smoke enters first, and when the smoke
layer falls below the height of the door frame, a large amount of smoke enters the stairwell.
Therefore, the CO concentration change curve shows a stepwise growth. However, the
stability of the smoke layer in Test 3 is destroyed by HPWMS, as shown in Figure 9 (Test 3),
which is consistent with the conclusions of Blanchard [49] and Morlon [50]. Therefore, the
CO concentration curve will continue to rise and then tends to be stable.

Figure 9. CO concentration distribution in the corridor during Test 1 and Test 3 at 200 s.

4.3. Influence of Natural Smoke Exhaust Systems on Smoke Diffusion

When sliding windows are used in stairwells, the stack effect has an important impact
on the smoke diffusion. Therefore, the determination of the pressure neutral surface in the
stack effect is crucial for studying the smoke diffusion law. The formula is as follows [51].

H, 1

H 1+ (Ts/To)(Ay/ Ag)? ©

where Hj, is the vertical distance from the neutral surface to the lower edge of the shaft,
H is the height of the lateral opening of the shaft, Ts is the absolute temperature inside
the shaft, Tp is the absolute temperature outside the shaft, and A;, A, are the areas of the
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upper and lower windows, respectively, and since this model uses uniform windows, the
ratio is taken as 1.

The calculated height of the pressure-neutral surface of the model is 9.24 m, located
at the bottom of the third floor. Therefore, in theory, the natural smoke exhaust system of
the stairwell can reduce the impact of smoke on the second floor of the building. In the
numerical simulation of this paper, the smoke distribution in the building under Test 1 and
Test 2 also confirms this conclusion. As shown in Figure 10, under the condition of natural
smoke exhaust in the stairwell, the smoke volume on the second floor of the building is
significantly reduced, and most of the area is in a blank state without smoke. Based on the
visibility curve shown in Figure 11, it can be concluded that the visibility during Test 2 in
the second-floor corridor fluctuates within the safe range, in contrast to that observed in
Test 1, and the visibility during Test 2 on the third floor decreased to the critical value later.
From the above analysis, it can be concluded that using the natural smoke exhaust in the
stairwell can significantly reduce the hazard of smoke to the middle floor and does not
increase the amount of smoke on the top floor due to the stack effect.

hﬁiTestrZi

Figure 10. Comparison of smoke diffusion during Test 1 and Test 2 at 500 s.
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Figure 11. Visibility changes during Test 1 and Test 2 at the following detecting points: L2(1) and L3(1).
4.3.1. CO Concentration

The CO concentration data in the R stairwell are shown in Table 5. It can be seen
that the CO concentration at each detecting point is reduced by more than 35% when
the normally open sliding window is used in the stairwell. When only considering the
influence of CO on evacuation, the ASET in the R stairwell increased significantly under
the condition of the windows opening. The difference in ASET for the R3(2) is small due
to the rapid diffusion of the smoke in the stairwell. In the fire, priority should be given to
evacuating the affected people on the top floor. Therefore, from the above analysis, it can
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be concluded that the natural smoke exhaust in the stairwell has a good effect on reducing
the CO concentration in the air and ensuring the evacuation safety of the affected people.

Table 5. Comparison of ASET under the effect of CO (Test 1, Test 2).

Average CO

Point Test Concentration (ppm) Degree of Reduction ASET (s) Difference Value (s)
1 613.03 o 180

R2(2) 5 358.02 41.60% 301 121
1 984.52 ) 169

R3(2) 5 636.98 35.30% 203 34
1 148.92 NO *

R3(1) 5 80.68 45.82% NO NO

* NO—indicates that the critical condition is not reached during the simulation period.

4.3.2. Temperature

The average temperature data calculated in detecting points in the corridors on the
second and third floors during Test 1 and Test 2 have been collected in Table 6. Combined
with the data of the corresponding detecting points in Tables 4 and 6, it can be seen that the
ambient temperature of the top and middle floors of the building were less affected during
the fire. In addition, the temperature difference between the two working conditions at each
detecting point is small, which indicates that the natural smoke exhaust in the stairwell
has a negligible effect on the temperature of the floor above the fire. Ahn explained this
phenomenon in his research. He proved that opening a single window has little effect on
the temperature of the stairwell. When the number of open windows exceeds five, the
temperature of the stairwell will be significantly reduced [38].

Table 6. Average temperature of detecting points (Test 1, Test 2).

Detecting Point Test 1 Test 2 Difference
R2(1) 30.56 °C 29.99 °C 0.57°C
L2(1) 30.19 °C 30.05 °C 0.14°C
R3(1) 35.22°C 3227 °C 2.96 °C
L3(1) 33.14°C 31.22°C 1.92°C

4.4. Linkage Effect of the Fire Control System

HPWMS and natural smoke exhaust systems are active and passive fire-fighting
facilities, respectively, which play different roles in different areas of the building and in
different stages of the fire. The interaction between the two systems cannot be ignored. In
the analysis of Section 4.2.1, HPWMS has a good cooling effect on the ambient temperature,
as well as the ambient smoke. The temperature difference between smoke and air is
the main driving force for smoke, while HPWMS will reduce the temperature difference
between smoke and air, destabilizing the smoke layer and reducing the diffusion speed.
Therefore, the efficiency of natural smoke exhaust will be reduced. As shown in the change
in CO concentration on the third floor in Figure 12, the CO concentration of Test 3 and 4
(using HPWMS) was less than that of Test 2 before 300 s, but the CO concentration of
Test 3 and 4 was higher than that of Test 2 after 300 s. At the end of the simulation, the
concentration between Tests 3 and 4 with two different windows is similar. This shows
that HPWMS has an inhibitory effect on the natural smoke exhaust. However, in the latter
simulation stage, the CO concentration value in Test 4 is not significantly larger than that
in Test 2, which indicates that the effect of HPWMS on natural smoke exhaust does not
significantly increase the amount of smoke on the top floor in a low-rise building, such as
the one evaluated in this study paper.
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Figure 12. Variation of R3(2) CO concentration during Test 1, Test 2, Test 3, and Test 4.

Stairwells are the only way for the victims to escape, so the ASET in the stairwell is an
important parameter to measure the disaster relief capacity of the fire system. Under the
comprehensive consideration of CO concentration, temperature, and visibility conditions,
the ASET in the R and L stairwells is shown in Figure 13. It can be seen that when the
two systems are applied simultaneously, the ASET at each detecting point is increased
by 50-77 s. Under this condition, the ASET at each point in Test 4 is higher than that in
other conditions. HPWMS reduces the smoke temperature and slows down the diffusion
rate, and has the best effect in increasing the ASET of the victims. The inhibiting effect of
HPWMS on the natural smoke exhaust does not endanger the evacuation. In addition, the
ASET of the L stairwell on the same floor is higher than that of the R stairwell, so the L
stairwell should be the first choice when formulating the emergency plan.
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Figure 13. ASET comparison of each detecting point in the stairwell.

5. Conclusions

This study established a BIM-FDS fire simulation model based on the “[”-type kinder-
garten building. Based on the results and analysis, the following conclusions are formulated:

1. This study verified the practical value of the BIM technology in emergency evacuation
management for public buildings. A public building emergency evacuation manage-
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References

ment model based on the BIM-FDS is established by combining accurate BIM building
information data with a professional fire simulation program. The accurate smoke
information and smoke diffusion law at each key node in the building evacuation
path are obtained, which provides a basis for emergency management and better
guides the emergency management that is difficult to predict and control.

2. This study obtained the unique smoke diffusion law in “]” buildings. In the
building, the fire smoke diffuses through the penetrating corridor to the stairwells on
both sides and through the stairwells to the whole building. In the diffusion process,
the fire source and the top layer are the most vulnerable to smoke, followed by the
middle floor. In the case studied in this paper, the asymmetric building structure at
both ends of the corridor causes different smoke exhaust areas on both sides, resulting
in a large difference in the amount of smoke diffused upward, reflecting the important
influence of building structure on the smoke diffusion law and the accurate guarantee
of fine BIM models for fire simulation.

3. This study demonstrates the excellent performance of HPWMS in extinguishing
fire and inhibiting smoke diffusion and stairwells’ natural smoke exhaust ability.
Comparing Tests 1 and 3 shows that HPWMS shortens the fire extinguishing time by
76.6%, reduces the smoke temperature and diffusion velocity, and reduces the average
concentration of CO in the R stairwell by more than 60%. In low-rise buildings, using
the natural smoke exhaust in the stairwell can timely discharge the smoke, reduce
the threat of smoke to other floors, and will not increase the hazard of smoke to
other floors.

4. This study demonstrates the negative effect of HPWMS on natural smoke exhaust and
obtains the influence of this effect on smoke diffusion in buildings. HPWMS reduces
the diffusion velocity and destabilizes the smoke layer, weakening the performance
of natural smoke exhaust. However, in this case, the building floor is lower, and the
difference between the natural smoke exhaust efficiency of Tests 2 and 4 is not obvious.
Moreover, the ASET value at each staircase of Test 4 is the largest, which indicates that
the combined effect of HPWMS and natural smoke exhaust can be more beneficial for
fire evacuation.

u] ”

In this study, the interior’s fire load and furniture decoration aspects were simplified,
and the influence of fire spread on the fire outcome was not considered. In addition, this
paper does not carry out escape simulation for special groups such as young children and
needs to be discussed in depth in the later stage.
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Abstract: Dropping fire retardants by helicopter can effectively reduce the intensity of wildfires.
This study proposes a test plan for spraying different fire retardants from a helicopter bucket fire
extinguisher. In this study, pure water, 10% Class AB flame retardant, 0.3% gel flame retardant, 10%
Class A flame retardant, and 10% Class A flame retardant + 0.6% guar gum were each added to
the bucket fire extinguishing device and sprayed on 4-layer, 6-layer, and 12-layer wood cribs. The
radiation intensity, mass loss, and temperature were used as indicators to compare the burning
intensity of the fire field and the difference in fire field combustion intensity after the wood cribs
were ignited 1 h after natural air drying. The results showed that flame retardancy could be ranked
from high to low as follows: 10% Class A flame retardant + 0.6% guar gum > gel flame retardant >
10% Class A flame retardant > Class AB flame retardant > pure water. During the long-term high
temperature and drought period in Hunan Province, China, from August to September 2022, a field
application showed that dropping fire retardants by helicopter effectively reduced the intensity of
wildfires and avoided transmission line trips due to the wildfire, which reduced the number of
ground personnel required when fighting large-scale forest fires.

Keywords: wildfire near transmission line; helicopter; flame retardant

1. Introduction

The frequency and intensity of global extreme disasters have increased [1,2]. Fur-
thermore, the high incidence of forest fires poses a major threat to the natural resources
provided by forests and grasslands and to human health. Wildfire disasters have also
caused major damage to public facilities, such as power grids and communications [3-6].
For example, in California and other regions where large-scale wildfires occurred every
year from 2017 to 2020, the high temperature and smoke from wildfire disasters near
transmission lines led to a decline in the insulation performance of air gaps, which caused
a large number of transmission lines to trip, resulting in large-scale power outages. On
average, there are more than 70,000 wildfires in China every year and they have been
one of the major causes of power transmission failure over the past 10 years. In 2013, the
1000 kV Changnan Line tripped several times due to wildfires and the power outage lasted
60 h in total. In August 2013, extreme dry weather caused 10 wildfire trips in the Hunan
Power Grid area over 13 days from 5 August to 17 August [7]. In August 2022, countries
across the globe experienced extreme drought with surging electricity loads. The wildfire
in Banan District, Chonggqing, China, caused the 500 kV Luonan Line 1 and Line 2 of the
outgoing line from Banan Power Plant to trip and shut down for 40 h, which affected power
grid operations. The United States, China, and other countries have carried out research
on prevention and control technologies, such as prediction, monitoring, and extinguishing
wildfires near power transmission lines [8-12]. Kal’avsky, Peter, et al. [8] investigated the
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effect of water mist on the development of a long-gap discharge and provided guidance
for the safe application of water mists to extinguish wildfires near high-voltage transmis-
sion lines, and Trakas proposed stochastic mixed integer programming with quadratic
constraints to increase the resiliency of a distribution system threatened by wildfire [11].
Firefighting is the most effective way to prevent transmission lines from tripping due to
wildfires. However, fires around transmission lines can be difficult to control due to high
mountains, precipitous paths, and extremely high emergency time limits. It takes a long
time to extinguish the fire using ground fire trucks and backpack firefighting equipment,
which means that the fire spread can become larger. Helicopters are important items of
equipment that can be used to extinguish forest fires because they can overcome terrain
restrictions. In addition, firefighters have no direct contact with the fire scene and are less
exposed to danger. There are three advantages to using helicopters and fire retardants
to extinguish wildfires near transmission lines: (1) During large-scale wildfires, the fire
safety risk to ground personnel is relatively high. On 30 March 2019 and 2020, wildfires
occurred in Liangshan and Sichuan, China, resulting in the deaths of 30 firefighters and
19 firefighters, respectively. Dropping fire retardant water agents by helicopter can reduce
the intensity of wildfires, which is conducive to ground fire safety and improves the safety
of ground firefighters. (2) The number of helicopters available for firefighting is limited
when dozens of wildfire disasters occur near the transmission line, which means that it is
impossible to quickly put out on-site wildfires in a short period of time. Spraying flame
retardants onto the combustibles between the fire site and the line can form an isolation
zone to prevent the wildfire from spreading to the transmission line and reduce the risk of
large-scale power outages caused by the simultaneous or sequential shutdown of multiple
lines due to wildfires. (3) Existing studies have shown that the main factors causing line
tripping by wildfires are the high temperature of the flame, flame ionization, and distortion
to the electric field caused by the smoke and dust, which are likely to cause streamer
discharge [13,14]. Spraying flame retardants on the surface of combustibles in corridors
along both sides of the transmission lines can reduce the intensity of wildfires, reduce
ionization, and further reduce tripping by wildfires. Therefore, it is important to study
helicopter spraying of flame retardants to reduce the intensity of wildfires.

Helicopters and retardants could be used to pretreat areas at high risk of fire ignitions
to make them fire resistant [15,16]. There have been many international studies on the
formulation of flame-retardant water agents, their flame-retardant mechanism [17-20],
and their impact on the environment [21-23]. However, few studies have quantitatively
analyzed and evaluated the flame retardant effect on forest fires. Some previous studies
on the subject include the following: Ref. [24] measured the solid density and the gas
temperature to determine the effect of the chemical agent Phos-Chek, a commercial flame
retardant widely used by firefighters in North America, on pyrolysis and flame-spread on
untreated wood samples and wood samples treated with Phos-Chek; Ref. [25] describes
the application scenarios for long-term retardants, fire suppressant foam, wet water, and
water enhancer (gel); and Ref. [15] describes the effect of a sprayable, environmentally
benign, viscoelastic fluid comprising biopolymers and colloidal silica that was sprayed
using a backpack onto a layer of grass taped to a wood slab. The nozzle was placed ~30 cm
away from the grass and sprayed in bursts. Temperature and normalized area burned over
time were used to demonstrate the amount needed to prevent the spread of fire. However,
the existing literature does not directly compare the fire intensity changes after spraying
with flame retardants and the tests were conducted by spraying flame retardants onto the
ground. The distribution of flame retardants sprayed on the ground differs greatly from
those sprayed by helicopters. Therefore, it is not possible to apply the existing conclusions
to the protection of transmission lines on site using a helicopter.

Thus, the main purpose of this study was to undertake in-flame retarding tests using
helicopter bucket spraying of an extinguishing agent. The aims were to evaluate how well
different fire retardants at different potential fuel concentrations decreased fire intensity
and slowed the advance of a fire by measuring the temperature, heat flux density, and mass
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loss of forest fuel and by analyzing the fire retarding mechanism in combination with the
chemical components of the extinguishing agent.

This paper consists of the following sections: Part I provides an overview; Part II
describes the in-flame retarding test program using helicopters; Part III discusses the in-
flame retarding test data; Part IV provides an interpretation of the data and presents the
mechanism; Part V describes an application based on the test results; and Part VI is a
summary, as shown in Figure 1.

Part | Purpose and
Significance of the Research

A 4

Part Il the in-flame retarding
test program using helicopters

A 4

Part Il discusses the in-flame
retarding test data

A
Part IV interpretation of the
data and presents the
mechanism

A 4

Part V describes an application
based on the test results

Figure 1. Flowchart for linking research parts.

2. Test Program
2.1. Test Combustibles

Wood cribs are often used for various tests requiring repeatable combustion tem-
peratures, such as fire-extinguisher performance (ANSI/UL 711) [26,27]. Each crib was
made of 1A wooden strips that were 40 mm x 40 mm X 500 mm in size, as stipulated in
GB4351.1-2005 Portable Fire Extinguishers. The pine species Pinus massoniana Lamb was
selected as the raw material for the wood strips. The size and layout of wood crib were
all consistent with the literature [28] and are not described in detail in this paper and the
12-layer wood crib was shown in Figure 2.

The wood crib combustibles were placed on an iron mesh support that was
1200 mm x 1200 mm x 250 mm in size, and the ground under the wood crib combustibles
was laid out with square fuel-oil basins that were 700 mm x 700 mm x 100 mm in size.
Four liters of blue high-42 octane Avgas 100# aviation gasoline was used as the ignition fuel.
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Figure 2. Photograph showing the construction of the 12-layer wood cribs.

2.2. Fire Scene Layout and Measurement Scheme

After the helicopter fire extinguishing device had sprayed the flame-retardant water
agent at the same height, speed, and spraying conditions in the same trip, Crib#1, Crib#2,
and Crib#3 were ignited after 1 h of natural drying to observe their burning characteristics.
The main aim was to measure the flame retardant effect of the flame-retardant water
agent sprayed by the helicopter fire extinguishing device. Among them, the structure size
parameters, flight parameters, and distribution of the ground flame-retardant water agent
released by the helicopter were all consistent with the literature [28] and are not described
in detail in this paper. The radiation intensity [29], mass loss [30], and temperature [31]
are regarded as the burning intensity features of wood crib fires. Therefore, this study
mainly focused on the burning rate, radiation intensity, and temperature of the wood crib
fire after the flame-retardant water agent was sprayed on the wood cribs. These features
were used to characterize the intensity of combustion and to reflect the differences in the
flame retardant effect of each agent on the wood cribs.

The tests used K-type thermocouples, the diameter of each thermocouple was
3 mm, the probe was bare, and the response time was one second. The uncertainty in the
temperature of the Type-K thermocouple wire is given by the manufacturer as £2.2 °C
with a 95% confidence interval. The expanded uncertainty for the thermocouple when the
temperature change is from 0 °C to 1250 °C is 1.5% and the change from —200 °C to 0 °C is
4.0% with a coverage factor of 2, which corresponds to a confidence interval of 95%.

The positions of the thermocouple arrays are marked as Array#1, Array#2, and Array#3
in Figure 3. The positions and heights of thermocouples for measuring the temperature of
4-layer wood cribs, 12-layer wood cribs and 6-layer wood cribs are shown in Figures 4-6,
respectively. Inside the wood crib, the thermocouples were relatively densely arranged
with one thermocouple set on every two layers with a height difference of 0.08 m (the
height of two layers of wooden strips). Two thermocouples were set on the upper part of
the wood crib at a height of 1.0 m and 1.7 m.

An electronic scale was placed under the fire field of Array#1, Array#2, and Array#3.
The electronic scale under the wood crib was used to measure the mass changes to the
wood crib fire site during the burning process to obtain the mass loss rate of the wood cribs.
The size of the electronic scale was 1200 mm x 1200 mm with a measuring range of 300 kg,
division values of 100 g, and an accuracy of +-0.02%. The data were directly recorded by U
disk, and the recording frequency was 1 time/second.
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The tests used a Model C-3500 flame intensity calorimeter (America ITI company,
USA) to obtain the heat fluxes. It was designed to be inserted directly into a flame front
for the instantaneous determination of impinging heat energy. The length of the probe
was 3 m and the probe diameter was 25.4 mm. The response time was less than 0.1 s, the
max flux density was 31.9 kW/m?, maximum operating temperature was 1920 °C nominal
sensitivity was 314 w/m2.uV, and the accuracy was 5%. The Portable Handheld Data
Logger was a DagqPRO 5300 with a recording frequency of 1 time/second. There was only
one ITI Model C-3500 flame intensity calorimeter in the laboratory, so it was installed at
a height of 10 cm above the top surface of wood Crib#2, which was where the fire field
intensity was greatest. The arrangement positions and heights of the thermocouple arrays,
radiation heat flow meters, and the electronic scales are shown in Table 1.

| Mﬁ@&l‘
Tow benbor\'

Crib #9 Crib #1

v  Toaly | ==
011 pan,. . ~Fleéttoni®

thermocotiple
QgD ’ thermocouple scale

Figure 3. Actual layout of the flame-retardant test and measurements of temperature, radiant heat
flux, and weight.
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Figure 4. Diagram of the 4-layer wood crib apparatus.
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Figure 5. Diagram of the 12-layer wood crib apparatus.
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Figure 6. Diagram of the 6-layer wood crib apparatus.

Table 1. Layout of the thermocouples/scale and the flame intensity calorimeter in the fire retar-
dants experiment.

Serial No. Thermocouple No. x;agng ICnri;’de or Above the Wood Location No.
1 Scale#1 0.0 Underneath the wood crib

2 T#1-1 0.25 Inside the wood crib

3 T#1-2 0.33 Inside the wood crib Array#l
4 T#1-3 0.41 Inside the wood crib

5 TH#1-4 1.0 Above the wood crib

6 T#1-5 1.7 Above the wood crib

7 Scale#2 0.0 Underneath the wood crib

8 T#2-1 0.29 Inside the wood crib

9 TH#2-2 0.37 Inside the wood crib

10 T#2-3 0.45 Inside the wood crib

11 T#2-4 0.53 Inside the wood crib Array#2
12 T#2-5 0.61 Inside the wood crib

13 T#2-6 1.0 Above the wood crib

14 T#2-7 1.7 Above the wood crib

15 T#2-8 27 Above the wood crib

16 RadiationHeatFlowMeters  0.98 Above the wood crib

17 Scale#3 0.0 Underneath the wood crib

18 T#3-1 0.25 Inside the wood crib

19 T#3-2 0.33 Inside the wood crib

20 T#3-3 0.41 Inside the wood crib Array#3
21 T#3-4 0.48 Inside the wood crib

22 T#3-5 1.0 Above the wood crib

23 T#3-6 1.7 Above the wood crib

48



Fire 2023, 6, 176

Three cameras were used during the test. Two were vertical to the fire field. Their short
focal length lens was used to record whether the area covered by the flame-retardant water
agent completely covered the three wood cribs in the flight direction. The long focal length
camera and was used to record the combustion process after the flame-retardant water
agent was sprayed on them. The third camera was parallel to the fire field to record whether
the agent sprayed on the area completely covered the wood cribs in the perpendicular
direction to the flight.

2.3. Fire Extinguishing Schemes

Pure water (Agent#1), 10% Class AB flame retardant (Agent#2), 0.3% gel flame
retardant (Agent#3), 10% Class A flame retardant (Agent#4), and 10% Class A flame
retardant + 0.6% guar gum (Agent#5) were used as the flame-retardant media to compare
their flame-retardant properties when applied with a helicopter. The main components and
descriptions of the various flame-retardant media are shown in Table 2.

Table 2. Main components of the flame-retardant water agents.

Flame Retardant Weight Ratio of Flame Flame Retardant Flame Retardant

No. Type Retardant to Water No. Components

The control group is not
1 Control group sprayed with any water
agent

2 Pure water / Agent#l Pure water

Main components:
0.1~2% fs-1157 fluorocarbon
surfactant;
Class AB flame o 1~3% surface active betaine

3 retardant 10% Agent#2 (x-Dodecyldimethyl betaine);
0.5~2% corrosion inhibitor
(1H-Benzotriazole);
The rest is water

Gel flame Main components:
4 tardant 0.3% Agent#3 Benzoin-SA Complex 50%;
retardan Polyacrylamide 50%;

Main components:
23 wt.% potassium chloride;
52~65 wt.% ammonium
carbonate;

5 ClassAflame 10% Agent#d 12~25 wt.% disodium

retardant

hydrogen phosphate;
The rest are flame retardants
adjusted to a specific gravity
of 1.1 by water

Main components:

23 wt.% potassium chloride;
52~65 wt.% ammonium
carbonate;

12~25 wt.% disodium
hydrogen phosphate;

0.6 wt.% Guar gum;

The rest are flame retardants
adjusted to a specific gravity
of 1.1 by water

Class A flame
6 retardant + 0.6% 10% Agent#5
guar gum

Adding a thickener to the fire extinguishing agent can improve the wind resistance
of the fire extinguishing agent and make it easier to adhere to the surface of the wooden
pile, thereby improving the utilization rate of the fire extinguishing agent. Guar gum is
a simple and readily available thickener. Therefore, this study applied guar gum to the
flame-retardant water agents. The viscosity of the fire extinguishing agent at 0.6 wt.% was
190 mPa.s, which satisfies the above two conditions for improving the utilization rate.

49



Fire 2023, 6, 176

The viscosities of Agent#3, Agent#4, and Agent#5 were tested and curves of the
viscosity values for the fire extinguishing agents as a function of temperature were obtained,
as shown in Figure 7. The viscosity of Agent#5 which mixed with guar gum decreased
with the increase in temperature. The viscosities of Agent#3 and Agent#4 fire extinguishing
agents without guar gum hardly changed with the increase in temperature. When the
temperature of the Agent#5 fire extinguishing agent was lower than 20 °C, the viscosity of
the fire extinguishing agent reached 190 mPa.s, but the viscosity dropped sharply when
the temperature of the fire extinguishing agent was between 40 °C and 60 °C. When the
temperature of the fire extinguishing agent reached 60 °C, its viscosity dropped to 55 mPa.s.
It can be seen that the viscosity of Agent#5, when mixed with guar gum, was very sensitive
to temperature.
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Figure 7. Viscosity of the fire extinguishing agents.

The test for flame retardancy by helicopter was divided into five steps:

(1)  The helicopter carried the bucket fire extinguishing device to spray the flame-retardant
water agent on the wood cribs three times at a speed of 20 km/h and at a height of
32 m, as shown in Figure 8;

(2) The wood cribs were allowed to naturally air-dry for 1 h;

(3) A certain amount of water and oil was added to the pilot oil pan to ignite the pilot oil
under the wood cribs;

(4) The temperature, radiant heat flux density, and mass loss in the fire field were measured;

(5) A ground water pipe was used to extinguish the remaining fire in the wood crib when
the Crib#2 wood crib fire field collapsed.
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Figure 8. Helicopter high-altitude spraying of flame retardants. (Left): gel fire-extinguishing agent;
(Right): class AB fire-extinguishing agent.

3. Flame Retardant Test
3.1. Comparative Testing of Flame Retardancy When Different Wood Crib Sizes Were Used
Mass Loss, Radiation Intensity and Temperature of the Wood Crib in the Control Group

Direct burning was performed on the surface of the wood crib where no spraying
flame-retardant water agent was applied, and the mass loss, temperature, and radiant heat
flux were measured after the wood crib was ignited. This treatment was the control group
and was used to compare the differences in the parameters after helicopter spraying the
flame-retardant water agents listed in Table 2.

Figure 9 shows the fire field burning conditions of the wood crib fire model when no
flame-retardant water agent was applied. Screenshots at three time points were selected to
show the burning conditions of the wood crib fire. These time points were 300 s (after burn-
ing of the wood stack pilot oil pan), 600 s (during the stable combustion stage), and 870 s
(the minimum collapse time of the wood stack under the six flame retardant conditions).

Figure 9. Combustion conditions of the fire scenes in the model without spraying flame retardants
onto the wood crib. First subgraph: 180 s; second subgraph: 600 s; third subgraph: 870 s.

The mass loss, radiant heat flux density, and temperature change curves for the crib
without any flame-retardant water agent are shown in Figure 10. The change curves for
temperature, radiant heat flux density, and the mass of the wood cribs are represented by
three subgraphs. The three subgraphs from top to bottom represent the changes process
for Crib#1, Crib#2, and Crib#3, respectively. The maximum mass loss refers to the average
value of the mass loss over 5 consecutive seconds, and the average value of the radiant
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heat flux value refers to the average value of the radiant heat flux density of Crib#2 from
the burnt of the oil to the collapse of the wood crib. This was to avoid the influence of any
mutation values caused by interference factors during the data acquisition process. It can
be seen from the mass loss, radiant heat flux density, and temperature curves that after the
pilot oil pan was ignited, the 100# aviation gasoline in the oil pan and the wood crib started
to burn violently, releasing large amounts of heat. The temperature and radiant heat flux
density curves increased rapidly and the quality gradually decreased, reaching a peak at
about 90 s. After about 180 s, as the pilot fuel in the oil pan was consumed, the temperature
measured by the thermocouples at all heights dropped and the wood crib entered the free
combustion stage.
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Figure 10. Temperature, radiant heat flux density, and mass change curves for the wood cribs not
sprayed with fire extinguishing agent.

The temperature curve for the Crib#1 wood crib fire was in the stable combustion stage
from 180 to 720 s, with a maximum temperature of 928 °C, and was when the wood crib
mass loss was most rapid. The average wood crib mass loss during the stable combustion
stage was 0.026 kg/s. After 720 s of the test, the combustion entered the decay stage, the
temperature measured by the thermocouples gradually decreased, and the rate of mass
decline eased.

The temperature curve for the Crib#2 wood crib fire was in the stable combustion
stage from 200 to 800 s, with a maximum temperature of 1156 °C. The radiant heat flux
value reached 110 kW /m?, which was when the wood crib mass loss was most rapid. The
average wood crib mass loss in the stable combustion stage was 0.115 kg/s. After 1360 s,
the combustion entered the decay stage, the temperature measured by the thermocouple
gradually decreased, and the rate of mass decline eased. After 2106 s, a small number of
the wood strips fell off due to the loss of supporting force (carbonization) and the crib lost
its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from
180 to 740 s and reached a maximum temperature of 1056 °C, which was when the wood
crib mass loss was most rapid. The average wood crib mass loss in the stable combustion
stage was 0.053 kg/s. After 740 s, the combustion entered the decay stage, the temperature
measured by the thermocouple gradually decreased, and the rate of mass decline eased.

The data measured by the thermocouples and radiant heat flux density meter after
the collapse of the wooden crib was no longer the measurement value of the assumed
position in the design plan so ground water pipes were used to extinguish the residual fire
associated with the wooden cribs after their collapse. At this time, the temperatures of the

52



Fire 2023, 6, 176

Crib#1, Crib#2, and Crib#3 fires decreased rapidly, their quality increased rapidly under
the effect of water spraying from the ground, and their data was of no practical significance.
However, due to the limited number of test personnel, when ground water pipes were
used to extinguish the residual wood crib fire, water was not sprayed on Crib#1, Crib#2,
and Crib#3 fires at the same time. This resulted in a rapid drop in temperature and a rapid
mass increase at the three fire sites that did not occur at the same time. This is reflected in
the subsequent analysis charts.

3.2. Tests on Flame-Retardant Water Agents When Sprayed from a Helicopter
3.2.1. Coverage by the Flame-Retardant Water Agent When Sprayed from a Helicopter

In order to intuitively describe the coverage of the flame-retardant water agent on
wood crib fires when a helicopter sprayed the flame-retardant water agent on three separate
occasions, the flame-retardant agent has been shown overlapping the water agent applied
to Crib#1, Crib#2, and Crib#3, as shown in Figure 11. To better record the track of the wood
crib and flame-retardant water agent, the coverage area of flame-retardant water agent
was assumed to be approximately oval, and the size of wood crib has been enlarged. The
sub-graphs showing the coverage by each agent are in the following order from top to
bottom: Crib#1, Crib#2, and Crib#3 in each subgraph.
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Figure 11. Coverage areas for each retardant agent dropped from the helicopter: (a) Agent#1,
(b) Agent#2, (c) Agent#3, (d) Agent#4, and (e) Agent#5. Crib#1, Crib#2, Crib#3 from top to bottom.

It can be seen from Table 3 that the weight increases due to the Class AB flame retardant
and the gel flame retardant are larger than those for the other flame-retardant water agents
and more of the flame-retardant water agents are absorbed. This is mainly related to
the active ingredients in Class AB flame retardants. The flame-retardant water agent can
quickly penetrate the surface of the wood crib and enter the interior. The gel flame retardant
has poor fluidity, good adhesion performance, and can adhere to the surface of the wood
crib. Therefore, the loss of the flame-retardant water agent with gel is less than that of other
flame-retardant water agents.
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Table 3. Weight changes after flame-retardant water agents were sprayed by a helicopter.

Flame Crib#1 Crlb#sl \:laeligr?t after Crib#2 Cnb#SZ \/r\;elig;\t after Crib#3 Cnb#;; Vrv:eligli'lt after
No. Initial | OPraying Initial , SPraying Initial _ Spraying
Retardant Weight/k Fire-Extinguishing Weight/k Fire-Extinguishing Weight/k Fire-Extinguishing
ghiiks Agent/kg ghiiks Agent/kg ghiike Agent/kg
1 Control Group 423 / 115.5 / 57.2 /
2 Pure Water 40.5 46.2 121.6 129.75 58.3 67.9
Class AB
3 Flame 40.2 47.35 117.4 122.4 59.6 66.65
Retardant
4 Gel Flame 39.9 55.25 126.3 148.1 58.5 684
Retardant
5  Class AFlame 389 421 120.1 126 55.6 56.9
Retardant
0.6%
Thickened
6 Class A Flame 413 47 125.8 138.2 58.0 66.1
Retardant

3.2.2. Pure Water (Agent#1)

The pure water (Agent#1) flame retardant test was carried out at a temperature of
29 °C. Before spraying the pure water (wind speed generated by the helicopter rotor was
not considered), the wind speed was 2.1 m/s. The natural wind speed and humidity when
the wood cribs were ignited were 2.4 m/s and 52%, respectively. Figures 12 and 13 show
the fire field burning conditions of the helicopter bucket using Agent#1 to protect the wood
crib fire model.

Starting from 150 s, the fire field maintained a relatively stable combustion level for
about 180 s. At this stage, wood crib combustion was relatively stable, there was uniform
heat release, and the wood crib mass loss increased.

The temperature curve for the Crib#1 fire was in the stable combustion stage from
250 to 1100 s with a maximum temperature of 623 °C, which was when the wood crib
mass loss was most rapid. The average wood crib mass loss in the stable combustion stage
was 0.0160 kg/s.

The temperature curve for the Crib#2 fire was in the stable combustion stage from 250
to 1100 s, with a maximum temperature of 1110 °C. The radiant heat flux value reached
114 kW /m?, the wood crib mass loss was most rapid at this point, and the average wood
crib mass loss during the stable combustion stage was 0.1220 kg/s. After 1100 s, the
combustion entered the decay stage, the temperature measured by the thermocouple
gradually decreased, and the rate of mass decline eased. At 1120 s after igniting the
wood crib, a small number of the wood strips fell off due to the loss of supporting force
(carbonization) and the wood crib lost its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from
250 to 1050 s. It reached a maximum temperature of 917 °C when the wood crib mass loss
reached its peak. The average wood crib mass loss in the stable combustion stage was
0.0432 kg/s. At 1050 s after igniting the wood crib, the combustion entered the decay stage,
the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.
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Figure 12. Combustion conditions of the fire scenes in the model using Agent#1 taken from the
helicopter after spraying flame retardants onto the wood crib. First subgraph: 180 s; second subgraph:
600 s; third subgraph: 870 s.
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Figure 13. Temperature, radiant heat flux density, and mass change curves for the wood cribs after
the helicopter sprayed Agent#] fire extinguishing agent.

3.2.3. Class AB Flame Retardant (Agent#2)

The flame-retardant test of the Class AB flame retardant (Agent#2) was carried out
at 32 °C. Before spraying the flame-retardant water agent (wind speed generated by the
helicopter rotor was not considered), the wind speed was 2.4 m/s. The natural wind speed
and humidity natural wind speed when the wood cribs were ignited were 1.8 m/s and 56%,
respectively. Figures 14 and 15 show the fire field burning conditions after the helicopter
had sprayed Agent#2 flame-retardant water agent to protect the wood crib model. The
strong wind generated by the helicopter rotor when applying the flame retardant and
during flight meant that the flame-retardant water agent became foam and dissipated.
Therefore, the amount of the agent applied was less than that for the other flame retardants.
In addition, Agent#2 covered a wider area than Agent#1, Agent#3, and Agent#4 when
carrying out firefighting, which meant that the depth of the flame-retardant water agent
per unit area was smaller.

Class AB flame retardant is used for oil fire extinguishing and as a flame retardant. This
means that when Class AB flame retardant is sprayed by helicopter onto the combustion
plate, the wood crib ignition process can be hindered. Therefore, 100# aviation gasoline
was added after all the Class AB flame retardant remaining in the combustion plate had
been poured out.

The temperature curve for the Crib#1 fire was in the stable combustion stage from 300
to 1186 s. It reached a peak temperature of 887 °C when the wood crib mass loss was at
its most rapid. The average wood crib mass loss during the stable combustion stage was
0.023 kg/s. At 1186 s after igniting the wood crib, the combustion entered the decay stage,
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the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.

The temperature curve for the Crib#2 fire was in the stable combustion stage from
300 to 1360 s. It reached a peak temperature of 1067 °C. At this point, the ignition pro-
cess of the radiant heat flux value reached 100 kW/m? and the wood crib mass loss was
most rapid. The average wood crib mass loss during the stable combustion stage was
0.1047 kg/s. After 1360 s, the combustion entered the decay stage, the temperature mea-
sured by the thermocouple gradually decreased, and the rate of mass decline eased. At
2106 s after igniting the wood crib, a small number of the wood strips fell off due to the loss
of supporting force (carbonization), which meant that the wood crib lost its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from 300
to 1260 s. It reached a peak temperature of 990 °C, which was when the wood crib mass
loss was most rapid. The average wood crib mass loss during the stable combustion stage
was 0.0429 kg/s. At 1260 s after igniting the wood crib, the combustion entered the decay
stage, the temperature measured by the thermocouple gradually decreased, and the rate of
mass decline eased.

1000

Figure 14. Combustion conditions of the fire scenes in the model using Agent#2 taken from the
helicopter after spraying the flame retardant onto the wood crib. First subgraph: 180 s; second
subgraph: 600 s; third subgraph: 870 s.
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Figure 15. Temperature, radiant heat flux density, and mass change curves for the wood cribs after
the helicopter had sprayed Agent#2 fire extinguishing agent.
3.2.4. Gel Flame Retardant (Agent#3)

The flame retardant test of gel flame retardant (Agent#3) was carried out at 29 °C.
Before spraying the flame-retardant water agent (wind speed generated by the helicopter
rotor was not considered), the wind speed was 1.9 m/s. The natural wind speed and
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humidity natural wind speed when the wood crib was ignited were 2.2 m/s and 48%,
respectively. Figures 16 and 17 show the fire field burning conditions after the helicopter
sprayed the crib using Agent#3 to extinguish the non-uniform wood crib fire model.

tempreture / C

Figure 16. Combustion conditions of the fire scenes in the model using Agent#3 taken from the
helicopter after spraying the flame retardant onto the wood crib. First subgraph: 180 s; second
subgraph: 600 s; third subgraph: 870 s.
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Figure 17. Temperature, radiant heat flux density, and mass change curves for the wood cribs after
the helicopter had sprayed Agent#3 fire extinguishing agent.

The temperature curve for the Crib#1 fire was in the ignition stage from 0 to 127 s and
the peak temperature was 583 °C. Since the wooden crib only had four layers, it could be
completely covered by the gel sprayed by the helicopter. Thus, the wood crib did not ignite,
the fire field was extinguished, and the pilot gasoline burned out after 127 s.

The temperature curve for the Crib#2 fire was in the stable combustion stage from
280 to 1340 s when a peak temperature of 1091 °C was reached. During this stage, the
radiant heat flux value reached 102 kW /m? and the wood crib mass loss was most rapid.
The average value of the mass loss of the wood crib in the stable combustion stage was
0.0799 kg/s. After 1500 s, the combustion entered the decay stage, the temperature mea-
sured by the thermocouple gradually decreased, and the rate of mass decline eased. At
2010 s after igniting the wood crib, a small number of the wood strips fell off due to the
loss of supporting force (carbonization), which meant that the crib lost its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from 200
to 1250 s and reached a peak temperature of 997 °C, which was when the wood crib mass
loss was most rapid. The average wood crib mass loss during the stable combustion stage
was 0.0465 kg/s. At 1250 s after igniting the wood crib, the combustion entered the decay
stage, the temperature measured by the thermocouple gradually decreased, and the rate of
mass decline eased.
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The gel flame retardant has good adhesion performance and can effectively prevent
the wood cribs from burning when it adheres to the surface of the wood crib. In addition,
Crib#1 had fewer layers and the gel flame retardant completely covered it, so that the wood
crib did not ignite.

3.2.5. The 10% Class A Flame Retardant (Agent#4)

The flame-retardant test of 10% Class A flame retardant (Agent#4) was carried out
at 31 °C. Before spraying the flame-retardant water agent (wind speed generated by the
helicopter rotor was not considered), the wind speed was 1.6 m/s. The natural wind speed
and humidity natural wind speed when the wood crib was ignited were 1.5 m/s and 44%,
respectively. Figures 18 and 19 show the fire field burning conditions after the helicopter
had sprayed the cribs using Agent#4 to extinguish the non-uniform wood crib fire model.
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Figure 18. Combustion conditions of the fire scenes in the model using Agent#4 taken from the
helicopter after spraying the flame retardants onto the wood crib. First subgraph: 180 s; second
subgraph: 600 s; third subgraph: 870 s.

T
steady burning

)
g
—40 %
g
E
—30
20
1580 1100 &
= 3
g0 &
‘u)oi“" 60 §~
A% @
0.41m 1.7 m =——— mass g o3
0.33m 0.49m 2.7 m == heat flux density o E %
= 20 =
e } o §
80
0.49m = mass
........ 60
o
g
—40 ﬁ
5
E

\
DA

g "Wu.«_mm

400 600 800
time/s
Figure 19. Temperature, radiant heat flux density, and mass change curves for the wood cribs after
the helicopter had sprayed Agent#4 fire extinguishing agent.

The temperature curve of the Crib#1 fire was in the stable combustion stage from
200 to 900 s when it reached a peak temperature of 729 °C and the wood crib mass loss
was most rapid. The average wood crib mass loss during the stable combustion stage was
0.0266 kg/s. At 900 s after igniting the wood crib, the combustion entered the decay stage,
the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.

The temperature curve for the Crib#2 fire was in the stable combustion stage from
300 to 1120s when it reached a peak temperature of 1128 °C. At this point, the radiant
heat flux value reached 94 kW/m? and the wood crib mass loss was most rapid. The
average value of the mass loss of the wood crib during the stable combustion stage was
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0.0867 kg/s. After 1230 s, the combustion entered the decay stage, the temperature mea-
sured by the thermocouple gradually decreased, and the rate of mass decline eased. At
1230 s after igniting the wood crib, a small number of the wood strips fell off due to the
loss of supporting force (carbonization), which meant that the crib lost its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from
200 to 920 s when it reached a peak temperature of 1058 °C and the wood crib mass loss
was most rapid. The average wood crib mass loss during the stable combustion stage was
0.0522 kg/s. At 920 s after igniting the wood crib, the combustion entered the decay stage,
the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.

3.2.6. The 10% Class A flame Retardant + 0.6% Guar Gum (Agent#5)

The flame-retardant test of the 10% Class A flame retardant + 0.6% guar gum (Agenti#5)
was carried out at 30 °C. Before spraying the flame-retardant water agent (wind speed
generated by the helicopter rotor was not considered), the wind speed was 1.8 m/s. The
natural wind speed and humidity natural wind speed when the wood crib was ignited were
2.1 m/s and 51%, respectively. Figures 20 and 21 show the fire field burning conditions
after the helicopter had sprayed the cribs using Agent#5 to extinguish the continuous and
uniform wood crib fire model.
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Figure 20. Combustion conditions of the fire scenes in the model using Agent#5 taken from the
helicopter after spraying flame retardants onto the wood crib. First subgraph: 180 s; second subgraph:
600 s; third subgraph: 870 s.
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Figure 21. Temperature, radiant heat flux density, and mass change curves for the wood cribs after
the helicopter had sprayed Agent#5 fire extinguishing agent.

The temperature curve for the Crib#1 fire was in the stable combustion stage from
250 to 1430 s when it reached a peak temperature of 798 °C and the wood crib mass loss
was most rapid. The average wood crib mass loss during the stable combustion stage was
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0.0222 kg/s. At 1430 s after igniting the wood crib, the combustion entered the decay stage,
the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.

The temperature curve for the Crib#2 fire was in the stable combustion stage from
250 to 1750 s when it reached a peak temperature 1080 °C. At this point, the radiant heat
flux value reached 87 kW/m? and the wood crib mass loss was most rapid. The average
value for wood crib mass loss in the stable combustion stage was 0.0630 kg/s. After 1750 s,
the combustion entered the decay stage, the temperature measured by the thermocouple
gradually decreased, and the rate of mass decline eased. At 1980 s after igniting the
wood crib, a small number of the wood strips fell off due to the loss of supporting force
(carbonization), which meant that the crib lost its original shape.

The temperature curve for the Crib#3 fire was in the stable combustion stage from
350 to 1480 s when it reached a peak temperature of 967 °C and the wood crib mass loss
was most rapid. The average wood crib mass loss during the stable combustion stage was
0.0418 kg/s. At 1480 s after igniting the wood crib, the combustion entered the decay stage,
the temperature measured by the thermocouple gradually decreased, and the rate of mass
decline eased.

4. Discussion and Analysis

Table 4 and Figures 22-25 summarize the highest temperatures, highest radiant heat
flux densities, the average radiant heat flux values, and the average mass losses during the
stable combustion stage under the action of the different flame retardants (including no

flame retardant sprayed).

Table 4. Summary of flame retardant performance indices of the wood crib fire sites.

Crib No. Project %)12:;1 Agent#1 Agent#2 Agent#3 Agent#4 Agent#5
Max1munzotg;nperature 928 623 887 583 729 798
Crib#1 Average mass loss in
stable combustion stage 0.026 0.0160 0.023 / 0.0266 0.0222
(kg/s)
Ma“munzognperamre 1156 1110 1067 1091 1128 1080
The maximum value of
radiant heat flux 110 114 100 102 94 87
(kw/m?2)
Crib#2 The average value of
radiant heat flux 87.95 101.56 74.61 43.14 63.9 45.77
(kw/m?)
Average mass loss in
stable combustion stage 0.115 0.1359 0.1047 0.0799 0.0867 0.0630
(kg/s)
Max‘mu”(lotce;“peramre 1056 917 990 997 1058 967
Crib#3 Average mass loss in
stable combustion stage 0.053 0.0432 0.0429 0.0465 0.0522 0.0418
(kg/s)
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Figure 22. Differences in heat flux density after the helicopter had sprayed the flame retardants.
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Figure 23. Differences in crib#1 mass losses after the helicopter had sprayed the flame retardants.
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Figure 24. Differences in crib#2 mass losses after the helicopter had sprayed the flame retardants.
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Figure 25. Differences in crib#3 mass losses after the helicopter had sprayed the flame retardants.

When the H125 helicopter flies at a height of 30 m and sprays 660 kg of flame-retardant

water agent at a speed of 20 km/h, the following conclusions can be made after analyzing
the combustion process and the above data:

1)

@)

®G)

©

Compared with not spraying any flame-retardant water agent, spraying pure water,
10% Class AB flame retardant, 10% Class A flame retardant, or gel flame retardant
can reduce the radiation intensity and mass loss due to the wood crib fire to a certain
extent, thus prolonging the burning time of the wood crib fire;

With regard to the mass loss index, the flame retardant properties from high to low
are as follows: 10% Class A flame retardant + 0.6% guar gum > gel flame retardant
> 10% Class A flame retardant > Class AB flame retardant > pure water. In terms
of the radiant heat intensity index, the flame retardant properties from high to low
are as follows: gel flame retardant ~ 10% Class A flame retardant + 0.6% guar gum
> 10% Class A flame retardant > Class AB flame retardant > pure water. Although
the use of a flame-retardant water agent has little effect on retarding and reducing
the temperature inside the combustibles, the temperature above the combustibles
decreased significantly due to the reduction in fire intensity;

When a wildfire spreads and expands, the water on the surface and inside of the
surrounding combustibles will evaporate when the adjacent combustibles burn, thus
reducing the effect of flame retardants, especially when the helicopter cannot com-
pletely cover the combustible surface. These uncovered surfaces are the weak points
that lead to the spread of fires, and in this case, it is often impossible to stop the
wildfire by spraying flame-retardant water agents;

The temperature analysis of the thermocouples at 1 m, 1.7 m, and 2.7 m height
shows that the temperature at the three heights can be effectively reduced, but the
temperature inside the wood crib is not reduced.

In addition, the following fire prevention measure is also proposed: since the flame

retardancy of Crib#1 is obviously higher than that of Crib#2, regular removal of any surface
vegetation and the humus layer will reduce the thickness of the surface combustibles and
enhance flame retardancy.

@)

The mechanisms utilized by the different flame retardants are as follows:

Pure water can only moisten the wood crib. The pure water in and on the wooden
crib does not have a flame retardant role when it is completely evaporated by the
standing and ignition processes. Water volume limitations and the short absorption
time mean that the wood crib cannot be completely covered, resulting in a poor flame
retardant effect;
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Class AB flame retardant has poor wind resistance, which means that its diffusion
area is wider than those of Agent#1, Agent#3, and Agent#4. Furthermore, the amount
of flame-retardant water agent per unit area is also less. When dropped from the air,
the foam covers a wide area and helps limit the spread of the fire. Once dispersed
on a fire, the foam absorbs heat from combustion while the bubble structure slowly
releases water, which is absorbed by wood fuels. Foam improves the effectiveness of
water by (1) helping water soak deeper and more quickly into forest fuels, such as
wood, brush, and wood debris; and (2) slowing the evaporation of water held within
the foam;

The gel flame-retardant water agent has good water absorption performance and poor
fluidity, which means that that the water utilization rate is high. The principle consists
of two components: One is that super absorbent particles absorb water (hundreds of
times their own weight) in a chemical-physical process called hydration. The stacked
and water-filled “bubbles” greatly enhance the thermal protection performance of the
flame-retardant water agent. The second one is to prevent the flame-retardant water
agent from turning into steam in the superheated air above the wood crib fire and
being taken away by the high-temperature smoke plume gas. The adhesive properties
of the gel-based Agent#3 slow down the evaporation process, enabling more product
to reach the fire source through hot air [32]. These two aspects need to be taken into
account when gel flame retardant is sprayed from a helicopter. When the amount of
flame-retardant water agent is less than that required for fire retardant (that is, the fire
field intensity is large, for example, with the 12-layer wood crib when it is still fully
burning after the flame retardant has been applied), the fire retardant performance
is poor because the gel-based Agent#3 cannot cover all the burning points. When
the amount of flame-retardant water agent is sufficient relative to the fire retardant
requirements (that is, the intensity of the fire field is small; for example, a 4-layer
wood cribs cannot be ignited after the flame retardant has been applied), a colloid can
form on the surface of the wood strip that wraps around it to prevent the combustibles
from being ignited. If there is not complete coverage (100%) on all surfaces, then
gels are useless as the exposed area can catch fire and burn right through a structure.
Therefore, helicopters should spray more gel flame retardants to cover the surface of
combustibles as much as possible. A ground coating should be used as far as possible
to protect wooden structures and improve helicopter spraying efficiency at reducing
the intensity of the fire field;

Class A flame retardant contains large amount of salts. When (NH4),CO3; decomposes,
Class A flame retardant absorbs 48 k] /mol more heat than pure water and evaporates
water to rapidly cool down. It also generates inert gases, such as NH3 and CO,, to
isolate oxygen. The phosphoric acid, metaphosphoric acid, and polymetaphosphoric
acid produced in the chemical reactions can react with carbonaceous compounds
and generate a dense and flame retardant coating over the surface of combustible
materials, which can effectively delay the re-ignition time and reduce the fire intensity
after re-ignition [33];

Class A flame retardant + guar gum is a mixture of Agent#2 and Agent#3 and has
both chemical flame retardant and physical flame retardant effects. It is consistent
with the flame retardant principle outlined by Ref. [12] and its flame retardancy is
relatively better than single flame retardants.

5. Applications

From August to September 2022, Hunan Province suffered the strongest drought

since 1961 and industrial and residential electricity demand was extremely high. The
load in Hunan, Jiangsu, and other provinces increased by more than 18% compared to
the same period in 2021. Therefore, there was a great contradiction between electricity
consumption and power supply. At the same time, the dry weather and low moisture
content of combustibles meant it was extremely easy to ignite them and the risk of wildfires
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in dense channels was high. In Shimen County, Changde, and Hunan, China, the cross-
ing lines include the +800 kV Fufeng Line #1494-1495, £800 kV Jinsu Line #2104-2105,
and £800 kV Qishao Line #3964-3965, which are typical dense transmission lines. In order
to ensure the efficient transmission of electricity during the summer peak season, on 22
August, the transmission load of the Fufeng Line was 4.76 million kW, that of the Jinsu
Line was 6.83 million kW, and that of the Qishao Line was 6 million kW. A fire in the dense
channel could very easily have caused multiple UHV transmission lines to trip at the same
time, with considerable risk to the power grid. Since 23 August 2022, one H125 fire fighting
helicopter has been deployed in central Hunan after reports of frequent wildfires.

On the afternoon of 25 August 2022, a forest fire broke out in Changde, as shown in
Figure 26, which seriously threatened the operation of UHV lines. The vegetation on the
site, which was mainly Chinese pine with a high oil content and an extremely high heat
of combustion, was dense. At that time, the temperature was as high as 40 °C and the
humidity was only 20%, which meant that the vegetation had a low moisture content. The
fire spread rapidly up the mountain and an extreme fire tornado formed under agitation
by the wind, which was incredibly dangerous. The burned area reached 220 hectares and
the open fire area reached 45 hectares. The fire site was steep and inaccessible to ground
personnel and there were no natural or artificial isolation zones.

Figure 26. Monitoring map for the local location of on-site wildfires. Left image shows an in-
frared image of wildfire disasters and the right hand picture shows the visible light image of a
wildfire disaster.

From the 26th to the 27th, the combined on-site terrain and meteorological con-
ditions at 18:40 before sunset led to a helicopter being used to spray Class A flame
retardant + guar gum when a downhill fire began in the canyon, as shown in
Figures 27 and 28. A total of 85 barrels of flame-retardant water agent, 68 tons in total,
were sprayed for 4.5 h to suppress the fire site at the smoke point. When the temperature
decreased and the humidity increased at night, ground personnel used the No. 2 tool and a
multi-stage water pump to relay a water supply to the fire site to clean up the smoke point
at a fixed point. This completely extinguished the fire, avoided the burning of houses and a
large amount of economic vegetation, ensured the safety of the lives and property of the
local people, and effectively reduced the threat of wildfires near sub-transmission lines that
were associated with important transmission lines.

During the summer peak season of 2022, the Hunan Power Grid dispatched a heli-
copter 64 times, sprinkled 844 buckets of water, and the cumulative firefighting time was
83.5 h. They successfully extinguished or timely blocked 41 wildfires on transmission lines,
such as the 500 kV Changmin and Jinhong Lines and the 220 kV Tizhong Line, as shown in
Table 5. There were no 220 kV wildfire tripping accidents on the transmission lines with
voltage levels of 220 kV or above.

64



Fire 2023, 6, 176

A

Il bl
Rairborne willdfire
Emomnoringdeviees

fire-extinguishing ageft™ s
additiondevice ===

.
<

unburned area
burned area

retardant coverage area

)

Figure 28. An example of using a helicopter to a spray flame-retardant water agent to quickly
extinguish a large-scale wildfire on site. The picture on the left shows that the flame retardant is
sprayed to form an isolation belt and the picture on the right shows that the wildfire was quickly
extinguished at the spraying position without further spread.
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Table 5. Fire extinguishing and the application of flame retardants to forest fires in the Hunan Power

Grid area during the Summer peak season in 2022.

. . . Number of Amount of Flame . . s .
Location Date Flight Time Buckets Retardant (kg) Fire Extinguishing Line
Changde 26-27 August 13 h 51 min 93 2258 Fire in Shimen County
Loudi 4 September 59 min 5 80 500 kV Jinhong Line #003
Loudi 5 September 21 21 min 18 80 500 kV Changmin Line #1794180, 220 kV
Qunkang Line
Loudi 6 September 2 h 44 min 27 50 500 kV Changmin Line #179-#181
Loudi 7 September 4h 33 min 53 100 500 kV Changmin Line #044—+#046
Loudi 8 September 8 56 min 97 150 Forest fire in Weishan Township, Xinhua
ounty, Loudi City
Loudi 1 September 1h 6 min 8 30 500 kV Changmin Line #192
Loudi 11 September 3 h 34 min 50 80 220 kV Tizhong Line #27
Yongzhou 14 September 5h 18 min 16 80 Forest fire in Huangjiangyuan Village,
Yongzhou 15-17 September 18 h 45 min 92 450 Yongzhou
Loudi 19 September 1h 41 min 13 50 500 kV Hongmin Line 2#74-#75
Loudi 23 September 49 min 5 50 500 kV Jinhong Line I 1203, 220 kv Jinti Line 11T
Loudi 24 September 3h 32 min 30 100 220 kV Hongbao Line #59
Loudi 26 September 2h 2 min 13 50 220 kV Tiqun Line I #78-79
Loudi 27 September 1h 35 min 8 40 220 kV Liankang Line 1#7-#8
Loudi 30 September 4h4 min 37 100 220 kV Tihe Line I #13-#14

6. Conclusions

In this study, an H125 helicopter was used to carry out flame retardant tests with

660 kg of different flame-retardant agents. The flame retardant effect of the different
flame-retardant water agents on the wood cribs was observed with conclusions drawn
as follows:

1)

@

®)

@)

Compared to not spraying any flame-retardant water agent, pure water, Class AB
flame retardants, Class A flame retardants, gel flame retardants, etc., can reduce the
intensity of a wood crib fire to a certain extent;

The mass loss index results showed that the flame retardancy from high to low was
10% Class A flame retardant + 0.6% guar gum > gel flame retardant > 10% Class A
flame retardant > Class AB flame retardant > pure water. The radiant heat intensity
index results showed that flame retardancy from high to low was gel flame retardant
~ 10% Class A flame retardant + 0.6% guar gum > 10% Class A flame retardant >
Class AB flame retardant > pure water;

Based on the flame-retardant properties of the different flame retardants tested in
this study, they were applied in Loudi, Changde, and other cities in Hunan Province
to prevent and control wildfire disasters near transmission lines. They effectively
ensured the safe operation of dense power grid channels during the high-incidence
period for wildfires in the power grid area and under extreme dry weather conditions;
In this study, only laboratory experiments were carried out; the impact of ladder
combustible on the flame-retardant properties has not been studied. This method can
be studied more thoroughly in future wildfire experiments.
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Abstract: Gaseous fire suppressants are usually stored in a vessel via pressurization, and then
discharged out through pipelines. The flow behaviors of the agents in pipes greatly affect its
dispersion in space, as well as the fire extinguishing results. Here, an experimental study was carried
out on the transportation characteristics of perfluoro(2-methyl-3-pentanone) (C4F1,0) in a horizontal
straight pipe with the temperature and pressure recorded synchronously. At a filling pressure of
1800 kPa and a filling density of 517 kg-m~3, the agent release was completed in 2.0 s with the
pipeline pressure peak of 1145 kPa and the pipeline temperature nadir of —10.6 °C. In comparison
to that of bromotrifluoromethane (CF3Br) under the same conditions, the temperature and pressure
curves of CgF1,0 exhibited similar varying trajectories but a much smaller amplitude, which could be
ascribed to their different thermophysical properties. When keeping the other conditions unchanged,
raising the filling pressure C¢F1,0 reduces the discharge duration and the pipeline temperatures.
Increasing the filling density extends the discharge duration, but shows little influence on the pipeline
temperatures. The results were expected to provide useful information for the model validation and
engineering design of a C¢F1,0 fire-suppressing system with a predictable performance.

Keywords: C¢Fq,0; fire suppressant; transportation; pipe; pressure; temperature

1. Introduction

Great efforts have been devoted to looking for ideal halon replacers since the use of
CF3Br was banned, by the Montreal Protocol and its subsequent revisions, for its effect
on the ozone layers. Perfluoro(2-methyl-3-pentanone), denoted as C¢F;,0, has become
one of the most promising halon replacers with satisfactory environmental friendliness,
as well as fire extinguishing efficiency and toxicity [1]. Since being proposed by 3 M as
a new kind of clean fire suppressant, numerous studies have been conducted on C¢F1,0,
including studies on its physicochemical properties [2,3], fire extinguishing capacity [4,5],
material compatibility [6,7], thermal decomposition products [8], etc. These studies provide
valuable directions on the model computation and practical applications of C¢F1,0 in the
context of real fire suppression. In 2003, C4F1,0 was recognized as an available halon
alternative and substitute in the significant new alternatives policy (SNAP) program of
the United States Environment Protection Agency (EPA) [9]. It was also listed in the fire
extinguishing system design standards of ISO 14520 and NFPA 2001 [10,11]. Currently,
CeF120 is widely used in the areas of electrical and electronic cabinets, ships, libraries, etc.

Similar to many other gaseous fire suppressants of halons and hydrofluorocarbons
(HFCs), C¢F120 is usually stored in a vessel via pressurization. Once the valve was actuated,
the pressurized agent was ejected into the piping manifold and then distributed into space.
The transportation characteristics of the fire suppressant in the pipes showed a great
influence on its atomization and its distribution in space, as well as in its fire extinguishing
results [12]. Therefore, understanding the state of C¢F1,0 in pipes is indispensable for
creating an effective fire suppression system design.
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Although extensive research has been carried out on C¢F1,0, as mentioned above,
seldom have the transportation behaviors of C¢F1,0 in pipes been seen. Recently, Fan
reported the flow characteristics of C¢F1,0 in a complex pipeline with multi-branches [13].
By comparing the experimental data with hydraulic calculations, it was deduced that
CgF120 only conformed to single-phase flows in the initial upstream section of the pipeline,
but presented with a two-phase flow state in the following main pipe and downstream
section of the pipeline. In comparison to that of bromotrifluoromethane (CF3Br), which
has been tested within detailed studies under various conditions [14-17], investigations on
CsF120 have been scarce up till now. More accurate experiments are still necessary for a
better understanding of the flow behaviors of C¢F1,0 in pipes.

In this work, the discharge process of C¢F1,0 in a horizontal straight pipe was, in a
full scale, experimentally studied. The pressures and temperatures in the vessel and pipes
were recorded with a high sampling rate. Meanwhile, CF;Br was tested as a counterpart
for comparison since it has always served as the baseline for screening halon replacer
candidates. The effects of source pressure and the filling density on the flow parameters
of C¢F120 were explored by a series of contrast trials. The transportation characteristics
of Cg¢F120 in the pipe were summarized based on experimental observations and its
thermophysical properties.

2. Materials and Methods

Figure 1 schematically illustrates a typical experimental setup of the agent discharge
system. A spherical vessel with the volume of 3.89 L was connected with a horizontal
straight pipe through a solenoid valve. The pipe was 2.0 m long with an inner diameter of
14 mm. A convergent nozzle with an inner diameter of 12 mm was also equipped at the
end of the pipe.

P,0 T,0

® Pressure
o Temperature

fire suppressant

Tl valve spray
o7 a2 T3 Jh ==
T 660cm T 660cm T 660cm T
P1 P2 P3 P4

Figure 1. Schematic illustration of the experimental setup.

The pressure (P) and temperature (T) data in the vessel and the pipe were syn-
chronously traced by thermocouples and pressure sensors with a sampling frequency
of 4096 Hz. As shown in Figure 1, two thermocouples were installed on the top (Ty0) and
the bottom of the vessel (Ty1), respectively. The other four thermocouples were anchored
equidistantly on the pipe with a spacing of 0.66 m (T1-T4). There were five pressure sensors
installed on the system. One located the upper part of the vessel (P, 1) and four other ones
positioned on the pipe (P1-P4). At each measuring point of the pipe, the thermocouple
and the pressure sensor were arranged face to face. The measuring errors of temperature,
pressure and agent mass were estimated as 1.0%, 0.5% and 1.0%, respectively. The errors
were mainly caused by the instruments and the discharge system. In addition to these,
the error of agent mass also originated from the loss in the filling process. The pressure
sensors, thermocouples and the electronic scale were all calibrated before measurements
were taken.

CsF120 and CF;3Br with a purity above 99.5% were chosen as the fire suppressants. As
is the case in a typical experiment, the vessel was first pumped in order for it to become
a vacuum. Then, it was filled with a certain amount of liquid C¢F;20, then pressurized
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by nitrogen until reaching the desired pressure. After that, the P-T recording system was
started. Once the fast-opening solenoid valve was actuated, the agent in the vessel was
forced out into the straight pipe and discharged from the nozzle into an unconfined space.
The test of CF3Br was conducted in the same discharge system under similar conditions.
Table 1 lists the tests with different filling pressures and filling densities. The filling pressure
is the source pressure in the vessel that was achieved by nitrogen pressurization. The filling
density was defined as the mass agent of the liquid divided by the vessel volume. All the
tests were conducted at a room temperature of about 20 °C.

Table 1. The discharge tests of the C¢F120 and CF3Br used.

Agent Mass Filling Density  Filling Pressure

Test Sequence Agent (kg) (kg-m—3) (kPa)
1 CeF120 2.01 517 1822
2 CF3Br 2.02 519 1846
3 CeF120 212 545 1910
4 CeF120 2.08 535 2540
5 CeF120 2.14 550 3230
6 CeF120 1.02 262 1799
7 CeF120 2.05 527 1812
8 CeF120 3.02 776 1813

3. Results and Discussion
3.1. Pressures and Temperatures in the Discharge System

Figure 2a shows, in test 1 of C4F;,0, all of the pressure and temperature profiles as a
function of time. The plots of the vessel pressure (P,0) and the pipeline pressure (P1-P4)
are located in the lower part of the pattern. Upon the beginning of the agent spray, P,0
dropped continuously from 1822 kPa to atmospheric pressure. The time length of such a
process was defined as the discharging duration (tg). From the trace of P,0 versus time,
the tq of test 1 was determined as 2.0 s. Different to the uninterrupted dropping of P,0,
the pipeline pressure plots (P1-P4) exhibited an asymmetric hump shape, which could
be roughly divided into three stages of “rapid increase, gentle decrease and continuous
decrease”. Taking P1 as an example, in the first stage of 0-0.23 s (marked in yellow),
P1 increased rapidly from zero to a peak pressure of 1145 kPa, at a high rising rate of
4978 kPa-s~ 1. Then, it declined gently with fluctuations at an average rate of 488 kPa-s~!
in the time range of 0.23-0.63 s (marked in blue). In the final stage of 0.63-2.0 s (marked
in pink), P1 decreased continuously from 950 kPa to zero at an average decreasing rate of
about 693 kPa-s~!. The peak pressure decreased farther down the pipe from P1 (1145 kPa)
to P4 (803 kPa) with the gap between the neighboring points of 100-150 kPa. Meanwhile,
the time by which the four measuring points reached the peak pressure increased upstream
from P4 (0.18 s) to P1 (0.23 s), with an interval of about 15-20 ms.

The temperature curves of test 1 are located in the upper part of Figure 2a. The
two T plots of the vessel that are at the top decreased very slowly, with a total reduction
of about 3.3 °C for the upper gas (T,0) and only 0.5 °C for the liquid below (Ty1). The
piping temperature plots (T1-T4) were kept nearly flat in the period of 0-0.63 s. In the
following stage, they declined quickly to levels below zero, showing a total reduction of
about 26-30 °C. The nadir point of T1 was as low as —10.6 °C.

Figure 2b presents the P-T profiles from the trial of CF3Br (test 2), which followed
trajectories that are similar to those of C¢Fq,0, albeit with distinct details. From the
monotonically declining curve of P,0, the ty of CF3Br was determined as 3.0 s, which is
much longer than that of C¢F;,0. Likewise, the piping pressure plots were hump shaped
with a quick rise and a slow drop. The peak pressures of P1-P4 were in the range of
1300~1570 kPa, which were about 400-500 kPa higher than those of C¢F1,0. However, the
spacing of the peak values of P1-P4 (60 kPa) was only half of that of C¢F1,0.
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Figure 2. Pressure and temperature profiles versus time in the tests: (a) C¢F;,0 and (b) CF3Br.

In the vessel of CF3Br, T, 0 dropped by 5 °C in the range of 0-1.0 s. Then, it was kept
nearly flat until the end of the agent’s release. Meanwhile, T, 1 remained constant within
the initial stage and then decreased rapidly to zero (1.0-1.5 s) at a rate of about 32 °C-s~ 1.
There were two big drops in the piping temperature traces (T1-T4). The first occurred at
the beginning of discharge with a drop of 9~21 °C, and the second was in the latter part of
discharge with a reduction of 25-40 °C. At the end of the agent’s release, all the temperature
points in the pipe fell below —20 °C. T1 even reached the lowest point of —44 °C, which is
significantly lower than that of C¢F;,0.

3.2. Transportation Characteristics of C¢F1,0 in the System

The nonlinear changes in Figure 2 imply complex flow behaviors with respect to the
suppressants during the rapid release process. As shown above, the P-T profiles of CsF1,0
exhibited a varying trend that was similar to CF3Br but with a much lower amplitude,
which could be ascribed to their different thermophysical properties. Table 2 listed some of
the typical parameters of the two agents, revealing their remarkable differences regarding
vapor pressure and boiling points. At a room temperature and atmospheric pressure, the
CeF120 was a liquid, while the CF3Br was a gas. When stored in the vessel and fed through
a pipe, the agents experienced phase changes between gas and liquid with the pressure
changing. Based on the P-T data acquired, the transportation properties of C¢F1,0 in the
system were analyzed comparatively with CF;Br as a reference.

Table 2. The typical parameters of C4F1,0 and CF3Br [2,18].

Agent Molecular Boiling Point Vapor Pressure Liquid Density
8 Weight Q) (kPa) (kg:m—3,22°C)

CeF120 316 49.2 40 1.60

CF3Br 149 —57.8 1620 1.57

3.2.1. Variations in the Vessel

Both C¢F1,0 and CF3Br were stored as liquids in a vessel under a nitrogen pressur-
ization of about 1800 kPa. The liquid located at the lower part of the vessel with nitrogen
dissolved, while the ullage was a mixture of nitrogen and agent vapor. As the system
was depressurized, a dissolution of nitrogen and vaporization of liquefied agent occurred,
which counteracted the pressure decline in the vessel and extended the discharge duration.
As is confirmed by Figure 3a, both P, 0 plots were characteristics of the pressure offset in
the middle stage with reduced dropping rates. For the C¢F1,0 with a lower vapor pressure
and higher boiling point, the pressure compensating effect was relatively weak since there
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was little vaporization and what gas there was mainly came from the process of nitrogen
separating from the liquid. As to the CF3Br with a much higher vapor pressure and lower
boiling point, the effect of pressure offset was stronger from the combined contributions of
nitrogen dissolution and agent vaporization. Therefore, the P,,0 of CF3Br decreased at a
slower rate than that of C4F1,0.

2000
ormr 204 TA-CF,0
s O
1500 - —CF,,0 g T,0-CF,,.0
[0] 154 <
@ T 0-CF Br
g
1000 ©
=
=10+ T 1-CF Br
£ v
500 p ~——TO0CF,0
£ 5  TICFO
3 T, 0-CF Br
04 £, T1-CF,Br
'_
T T T T T
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0?5 1{0 1{5 2{0 2{5 3.0
Time (s) Time (s)
(@ (b)

Figure 3. Comparison of the P-T profiles in the vessel of the two tests: (a) P 0; (b) Ty0 and Ty 1.

Figure 3b shows the variation of temperatures in the vessel during release process of
CF3Br. The T, 0 first decreased by 5 °C in the initial 1.0 s, and this was due to gas expansion
and liquid vaporization. Then, it reached a plateau, indicating a new single-phase gas
status in the vessel. The vessel filled with “liquid, vapor and nitrogen” transformed into
one filled with the gaseous mixture of “nitrogen and vapor”. Much different to that of
CF;3Br, the T, 0 of C¢F1,0 decreased steadily and slowly along with only gas expansions
and with little phase change.

The Ty1 of CF3Br initially did not change much since it was submersed in the lig-
uid [19]. As the liquid in the vessel ran out, it experienced a vaporization of the liquid
and an expansion of the remaining gas in the vessel, which showed a big temperature
reduction of about 15 °C. The Ty 1 of C¢F1,0 remained constant in the first stage, similar to
that of CF3Br for comparable reasons. In the latter part with gas discharge, only a small
temperature drop of 0.3 °C was displayed. When considering its low vapor pressure and
high boiling point, there were little phase changes taking place in the vessel of C¢F1,0.
Therefore, the reduction in T, 1 was minimal during the whole process.

3.2.2. Variations in the Pipe

Initially, the pipe was full of air when at an atmospheric pressure. Once the valve
was opened, the ullage pressure in the vessel drove the liquid C¢F1,0 out from the vessel
into the pipe. Before the agent entered the pipe, the pressure wave propagated forward,
which made the pressure sensors in the pipe first detect a pressure increase [20]. When
the pressure wave arrived at the nozzle, it was restricted by the convergent nozzle and
a pressure bounce back was triggered [21]. Thus the air in the pipe was compressed by
the pressures from the two ends, which led to a temperature rise. As seen in Figure 4,
with T2 and P2 serving as examples, in this very initial stage of only about 30 ms, both the
temperature and the pressure in the pipe increased.
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Figure 4. Comparison of the P-T profiles of the two tests: (a) P2 and T2; (b) T2.

After this short period, the pressurized liquid C¢F1,0 flew into the pipe. For the
pressure difference, the liquid agent entering the pipe would evaporate immediately,
together with the escape of the dissolved nitrogen. Such a process further improved the
pressure in the pipe, but led to a temperature decrease due to the endothermic process
of vaporization. With more fluid flowing into the pipe, both P2 and T2 went up again.
When the fluid filled the pipe, P2 attained the peak value. In this very short stage with the
pipeline pressure increasing, the agent in the pipe existed mainly in a gaseous state.

With the discharge ongoing, the C¢F1,0 that flowed into the pipe entered a steady
state under the co-effects of the driving force of nitrogen and the friction resistance from
the pipe wall. The T2 curve remained stable and the P2 decreased gently. During this
middle stage, the fluid in the pipe existed mainly as a liquid, as well as a small amount of
nitrogen and C¢F1,0 vapor, which is typical of a gas-liquid two-phase flow. As the pressure
dropped, the mass ratio of gas to liquid in the pipe increased. With the liquid C¢F1,0
gradually being consumed, the release process enters the final period with the agent in the
pipe being in the form of nitrogen and C¢F1,0 vapor. The expansion of gas brought about a
big temperature decrease. At the end of the discharge, the pressure and temperature curves
simultaneously went downward to the nadirs.

The P2 and T2 profiles of CF3Br are also presented in Figure 4a for the purpose of
comparison. The comparable trajectory implies similar phase changes as were described
above. However, there are also some remarkable differences. During the whole release
process, the P2 of CF3Br remained above that of C¢F1,0, and the T2 of CF3Br stayed below
that of C¢F1,0. Moreover, the T2 of CF3Br exhibited two much bigger temperature drops.
Under the experimental conditions, the CF3Br vapor was liquefied during the nitrogen
pressurization, which contained superheat [20]. When the CF;Br liquid entered the pipe,
intense flashing vaporization occurred, resulting in the first temperature reduction. As is
shown in Figure 4b, the nadir temperature of CF3Br was 18.5 °C lower than that of C¢F1,0.
In the following stage with an evolving gas-liquid two-phase flow, the CF3Br in the pipe
displayed a higher pressure and lower temperature than that of C¢F1,0. When it came to
the final stage with a gas expansion, the second big temperature drop appeared, with the
gap between the two T2 nadirs of 19.8 °C.

In the test of CF3Br, it was also observed that P1 had the highest peak pressure, and
that P4 hit the peak pressure first out of all the four piping pressures that were similar
to C¢F120. Considering fluid behaviors in the pipe, such phenomena may be attributed
to the restriction of the convergent nozzle. It was known that the strength of pressure
wave waned along the pipe. As the nearest point to the valve, P1 sensed the highest peak
pressure for the least pressure loss. On the other hand, as the nearest point to the nozzle,
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P4 first showed the peak value because the bounce back of the pressure wave reached P4
prior to the other three measuring points.

3.3. Effect of the Filling Pressure on the Flow Behaviors of CsF1,0

Figure 5a displays the Py0 plots from the three tests at the filling pressures of 1910,
2540 and 3230 kPa, whilst keeping the mass of the C4F1,0 similar, respectively. With the
filling pressure increasing, the Py0 declined at a faster rate. As is seen in the pattern inset
in the upper part of Figure 5a, the t4 approximately decreased linearly with the source
pressure rising. This was different to the result of CF3Br that was reported by Jia (which was
inset in the lower part of Figure 5a), where the injection duration first decreased sharply
and then decreased steadily when the release pressure reached a certain value [17]. In their
tests of CF3Br, flashing vaporization contributed the most to the pressure compensation
in the vessel, which led to the elongation of t4. The proportion of such contribution was
relatively high at low filling pressures, but dropped at higher filling pressures. However,
in the current experiments of C4F1,0, the pressure compensation was much smaller, and
the source pressure dominated the discharge duration. Further, more tests at varied filling
pressures were needed to validate the result.

3000 - ’ 20009 2000
TN 245 “ \ .
! g 240 \ AN 5 1800 /
2500 . ~"2 35 1500 ‘ \\\ & 1600 //
2000] [\ 2w .
— b \ N\ 230 - I . \ H
& S N5 20 25 30 3s g [/ Ny g 1200 //
< 1500 . Filng pressure (x10° kPa) 1000 | e N ool
< | o ||/ N
g o / Y 18 21 24 27 30 33
1000 4 “\ / \;‘\k Filling pressure (x 10°kPa)
500 | \
500 1910 kPa // 2540 kpo
2540 kPa Il S0 kpa
3230 kP I
O L ’ 0 T T T T T 1
00 05 10 15 20 25 00 05 10 15 20 25
Time (s) Time (s)
() (b)

—— 1910 kPa
2540 kPa
——— 3230 kPa

204 8 Zgllhngﬁr:ssurg(zﬂolkaPZ) ®

0.0 0.5 1.0 1.5 2.0 25
Time (s)
(9

Figure 5. P-T profiles of the C¢Fq70 tests at different filling pressures: (a) Py0, the pattern inset in
the upper part showed tq at different filling pressures, pattern inset in the lower part was due to
the CF3Br from ref. [17]; (b) P2, the pattern inset showed the peak values of P2 at different filling
densities; (c) T1, the pattern inset showed the T1 nadir at different filling pressures.

Figure 5b,c presents the P-T variations in the pipe of C¢F1,0 at the three filling
pressures. In Figure 5b, with P2 as an example, the peak values of P2 increased with the
filling pressure rising, while the piping temperature decreased with the source pressure
increasing. As shown in Figure 5c¢, at the Py0 of 1910, 2540 and 3230 kPa, T1 showed
the lowest values of —8.8, —13.8 and —19.7 °C, respectively. Similarly, a nearly linear
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relationship was exhibited in the patterns inset in Figure 5b,c. For the current system, the
rapid release could be regarded as an adiabatic expansion process. The source pressure
in the vessel was the driving force for the agent transportation. With the agent flowing,
the pressure energy would transform into dynamic energy and heat energy. Higher filling
pressures not only accelerated the fluid flow and shortened the discharge time, but also led
to a lower temperature in the pipe.

3.4. Effect of the Filling Density on the Flow Behaviors of CeF1,0

Figure 6a shows the changes that were tracked in Py0 in the C¢F;,O tests at different
filling densities. With the agent mass increasing, the ty correspondingly increased (as is
seen in the pattern inset in Figure 6a). Meanwhile, the peak pressure of the pipe went down.
As shown in Figure 6b, with P2 as an example, the peak value decreased from 1170 kPa to
956 kPa when the filling density increased from 262 to 776 kg-m 3, which also displayed a
nearly linear varying trend (as is seen in the pattern inset in Figure 6b). Figure 6¢ gave the
temperature traces of T2 in the three tests. With the filling density rising, the time that the
plot began decreasing was postponed, but the decreasing rate and the nadir value remained
unchanged. The lowest point was around —10 °C for all the three T2 plots.
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Figure 6. P-T profiles of the C¢F1,0 tests at different filling pressures: (a) Py 0, the pattern inset
showed the 4 of the tests at different filling densities; (b) P2, the pattern inset showed the peak values
of P2 at different filling densities; (c) T2.

4. Conclusions

In this work, the transportation characteristics of C¢F1,0 in a straight pipe during a
rapid release process were studied by tracking the temperature and pressure variations
simultaneously. The effects of the filling pressure and the filling density on the flow
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behaviors of C¢F1,0 were examined through a series of tests. Based on the experimental
data, the main conclusions were drawn as follows:

e  Under the driving of pressurized nitrogen, the C¢F1,0 was sprayed out of the pipe
very rapidly. In the process of just a few seconds, the agent in the pipe experienced
complex changes within the three stages of “gas, gas-liquid mixture and gas”. The
intermediate stage exhibited characteristics of gas-liquid two-phase flow, which is
where the fluid was dominated by liquid Cg¢F;,0 together with a small amount of
vapor and nitrogen;

e Upon the release of C4F;,0, the pressure in the vessel went steadily downward until it
reached zero, while the vessel temperature just showed a minor drop of several degrees
Celsius. The pipeline pressure plots exhibited an asymmetric hump shape, which
contained three stages of “rapid increase, gentle decrease and continuous decrease”.
In the first two stages, the piping temperature remained stable. However, a big drop
of about 30 °C in the piping temperature occurred in the third stage of gas discharge;

e In comparison to that of the CF3Br released under similar conditions, the temperature
and pressure curves of C¢F1,0 exhibited similar trajectories, but with much lower
varying amplitudes. Moreover, such differences can be mainly ascribed to their
different vapor pressures and boiling points;

e  With other conditions being the same, raising the filling pressure in the vessel of the
CF120 reduced the discharge duration and the pipeline temperatures. Increasing
the filling density extended the discharge duration, but showed little influence on the
pipeline temperatures.

The experimental data were expected to validate the computer code predictions of
CsF120 in pipeline transportations, which will be useful for the design of a C¢F1,0 fire
suppressing system in the areas of aircraft, shops, libraries, etc.
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Abstract: This article presents a numerical analysis of the performance of three water mist fire
suppression systems, with different characteristics, on shielded fires as representing more realistic
fire scenarios in an enclosure. A diesel pool fire with a peak heat release rate (HRR) value of 75 kW
is covered by an obstacle above it with different shielding conditions to investigate the influence
of the obstacle size and the vertical distance between the obstacle and the nozzle on the efficiency
of the water mist systems. The obstacle prevents a large number of droplets from directly reaching
the fuel surface and flames. The modeling and numerical analysis of this study were carried out
by the fire dynamics simulator (FDS) programming tool, and the designed model was validated
against the experimental data for both dry and wet tests. The results show that two of the analyzed
mist sprays could successfully extinguish the shielded fires in a short time with an obstacle size of
25 cm x 25 cm and 50 cm x 50 cm, placed at two heights. However, the third mist system had a
longer extinguishing time compared to the first two nozzles. All three nozzles failed to suppress the
fire covered by the largest obstacle (1 m x 1 m). The shielding conditions and nozzle characteristics
can affect the performance of water mist systems to some extent.

Keywords: water mist system; shielded fire; fire suppression systems; CFD simulation; FDS

1. Introduction

Due to the increasing number of fire incidents and hazards in different spaces, the
development of active fire suppression systems has been at the center of attention recently.
Fire suppression systems are effective tools to control and extinguish fires preventing
death and injury, and severe damage to structures. Water-based fire suppression systems,
including water mist and water sprinkler systems, have been developed to control fires
effectively. According to NFPA 750 [1], water mist systems are classified into various types
based on different criteria, including system application, nozzle type, system operation
method, and system media type. Water mist systems can also be categorized as low-
pressure (pressure < 12.1 bar), intermediate-pressure (12.1 bar < pressure < 34.5 bar), and
high-pressure (34.5 bar < pressure) systems. The working pressure of the nozzles can
change the mist droplet size and dominant fire-extinguishing mechanisms.

The fire extinguishing performance of water mist systems has been discussed in
recent years. Although experimental fire tests (large-scale or reduced-scale experiments)
are generally very costly, their obtained results are valuable and significant in order to
design more effective fire suppression systems. There have been several experimental
tests analyzing the performance of water mist systems in various spaces like tunnels and
enclosures [2,3]. Laser-based experimental tests have been carried out to study water mist
and nozzle characteristics. These techniques, such as that facilitated by a phase doppler
particle analyzer (PDPA), have been developed to measure droplet size distribution and to
find out the optimal droplet size [4,5]. Laser experiments have been employed to measure
different characteristics, such as Sauter mean diameter (SMD, D32), velocity, cumulative
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volume diameter (CVM), and volumetric median diameter (VMD, Dv,50). For instance,
the characteristics of a low-pressure twin-fluid water mist system were measured using
a particle/droplet image analyzer (PDIA) technique to find out the optimum conditions
for extinguishing small pool fires [4]. Many studies have performed other laser-based
techniques to investigate the spray behavior and droplet size measurements [6-8].

In addition to the characterization studies, many efforts have been made to assess
and optimize the performance of water mist systems for different fire scenarios [9-12].
Yinshui et al. [13] suggested two ways to improve the suppression performance of water
mist systems. The first method is to decrease the flow rate and the spray angle and increase
the water discharge duration. The second way is to increase the flow rate and the spray
angle and reduce the water discharge duration. Other parameters, like the ventilation
condition in tunnels, can also impact the performance of water mist systems. Fan et al. [14]
investigated the effect of longitudinal ventilation in a tunnel fire, and they proposed the
optimal condition of a water mist system.

As mentioned before, due to the cost of experimental tests and engineering constraints,
numerical tools have been developed to simulate different fire scenarios. The fire dynamics
simulator (FDS) developed by the National Institute of Standards and Technology (NIST-
USA) is a popular open-source computational fluid dynamics (CFD) tool in the fire science
literature, and numerous research works have employed FDS to simulate different fire
scenarios and water mist systems [15-17]. The FDS prediction on the effectiveness of
mist application for different fire scenarios has been discussed and challenged by these
researchers. The details of the FDS modeling of the current work will be demonstrated in
the next section. Several papers have focused on the performance of water mist systems in
extinguishing fire scenarios in different environments like tunnels [18-20]. The immediate
temperature drop after using water mist systems was seen in an FDS modeling of an
enclosed-space fire suppression [21]. Although there are several successfully validated
models in the literature proving the capability of FDS for extinguishing simulations, Kim
and Ryou [22] reported their failure to simulate the suppression stage.

In real fire scenarios, the fire can be blocked by obstacles preventing mist droplets
from directly reaching flames and fuel surfaces. These obstacles above the fire can represent
the ceiling of cars and trains in road or railway tunnel fires or any other kind of shields in
enclosure fires. Thus, investigating the interaction between mist droplets and the shielded
fire is important. Fire extinguishing mechanisms, including endothermic cooling, oxygen
displacement, thermal radiation attenuation, and kinetics disturbance, are involved in
suppressing class A and B fires to some extent [23]. Ferng and Liu [15] demonstrated that
the dominant extinguishing mechanism for larger droplets is fuel surface cooling, and for
finer droplets, oxygen displacement and evaporation are used. However, the dominant
extinguishing mechanism in shielded fire suppression scenarios should be further discussed.
The general fire-extinguishing mechanisms are depicted in Figure 1. There is a limited
number of research studies focusing on shielded fires and suppression systems [24-26].
They have tried to assess the plume-spray thrust ratio and the interaction between the
upward fire plume thrust and the downward water mist thrust defined by Alpert [27].

Our current knowledge about shielded fires and proper extinguishing systems is
very limited. The shielded fire is a more realistic fire scenario, and the complex physics
happening in the area of shielded fire suppression is still unknown. In the current work,
three different water mist systems, including low-pressure and high-pressure single-orifice
nozzles, are employed to numerically investigate their capabilities to extinguish or control
the shielded fire in an enclosure using FDS. Three different obstacle sizes, two different
vertical distances between the obstacle and the nozzle, and different nozzle characteristics
are considered the variables of this paper. The validation of the FDS model against the
experimental data and the grid sensitivity analysis are reported in detail. A total number of
23 cases are defined, and the results are evaluated in terms of the extinguishing time, the
HRR evolution, and the temperature fields and the capability of water mist systems to con-
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trol fires with various shielding conditions is discussed. This research work contains valu-
able outputs that are useful for advancing mist technology and performance-based designs.
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Figure 1. General fire-extinguishing mechanisms in the presence of water mist spray.

2. Methodology
2.1. Numerical Procedure in FDS

One of the most reliable tools in fire-related topics is FDS (version 6.7.9) to solve the
Navier-Stokes equations for low-speed flows based on Large Eddy Simulations (LES) [28].
In order to visualize the results for postprocessing purposes, Smokeview (SMV) program is
used [29]. Some scripts are also written in MATLAB and Python environments for better
data visualization.

The basic governing equations in FDS, including mass, momentum, and energy
conservation equations and Radiation Transport Equation (RTE), are coupled to solve the
fire-mist problem. It should be noted that interested readers can refer to the FDS technical
reference guide [30] for detailed mathematical modeling of FDS and formulations. In
addition to the above-mentioned equations, the initial and boundary conditions must be
defined, and the equation of state should be added to make the complete set of equations.
It is worth mentioning that in FDS, air, fuel, and products consisting of primitive species
are considered lumped species to formulate combustion. Moreover, a pressure zone is
defined in this study by considering a bigger computational domain, and the external
boundaries are selected as ‘OPEN’. For air extraction, the ‘/EXHAUST’ vent is considered
as the volumetric flow of the air blower is known. The general steps of the numerical
procedure of this study are depicted in Figure 2.
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Design the geometry of the model
and define the problem

Input data to the model
from experiments

|
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independent?
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with experimental results

Try to find out the problem
with the model

Use the validated model as the reference
for all cases and run other cases

Post-processing stage- display and compare
the results using Python, Matlab, and
Smokeview

Figure 2. Flow chart of the numerical procedure in FDS for the present study.

According to [28], there are three basic principles for simulating the water suppression
phenomenon in FDS, namely, transporting the water droplets through the air, tracking
the water along the solid surface, and predicting the reduction of the burning rate. The
local mass loss rate of the fuel and, consequently, HRR in the suppression model of FDS is
formulated as follows [28]:

iy (t) = iy g J k(b 1)

where m} o i the mass loss rate per unit area in case of dry test, and k() is a function of the

water mass per unit area (r1,,) and is defined as follows:
k(t) = ity (t) 0]

The coefficient « is obtained experimentally or through sensitivity analysis. In FDS,
an ‘e_coefficient” can be introduced to see the reduction in the burning rate in HRR curves
after nozzle activation.

The extinction and evaporation models in FDS and their formulations are demon-
strated here and can also be found in [28,30]. In order to simulate the flame extinction using
water mist droplets, two extinction models, namely ‘EXTINCTION 1’ and "EXTINCTION
2’ are introduced in FDS. The ‘FEXTINCTION 1" model is based on oxygen concentration,
whereas the ‘EXTINCTION 2" model is based on both fuel and oxygen concentration. In
the current work, "/EXTINCTION 2’ is implemented into the model. In this model, the
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Critical Flame Temperature (CFT—T(;) is of importance, and if the temperature of a cell
goes below the CFT, the fire is suppressed. The CFT can be calculated as follows:

AH./r
P

Tor = To + Xor 3
where Ty, Xo1, AH/r, n, and ¢, are the initial temperature of the fuel/air mixture, the
limiting oxygen volume fraction, the heat of combustion per mole of oxygen consumed, the
number of moles of products of combustion per mole of fuel/air mixture, and the average
heat capacity of products of combustion, respectively [28].

Additionally, in order to capture the evaporation effect of water mist droplets on the
fire suppression process, it is critical to understand and define the evaporation model in
FDS. The heat and mass transfer in this model can be estimated as follows [31]:

dm

0 = Ay shnpf (Yes — Yag) @

psV dyig “’YWQ% o
Mo o it AT Ty) + Ay =T+ )

o e e ;

where the subscripts &, g, and p refer to the gas species, the average of the quantity in the cell
occupied by the droplet, and the liquid droplet, respectively. Y, ; is the liquid equilibrium
vapor mass fraction, Y, ¢ represents the local gas phase vapor mass fraction, T, stands for
the droplet temperature, Ty is the local gas temperature, 1, displays the droplet mass, ¢,
stands for the specific heat of the liquid, A s is the surface area of the liquid droplet, 1,
shows the mass transfer coefficient, g, is the droplet radiative heating rate, o represents
the gas density, h, ¢ is the vapor-specific enthalpy, ¢, shows the gas-specific heat, /i is the
heat transfer coefficient between the droplet and the gas, Yy ¢ is the vapor mass fraction of
the gas, m, is the mass of the local gas, p i denotes the density of the particle film, my, hy,
and ¢, represent the mass of the first node of the solid, the heat transfer coefficient between
the droplet and the solid, and the solid specific heat, respectively. It should be noted that
Equation (8) is employed when the droplets hit a wall surface.

After demonstrating the mathematical and physical explanations of the model, the
geometry and computational domain of the model are defined. The details about the
simulation process are presented in the next section.

2.2. Simulation Model

The dimensions and the properties of the compartment, and the fuel and material
characteristics are chosen according to the data presented by Jenft et al. [32]. The size of
the room is 4.20 x 4.30 x 3.05 m?, and the material properties are given in Table 1. The
diesel pool fire is defined by introducing a steel pan in the middle of the compartment with
the size of 30 x 30 x 10 cm®. The properties of the diesel are mentioned in Table 2. The
pyrolysis is introduced to the model by defining a specific heat release rate per unit area
(HRRPUA—KW /m?) and a peak HRR value of 75 kW. The HRR evolution is also extracted
from [32], and it is implemented into the model using a time ramp via the "RAMP_Q’
function in FDS. The geometry of the FDS model representing the walls, the nozzle, the
pool fire, and the obstacle is displayed in Figure 3a, and the cross-section of the model
showing the grid can be seen in Figure 3b.
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Table 1. Material properties.

Material Conductivity (k) W/mk Specific Heat (cp) j/kgk Density (p) kg/m3
Concrete 1.575 1000 2100

glass 1 750 2500

steel 50 450 7800

wood 0.13 1600 500

Table 2. Fuel properties.

Common Formula Heat of Combustion (AH,) kj/kg Soot Yield kg/kg
Diesel CipHas 42,200 0.059
ﬂull: l

obstacle

\ T

(a) (b)
Figure 3. (a) Snapshot of the model geometry in FDS and the (b) XZ plane of the grid.

Three single-orifice water mist systems with different nozzle characteristics, includ-
ing the operating pressure, the droplet size distribution, and the cone angle, were used
in this study. In order to analyze the effectiveness of water mist systems to control and
extinguish the shielded diesel fire, a variety of input and output parameters were con-
sidered. The variables include the size of the obstacle, the vertical distance between the
obstacle and the nozzle, and the characteristics of the nozzle. The characteristics of the
nozzles can be seen in Table 3. In this paper, a total number of 23 different cases have
been defined, as shown in Table 4. It is worth mentioning that a useful way to predict the
movement of liquid droplets on horizontal surfaces, like shielded fire cases, is to employ the
‘ALLOW_UNDERSIDE_PARTICLES=T" function in FDS [28]. The obstacle sizes include
25 cm x 25 cm (Obstacle 1), 50 cm x 50 cm (Obstacle 2), and 1 m x 1 m (Obstacle 3) at
two heights: 800 mm (H1) and 1500 mm (H2) above the floor. In Table 4, different categories
are defined with respect to the nozzle and height numbers; for instance, N1H1 refers to
cases in which nozzle 1 is used, and the obstacles are located at a height of 800 mm above
the floor. It should be noted that the HRR value of all cases is 75 kW.

Table 3. Nozzle characteristics of water mist systems.

Nozzle 1 Nozzle 2 Nozzle 3
D =46 um D =124.6 ym D=112 um
Operating pressure = 100 bar Operating pressure = 10 bar Operating pressure: 10 bar
Flow rate = 11.9 L/min Flow rate = 22.8 L/min Flow rate: 6.3 L/min
Velocity =10 m/s Velocity =42.5m/s Nozzle exit diameter: 0.0008 m
Cone angle = 0-48° Cone angle = 0-90° half injection angle: 65°
K factor =1.9 L/mirl/barl/2 K factor=7.2 L/rnin/’barl/2 K factor: 1.9 L/mirl/barl/2
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Table 4. Defined simulation cases.

Distance between

Category Case No. Obstacle No. Obstacle and Floor Nozzle Number Activation Time
. I—dry validation - - - -

Validation II—wet validation - - 3 540's
I - - 1 75s
v 1 H1 1 75s
N1H1 Vv 2 H1 1 75s
VI 3 H1 1 75s
viI - - 2 75s
v 1 H1 2 75s
N2H1 IX 2 H1 2 75s
X 3 H1 2 75s
XI - - 3 75s
XII 1 H1 3 75s
N3H1 XIII 2 H1 3 75s
X1V 3 H1 3 75s
XV 1 H2 1 75s
N1H2 XVI 2 H2 1 75s
XVIL 3 H2 1 75s
XVIII 1 H2 2 75s
N2H2 XIX 2 H2 2 75s
XX 3 H2 2 75s
XXI 1 H2 3 75s
N3H2 XXII 2 H2 3 75s
XXIII 3 H2 3 75s

3. Results and Discussion
3.1. Grid Sensitivity Analysis

The aim of the grid resolution study is to find out a trade-off between the accuracy of
the model and the computational cost in which the cell size does not affect the results signif-
icantly. The characteristic fire diameter is calculated as the following equation, suggested
by the FDS user’s guide [28]:

Q 2/5
D =(—=—— 9
oo ©

where Q is HRR, and Peo, Cp, and Teo are the density, the specific heat, and the temperature
of the ambient, respectively. The nondimensional quantity %: is then applied to define the
proper grid size for buoyant plume simulations, where dx is the nominal size of a mesh cell.
In the current study, the sensitivity analysis was carried out considering three cases with
the same characteristics but different mesh sizes, including coarse, moderate, and fine, with
the total number of grid cells varying from about 300,000 to almost 1,700,000. The average
temperature distribution along a vertical line that is lateral to the fire (from the floor to the
ceiling) between 50 s and 150 s after ignition is illustrated in Figure 4. It should be noted
that all three sets of meshes are selected based on an acceptable range of cell numbers for
this study.
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Figure 4. Temperature comparison between three cases for sensitivity study.

The temperature deviation between the moderate and the fine meshes, which follow
the same trend, does not go beyond 7%. However, this percentage for the coarse mesh
is 13% compared to the fine mesh. The deviation of the quantities between the moderate
mesh and the fine mesh is not significant. Therefore, the moderate mesh was selected for
further studies, which has reasonable accuracy and an acceptable computational time. The
selected model has a single mesh with a total number of approximately 500,000 cells.

3.2. Model Validation
3.2.1. Dry Test Validation

The simulation results of the basic case (case [—no water mist application) were com-
pared with the experimental data of Reference [32] for the diesel pool fire dry test validation
with a peak HRR value of 75 kW. The comparison of the results for O, concentration near
the exhaust fan is displayed in Figure 5a. The average difference between the results
is below 1%, and the simulation outputs are perfectly matched with the experimental
data for this quantity. Moreover, the temperature was recorded at the heights of 50 cm,
150 cm, 250 cm, and 290 cm on a thermocouple tree with 140 cm offset from the central axis
of the room in the corner. From Figure 5b, it can be seen that the simulation results are in
good agreement with the data from the experiments; however, the FDS model generally
overpredicts the temperature values in the corner axis at the height of 50 cm by a maximum
difference of 20%. This percentage decreases at a higher altitude, from 150 cm to 290 cm, by
a maximum deviation of 10%. The maximum temperature discrepancy between the results
does not exceed 18 °C.

FDS 50 cm
FDS 150 cm
80

&

0, concentration (molimol)
s
e 8
5 =8
Temperature (C)

0.198

0.196

0.104 ] " Cl 4 ol L 2 n . " B n P—
0 100 200 300 400 500 ] 50 100 150 200 250 300 350 400 450
time (s) Time (s)

(@ (b)

Figure 5. Comparison of (a) O, concentration and (b) temperature evolution between FDS and
experimental data [32] (dry test).
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02 concentration (mol/mol)

3.2.2. Wet Test Validation

In addition to the dry test validation, the wet test validation (using a water mist
system) was also carried out using experimental data. In this regard, the water mist system,
with the same characteristics as mentioned in Reference [32] (see Table 3—nozzle 3), was
introduced into the model, and the outputs were compared with the experimental data.

For the wet test validation, the simulation time was set to 700 s, and the nozzle acti-
vation time was 540 s after ignition (case II). As can be seen in Figure 6, the comparisons
can be analyzed in two parts: before and after nozzle activation. Before nozzle activation,
the deviation in the results for both temperature and oxygen concentration values is small.
However, the difference between the results is higher after nozzle activation. The FDS
model showed an immediate increase in O, concentration after mist activation. However,
the maximum deviation does not go beyond 5%, with an average difference of below 3%.
This shows a good match between the results. Qualitatively speaking, the temperature de-
creases for both the experimental and simulation measurements follow the same trend after
nozzle activation in the wet test, but this reduction is sharper for FDS modeling. Generally,
FDS overestimates the impact of the mist droplets on the reduction in temperature. The
same behavior and observation (for both dry and wet validations) were seen in the FDS
model of Reference [32], and the complete explanation was also reported in that article.
Considering the delay in data logging and experimental bias, the validation results are
satisfactory for the wet test. After validation, the current model can be used to further
study the performance of water mist systems and the shielded fire suppression process.
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Figure 6. Comparison of (a) O, concentration and (b) temperature between FDS and experimental
data [32] (wet test).

3.3. HRR and Temperature Fields

The HRR evolution and the designed fire curve are defined according to [32] in FDS.
For the early application of the water mist, the nozzles are activated 75 s after ignition
(the HRR at the time of activation is around 50 kW—the fire is not fully developed). For
cases with different obstacle scenarios, the HRR and temperature curves are plotted to
compare the evolution after nozzle activation. In this study, the criterion for comparing the
extinguishing time for any case is the time when HRR becomes zero.

In Figure 7a, the HRR comparison for cases III to VI (nozzle 1) is illustrated. The only
case where the water mist system was unable to suppress the pool fire completely is case
VI, in which the obstacle is 1 m x 1 m in size and is located 800 mm (H1) above the floor.
In this case, the pool fire is completely covered by the obstacle, and the droplets are unable
to reach the fire plume or the fuel surface. In case IV, the water mist system was able to
extinguish the fire around 7 s after nozzle activation. Cases Il and IV represent almost the
same behavior, where the burning rate decreases to zero sharply after activation. In case IV,
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the obstacle is the smallest, and the mist droplets could reach the flame and the fuel surface.
The longest extinguishing time among the suppressed cases belongs to case V, in which
the mist nozzle extinguished the fire after almost 37 s. In this case, although the fire was
blocked by the obstacle, some droplets could bypass the obstacle and reach the flame.
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Figure 7. (a) HRR evolution for cases III to VI; (b) temperature evolution in the corner at the height
of 50 cm for cases III to VI; (c) temperature evolution in the corner at the height of 290 cm for cases 111
to VL.

The temperature evolution of different cases is also illustrated. The temperature values
were obtained in three thermocouple trees: one in the center axis of the room above the fire,
and the other two in the corners, 1 m away from the central axis. Only the temperature
evolution in the corners is shown here. The temperatures were measured at different
heights, from 50 cm above the floor up to 290 cm. Figure 7b,c show the temperature
evolution for cases using the early application of nozzle 1. The temperature first decreased
with nozzle activation in case VI (the largest obstacle) but then increased rapidly up to
45 °C. In other cases, the temperature went down sharply and stayed at a constant value
until the end of the simulation. The temperature was controlled successfully for the
extinguished cases after the activation of nozzle 1. The flame temperature plots are not
shown here; however, as the fire was suppressed quickly in cases III to V, the flame
temperature at the thermocouple tree above the fire (from 30 cm to 50 cm above the fire)
dropped to the ambient temperature after activation. On the other hand, the near flame
temperature for case VI (failed suppression case) did not change significantly and kept
fluctuating up to 800 °C for the closest thermocouples to the fuel surface.
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Figure 8a shows the HRR evolution for four cases using the second nozzle. As can be
seen, the water mist system was unsuccessful in suppressing the fire where the obstacle was
the largest (case X). However, the mist system could extinguish the shielded fire in other
cases. The extinguishing time for cases VII and VIII is below 10 s, but this time increased to
around 45 s when the size of the obstacle increased to 50 cm x 50 cm. Figure 8b,c represent
the temperature evolution for cases VII to X at 50 cm and 290 cm above the floor in the
corner of the compartment. In the failed extinguishment case, the temperature in the corner
first decreased after nozzle activation, then increased after a few seconds. The temperature
was completely controlled in the other cases.
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Figure 8. (a) HRR evolution for cases VII to X; (b) temperature evolution on the corner at the height
of 50 cm for cases VII to X; (c) temperature evolution on the corner at the height of 290 cm for cases
VII to X.

The same visualizations are illustrated for cases XI to XIV using nozzle 3 in Figure 9.
For this nozzle, the HRR and temperature distributions also follow the same trends as
nozzles 1 and 2. However, the extinguishing time is almost 5 to 10 times the extinguishing
time of those cases using the first nozzle with the same k-factor. Nozzle 3 was capable
of controlling far-field temperatures at the corners, which is almost the same as the other
two nozzles, thanks to its high cone angle (130°). The nozzle acts as a mist curtain around
the fire leading to a temperature drop, although the suppression process is slow compared
tonozzles 1 and 2. Although the working pressure and the droplet size of this nozzle are
almost the same as nozzle 2, the suppression time is longer due to the lower flow rate.
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Figure 9. (a) HRR evolution for cases XI to XIV; (b) temperature evolution on the corner at the height
of 50 cm for cases XI to XIV; (c) temperature evolution on the corner at the height of 290 cm for cases
XI to XIV.

The results for the HRR values of cases XV to XXIII are shown in Figure 10. In order
to avoid repetition, only the HRR evolutions are displayed in this figure. In cases XV
to XXIII, the obstacle is placed at a height of 1500 mm (H2) above the floor. The water
mist system successfully suppressed the fire almost immediately for cases XV and XVI
(Figure 10a). For case XVII, nozzle 1 failed to control the fire. Similar to the previous cases,
the simulations were carried out for cases XVIII to XX using the second nozzle. As can
be seen, nozzle 2 was also unable to suppress the shielded fire when the obstacle was
the largest (case XX—Figure 10b). With the use of nozzle 3 (case XXI-XXIII), the same
suppression behavior can be seen (Figure 10c). When the obstacle is placed at a height of
1500 mm, the extinguishing time is generally shorter compared to the H1 cases.

In order to compare the nozzles more clearly in terms of the extinguishing time with
different shielding conditions, the suppression time of the successful cases is shown in
Figure 11. The extinguishing time in case IX is almost 8 s longer than the time in case
IV (considering the time that the HRR becomes almost zero). In this regard, the first
nozzle with finer droplets and higher pressure excelled over nozzle 2 in the shielded fire
application, with an obstacle size of 50 cm x 50 cm. In cases VII and VIII, the extinguishing
time is less than 10 s. Nozzles 1 and 2 performed almost the same for those cases in
which there was no obstacle and when the obstacle size was the smallest (25 cm x 25 cm).
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However, the extinguishing time is almost 3 to 11 times longer than nozzles 1 and 2. When
the obstacle is closer to the nozzle (H2), the droplets have a better chance to bypass the
obstacle, therefore reaching the flames. It should be noted that if the obstacle is very close to
the fuel surface or to the nozzle, the fire can be fully covered, preventing mist droplets from
reaching the flames or bypassing the horizontal surface. Even though in such scenarios,
water mist droplets, especially finer droplets, can occupy the space around the shielded
fire, the spray momentum is not sufficient to overcome the buoyant fire plume momentum
and, consequently, there will be no penetration to the fire plume and flames.
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Figure 10. (a) HRR evolution for cases XV to XVII; (b) HRR evolution for cases XVIII to XX; (c) HRR
evolution for cases XXI to XXIII.
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Figure 11. Comparison of extinguishing times in the successfully suppressed cases.
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As depicted before (Figure 1), there are different fire-extinguishing mechanisms in-
volved in the suppression process facilitated by the water mist systems. In shielded fire
suppression, the dominant extinguishing mechanisms can be diverse with respect to the
shielding condition. When the fire is fully blocked by an obstacle (obstacle 3 in this study),
even large droplets cannot penetrate the fuel surface or flames; therefore, the fire can only
be controlled through thermal radiation attenuation or oxygen displacement. As mentioned
before, all three nozzles failed to extinguish the fire in the existence of the largest obstacle;
however, the temperature in the corners of the enclosure decreased. In the shielded fire sup-
pression regarding obstacles 1 and 2, the fire is not fully covered, and larger droplets have
a chance to penetrate the fire plume and extract heat from the flames so that the smaller
droplets can bypass the obstacle, leading to endothermic cooling, oxygen displacement,
and radiation attenuation.

Figure 12a,b show the velocity contour plots at the plane y = 2.15 m in the middle of
the compartment for case V, as an example. For the velocity contours, one plot displays
1 s before water mist activation (Figure 12a), and the other one shows 1 s after activation
(Figure 12b) in order to compare the effect of the water droplets on the velocity field. As
can be observed clearly, the velocity is the highest in the middle, close to the nozzle after
activation. The obstacle above the fire prevents most of the droplets from directly reaching
the fuel’s surface, as shown in the velocity contour plot after activation.
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Figure 12. Velocity contour plots for case V (a) at t = 75 s, just before activation, and (b) att =765, 1s
after activation.

For the temperature contours, six different plots at the plane y = 2.15 m are shown
for case V at different times, including 1 s before activation (Figure 13a) and 1 s (b), 5s (c),
10s (d), 25 s (e), and 100 s (f) after activation. It can be seen that, for this fully extinguished
case, the flame almost disappeared 25 s after spray activation (the predicted extinguishing
time for this case is around 37 s), and the temperature in the upper layers close to the
ceiling was higher after suppression. Additionally, the maximum temperature dropped
from above 800 °C to around 70 °C 25 s after nozzle activation.

92



Fire 2023, 6, 129

Temperature(°C) Temperature(°C)

3 800
700
25 25
600
2
500
€ E
N15 400 V15
300
200
05 05
100
0 0
0 1 2 3 4 o 05 1 15 2 25 3 35 4
x(m) x(m)
(@ (b)
Temperature(°C) Tomperatura(°C)
350
500 3
450
25 00 25
350
2
- 300
E E
W15 250 N 15
200
1
150
05 100 05
50
0 0
0 1 2 3 4 o o5 1 15 2 25 3 35 4
x(m) x(m)
(0) (d)

Temperature(°C) Temperature(°C)

35

30
25

20

x(m)

(e) ()

Figure 13. Temperature contour plots for case V (a) at t = 75 s, just before activation, (b) at t =76 s, just
after activation, (c) at t = 80 s, 5 s after activation, (d) at t = 85s, 10 s after activation, (e) at t =100s,
25 s after activation, and (f) at t = 175 s, 100 s after activation.

4. Conclusions

In this study, the performance of three single-orifice water mist systems with different
characteristics on extinguishing shielded fires in an enclosure was investigated using FDS
simulations. The impact of the shielding condition, including three obstacle sizes and
two vertical distances from the nozzle, on the shielded fire suppression behavior was
thoroughly assessed. A 4.20 m x 4.30 m x 3.05 m enclosure was modeled in FDS, and
23 different cases were defined for comparisons. The diesel pool fire with an HRR peak
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value of 75 kW was placed in the middle of the compartment. The following conclusions
can be drawn:

e The maximum deviation in O, concentration between the FDS predictions and the
experimental measurements was 1% for the dry test and less than 5% for the wet test.
Moreover, the discrepancy in the temperature values did not exceed about 18 °C in
both cases;

e  The first two nozzles (nozzles 1 and 2) were able to suppress the fire completely in the
absence of obstacles in a very short time. However, all three nozzles failed to suppress
the shielded fire where the obstacle size was 1 m x 1 m, located at any distance from
the nozzle;

e  The high-pressure spray system performed better in terms of the extinguishing time
of the shielded fire compared to nozzles 2 and 3, where the obstacle sizes were
25cm x 25cm and 50 cm x 50 cm. However, the suppression time using nozzle
2 (low-pressure) was close to nozzle 1 (high-pressure) due to the higher flow rate;

o Although nozzles 2 and 3 had the same pressure (10 bar) and almost the same droplet
size, nozzle 3 had a longer extinguishing time due to a lower flow rate;

e In the successful cases of extinguishment, the temperature inside the enclosure de-
creased sharply after nozzle activation;

e  The obstacle size, its distance from the nozzle, and the nozzle characteristics are critical
parameters in the study of shielded fire suppression;

o When the fire is not fully covered by the obstacle, a portion of droplets can penetrate
the flame by overcoming the plume thrust and bypassing the obstacle.

The authors recommend that researchers perform more experimental tests and simula-
tions to investigate different water mist systems in the case of shielded fires and to analyze
the fire extinguishing mechanisms. Moreover, the nozzle application time (early or late
application) as an effective parameter can be taken into consideration.

Our future work will focus on experimental shielded fire suppression tests with
different shielding conditions to further develop the FDS models.
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Abstract: This paper presents the experimental findings on fire containment and suppression by
dropping CO, hydrate granules and tablets on burning solid materials. We used the combustible
materials typical of compartment fires—wood, linoleum, and cardboard—to determine the volume
and mass of gas hydrate powder necessary for the effective fire suppression. Gaseous emissions were
recorded from the combustion with and without fire suppression using hydrates. Conditions were
specified in which a fire can be extinguished with minimum air pollution. We also identified the
conditions for effective fire containment and suppression using hydrates as compared to water spray,
snow, and ice. The necessary volume of hydrate was determined for effective fire suppression in a
compartment filled with various materials. Experimental data show that the impact of temperature
on the CO; hydrate decomposition is highly nonlinear. The carbon dioxide hydrate exhibited a
much better fire suppression performance than water spray in the course of total flooding of solid
combustible materials. It was established that fine water spray failed to reach the lower levels of
multi-tier crib fires. Finally, key patterns of total flooding with CO, hydrate powder were identified
when applied to fires.

Keywords: CO; hydrate; powder and tablet; fire containment; extinguishing; anthropogenic gaseous
emissions; experiment

1. Introduction

Compartment fires are among the most severe ones in terms of fire safety [1-3] because
buildings, structures and vehicles contain substances and materials with significantly
different properties [4-6]. The thermal decomposition and combustion of these materials
and substances produce toxic gases, making it difficult to evacuate people. Excessive
use of water or other extinguishing agents on its basis leads to great property loss and
again makes it difficult for people to escape the premises. Extinguishing agents are often
available in enclosed spaces in very limited amounts [1,7]. Therefore, both time and
extinguishing agents should be used efficiently to contain and suppress fire. Quite often, it
is more efficient to evacuate people from fire-affected premises and suppress the fire quickly
using extinguishing agents instead of sprinkling the adjacent compartments. The most
widespread water, gas, and powder firefighting systems are adjusted for the conditions
of potential fires to optimize the fire containment and suppression [8-11]. Each of such
systems has its strengths and weaknesses. The strength of the firefighting systems based on
water mist consists in their minimum negative impact on the environment [9,12]. However,
when fires are suppressed by water mist, the flame is briefly intensified, which poses a
threat to surrounding people including firefighters. Pei et al. evaluate the efficiency of a two-
liquid N, water mist containing a KQ additive for the suppression of an ethanol pool fire [9].
This helped improve both physical and chemical effects of fire suppression. Droplet size
was found to be one of the major factors influencing the water mist atomization efficiency
during the suppression of multiple pool fires [12]. The minimum optimal droplet size was
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determined for water mist. Making the particle size smaller than this threshold value is
not feasible [12]. To enhance the strengths of the corresponding systems and minimize
their weaknesses, it is necessary to intensify three fire suppression mechanisms [8,13,14]:
cooling the surface of the reacting material and gas—vapor mixture through heat transfer
and phase transitions; displacing the oxidizer and thermal decomposition products from
the high-temperature zone using inert gas (or gas—vapor mixture); filling the pores of
the pyrolyzing material with an inert component—water. The analysis of the experience
with extinguishing agents (in particular, emulsions, solutions, slurries, foams, etc.) shows
that each of the three mechanisms or all of them at once can be activated at different
stages of a fire (pyrolysis, growth, flame combustion, smoldering, and decay). Here, both
the consumption of extinguishing agents and fire suppression time can be reduced by
using multi-phase composite agents [15]. These include gas hydrates (ice and gas in a
crystal lattice; when heated, a liquid film is formed on the hydrate surface) based on inert
components, CO, in particular.

CO;, hydrate has some unique benefits [16]. It is conventionally used for the capturing
and storage of CO, [17,18], sea water desalination [19], production and cooling of carbon-
ated solid foods [20], as well as replacement of CHy in natural gas hydrate deposits [21].
The use of gas hydrate powder for firefighting purposes has not received much atten-
tion [22]. Authors report on their experimental research into the pool fire extinction using
carbon dioxide hydrates [23]. The results show that CO, hydrate can extinguish a pool
flame using less water as compared to ice and cause lower CO, emission as compared to
dry ice [23]. It is of great scientific interest to study different materials to find the optimal
reacting substances to hydrate mass ratio as well as their contact areas. The relevance of
this research also stems from the boost that the production of artificial gas hydrates [24] and
recovery of natural gas hydrates [25,26] has received over the recent years. Both granulated
powder and pressed tablets are used to transport different volumes of gas. As a result, new
knowledge has been obtained on the mechanisms of hydrate dissociation [27,28], melting,
evaporation and boiling [29,30] as well as ignition and combustion [31,32]. These papers
have become a base for promoting the effective use of different gas hydrates (in particular,
methane, ethane, propane, isopropanol, carbon dioxide, and their combinations) in the petro-
chemical and energy industries. A relevant task is to study compartment fire containment
and suppression using CO, hydrates. This served as a motivation for this study.

The analysis of the literature quoted above indicates that firefighting is a global
problem. The destructive force of fires often leads to injuries and loss of life. The currently
known firefighting technologies are notable for some weaknesses that are under the radar
of specialists who are busy developing new, more effective firefighting tools. Firefighting
services are facing a multitude of challenges, while the number of fires is on the increase
and so is the material damage they cause. Under these conditions, it is necessary to equip
industrial and housing facilities with cutting-edge, highly effective extinguishing media
based on brand-new technology. The research of new effective fire suppression agents is a
major objective. In particular, it is a relevant task to study compartment fire containment
and suppression using CO, hydrate as a new extinguishing component. The aim of this
research was to experimentally identify the conditions for the effective suppression of
compartment fires with typical solid combustibles involved using CO, hydrates in the
form of pressed tablets and granulated powder. Here, we look into several key aspects of
carbon dioxide hydrate as a component for class A fire suppression. We also investigate
the patterns of CO, hydrate dissociation as one of the key processes characterizing the gas
hydrate decomposition rate and time, which has a significant impact on the fire suppression
parameters. A separate section deals with anthropogenic emissions from the combustion
and suppression of flammable materials. The main section reports the necessary and
sufficient conditions of effective class A fire containment and suppression using carbon
dioxide hydrates as compared to water aerosol, snow, and ice.
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2. Experimental Technique
2.1. Materials

The experiments involved three of the most widespread fire-hazardous solid materials
typical of miscellaneous compartments including unoccupied ones (e.g., warehouses):
wood, linoleum, and cardboard (Table 1). Wood is the most abundant combustible material
found in compartments. The fire hazard of wood is defined by its thermal decomposition
under external heat fluxes that start at above 110 °C [33]. Further heating causes the
evaporation of free and bound moisture from timber. This process finishes at 180 °C
when the least heat-resistant components decompose to release CO, and H,O. At above
250 °C, timber pyrolyzes to emit the following gaseous products: CO, CHy, Hy, CO,,
H,O. The gaseous mixture is flammable and capable of igniting from an open flame, a
spark, heated surfaces, a short circuit, etc. Higher temperatures accelerate the thermal
decomposition of timber. One of the important factors determining the fire safety of timber
is its ability to ignite and to stimulate the propagation of fire in an oxidizer environment [33].
Linoleum is one of the most affordable flooring materials. Being used everywhere from
residential premises to industrial buildings, linoleum is manufactured with strict fire safety
regulations. However, when exposed to fire, it decomposes to emit a large volume of
toxic gases. According to the statistics [34,35], most fire fatalities are the result of smoke
inhalation rather than burns. Apart from wood, paper is another widespread flammable
material. Cardboard is often used in industrial premises. In actual fires, paper products
often serve as the primary combustible medium leading to one of the most hazardous
and fast spreading types of fire. Linoleum, rubber goods, particle board, and fiberboard
are widely used as finishing materials. These materials fall into one group in terms of
fire safety indicators. Linoleum is the most frequently used of them. Thus, the research
findings on wood, cardboard, and linoleum can be representative of typical solid materials
found indoors. Due to the high fire hazard of the materials under study, it is important to
investigate the fire containment and suppression for these very materials.

Table 1. Characteristics of combustible materials used in the experiments.

Combustible Material

Specifications

Pine wood

Pine density is 520 kg/ m? and moisture content is 12-15%. Total heating value of pine wood is
4.4 kW-h/kg. The combustion of pine wood produces water vapor, heat, carbon dioxide and carbon
monoxide, aldehydes, acids and different gases.

Fabric backed linoleum

Linoleum backed with fabric is made of polyvinyl chloride with added plasticizers, fillers and dyes.
A quality material does not support active combustion. The main combustion product of polyvinyl
chloride is hydrogen chloride.

Corrugated cardboard

It consists largely of recycled materials (semicellulose, straw, waste paper, etc.). The rest is primary
cellulose fibers.

The following extinguishing agents were chosen for the containment and suppression
of fires: snow, water, ice, and carbon dioxide hydrate in the form of powder and tablets.
Carbon dioxide is actively used in firefighting systems [8,21]. It provides fast fire contain-
ment and suppression because it does not contribute to fire propagation and displaces the
fire-sustaining oxygen. Using CO, for firefighting has a number of benefits: it is easy to
use, suitable for fires involving any materials, etc. The main weakness of using CO; is
the potential hazard to building occupants due to the critical lack of oxygen during fire
extinguishing with carbon dioxide. CO, hydrate can significantly reduce the impact of
this weakness due to the content of water. The content of water in the hydrate also helps
effective firefighting even if multi-phase reacting media are involved. To enhance the role
of steam in the presence of CO,, we used a hydrate with a limited content of gas in the
crystal lattice. The CO, hydrate used in the experiments had the following component
composition: 71-72% of water and 28-29% of CO, (powder); 73-75% of water and 25-27%
of CO; (tablet). The CO; hydrate powder particles were 0.3-0.5 mm in diameter, which
is a typical diameter of hydrate granules [36]. The CO, hydrate tablet had the following

98



Fire 2023, 6, 82

dimensions: 20 mm (diameter dy) and 5 mm (height hy). Experiments with alternative
extinguishing agents involved tap water, natural snow and ice from a freezer in the form of
3-5-mm granules. The masses of extinguishing agents used in the experiments were pre-
liminarily determined using an AJH-620CE balance with an accuracy of +0.001 g. Table 2
presents the specifications of the extinguishing agents used in the experiments.

Table 2. Specifications of the extinguishing agents used in the experiments.

Extinguishing Agent Specifications
Water Tap water
Snow Snow from natural precipitation particle size: 1-2 mm.
Ice Frozen tap water ice particle (granule) size: 3-5 mm.
CO; hydrate powder Component composition: 71-72% water, 28-29% CO,. Powder particle size: 0.3-0.5 mm.
CO, hydrate tablet Component composition: 73-75% water, 25-27% CO,. Hydrate tablet dimensions: 20 mm (diameter),

5 mm (height).

2.2. Experimental Setup and Methods

In the experimental research into the thermal decomposition (dissociation) of a carbon
dioxide hydrate tablet, it was exposed to radiant heating with heat fluxes comparable
to those typical of compartment fires. The setup is schematically presented in Figure 1.
The thermal decomposition of a CO, hydrate tablet occurred in a high-temperature air
environment generated in a ceramic tube of an R 50/250/13 muffle furnace. The air
temperature in the furnace ranged from 500 to 900 °C. It was measured using a type
S thermocouple with a temperature range of 50 ... 1400 °C and accuracy of £2.5 °C.
A hydrate tablet was retrieved from a Dewar vessel filled with liquid nitrogen, weighed
on an AJH-620CE electronic balance with an accuracy of +0.001 g, and put into a fine-
mesh metal holder. The time from retrieving the sample to when it was placed inside the
tubular muffle furnace did not exceed 10 s. Using a positioning mechanism, we introduced
the holder with a hydrate tablet into a hollow tube of the heated furnace. The thermal
decomposition was recorded at 100 fps using a high-speed Phantom v411 camera with a
resolution of 1280 x 800 pix, 12-bit depth, 20 um pixel size, 1 us minimum exposure, and
image-based auto-trigger. The resulting video recordings were analyzed using the Tema
Automotive software. The concentration of gases emitted from the decomposition was
measured using a Test 1 gas analyzer (Bonair, Russia). The Test 1 gas analyzer probe was
introduced into the central part of the heated furnace. The gas flowed through the sampling
hose to the gas analyzer sensors. The resulting gas concentrations (CO,, CO) were analyzed
using the custom Test software. The average gas concentrations were calculated using the
trapezoidal rule. The calculation procedure is described in more detail in [37].

The fire containment and suppression were experimentally studied on a setup schemat-
ically represented in Figure 2. A wood/linoleum/cardboard sample with a fixed initial
mass was placed in a metal container and ignited by a gas burner (evenly across the entire
surface). The fuel was exposed to the gas burner for 15-20 s (wood), 12-15 s (linoleum), and
8-10 s (cardboard). The research was carried out in a transparent, hollow parallelepiped
(0.35 x 0.25 x 0.2 m) made of a fire-resistant material. The extinguishing agent was de-
livered to the burning material by a robotic arm. The mass of the fuel was preliminarily
measured using an electronic balance. The temperature in the central part of fire (on the
surface of the material and above it) was recorded by type K thermocouples (Owen) with a
measurement range of 233-1573 K, accuracy of +1.5 K at T = 233-573 K and +0.004-T at
T = 574-1573 K. The temperature readings were transferred to the PC. The gas concentra-
tions emitted from the combustion of the material were measured by a Test 1 gas analyzer;
its probe was introduced into the center of the cube through a designated orifice on top.
The combustion processes were recorded by a high-speed Phantom MIRO C110 camera
with a frame rate of up to 1000 fps at a resolution of 1280 x 1280 pix.

99



Fire 2023, 6, 82

Snow

Figure 1. Scheme of the setup for studying the thermal decomposition of gas hydrate on radiant
heating: 1—muffle furnace; 2—spotlight; 3—electronic balance; 4—positioning mechanism; 5—laptop;
6—metal holder with a hydrate tablet; 7—gas analyzer; 8—camera.
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Figure 2. Scheme of the setup for studying the fire containment and suppression: 1—electronic balance;
2—laptop; 3—gas analyzer; 4—transparent cube; 5—extinguishing agent feeder; 6—container with burn-
ing material (wood/linoleum/cardboard); 7—gas burner; 8—extinguishing agent; 9—thermocouple;
10—temperature transmitter; 11—camera.

The distance from the extinguishing agent feeder to the surface of the controlled
laboratory-scale fire was about 0.15 m. The combustion time of the fire approximated
7-10 s (from the moment when the fuel exposure to the gas burner stopped up until
the moment of an extinguishing agent was supplied). Ice, snow, and CO, hydrate were
delivered by opening a sliding gate on the extinguishing agent feeder 5 (Figure 2). The
extinguishing agent traveled to the fire under gravity. Water was delivered using an FMT-
100 spray nozzle [38]. The water pressure before the spray nozzle was 1.5 bar, the average
droplet velocity was 3.6 m/s, and the size of the droplets ranged from 2 to 120 um. The
sizes and velocities of droplets generated by the nozzle were determined using the optical
techniques of SP and PIV, such as in [38].
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The proposed experimental method is versatile: it can be used for studying the
suppression of fire involving combustibles with different initial masses using water, snow,
ice, and gas hydrate powder. Preliminary experimental findings were used to calculate
the integral characteristics of fire containment and suppression. Video recording and
thermocouple measurements allowed us to keep track of the fire suppression stages even
during active vaporization and smoke generation as well as thermal decomposition of
materials producing a gas-vapor mixture that poorly transmitted radiation.

3. Results and Discussion
3.1. Patterns of CO, Hydrate Dissociation

Figure 3 shows the thermal decomposition times of a CO, hydrate tablet when vary-
ing the ambient gas temperature in the range of 500-900 °C. The error bars in the figure
illustrate the random error in a series of measurements of thermal decomposition time
(confidence intervals). To process the results (including gross error identification and elimi-
nation), standard approaches were used [39]. These involved calculating the mathematical
expectation (Equation (1)), variance of a random variable (Equation (2)), and standard
deviation for each series (Equation (3)). Then the width of the error bars was calculated
(Equation (4)).
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Figure 3. Average thermal decomposition times of a carbon dioxide hydrate tablet at varying
temperatures in the muffle furnace.

The following nomenclature was taken in Equations (1)-(4): My—mathematical expec-
tation; X;—measurement result; n—number of measurements; V—variance; c—standard
deviation; A—width of error bar; t yn—Student’s coefficient.

When choosing the values of ¢y, the confidence coefficient was taken as equal to 0.95.
In Section 3, all the main figures show the error bars that illustrate the range of possible
values of the measured parameter (with a 95% probability). If error bars are not shown, this
indicates that either their values are too small, or the results of continuous/instantaneous
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measurements of the corresponding parameter are presented (for example, droplet velocity
fields, velocity profiles, droplet size distributions). The accuracy of the latter is described
by systematic measurement errors of the corresponding parameters (Section 2).

The thermal decomposition time was found to decrease to about 1/9 of the initial value
with an increase in the furnace temperature from 500 to 700 °C. A temperature increase
from 700 °C to 900 °C caused a 35% time reduction (Figure 3). This result indicates that the
gas—vapor area near the dissociating powder surface has a certain degree of saturation with
gases. The gas hydrates used in the experiments are 70-75% water. This factor is the key to
the patterns recognized in the experiments. Clearly, the higher the gas temperature, the
more intense the ice melting and water evaporation. The intensification of these processes
accelerates the self-preservation of hydrate granules, leading to the clogging of some pores
in the near-surface layer. The release of carbon dioxide is inhibited. Thus, the dissociation
rates reach a certain asymptotic value. This suggests that both low and extremely high
ambient gas temperatures are not effective at catalyzing the hydrate dissociation. It is
important to choose the right average temperature of the gas environment.

The ambient gas temperature (T) was found to affect the dissociation time (74;s) of
carbon dioxide hydrate. The carbon dioxide hydrate was placed into a muffle furnace
with a constant ambient gas temperature. The kinetic equation for the dissociation as well
as kinetic constants are given in [40]. A model of gas hydrate dissociation at negative
temperatures (beyond the self-preservation region) controlling for the dissociation kinetics
and gas filtration through pores is considered in [41]:

3<Y1/3 - 1) + %B<Y2/3 B 1) - B(Y - 1) = —Ky;s ®)

where Y is the degree of carbon dioxide hydrate particle conversion to ice, parameter

R 3kR (pEi— . .
B = R}(i];p” W, Ry is the radius of the sphere, kR and kF are the

kinetic and filtration coefficients, oy is the CO, hydrate density, b is the initial carbon
dioxide concentration Cy, y is the dynamic viscosity of gas, pF4 is the equilibrium pressure
in the CO, hydrate, Dy is particle diameter and p" is the ambient pressure. Modeling also
involved the calculation of thermal balance controlling for the dissociation, ice melting,
and water evaporation [41]. The results of predictive calculations are given in Figure 4.
The curve is nonlinear. At above 700 °C, the impact of temperature (slope of the curve) is
much lower than in the temperature range under 600 °C. The computational findings are
in acceptable agreement with experimental data given in Figure 3.
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Figure 4. Calculated CO, hydrate dissociation times at varying ambient gas temperatures (the red
curve shows the calculated data; the blue curve is an approximation based on the calculated data).
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When analyzing Figures 3 and 4, we singled out important patterns of gas dissociation
from the hydrate. First, the relationship of hydrate dissociation rate and full dissociation
time (gas release) versus temperature is exponential. This aspect can predict the gas release
time for different applications. In particular, gas—vapor mixtures are produced in reactors
at an ambient gas temperature of less than 600 °C. The relationships obtained in this
research show that the gas mixing times (i.e., the preparation times of gas—vapor mixtures)
should be several dozens of seconds. In this case, all of the gas will leave the hydrate,
and complete miscibility will be achieved. The temperature range of 500 °C to 700 °C
corresponds to the typical technologies of composite fuel pyrolysis and gasification as
well as the co-combustion of several components, in particular, hydrocarbons, coal and oil
processing wastes, biomass, municipal wastes, etc. Carbon dioxide and water vapor are
commonly regarded as promising gas environments for effective pyrolysis and gasification
of composite fuels. Thermal conversion of composite fuels in carbon dioxide and water
vapor proceeds with an intense release of carbon monoxide, methane, and hydrogen. The
concentrations of sulfur and nitrogen oxides are minimized due to minimum oxygen
concentrations. The systems of the so-called low-temperature fuel combustion and high-
temperature gasification are triggered at ambient gas temperatures of over 700 °C. The CO,
added to the gas—vapor mixture provides control of oxidation reactions, and other reactions
also become more controllable under oxygen deficiency. As a result, the concentrations of
unspecified gas emissions decrease. The curves of hydrate dissociation time against T show
that the durations of the typical processes remain practically the same (several seconds)
at ambient gas temperatures of over 800 °C. Thus, it is advisable to set the limit at 800 °C
for the commercial implementation of the processes in reactors and chambers. Small-size
hydrate heating units would suffice to generate the entire volume of gas when preparing a
gas—vapor mixture with the required CO, concentration.

Another important pattern identified during the analysis of Figures 3 and 4 is that the
times of complete hydrate dissociation determined in a series of experiments were quite
well reproducible. This is crucial for the use of the data obtained for predicting the duration
of commercial production processes. The experimental data were obtained for fixed sizes
of hydrate tablets. As these samples are similar to natural hydrate layers in shape and
structure, and these layers dissociate consecutively, it is possible to predict the complete
hydrate dissociation times at identical temperatures with different layer thicknesses.

The third pattern is related to a more intense hydrate dissociation in an experimental
chamber as compared to typical commercial systems in which hydrates are delivered
in layers. Such layers are heated in production units in the same way as in a tubular
muffle furnace in the experiments—all around—but substrates for samples have different
structures. In the experiments, the hydrate samples were placed on a perforated mesh to
make it similar to tablets suspended in a chamber or free-falling granules. Such meshes
are often used in commercial production processes. The heat is supplied to the hydrate
sample surface through this mesh, and water drains from the surface of a tablet through
the mesh as well. With a non-perforated substrate, the heat supply to the lower surface of
the hydrate tablet proceeds in a different way, and there is no drainage. In this case, the
complete hydrate dissociation will last longer than it was established in this research. It is
more efficient to heat hydrate granules and tablets from all sides and let water drain from
their surface. This will minimize the self-preservation of hydrate pores, thus accelerating
hydrate decomposition and gas dissociation.

Figures 5-7 present the images showing the thermal decomposition of a carbon dioxide
hydrate tablet in a muffle furnace at Tg ~ 500-900 °C. Gas and vapor release from the
surface was recorded in the form of the outflow of a gas-vapor mixture with vortices. These
processes had interesting and distinct stages. At first, we recorded a gas release in the
form of almost transparent tracks from the hydrate surface. This stage was relatively short.
The higher the ambient gas temperature was, the faster this stage finished. At the second
stage, a water film was formed on the hydrate surface. The vapor outflow was difficult to
identify on the images at this stage because the formation of a water film on the surface of
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the hydrate particle triggered the self-preservation of pores, so gases passed through pores
only partially. After that, the water film served as a membrane of sorts and only let a small
fraction through. After a short time, bubbles started to form on the surface of the water
film. The surface of the hydrate particle became uneven. When the critical pressure was
exceeded, bubbles imploded, and the gas—vapor mixture was released from the hydrate
surface. These processes were not monotonous. It was only when the deep layers were
heated that the final stage started, notable for the irreversible gas and vapor release from
the hydrate surface causing the dispersion of the near-surface layer and increase in the
hydrate surface area. The hydrate sample dispersion led to the expansion of the channels
of gas release from the depth of the hydrate. The physical dispersion mechanism is related
to water boiling, water film retaining vapor and gas, and the third phase in the form of ice
reinforcing the vapor-water frame. Under such conditions, the vapor and gas pressure in
the deep layers increased rapidly, but their release from the surface was suppressed by the
reinforced frame. Thus, when the critical pressure was exceeded, the vapor and gas release
caused the ice particles to break off with a new portion of gas inside. The release of this
gas from the newly formed hydrate fragments (commonly known as secondary or child
fragments) accelerated after that. This is how the cascade dissociation was triggered for the
primary gas hydrate sample and its secondary fragments.
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Figure 5. Images of thermal decomposition of a carbon dioxide hydrate tablet in a muffle furnace at
Tg ~ 500 °C.
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Figure 6. Images of thermal decomposition of a carbon dioxide hydrate tablet in a muffle furnace at
Ty =~ 700 °C.
g
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Figure 7. Images of thermal decomposition of a carbon dioxide hydrate tablet in a muffle furnace at
Ty =900 °C.
&

3.2. Anthropogenic Emissions from the Decomposition of Gas Hydrates

Water vapor is known to reduce the harmful emissions from the combustion of a wide
range of materials and substances, which is important from the environmental perspective.
Compartment fires involve various materials and produce a large amount of anthropogenic
emissions that are harmful to respiratory organs. That is why it is important to evaluate
how water and temperature of the gas environment temperature affect the concentration
of emissions. Water is formed when gas hydrate decomposes and ice melts at a high
ambient temperature. Figures 8 and 9 show the measured concentrations of CO, and CO
emitted during the thermal decomposition of carbon dioxide hydrate. The error bars given
in Figures 8 and 9 (on the right) were calculated according to the procedure described
in Ref. [39] and illustrate the random error in the average gas component concentration
(confidence intervals) in a series of five measurements. As the temperature increases, the gas
concentration drops. Both the maximum concentration and the gas release time decrease.
An increase in the concentration with a higher ambient temperature stems from a more
intense interaction between the decomposition products and water vapor (i.e., radicals
responsible for the reactions with carbon are formed more rapidly). A slight increase in
the CHy concentrations was recorded at high temperatures in the furnace (T > 700 °C). In
particular, the methane concentration was 0.01% at T ~ 700 °C and 0.02% at Tz ~ 900 °C.

114 ~ Average CO; concentrations

\ —— 7,500 °C
", ——T700°C 6
S —— T,~900 °C

100 150 200 4 T T T T T
t& 500 600 700 800 900

T3 °C
Figure 8. CO; concentrations from the thermal decomposition of carbon dioxide hydrate tablet at
varying temperatures in the muffle furnace: changes in the concentration over time (on the left);

average concentrations (on the right).
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Figure 9. CO concentrations from the thermal decomposition of carbon dioxide hydrate tablet at
varying temperatures in the muffle furnace: changes in the concentration over time (on the left);
average concentrations (on the right).

Table 3 presents the maximum concentrations of CO, and CO from the combustion and
extinguishing of a fire involving flammable materials with varying extinguishing agents.

Table 3. Maximum concentrations of CO, and CO from the combustion and extinguishing of a fire
involving flammable materials with varying extinguishing agents.

Wood Cardboard Linoleum

COy, % CO, % COy, % CO, % COy, % CO, %
No extinguishing 5.88 1.4 5.21 2.3 2.56 0.8
Water aerosol 1.05 0.4 2.66 1.9 0.57 0.3
Snow 341 1.1 1.9 14 0.38 0.2
Ice 2.37 0.8 3.7 2.7 1.52 0.6
C?J%}J\Iyirrate 114 0.4 143 07 0.67 03
CO; hydrate tablet 2.94 1.1 417 1.7 2.37 0.8

Figure 10 presents the concentrations of the main gases emitted from the combustion
and extinguishing of a fire involving wood with the help of several extinguishing agents.
The fire was deemed extinguished when the thermocouple measuring the temperature
in the internal layer of the material (at a depth of 2-3 mm from the upper free surface)
read< 100 °C (minimum pyrolysis temperature of the combustible materials under study).
The gas component concentrations were no longer recorded at this temperature. According
to the data obtained, the maximum CO, concentrations were observed from the combustion
of wood without extinguishing and equaled 5.9 vol%. The use of any of the extinguishing
agents provided a 42% to 82% reduction in CO, emissions into the atmosphere. Water
and CO; hydrate showed the highest suppression performance for wood. Hydrated CO,
powder triggered two main mechanisms necessary for fire containment. The temperature
in the gas phase decreased due to the gas hydrate dissociation, ice shell melting, and water
evaporation. The decrease led to the deceleration of chain-branching oxidation reactions
with a high activation energy. The inert gas—CO,—rapidly released from the hydrate
displaced the oxygen from the combustion zone, thus inhibiting the oxidation of wood-
based material. Fire is suppressed by a gas hydrate in an air-vapor environment due to
ice crust melting and water evaporation. A certain fraction of carbon monoxide is spent
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in the water gas shift reaction: OH + CO—H + CO,. The lower production rate of H and
OH radicals in the reaction zone leads to a significant deceleration of the combustion front
propagation and flame quenching. The experimental findings obtained for snow and ice
confirm the positive effect of CO, hydrate powder. Snow and ice provide a significant
decrease in the flame temperature, but the fire containment takes longer because the gas
hydrate dissociation requires some time as well. The delay of the carbon dioxide hydrate
decomposition is determined by the filtration and kinetic resistance of the hydrate [41], as
well as the heat of dissociation, which reduces the velocity of the thermal front within the
powder particle. Due to longer extinguishing time, more material burns out, increasing the
CO, emissions into the atmosphere. However, this drawback (longer extinguishing time) is
typical of fire suppression on a quasi-flat surface of the fuel. In real-life conditions, however,
materials are located at different levels, hence the high altitude of flame propagation.
Further, we will prove that the fire suppression performance of gas hydrate powder is
significantly higher than that of water spray.
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2 — No extinguishing ——— Snow
—— Water lce
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CO, hydrate (powder) 0.0 —WWM
ol ——— CO, hydrate (tablet) :
0 50 100 150 0 50 100 150
T7(8) 1(s)

(@)

(b)
Figure 10. Concentrations of CO, (a) and CO (b) emitted during wood fire suppression.

All the trends with the recorded component concentrations of a gas—vapor-air mixture
show significantly different durations. This effect stems from the different durations of
flame combustion and thermal decomposition of materials exposed to different extinguish-
ing agents. When research findings are presented in this format, it is possible to analyze
how fast the corresponding physicochemical processes slow down in the depth of the
material and in the close vicinity of its surface. Especially valuable are the recorded extrema
on the trends as well as their number, because they reflect the cyclic and cascade manner
of the heat exchange processes and chemical reactions. With the physical mechanisms of
fire suppression described above, it is possible to reliably predict the amount and type of
extinguishing agent required for effective firefighting. On average, it took 50 to 200 s for
the concentrations of all the components detected in the gas—vapor-air mixture to go down
to zero. The time depended on the mass of the pyrolyzing material, type of extinguishing
agent, and operation of the exhaust system. If a gas hydrate powder remained on the sur-
face of the material by the time the concentration of pyrolysis products started to decrease,
this decrease remained monotonic. However, if the film of the extinguishing agent based
on water, ice, or hydrate granules became thinner and had gaps, the trends of the decrease
in the concentration of pyrolysis products were not fully monotonic. This stems from the
unstable heat exchange conditions across the material surface.

The combustion of wood without extinguishing produced the maximum CO con-
centrations. The use of extinguishing agents reduced the CO emission by 3.5 times. The
extinguishing agents under study were ranked as follows in terms of the efficiency of
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carbon monoxide emission decrease (from least effective to most effective): snow, CO,
hydrate tablet, ice, water, and CO, hydrate powder. Taking the CO, emissions into account,
the hydrate powder turned out to be the most effective agent under the conditions of the
CO concentration decrease, mainly because the rate of the reaction OH + CO—H + CO,
decreased. The reaction was inhibited by the release of more CO, from the hydrate, which
led to a decrease in the CO and CO, production.

The comparison of experimental findings on hydrate powder and tablets gave an
interesting result. Wood fire suppression using a hydrate tablet took a longer time and
produced higher CO, and CO concentrations. This can be explained by the differences in
the surface areas of the hydrate and burning solid material. When hydrate was applied in
the powder form, it spread evenly across the wood surface, so the combustion reaction was
also suppressed evenly across the entire surface of the material. The size of the hydrate
tablet (in particular, its diameter of 20 mm) prevented it from covering the entire free
surface of the reacting material. As a result, the thermal decomposition of the sample was
not suppressed evenly: pyrolysis and combustion continued on the edges. The central part,
however, covered by the hydrate tablet, stopped burning almost instantaneously after the
suppression started. Thus, it was experimentally proven that the class A fire suppression
efficiency using CO, hydrate is largely defined by its dissociation rate and free surface area
(hydrate/fire contact area).

The trends obtained for cardboard (Figure 11) agree overall agree with the data
on wood fire suppression. The minimum emissions of carbon oxides were produced
during the suppression of a cardboard fire with CO, hydrate powder. The difference in
the threshold concentrations of CO,™# and CO™a from the combustion of cardboard
without suppression and with suppression using CO, powder was 70%. The maximum
gas release time and rather high concentrations of carbon oxides indicate that ice is the
least effective extinguishing material of those considered in this research. When used to
extinguish burning cardboard, water exhibited lower efficiency in decreasing the CO, and
CO emissions as compared to wood fire suppression (Figure 10). Water quickly evaporated
from the cardboard surface and got absorbed into cardboard without penetrating into
the depth of the porous cardboard layer, several centimeters high. As a result, pyrolysis
continued in the depth, and local combustion continued over the surface of the material.
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Figure 11. Concentrations of CO; (a) and CO (b) emitted during cardboard fire suppression.

Figure 12 presents the concentrations of the main gaseous emissions from the combus-
tion of linoleum with and without extinguishing. The minimum concentrations of carbon
oxides were recorded when water was used for extinguishing. The concentrations of CO,
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max oz,

co,

and CO emitted during the suppression with carbon dioxide hydrate are somewhat higher
than those for water. The volume of CO; hydrate contained in one tablet turned out to be
insufficient for the complete containment of a fire involving linoleum.
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Figure 12. Concentrations of CO, (a) and CO (b) emitted during linoleum fire suppression.
Experimental research into the suppression of combustible materials must identify
the minimum (critical) masses of extinguishing agents. When the ratio of the combustible
material mass to the extinguishing agent mass changes, the concentration of pyrolysis
and combustion products changes as well. Figure 13 shows the data on CO, and CO
concentrations as a function of the CO, hydrate mass. The functions are nonlinear. When
the mass increases from 7 g to 15 g, the emission decreases by three times for CO and by
eight times for CO,. Further changes in the mass do not affect the volume and maximum
concentrations of emitted gases that much. The minimum extremum is observed for CO,
and CO concentrations. The concentrations of CO, and CO increase when a certain mass of
carbon dioxide hydrate is exceeded. This nonlinear behavior is associated not only with
the combustion temperature but also with the water vapor concentration in the combustion
and pyrolysis zones. The water temperature and concentration govern both the elementary
reactions and the oxidation rate.
181 069 7 [_JWood, m,=70g; CO, hyd
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Figure 13. Concentrations of CO, (a) and CO (b) emitted during wood fire suppression with varying
masses of the extinguishing material and the seat of the fire.
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Figure 14a,b shows the curve of the time when the CO, and CO emissions started to
decrease versus the mass of hydrate (mg = 7-30 g) with the mass of wood remaining constant
(my =70 g). Itis clear that the time until the gas concentrations begin to decrease shortens
with an increase in the mass of the extinguishing hydrate. A change in the mass of carbon
dioxide hydrate from 7 g to 15 g reduces the time until the CO, and CO concentrations
start to go down by 71% and 28%, respectively. An increase in the hydrate mass from
15 g to 30 g leads to a negligible change (up to 10%) in the time before the concentrations
begin to decrease. Figure 14a,b presents the approximation curves of the exponential
(CO,) and polynomial (CO) nature with the mathematical expressions describing these
curves. The resulting mathematical expressions allow the extrapolation to greater masses
of extinguishing agents and larger fire areas.
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Figure 14. Averaged starting times of decrease in CO, (a) and CO (b) concentrations with varying
masses of gas hydrate mg used to suppress the combustion of wood with the constant mass 11

3.3. Conditions for the Effective Fire Containment and Suppression Using Gas Hydrates

Figure 15 presents the typical images showing a fire comprised of pine rods being
extinguished with carbon dioxide hydrate powder. The mass of timber remained constant
(mw =70 g), and the mass of gas hydrate was varied. The footage of wood fire suppression
using hydrate powder with a mass of 15 g and 30 g is given. According to the data obtained,
no more than 15 g of hydrate powder is needed to fully extinguish a laboratory-scale wood
fire of this mass. A further increase in the hydrate mass is impractical (superfluous). Thus,
5/1 is the optimal ratio of the burning material mass to the CO, hydrate powder mass.
However, experiments with a sample of greater mass (180 g) show that more hydrate is
needed to extinguish the fire and achieve the same CO, and CO concentrations as with a
small sample. In this case, the mass ratio was equal to 2.25/1 (sample mass/hydrate mass).
This result indicates that the relationship between the size of the sample and the mass of
the gas hydrate used for fire suppression is nonlinear. Therefore, this nonlinearity needs to
be considered when extending the results to larger fires.

In real conditions of compartment fire suppression, combustible materials are located
in ties, cascades, and layers. In this case, it is necessary to switch to total flooding. There
are quite large air gaps between the layers of burning material, so a different mechanism
is required for the suppression. When upper layers are extinguished, middle and lower
layers continue to burn because air (oxidizer) can still access them. Moreover, extinguishing
agents may fail to reach lower layers. We performed preliminary experiments with multi-
tier structures (wood pieces were arranged in several layers) and found that most of the
extinguishing agent failed to reach lower layers with this type of structures. Just a small
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volume of sprayed water reached the lower layers as it drained down the wood pieces.
Isolated zones were formed where water interacted with the lower layers of the fire. As part
of the experiments, we extinguished a fire comprised of several tiers of wood (Figure 16).
The fire suppression footage is presented. Pine rods were arranged in several tiers. The
rods were 150-200 mm long and 5-7 mm thick; the total height of the tiers was 50-70 mm.
Water spray and carbon dioxide hydrate were used for fire suppression. The mass of the
extinguishing agent was varied. The minimum critical mass of the carbon dioxide hydrate
powder required for fire suppression was 80 g. The wood to gas hydrate mass ratio was 2/1.
It is a known fact that water spray provides effective fire suppression due to the large
surface area of droplets. This factor leads to a large vapor flow and a vapor cloud forming.
The temperature in the flame combustion zone drops sharply, and the access of the oxidizer
to the pyrolysis and combustion products becomes limited. The experiments have shown
that water spray only suppresses the fire in the upper tier, which has a vapor cloud over
it. Water droplets evaporate too fast to reach the lower tiers of wood pieces. Water vapor
goes up due to gravitational convection, which blocks the access to the lower part of the
combustion zone not only for vapor but also for small water droplets. Carbon dioxide
hydrate powder, however, shows high efficiency in suppression of flame combustion and
temperature reduction below the pyrolysis temperature. The dissociation of gas hydrate
and its melting to form water took 0.1-1 s, and this time was enough for most of the
powder granules to fall on different tiers and reach the base of the fire. The fall took less
than 0.1 s. As a result, a high concentration of the inert mixture components—carbon
dioxide and water vapors—was provided in the entire wood crib. Due to the heat of the gas
hydrate dissociation, ice melting, and water evaporation, as well as due to the low initial
temperature of the granules (about —30 °C), the temperature inside the fire crib quickly fell
lower than the wood pyrolysis temperature. The main factors providing the suppression
of flame combustion using the carbon dioxide hydrate are as follows: (i) solid particles
falling to the bottom of the burning wood crib, (ii) phase transitions leading to a dramatic
decrease in the temperature of the material and gas—vapor mixture, (iii) a large amount of
carbon dioxide and vapor released from the hydrate preventing the access of the oxidizer.
In addition, the density of carbon dioxide is much higher than that of air or vapor, which
slows down the diffusion and convection of carbon dioxide from the combustion zone.

Figure 15. Cont.
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Figure 15. Cont.
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(d)

Figure 15. Snapshots of wood fire (i, ~ 70 g) being suppressed using carbon dioxide hydrate
powder: (a) mg ~ 7 g; (b) mg ~ 15 g; (c) mg ~ 30 g; (d) mg ~ 100 g.

6s 7s

Figure 16. Snapshots of the suppression of a model wood crib fire with several tiers using carbon
dioxide hydrate powder: mg ~ 80 g.

113



Fire 2023, 6, 82

Without extinguishing

It is also important to note that total flooding with unsprayed water requires a large
volume of the extinguishing agent and does not provide fire suppression. In this case, it
is impossible to provide the even supply of water to the tiers of wood pieces in a wood
crib. Local combustion zones are formed that water cannot reach. However, it is possible to
distribute carbon dioxide hydrate powder (when it falls by gravity) evenly throughout the
wood crib.

Figure 17 shows the images of materials (11, ~ 6 g) used in the experiments with and
without extinguishing using water, snow, ice, CO, hydrate powder, and CO, hydrate tablet.

Cardboard
A\
100's 250's
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L 1
150s 300s
MM
m
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Figure 17. Images of fires (m,, =~ 6 g) based on wood (a), linoleum (b), and cardboard (c) burning
without suppression by extinguishing agents as well as after contact with extinguishing agents (water,
snow, ice, CO, hydrate).
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Figure 18 shows the temperature trends obtained using thermocouples in the center of
fires with and without being exposed to extinguishing agents (water spray, snow, ice, and
CO; hydrate tablet). There are distinct intervals of intense pyrolysis and combustion of
materials, supply of extinguishing agents, as well as the fire containment and suppression.
The non-monotonic sectors on the trends illustrate the highly unsteady nature of the
combustion after ignition and suppression using a wide range of agents. The conditions
of fire containment and suppression were provided in all the experiments: a temperature
decrease below 100 °C in the near-surface and deep layers. The analysis of Figure 18
shows that CO, hydrate powder provided the shortest time between the supply of the
extinguishing agent and the moment when the flame combustion of the material stopped
for all the laboratory-scale fires under study (1-5 s). Water aerosol was the second best
extinguishing agent with 2-19 s. The worst result was obtained using ice: here, the flame
quenching time was comparable to the one without extinguishing.
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of the fire was heated by a gas burner; t* is the time of complete burnout/decay of the fire).
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The gas burner application time was determined by the type of fuel and the specific
nature of its flaming. For instance, laboratory-scale fires made of wood were exposed
to the burner until the temperature inside it reached 450-500 °C as recorded by at least
one thermocouple (for about 25-30 s on average) (Figure 18). For fires made of linoleum,
these values were 500-600 °C and 10-15 s, and for those made of cardboard, 200-250 °C
and 15-20 s, respectively. Figure 18 reports the thermocouple measurements inside the
fuel layer. The flame temperature does not play a major role in terms of laboratory-
scale fire suppression because pyrolysis proceeds in the depth of the fuel even when
no flame combustion is observed. Table 4 presents the data illustrating the action of
extinguishing agents on the laboratory-scale fires based on the above-mentioned fuels.
The experimental findings (Figure 18, Table 4) demonstrate the dynamics of the physical
and chemical processes occurring in the structure of the pyrolyzing fuel. The analysis
of dynamic processes is what makes it possible to confirm the guaranteed conditions of
the full suppression of a chemical reaction. Fires exposed to suppression systems often
reignite because fuel continues to pyrolyze even when flame combustion is contained.
The experimental data show principal differences between the physics and chemistry of
pyrolysis and fire containment using snow, ice, water, and inert gas hydrates in the form of
powder and tablets. Differences in the temperature variation trends between different layers
of pyrolyzing fuel exposed to extinguishing agents are the basis for extending the research
findings to thicker samples. According to our conclusion, the thermal decomposition of
materials arranged in a thick layer cannot be suppressed effectively only using the high
heat capacity of the extinguishing agent. Phase transitions play an important part as
they provide fast heat removal. The intense release of the inert gas during the hydrate
dissociation improves the efficiency of flame fire suppression through diluting the gas-air
mixture and displacing the oxidizer.

Table 4. Action of extinguishing agents on the fire: times until the flame combustion stops (t,) and
times until the fire is fully extinguished (t*).

Wood Cardboard Linoleum

tp, (5) t* (s) ty, (s) t* (s) t, (s) t* (s)

No extinguishing 88 193 20 377 53 127
Water aerosol 19 129 2 376 2 55
Snow 35 149 8 378 7 59

Ice 70 161 12 384 45 119
CO; hydrate powder 5 47 1 51 1 46
CO; hydrate tablet 33 81 13 206 42 81

Snow and ice were selected as alternative extinguishing agents to determine how the
extinguishing agent temperature and phase condition affected the suppression process.
The use of snow and ice allowed us to evaluate the effect of dissociation (CO, formation).
According to the experimental findings (Table 4), when ice and snow are used as extin-
guishing agents, the time until flame combustion stops (t,) is 2—4 times longer compared
to fire suppression with water aerosol, while extinction times (t) are comparable. Flame
quenching time depends more on the contact area between the extinguishing agent and the
pyrolyzing material, while complete fire suppression time largely depends on the volume of
the extinguishing agent (the volumes of all the agents were comparable in the experiments).
The temperature of the extinguishing agent has a negligible effect on the times t, and ¢
(Table 4), as well as on the temperatures of the laboratory-scale fires (Figure 18). With the
phase condition and free surface temperatures being similar, the flame quenching time is
on average 85% shorter when hydrate powder is used as an extinguishing agent compared
to snow (irrespective of the type of fuel), and the complete fire suppression time is 15-70%
shorter (depending on the type of fuel) (Table 4). A similar comparison of suppression by
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t*(s)

ice and a hydrate tablet shows overall similar values of #,. However, t* is on average 50%
shorter for hydrate tablets than for ice. The results indicate that hydrate dissociation (CO,
formation and oxidizer displacement from the combustion zone) has the decisive influence
on suppression characteristics when CO; hydrates are used as extinguishing agents (in the
form of both powder and tablets), and all the other conditions are similar.

Figure 19 gives the times of complete burnout/decay of the fires used in the ex-
periments. We considered the conditions of their combustion without suppression by
extinguishing agents and with suppression using water spray, snow, ice, as well as CO,
hydrate tablet and powder. The principal physical differences in the conditions of fire sup-
pression using different extinguishing agents were recorded quite consistently. In particular,
the interaction of water spray with the surface of almost all the fires was notable for the
bounce of some of the droplets and their repeated collision with burning and pyrolyzing
fragments of the material. In addition, the ascending flue gases entrained small droplets of
water. The fire suppression using water spray took quite a long time in the case of burst
injection. Burst injection of liquid into the combustion zone reduced the consumption of the
extinguishing agent but increased the fire containment and suppression time. Unlike water
droplets, the interaction of gas hydrate granules with the burning surface was notable
for their sticking to the surface, so the agglomeration of granules and material was the
dominating regime. This enhanced the important mechanism of fire containment and
suppression based on cooling the surface. Hydrate granules formed a film on the surface of
the burning material as part of the heat exchange with it. Due to the high heat capacity and
vaporization heat of water, there was a significant heat sink from the surface to the depth
of the hydrate. This enhanced the CO, release. The hydrate layer became heterogeneous:
it formed a composition with ice particles, water, as well as vapor and gas bubbles. Such
structures are more effective than homogeneous ones during heat exchange. This is because
the heat sink was intensified not only during the heating of liquids but also during their
evaporation and boiling. The drop of snow and ice on the surface of the reacting materials
in the form of powder also provided a denser coverage of the surface, but the presence of
vaporization centers in hydrates in the form of ice particles, water droplets, and gas bubbles
ensured better cooling of the surfaces of the burning samples. The principal differences
between the mechanisms of fire containment and suppression used in the experiments
were especially noticeable at high temperature in the reaction zone. An important benefit
of gas hydrates used as extinguishing agents is the rapid displacement of the oxidizer from
the combustion and pyrolysis zone. This does not only inhibit the oxidation reactions but
also triggers the reactions stifling the growth of carbon monoxide, hydrogen, and methane
concentrations typical of a certain stage of fire suppression by water.
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Figure 19. Times of complete burnout/decay of the fires used in the experiments with and without

suppression with the extinguishing agents.
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Interesting physical differences in the fire containment and suppression have been
revealed between the materials used in this study: wood, linoleum, and cardboard. Wood
burns with a stable and rather large flame zone due to the active release of pyrolysis
gases and gas-phase reactions. It is impossible to contain wood fire by replacing oxygen
with inert gas alone. Fire suppression can only be effective if several mechanisms are
used, in particular, cooling the gas phase and wood surface as well as preventing the
pyrolysis products, oxidizer, and combustion products from mixing. Cardboard and paper
burn out very fast in the gas phase to form a fragile solid frame. The fire containment
and suppression in this case is possible by cooling and destroying this frame but in a
reserved manner. In particular, if the water droplets, ice and snow particles, hydrate tablets
and powder granules did not cause the formation of firebrands, (i.e., actively pyrolyzing
fragments of material), the combustion stopped rather quickly. However, if the burning
material broke up after contact with the extinguishing agent, the fire area inevitably grew.
The supply of hydrate tablets and granules caused the minimum fragmentation of the
reacting material. The intense diffusion of gas from the hydrate surface prevents the
particles of burning material from breaking off and covering long distances. Linoleum only
has a flame combustion zone during the uninterrupted supply of the oxidizer and energy
to its surface. Therefore, it is possible to effectively suppress the combustion of this material
by blocking these two flows.

The acceptable repeatability of the experimental results suggests that they can be
extended to other materials and systems as a whole because the mechanisms of combustion
and, hence, of fire containment and suppression for most materials are the same as those
considered here. For instance, rubber goods, particle board, and fiberboard are close to
wood, and plastics are close to linoleum. Therefore, the interaction patterns of hydrate
tablets and granules with the materials under study will mostly be identical for the most
common materials, substances, and systems found in compartments.

The analysis of experimental footage allowed us to hypothesize the feasibility of
using a set of hydrated gases and implementing alternative approaches to fire suppression.
In particular, it is possible to effectively control the composition of pyrolysis gases by
using specialized gaseous environments in reactors and chambers. We have established
experimentally that the composition of pyrolysis and combustion products may vary in
a wide range when different gasifying agents are used. Combustible gases in hydrates
can be used to intensify the so-called back fire that is initiated in front of an active fire
front. When these fronts meet, the fire gets contained (this solution is often used when
combating wildfires). The main limitations of using multiple gases as part of hydrates stem
from different critical (threshold) volumes of gases that a crystal lattice of a hydrate can
hold. As a rule, the maximum concentrations in the hydrate structure range from 15 to 40%
for most gases. This should be considered when using gas hydrates for fire containment
and suppression. For instance, a hydrate lattice can hold up to 40% of carbon dioxide,
but no more than 20% of methane or propane. Thus, double or triple hydrates can be
effective in terms of controlling certain reactions in the pyrolysis, gasification, and flame
combustion zone, but the amount of gases is limited by the hydrate structure. The obtained
concentrations of gases in the pyrolysis and gasification products as well as gas—vapor
mixtures in the reaction zone with and without suppression show the impact of the initial
gas content within the material and hydrate, as well as the thermal conditions. These
findings can be used to predict the necessary amount (volume of gas and mass of water)
and type of hydrate for fire suppression.

The experimental findings (Figures 18 and 19) show that the CO, hydrate powder is
the most effective extinguishing agent in terms of fire suppression time when the mass of
the extinguishing agent approximates 1.5 g (Figure 19). The experiments established the
necessary and sufficient volumes of water to extinguish the combustion of the materials
under study. When analyzing the research findings, we took into account the discharge
density specified in [42] that a firefighting system must be able to provide. Thus, according
to [42], the required discharge density for the first and second groups of facilities is in
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the range of 0.08-0.121/ (mzs) with a maximum duration of 30-60 min. Thus, with the
above parameters, the maximum specified discharge density reaches 1444321/ m?. For the
spray nozzle used in the experiments with a water droplet size ranging from 5 to 120 um
(with the specific discharge density set at 0.3 1/(m?s) and spraying time of 4-10 s), the
specific water volume per unit area of the fire required to extinguish a fire is 8.7 1/m?
for wood, 7.2 1/m? for cardboard, 3.6 1/m? for paper, and 0.9 1/ m? for linoleum. The
specific water volume required to extinguish a fire can increase by 1.5-2 times if the average
droplet radius is increased to 250-300 pm. These values would be 17.4 1/m? for wood,
14.41/m? for cardboard, 7.2 1/m? for paper, and 1.81/ m? for linoleum. These values are
considerably lower than the required 144-432 1/m? [42]. This confirms the efficiency of the
approach used in this research. With gas hydrates as extinguishing agents, a much smaller
amount is necessary for fire containment and suppression. The calculations show that wood
requires more CO; hydrate than cardboard, paper, or linoleum do due to the nuances of
thermal decomposition and flame combustion described above. In particular, the minimum
(threshold) mass of the hydrate powder is 20 g/m? for wood, 10 g/m? for cardboard,
5 g/m? for linoleum, and 4 g/m? for paper. The conditions of hydrate powder distribution
over the surface of pyrolyzing material play an important role. Tablets effectively contain
and suppress combustion only when the reacting materials have a small area and there is
no inflow of oxygen. Granulated powder is more versatile in this respect. It can effectively
cover quite a large surface area of the material. In this case, the gas release from the hydrate
will be quite considerable and fast. The fire energy is also extensively spent on heating ice
and water as well as their crystallization and evaporation, respectively. In the case of high
temperatures in the combustion zone, water boiling begins to play an important part as
well. Moreover, due to the multi-phase frame and heterogeneous structure of hydrates, we
observe film and bubble boiling. Any application needs reliable experimental data on the
dissociation rates and complete decomposition times to describe these patterns. Such data
as well as the approximations and formulas obtained in this research can be used to extend
the results to different sizes of fires, reacting materials, and temperatures of the gaseous
environment in the flame combustion zone and intense pyrolysis area.

As gas hydrates are a multi-phase system, it is quite difficult to describe their heating,
gas decomposition, changes in the phase structure and component proportions (gas, vapor,
water, and ice) using the known dimensionless similarity criteria. Clearly, that would
require large-scale and long-term research involving leading teams of specialists from
different countries to obtain the criterial proportions that could be used to reliably predict
the fire suppression characteristics for a wide range of materials and substances as well
as single, double, triple, and multi-component hydrates with different compositions and
gas types. The experimental data made it possible to analyze the patterns of physical
and chemical processes as well as phase transitions during the interaction of gas hydrate
samples and burning materials with a variable free surface area.

The numerical data were scaled to the areas of compartment fires. The necessary and
sufficient masses of gas hydrate were determined for extinguishing fires on different areas.
In particular, burning materials with an area ranging from 10 to 20 m? can be extinguished
using 0.2-0.4 kg of gas hydrate powder, which is approximately 45 wt% less than water
spray. Moreover, the fire containment and suppression time is 11-82% shorter for hydrate
powder than for water spray. Gas dissociation, ice melting, as well as water evaporation
and boiling play a major role in the effective fire suppression and containment. That is why
it is important to know the relationships between these characteristics and temperature in
the combustion and pyrolysis zone as well as consider the complete gas dissociation and
liquid evaporation times. The latter can be used to calculate the relative spraying densities
for the surface of reacting materials. The experiments involved much smaller fire areas
than those observed in real-life conditions. In a simplified statement, an increase in the fire
surface area was proportional to an increase in the mass of gas hydrate required for fire
containment and suppression. A more precise simulation would significantly complicate
the prediction model. There is good reason to do that in the future as an independent work.
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Simple prediction of the necessary amount of gas hydrate is necessary to provide a quick
response to fire outbreaks. For a detailed description of the estimation model, its limitations
and deviations from the experiments, please see [40,41,43]. These models describe the
dissociation of gas hydrate with varying heat exchange conditions (for instance, ambient
temperature). The models do not describe the pyrolysis or chemical reactions during
gas-phase combustion. Such a simulation would require further research. A simulation
that would factor in the gas hydrate dissociation time depending on the heat exchange
conditions is also a major scientific objective. The results of simplified modeling here
can be used for scaling—selecting the mass of an extinguishing agent (carbon dioxide
hydrate)—with varying fire surface areas.

The key barrier to the large-scale use of gas fire suppression systems is the complicated
evacuation of people. As a rule, gas fire suppression is launched when no living organisms
are present in the fire-affected compartments, buildings, and structures. Due to their
controllable dissociation rate, gas hydrates coupled with water vapor injection make it
possible to evacuate people even in the course of fire containment and suppression. One
can estimate the time for human evacuation from compartments given the known hydrate
dissociation time, gas-to-water ratio in hydrates, as well as the gas and steam concentrations
as functions of the interaction time with the reacting materials. At the same time, if the
temperature in the combustion zone, pyrolysis gas concentration, and type of burning
material are known, the fire containment and suppression can be optimized in terms of
suppression time, volume of the extinguishing agent involved, and conditions of the agent
supply. In particular, systems of CO, hydrate granules with different initial temperatures
and, hence, different initial dissociation rates can be regarded as especially promising. It is
possible to vary not only the initial concentrations of the hydrated gas and water vapors but
also their rheological characteristics (fluidity, viscosity, and structure of layers). This will
allow firefighters to employ each of the three fire suppression mechanisms separately or
together: cooling the surface and gas environment, displacement of oxidizer and pyrolysis
products, and intensification of endothermic phase transitions to control chemical reactions.

We propose that future research should focus on using gas hydrate as an extinguish-
ing agent for liquid and composite systems. Fires involving such systems are difficult to
combat due to their high reactivity, and composite systems are even more challenging
because they can react both in the gas phase and on the surface (heterogeneous combus-
tion). However, where conventional water, gas, and foam firefighting may struggle or fail,
gas hydrates bring new benefits to the table. According to the experiments, these benefits
improve the fire-extinguishing performance for a wide range of materials and substances.
It is important to adapt the proposed engineering solutions based on gas hydrates to
challenging operating conditions.

Carbon dioxide hydrates have not yet been used for fire containment and suppression.
Here, we have, for the first time, shown the experimental findings explaining the physical
effects emerging during the suppression of class A fires using carbon dioxide hydrates.
The data obtained are extremely important as they confirm that hydrates with inert gases
can be used for fire suppression. The data will also be helpful for developing physical and
mathematical models to predict the effective conditions of fire containment by exposure to
a gas hydrate. The physicochemical processes behind this are extremely complex, as the
research has shown. Therefore, we concentrated on performing experiments with small-
size fires. Due to the small size and limited mass of the gas hydrate powder and tablets,
we managed to determine the critical ratios between the mass of pyrolyzing and burning
materials and gas hydrate. We also determined the factors, processes, and effects exerting
the most significant influence on the conditions of combustion front propagation. When
processing the experimental findings, we obtained enough data to extend them to large-
scale fires. These aspects define the scientific novelty and practical value of the research
findings. The new knowledge on hydrate dissociation under the conditions considered
in this study can serve as a basis for the development of the theory of changes in the
hydrate structure and component composition of the gas—vapor—air mixture during their
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dissociation under limited energy supply. Using this new knowledge, balance models can
be constructed that will quickly estimate the required ratios of the hydrate mass and volume
of gases to limit the growth of heat fluxes not just for firefighting but also in heat exchange
and cooling systems, which are widely used in direct-contact selective technologies. Using
the data obtained, it is advisable to develop a summarized model simulating the heat
exchange of inert gas hydrate with chemically active materials and substances.

4. Conclusions

In this paper, we conducted experiments on fire containment and suppression by drop-
ping CO, hydrate granules and tablets, ice, snow, water spray on burning solid materials.
We used the combustible materials typical of compartment fires—wood, linoleum, and
cardboard—to determine the volume and mass of gas hydrate powder necessary for the
effective fire suppression.

(i) We have experimentally determined the optimal ratios of the CO, hydrate mass
to surface area for fire containment and suppression. The laboratory-scale fires used in
the experiments contained wood, linoleum, and cardboard, most commonly involved in
compartment fires. The mass of CO, hydrate sufficient for the complete fire suppression is
shown to be much lower than that of water, snow, or ice. In particular, minimum (critical)
masses of hydrate powder required for fire containment and suppression were as follows:
20g/ m? for wood, 5 g/ m? for linoleum, 4 g/ m? for paper, and 10 g/ m? for cardboard.
The extinguishing agents under study triggered the main mechanisms of fire suppression:
accumulation of the heat from the fire for heating the agent and for subsequent phase
transitions; blocking the access of the oxidizer to thermal decomposition and combustion
products; cooling the gas—air environment around the fire.

(ii) The main anthropogenic emissions were evaluated from the combustion and
suppression of a fire involving wood, cardboard, and linoleum using variable extinguishing
agents. Carbon dioxide hydrate powder was proved the most effective under decreasing
CO and CO; concentrations compared to other extinguishing agents. The difference in
the maximum concentrations of CO, and CO emitted from the combustion of cardboard,
wood, and linoleum without suppression and with suppression using CO, powder was up
to 70%.

(iii) The experimental findings formed a database for developing the practices of
fast compartment fire suppression using gas hydrate tablets and granulated powder.
The research findings make it possible to use specialized gas mixtures in hydrates
as well as additives to water that will alter the fire suppression and containment
parameters in a wide range. If such conditions are provided, this will increase the
efficiency of firefighting management against fires involving widespread solid combustible
materials in industrial and residential facilities in line with the fire parameters and firefight-
ing resources available.
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Abstract: It remains a challenge to prepare flame-retardant composites via the addition of a low
content of flame retardant. In this work, a novel DOPO-functionalized reduced graphene oxide
hybrid (DOPO-M-rGO) flame-retardant system was synthesized for epoxy resin (EP). The phosphorus-
nitrogen-reduced graphene oxide ternary synergistic effect provided DOPO-M-rGO with high flame-
resistance efficiency in EP; thus, the EP-based composite exhibited superior fire-resistant performance
at extremely low DOPO-M-rGO loading. The limiting oxygen index (LOI) of the EP-based composite
was increased from 25% to 32% with only 1.5 wt% DOPO-M-rGO addition, and the peak heat
release rate (pHRR), total heat release (THR), and total smoke production (TSP) were significantly
decreased by 55%, 30%, and 20%, respectively. In addition, as a halogen-free flame-retardant system,
DOPO-M-rGO presents great application potential as an eco-friendly additive for the flame-resistance
improvement of thermosetting polymer materials.

Keywords: flame retardant; epoxy resin; synergistic effect; high efficiency

1. Introduction

As a polymer material with excellent properties and low cost, epoxy resin (EP) is
widely used in various fields, such as adhesives, coatings, electronics, and aerospace
industries [1-8]. Nevertheless, the inherent flammability of EP might pose a serious threat
to the environment, people’s life and property, and severely limits its further application in
automobile, household, and aerospace fields. Therefore, the flame-resistance modification
for EP has attracted much attention [9-19].

Graphene oxide (GO) is one of the most promising materials as the flame retardant
for EP because it presents high thermal stability and an excellent barrier effect during
combustion [20-24]. In addition, taking advantage of the abundant functional groups,
GO is easily doped by metal ions or chemically reduced with other molecules, leading to
the formation of a variety of flame-retardant systems with further improved fire-resistant
performances, in which the reduced graphene oxide (rGO) component functions as the
multi-layered skeleton [25-30]. In Wang’s work, a flame retardant for EP was prepared by
functionalizing the rGO with a sheet-like metal-organic zinc N, N'-piperazine (bismethylene
phosphonate) [31]. The addition of 5 wt% of flame retardant promoted the EP-based
composite to reach UL-94 V-0 rating, and resulted in 38.7%, 30.5%, and 33.7% lowered peak
heat release rate (pHRR), total heat release (THR), and total smoke production (TSP) values,
respectively, than that of pure EP. Zhu synthesized an iron hexamethylenediaminetetrakis-
(methylenephosphonate) (Fe-HDTMP)-rGO hybrid, and used it in EP to improve the
fire resistance. Compared to the pure EP, the EP modified by 5 wt% (Fe-HDTMP)-rGO
exhibited 68.2% lower TSP, 54.5% lower peak CO production rate, 66.3% lower THR, and
47.7% reduced pHRR [32]. Through grafting silane coupling agent (KH550) as a bridge
to connect GO and Octa (propyl glycidyl ether) POSS, Qu synthesized an organosilane-
functionalized GO (FGO) as the flame retardant of EP, and the modification of EP-based
composite with only 0.7 wt% FGO could reduce pHRR, THR, and TSP values by 49.7%,
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34.3%, and 41.5%, respectively [33]. Xiao produced a flame retardant for EP by using
melamine and GO, which is called AGO@COF [34]. The limiting oxygen index (LOI)
value of the EP-based composite increased from 24% to 25.5% when 2 wt% AGO@COF
was added, and the pHRR value was reduced by 43.6%. However, the flame retardancy
performances of the graphene-based flame retardants, especially the UL-94 rating, need to
be further improved (see Table S1).

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is an H-phosphinate
compound with active hydrogen, which is also widely used as the flame retardant for EP
in previous studies (see Table S2) [35—41]. However, the DOPO-based flame retardants
face the challenge of low flame-retardant efficiency, which can be solved by developing
the hybrid flame-retardant systems of DOPO and rGO (see Table S3) [42-47]. Through the
reaction between the active P-H from DOPO and the epoxy groups on GO, DOPO can be
directly grafted onto the surface of GO to develop a DOPO-functionalized rGO, which
plays an effective role in improving the flame resistance of the EP-based composites [42,43].
Zhi synthesized a functionalized GO grafted by DOPO and vinyltriethoxysilane (VTMS),
which obviously increased the thermal stability and flame-retardant properties of EP [44].
In Ji’s work, a functionalized rGO decorated with bi-DOPO groups (f-GO) was fabricated
by using a covalent modification method, which endows EP with superior fire-resistant
performances [45]. The extremely low loading (1 wt%) of the f-GO increased the LOI value
of the composite from 19.9% to 30.8%, and the THR and the pHRR values were decreased by
44.0% and 55.5%, respectively. Furthermore, strategies have been developed to fabricate the
DOPO-functionalized rGO hybrids through grafting DOPO onto the rGO skeleton by using
other components as the bridge. Feng used glycidyl methacrylate as the bridge to synthesize
a DOPO-functionalized rGO hybrid (GP-DOPO), and used it as the flame retardant for
EP [46]. The addition of 2 wt% GO-DOPO decreased the pHRR value of the EP-based
composite by 27%, the THR value is decreased by 32%, and the TSP value is decreased
by 31%. In Qian’s work, DOPO was firstly reacted with VIMS to form an intermediate,
which was then grafted onto rGO by using (3-isocyanatopropyl) triethoxysilane as the
bridge, and obtained a product which is highly effective in reducing the fire hazards of
EP [47]. Although the DOPO-functionalized rGO flame retardants present higher flame-
retardant efficiency, the vertical combustion grades of most DOPO-functionalized rGO
flame retardants are required to be improved to achieve V-0.

As a nitrogen-containing compound, melamine is widely used as a typical eco-friendly
flame retardant for EP, and its flame-resistance effect can be further improved when used
cooperatively with other phosphorus-based flame retardants [48-52]. In this work, a
novel DOPO-functionalized rGO hybrid (DOPO-M-rGO) was synthesized by using the
synthesized methyl vinyl dichlorosilane /melamine polymeric intermediate as the bridge,
which was used as a graphene-based phosphorus/nitrogen-containing flame retardant for
EP. This study provides a facile approach for creating an extraordinarily effective flame
retardant for EP, and aims to investigate the synergistic flame-resistance effect of DOPO,
melamine, and the rGO skeleton components of DOPO-M-rGO.

2. Experimental Section
2.1. Materials

GO was prepared according to Hummer's method [53]. Melamine, methyl vinyl
dichlorosilane, 1-ethyl-3-(3-dimethylaminopropyl) carbonized diimine hydrochloride (EDCI),
and 4-dimethylaminopyridine (DMAP) were provided by Shanghai Maclin Biochemical
Technology Co., Ltd. (Shanghai, China). DOPO, azo-diisobutyronitrile (AIBN), EP pre-
cursor (E51), and polyamide agent (650) were provided by Shanghai Aladdin Reagent
Co., Ltd. (Shanghai, China). Tetrahydrofuran (THF) was provided by Beijing Tongguang
Fine Chemical Co., Ltd. (Beijing, China).
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2.2. Synthesis of DOPO-M-rGO

DOPO-M-rGO was synthesized by a two-step method, and the corresponding syn-
thetic route is illustrated in Figure 1. First, melamine and methyl vinyl dichlorosilane (with
the mass ratio of 1:1) was reacted in the THF suspension under mild stirring for 4 h to
form a polymeric intermediate bearing -NH; groups and C=C bonds (see Figure 1a). Then,
DOPO was added into the obtained system, and AIBN was used as the catalyst. The mass
ratio of the melamine/methyl vinyl dichlorosilane polymeric intermediate, DOPO, and
AIBN was controlled at 1:1:0.005. After reaction at 70 °C for 20 h, the white solid precipitate
in the system was collected, washed, and dried, which is named DOPO-M in the following
text (Figure 1b). Afterward, the obtained DOPO-M sample was added into THF along
with GO to make a suspension, in which the mass ratio of DOPO-M and GO was 2:5. A
total of 10 wt% EDCI and 1 wt% DMAP were added into the suspension as the catalyst.
After 10 h reaction at 70 °C in the N, atmosphere, the ultimate suspension was filtered to
remove the impurities, and the obtained black solid was abbreviated as DOPO-M-rGO in
the following text (Figure 1b), which was used as the flame retardant of EP. The schematic
for the preparation of DOPO-M and DOPO-M-rGO is shown in Figure 2a.
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Figure 1. Synthetic route of (a) DOPO-M and (b) DOPO-M-rGO.
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Figure 2. (a) Schematic representation for the preparation of DOPO-M-rGO; (b) SEM images of
DOPO-M-rGO; (c) the FTIR spectra of GO, DOPO-M, and DOPO-M-rGO; (d) the XPS spectra for
DOPO-M-rGO; (e) the TGA curves of GO, DOPO-M, and DOPO-M-rGO.
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2.3. Preparation of DOPO-M-rGO/EP Composite

The prepared DOPO-M-rGO (0.5, 1, 1.5, 2, 3, and 5 wt%) was slowly added into the
EP precursor (E51) and tenderly stirred at 60 °C for 10 min, and the polyamide agent (650)
(45 wt%) was added into the system whilst continuously stirring as the curing agent of
EP. Then, the obtained uniform mixture was casted and cured at 80 °C for 2 h, and the
DOPO-M-rGO/EP composites with different DOPO-M-rGO contents were prepared.

The rGO/EP composite with 1.5 wt% rGO and the DOPO-M/EP composite with
1.5 wt% DOPO-M were also prepared for comparative study.

2.4. Characterization

Fourier transform infrared spectrometry (FTIR) was conducted by a Nicolet 6700 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) over the range of 400-4000 cm ™ 1
The X-ray photoelectron spectroscopy (XPS) was performed on an X-ray photoelectron
spectrometer (AXIS, Kratos Analytical Ltd., Stretford, UK); the emission current and voltage
were controlled at 5 mA and 10 kV, respectively. Raman spectroscopy was conducted by
a SPEX-1403 laser Raman spectrometer (Renishaw in Via, London, UK) at an excitation
wavelength of 532 nm. The morphologies of the samples were observed by using a scanning
electron microscope (JSM-7500F, JEOL, Tokyo, Japan). The mechanical performances were
measured by using an Instron universal material strength tester (4302, Instron Corporation,
High Wycombe, UK) at a speed of 10 mm-min~! according to the ASTM D638 standard.
The width of the specimen was 6.0 + 0.1 mm and the thickness was 2.0 £ 0.1 mm. All the
samples were tested five times and the average values were selected as the final results.

Thermogravimetric analysis (TGA) was used to characterize the thermal behavior of
the samples. The TGA was conducted by using a TG/DTA 6300 (Seiko, Japan), and the
samples were heated from 30 °C to 700 °C at a rate of 10 °C min~!. The flame-retardant
properties of the pure EP and the EP-based composite were investigated by using LOI,
vertical burning testing (UL-94), and cone calorimeter test (CCT). The LOI tests were
conducted on a Dynisco LOI test instrument according to ASTMD 2863-97 standard. The
size of the specimen was 80 mm X 6.5 mm x 3 mm. The UL-94 tests were carried out
on a vertical burning instrument (CFZ-2, Jiangning Analytical Instrument Factory Co.,
Ltd., Nanjing, China) according to ASTM D3801 standard. The size of the specimen was
130 mm x 13 mm x 3 mm. CCT was conducted by using a calorimeter (iCone, Fire Testing
Technology Co., Ltd., East Grinstead, UK) according to the ISO 5660-1 standard under a heat
flux of 35 kW-m~2, and the sample with the dimensions of 100 mm x 100 mm x 3 mm
was wrapped with aluminum foil.

3. Results and Discussion
3.1. Fabrication of DOPO-M-rGO

The fabrication process of DOPO-M-rGO is shown in Figure 2a. The chemical reaction
between methyl vinyl dichlorosilane and melamine was firstly executed to synthesize a
polymeric intermediate (see Figure 1a), which was then reacted with DOPO via addition
reaction to form the DOPO-M. Afterward, the flame retardant DOPO-M-rGO was synthe-
sized via the amidation reaction between the obtained DOPO-M and GO, accompanied
by the reduction of GO (see Figure 1b). Therefore, by using the synthesized methyl vinyl
dichlorosilane/melamine polymeric intermediate as the bridge, a DOPO-functionalized
rGO hybrid flame retardant was successfully prepared, which was used as the flame re-
tardant of EP. Figure 2b shows the SEM image of DOPO-M-rGO, in which a multilayered
structure is exhibited thanks to the rGO component functioning as the skeleton. In addition,
abundant clusters are attached on the rGO layers, which are formed by the grafting of DOPO-M.

The FTIR spectra of the melamine, DOPO, and GO monomers, as well as the synthe-
sized DOPO-M and DOPO-M-rGO products are shown in Figures 2c and S1. It can be seen
from the spectra of DOPO, melamine, and DOPO-M (as shown in Figure S1) that the peak
at 835 cm ™! assigned to the Si-N bond shows up in the spectrum of DOPO-M, but not in
the spectrum of DOPO or melamine, indicating the successful chemical reaction between
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methyl vinyl dichlorosilane and melamine and the formation of the Si-N bond in the methyl
vinyl dichlorosilane /melamine polymeric intermediate. In addition, the absorption peak at
2440 cm~! attributed to the P-H bond of DOPO disappears in the spectrum of DOPO-M,
indicating the subsequent reaction between the methyl vinyl dichlorosilane/melamine
intermediate oligomer and DOPO. Therefore, DOPO-M is successfully synthesized in our
study. The peaks at 1640 cm~! and 1210 cm~! assigned to the amide bond show up in
the spectrum of DOPO-M-rGO, indicating that the successful amidation reaction between
DOPO-M and GO, and the successful synthesis of DOPO-M-rGO. In the XPS spectrum of
synthesized DOPO-M-rGO (Figures 2d and S2), the peaks at 155.2 eV, 284.5 eV, 365.7 eV,
and 490.1 eV are associated with the P atoms, C atoms, N atoms, and O atoms, respectively.
In the high-resolution XPS spectrum for C 1s (Figure S2a), the main peaks centered at
284.3 eV and 286.5 eV are attributed to the C-C and C-O-C/C-O-P, whereas the additional
component centered at 288.2 eV and 285.7 eV are assigned to C=0 and C-N, respectively.
The peaks in the XPS spectrum for N 1s (Figure S2b) are attributed to N-Si (398.5 eV),
C-N-C (397.9 eV), and N-H (395.7 eV), respectively. In addition, the XPS spectrum for Si 2p
(Figure S2c) is deconvoluted into two peaks at 101.9 eV and 101.3 eV, which correspond to
Si-C and Si-N, respectively. The XPS results indicate the formation of the Si-N bonds and
the amide bonds in DOPO-M-rGO, which is inconsistent with the FTIR results.

The thermal degradation behaviors of the GO, DOPO-M, and DOPO-M-rGO are
shown by their TGA curves (see Figure 2e), in which the temperature of the maximum
weight loss rate can be obtained. It can be observed that the thermal degradation of
DOPO-M-rGO mainly happens at a wide temperature range, which combines the thermal
degradation temperature ranges of GO and DOPO-M, further indicating the simultaneous
existing of GO and DOPO-M segments in DOPO-M-rGO. In addition, the residual weight
of DOPO-M-rGO is much higher than DOPO-V, indicating the promotion effect of rGO in
DOPO-M-rGO on the char formation during thermal degradation.

3.2. Fabrication of DOPO-M-rGO/EP Composite

The synthesized DOPO-M-rGO was used as flame retardant in EP, and the fabrication
process of the DOPO-M-rGO/EP composite is shown in Figure 3a. The DOPO-M-rGO/EP
composites were fabricated through the crosslinking of the EP monomer in a DOPO-
M-rGO/EP suspension. In order to study the effect of DOPO-M-rGO content on the
performances of the EP-based composite and then optimize the amount of DOPO-M-rGO
as the flame retardant, different amounts of DOPO-M-rGO (0.5 wt%, 1.0 wt%, 1.5 wt%,
2.0 wt%, 3.0 wt%, 5.0 wt%) were added to form the DOPO-M-rGO/EP composites for the
subsequent characterization. Figure 3b shows the stress—strain curves of the pure EP and
the DOPO-M-rGO/EP composites with different DOPO-M-rGO contents, demonstrating
the improvement effect of DOPO-M-rGO content on the mechanical performances of EP
composites. It can be seen that the addition of DOPO-M-rGO/EP improves the tensile
strength and modulus of EP when the DOPO-M-rGO content is below 2 wt%, which is
mainly attributed to the good dispersion of a small content of DOPO-M-rGO and the
integrity of the internal structure of the composite (see Figures 3c and S4a—d). When
the amount of the added DOPO-M-rGO is above 3 wt%, the DOPO-M-rGO shows poor
dispersion and a great deal of agglomeration in the composites (see Figure S4e,f), leading
to the significantly deteriorated mechanical performance of the composites. Therefore,
the DOPO-M-rGO content should be controlled at below 2 wt% to satisfy the practical
application requirements of the composite. In addition, the DOPO-M-rGO/EP composite
shows a higher modulus compared with the DOPO-M/EP composite (see Figure S3), which
is mainly caused by the supporting effect of the rGO skeleton in DOPO-M-rGO.
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Figure 3. (a) Schematic representation for the preparation of DOPO-M-rGO/EP composite and
the digital photographs of 1.5% DOPO-M-rGO/EP; (b) stress—stain curves of pure EP and the
DOPO-M-rGO/EP composites with different DOPO-M-rGO contents; (c¢) SEM images of 1.5% DOPO-
M-rGO/EP composite.

3.3. Flame-Resistant Effect of DOPO-M-rGO on EP

The flame-retardant properties of the pure EP and the EP-based composites were
investigated by using LOI, UL-94, and CCT.

For the pure EP, the LOI value is 25%, and it could not pass any grade in the UL-94 test.
The addition of DOPO-M-rGO endows the EP-based composite with a significant improved
LOI value (see Figure 4). When 1.5 wt% DOPO-M-rGO is added into the EP, the LOI value
is increased from 25% to 32%, while 1.5 wt% rGO or 1.5 wt% DOPO-M has no effect on the
LOI value of the EP-based composite, indicating that DOPO-M and rGO components in
DOPO-M-rGO provide a synergistic flame-resistance effect on EP. In addition, when the
addition of DOPO-M-rGO is increased to 1.5 wt%, the DOPO-M-rGO/EP composite reaches
V-0 rating in the UL-94 test (see Table S4). Figure 5 shows the digital photographs of the
pure EP, rtGO/EP composite, DOPO-M/EP composite, and DOPO-M-rGO/EP composite.
It can be observed that pure EP, rGO/EP composite, and DOPO-M/EP composite is easily
ignited with fast flame propagation, and then fiercely burn up to the clamp within just
50 s. Actually, although the incorporation of rGO or DOPO-M into EP matrix displays no
rating in the UL-94 tests, both the rGO/EP composite and DOPO-M/EP composite show a
lengthened combustion time compared with the pure EP. These results demonstrate that
rGO and DOPO-M can reduce the combustion speed of the EP composites, and thus endow
the composites with better flame retardancy. The addition of 1.5% DOPO-M-rGO makes
the EP composite reach V-0 level in the UL-94 test. The flame extinguishes itself within 5 s,
which reflects the high flame retardancy of DOPO-M-rGO in EP.

CCT is widely used to evaluate the combustion performances of polymers under a
forced-flaming fire scenario. In this study, we used CCT to record the thermal parameters
(including HRR, THR, TSP values, and char residue) of the EP-based composite samples to
assess their fire and smoke risk, and the detailed data are shown in Table 1 and Figure 6. The
DOPO-M-rGO/EP composite shows the optimized flame-retardant and smoke-suppression
performances when 1.5 wt% DOPO-M-rGO is added (see Figure S5 and Table S5). When the
addition of DOPO-M-rGO is further increased to 2 wt%, the pHRR value, THR value, and
TSP value are all significantly enhanced, which should be attributed to the incombustible
gas-inhibiting effect of the hyperdense char residue formed by the DOPO-M-rGO/EP
composite with high flame-retardant content [41]. In addition, the LOI value reached the
highest with the addition of 1.5% DOPO-M-rGO, and the UL-94 rating reached V-0 as well.
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Therefore, the DOPO-M-rGO/EP composite material with 1.5% DOPO-M-rGO was taken
as the example to illustrate the flame-retardant effect of DOPO-M-rGO.

40
DOPO-M-rGO/EP

30t pure EP 1GO/EP DOPO-M/EP §

of N N R

10}

LOI (%)

0

Figure 4. LOI values of the pure EP, rGO/EP composite, DOPO-M/EP composite, and DOPO-M-
rGO/EP composite (the mass fractions of additive in the composites are all 1.5%).

After 1st 10 s ignition After 2nd 10 s ignition

P |
Pure EP ' n ﬂ “ ’ | No rating
: |

DOPO-M-
rGO/EP

Figure 5. Digital photographs of the pure EP, rtGO/EP composite, DOPO-M/EP composite, and
DOPO-M-rGO/EP composite (the mass fractions of additive in the composites are all 1.5%) in the
UL-94 test.

Table 1. Cone calorimeter data of the neat EP and the EP-based composites.

Sample Pure EP 1.5% rGO/EP 1.5% DOPO-M/EP 1.5% DOPO-M-rGO/EP
PHRR (kW /m?) 1593 991 839 719
Time to pHRR (s) 156 167 162 141
THR (MJ/m?) 125 130 99 88
TSP (m? /kg) 65 45 74 52

The HRR curve and THR curve of the DOPO-M-rGO/EP composite with 1.5% DOPO-
M-rGO are shown in Figure 6a,b, respectively, which are compared with those of pure EP,
rGO/EP composite, and DOPO-M/EP composite with the same additives content. It can
be seen that the pure EP burns at 100 s, showing a single pHRR of 1593 kW /m? at 156 s,
and the THR is up to 125 MJ/ m?. The PHRR for the composite containing 1.5 wt% rGO
is reduced by 38% to 991 kW /m?, while the THR shows no significant change compared
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with the pure EP. When 1.5 wt% DOPO-M is added into the EP, not only is the pHRR
decreased to 839 kW /m?, but also the THR is significantly reduced by 21% to 99 MJ/ m?
compared with that of pure EP. The incorporation of DOPO-M-rGO results in the further
decreased pHRR and THR values of the EP-based composite (as shown in Table 1 and
Figure 6). The 1.5 wt% DOPO-M-rGO addition decreases the pHRR value to 719 kW /m?,
and the THR value is decreased to 88 MJ/m?. Therefore, as the synthesis product of GO
and DOPO-M, DOPO-M-rGO simultaneously endows the EP-based composite with slower
HRR and significantly reduced THR, presenting the best flame-retardant effect on EP.
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Figure 6. (a) Heat release rate; (b) total heat release; (c) total smoke production; (d) char residue curves
of the pure EP, tGO/EP composite, DOPO-M/EP composite, and DOPO-M-rGO/EP composite (the
mass fractions of additive in the composites are all 1.5%) under an external heat flux of 35 kW /m?.

The smoke production of materials is regarded as one of the major factors leading to
death, and the lower TSP denotes lower smoke risk and longer escaping time in fire disaster.
The TSP of the pure EP and the EP-based composites are shown in Figure 6c, and the
detailed data are listed in Tables 1 and S5. It can be seen that the pure EP releases 65 m?/kg
of TSP during the combustion, and the composite with only DOPO-M as the additive
exhibits an even higher TSP value of above 70 m?2/ kg. In contrast, the addition of 1.5 wt%
rGO or 1.5 wt% DOPO-M-rGO significantly decreases the TSP values of the EP-based
composites to 50 m? /kg and 52 m? /kg, respectively, indicating that the rGO component is
the key to the smoke suppression of DOPO-M-rGO, which should be attributed to its smoke
absorbing effect during the combustion [54-57]. From the char residue values of the pure EP
and the EP-based composites (see Figure 6d), it can be seen that the DOPO-M/EP composite
and the DOPO-M-rGO/EP composite left more char residue after the combustion than the
pure EP, which should be attributed to the char layer formation promotion effect of the
DOPO component in DOPO-M.

Therefore, compared with rGO and DOPO-M, the addition of 1.5 wt% DOPO-M-
rGO can provide the EP-based composite with the optimal fire-resistant performances:
the V-0 grade in the UL-94 test, the highest LOI value of 32%, the lowest pHRR, THR,
and TSP values, indicating the excellent flame-resistant effect and smoke-suppression
effect of small quantities of DOPO-M-rGO on EP. Therefore, our synthesized DOPO-
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M-rGO considerably progressed in improving the flame-resistance efficiency in the EP-
based composite compared with other DOPO-functionalized rGO flame-retardant systems
reported previously (see Table S3).

3.4. Mechanism for the Flame-Resistant Effect of DOPO-M-rGO

In order to study the mechanism of the flame resistance of DOPO-M-rGO on EP,
the properties and structure of char residue after CCT of the pure EP and the EP-based
composites were analyzed, and the digital photos and SEM images are shown in Figure 7.
It can be seen from Figure 7a,e that the pure EP almost forms no char residue, leading to
the weak barrier effect. The rGO/EP composite also forms a few char fragments after the
combustion (see Figure 7b,f), indicating its inferior barrier effect similar to the pure EP. Thus,
the rGO/EP composite presents no obvious difference in the THR value compared with
the pure EP. However, the addition of rGO can achieve a smoke-suppression effect during
combustion due to its smoke absorbing ability [44—47], and thus the rGO/EP composite
presents an obvious decreased TSP value (as shown in Figure 7c). The DOPO-M/EP
composite forms an integrated char layer after the combustion (see Figure 7c,g), which is
mainly caused by the dehydration and carbonization effect of the P-O-C and N-Si bonds in
DOPO-M [58,59]. The formed thermal stabilized char layer functions as an intact shield,
which effectively suppresses the transfer of heat during combustion. In addition, the
incombustible gas (including N, and NOy) is generated from the disintegrated melamine
component during combustion, which further suppresses the spreading of flame. Therefore,
the DOPO-M/EP composite exhibits a significantly declined THR value compared with EP
and the rGO/EP composite. Due to the synergistic effect of the therein rGO and DOPO-M
components, the DOPO-M-rGO/EP composite also forms a relative integrated char (see
Figures 7d,h and S6), and the heat release and smoke release are simultaneously decreased
during combustion.

Figure 7. Digital images of char residues for (a) pure EP; (b) rtGO/EP composite; (c) DOPO-M/EP
composite; (d) DOPO-M-rGO/EP composite and SEM images of char residues for (e) pure EP;
(f) rGO/EP composite; (g) DOPO-M/EP composite; (h) DOPO-M-rGO/EP composite after cone
calorimeter test (the mass fractions of additive in the composites are all 1.5%).

In order to further clarify the flame-retardant mechanism of DOPO-M-rGO on EP,
Raman spectroscopy of the char residues after CCT were conducted (see Figure 8). The
graphitization degree of char residue can be reflected by the Ip and I ratio. The lower Ip/Ig
value indicates the higher graphitization degree and the higher thermal stability of the
formed char residue [60]. It can be seen from Figure 8a,b that the Ip /I value of the rtGO/EP
composite is 1.05, which is obviously lower than that of pure EP (1.33). This is mainly
because rGO is a carbonaceous material; thus, showing an excellent graphitization effect.
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For the DOPO-M/EP composites, the Ip/Ig value is 1.19 (see Figure 8c), indicating that
DOPO-M enhances the graphitization degree and promotes the dense structure formation
of the char layer, which is well inconsistent with the SEM images in Figure 7. Under the
synergistic effect of the rGO component and the DOPO-M component in DOPO-M-rGO,
the DOPO-M-rGO/EP composite exhibits the lowest I /Ig value of 1.01 (see Figure 8d).
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Figure 8. Raman spectra of char residues of (a) pure EP; (b) rGO/EP composite; (c) DOPO-M/EP
composite; (d) DOPO-M-rGO/EP composite.

Furthermore, the chemical structure of char residues of the DOPO-M-rGO/EP com-
posite was demonstrated by XPS (see Figure 9). As displayed in Figure 9a, C 1s of the char
residue has peaks at 285.3 eV (C-O-C/C-O-P) and 284.4 eV (C-C). For the O 1s spectra
(Figure 9b), two peaks are observed, which are attributed to the C=0/P=0 (531.7 eV)
or/and C-O-C (533.5 eV) groups. The P 2p peak in Figure 9¢c, which appears around
132.1 eV, is attributed to the P-O-C/POj structure, which is derived from DOPO decompo-
sition [11]. The peaks spectrum for N 1s (Figure 9d) are attributed to C-N (397.0 eV), C=N
(397.8 eV), N-Si (398.5 eV), and oxidized N compounds (399.6 eV), respectively [11,61]. The
result shows that P-O-C/POj3 and N-Si formed through the decomposition of DOPO-M-rGO
during the combustion process of DOPO-M-rGO/EP composite, simultaneously forming
the char layer with high thermal stability, providing the DOPO-M-rGO/EP composite with
efficient flame retardance [11].

Based on the above results, the flame-retardant mechanism for DOPO-M-rGO on EP
is proposed, which is shown in Figure 10. The rGO component in DOPO-M-rGO functions
as a skeleton, on which DOPO/melamine (DOPO-M) are grafted. During the combustion
of the DOPO-M-rGO/EP composite, the incombustible gases, such as N, and NOy, are
firstly generated from the disintegrated melamine component in DOPO-M-rGO, which
diluted the surrounded oxygen concentration; thus, significantly decreasing the pHRR
value of the composite. With the further combustion of the composite, the decomposed
DOPO-M component in DOPO-M-rGO enhances the graphitization degree and promotes
the formation of a dense phosphorus-containing char layer, which presents a barrier effect
and effectively suppresses the release of the heat. In addition, the rGO component in
DOPO-M-rGO adsorbs the generated smoke during the combustion process to achieve the
smoke-suppression effect. Therefore, rGO and DOPO-M components both play important
roles in the high fire-resistant performances of the DOPO-M-rGO/EP composite. Due to its
well dispersion in the EP matrix as the additive, DOPO-M-rGO in the composite presents
high flame-resistance efficiency. In other words, only a small content (1.5 wt%) of DOPO-
M-rGO can endow the EP-based composite with high flame-resistance performances.
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Figure 9. High resolution XPS spectra for (a) C 1s; (b) O 1s; (c) P 2p; and (d) N 1s of the char residue
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Figure 10. Schematic illustration of flame-retardant mechanism of DOPO-M-rGO in EP.

4. Conclusions

This study demonstrates a green and facile synthesis method for a novel flame re-
tardant via a reduction of GO by the synthetic product of DOPO and melamine, which
is thus regarded as a DOPO-functionalized rGO hybrid (DOPO-M-rGO). The EP-based
composite with the addition of DOPO-M-rGO exhibited superior fire-resistant performance
with extremely low loading of the flame retardant, which is attributed to the high disper-
sive and flame-resistance efficiency of DOPO-M-rGO. The DOPO-M-rGO/EP composite
exhibits greatly reduced pHRR (decreased by 55%) and THR (decreased by 30%) values
with only 1.5 wt% DOPO-M-rGO addition, and the LOI value is increased from 25% to
32%. In addition, the smoke production is also significantly decreased, and the TSP value is
declined by 20%. The outstanding flame-retardant effect of DOPO-M-rGO in the EP-based
composite is provided by the synergistic effect of the melamine, DOPO, and GO compo-
nents, which promote the generation of the incombustible gases and the formation of a
dense phosphorus-containing char layer during combustion. The char layer presents a
barrier effect, effectively suppressing the heat release and absorbing the smoke.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fire6010014 /s1.
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Abstract: Sauna is a common fixture in many facilities; a specific fire-protection system is typically
designed and installed for this application, as short circuits or direct contact with incandescent
materials may result in a fire. Water mist has been recently considered as a promising option for this
purpose; so, assessing its control and suppression capability in a sauna configuration has become
of paramount importance for designers and engineers. To this end, an unprecedented real-scale
test rig was built and instrumented with thermocouples and a hot-plate thermometer towards the
evaluation of water-mist performance against various fire scenarios and, ultimately, to provide
guidelines to designers. Timber benches were employed as target materials, while the fire was
initiated in a wood crib. Design parameters, such as initial room temperature, location of the ignition
source, nozzle-to-wall distance, and air gap between benches and wall, were varied, also including
natural ventilation in a dedicated experiment. The system proved successful in controlling and
containing the fire: bench damage ratio—selected as a quantitative parameter to assess water-mist
performance—was consistently lower than 5%. However, extinction was not always achieved, espe-
cially under the most challenging configuration in terms of ventilation, initial room temperature, and
nozzle-to-wall distance.

Keywords: timber; ventilation; room temperature; air gap; damage ratio; thermometry

1. Introduction

Saunas have been used to provide relax and health benefits for a long time, with
sweat houses being operated by ancient civilizations even 3000 years ago [1]. Over the last
50 years, they have become a typical amenity in the hospitality (e.g., hotels) and fitness
(e.g., gyms, spas) industries; their market is expected to experience a steady growth at a
CAGR (compound annual growth rate) of about 7%, at least until 2026 [1]. However, the
involved structural components and equipment make the likelihood of fire incidents in
saunas relatively high, and the learning of sauna fires through media or technical publi-
cations is currently not uncommon [2,3]. The source of ignition consists of the presence
of electrical heaters or incandescent stones; a substantial amount of combustibles is also
often included within sauna scenarios, which mostly comprise timber (e.g., benches and
walls), fabric (e.g., towels and linen), and chemicals (e.g., detergents). A fire may start quite
easily as a result of short circuits or direct contact between hot materials and combustibles,
frequently caused by human errors. The potentially high ambient temperature—even
exceeding 90 °C—tends to contribute to its spread over the whole compartment. Passive
fire-protection systems are often employed, since their effectiveness in avoiding or limiting
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fatalities appears established; nevertheless, fire events may cause remarkable loss or dam-
age of property, together with lengthy business interruption, if not properly contained and
possibly suppressed by an action of some kind.

So, the inclusion of active fire-protection systems in the design of saunas has become
ever increasing, which is also promoted by specific requirements imposed through laws
and standards. Quite an expected outcome, the challenge for designers and engineers has
turned into an attractive opportunity within the fire-protection system market, as almost
every fitness center and most resorts or recreational facilities are currently endowed with
saunas. In this frame, performance-based design applied to the various elements of the built
environment in terms of fire protection seems to foster the use of innovative technologies
able to control the fire both thermally and spatially until emergency responders arrive on
the scene. Yet, saunas are also designed to reduce the costs associated with the amount and
storage of the selected fire-extinguishing agent [4]. Among them, the popularity of water
mist is increasing for a variety of stationary applications [5]: its control and suppression
capability is the subject of a substantial body of the literature that comprises scenarios
relating to high-hazard storages [6], car parks [7], timber buildings [8], and pipelines
containing natural gas [9-11]. Mitigation of explosions was investigated as an additional
action by water mist in highly hazardous storage facilities [12]. Its success can be mainly
attributed to a discharge of generally less water than that by sprinkler systems, since
fragmentation into tinier droplets yields a faster evaporative action [13,14]. Dedicated
studies were also focused on water-mist action in suppressing compartment fires, mainly
emphasizing the need for controlled discharge [15] and systems that govern activation on a
detection-based feedback [16].

Unfortunately, the research specifically focused on sauna fires is still relatively lim-
ited and mostly consists of case studies, even though it is seminal [2,3]: for instance,
Howe and Lloyd showed that sprinklers are mainly installed in saunas located within a
sprinkler-protected site, whereas water mist is often chosen if no sprinkler system is already
present or can be integrated [2]. So, this work was primarily inspired by the available
experimental research on water-mist fire suppression. It includes several studies where
the discharge is released against canonical fire scenarios, both solid—(e.g., wood cribs,
lithium-ion batteries) [17,18] and liquid-fueled (e.g., pool fires) [19,20], together with works
on real-scale—actually large-scale and highly hazardous—scenarios [6,7,9-11]. These latter
works present compartments where the characteristic length—usually the room height
in compartment-fire problems [21]—is of the same order of magnitude as that of saunas.
Since a spray discharge is involved, the acquired knowledge of water-mist spray char-
acterization in terms of both atomization and dispersion [22-24], and the achievements
about spray/flame interaction [25], also served as a foundation for the present work. As an
additional source of guidance to design a test rig, several standards are currently available
for water-mist systems [26,27], which provided technical guidelines in devising the experi-
mental setup assembled for the present work. On the other hand, no standardized protocol
to evaluate water-mist performance for sauna fire scenarios is currently available; so, this
work is also aimed at proposing an approach that may become a standard reference to the
purpose, being that it is inspired by the Annex B of standard NFPA 750 [27]. Overall, the
latter was followed, as it reports a strategy to challenge water-mist systems against generic
fire scenarios and assess their performance.

An experimental setup was developed and built as fully representative of a sauna
environment from both the structural (i.e., involved materials, dimensions, and arrange-
ment of the included components) and the thermo-hygrometric (i.e., temperature and
vents) standpoint. In consistency with the aim of reproducing the actual action by water
mist within that scenario, the discharge system was also designed and scaled accordingly.
Several physical quantities were measured or evaluated; various parameters were con-
sidered and varied throughout the test series: location of the ignition source, presence of
drywall boards, bench-to-wall and nozzle-to-wall distance, ventilation, and initial room
temperature. An evaluation of fire spread and intensity under the tested configurations was
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quantitatively performed by introducing a damage ratio that ultimately allowed assessing
the impact of the varied parameters. The present work may serve as a reference for future
assessments of control and suppression capability in a scenario that is currently not covered
by standardized procedures. Moreover, the parametric study may also provide guidance
to fire-protection system designers, especially if water-mist technology is selected for
this application.

2. Materials and Methods

The main objective of the conducted experiments consisted of assessing quantitatively
the ability of a water-mist system to successfully control and possibly suppress a sauna
fire, with extinction being considered unexpected by this technology [5,13], yet welcome.
So, the main sources of ignition were identified as the first step, then a test scenario was
developed and realized to reproduce the most relevant configurations in terms of geometry
and involved combustibles. A testing procedure was also devised as founded on the
recommendations provided by recognized standards [26] and aimed at combining the
following tasks:

e  evaluation of fire hazards within the tested environment;

e  evaluation of the compartment conditions;

e  expression of performance objectives in terms of thermal/spatial control of the fire
and suppression;

e emphasizing the worst-case scenario through an a posteriori analysis of the outcomes
from the test series.

It is worth noting that this kind of real-scale experiment is relatively expensive, es-
pecially in terms of material consumption and waste production; therefore, a limited
number of tests—lower than ten—was carried out. Nevertheless, some statistical analysis
was performed to assess repeatability, mostly referred to the initial free-burn condition
(i.e., unhindered evolution of the fire).

2.1. Scenario and Geometry

The test chamber is presented in the technical sketches of Figure 1, with some photos
also being shown in Figures 2 and 3. The dimensions involved in Figure 1 are reported in
Table 1, together with the chamber height. The employed benches and internal walls were
made up of timber beams; drywall boards were attached to the back vertical surface of the
benches. Plywood boards were used to upholster the ceiling and walls. The facility was
assembled and placed within a corrugated-iron container, the door of which—kept closed
in all the conducted experiments, except for those featuring natural ventilation—was of
0.7 x 1.9 m size. The developed setup was designed to include the structural components
and the items of typical saunas, as described in studies dedicated to fire protection of those
compartments [2,3].

d d/2—— [—d/Z——d/Z*
d_riv- d_riv+
Ri Ri
o~ ~N
a3 a
WMN1 WMN2 [ WMN1 WMN2 I
" " [a] " . o
Ignition point ‘ Ignition point I
L1/2 L1/2 (b) L1/2 L1/2
(a) L1

Figure 1. Plan view of the test chamber: (a) ignition source at the corner behind benches (configura-
tion C1); (b) ignition source at the center of the wall behind the benches (configuration C2); WMN:
water-mist nozzle location, Riv: heat-detector location.
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Figure 3. Test chamber: nozzles and heat detector.

Table 1. Geometry of the test chamber: design parameters (dimensions are in m).

Height L1 L2 d d_riv D
L2/2 in all tests but the last one;
24 59 23 36 10 d/2 in the last one

Since the electrical heater was considered one of the main sources of fire hazard in
terms of probability and potential extent of the fire among those reviewed in Section 1,
an ignition source was devised to resemble it and reproduce the fire arisen from electrical
heaters typical of actual saunas. To the purpose of also complying with available standards,
a wood crib was selected as the ignition source [17,28], following the recommendations by
Annex G of a recognized standard for water-mist tests [29]. The basic foundation of this
design choice consists of a solid-fueled fire being more spatially spread than a liquid-fueled
one, thus making the former more similar to an electric-heater fire. So, a 4-layer crib (overall
size of 300 x 300 x 150 mm) was employed; each stick featured a square base of 38 mm
side (thickness), and its length was 300 mm. The peak heat release rate of wood-crib fires is
yielded by a well established formulation [28]:

o - S m;
HRR = MLR - Ah, = c(ﬁ) (T) - Ak, 1)

where HRR is heat release rate, MLR is mass-loss rate, Ah. is wood heat of combustion
(=12 M] kg{1 [28]), C is a constant (=7.44 x 10~*[28]), S is the clear spacing between sticks
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in the same layer (=50 mm), H is the crib height, m; is the initial crib mass (=2.9 kg on
average, for the cribs used in this experiment), and ¢ is the stick thickness. The average heat
release rate resulted from calculation as 230 kW. The crib was placed onto a metal container,
hosting 0.47 L of water—employed to balance the potential unevenness of the base—and
0.24 L of heptane.

The latter served as the accelerant and was manually ignited to start the fire; Figure 4
shows a photo of the whole crib/container assembly. As shown in the sketch of Figure 1, the
test chamber included two configurations (C1 and C2), embodying two fire scenarios, each
of which presents different locations of the ignition source (i.e., the wood crib). Notably, the
wood-crib assembly was located behind the benches and on the floor in both configurations,
with it being placed at the corner in configuration C1, while being placed at the center of
the wider drywall board in configuration C2.

Figure 4. Wood crib/container assembly, including the container for water and accelerant (heptane).

Those scenarios were aimed at reproducing typical locations of the electric heater
within saunas, thus allowing one to assess the impact of the position of the ignition
source on fire spread. Testing a sauna fire within a container may imply boundary and
initial conditions different from those of an actual fire occurring in a real sauna. The
thermo-hygrometric operating conditions of most saunas consist of 80 + 5 °C ambient
temperature and 10 + 2% relative humidity [30], as opposed to steam baths that feature
lower temperature and higher humidity. Initial room temperature and heat transfer may
bear the main discrepancy with respect to real scenarios. As an assessment of the potential
impact of this parameter on fire development, initial room temperature was governed
in one of the performed tests and raised above 80 °C by an industrial heater. However,
when not imposed, its variations and variations of the global heat-transfer coefficient were
assumed negligible with respect to temperature rise due to a fire event [31]: in fact, even
significant changes in the heat-transfer coefficient between a compartment and its outer
environment, under natural convection, may affect room temperature by less than 10 °C,
whereas typical flame temperature is in the order of 1000 °C. Moreover, no major impact
by variations of relative humidity was also expected; relative humidity within the test
chamber was not recorded, but tests were carried in summer mornings, which made relative
humidity within the container arguably low. On the other hand, the use of a hydrocarbon
(i.e., heptane) as the accelerant for the wood-crib fire yields water (steam) as a product
of combustion reaction, but the fuel concentration was sufficiently low (i.e., about 8 mL
heptane per 1 m® ambient air) to neglect the related raise of humidity. As a conservative
measure, timber benches were left to dry out before installation, thus making them more
prone to involvement with the fire, were flames to ever reach them. Notably, their moisture
content may be assumed as lower than 5%, following a similar approach to the drying of
timber components [17].
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The discharge system consisted of a high-pressure delivery unit, stainless steel piping,
water-mist nozzles, and the detection set; a sketch including all the items is presented
in Figure 5. Notably, the delivery unit included four cylinders, each of which is of 80 L
capacity: three of them hosted water, whereas the other one contained nitrogen to pressurize
the system. The nitrogen’s initial pressure was 150 bar, which allowed the initial water
pressure at the nozzle to be greater than 100 bar. As the core of the discharge system,
two water-mist nozzles manufactured by Bettati Antincendio S.r.l. (code NWMO14) were
inserted in the enclosure at the ceiling height (i.e., 2.4 m, as reported in Table 1).

Figure 5. Discharge system, including delivery unit, piping, nozzles, and detection set.

The devised arrangement within the chamber—presented in Figure 1—made the area
coverage of each nozzle 3.6 x 3.6 m. This type of nozzle features seven pressure-swirl
injectors (one central and six peripheral, as shown in the technical sketch of Figure 6) and
overall K-factor of 1.4 L min~! bar~0°. Therefore, a 10 min minimum duration of the
discharge could be achieved within the enclosure under the reported operating conditions.
The released spray was characterized in previous works [23,24]; the characteristic droplet
size (Sauter Mean Diameter) at 1 m distance from the nozzle outlet could be estimated, as
in the order of 50 pm.

Figure 6. Technical sketch of the employed nozzle type (NWMO14 by Bettati Antincendio s.r.1.), with
a detail of the injector.

The detection set consisted of a heat detector (by Kidde-Fenwal Inc., threshold tem-
perature of 165 °C, in accordance with recent regulations for residential and shipboard
applications [32]), installed at the ceiling height within the test chamber, as shown in
Figure 1. In actual saunas, the discharge is also activated upon temperature feedback, and
two detectors would be typically employed, each one at d_riv distance from the closer
nozzle. However, only one detector was inserted in the developed experimental setup to
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anticipate the worst-case scenario, both for configuration C1 (Figure 1a) and for configu-
ration C2 (Figure 1b). Overall, it is worth noting that the designed discharge system was
merely inspired by the Annex B of a generic standard on water mist [26], since no guidance
is available for this specific application.

2.2. Instruments and Experimental Procedure

As a typical measurement in fire experiments, temperature was recorded at various
locations and within specific devices by seven thermocouples (type K, wire diameter of
0.5 mm, 1 Hz acquisition frequency, and accuracy complying with standard IEC 584-2).
Notably, the following list identifies the probes and reports their respective positions in the
test chamber, as well as their scope in terms of measured parameter:

o T_gas—three probes used to record gas temperature 76 mm below the ceiling at the
vertical symmetry axis of the ignition source (wood crib); gas temperature 76 mm
below the ceiling at the heat-detector location (i.e., Riv in Figure 1); gas temperature
76 mm below the ceiling at the virtual heat-detector location (not inserted, as noted
in Section 2.1), symmetric to Riv with respect to the symmetry axis in the sketches of
Figure 1, respectively;

° T_crib—probe used to record gas temperature at the center of the wood-crib
top surface;

e T _sts—probe used to record surface temperature of the timber bench bottom surface,
at the vertical symmetry axis of the ignition source;

e T_clg—probe used to record surface temperature at the ceiling and at the symmetry
axis of the ignition source;

e  T_rad—probe associated with hot-plate thermometer and located at 500 mm height
from the floor.

All the three T_gas thermocouples were conveniently shielded to limit and virtually
prevent wetting by water droplets throughout the discharge. The hot-plate thermometer
was developed as a device to quantitatively evaluate heat flux in configurations where
radiation prevails over other heat-transfer modes (e.g., furnaces) [33]; its applicability to
fire scenarios was also successfully validated [34], and hot-plate thermometry has been
employed in a variety of full-scale tests, since radiation is largely predominant as flames are
involved [7]. This instrument features a steel plate exposed to radiation and an insulating
slab on its back side, with a thermocouple (T_rad, in this experiment) welded onto it. The
hot-plate thermometer was placed in front of the presumed fire location, between the wood
crib and the involved bench, at 500 mm height from the floor; a photo of its location in tests
carried out against configuration C1 is presented in Figure 7.

Figure 7. Hot-plate thermometer located in the corner (configuration C1).
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Pressure measurements were taken within the nitrogen tank and at the nozzle outlet.
Moreover, a load cell was employed to measure wood-crib (+0.5 g accuracy) and bench
mass (+0.5 kg accuracy) before and after tests to estimate the burning ratio. In consistency
with the procedure adopted prior to starting each experiment (Section 2.1), the materials
were left out to dry out after each test before weighing in order to rule out the effect of
water absorbed during the discharge.

A procedure was developed to organize the experiments through a test matrix based
upon varying the selected governing parameters towards an identified worst-case scenario.
In a similar manner to the design of the discharge system (Section 2.1), this approach
was founded on the guidelines from Annex B of a well established standard on water
mist, which recommends developing a path that leads to the worst case, also setting some
pass/fail criteria for the tested system [26]. A limited number of parameters was varied
throughout the experiments so as to emphasize the most significant factor among the other
numerous factors in a real scenario. Notably, the following set was identified:

e  Location of the ignition source—varied between configuration C1 and C2, as reported
in Section 2.1 and Figure 1;

e Initial room temperature (T;)—almost equal to outside ambient temperature in most
tests (20-30 °C), above 80 °C in two of them (operating an industrial heater, as men-
tioned in Section 2.1);

e Discharge activation time (7,¢)—governed by the heat-detector threshold or equal to
a fixed, pre-assigned value (180 s);

e  Ventilation—closed or open door (natural ventilation);

e  Distance between the nozzles and the wall behind benches (D)—1.15 m (=L2/2) or
1.8 m (=d2/2), as shown in Figure 1 and reported in Table 1;

e Presence of drywall boards attached to the back of the benches;

e  Distance between benches and the wall behind (§)—benches against the wall (6 = 0),
or 6 =0.250 m.

The discharge was manually activated 5 s after the heat-detector alarm turned on,
which was deemed a conservative offset to estimate the delay in actual systems; however,
delayed manual discharge was also performed to challenge the system against a longer
free burn.

As previously reported, nozzle-to-wall distance was generally kept constant; however,
tests with a larger distance were also conducted, which also implied droplets potentially
bouncing or evaporating against the opposite wall (i.e., the one closer to the nozzle).
Drywall boards were attached to the back of the benches in the tests, where a gap between
benches and wall (§) was applied. Table 2 shows the test matrix with all variables included.
This approach leads one to identify a worst-case scenario (i.e., Test no. 7 in Table 2), as
recommended by the followed guidance [26].

Table 2. Test matrix with experimental conditions.

Test no. Ignition Source T; °O) Tact (8) Ventilation D (m) Drywall Boards J (mm)
1 C1 20-30 alarm + 5 NO 1.15 NO 0
2 C2 20-30 alarm + 5 NO 1.15 NO 0
3 C2 20-30 180 NO 1.15 NO 0
4 C2 20-30 alarm + 5 NO 1.15 NO 0
5 C2 20-30 alarm + 5 NO 1.15 YES 250
6 C2 >80 alarm + 5 NO 1.15 NO 0
7 C2 >80 alarm +5 YES 1.80 NO 0

2.3. Approach to Data Analysis

The analysis of both the most immediate outcomes of each test and of the quantitative
dataset was carried out through an approach including a set of actions and the implementation
of relationships and formulations. Notably, the developed methodology consisted of:
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e  Opening the test chamber at the end of each test and checking if any flames, smolder-
ing fires, or charring materials were still present after the discharge, thus allowing,
first, observations about thermal control and extinction, as defined by a recognized
standard [27];

e  Distinguishing successful from unsuccessful suppression primarily by the presence of a
sharp decay in temperature trend at the locations where gas or surface temperature was
measured, which also allows emphasizing instances of fire regrowth; as an additional
approach, the same observation was applied to the heat-flux trend;

e  Identifying the time at which temperature readings by thermocouple T_crib fall below
wood-ignition temperature (~220 °C [35]) that is the physical threshold to determine
suppression on timber surfaces [17], thus marking the absence of flames at the ig-
nition source (i.e., the most hindered location and a surely deep-seated fire); it is
acknowledged that the open literature actually presents a set of values for the various
categories and types of timber, so the selected value may be considered as convention-
ally representative;

e Carrying out a close comparative examination of the photos taken before and af-
ter each test to qualitatively estimate the amount of materials involved with fire
(i.e., based on the extent of the visibly burnt surface), as suggested to assess damage
ratio of timber parts [2,3];

e  Evaluating, quantitatively, wood-crib and bench damage ratio as (m;-my)/m;, where m
is mass, while indexes i and f refer to initial (pre-test) and final (post-test) load-cell
reading, respectively [7,17,36];

e  Calculating incident radiant heat flux g relating to the hot-plate thermometer through
the relationship proposed in the literature [34]:

_ epr0Thr + (hpr + Keona) (Tpr — Teo) + pstCsts(ATpr / At) @
1 EpT ’

where epr is emissivity of the plate thermometer (=0.95, de facto a blackbody surface), o is
the Stefan-Boltzmann constant (=5.67 x 108 Wm™2 °C%), Tpris temperature of the plate
thermometer recorded by thermocouple T_rad, hpr is convective heat-transfer coefficient
(=10 W m~2 °C~1 [34]), K.ppq is conduction correction factor (=22 W m~2 °C~1 [34]), T is
room temperature (i.e., thermocouple reading prior to starting the fire), ps is steel density
(=8100 kg m~3), ¢y is steel specific heat capacity (=400 kg~ °C~1), s is thickness of the
steel plate included in the assembly (= 0.7 mm), and ¢ is time.

It is worth noting that a quantitative expression of successful (or unsuccessful) sup-
pression would rigorously stem from an evaluation of the heat release rate (HRR) trend
throughout free burn and discharge, in accordance with the definition provided by available
standards [27]. However, this measurement is often hardly feasible in a real-scale scenario,
since calorimetric methods usually apply to configurations with smaller length scale. So,
temperature and heat-flux measurements were employed, as they allow inferring HRR
trends, even though HRR—an integral quantity—cannot be explicitly extrapolated out of
local quantities, such as the readings from thermocouples and hot-plate thermometer.

3. Results

As an example, the dataset of gas-temperature and ceiling-surface temperature read-
ings, together with pressure signature, is shown in Figure 8, where the profiles are presented
for Test no. 1 as a function of time. Notably, temperature T is actually reported as tem-
perature difference AT = T — T, where T,,,;, is ambient temperature (i.e., thermocouple
reading prior to starting the fire). This strategy is aimed at offsetting discrepancies—even
though relatively small—in ambient temperature between tests conducted on different
days; it was also applied to Tests no. 6 and 7, where initial room temperature was imposed
as greater than 80 °C (Table 2). The origin of the time coordinate is set at the start of
the fire (i.e., manual ignition of the heptane pool fire below the wood crib); the actual
discharge initiated as pressure (i.e., relative pressure) at the nozzle suddenly rose up from
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0 to nitrogen pressure, which implied that pressurized water reached the nozzle exit. As
noted in Section 2.3, the time at which gas temperature at the center of the crib fell below
wood-ignition temperature is also marked in the plot as the conventional achievement
of wood-crib fire extinction. It is worth noting that gas temperature at the ceiling raised
more rapidly than surface temperature, but it also decreased down to smaller values as
the discharge was activated. That can be explained by the higher thermal inertia of solid
materials, even when involved with fire, together with the ability of water mist to perform
convective flame cooling as soon as the two flows interact [17]. The fluctuations exhibited
by gas temperature at the ceiling, even when thermal control was reached (in the 150-250 s
timespan), suggest that high-pressure water mist emphasizes mixing of hot and cooler gas
streams as a result of turbulence, a finding also reported in previous works [6,7].
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Figure 8. Temperature and pressure trends for Test no. 1.

Gas temperature at the wood crib showed the slower decay under a milder slope with
respect to the other temperature profiles, which supports the use of that reading as a mark
to assess the effective action of the discharge (Section 2.3).

As the most relevant parameters to quantify thermal stress and degradation imposed
to the involved materials, surface-temperature trends are shown both at the bottom of the
timber benches and at the ceiling for Tests no. 2—4 (Figure 9) and Tests no. 5-7 (Figure 10).
As no significant difference occurred between temperature profiles from Test no. 1 and
Tests no. 2 and 4, the data from the former are not displayed in Figure 5. The consistency
between those three tests also allowed the assumption that the location of the ignition
source was not critical in determining the outcome of water-mist action, thus focusing on
configuration of C2 as generally representative of a sauna fire scenario.
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Figure 9. Timber-bench and ceiling surface temperature trends for Tests no. 2—4.
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Figure 10. Timber-bench and ceiling surface temperature trends for Tests no. 5-7.

It is worth noting that maxima at the bench and maxima at the ceiling are consistent
between Tests no. 2—4, with the exception of ceiling surface temperature in Test no. 3.
As expected, temperature at the ceiling was lower than that at the bench, since this latter
was involved with fire earlier, with its exposure being longer before discharge activation.
However, ceiling temperature in Test no. 3 (i.e., that with longer free burn imposed prior to
starting the discharge) reached almost the same peak as bench temperature, which suggests
that timely activation is instrumental in containing the involvement of the combustibles
with fire. The prolonged free-burn period due to a fixed discharge activation well beyond
heat-detector alarm made the fire spread further than when an alarm-governed discharge
was operated. The comparison between Test no. 2 and Test no. 3 in terms of extent of burnt
surface is shown in Figure 11, which emphasizes much wider involvement as activation
was delayed.

Figure 11. Bench and plywood boards at the ceiling and against the walls at the end of: (a) Test no. 2;
(b) Test no. 3.

Surface temperature in Tests no. 6 and 7 exhibited a behavior somewhat similar
to that of Tests no. 2 and 4 (Figure 10), with bench temperature trend being overall
higher than that of ceiling. However, the peaks were bigger by about 100 °C, which
suggests that the path towards worst-case scenario paved in Table 2 was well representative.
Notably, initial room temperature in the order of 80 °C implied an environment generally
more prone to involvement with the fire. Most importantly, the fire evolution throughout
Test no. 7 was of particular interest, since it was identified as the worst-case scenario
by higher initial room temperature, larger nozzle-to-wall distance, and ongoing natural
ventilation. As already mentioned, higher initial room temperature implied higher maxima,
but did not affect water-mist performance remarkably: as shown by the trends related
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to Test no. 6 (Figure 10), temperature decay was mildly slower than in Tests no. 1-5,
but the system effectively suppressed the fire, arguably by spray penetration and room
saturation. However, the presence of natural ventilation and a larger distance between
nozzles and ignition source clearly made it more difficult to suppress the fire in Test no. 7:
the timber bench kept burning above wood-ignition temperature for about 200 s before its
suppression and an instance of fire regrowth—actually reignition, since ceiling temperature
fell below wood-ignition temperature prior to raising back up in the timespan between
200 and 300 s—clearly occurred at the ceiling (Figure 10). So, Test no. 7 can be regarded
as the worst-case scenario, with ventilation and area coverage of the nozzles embodying
the challenge: the former drives more oxygen that feeds combustion reaction, while the
latter deserves appropriate design and selection to meet the requirements from the specific
scenario. This aspect becomes apparent by comparing the extent of burned surface at the
end of Test no. 7 (Figure 12) with that at the end of Tests no. 2 and 3 (Figure 11). On
the other hand, the comparison between ceiling and bench temperature for Test no. 5
appears poorly significant, since the respective maxima were far lower than wood-ignition
temperature. So, a gap between benches and behind the wall did emphasize fire spread
onto the solid surfaces, even though it certainly made oxygen available in that region. In
fact, the flames exhibited a rather vertical development, so water droplets were able to
suppress them by convective flame cooling [17] once the discharge was activated.

Figure 12. Bench and plywood boards at the ceiling and against the walls at the end of Test no. 7.

The heat flux incident onto the hot-plate thermometer is shown in Figure 13 as a
function of time for all the performed experiments; in that plot, the time reference (0)
corresponds to discharge activation, thus highlighting fire history before (free burn) and
after that (water-mist discharge). Even though heat-flux profiles present a certain degree of
noise, their trend firmly supports the observations proposed out of the analysis of gas and
surface temperature. All the profiles exhibit an initial increase during the free-burn phase,
followed by a rather steep decrease upon discharge activation; a clear instance of regrowth
appears for the heat-flux trend of Test no. 7 prior to reaching final decay, which is related to
reignition at the ceiling combined with the still-burning timber bench.

Therefore, hot-plate thermometry proved overall quite effective in capturing both the
free burn and the suppression phase, whether achieved or not.

As the most significant observation, all temperature trends featured a dramatic decay
upon discharge, which is typical of high-pressure (i.e., greater than 35 bar [27]) water-mist
systems when successful in suppressing a fire: the spray momentum is instrumental in
allowing droplets to reach the hot surfaces and realize surface cooling, also emphasized by
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surface-temperature trends (Figures 9 and 10) while performing flame cooling, as shown
in the trends of Test no. 1 (Figure 8) [6,7,17]. Overall, only a small portion of the drywall
boards at the ceiling was involved by the fire and resulted as mildly blackened at the
end (Figure 11a).
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Figure 13. Incident heat-flux trend for all the conducted tests.

However, in Tests no. 3 and 7, flames engulfed the ceiling considerably, and gasification
was comparatively more intense (Figures 11b and 12), which hints at the prolonged free
burn (Test no. 3) and at the most challenging conditions among those tested (Test no. 7).

Table 3 presents a summary of all the experimental outcomes, with all the time
values referring to ignition of the heptane pool fire as the origin. The reported data
support the ability of the designed system to control and, overall, suppress the fire over the
various tested scenarios. The results from Tests no. 1 and no. 2 do not significantly differ,
which allows consideration of the location of the ignition source as almost irrelevant in
achieving successful suppression. The presence of smoldering materials at the end of some
experiments (Tests no. 4 and 7) strengthens the concept of thermal control and suppression
as the results from water-mist discharge, rather than extinction; that is particularly apparent
as the worst-case scenario is concerned. Overall, the timber-bench damage ratio was always
kept below 5%, with the maximum (3%) occurring in Test no. 3, where discharge activation
was delayed on purpose. As expected, the wood-crib fire extinction required a longer
time in the tests, where initial room temperature was made consistent with that of actual
saunas (about 80 °C); interestingly, that did not translate into wood-crib and bench damage
ratio higher than in the other tests, which emphasizes the performance by the developed
system. The heat detector issued its alarm at a time reasonably consistent with the whole
test series. However, the time was somewhat longer in Test no. 5: the smaller involvement
of the benches with fire as a result of the air gap between benches and wall arguably
yielded a slower fire evolution, also shown by temperature trends in Figure 10; therefore,
the threshold triggering the alarm signal was reached later. In general, the location of
the ignition source, presence of drywall boards behind benches, and presence of a gap
between benches and the wall behind were not determining factors; higher initial room
temperature and ventilation led to an impact on some aspects (i.e., surface temperature,
extent of involved materials, and regrowth/reignition phenomena); discharge activation
time proved relatively significant with regard to gasified (burnt) mass, which suggests that
early activation is instrumental in containing the loss of property, even when high-pressure
water mist is operated.
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Table 3. Summary of the experimental outcomes.

Test No. 1 Test No. 2 Test No. 3 Test No. 4 Test No. 5 Test No. 6 Test No. 7

Heat-detector activation time (s)
Discharge activation time (s)
Smoldering materials at the end
Overall suppression

Wood-crib fire extinction time (s)
Initial wood-crib mass (g)
Wood-crib damage ratio

Initial bench mass (kg)

Bench damage ratio

91 100 107 143 179 107 129
96 105 182 148 184 112 134
NO NO NO YES NO NO YES
YES YES YES YES YES YES YES
267 284 226 273 256 311 327
2813.2 2745.5 2750.5 2849.5 2907.5 3230.0 3175.5
12% 14% 11% 7% 12% 5% 12%
43.5 43.5 43.5 43.5 43.0 43.0 41.5
1% 2% 3% 1% 0% 1% 1%

As recalled in Section 2, the cost associated with full-scale fire experiments is not
negligible, which often makes repeating tests hardly sustainable. Moreover, the inherent
statistical nature of turbulent-flame evolution shall be taken into account when assessing
repeatability in such experiments. Nevertheless, a qualitative comparison between the free-
burn phase of Tests no. 2-4—expressed by the temperature profiles in Figure 9—represents
a certain degree of repeatability: even though the initial slope of surface temperature
at the benches is more variable than that of surface temperature at the ceiling, overall
consistency is displayed. Moreover, the already mentioned consistency between maxima
of surface temperature at the benches also suggests that the behavior of unhindered fire
is somewhat repeatable in the proposed experimental setup. As for the suppression
phase, the performed tests (Table 2) overall feature different conditions, which does not
allow proposing any conclusive observations on repeatability in that regard. Nevertheless,
Tests no. 2 and 4—actually conducted under the same experimental conditions—exhibit
very similar surface-temperature trends (Figure 9) and similar results in terms of damage
ratio and wood-crib extinction time (Table 3). Those outcomes give evidence that even
suppression may be identified as a repeatable mechanism, at least to a certain extent.

4. Conclusions

A series of experiments was devised and conducted to assess the ability of water-
mist systems to control and suppress fires within a sauna scenario; the approach and the
variety of considered parameters appear unprecedented in the open literature, especially
as the study focuses on such a particular application. The compartment was designed
to reproduce a sauna where the failure of an electrical heater causes a fire; the design of
the employed fire-protection system—combining detection and discharge—and the test
procedure were developed, as inspired by recognized standards [26,27,29], even though
no specific guidance is currently available for this scenario. Several measurements were
taken to assess, quantitatively, the performance of the discharge system. Notably, gas and
surface temperature were evaluated at various locations of interest, both at the ceiling and
at the benches, together with employing a hot-plate thermometer to quantify heat flux
emitted through the fire evolution. Those quantities were deemed representative of HRR,
thus allowing one to distinguish unsuccessful from successful suppression. A wood-crib
fire accelerated by a heptane pool fire was used as the ignition source, and its extinction
was also evaluated as a mark of achieved suppression, since its location was arguably
the hardest to reach by released water. Damage ratio was measured for bench and wood
crib; qualitative evaluation of fire spread by comparing pre- and post-fire photos was
performed. A number of design parameters were varied through the test series towards
an identified worst-case scenario: location of the ignition source, air gap between benches
and wall, initial room temperature, ventilation, nozzle-to-wall distance, and activation of
the discharge.

Overall, the designed water-mist system was capable of controlling and suppressing
the fire in all tests, with evidence of sharp temperature decay upon release of the spray at all
sampling locations. The wood-crib fire was extinguished in all the performed experiments.
The presence of smoldering materials at the end of some tests corroborated the reference to
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suppression, rather than extinction, as the main scope of water-mist technology. In general,
the ceiling was mildly involved with the fire, even though a significant extent of its surface
resulted as blackened in the case of prolonged exposure to free burn (i.e., delayed discharge
activation), and this related to the worst-case scenario (i.e., initial room temperature above
80 °C, natural ventilation ongoing, and larger distance between nozzles and benches). The
location of the ignition source, as well as the presence of drywall boards behind timber
benches, together with a gap between benches and the wall behind the sauna, did not
prove critical in determining the degree of success in suppression. A discharge governed
by the feedback from a heat detector was effective in containing the timber-bench damage
ratio; even though it never exceeded 3% over the whole series, a delayed activation of the
discharge yielded higher damage, which emphasizes the need for early activation, even
when a high-pressure water mist discharge is operated. Initial room temperature—aligned
to that of actual saunas in some experiments—does not appear a determining factor, even
though surface-temperature profiles demonstrate that the higher room temperature, the
more prone the materials are to be involved with fire. The worst-case scenario showed
that natural ventilation and a larger distance between nozzles and timber benches did not
prevent the system from effectively suppressing the fire, but may have yielded regrowth
and reignition phenomena, as they were observed at the ceiling surface while the benches
were still burning. Hot-plate thermometry also proved able to capture those instances.
Even though the timber-bench damage ratio did not vary with respect to the other tested
conditions, the test run under the worst-case scenario suggests that water-mist systems
in saunas may be combined with self-closing doors, thus limiting oxygen influx due to
natural ventilation.

This work proved water-mist technology capable of controlling and suppressing a fire
occurring in a sauna scenario, and it also provided designers with guidelines and—arguably
an even more significant contribution—with a framework that allows relating the discharge
system with both structural and ambient parameters within the compartment. As expected
even for water mist, the effectiveness of an active fire-protection system is emphasized by
early detection. To this end, inserting heat detectors is strongly recommended. However,
the use of vision-based fire detection—currently a subject of many studies [37,38] and a
very promising approach—may also be strategic, especially when combining feedback
from surveillance systems with image-processing algorithms that allow identification of
the presence of smoke and flames, together with assessing the fire size.
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Abstract: This paper presents work on investigating the effect of the initial size of water mist droplets
on the evaporation and removal of heat from the fire-induced hot gas layer while travelling through
the air in a compartment. The histories of the temperature, diameter and position of droplets with
different initial diameters (varied from 100 um to 1000 um) are determined considering surrounding
air temperatures of 75 °C and 150 °C and a room height of 3.0 m. A water droplet evaporation model
(WDEM) developed in a previous study (Fire and Materials 2016; 40:190-205) is employed to navigate
this work. The study reveals that tiny droplets (for example, 100 pm) have disappeared within a very
short time due to evaporation and travelled a very small distance from the spray nozzle because
of their tiny size. In contrast, droplets with a larger diameter (for example, 1000 um) reached the
floor with much less evaporation. In the case of this study, the relative tiny droplets (<200 jm) have
absorbed the highest amount of energy from their surroundings due to their complete evaporation,
whereas the larger droplets have extracted less energy due to their smaller area/volume ratios, and
their traverse times are shorter. One of the key findings of this study is that the smaller droplets of
spray effectively cool the environment due to their rapid evaporation and extraction of heat from
the surroundings, and the larger droplets are effective in traversing the hot air or smoke layer and
reaching the floor of the compartment in a fire environment. The findings of this study might help in
understanding the behaviour of water-mist droplets with different initial diameters in designing a
water-mist nozzle.

Keywords: water-mist; droplet size; evaporation; equilibrium temperature; fire; hot air

1. Introduction

Water in the form of a mist has been shown to be an effective fire extinguishing
agent. The water-mist fire suppression system (WMFSS) uses smaller size of water droplets
compared to the conventional water sprinkler droplets and suppresses the fire by the
displacement of oxygen by means of evaporation of water droplets [1,2]. The National
Fire Protection Association (NFPA) defined water mist as a water spray in which 99% of
the water is in droplets whose diameter (Dyqg9) is less than 1000 um [3]. During the past
several years, water mist technology has been developed and regarded as a promising
substitute since it can extinguish fires quickly with little water and, at the same time,
without damaging the environment [4,5]. In the analysis of the suppression mechanism of
fire by water droplets, it is imperative to understand the evaporation behaviour of a single
droplet travelling through a fire-induced smoke layer and the phenomena connected with
the evaporation process.

The literature is replete with studies on the heating and evaporation of water from
single droplets suspended in high-temperature environments [6-10]. Strizhak et al. [8]
conducted a series of experiments to investigate the heating and evaporation of suspended
water droplets with diameters varying from 1.8 to 3 mm in a hot air flow with temperatures
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up to 800 °C. Volkov and Strizhak [7] performed experiments on water droplets suspended
in the air with the size ranging from 1 to 2 mm at high air temperature varying from 100
to 800 °C, and measured the evaporation rate and profile of droplet size, and recorded
the time of their existence. Sobac et al. [9] developed a quasi-steady model to analyse the
evaporation process of a suspended water droplet in air. Thielens et al. [10] developed
a two-zone model for heating an evaporating water droplet suspended and exposed to
hot airflow. They used the model to predict the lifetime and saturation temperatures
of droplets.

However, it is worthy to note that in these studies, the droplets were suspended in
a stationary position; hence, the effect of momentum transfer of the droplets was not of
primary importance. A defining feature of water-mist nozzles is that they produce fine
mists consisting of tiny droplets with diameters of less than 1000 pm. The fine mists exhibit
fog-like behaviour that renders their fire suppression mechanism quite different from
conventional water sprays that comprise larger droplets [11]. Studies of the interaction of
traditional sprinkler spray with hot air or smoke layers [12-19] have focused mainly on
the convective heat transfer phenomena between the large water droplets and the layer of
hot air. It was found that the evaporation of larger droplets discharged from conventional
sprinklers had not been affected significantly by the fire plume [12-17]. It has also been
confirmed from the previous study that large size of water droplets produced by sprinklers
can remove only between 11% and 26% of the heat produced by fire [19-21].

Water-mist droplets can cool the surrounding air and attenuate thermal radiation, and
the water vapour produced by evaporation reduces the fuel vapour/air ratio by displacing
oxygen [22-27]. Evidence supports the idea that water-mist spray can remove 100% of the
heat produced by a fire either by extinguishing it or allowing enough evaporation to keep
the compartment’s temperature at or below the boiling point of water [21,28]. However, not
all droplets evaporate before striking burning surfaces, and this provides a direct method
of suppressing fires [23,24,29,30]. In particular, the initial diameter of the droplets and the
surrounding environment are the main factors determining whether a droplet can travel
through the hot smoke layer or evaporate entirely before reaching the floor. However,
it is imperative to understand the evaporative behaviour of a single water mist droplet
travelling through the hot air in a fire-induced room environment based on heat and mass
transfer fundamentals in the droplet.

Therefore, the objective of this paper is to investigate the evaporation behaviour of a
single droplet while travelling through a fire-induced smoke layer in a room. The profiles
of the temperature, diameter and position of the droplet are studied with different initial
drop sizes under two different room environments. In addition, the suspension time in
the air and the evaporation rate of the droplets are explored. A previously developed
water droplet evaporation model (WDEM) by the same authors [11] is used to facilitate
this investigation.

Several important parameters should be considered while analysing the behaviour
of a single droplet travelling through the hot smoke layer. The tiny droplets of water that
comprise fine mists have a higher surface area/volume ratio. This results in their rapid
evaporation, and their movement is highly responsive to their local environment [11].
As a result, water droplets emanating from a nozzle, the diameter and velocity change
continuously due to evaporation, and this affects the drag coefficient. Furthermore, the
Reynolds number (Re) affects the heat and mass transfer coefficient between water and air.
The relative humidity (RH) of the surrounding air significantly affects the evaporation of
droplets. Lower humidity contributes to a higher evaporation rate of the water droplet.
In a fire scenario, when sprinkler systems are activated at a temperature of 60 °C, say, the
relative humidity (RH) of the surrounding air is very low, typically 5%. It is worth noting
that some of these effects were not considered in the many previous studies, for example,
the studies in the reference [31-34]. However, the above-mentioned phenomena should be
considered in the movement of water droplets in hot air induced by a room fire.
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The novelty of the model used in this study is that the following parameters are
considered: (i) the contribution of radiation emanating from the flame and the surrounding
boundary walls to the rate of evaporation of water droplets, (ii) the change of Re and drag
coefficient of the droplets with time and position, (iii) the effect of high mass transfer rate
due to the high evaporation of droplets resulting from a high air temperature and low
relative humidity, (iv) the change of droplet momentum, due to the change of droplet
velocity and diameter and (v) the variable thermo-physical properties of water and air. The
law of conservation of mass, momentum and energy was used to evaluate the heat and
mass transfer phenomena in an air-droplet system in connection with the effect of change
of momentum of an evaporating droplet.

2. Description of the Model

The evaporation processes experienced by a moving droplet encompass simultaneous
heat, mass, and momentum transfer between the particle and surrounding air. Momentum
transfer affects the motion of the particle, mass transfer results in changes in the size of the
particle, and heat transfer determines the temperature of the particle. Interestingly, these
mechanisms are inextricably related [31]. The model developed by these authors accounts
for the effect of a mass transfer rate due to high temperature and low humidity. The
accuracy of the predictions of temperature, velocity, diameter, evaporation rate and other
parameters related to the behaviour of droplets is enhanced by considering the changes
in the diffusivity of the air-water system, density and latent heat of vaporisation of water
with the change of temperature.

In this model, the shape of droplet is assumed to be spherical as this would not give
any significant error in the computation [35]. The droplet is considered as a ‘lumped mass’
as the Biot number is very low [36]; as a result, the temperature distribution in the droplet
was assumed to be uniform during the evaporation. This considerably simplified the
analysis of the overall computational process, since it avoided the need for a conjugate
heat-conduction analysis for the internal transient temperature-distribution inside the
droplet [34]. The air velocity in the hot air layer is supposed to be insignificant as the
droplet is supposed to travel through hot air layer, which is not nearby the fire source. The
heat transfer from the ambient air to the droplet is due to forced convection.

In this study, the collision and coalescence of droplets are considered to be negligible.
This assumption is reasonable for a low volume of water spray that results in dilute droplet
loading in the air [37-39]. In fact, the water mist spray nozzle is designed to use a small
amount of water. As a result, the mass concentration of water in the air in terms of droplet
number per cubic meter of air is comparatively low. This causes a higher value of the
ratio of droplet—droplet separation distance to droplet diameter. Under this condition, the
probability of droplet coalescence is negligible [37]. This phenomenon was also addressed
by Ananth and Mowrey [38], and Sikanen et al. [40].

The smoke layer or hot air is assumed to be in quasi steady-state, and this attribute to
a stable smoke layer which is formed finally when the ceiling jet reaches the boundary wall
and rebounded several times [32]. This assumption is more appropriate for the nozzles and
smoke layers, which are located away from the fire source or burning object [11]. This is
also supported by the experimental observations in articles of [18,41].

The details of the mathematical models of mass and heat transfer and momentum of a
droplet are summarized in the following sub-sections and are also available in details in
the previously published paper [11].

According to the theory of mass transfer, mass flux per unit area from the interfacial
surface of a water droplet is proportional to the mass concentration difference across the
boundary layer of the droplet [42]. Therefore, the rate of change of droplet diameter with
time can be determined from the following equation:

b _ (s — Poo)
E - ZthT (1)
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In the above equation, /1, is the mass transfer coefficient, p;, is the density of water,
and ps and p are the mass concentration of water vapour on the droplet surface and
in the air, respectively. The mass concentration of water particle at the surface of the
droplet depends on the partial pressure of vapour at the droplet surface. In thermodynamic
equilibrium state, the partial pressure of the vapour at the droplet surface depends on the
surface temperature [32]. Under this condition, evaporation keeps the droplet surface in a
saturated condition until the droplet is totally vaporized due to heat and mass transfer [43].
The vapour concentration at the surface is the saturated mass fraction of air at temperature
of droplet. As the mass concentration of water particle depends on vapour pressure of
water, this can be found from the ideal gas equation of state [11].

The mass transfer coefficient, 1, can be calculated by using the correlation for Sher-
wood number, Sh, where Sh is h;,D/Dsp [44] and D4p is the mass diffusivity coefficient in a
binary system of A and B; here, binary system is air and water. The correlation of Sherwood
number can be expressed as [45],

Sh=2.0+0216 (Re% SC%)Z, For (Re% SC%) <14 )
Sh =156+ 0.616 <Re% SC%), For (Re% SC%) >14 3)

In the above equations, the Schmidt number, Sc, is a dimensionless number defined
as the ratio of momentum diffusivity (viscosity) and mass diffusivity, and is used to
characterize fluid flows in which there are simultaneous momentum and mass diffusion
convection processes.

When a droplet is exposed to a higher temperature, it receives heat from the surround-
ing and temperature increases to a threshold limit, at a given pressure, and this is known
as steady state or equilibrium temperature. At this temperature, the water droplet changes
its phase from liquid to vapour, keeping the droplet surface in steady state condition of
temperature until the droplet is entirely vaporised [46]. Under this condition, the heat of
vaporisation is supplied to the droplet surface from surrounding air, flame and hot objects.
Therefore, according to the law of conservation of energy, the net convective and radiative
heat transfer to the droplet surface is equal to the heat accumulated in the droplet plus heat
leaving the droplet due to evaporation of water particles from the surface of the droplet.
Considering the rate of change of temperature and mass, the transient equation of the
conservation of heat can be expressed as:

cpwm% =hcA(Teo — T)
4
+[aeFA{ (Tf + 273.15) —(T+ 273.15)4} @)
+oeA(l — F){(wa +273.15)* — (T + 273.15)4}} —dny,

Here, ¢y is the specific heat capacity of water, k. is the convective heat transfer
coefficient, and L is the latent heat of vaporisation of water. In the above equation, the first
part on the right side of the equation is due to convective heat transfer from air to droplet,
the second and third parts are due to radiative heat transfer from fire flame and boundary
wall to the droplet, respectively, and the fourth part contributes to the evaporation of
water droplets.

The convective heat transfer coefficient, /i, can be calculated by using the correlation
for the Nusselt number, Nu, where Nu is h.D/k, [44]. The correlation for the Nusselt
number can be expressed as [45],

Nu =2.0+0.216 (Re% Pr%)z, For (Re% Pr%) <14 ®)

Nu = 1.56 + 0.616 (Re% Pr%>, For (Re% Pr%) > 14 ©)
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These relationships were found to be in good agreement with the numerical and
experimental results [47]. In those above equations, Pr is Prandtl number which is the ratio

of viscous diffusion rate (v) to thermal diffusion rate («) of air, i.e.,, Pr = & = % and Re is

Reynolds number, which is the ratio of inertia force to viscous force, i.e., Re = oD

The velocity of the droplet can be obtained by solving the equation of conservation
of momentum. When a body is falling from a height, body force (or weight) works in the
downward direction and resistance of air drag and buoyancy force work in the upward
direction. The equation of momentum for a water droplet, traveling in air, can be obtained
by Newton’s second law of motion. Therefore, the momentum equation for a water droplet
with mass m, diameter D and relative velocity v, can be written as:

d(mv)

1 5 1 3
T mg — 5 Pa0"CqAproj — 3 patD g 7)

In the above equation, p, is the density of air, C; is the coefficient of drag, g is the
acceleration due to gravity, A, is the projected area of the droplet and v is the velocity of
the droplet. The term in the left side of the equation is the rate of change of momentum
of the droplet; The first term on the right side is the force acting on the droplet due to
gravity, the second term is the drag, sometimes called air resistance or fluid resistance,
refers to forces which act on the droplet in the opposite direction of the movement, and the
third term is the buoyancy force work in the upward direction. In case of the movement
of water droplet, mass, m, and velocity of droplet, v, both of them are changing with time.
Therefore, simplifying the above equation, the rate of change of velocity of the droplet can
be expressed as:

do _ (pw-pa) _3Cqpav® _3vdD @®
dt 0w 4 puD D dt

It is to be noted that C; for a droplet depends on Re, which is based on the air-droplet
relative velocity. Brown and Lawler [48] proposed a correlation between drag coefficient
and Re, and compared it with 178 experimental data points. The proposed correlation
was found to be quite satisfactory in relation to the experimental data in the range of
0 < Re < 2 x 10°. The correlation by Brown and Lawler [48] is used here for the calculation
of Cy. Itis:

24 0.407
Cy= == (140.15 Re®81) + 9)
Re ( > 1+ 8710
The velocity of a droplet is given by:
dy
5 1
=0 (10)

in which y is the vertical distance from where the mist is dropping down. Overall, Equations
(1), (4), (8) and (10) are solved simultaneously to obtain D, T, v and y, respectively, of the
droplet with respect to time. A Lagrangian approach is used to track the movement of
water droplets, as this is well suited to tracking the dispersed particle flow.

The use of coefficients, h,;; and h. are limited to the case of low-mass-transfer-rate. In
case of high temperature and low humidity, the evaporation rate is high and this invokes
the high mass transfer rate and affects the heat transfer rate, as well. Therefore, corrections
are also applied to calculate the mass and heat transfer coefficient to account for the effect
of high mass and heat mass rate in the evaporation of droplets. The density of humid
air, saturation vapour pressure, latent heat of vaporisation of water and other thermos-
physical properties of air, such as viscosity, thermal conductivity and specific heat capacity
of air were accounted in the model. The details of the correction factors, thermos-physical
properties or vapour and air, and computational procedures of the model are presented in
reference [11].
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3. Validation of the Model

The developed model (WDEM) was validated and verified against experimental
data by Gunn and Kinzer [49] and theoretical data of adiabatic saturation temperature,
respectively. The results of this model were also compared with that of a computational
fluid dynamics (CFD)-based fire model, fire dynamics simulator (FDS) [50]. The prediction
of the developed model agreed well with the calculated values by FDS. The model (WDEM)
was also compared with two other models by Li and Chow [32] and Barrow and Pope [34].
The details of the validation and verification of the model are available in the previous
version of the paper as in reference [11].

In this section, the proposed model is further validated using the data of CARAIDAS
experiments [51]. The details of the experimental set-up and results are also presented in
the publication by Plumecocq et al. [52]. The conditions of the experiments used in the
CARAIDAS are mentioned in Table 1.

Table 1. Test conditions of three EVAP tests of the CARAIDAS program [52] used as benchmarks in
this work.

Air Conditions Spray Droplets at Injection (z = 0 m)
Test Condition
P (Pa) T(°Q) RH (%) T(°Q) D (um) v (m/s)
EVAP4 10° 47 12 25 387 1.44
EVPA8 10° 106 <1 25 414 1.55
EVPA11l 10° 147 <1 28 423 1.59

These three experiments were performed at atmospheric pressure and low relative
humidity which are usually corresponding to gas conditions that could be met in the fire
room prior the activation of a spray system [52]. These conditions of the experiments are
incorporated in the evaporation model (WDEM) to evaluate the droplet diameters. The
predictions of the model are compared with the experimental data and the results are
presented in Table 2.

Table 2. Comparison between the evaporation model predictions and CARAIDAS test results [52] for
the evolution of droplets diameter.

D (um) at z=2.51m D (um) at z=4.39 m
Test Condition
Test WDEM Diff Test WDEM Diff
EVAP4 375 375 0% 363 366 1%
EVPAS8 393 382 —3% 363 356 —2%
EVPA11 393 377 —4% 342 335 —2%

The results show that the predicted data is very close to the experimental measure-
ments. The difference between predicted data and experimental results is not more than 4%,
which validating the model on the CARAIDAS experiments. In the following section, the
developed model (WDEM) is used to investigate the parameters relating to the behaviour
of a droplet travelling through two different hot air environments with variable initial
droplet sizes.

4. Results and Discussion

Evaluation of the effect of initial sizes of droplets is conducted in this study at high
air temperature in the vicinity of fire in a room. The initial air condition of the room, i.e.,
temperature and relative humidity, is taken to be 20 °C and 50%, respectively, and the initial
temperature of the water drops is taken to be 20 °C. However, smoke will be produced in
the room due to a fire, and the room temperature will be raised. Here two temperature
conditions are considered for the analysis.
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(i) Condition 1: the smoke layer temperature is raised to 75 °C, at which temperature the
water-mist nozzle is activated. This activation temperature is typical of commercial
water mist and sprinkler systems [53]; Due to the high temperature, the relative
humidity of the air falls to 3%.

(i) Condition 2: the smoke layer temperature is raised to 150 °C. The temperature of a
smoke layer produced by fire usually varies between 100 and 180 °C and can reach
up to 200 °C [54-57] based on the distance from the fire source. Therefore, an average
value of 150 °C is considered for the analysis. When the air temperature is beyond
100 °C, there is no longer any limit to the amount of water vapour that can be stored
in the air [32].

The potential travel path of the droplets is taken to be the height of a room in a
residential or commercial building, i.e., 3.0 m. The elapsed time begins when the water
droplets emanate from a ceiling-mounted nozzle and terminate when they strike the floor.
The airflow is assumed to be in a quiescent state, as the droplets are considered to be located
away from the fire. In the experimental study, it can also be observed that the hot air layer
is almost steady when the nozzle is located away from the fire source [18,41]. A schematic
of the computational domain of droplet movement is presented in Figure 1.

— Nozzle

— Water droplet

3m

Figure 1. Schematic of the computational domain for the movement of droplet.

A sensitivity analysis has been conducted before performing the analysis using the
computational model. The governing differential equations are discretised and solved
explicitly using a forward differencing technique temporally. The initial conditions of a
droplet, i.e., initial diameter (D), temperature (T), velocity (v) and position (y), as well
as the relevant thermo-physical boundary conditions of water and air, are specified. The
discretisation of the equation depends on the change of parameters with time steps (At).

Therefore, the histories of D, T, v, and y should be independent of the time step, At. In
this study, it has been found that if the ratio of droplet diameter to time step is less than or
equal to 0.01, the solution is independent of the time step. A time-step independence test
for a droplet with a diameter of 200 um was performed as an example. The temperature
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(T) of a droplet with three different time steps of 0.1, 0.01 and 0.001 s are computed and
compared. Numerical instabilities are observed when the time step is 0.1 s. However,
for time steps of 0.01 and 0.001 s, the temperature and velocity measurements are similar
and consistent. As a result, a calculating time step of 0.01 s can be used. A graphical
presentation of the results is shown in Figure 2.

3) 30 12
( ) (b) At=0.1s O At=001s
o 28 1.0 = = At=0.001s
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Time (Second) Time (Second)
Figure 2. Sensitivity analysis of the computational model; (a) temperature (T), and (b) velocity (v).
Once the time step is selected, the parametric study is conducted using the model
and the results are presented in the following sub-sections. The temperature histories
of droplets for two different temperature conditions are calculated with initial diameters
of 100, 200, 300, 400, 500, 750 and 1000 pum, and the results are illustrated in Figure 3. It
is found that the temperature of the droplets has increased until they have reached an
equilibrium temperature at which the heat gained by convection for the air is equal to that
of the heat loss by the evaporation of water. The temperature at this condition is known as
equilibrium temperature or steady-state temperature.
28 45
27 A A W e = = o o ___.__.
2 | s 40 e o i
OU .','I_J ,:" : ——100 um g ——100 um
o 25 _:fr!" i ---200 um 5 35 ---200pm
ERLE — 300 um 5 7 — 300 um
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Figure 3. The effect of the initial size of diameter on the temperature trajectories of droplets;
(a) condition 1 (75 °C); and (b) condition 2 (150 °C).

From the analysis, it has also been found that the smaller the initial diameter of the
droplets, the less time it has taken to reach the equilibrium thermal condition. Concomi-
tantly, as the size of the droplets has increased, the time to reach the equilibrium thermal
condition has become higher. However, the equilibrium temperature has only a weak
dependence on the size of the droplets, and it depends principally on the temperature
and relative humidity of the air. For the condition of 75 °C air temperature, 20 °C water
temperature and 3% relative humidity, the equilibrium temperature of droplets is about
27 °C, and for the second condition of 150 °C air temperature, 20 °C water temperature
and 0.5% relative humidity, the equilibrium temperature is about 39 °C. It is important to
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note that the smaller size of droplets have reached to the equilibrium temperature earlier
compared to the bigger droplets. Furthermore, the droplets have reached the thermal
equilibrium state earlier at condition 2.

The diameter and position history of the droplet with different initial sizes are analysed
for condition 1, and the results are presented in Figure 4. Two factors influence the longevity
of the droplets in the air of a room, namely the rate at which they evaporate, and the time
it takes to reach the floor. For example, it can be seen from Figure 4 that droplet with an
initial diameter of 100 um has been evaporated completely within 2.16 s, but fall a mere
0.25 m from the nozzle. On the other hand, the droplet with an initial diameter of 200 um
has had a relatively longer existence of 7.42 s in the air; and because of this, they have
travelled 2.6 m distance from the nozzle. However, the droplets with an initial diameter of
300 pm or more scarcely change their diameters before impacting the floor. Furthermore,
the higher the diameter above 300 pum, the shorter the suspension time in the air.
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Figure 4. Diameter and position history of droplets with different initial diameters at condition 1
(75 °C); (a) 100 um; (b) 200 pm; (c) 300 um; (d) 400 um; (e) 500 um; (f) 750 um; and (g) 1000 pm.
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This is because the smaller droplet has higher value of surface area to volume ratio
compared to the larger droplet and as a result, it enhances the rate of evaporation of the
droplets by extracting heat from the hot gases and smoke layer [13,58]. The finer the
droplets the greater the surface area to volume ratio of water. For example, the surface area
to volume ratio of a 300 um droplet is 20, whereas it is 30 and 60 for 200 um and 100 um
diameter of droplet, respectively. Furthermore, the smaller droplet reaches to equilibrium
temperature earlier compared to the larger droplet (as seen in Figure 3). As a result, the
evaporation of water particles from the droplet surface also starts earlier in the smaller
droplet. Furthermore, as the smaller droplet has lower momentum, it is suspended in the
air for a longer time, if it has not completely disappeared due to evaporation. This also
leads to a higher suspension time for the smaller droplet and results in a decrease in the
diameter of the droplet due to evaporation.

Similar phenomena are also observed for condition 2, as shown in Figure 5. The
droplets of diameter 100 and 200 pum are evaporated completely before they have reached
the floor. In particular, the 100 um droplet disappears within 1 s after leaving the nozzle.
Thus, the droplet has travelled only about 0.1 m in the room. In contrast, the 200 pm droplet
is sustained in the air for about 3 s and travelled about 1 m. Compared to condition 1, these
two sizes of droplets have taken a lower time to evaporate as intuitively expected. They
have also travelled a shorter distance due to faster evaporation at higher temperatures. The
evaporation of 300 um droplet is also significant. The diameter of this droplet has been
reduced by half due to evaporation. The suspension time of this droplet is about 4 s which
is the highest lifetime compared to the other size of droplets. However, the droplets with
an initial diameter of 400 pm or more scarcely change their diameters before impacting
the floor in both conditions. Furthermore, the travel time of the droplets with the initial
diameter of 400 to 1000 um is almost the same for both conditions.

It can be seen from Figures 4 and 5 that the higher the diameter above 300 um, the
shorter the suspension time in the air. Therefore, from the point of view of fire extinguish-
ment, it appears that the smaller size of droplets (in this case, 100 and 200 um) may be
effective in cooling the air within an enclosure but they are less likely to penetrate a layer
of hot air and extinguish conflagrating surfaces on the floor of an enclosure. On the other
hand, the larger the diameter, the higher the possibility of penetrating a layer of hot air and
reaching the floor, however, the larger droplet does not absorb heat from the surrounding.
Actually, water mists (containing tiny droplets) and water sprays (containing large droplets)
have quite different modi operandi. The fine particles with diameters that constitute water
mists not only attenuate thermal radiation [59] but also reduce their environment’s temper-
ature due to their high surface area per unit volume and their high rate of vaporisation.
In contrast, the larger droplets that comprise water sprays are likely to penetrate fires and
cool surfaces of the undergoing combustion.

The velocity and corresponding vertical positions of droplets with different initial
sizes in a room for condition 1 are illustrated in Figure 6. It is observed that the droplets
with initial diameters of 100 and 200 pm initially accelerate in the gravitational field but
decelerate quite markedly as their diameters decrease due to evaporation. These two
smaller diameters of droplets reach their thermal equilibrium states after 0.081 and 0.284 s,
respectively, and they continue to evaporate until they disappear. As the diameter of
100 and 200 um droplets reduces due to evaporation, their velocity also reduces with
time. However, the change in velocity of droplets with diameters greater than 400 pum is
insignificant because there is little change in their diameters, as found in Figure 4.
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Figure 5. Diameter and position history of droplets with different initial diameters at condition 2
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The velocity and position histories of droplets with different initial sizes for tempera-
ture condition 2 are demonstrated in Figure 7. The velocity of 100 um droplets decreases
quickly due to the reduction in the diameter of droplets caused by the rapid evaporation
at high temperature. The velocity of the droplet of 200 um is also reduced to zero, and
the droplet is sustained in the air for 3 s. However, the droplet of 400 um and larger have
higher speeds due to their larger size. Similarly to condition 1, the change in velocity of
droplets with diameters greater than 400 pm is negligible because there is little change in

their diameters.
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Figure 7. Velocity and position history of droplets with different initial drop sizes for condition 2
(150 °C); (a) 100 pm; (b) 200 um; (c) 300 um; (d) 400 um; (e) 500 pm; (f) 750 pm; and (g) 1000 pm.

Interestingly, the analysis shows that, in condition 1, the 200 um droplet has the highest
lifetime compared to the other size of droplets; whereas in condition 2, the 300 pm droplet
has the highest life time of the droplets. This is because, due to higher temperature in
condition 2, the 200 um droplet has taken less time to evaporate compared to condition
1. However, the 300 um droplet does not evaporate significantly in condition 1, whereas
it does in condition 2 as the air temperature is higher. As a result, due to the reduction
in diameter of the 300 pm droplet in condition 2, the momentum of the droplet also
reduces. This results in longer suspension time of the 300 pum droplet in the air in condition
2. Therefore, if the boundary condition of environment (smoke temperature, relative
humidity, room height) changes, the suspension time of droplets also will be different.
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The net heat flux rates in the droplets for condition 1 and 2 are presented in Figure 8.
This heat flux is the resultant of the convective and radiative heat transfer to the droplet
and the heat leaving the droplet due to evaporation of water particle from the droplet. The
initial peak of the heat flux rate is due to the rise in temperature by the convection and
radiation without significant evaporation of water particle from the droplet. When the
droplet has attained the equilibrium temperature, the resultant is lowered due to leaving of
heat by the evaporation of water particle from the droplet. The results show that the larger
the droplet sizes, the higher the initial peak and also the higher the air temperature, the
greater the net heat flux rate.
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Figure 8. The net heat flux rate in the droplets for condition 1 and 2; (a) 100 um; (b) 200 um;
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169



Fire 2022, 5, 116

The heat and mass transfer coefficients of the droplets for condition 1 and 2 are
presented in Figure 9. The smaller size of the droplet has exhibited a higher heat and
mass transfer rate. This is because smaller size of the droplet has reached equilibrium
temperature earlier and started to evaporate significantly compared to the larger size of
droplet; eventually, this causes higher heat and mass transfer rate for the smaller size of
droplets. Specifically, in case of the 100 and 200 um droplets a sudden rise in the heat and
mass transfer coefficient is observed. This happens when the droplets have become very
tiny due to evaporation; as a result, this has caused rapid evaporation to the tiny droplets.
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Figure 9. The heat and mass transfer coefficient of the droplets for condition 1 and 2; (a) 100 um;
(b) 200 pm; (c) 300 pm; (d) 400 pm; (e) 500 um; (f) 750 um; and (g) 1000 pm.
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These phenomena are also reflected in Figure 10, where the percent mass loss rates
of the water droplets are presented for conditions 1 and 2. The highest percent mass loss
rate was for the smallest droplet (100 um), and the lowest percent mass-loss rate was for
the largest droplet (1000 pm). The figure shows that the droplet with initial diameters of
100 um and 200 pm remain suspended for 2.16 and 7.42 s, respectively, for condition 1,
and 0.85 and 2.98 s, respectively, for condition 2. At these times, they have disappeared
because of their completely evaporation. The data presented in Figure 10 demonstrate that,
for condition 1, the percentage mass loss of droplets initially with diameters of 300, 400,
500 and 750 pum are 36%, 18%, 11% and 4%, respectively, and these losses are 88%, 42%,
24% and 9%, respectively, for condition 2. As a result, the droplets can reach the floor of
the enclosure. The evaporation of the 750 um and 1000 pm diameter droplets results in a
negligible decrease in their diameters because of their relatively small surface-to-volume
ratios and reaching the floor in the shortest time.
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Figure 10. The mass loss of droplets with different initial diameters; (a) condition 1 (75 °C);
(b) condition 2 (150 °C).

Water mists and water sprays both extract heat from the hot environment by con-
vective heat transfer. The temperature of droplets is maintained lower resulting from the
evaporation, which requires latent heat. The required heat for evaporation of individual
droplets with the different initial diameters and one kilogram of droplets consisting of
different initial sizes for conditions 1 and 2 is presented in Figure 11. The figure demon-
strates that the amount of heat absorbed by a tiny individual droplet is much lower than
that absorbed by an individual larger droplet in both cases. For example, in condition 1, a
droplet with an initial diameter of 100 um absorbs 1.35 x 103 J of heat, whereas a droplet
with 1000 um absorbs 40 x 1073 J of heat. However, a given mass of water consists of
droplets with 100 um size containing 1000 times more droplets than the same amount of
water consisting of droplets with 1000 um size. As a result, 1 kg of droplets with 100 um
extracts about 2600 k] of energy from its surrounding environment, whereas the same
mass of water containing 1000 um droplets extracts only about 76 kJ. This indicates one of
the key attributes of fine sprays in suppressing fires: 1 kg of water consisting of 200 um
droplets also absorbs the same amount of energy as that of 100 um droplets. This is due to
the reason that both sizes of the droplets are evaporated entirely in the air.

The droplets in condition 2 absorbed a larger amount of heat compared to that of
condition 1, due to the higher air temperature of condition 2. The difference of absorbed
heat by the single droplets and 1 kg of droplets is not much (about 3%) for 100, and 200 um
droplets as both have evaporated in both conditions. However, this difference is significant
(about 130%) for 300 um and higher diameter because the equilibrium temperature at
condition 2 is higher than that of condition 1. As a result, the droplets have absorbed a
higher amount of heat. However, the heat absorbed by the individual droplets and 1 kg of
water consisting of droplets has followed a similar trend.
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Figure 11. Absorbed heat by the droplets with different initial diameters for condition 1 and 2.

5. Conclusions

In this study, investigations have been performed on the behaviour of individual
water-mist droplets travelling through a hot air layer induced by a room fire. A previously
developed and validated quasi-physical model has been used to perform the work. The
initial size of droplets has been varied, and the temperature profiles, locations, velocity
trajectories, evaporation rates and the absorption of heat by the falling droplets have been
predicted. The finding of the study can be summarised as below:

(@) The equilibrium thermal condition of droplets is independent of the initial size and
temperature of droplets. Instead, it depends principally on the temperature and
relative humidity of ambient air.

(b) The smaller size of droplets (in this study, 100 and 200 um) can evaporate entirely
before reaching the floor. This is because the low terminal velocity of droplets and
rapid evaporation due to tiny in size have facilitated them to disappear completely
before reaching the floor. On the other hand, the larger size of droplets (>300 um) has
reached the floor within a shorter time and with a small amount of evaporation.

(c) Notably, smaller droplets are more effective in absorbing heat energy from the hot air
per unit mass of water. This is because the smaller droplet has a significant amount
of evaporation and takes a longer time to reach the floor or may evaporate entirely
before reaching the floor.

(d) Therefore, in the case of fire extinguishment, the smaller size of droplets (in this case,
100 and 200 pm) may be effective in cooling the air within an enclosure; but they are
less likely to penetrate a layer of hot air and extinguish conflagrating surfaces on the
floor of an enclosure. On the other hand, droplets with a larger diameter are more
effective in impingement of a smoke layer, but the larger droplet does not contribute
significantly in absorbing heat from the surrounding.

The WDEM model has been shown to be useful for analysing the effects of initial
diameters of droplets when they are exposed to fire-induced hot environments. Further-
more, the generality of the heat and mass transfer model enables it to be used to develop
parametric models for a wide range of environments and droplet sizes. The results show
that the smaller droplets of spray effectively cool the environment due to their rapid evap-
oration, and the larger droplets are effective in impinging the layer hot air or smoke in a
fire environment. The findings of this study can be helpful in evaluating and designing the
effective sizes of droplets or a group of droplets for a particular fire situation.

This study will be further extended to consider the effect of the interaction of droplets,
injection velocity, distribution of droplet sizes, the effect of different initial velocity of air
and droplets, and also the effect of humidification of air due to evaporation of droplets.
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Nomenclature

A surface area, m?

Bi biot number

Cy drag coefficient

Cpa specific heat capacity of air, ] /(kg-°C)

Cpw specific heat capacity of water, J/(kg-°C)

D diameter, m

F view factor

g acceleration due to gravity, m/s~2

he convective heat transfer coefficient, W/ (mz-OC)

N mass transfer coefficient, m/s

k conductivity, ]/m-°C

L latent heat of vaporisation of water, J/kg
mass, kg

Nu Nusselt number

p vapour pressure, Pa

Pr Prandtl number

P pressure, Pa

R universal gas constant, ] /(K-mol)

Re Reynolds number

RH relative humidity, %

Sc Schmidt number

Sh Sherwood number

T temperature, °C

t time, s

1% volume, m3

v air-droplet relative velocity, m/s

v vertical distance from the mist nozzle, m

4 height, m

Greek symbols

« thermal diffusivity, m?/s

u dynamic viscosity, Pa-s

v kinematic viscosity, m?/s

4 density, kg/m?

€ emissivity factor

D mass diffusivity coefficient

I Stefan—-Boltzmann constant, W/(m?-K#)
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Subscripts

a air

AB binary system of A and B
bw boundary wall

c convective heat

d drag

e evaporation

f flame

g gravitation/gas

proj projected area

s droplet surface

w water

© refers to the far-field value
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Abstract: The filling conditions and pipeline characteristics of the aircraft fire extinguishing system
determine the pressure of the fire extinguishing cylinder outlet, the discharge quality of the extin-
guishing agent, and the flow distribution during the discharge process. The simulation model of the
fire extinguishing system pipeline of an aircraft was established by Amesim. The influence of filling
conditions and pipeline characteristics was studied. It was found that the mass curves of the fire
extinguishing agent were similar under filling pressures of 4, 5, and 6 MPa with a filling amount of
5.55 kg. The lower the initial temperature is, the pressure at the outlet of the cylinder decreases, but
the emptying time is similar to 1.22 s. The lower the roughness is, the faster the discharge is. Under
the ideal smooth pipe (e = 0 mm), the emptying time of the fire extinguishing cylinder is 0.72 s. When
the diameter of the short branch pipe is 10 mm, and the diameter of the long branch pipe is 14 mm,
the discharge quality of the two pipes is close. The larger the diameter of the main pipe, the higher
the discharge rate. The research results have a certain guiding significance for the pipeline design of
certain aircraft.

Keywords: aircraft fire extinguishing; one-dimensional simulation; Amesim; filling conditions;
piping characteristics

1. Introduction

In the event of a fire accident in an aircraft, if the fire is not extinguished in time,
the fire will develop rapidly and even cause an explosion and cause a serious crash [1].
Reliable fire suppression systems play an important role in aircraft safety. Halon 1301 is
the alias of the agent Bromotrifluoromethane (CBrF3) [2], which is easy to store, has low
toxicity, and its comprehensive performance is unmatched by other agents. Halon 1310
was banned by the international community by the Montreal Protocol but remained widely
used as a fire extinguishing agent globally. This dichotomy exists because several countries,
including the United States, continue to use Halon 1310 for specialty fire extinguishing
by recycling existing stocks [3]. Despite its environmental damage, the guideline “Halon
replacement in the aviation industry” [4] developed by the European Commission and
EASA in 2019 states that the mainstream extinguishing agent for aircraft fire suppression
systems is still Halon1301. The status quo will not change considerably until the next
generation of Halon replacement agents is clarified. Nearly 40 years have passed since the
U.S. proposed research on the next generation of fire suppressant programs [5], and Halon
replacements are still unclear [6]. Therefore, the current research on the flow characteristics
of Halon 1301 in the aircraft fire suppression system still has its value.

The objective of this research is to propose a method to study the discharge of extin-
guishing agents in aircraft fire suppression systems and to optimize the system design
based on this method to reduce the actual use of Halon 1301 and to provide benchmarks
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standard for potential halon substitutes. In addition, by modifying some of the parameters,
the method can be broadly transferred to other halon substitutes, for example, HFC-125.

Different structural designs of the Halon 1301 fire extinguishing system in the engine
nacelle, such as pipe diameter, nozzle size, and filling conditions of the agent, will affect
the flow of the agent in the pipe and then affect the flow and distribution of the agent in
the fire extinguishing system [7,8]. The mass flow of the agent at the nozzle will greatly
affect the evaporation, flow, and diffusion of the agent in the engine nacelle and affect
the concentration distribution of the agent and the fire extinguishing effect [9]. In the
pipeline design process of an aircraft fire extinguishing system, the traditional-formula-
based method [10] for calculating the pipeline flow of fire extinguishing systems can no
longer meet the needs of engineering applications.

It is the most direct research method to carry out the discharge experiment of agents
in the built test pipe network or the real aircraft fire extinguishing system pipe network
to carry out research on the discharge rules of the fire extinguishing system pipeline.
Many scholars have carried out extensive research work through experimental methods.
Williamson found that when Halon 1301 flowed in the pipeline below 2.48 MPa, the
pressure decreased nonlinearly, the boiling of the agent slowed down the pressure drop,
and the release rate increased with the increase in the cylinder volume [11]. Elliot, et al. [12]
built an experimental pipe network to discharge Halon 1301 under nitrogen pre-pressure
and provided pressure decay data as a function of time so that the discharge flow rate
could be estimated. The tests of Yang, et al. [13] and Pitts, et al. [14] at NIST conducted
multiple discharge experiments with different haloalkane agents, obtaining a large amount
of data under various pipeline configurations and operating conditions.

Since the discharge of Halon 1301 can cause damage to the environment, compared
with experimental studies, simulation technology is more efficient and appropriate in the
development and commissioning of fire suppression systems. Scholars also carry out a lot of
research. Yang, et al. [15] developed a method for predicting the pressure inside a cylinder
and formed a computer code called PROFISSY. Elliott, et al. [12] developed a computer
program called HFLOW to predict the discharge of Halon 1301 from the discharge vessel
through the piping system. Tuzla, et al. [16] reported a one-dimensional two-fluid two-
phase flow model based on an agent pipeline flow calculation program, and the program
allows the user to choose any one of the five liquids: water, Halon 1301, carbon dioxide,
HFC-227ea, or HFC-125. Lee [17] reported a one-dimensional two-phase flow software
Hflowx for the calculation of the flow of agents in pipelines, and Hflowx is an extension
of Hflow. However, the computing software reported above is difficult to obtain publicly,
and some scholars have begun to develop computing models using publicly available
commercial software. Kim [18] and used Fluent to study the flow process of the agent in
fire extinguishing cylinder and fire extinguishing pipeline. Min Hua and Jia-ming JIN [7,8]
of Nanjing University of Science and Technology used the one-dimensional simulation
software Amesim to study the effect of nozzle type and size of nozzle pressure and flow
rate as well as the effect of filling state on the outlet pressure and discharge time of cylinder.

It can be seen from the above research reports that the application of simulation
technology provides great convenience for the calculation of the pipeline of the aircraft
fire extinguishing system. However, to meet the requirements of the compact structure of
modern aircraft, the layout of the aircraft fire extinguishing system is often complicated,
the pipeline length is large, and there are often branch pipes to protect different target
nacelles [19]. In the process of 3D CFD research, the establishment of the simulation model
is complicated [20,21], and the calculation period of the simulation results is relatively long.
One-dimensional simulation based on multiphase flow theory is an important means for
the structural design of future aircraft fire extinguishing systems. It has the advantages of
simple modeling and fast simulation speed.

At present, most of the research on one-dimensional simulation focuses on the experi-
mental pipeline networks, and there are few public reports on the research on the discharge
of the actual pipeline of the aircraft fire extinguishing system; the influence of filling condi-
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tions and pipeline characteristics on the pressure of the fire extinguishing cylinder outlet,
the discharge quality of the agent, and the flow distribution during the discharge process
have not been comprehensively studied [15,18]. To optimize the system design and reduce
the amount of Halon 1301 carried in the actual aircraft fire extinguishing system. In this
paper, one-dimensional simulation software Amesim is used to model a certain type of
aircraft fire extinguishing system based on multiphase flow theory, cubic equation of state,
and heat transfer model based on Nusselt number [22]. The influence of filling pressure,
initial temperature, absolute roughness of pipeline, branch pipe diameter, and main pipe
diameter on the discharge quality of agent, the pressure of cylinder outlet, and flow dis-
tribution of agent at each nozzle were analyzed, respectively. Furthermore, the results of
the simulation study can be used as an input function for the subsequent simulation of
the fire extinguishing agent concentration distribution in the nacelle, which contributes to
reducing the consumption of Halon 1301 for the actual airworthiness experiments.

2. Simulation Model
2.1. Fire Extinguishing System Parameters

In this paper, a certain type of aircraft fire extinguishing system is used as the simula-
tion object. The agent is Halon 1301, the volume of the cylinder is 7.0 L, the agent filling is
5.55 + 0.2 kg, and the filling pressure is 4.2 MPa at room temperature. The pipeline of the fire
extinguishing system can be classified into the main pipe and the branch pipe. The end of each
branch pipe is connected with multiple nozzles. The pipeline structure is shown in Figure 1.

Figure 1. Schematic diagram of the pipeline structure of the fire extinguishing system.

2.2. Theoretical Model

The main flow form of Halon 1301 in the pipeline is unsteady gas-liquid two-phase
flow. The state of Halon 1301 in the pipeline is defined by the Peng—Robinson equation [23]
applicable to gas-liquid two-phase fluid:

RT o
P = — 1
v, —b uv%—i—Zvcb—bz o
1
Ve =—+¢C ()
e

2
a1+m<1—\/z> 3

where P is the absolute pressure, the unit is barA; T is the fluid temperature, and the unit
is K; R is the ideal gas constant, its value is 8.314 J/mol K; a is temperature-dependent
gravitational parameter; T, is the fluid critical temperature, the unit is K; v, a, b, ¢, and m
are constants depending on Halon 1301.

Based on the above assumptions, without considering the gravitational pressure drop
of Halon 1301 in the pipeline and ignoring the acceleration pressure drop, the flow pressure
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drop of Halon 1301 in the pipeline ( 3—12’) , can be expressed as the sum of the frictional

pressure drop (%—f) - and the local pressure drop (%) gl
reg sing
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dz ) \dz Freg dz Fuing

When there is single-phase flow in the pipeline, the frictional pressure drop can be

expressed as:
dpP G*
(8, "
Freg

dz 2D

where Z is the length; G is the mass flow velocity; 7 is the average velocity of the pipe and f
is the friction coefficient.

According to Churchill’s formula [24] for laminar and turbulent flow, the friction
coefficient f can be expressed as:
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where Re is the Reynolds number; D is the actual diameter of the pipeline; € is the absolute
roughness of the pipeline.

When the agent flows in the pipeline, as the pressure decreases, Halon 1301 gradually
boils, and then the flow pattern in the pipeline changes from single-phase to two-phase

flow. At this time, the pressure drop (%) ; along the path can be calculated using the
reg

phase separation model [25], the principle of which is a special interpolation between
single-phase liquid and single-phase gas:
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where x is the gas mass fraction; f1 is the liquid phase friction coefficient; f, is the gas
phase friction coefficient; vy, is the liquid flow velocity; v, is the gas flow velocity; Dy, is the
hydraulic diameter.

The two-phase mass flow rate at the nozzle at the end of the pipe m can be expressed as

1 2APp
\/% ¢ de

where k is the local pressure drop coefficient, S is the cross-sectional flow area, ¢ is the
flow coefficient, and kq), is the coefficient of frictional resistance, and p is the density of the
incoming flow, and AP is the pressure difference between the two ends of the restriction,
then the flow velocity vel can be expressed as

m

(11

m
vel = — (12)
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2.3. One-Dimensional Simulation Model Establishment Parameters

This chapter uses the Amesim software of Siemens to simulate the flow of Halon 1301
in a certain type of aircraft fire extinguishing system. The agent Halon 1301 is described in
the model based on the Peng—Robinson equation of state. The flow characteristics of the
agent are calculated based on the two-phase flow library, and the heat transfer coefficient is
defined based on the Nusselt number.

In the modeling process, the same assumptions are made as in the literature [7]:
1. Nitrogen in the cylinder is incompatible with the agent; 2. Only the agent Halon 1301
flows in the pipeline, and the flow of nitrogen and air in the pipeline is not considered;
3. There is no relative slip between the two phases of the agent to maintain thermodynamic
equilibrium; 4. The influence of gravity on the jet flow is not considered; 5. Only consider
the heat exchange between the agent and the pipeline; ignore the heat exchange between
the pipeline and the outside.

This software product is organized as follows: 1. Simplify the actual physical model:
Simplify the geometric parameters of the actual physical model; 2. Build the component
line: Model the component using the software’s built-in component library; 3. Assign the
component model: Select a suitable sub-model for the component; 4. Set the component
parameters: Set the boundary conditions and geometric conditions; 5. Set simulation
conditions (time step, tolerance).

The built simulation model is shown in Figure 2. The cylinder consists of a nitrogen
piston, an agent piston, and a mass block representing the gas-liquid interface. The lengths
of the two branch pipes are different. For the convenience of description, the two types of
branch pipes are named as long branch pipes and short branch pipes according to their
lengths. The agent starts discharging 1 s after the simulation starts. The straight pipes,
elbows, solenoid valves, and nozzles in the pipeline are all set to contain flow resistance
elements. In addition to its own phase change, Halon 1301 also exchanges heat with the
pipeline to cause temperature changes. The initial value of the pipeline temperature is 20 °C.
The downstream nozzle is directly connected to an infinite space; that is, the downstream
boundary conditions of the flow model are constant pressure and temperature values of
1.013 barA and 20 °C, respectively. The multi-nozzle structure at the end of the branch pipe
is simplified into a single expanding pipe with the same flow area.

Figure 2. Amesim simulation model diagram.

It is worth noting that the model has the potential to be extended to other Halon
substitute discharge applications, for example, HFC-125, when changing some of the above
physical parameters such as critical temperature (Equation (3)), constants partially related
to the agents (Equation (3)) and flow coefficient (Equation (11)).

2.4. Limitations of Model

The nitrogen in the cylinder is out of phase with the extinguishing agent. This as-
sumption ignores the effect of the dissolved amount of nitrogen in the initial state and
the possible pressure fluctuations in the tube caused by nitrogen precipitation during the
discharge process, which then has an effect on the calculation of the flow rate. According
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to the study of Amatriain, A. [26], the characteristic time of nitrogen precipitation is about
10-9 s, which has a small effect compared to the discharge time.

Only the extinguishing agent Halon1301 flows in the pipeline without considering the
flow of nitrogen and air in the pipeline. When the height of the mass block describing the
gas-liquid interface in the one-dimensional model is reduced to a minimum, the cylinder
empties all Halon1301 enters the pipe, the nitrogen in the air gap in the model does not
continue to escape, and the pressure at the outlet of the cylinder plummets from nitrogen
pressure to Halon1301 vapor pressure. This assumption affects the change in pressure of
the cylinder after the extinguishing agent has been discharged completely.

No relative slip between the two phases of the extinguishing agent maintains thermo-
dynamic equilibrium. This term assumes a velocity ratio of 1 between the two gas-liquid
phases and no temperature gradient between the gas and liquid, neglecting the high degree
of imbalance at the leading edge of the flow, which has less impact on the calculation of the
overall flow of the fire extinguishing agent.

The effect of gravity on the flow of the jet is not considered. This assumption ignores
the effect of gravitational potential energy on the flow of the extinguishing agent in the line,
which has less effect on the calculation of the energy change in the flow of the extinguishing
agent, considering the high-pressure constraint in the cylinder.

Only the heat exchange between the extinguishing agent and the pipeline is considered,
ignoring the heat exchange between the pipeline and the outside world. This assumption
ignores the effect that the environment in which the pipeline is located, such as a high-
temperature environment, may have on the flow of the extinguishing agent.

3. Analysis of Simulation Results

Based on the one-dimensional fire-extinguishing pipeline simulation model established
in Section 2, the effects of different filling pressures (2, 3, 4, 5, 6 MPa) and different initial
temperatures (—50, —40, —30 °C) on the performance of the fire-extinguishing system are
studied. Then, under the same filling conditions, the influence of the pipeline conditions of
the aircraft fire extinguishing system on the discharge quality of the agent, the pressure of the
cylinder outlet, and the flow distribution of the agent at each nozzle are investigated.

3.1. Effect of Filling Pressure

According to the change of cylinder outlet pressures over time under different filling
pressures in Figure 3, it can be seen that with the start of discharge, the cylinder outlet
pressures at the initial stage decrease rapidly over time, and then the pressures drop sharply.
Finally, the cylinder outlet pressure fluctuates gently and decreases to the environmental
pressure. With the increase in the filling pressures, the pressure drop rate at the outlet of the
cylinder accelerates at the initial stage, and then the pressures at the outlet of the cylinder
plummet. The phenomenon of pressure drop is caused by the simplified hypothesis of the
one-dimensional simulation model established in this paper. The simplified hypothesis (2)
proposed in the second chapter of the paper is that only the agent Halon 1301 flows in the
pipeline without considering the flow of nitrogen and air in the pipeline. When the mass
height of the gas-liquid interface described in the one-dimensional model is reduced to the
minimum, the cylinder is emptied, and Halon 1301 enters the pipe completely, nitrogen
in the air gap in the model will not continue to be discharged, and the pressures at the
cylinder outlet plummet from nitrogen pressure to Halon 1301 vapor pressure. The time
between the start of the fire extinguishing agent discharge and the occurrence of a sharp
drop in pressure is defined as the emptying time. The emptying time varies from 0.826
to 1.541 s with different filling pressures. Increasing the filling pressures can effectively
shorten the discharge time of the agent, but with the increase in pressures, this effect will
gradually weaken.
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Figure 3. Pressures change curve of the cylinder outlet under different filling pressures.

Figure 4 shows the discharge quality changes of the fire extinguishing system under
different filling pressures. It can be seen from the figure that the discharging mass of the
fire extinguishing system varies with time under different filling pressures. The mass
of the agent discharged is 3.87, 3.98, 4.08, 4.16 and 4.21 kg, respectively, under 2-6 MPa
filling pressure 2 s after discharge. Before 6 s, with the increase in discharge pressures, the
total discharge quality of the two nozzles in the fire extinguishing system is higher, but
the difference decreases with the increase in filling pressures, and the discharge quality
curves of the three nozzles with filling pressures of 4, 5 and 6 MPa are close. The results
also further verified that in the actual engineering design of the aircraft fire extinguishing
system pipe network, the design filling pressure of the cylinder is 4.2 MPa, which can
ensure the discharge rate and reduce the structural strength requirements of the cylinder.
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Figure 4. Agent quality from nozzle of fire extinguishing system under different filling pressures.

Figure 5 shows the changes in pressures and mass flow rate at the nozzles of two
branch pipes (long branch and short branch). On the whole, the trend of mass flow is similar
to that of pressures. With the increase in discharge pressures, the maximum pressures and
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mass flow at the nozzle of the two tubes increase. The maximum pressures at the nozzle
of the long branch pipe increase from 0.42 to 0.68 MPa, and the maximum mass flow rate
increases from 0.6 to 1.67 kg/s. The short branch nozzle is more sensitive to changes in
initial pressures. The maximum pressures at the short branch nozzle increase from 0.49 to
0.83 MPa with the increase in initial pressures, and the maximum mass flow rate increases
from 2.70 to 4.68 kg/s.
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Figure 5. Mass flow rate and pressures change at nozzle under different filling pressures: (a) Mass
flow in long branch; (b) Mass flow in short branch; (c) Nozzle pressures for long branch pipes;
(d) Nozzle pressures for long branch pipes.

3.2. Effect of Initial Temperature

As the flight height of the aircraft increases, the ambient temperature of the aircraft
decreases, which will affect the filling state of the cylinder [27,28]. In an airworthiness
test, the initial temperature is required to be about —55 °C. According to the ideal gas
equation, on the premise that the filling nitrogen mass remains unchanged, the decrease
in temperature will lead to a decrease in the pressure in the cylinder, thus affecting the
fire extinguishing system. Therefore, compared with the surface, the low-temperature
environment in the air is more unfavorable to the discharge of the agent. In this paper, the
initial temperature of the cylinder is —50, —40 and —30 °C, respectively, and the discharge
behavior of the fire extinguishing pipeline is studied.

The filling pressure P in the cylinder can be expressed as the sum of Halon 1301
saturated vapor pressure Pj3p; and nitrogen partial pressure Py, in a stable state.

P = P30 + Py, (13)

The saturated vapor pressure P;3p; of Halon 1301 can be calculated using the empirical
equation based on the Antoine formula [29]:

B
P1301 =A+?+ClgT+ DT + ET2 (14)

where A, B, C, D and E are constants related to Halon 1301, T is absolute temperature, K.
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Assuming that nitrogen follows the ideal gas equation [26], the partial pressure of
nitrogen Py, can be expressed as:

nR
Py, =T (15)
where 7 is the quantity of nitrogen substance, R is the ideal gas constant, and V is the
volume of nitrogen.
Ignoring the volume change of nitrogen in the cylinder caused by temperature, % isa
constant set as F, and the pressure P in the cylinder can be expressed as a function of temperature:

P = Pij301 + FT (16)

In the formula, F is a constant related to nitrogen quantity, which can be calculated by
measuring the temperature and pressure in the actual cylinder in a stable state. It is known
that the filling pressure in the cylinder is 4.2 MPa at 22 °C, and when the cylinder is frozen
to —55 °C, the pressure in the fire extinguishing cylinder is measured as 2.63 MPa, and F
can be calculated as 0.011545 MPa/K. The temperature and pressure in the cylinder and
the saturated vapor pressure of the corresponding agent at different temperatures were
calculated, respectively, as shown in Table 1.

Table 1. Pressure in fire extinguishing cylinder and saturated vapor pressure of agent at different

temperatures.
Initial Temperature/°C Cylinder Pressure/MPa Agent Vapor Pressure/barA Agent Density/kg/m>
—55 2.6300 1.17 2012.3566
—50 2.7169 1.46 1991.5513
—40 2.89236 2.20 1947.7218
—-30 3.0725 6.28 1900.6716

Figure 6 shows the change of cylinder outlet pressure at different initial temperatures.
Different initial temperatures correspond to different initial pressures in the fire extinguish-
ing cylinder. The lower the initial temperature is, the lower the initial pressure in the fire
extinguishing cylinder is and the slower the pressure drop rate. This result is consistent with
the analysis in Section 3.1. Under different initial temperatures, the discharging time of the
agent in the cylinder is close, about 1.22 s, but the discharging pressure of the cylinder outlet
is inconsistent, which is caused by the inconsistent temperature of nitrogen in the cylinder
when the mass block height drops to the lowest. When the cylinder is emptied, according to
Equation (14), the steam pressure of Halon 1301 depends on the temperature; the higher the
initial temperature, the higher the pressures at the outlet of the cylinder after plummeting.

Figure 7 shows the change in discharge quality of the agent at —50, —40 and —30 °C.
When the agent is not drained from the cylinder before 2.22 s, the mass of the agent
discharged from the fire extinguishing system at the three initial temperatures is similar,
about 3.19 kg. With the increase in time, the mass flow rate of the fire extinguishing system
at the three initial temperatures begins to decrease. The lower the initial temperature is,
the more obvious the effect of mass flow reduction is. The reason for this effect is that
the difference in steam pressure of the agent caused by different temperatures leads to
the inconsistency of the corresponding time when the final system reaches the maximum
discharge mass. The higher the initial temperature is, the shorter the time the system can
discharge all the agents, so the elevation of the aircraft’s flight height is not conducive to
the work of the aircraft fire extinguishing system.
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Figure 6. Change of cylinder outlet pressures at different initial temperatures.
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Figure 7. Mass of agent at different initial temperatures.

Figure 8 shows the variation of pressure and mass flow rate at the nozzles of the
two branch pipes for different initial temperatures. The pressure at the nozzle rises to a
maximum after the start of discharge, at which point it enters the high mass flow discharge
phase, with the mass flow rate remaining in a high range of fluctuations, and as the
discharge continues until about 2.2 s, the mass flow rate begins to decrease, and the high
mass discharge phase ends. As the initial temperature increases, the pressure at the nozzles
of both branch pipes increases. The mass flow rate changes in a different pattern; as
the initial temperature increases, the maximum mass flow rate at the long branch nozzle
increases, and the maximum mass flow rate at the short branch nozzle decreases. At
different initial temperatures, the duration of the high mass flow discharge phase is similar
for both branch pipes.
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Figure 8. Variation of pressure and mass flow rate at the nozzles of the two branch pipes at different
initial temperatures: (a) Long branch nozzle; (b) Short branch nozzle.

The mass flow rate at the long branch nozzle is more sensitive to changes in temper-
ature, and in the high mass flow discharge stage, the two branch nozzle mass flow rate
maximum shows an opposite change pattern, which will inevitably bring about differences
in flow distribution, with the initial temperature increase, the long branch nozzle discharge
mass increases while the short branch discharge mass decreases, and the total discharge
remains the same.

3.3. Effect of Pipeline Roughness

According to Equation (6), it can be seen that the absolute roughness of pipeline &
affects the flow of the agent pipeline by influencing the friction coefficient f. Under the
filling condition of a 5.55 kg agent and 4.2 MPa filling pressure, the flow of Halon 1301
under different kinds of roughness is simulated by modifying the absolute roughness of
the pipeline to 0 mm (ideal smooth round pipe), 0.13, 0.2, 0.3 and 0.5 mm respectively.

The influence of different absolute roughness on the pressure of the cylinder outlet
is shown in Figure 9. It can be seen that the absolute roughness of the pipeline affects the
outlet pressure change of the upstream cylinder; when the absolute roughness is smaller,
the smoother the pipeline is, the faster the pressure change of the cylinder outlet under
the ideal smooth round pipe (¢ = 0 mm), the emptying time of cylinder is 0.72 s, while
when ¢ = 0.5 mm, the emptying time is 1.15 s, emptying time increased by 59.72%. The
pressure at the outlet of the cylinder before the pressure drop is defined as the evacuation
pressure. When the cylinder is emptied, the volume change of nitrogen in the nitrogen
piston is consistent, and the pressure change is consistent, so the emptying pressure is close
under different roughness.

According to Figure 10, the absolute roughness of the pipeline also has an impact on
the discharge mass of the fire extinguishing system; in the ideal smooth round pipe, the
agent only needs 7.43 s of all of the pipeline to discharge. When the absolute roughness of
¢ = 0.5 mm, it takes nearly 16 s to discharge the agent all out. When the absolute roughness
increases from 0.13 to 0.5 mm, the time of all agent discharges increases from 12 to 16 s, and
the total discharge mass remains the same. Therefore, in engineering design, in order to
improve the fire extinguishing system discharge effect, we should try to reduce the absolute
roughness of the pipeline.

187



Fire 2022, 5, 86

S

Pressure (MPa)
~ w

©

Time (s)

Pressure (MPa)
»n

0 2 4 & 8 10 12 14 18 18 20
Time (s)

Figure 9. Cylinder outlet pressure under different absolute roughness of pipeline.

[¢)]

IS

Discharge Quality (kg)
N w

=y

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 10. Different absolute roughness of pipeline under the fire extinguishing system discharge
mass changes.

3.4. Effect of Main Pipe Diameter

Compared with the branch pipe, the main pipe diameter and longer length is the
main component of the fire suppression system piping, this section explores the impact of
increasing or decreasing the diameter of the main pipe for the flow of agent.

The change of pressure of cylinder outlet with different main pipe diameters is shown
in Figure 11; increasing or decreasing the diameter of the main pipe has no obvious effect
on the emptying pressure inside the cylinder, and the emptying time decreases with the
increase in the diameter of the main pipe, and the shortest emptying time is 0.89 s when
the diameter of the main pipe is 20 mm. Increasing the pipe diameter can improve the rate
of agent discharge, but it also needs to take into account the increased volume and weight
of the extinguishing system.
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The pressure and mass flow rate at the two branch nozzles under different main pipe
diameters are shown in Figure 12, and the main pipe diameter has a small effect on the
pressure at the two branch nozzles. The maximum pressure at the long branch nozzle
increases with the increase in the diameter of the main pipe, and the maximum pressure at
the short branch nozzle changes in the opposite direction. The maximum mass flow rate at
both nozzles increases with the increase in the diameter of the main pipe, the maximum
mass flow rate at the long branch nozzle increases from 1.50 to 1.94 kg/s, and the maximum
mass flow rate at the short branch nozzle increases from 2.59 to 3.05 kg/s. With the increase
in the diameter of the main pipe, the duration of the high mass flow discharge phase
decreases, and you can achieve an increase in the diameter of the main pipe. The conclusion
is that it is conducive to improving the efficiency of agent discharge.
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Figure 12. Pressure and mass flow rate at two branch nozzles with different main pipe diameters:
(a) long branch nozzle; (b) short branch nozzle.

According to Figure 13, as the diameter of the main pipe increases, the maximum value
of mass flow rate at the nozzles of the two branch pipes increases, the duration of the high
mass flow discharge phase decreases, and the discharge mass of both branch pipes increases
with the diameter of the main pipe in 1-8 s. The size of the main pipe diameter also affects
the flow distribution between the two branch pipes; in the case of the main pipe diameter of
16 mm, the total discharge mass of the short branch increases, and the total discharge mass
of the long branch decreases, and the total discharge mass remains unchanged.
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Figure 13. Discharge mass of two branch pipes with different main pipe diameters.

3.5. Branch Pipe Diameter Analysis

According to the pipeline structure model shown in Figure 2, the length of the two
branch pipes is different; according to the results of the two branch pipes’ nozzle flow in
Section 3.2, it can be seen that the difference between the two nozzles at the discharged
mass is large, in 4.2 MPa filling pressure, the short branch nozzle discharge mass is more
than the long branch discharge mass of about 2.468 kg.

In order to make the concentration of agents in the target protection nacelle more
balanced, it is necessary to adjust the flow resistance of the two branch pipes to influence
the distribution of agents and thus achieve the purpose of balancing the flow rate. In the
case of a compact and fixed aircraft, it is easier to adjust the branch pipe diameter rather
than the branch pipe length [11]. Therefore, the results of different branch pipe diameters
are investigated for the flow distribution.

Route 1: increase the long branch pipe diameter to reduce the long branch pipe flow
resistance; Route 2: reduce the short branch pipe diameter to increase the short branch
pipe flow resistance. According to these ideas, set up a total of five simulation scenarios,
different scenarios in the long and short branch pipe diameter, as shown in Table 2.

Table 2. Discharge mass of long and short branch pipes at different pipe diameters.

Scene Long Branch Short Branch Long Branch Short Branch Ratio of Discharge Mass of
Diameter/mm  Diameter/mm Discharge Mass/kg Discharge Mass/kg Long Branch to Short Branch
A 14 14 1.5586 4.0268 0.387
B 16 14 1.8621 3.7233 0.500
C 18 14 2.1005 3.4850 0.603
D 14 12 2.0621 3.5233 0.585
E 14 10 2.7636 2.8230 0.979

The values of the long and short branch diameters and the discharge masses and
their mass ratios for the corresponding pipe diameters are given in Table 2 for a total of
five scenarios. Scene A is the initial scenario corresponding to the branch diameter; from
the table, it can be found that increasing the long branch diameter has less effect on the
equilibrium flow than decreasing the short branch diameter. When the diameter of the
short branch pipe is reduced to 10 mm, the mass ratio of long and short branch pipes
reaches 0.979, and the flow rate is close to the same, which can achieve the purpose of
balancing the flow rate while reducing the system weight.
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As shown in Figure 14, the influence of different branch pipe diameters on the pressure
at the cylinder outlet is small, and the emptying time grows from 0.976 s in scene C to
1.066 s in scene E. After the cylinder is emptied, the pressure of the cylinder outlet fluctuates
due to the heat exchange between the pipe and the agent. The larger the diameter of the
long branch pipe, the faster the pressure change at the cylinder outlet, and the smaller the
diameter of the short branch pipe, the slower the pressure change of the cylinder outlet.
Scene E to achieve balanced flow and reduce the weight and volume of the fire suppression
system while the impact on the discharge time is small. The results of the section for the
fire extinguishing system branch pipe diameter design are of guidance.
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Figure 14. Effect of different pipe diameters on the outlet pressure of cylinders.

4. Conclusions

Amesim software was used to establish a simulation model of an aircraft fire ex-
tinguishing system piping, to study the influence of fire extinguishing cylinder filling
conditions and piping conditions on the performance of the fire extinguishing system
under 5.55 kg of agent filling, and the following conclusions were obtained.

(1) The change in the filling conditions of the fire extinguishing cylinder to the change in
the pressure of the cylinder itself, which in turn affects the pressure and mass flow rate of the
agent at the nozzle. The higher the filling pressure, the faster the pressure drop; 4, 5, 6 MPa
filling pressure under the agent discharged mass curve is similar; with the initial temperature
decreases, the pressure at the cylinder outlet decreases, and the emptying time is similar to
1.22 s, but the difference between the discharge mass to reach the peak point is larger.

(2) Under the same filling conditions, roughness affects the flow of the agent by
affecting the friction coefficient; the lower the roughness, the faster the discharged agent,
but the total mass discharged from the fire extinguishing system under the pipeline thermal
boundary conditions is close; when the short branch pipe diameter is 10 mm, and the long
branch pipe diameter is 14 mm, the two branch pipe discharge mass ratio is close to 1,
which makes the concentration of the agent in the target protection nacelle more balanced.
Changing the branch pipe diameter has less effect on the emptying time; the larger the main
pipe diameter, the larger the diameter of the main pipe, and the higher the discharge rate,
but the actual design requires comprehensive consideration of the energy costs associated
with the increase in the diameter of the main pipe.

Although this research was conducted with Halon 1301, the main value of this paper
is to optimize the system design and reduce the potential use of Halon 1301 during aircraft
design and in actual aircraft firefighting and to provide a research methodology and
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comparative benchmark for subsequent pipe flow studies and applicability studies of a
Halon substitute.
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Abstract: Interest in water mist fire suppression has increased within the fire protection industry due
to its ability to control the spread and development of fire without using environmentally damaging
agents. Water mist fire suppression has been used for many years in various applications such as
machinery spaces, combustion turbine enclosures, and onboard passenger sea vessels. Now there is a
demand to use this firefighting method to protect other fire risks such as cooking areas, commercial
buildings, residential buildings, electrical equipment, road tunnels, bushfire (wildland fire) protection,
and nuclear power generation facilities. To support this industry demand, this review covers the
fundamentals of water mist, its suppression mechanisms, areas of application, existing research and
development, and the codes and standards related to design. This comprehensive review provides
a clear history of water mist suppression. It is able to identify the issues and challenges related to
the technology to help pave the way for future research and development that will improve these
systems to a level so that they are suitable for these new applications and meet the industry demand
for nontoxic fire suppression systems.
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1. Introduction

In the firefighting and fire safety industries, halon was widely utilised as a fire control
agent. However, such substances are not only hazardous to people but also damage the
ozone layer [1,2]. As aresult, nations all over the world have prohibited their manufacturing
and usage since the end of the twentieth century [3]. In order to identify a substitute
for halon, effective and environmentally acceptable fire extinguishing technologies have
become a research hotspot in the field of fire safety during the last 20 years [3]. There is a
growing interest in using CO,, inert gas, and water sprinklers as replacements. However,
despite all efforts to substitute with alternative clean agents, the goal remains challenging
due to several constraints. For example, using CO, to control fire can displace oxygen in the
air and may be hazardous to human health [4]. Sprinklers are the most widely utilised fire
suppression system in many applications, such as buildings, owing to their demonstrated
efficacy in minimising the intensity of fire and fire spread beyond the fire origin. However,
there are worries that sprinkler systems might cause postfire water damage to structures
and equipment [5]. Furthermore, this suppression system has disadvantages in some
locations where water supplies are restricted and suppression is required in confined
spaces, such as ship fires and spaceship fires, among others [3].

Water mist fire suppression technology has been developed in recent years and is re-
garded as a prospective replacement agent due to its qualities of speedy fire extinguishment,
minimal environmental concerns, minimal water usage, and reduced water damage [1,6,7].
In the 1940s, the National Fire Protection Association (NFPA) Technical Committee de-
signed water mist systems for specialised purposes, such as passenger ferries [8]. In the
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1980s, the Manchester Air Accident and an International Maritime Organisation (IMO)
rule requiring the installation of fire sprinklers rekindled interest in employing water mist
systems to extend the tenability of space for the safe evacuation of passengers through
heat management and fire suppression [9]. Following the fire that killed 159 passengers
on the MS Scandinavian Star ferry on a route from Norway to Denmark on 7 April 1990,
the water mist fire suppression system gained prominence in the maritime and insurance
industries [10]. Since then, the application areas for water mist systems have expanded at
an exponential rate. The technology now has a wide range of applications in preventing
and dealing with historical building fires [7], tunnel fires [11], ship fires [12], nuclear power
plant fires [13], and explosion fires [9,14-17].

Water in the form of a mist has been found to be an efficient extinguishing agent,
and NFPA defines water mist as a water spray in which 99% of the water is in droplets
with diameters (Dy99) smaller than 1000 microns [8]. The development of fine water mist
systems offers a new water-based suppression alternative for many potential applications.
Figure 1 shows the typical fire water mist suppression system arrangements. Since the
fire-extinguishing mechanisms behind the water mist system are different from standard
sprinkler systems, researchers have focused their attention on investigating those mecha-
nisms required to suppress fire successfully [18].

Nozzle (water mist)

Cylinder system

b
tible ‘

Combusf

A A A A A A A

Combustible

Cylinder system

(a) Local application (b) Total flooding

Figure 1. Water mist fire suppression general arrangement.

Various research studies have been utilised to experimentally and numerically examine
the effectiveness of water mist systems [2,3]. In particular, several researchers have exam-
ined the dynamics of the water mist system and the effects of different fire compartment
factors on the performance of water mist fire suppression [17,19,20]. To identify the future
development and direction of water mist fire extinguishing technology, as well as expand
its area of application, this paper summarises the latest research progress of extinguishing
mechanisms of water mist in fire suppression. It also discusses the influence of the spray
dynamics of water mist, such as water mist additives, operating pressure, water droplet
size, flow rate, nozzle K-factor, spray momentum, and spray angle on the effectiveness
of water mist as a fire extinguishing agent. The effects of ceiling height, ventilation, and
different dynamic mixing situations in fire compartments on the fire suppression process
of water mist are also discussed in this review. This review discusses how this existing
knowledge related to water mist system can potentially be used in new and emerging
industries and protect people and property from their associated fire risks. The study
also extends to existing design codes of water mist systems for different countries and
highlights how legislation and system approvals may be restricting potential applications
for this firefighting method. Various challenges are highlighted using current research data,
and finally, the paper concludes with various suggestions about the observed challenges
and issues.
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2. Water Mist Fire Systems
2.1. Methods of Generating Water Mist

Water mist is a water spray for which 90% of the flow-weighted cumulative volu-
metric distribution of water droplets (DV0.90) is less than 1000 um. This value is found
at the minimum design operating pressure and is measured in a plane 1 m from the
nozzle. NFPA 750 [8] defines three mist classifications within this 1000 pm window,
which are categorised as Class 1 (Dyggo < 200 um), Class 2 (200 um< Dyggp < 400 pm),
and Class 3 (Dyggp > 400 um). Three different operating pressures are suggested by
NFPA [8] to create these droplet sizes of water mist. The pressure ranges are low pres-
sure (pressure < 12.1 bar), intermediate pressure (12.1 bar < pressure < 34.5 bar), and high
pressure (pressure > 34.5 bar). Droplet size also depends on the discharge nozzle, which
significantly influences the production of the water mist spray. Three different types of
nozzles, impingement, pressure jet, and twin-fluid nozzles, are mainly used to create water
mist spray, as shown in Figure 2.

(a)

(b) (0

Figure 2. Types of nozzles used to create water mist in water mist systems. (a) Impingement
nozzle [21]; (b) Pressure jet nozzle [21]; (c) Twin-fluid water nozzle [21].

2.1.1. Impingement Nozzles

Impingement nozzles, as shown in Figure 2a, are common in water-based fire suppres-
sion, and the operating principle is typical of such a fire sprinkler. A large diameter orifice
allows water to flow from the nozzle and impact with a deflector that impinges the flow.
The deflector is designed to break up the high-velocity flow and create a flow of smaller
water droplets. Impingement has been used to generate coarser mists of Class 2 and Class
3 to be used on low- and intermediate-pressure systems.

2.1.2. Pressure Jet Nozzle

Pressure jet nozzles consist of smaller-diameter orifices or swirl chambers, as shown
in Figure 2b. A high-velocity jet of water flowing through the nozzle creates a thin jet
of water that become unstable with discharge into the atmosphere and disintegrates into
fine droplets. Pressure jet nozzles are used across low-, intermediate-, and high-pressure
systems and can create Class 1-type mists below 200 pm. Multi-nozzle heads are common
for this type of nozzle to increase the spray cone angle.
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2.1.3. Twin-fluid Nozzle

Twin-fluid nozzles, as shown in Figure 2c, are designed to operate with water and
compressed gas (typically air or nitrogen). This design has two inlets into the nozzle
chamber where the high-pressure gas atomises the water before discharging into the
atmosphere, with further agitation causing water droplets to break down further. The
water and gas inlet lines operate at different pressures; typically, both are below 12.0 bar
and within the low-pressure range. These systems can produce a finer water mist of Class
1 and Class 2 sprays. The use of nitrogen in a twin-fluid system can also add additional
fire suppression performance by improving the primary suppression mechanisms of water
mist systems.

2.2. Fire Control and Suppression Mechanisms

It is widely agreed that fire can take many forms involving chemical reactions between
combustible species and oxygen. A common simplification often describes the combustion
process of fire using the fire triangle (or tetrahedron), where the inputs are fuel, oxygen,
and heat/ignition (and chemical reaction). Most fires involve combustible solids, although
liquid and gaseous fuels are found in many industry sectors [22]. When in the appropriate
conditions, these fuels will react with the oxygen in the air, generating combustion products
and releasing heat. This heat acts as a continuous ignition source for surrounding fuels,
which maintains the continued combustion process of the burning fire. Water mist fire
suppression mechanisms work to inhibit this burning process using three main mechanisms
(heat extraction, the displacement of oxygen, and radiation attenuation) categorised into
primary and secondary mechanisms (Figure 3).
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Figure 3. Fire suppression mechanism of water mist.

These suppression mechanisms work by removing two sides of the fire triangle by
reducing the oxygen in the atmosphere and reducing the heat output that feeds the contin-
uous ignition of additional fuel sources. In the primary mechanism, heat is extracted to
cool the fire plume and wet/cool the fuel surface, and then oxygen is displaced and diluted
by blocking it from the fuel sources. In this stage, the water mist expands faster due to the
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faster vaporisation and cools the hot gases in the fire area. In the secondary mechanism,
expanded water mists block the radiant heat transfer to the surrounding fuel surfaces.

2.2.1. Heat Extractions

Water is widely used as an extinguishing medium for fire because of its ability to
cool flames, burning fuel, and the surface of surrounding fuels not yet involved in the
fire. Water can absorb a significant amount of heat due to a high heat capacity of approx-
imately 4182 J/kg °C and high latent vaporisation heat of 2260 kJ /kg [23]. A flame will
be extinguished if its temperature is reduced below its critical temperature. This critical
temperature can be determined using Equation (1) [24].

(Temax — Tis)
Tf,crit = Tf,max - %g)sog
fs—\ 77

€Y
T—mg r
where T it is critical flame temperature (°C) below which the flame will extinguish, T ax
is theoretical flame temperature (°C) assuming no heat losses to the surface, Tjs is the
surface temperature of the fuel-fire point temperature (°C), mqg is the mass fraction of
oxygen in the atmosphere, g, is the mass fraction of fuel vapour immediately above the
liquid surface, and r is the stoichiometric ratio (mass of O, required to burn a unit mass
of fuel).

Water has also the ability to extinguish fire by cooling the burning fuel below its fire
point by removing heat from the fuel surface (Figure 4). Fuel cooling by water mist is
primarily due to heat removal during water conversion to steam. This heat removal rate
per unit area can be estimated using Equation (2) [6].

Sh = (He— Ag)mp + Ra — Rs ()

where Sy, is the heat removal rate per unit area (kJ/m?.s), H is convective heat transferred
from flames per unit mass of fuel (kJ/kg), A¢ is the heat required to produce a unit mass of
vapour (k] /kg), my, is the burning rate per unit area (kg/m?.s), R, is heat transferred to the
fuel surface (kJ/m?2.s), and Rg is heat lost from the surface (k] /m?2.s) not included in Ay.
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Figure 4. Heat extraction and water displacement of water mist system.
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When the water is converted to steam and extracts the heat, it is also contributing
to the displacement of oxygen within the combustion zone. The critical extinguishment
concentration of water mist surrounding a diffusion flame ranges from 100 to 200 g/m?3.

2.2.2. Oxygen Displacement

Reducing oxygen from a fire has long been used as a reliable fire suppression method
(Figure 4). When a water mist system is discharged locally onto a fire or within a fire
compartment, the small water droplets are heated and transformed into steam. When
this vaporisation of water occurs within the flame zone, the volumetric expansion can
disrupt the entrainment of oxygen into the flame and significantly reduces the oxygen
concentration in a compartment [25]. Water mist systems achieve oxygen displacement
by producing excessive amounts of steam. The water mist droplets tend to be evaporated
before reaching the fire flame, and the evaporated steam causes O, displacement and
contributes to the suppression of the fire [19]. When the water spray penetrates the fire
plume, the vaporising water expands to 1600 ti