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Abstract: Due to the flammability of materials and the vastness of space, flashover fires of large-space
timber structures pose a huge threat to lives as well as the structures themselves. Therefore, it is
necessary to study the critical conditions, control factors and prediction methods of flashover fires.
To address this issue, hundreds of design conditions were simulated by Fire Dynamics Simulator
(FDS) with variations in space size, the heat release rate (HRR) of fire source and fire growth type. A
temperature—time model of the maximum temperature of the smoke layer near the ceiling (Tqx) was
established, and the critical condition that uses this model to predict the occurrence of flashover was
determined. Furthermore, a mathematical formula was established that can accurately predict the
flashover induction time when the T4y exceeds 400 °C. This research can provide a reference for the
performance-based fire safety design of large-space timber structures.

Keywords: large-space timber structures; flashover fires; flashover induction time; flashover critical
condition; flashover prediction

1. Introduction

Timber buildings have been planned and constructed globally due to the demand for
green and sustainable architecture. In the past 10-15 years, the timber structure has been
developed towards the high-rise, large-space and large-span structure, which brings huge
challenges to fire safety designs, especially for the prediction and control of flashover fires.
Flashover is a special phenomenon similar to deflagration that occurs when a compartment
fire reaches a certain critical condition. After flashover occurs, all combustibles in the
compartment are ignited within a short time, and the burning rate and temperature rise
sharply. The occurrence of flashover fires, in addition to embodying a quick transition from
a local fire to a fully developed fire, also represents a shift from a manpower-controllable
range to an uncontrollable range. Due to the flammability of the structural materials and
the vastness of space of the large-space timber structure, high-temperature flames quickly
engulf the entire large space, which not only causes devastating damage to the structure,
but also makes it extremely difficult for personnel to escape and firefighters to extinguish.
Therefore, in order to predict and prevent the occurrence of flashover fires in large-space
timber structures, it is extremely meaningful to study their occurrence critical conditions,
control factors, and master their prediction methods.

Flashover is a rapid transitional phase of a compartment fire from a localized fire to a
vigorously burning fire in which the pyrolysis gas generated on the combustible surfaces
is ignited simultaneously and the entire space is instantly engulfed by the flame [1-3].
During the transition, the heat radiated from the fire, the hot surfaces and the smoky layer
increase the temperature of all combustibles in the entire space, thereby increasing the
concentration of combustible pyrolysis gases. Part of these pyrolysis gases are burned,
while other unburned gases are trapped by the ceiling of the compartment and released
into the environment. When the temperature and concentration of the pyrolysis gas reach
a certain value, these unburned gases trapped by the ceiling of the compartment ignite
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suddenly, i.e., flashover occurs. At roughly the same time, the entire space is engulfed
by flames and flames emerge from windows, which seriously threatens the safety of
human lives and properties [4-7]. Due to the huge destructiveness and dangers caused by
flashover fires, some studies have investigated the inducing mechanism, critical conditions
and prediction methods of the flashover phenomenon.

1.1. The Critical Criterion of Flashover

Qualitative definitions of flashover are not applicable in fire safety design, that is,
technical indicators that flashover has occurred must be quantitative [6]. To this end,
researchers have implemented a series of tests using a compartment similar in size to the
test chamber (3.64 m x 2.43 m x 2.43 m) specified by ISO 9705, and have developed sets
of technical indicators that indicate that a flashover may have occurred in a particular
compartment [8-11]. Through summarizing the values of technical indicators of flashover
from many previous studies, it is concluded that the radiant heat flux of the floor is when
the size reaches about 20 kW /m?, the upper smoke layer temperature exceeds 600 °C or
when the flames emerged from the opening, which is regarded as the critical criterion
of flashover [12-14]. However, these critical criterions are proposed without sufficient
understanding of the basic principles of flashover, and they are not explicitly included in
the fire codes, so they cannot be used as a criterion for flashover in fire safety design [15].
In addition, these critical criterions are proposed based on small-scale and non-combustible
compartments that are essentially different from flashover fires in large-space timber
structures, that is, the difference in the space temperature field (uniform and non-uniform)
and the flammability of the structural materials between the two structures. Therefore, it is
necessary to determine the critical criterion of flashover for large-space timber structures.

1.2. The General Prediction Method of Flashover Fire

In fire safety design, the use of a lower limit estimation method of key parameters
is both practical and scientific. Some researchers tried to predict flashover by using the
minimum HRR required for flashover and proposed different empirical formulas.

Babrauskas [16] proposed a semi-empirical formula to determine the minimum HRR
of a fire that causes a flashover in a designated compartment, which is a function of the
amount of ventilation provided through an opening.

Qmin = 750WoH3/2 )

where Q,;,, is the minimum HRR necessary for flashover (kW), Wy is the width of the vent
opening (m), and Hj is the height of the vent opening (m).

Thomas [17] derived a simplified semi-empirical formula for calculating the minimum
HRR that causes a flashover based on the hot upper layer energy balance in a compartment.

Qmin = 7-8Ar + 378WoH3/? )

where A is the area of all surfaces within the compartment, exclusive of the vent area (m?).
McCaffrey et al. [10] proposed an empirical formula through regression analysis of
more than 100 experimental data.

. 1/2
Quin = 610 (I ATWoH}'?) ()

where J is the effective heat transfer coefficient to ceilings/walls.

Babrauskas et al. [18] analyzed and compared the above three formulas and found
that the prediction results of the three formulas have good consistency. Only when the
compartment size is small are the prediction results of the formula proposed by McCaffrey
et al. [10] different from those predicted by other formulas.
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Some researchers recommend using critical fuel area [19,20] or critical burning rate [13]
to predict flashover. According to the small-scale compartment fire test, the critical fuel
area and critical burning rate under different ventilation factors were obtained.

Aeit = 0.004 4 0.46 W H3/? @)

Meit = 0.05 + 0.083Wo Hy/2 (5)

where Ay is the critical fuel area (m?) and 71, is the critical burning rate (kg/s).

The above calculation formula can be used to roughly estimate the critical indicator
required for flashover in a designated compartment. However, these methods do not
reflect the effect of space size on the fire characteristics of the compartment, which only
considers the two key factors of ventilation factor and combustion rate. This makes it
uncertain whether these methods can be used for flashover prediction of large-space timber
structures.

1.3. Non-Linear Dynamic Model Prediction Method of Flashover Fire

To further accurately predict the occurrence of flashover, some non-linear zone models
developed from Semenov’s explosion theory were applied to flashover prediction. Thomas
et al. [21] took the lead in exploring the thermal instability in space and established a
quasi-steady zone model. Researchers [15,22-30] further developed this approach with the
application of the non-linear dynamic zone model, considering different numbers of state
variables. For example, Graham et al. [29] believed that the fire area, the thermal inertia of
the enclosure, heat loss rate and radiative heat flux from the fire source have a significant
effect on the occurrence of flashover. Yuen et al. [15] considered the three key state variables
that can lead to thermal instability: the heat exchange from the walls of the compartment,
the hot smoke layer and the vent. Liang et al. [30] discussed the influence of different
factors on flashover based on the non-linear theory of the two-layer zone model, such as the
size of the compartment, the thermochemical properties of combustibles, and ventilation
conditions. The basic principles of the non-linear dynamics model are as follows:

According to the formula of Graham et al. [28], the energy conservation equation has
the following heat balance form:

daT
chE =G-1L (6)

where T is the temperature of the hot layer (°C), t is the time (s), m is the total mass of the
hot layer (kg), and ¢, is the specific heat capacity (J/kg K). G is the net rate of heat gain and
L is the net rate of heat loss [29].

G = xAhemy )

Af

" Al

0" +au(T)o (T~ 13) ®)

where y is the efficiency of the combustion, 711 is the mass burning rate of the fuel (kg/s),
Ahc and Ahyygp are combustions and vaporization heats of fuel (J/kg), respectively, Ay is the
area of the fire source (m?), q" is the heat flux from the fire source (J/s m?), ay(T) is the
radiation feedback coefficient, o is the Stefan-Boltzman constant (W/(m? K*)), and Ty is
the air temperature (°C). The first term on the right side of Equation (8) is the heat gain
from the flame burning surface, and another term is the radiation feedback from the upper
zone and the compartment walls.

L = toucy(T — To)(1 — D) 4 [Ay — (1 — D) Ay)he(T — Tw)
+(1 = D)Avhy(T — Ty) + ago[Ay — (1 — D)Ay](T* - Ty,) )

_|_,ng{AL +(1—-D)Ay — Af} (T*—T3) + “SUAf<T4 - Tj})
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ot = 3cdp0AV\/2g(1 — D)HVTO <1 - T°> (10)

where m,,; is the total mass flow of gas from the opening, ¢, is the discharge coefficient, p
is the initial density (kg/m?), g is the acceleration of gravity (m/s?), D is the ratio of the
thermal interface above the vent bottom to vent height (m), hy and k. are the convective heat
transfer constants for the outside air through the vent and hot wall surfaces, respectively
(J/s m? K), Ay, Ay and A; are the surface area of the vent, the surrounding wall of the gas
layer and the lower zone, respectively (m?), ag is the emissivity of the gas layer, and Trand
Tyw are the temperatures of the flame and surrounding walls of the hot zone, respectively
(°C). The right side of Equation (9) contains a total of six items. The first is the heat
lost through the vents. The second and third terms are the convective heat losses to the
surrounding walls of the hot layer and vents, respectively. The last three items are the
radiative heat transfer from the hot zone to the hot wall surfaces, the cool zone and the
vent, and fuel bed areas.

In studies [28-30], Semenov’s explosion theory was used to solve the equilibrium
condition values of the heat gain and heat loss function. Novozhilov [31] used the concept
of the conjugate thermal explosion to derive the critical conditions of fire flashover. Beard
et al. [23] and Weng et al. [32] analyzed the catastrophic behavior of flashover and solved
the balanced equation based on catastrophe theory. However, it must be pointed out here
that whether it is based on classical thermal explosion theory or catastrophe theory, due
to the need to determine a large number of parameter input values, the use of non-linear
dynamics models to predict compartment fire flashover is more complicated and difficult
to apply. In addition, the non-linear dynamic model was developed based on smaller
compartments, and the temperature distribution in the compartments was assumed to be
uniform, regardless of its temperature gradients. Recently, the rigor of this assumption
has been reviewed in Reference [33] by analysis of existing experimental data from the
Cardington [34] and Dalmarnock [35] fire tests, and it was found that there is apparent non-
uniformity in the temperature field of the large-space compartment. Therefore, the model
may no longer be suitable for predicting the flashover of large-space timber structures.

Some researchers [10,36] pointed out that the most suitable method of predicting
flashover should be based on the method of estimating the temperature field of the com-
partment. Taking this as a starting point, this paper uses the Fire Dynamics Simulator (FDS)
large eddy simulation model to simulate the temperature field of large-space timber struc-
tures considering different fire scenarios and space sizes while analyzing the distribution
characteristics of the temperature field. Secondly, based on a large number of temperature
field simulation results, a temperature-time model of the T,y of the large-space timber
structure was constructed. Then, the critical condition of flashover occurrence, i.e., the
critical temperature at which flashover occurs, was determined. Finally, the prediction
formulas for the flashover induction time of the steady-state and the unsteady-state fire
model are proposed, respectively. This research provides an important reference for the
prediction and control of fire flashover in large-space timber structures.

2. Numerical Simulation
2.1. Fire Dynamics Simulator (FDS)

FDS is a popular Computational Fluid Dynamics (CFD) computational tool, which
is widely used in the calculation of the fire dynamics problem [37]. Large Eddy Simula-
tion (LES) is a technique for simulating the dissipative processes that occur on a smaller
length than those clearly resolved on the numerical grid. In this paper, the Fire Dynamics
Simulator Large Eddy Simulation (FDS LES) model is used to treat the turbulent mixing of
combustion products. The FDS LES model uses a single-step mixture fraction combustion
model, and the surface convective heat flux is calculated from natural and forced convec-
tion. The radiative heat transfer is considered by solving the radiative transport equation
of gray gas.
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2.2. FDS LES Model Validation

FDS has been widely used in fire smoke simulation and its accuracy has been validated
intensively [38—40]. Prior to using FDS LES to simulate the flashover of the large-space
timber structure, the accuracy and reliability were further verified by using experimental
data that was obtained from three large-space fire experiments conducted by Shi [41],
Zhang [42] and Li [43] (The author of this paper did not participate in these experiments,
and all experimental data were obtained from published literature). For verification
purposes, only the temperature-time curve comparison results obtained by experiments
and FDS simulations at key locations of large-space structures are given below.

2.2.1. Shi’s Experiment (2009)

The full-scale fire experiments were conducted in a cabin model located on the floor
of the PolyU/USTC atrium (22.4 m(L) x 11.9 m(W) x 27 m(H)). The experimental setup
is illustrated in Figure 1. The ceiling of the PolyU/USTC atrium is equipped with eight
natural smoke outlets of 1.2 by 1.2 m. The cabin model (4 m(L) x 3 m(W) x 3 m(H)) is
a steel frame structure, and the inner surface of the walls is a 5 mm thick double-layer
fireproof gypsum board. A diesel pool fire with a size of 0.7 by 0.7 m located in the cabin

was used as fuel. The HRR (Q = nmAH) can be obtained through the measured mass
loss rate,m. The net combustion heat and combustion efficiency of diesel are taken as
AH = 42,600 k] /kg and 7 = 0.9, respectively [44]. Three k-type thermocouples of 1 mm
diameter, such as th1, th2 and th3, located on the side wall of the cabin are used to measure
the space temperature in the cabin, and the layout of the thermocouple is shown in Figure
1b. The plume centerline temperature of the PolyU/USTC atrium is measured by 26 K-type
thermocouples with the interval of 1 m, as shown in Figure 1a. The FDS LES model was
established based on the full-scale fire experiment parameters. Rectangular grids were
used with the size Ax = Ay = Az = 0.2 m. The temperature-time curves of the cabin and
PolyU/USTC atrium obtained from the experiment and FDS simulation are shown in
Figure 2. Figure 2 shows that FDS LES has the excellent predictive ability for both the
internal temperature of the cabin and the temperature of the plume area in the large-space
atrium.

Ceiling vent for natural smoke exhaust

@ Nz = — —~
: — 1.2n
i 1.2m (b)
: i th1e-40-05m
! :Thel‘mocouple 0.75m
i Lot th29
! )
THermocouple 2(7.0m .l 0.80m -
! tree ': th3s -+
E 26x1m I: y
! 4 Y I — L — -
i e R .
i L il " Electronic :
! riuny /e alance % <
I Cabin _Pdoor Ve balance
| model LA
P = e\ o e o o g o —_.._ AJ T
i - :FL( ' 4m
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7/ b e :
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Figure 1. Test set-up: (a) the PolyU/USTC atrium; (b) the cabin model.



Materials 2021, 14, 5515

6 0of 30

Heat release rate [KW]

600

400

200

j‘f 300 600 180
_—ﬂ— HRR
A
: _ 150
A _ z _
2
2009 =400 1205
2 = i3
2 : 9 £
< @ <
St < St
b Y D @
3 =% < N\, =%
i 100 E =200 60 £
o ) - X o
] = s 5 =
: H a ;330
Experiment - k2 "3‘ L] = rt‘perimcm 1.9m ——2.9m ——3.9m ——4.9m 7.9:1
FDS ———thl ——thl thl] Ty FDS ——1.9m ——2.9m 3.9m ——4.9m 7.9
0 1 I 1 I 1 0 0 L L L L L
0 100 300 400 500 0 100 200 300 400 500
Time[s| Time]s]

Figure 2. Comparison between the experiments and FDS simulations: (a) the internal temperature of the cabin; (b) the
temperature of the plume area in PolyU/USTC atrium.

2.2.2. Zhang’s Experiment (2015)

The full-scale experiments were implemented in the fire laboratory hall located in
China University of Mining and Technology (20 m(L) x 14 m(W) x 11 m(H)). The full
details of the spatial size and parameter settings are shown in Figure 3. Similar to Shi’s
experiment [41], this experiment uses a diesel pool fire as fuel and is placed on the center
ground of the laboratory hall. The transient mass loss rate, 1, of diesel is measured by an

electronic balance. The HRR (Q = ymAH) can be obtained through the measured mass
loss rate, m. Two K-type thermocouples are set at the end of a vertical T-shaped steel frame
in the middle of the fuel pool. The horizontal distance between two K-type thermocouples
is 1.6 m. Two groups of tests have been implemented with different HRRs and measuring
point heights (393 kW and 8.5 m; 376 kW and 7.5 m). All the natural smoke vents were
closed during the entire process of the two experiments. Rectangular grids were used with
the size Ax = Ay = Az = 0.25 m. The histories of the temperatures of the smoke layer are
compared to experimental tests and FDS simulations in Figure 4. Figure 4 shows that the
FDS LES model can simulate the space temperature of the laboratory hall well, and the
predicted values at each stage are consistent with the experimental values.
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Figure 3. Experimental setup.
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Figure 4. Comparison between the experiments and FDS simulations: (a) Q =393 kW and z=8.5m; (b) Q =376 kW and z =

7.5 m.

2.2.3. Li’s Experiment (2017)

The natural fire experiments were conducted in the large-space fire laboratory located
in China University of Mining and Technology (42 m(L) x 20 m(W) x 11.87 m(H)). The
spatial size and parameter settings are shown in Figure 5. This experiment uses scrapped
cars as fuel to study the temperature field distribution of large-space buildings under
natural fires. Two sets of thermocouple trees composed of K-type thermocouples are used
to record the temperature of the plume area and ceiling area. One set of thermocouples with
an interval of 1 m is arranged vertically above the fire source and the lowest thermocouple
is 1 m away from the ground, and another set of thermocouples with an interval of 1 m are
arranged in parallel near the ceiling of the laboratory hall and 10 m from the ground, as
shown in Figure 5. A radiant calorimeter was arranged at a position 4 m away the fire source
to measure the radiant heat flux. The transient HRR measured by the radiation calorimeter
is shown in Figure 6. Fine-enough uniform grids were used with the size Ax = Ay =
Az = 0.25 m. The comparison of temperature-time curves obtained by experiment and FDS
simulation is shown in Figure 7. Figure 7 shows that the FDS LES model can simulate the
temperature history of the ceiling area of a large-space structure well. The comparison
between the measured data of the above three experiments and the FDS simulation values
shows that the FDS LES model can accurately simulate the space temperature field of a
large-space structure in the fire.

/ | Om 1m 2m 3m4m 5m 6m7m /
I."Illllllllllllllllllm% III/‘IIIIIII[I[II/
- |
Window 6m Thermocoup]e
T T \QQ \\\\\ smp O m EE 187
 — 3m »
e ,Therm.ll I =__Heat flux
’,,I lm‘]aer //,\\ Car Vs 5 /_/T\_\\ meter s
»” VAR y f :
Vil / : /P
/’ A(fll(.)l(i)lrm \\,l_l
42.00m

Figure 5. Experimental setup.
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Figure 7. Comparison between the experiments and FDS simulations near the ceiling.

In summary, the FDS LES model has excellent predictive capabilities for the tempera-
ture field of these three large-space structures. However, it is not difficult to see that, due
to the large-space size of the above three experiments and the relatively low heat release
rate of the fire source, the temperature field of the space is low, especially the temperature
at the ceiling. This can only prove that the FDS LES model has a good predictive ability
for the temperature field of a large-space structure with a small fire source heat release
rate. Some researchers [38—40] have confirmed that FDS can accurately predict the fire
temperature field of a general space (space area <500 m?) with an indoor temperature of
up to 1000 °C. The turbulence of hot smoke in a larger space fire is much smaller than
that of a smaller space fire. In the case of the same grid accuracy, FDS theoretically has a
smaller prediction error for the temperature field of a large-space fire than a small-space
fire. In addition, through the discussion below, the critical temperature range of flashover
for large-space timber structures is 300-320 °C, which is only twice the maximum ceiling
temperature measured in the above three experiments. Combined with the above analysis,
it can be considered that the difference between the simulated flashover temperature and
the verified experimental temperature is acceptable, i.e., FDS LES can be used to simulate
the high-temperature smoke temperature field in a large space.

2.3. Simulation Setup and Conditions

In this paper, four variables—space height, space area, heat release rate (HRR) and fire
growth type—are designed. Among them, 6 levels are set for space heights, space areas,
and HRR, and 5 levels are set for fire growth type. The different levels of each variable
are combined to form a total of 1080 simulation conditions, as shown in Table 1. The fire
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growth types mainly include steady-state fire models and unsteady-state fire models. The
HRR of a steady-state fire is set as a constant, and the unsteady-state fire is set to a t-squared
curve. There is a vent in the middle of the bottom of each wall that is one-third of the
wall height and one-half of the wall width, as shown in Figure 8. The characteristic of the
vent is set to open naturally so that the smoke can be exhausted by the pressure difference.
The bottom surface of the space was set as an insulating floor, and the five remaining
surfaces were assigned timber walls to consider the impact of the wall convective heat loss
on the flashover. The density, thermal conductivity and specific heat of the timber wall
are 640 kg/m?3, 0.14 W/m-K, and 2.85 k] /kg K., respectively. The ignition temperature of
the timber is set to 300 °C and the HRR per unit area is set to 200 kW/m?, as suggested
in References [45,46]. The square fire source is located at the axisymmetric position of the
floor and its HRR per unit area is set to 500 kW / m? [47]. The ambient temperature and
pressure were set to Ty = 20 °C and Py = 1 bar, respectively.

Table 1. Structural space size and fire source parameters.

Levels
Factors
1 2 3 4 5 6
Space areas, A (m?) 1000 2000 3000 4000 5000 6000
Space heights, H (m) 6 9 12 15 18 20
Heat release rate, Q (MW) 2 5 10 15 20 25
Fire growth type [48] Constant Slow Medium Fast Ultra-fast

Temperature slices
e

wall

Timber wall

.
o
=

" J e source Insulating floor

Figure 8. FDS simulation view of the cell.

2.4. Determination of Grid Size

In FDS simulation, the smaller the grid size, the higher the accuracy of the simulation
results in theory. As far as large-space buildings are concerned, lots of grids are required,
even as many as millions of grids, which will have considerable requirements for computing
power and time. Therefore, when selecting the grid size, factors such as the structural scale,
accuracy requirement and simulation time must all be considered. References [37,38,48]
give a recommended method to determine the grid size:

D* =[Q/(poCoTov/3)]*"° (11)
R* = max(Ax, Ay, Az)/D* (12)

where D" is the characteristic fire diameter (m), Cy is the air specific heat (k] /(kg-K)), and
Ax, Ay and Az are the grid sizes in the x, y, and z directions, respectively.

Based on the studies [37,38,48,49], when the value of R” is in the range of 1/16 to 1/4,
the FDS LES simulation result is more accurate. A mesh sensitivity comparison result that
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meets this condition (1/16 < R* < 1/4) is shown in Figure 9. For the same design conditions,
the temperature versus time curves obtained by FDS LES simulations were compared
under uniform grid sizes Ax = Ay = Az = 0.5, 0.25, 0.125 and 0.1 m, respectively (see
Figure 9). The results show that when the grid size is from 0.1 to 0.25 m, the temperature—
time curve obtained by the FDS LES simulation has no significant difference at any HRR
(2 MW~5 MW). This comparison result indicates that when the grid size is 0.25 m, the
calculation accuracy begins to converge to a constant value. However, due to the large-
space size, even if the entire space is evenly divided by a grid size of Ax = Ay = Az =0.25
m, the number of grids is astonishing (millions or even hundreds of millions of grids).
Therefore, if the entire space is divided uniformly with a grid size of Ax = Ay = Az=0.1 to
0.25 m, the demand for computing resources is huge and unrealistic. This prompted us
to further optimize the grid, that is, to obtain satisfactory calculation accuracy under the
condition of using limited computing resources.
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Figure 9. Grid sensitivity analysis: (a) Q =2 MW; (b) Q =5 MW; (c) Q = 10 MW; (d) Q = 15 MW; (e) Q = 20 MW; (f)

Q =25 MW.
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Based on the movement characteristics of hot smoke, the fire-affected area of a large-
space fire is mainly divided into three areas when the flashover does not occur and before
the flashover occurs [50]—the smoke plume area, the impact area, and the ceiling jet area—
as shown in Figure 10. In the smoke plume area, an open axisymmetric plume model
represents a plausible first approximation for the smoke plume area within large-space
buildings [51]. In the impact area, the smoke plume impacts the ceiling and the direction
of motion changed significantly. In the ceiling jet area, the smoke nearly parallel to the
ceiling constantly diffuses to surrounding areas and the temperature reduces [50]. It can be
seen from the above division that the large-space temperature field is mainly composed
of the temperature distribution of the above three areas. Moreover, the pyrolysis of the
timber ceiling of the large-space timber structure plays a leading role in the fire flashover.
Therefore, the accurate calculation of the temperature in the ceiling area is crucial to the
pyrolysis of timber and the prediction of flashover. The research also shows that the
refinement of the grid at the fire source is beneficial to the improvement of calculation
accuracy.

| I
! \ N
H
v :
Hire source : Z, O High-sensitive area
Ax=Ay=Az d | Sub-sensitive area
Virtual source—< D > O Non-sensitive area
r~ L i

Figure 10. Schematic diagram of temperature distribution, partition and grid division in a large-space fire.

Considering the correlation between calculation accuracy and grid sensitivity in
different areas of the space, the space is divided into three areas: the highly sensitive area,
sub-sensitive area, and non-sensitive area. The highly sensitive area is the fire source area;
the sub-sensitive area is the fire-affected area; the non-sensitive area is the other areas of
the space. The parameter values for dividing the space area are summarized in Table
2. Each area is uniformly divided by a type of grid size, as shown in Figure 10. The fine
enough uniform multi-grid has been applied to simulate the fire development for all design
simulation conditions, as shown in Table 3. The simulated duration is 2 h and the time
step is 10 s. The number of grids and computing time for all simulation conditions are
summarized in detail in Appendix A. Two sets of thermocouple trees are arranged at the
center line of the plume area and near and parallel to the ceiling jet area to record the
temperature-time curve of each point in the large-space structure, as shown in Figure 8.
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Table 2. The value of the temperature field division parameter.

D
H/m YH/m /m h/m
2 MW 5 MW 10 MW 15 MW 20 MW 25 MW
6 4.8 21.4 18.6 18.1 18.4 18.8 19.2 2.6
9 7.2 30.9 26.2 24.7 245 247 25.0 3.4
12 9.6 40.5 33.7 31.3 30.7 30.6 30.7 4.2
15 12 50.1 41.3 379 36.8 36.4 36.3 4.7
18 14.4 59.7 48.8 445 43.0 42.3 42.0 5.0
20 16 66.1 53.8 48.8 47.1 46.2 45.8 53

YH is the height of the smoke plume area, vy = 0.8 (see Section 3); D is the width of the impact area, D = d(0.8H +
20)/20; d is the width of the fire source; zg is the height of the virtual fire source, zg = 1.02d — 0.00524 Q%5 [52]; his
the height of the flame, h = —1.02d + 0.0148Q2/5 [52].

Table 3. Summary of grid size in the FDS LES model.

*

Grid Size (Ax = Ay = Az)/m

QMW  D'/m Highly Sensitive + Sub-Sensitive * Non-Sensitive *
R R R
Area Area Area
2 1.2 0.125 x 0.125 x 0.125 0.10 0.25 x 0.25 x 0.25 0.21 0.5x 0.5 x 0.5 0.42
5 1.7 0.125 x 0.125 x 0.125 0.07 0.25 x 0.25 x 0.25 0.15 0.5x 0.5 x 0.5 0.29
10 2.3 0.125 x 0.125 x 0.125 0.05 0.25 x 0.25 x 0.25 0.11 0.5x 0.5 x 05 0.22
15 2.7 0.125 x 0.125 x 0.125 0.05 0.25 x 0.25 x 0.25 0.09 0.5x 0.5 x 0.5 0.19
20 3.0 0.125 x 0.125 x 0.125 0.04 0.25 x 0.25 x 0.25 0.08 0.5x 0.5 x 0.5 0.17
25 3.3 0.125 x 0.125 x 0.125 0.04 0.25 x 0.25 x 0.25 0.08 0.5x 0.5 x 05 0.15

3. The Temperature-Time Model of the T},
3.1. General

In a typical compartment fire, the evolution process of the fire usually includes two
states: pre-flashover and post-flashover. As far as large-space timber structures are con-
cerned, not all fire scenarios have flashover fires. In the case of a larger space size, a smaller
HRR and continuous smoke exhaust, the amount of hot smoke accumulated in the com-
partment is in a dynamic equilibrium state, which makes the indoor temperature remain
stable and prevents flashover from occurring, as shown in Figure 11a. Similarly, although
flashover occurs with a smaller space size or a larger HRR, there is also a quasi-steady-
state temperature field before flashover occurs, and the evolution of the quasi-steady-state
temperature field is still similar to that of non-flashover, as shown in Figure 11b. Since
the smoke layer gathered on the ceiling includes almost all the heat from the fire source,
the temperature distribution of the smoke layer before flashover occurs directly affects
the pyrolysis rate of the timber ceiling and whether flashover occurs. Therefore, it is
greatly necessary to construct the temperature field of the smoke layer near the ceiling for
analyzing the flashover of large-space timber structures.

Through preliminary analysis of the FDS simulation results, it is known that the
dominant factor that determines the critical criterion of flashover is the T,,;,. For this
reason, this section is dedicated to constructing a temperature-time model of the Ty;ax
when the flashover does not occur and before the flashover occurs. For large-space fires, the
space temperature field is not constant but gradually evolves from the transient stage to the
steady-state or quasi-steady-state stage (see Figure 11a,b). All the existing research results
illustrate that the temperatures accelerate sharply in the transient-state stage and tend
to produce constant values in the steady-state or quasi-steady-state stage. The evolution
process of the transient-state stage is mainly affected by the fire growth type and the HRR,
while the value of the constant of the steady-state or quasi-steady-state stage is mainly
affected by the HRR and space parameters. To this end, a temperature-time model is
constructed through the following two steps: (i) establish a steady-state or quasi-steady-
state model of the T, that only depends on the HRR and space parameters; (ii) the
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temperature-time model is established by modifying the steady-state or quasi-steady-state
model of the Ty, based on the specific HRR considering different the fire growth type.

30 400 800 : 1200
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Figure 11. The evolution of the HRR and the temperature over time: (a) non-flashover; (b) flashover.

3.2. The Centerline Temperature Model of Smoke Plume Area

When the temperature of the gases above the fire source is continuously increased
through heat radiation and convection, the hotter gases will rise upward due to buoyancy,
or rather, due to the density difference. The rising hot gases are referred to as a smoke plume.
Figure 12 shows the temperature curves of the plume centerline from FDS simulations
with a range of the space area from 1000 to 5000 m? and the HRR from 2 to 15 MW, while
the space height H = 15 m. Figure 13 shows the temperature curves from FDS simulations
with a range of the space height from 9 to 20 m and the HRR from 2 to 15 MW, while
the space area A = 3000 m?. Figures 12 and 13 shown that the temperature of the plume
centerline decreases rapidly and then remains stable as the distance from the fire source
increases, which is similar to the characteristics of the axisymmetric plume distribution.
In addition, when the HRR is fixed, the temperature curves of the plume centerline are
approximately the same under different space areas or space heights. This result confirms
that the difference in the space areas and space heights have an almost negligible influence
on the plume centerline temperature.
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Figure 12. Comparison of plume centerline temperature in different space areas.
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Figure 13. Comparison of plume centerline temperature in different space heights.

Thus, the central fire plume in the large-space structure can be regarded as free from
the interference of walls, which is consistent with the classic axisymmetric plume model
based on open space [53-57]. It can be seen from Figures 12 and 13 that the HRR plays
a leading role in the temperature distribution of the smoke plume area. To construct the
temperature model of the axisymmetric fire plume in the large-space buildings, McCaffrey’s
processing method by using data fitting to adjust the parameters is used for reference to
construct a temperature model of the plume area based on the different HRR, as shown in

Equation (13): ,
2n—-1
T, = K ( z ) To+ T (13)
09y/2g ) \Q*°

where Ty is the temperature of the plume centerline (°C), Q is the HRR (kW), z is the vertical
height from the fire source (m), and k and 7 are dimensionless parameters.

The values of parameters k and 7 obtained by fitting the temperature values of the
plume centerline under the different HRR are shown in Table 4. By changing the HRR from
2 to 20 MW and the space height from 12 to 20 m, the temperatures can be obtained from
Equation (13) and are compared with the FDS simulation values in Figure 14.

Table 4. The values of coefficient k and 7.

Q (MW) 2 5 10 15 20 25
k 6.90 7.38 7.68 8.12 8.63 9.02
7 0.12 0.07 0.02 0.04 0.08 0.10
800
FDS values|Q/MW-H/m] .
02120512 10-12
~a--2.15 4515 10-15
600 w218 v5-18 10-18 v 20-18
0220 0520 10-20 ¢ 20-20
Calculation from Eq.(13)
&) IMW SMW
0:,400 10MW 20MW

200 o

Figure 14. Comparisons of prediction and FDS simulation of centerline temperature.
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3.3. The Maximum Temperature Model of the Smoke Layer

The FDS simulation results show that, as the vertical distance from the fire source
increases, the centerline temperature first decreases and then remains at a constant value,
as shown in Figure 15. Figure 15 shows that the range of the constant value area (as
shadow area in Figure 15) only depends on the space height, i.e., the starting point of
the constant value area is certain in a specific space height. This is because the hot air
in the area near the ceiling entrains very little cold air, and a small amount of cold air
has little effect on the density of the hot air in the area, so the density remains constant.
According to the Ideal Gas Law, it can be considered that the temperature in this area is
approximately proportional to the gas pressure. In addition, the study [50] further pointed
out that the gas pressure difference in this area is not obvious, so the temperature is not
significantly affected by the pressure and can be regarded as a constant value. Therefore,
the constant value area of temperature can be regarded as the impact area and its range can
be determined at the specified space height. Based on this, the height of the smoke plume
area is defined as yH, and the height of the impact area is (1-y) H, as shown in Figure 10.
According to the analysis results, the range of the impact area is about 0.80H <z < H (i.e.,
v = 0.8). Therefore, the centerline temperature of the impact area can be determined by

Equation (14):
2
k 0.8H\ %1
T: = Tyapy = To+ T 14

According to the characteristics of the temperature distribution of a large-space fire, the
temperature distribution on the ceiling is in an inverted cone shape, that is, the temperature
gradually attenuates from the centerline of the fire source to the surroundings. Therefore,
the maximum temperature near the ceiling is the temperature of the centerline of the impact
area, i.e., Ty = T;.

2

k 0.8H\ %1

Tnax = T; = Togy = ( ) ( To + To (15)
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Figure 15. Temperature distribution laws of fire plume centerline in large-space fires.

3.4. The Temperature—Time Model of the Tyax

A natural fire temperature field, especially in the transient stage of a fire, is constantly
changing with time. For large-space fires, the temperature-time curve can be described by
correcting the steady-state or quasi-steady-state temperature value using an exponential
function as Equation (16) [47]. The modified function can describe the trajectory of the
temperature-time curve by determining the value, .

f(t) =1—0.8exp(—pt) —0.2exp(—0.18t) (16)
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The exponential function is used to fit the temperature—time curve of all simulation
conditions to obtain the § values. Figures 16 and 17 show the relationship between the
values and the influencing factors. The § values are different with the increase in space
heights, but the difference of the § values is only about 0.001 from a space height of
6 to 20 m, as shown in Figure 16. This indicates that the different space heights have
different temperature rise rates, but the difference of rate is not obvious and can be ignored.
Figure 16 also shows that the curve of the g value with the space heights basically coincides
at the different space areas, which indicates that the space areas have no effect on the
values. Figure 17 shows the relationship between the 8 values and the HRR under the
different fire growth type. It is observed from Figure 17 that the B value is affected by
the HRR and the fire growth type. This is due to the difference in the time of different
fire growth types to reach the limit HRR, which results in different times for the space
temperature field to reach a steady state. In addition, although the HRR increases, the
corresponding steady-state temperature increases, so the time to reach the steady-state
temperature also increases.

0.012
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—e— Space area A=3000m’
0.011 |
e 0.010
0.009 |
Q=SMW
Fast fire
0'008 L L 1 1 1
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Figure 16. The B value changes with the space heights under different space areas.
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Figure 17. The B value changes with the HRR under different fire growth types.

A new parameter equation that represents the § values as a function of the key
factors (the fire growth type and the HRR) has been developed based on results from FDS
simulations as

B = 1(0.006 + 0.015 exp(—0.0002Q)) (17)

where 7 is the parameter related to the fire growth type, which is shown in Table 5.
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Table 5. The coefficient 7 with different fire growth types.

Fire Growth Type Slow Medium Fast Ultra-Fast
n 0.37 0.66 1.02 1.65

Introducing Equation (16) into Equation (15), an equation for predicting the time-
varying temperature at the centerline of the smoke layer can be constructed as Equation (18).

Toax(t) = Ti(t) = f(1)T; = £(t) [(k/ (0.9@))2(0.8H/Q2/5>2’7_1To + TO] (18)

The temperature-time curve of the T,y calculated from Equation (18) is compared
with the FDS simulation in Figure 18. The calculated values of Equation (18) and the FDS
simulation results with different space locations are in good agreement.
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Figure 18. Comparisons of theoretical prediction and FDS simulation of the Ty in large-space buildings: (a) slow fire; (b)

fast fire.

4. Flashover Prediction for Large-Space Timber Structures
4.1. The Evolution of Flashover Fire

The development of large-space timber structure fires mainly undergoes four stages
—the growth stage, quasi-steady-state stage, fully developed stage and the decay stage—
of which there is an obvious quasi-steady-state stage only for the critical conditions in
which flashover occurs. Flashover is the transition of the fire from the growth stage or
quasi-steady-state stage to the fully developed stage. After ignition, the fire grows as the
pyrolysis rate of the fuel increases. As the fire continues to burn and the height of the flame
continues to rise, the hot air around the fire continues to rise and form a smoke plume, as
displayed in Figure 19a. After a period of time, the hot air is segregated in a ceiling layer,
and the thickness of the smoke layer gradually increases and then stabilizes. At this time,
the total heat in the compartment is in a dynamic equilibrium state, i.e., the quasi-steady-
state stage, as displayed in Figure 19b. At this stage, the fire source and the hot smoke
layer in the compartment transfer heat to the ceiling and surrounding walls in the form
of radiation and convective heat transfer, which makes the wall temperature continue to
rise. At a certain point in time, the temperature will reach the threshold of timber pyrolysis
and begin pyrolysis. Following swiftly after, the ignition of newly formed pyrolysate will
cause the temperature of the compartment to rise sharply, which accelerates the generation
of pyrolysis gas, as displayed in Figure 19c. When the pyrolysis gas concentration in
the compartment reaches the critical value of flashover, the continuous ignition of the
newly formed pyrolysate will cause the entire compartment to be engulfed by the flame,
i.e., flashover occurs. During flashover, the temperature inside the compartment will rise
sharply. In just a matter of seconds, the temperature will rise to about 1000 °C, as displayed
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in Figure 19d,e. After flashover, the compartment temperature continued to increase to
about 1200 °C and then remained stable, i.e., the fire reaches the fully developed stage, as
displayed in Figure 19f. In the entire fire development process, the flashover duration is
extremely short (only a few seconds), which makes the prediction of the flashover time
extremely important in the fire safety design.

T [°C]
1500

1350

1200

1050

900

300

150
20

Figure 19. The evolution process of flashover fire in a large-space timber structure: (a) t = 20 s; (b)
t=100s; (c) £ =2300s; (d) t =2330s; (e) t = 2350 s; (f) t = 3000 s.

4.2. Critical Criterion for Flashover

Compared with a small compartment fire, the large-space timber structure is less prone
to flashover due to the larger spatial scale. Table 6 summarizes the results of flashover
occurrence under all simulated conditions and shows that not all large-space fires will
have flashover. Table 6 shows that the HRR and the space height of the structure play a
dominant role in the occurrence of flashover; the greater the HRR and the smaller the space
height, the more easily the flashover occurs. In addition, when the HRR and the space
height are constant, the space area has less influence on the occurrence of flashover, i.e.,
the results of flashover occurrence under different space areas are almost similar. From
the model of the Ty, established above (see Section 3), it can be seen that the HRR and
space height are the key factors that determine the T},,c. Therefore, this flashover result
indirectly reflects the fact that the T,y plays a leading role in the occurrence of flashover.
This section attempts to establish a flashover prediction method that can directly reflect the
factors affecting the space fire characteristics by estimating the T;.

Usually, the critical criterion used to determine the occurrence of flashover is a speci-
fied value or range. From the flashover results summarized in Table 6, only a rough range
of smoke layer temperature can be obtained when flashover occurs, but the critical value
of the smoke layer temperature when flashover occurs cannot be accurately obtained. In
order to more accurately determine the critical criterion for flashover in large-space timber
structures, this research makes further supplementary calculations based on the existing
simulation results, as shown in Table 7. The simulation conditions are designed by further
dividing the range of the HRR of the two sets of space sizes (A = 1000 and 4000 m?) with
inconsistent flashover results. Among them, only the space sizes (i.e., space height and
space area) and the HRR are changed; the fire growth type is steady-state fire, and the other
simulation conditions are the same as Table 1.
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Table 6. Summary of flashover results for all simulated conditions.
Space Area Space Height HRR (MW)
(m?) (m) 2 5 10 15 20 25
6 x v v v v v
9 x x (4 v v v
1000/ 12 x x x v v v
2000/ 15 x x x x (4 (4
3000 18 x x x x x (4
20 x x x x x x
6 x v v v (4 v
9 x x v (%4 v v
4000/ 12 x x x v v (4
5000/ 15 x x x x (4 (4
6000 18
x x x x x x
20 x x x x x x

v: Flashover occurred; x: No flashover occurred.

Table 7. Structural space sizes and fire source parameters for additional simulated conditions.

Space Area Space

(m?) Height (m) HRR (MW)
6 2.5 3.0 3.5 4.0
9 6.0 7.0 8.0 9.0

1000 12 11 12 13 14
15 16 17 18 19
18 21 22 23 24
6 2.5 3.0 35 4.0
9 6.0 7.0 8.0 9.0

4000 12 11 12 13 14
15 16 17 18 19
18 21 22 23 24

Table 8 summarizes the flashover results under different space sizes and HRR, and
calculates the T}y at the steady-state or quasi-steady-state stage when flashover does not
occur or before flashover occurs. Table 8 shows that the critical HRR when flashover occurs
in large-space timber structures with different space sizes is significantly different, but the
Tmax values corresponding to the critical HRR are basically the same, i.e., around 300 °C.
In other words, the critical criterion for the flashover of large-space timber structures
can be determined by a fixed temperature value or temperature range. This conclusion
fully shows that the use of the minimum HRR is no longer suitable for the prediction of
flashover fires in large-space timber structures, but certain temperature values are close
to the ignition temperature of the timber. This allows the designer to determine whether
flashover occurs through the only criterion, i.e., the Ty, values that can be estimated by
the temperature-time model of the T,y established above (see Section 3). In addition, fire
safety designers can also control the occurrence of flashover by adjusting the key factors
affecting the T}, in large-space timber structures. It is extremely convenient and important
to predict and control the occurrence of flashover through the temperature-time model of
the T, established above.
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Table 8. Summary of flashover results for additional simulated conditions.

Space Area Space Height HRR (MW)/T,,0 (°C)

(m?) (m)
6 2.0/260/x 2.5/310/v 3.0/320/¢" 3.5/330/v 4.0/350/¢
9 5.0/280/x 6.0/295/x 7.0/310/v/ 8.0/340/¢/ 9.0/370/¢

1000 12 10/300/x 11/305/v 12/310/v/ 13/320/v/ 14/330/¢v
15 15/305/x 16/310/x 17/320/v/ 18/330/v/ 19/340/v
18 20/295/x 21/300/x 22/305/x 23/310/x 24/320/v
6 2.0/280/« 2.5/320/v/ 3.0/340/v/ 3.5/360/v/ 4.0/380/¢v
9 5.0/250/x 6.0/270/x 7.0/300/¢ 8.0/330/¢ 9.0/360/¢

4000 12 10/290/x 11/310/v 12/320/v/ 13/330/v/ 14/340/v
15 15/290/x 16/295/x 17/300/x 18/310/¢/ 19/330/¢v
18 20/280/x 21/285/x 22/290/x 23/295/x 24/300/x

v: Flashover occurred; x: No flashover occurred; HRR: Heat release rate; Trmax: Maximum temperature of the
smoke layer when flashover does not occur or before flashover occurs.

Table 9 summarizes the critical range of the T;,qx values of the smoke layer required
when flashover occurs under different space sizes. Table 9 shows that the T}y values of
the smoke layer when flashover occurs under different space sizes are equal to and slightly
higher than the ignition temperature of timber (the ignition temperature of timber is set
to 300 °C in this research). In short, flashover does not necessarily occur when the Tyax
reaches the ignition temperature of timber; the higher the space height, the greater the Ty
required for flashover to occur. Take 300 °C as the ignition temperature of timber set in
this research as an example; if the space height is small, flashover occurs when the Tyyax
reaches 300 °C. As the space height increases, the T, required for flashover to occur also
increases, but it does not exceed 320 °C. Therefore, if the ignition temperature of the timber
is 300 °C, the T,y is 300-320 °C, which can be regarded as the critical temperature range
required for the flashover of large-space timber structures.

Table 9. Summary of the range of T, values of the smoke layer where flashover occurs.

Space Areas Space Heights (m)
(m?) 6 9 12 15 18
1000 (260,310] (295,310] (300,305] (310,320] (310,320]
4000 (280,320] (270,300] (290,310] (300,310] >300
1000 M 4000 (280,310] (295,300] (300,305] (310,310] (310,320]

(T1, T2]: Tq: No flashover occurred at Ty; T,: Flashover occurred at Ts.

4.3. Induction Period of Flashover

The induction period of flashover is undoubtedly an important indicator in the fire
safety design. The longer the induction period, the more likely it is to detect and extinguish
the fire as soon as possible and enable the occupants to escape safely. The induction
period is usually calculated from the time of fire ignition. Since the period from ignition
to before flashover is an unstable period of fire development, the induction period of
flashover remains highly variable. The induction period of flashover is an important
factor for assessing life safety, but none of these methods properly solve the time for the
occurrence of flashover. Although some models can predict the occurrence of flashover,
the induction period is not clearly expressed in these models. This is because the course of
fire development is too random in nature to be predictable with certainty. Based on a large
number of the FDS simulation results, this section discusses the relationship between the
temperature and time at which flashover occurs and proposes a more effective method for
estimating the induction period of flashover.
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4.3.1. The Induction Period of the Steady-State Fire Model

The fire growth types in large-space fire mainly include steady-state fire models and
unsteady-state fire models. Regarding the steady-state fire model of a large-space timber
structure, the evolution of the HRR and the T, over time is shown in Figure 20. There
is a quasi-steady-state stage before flashover, during which the HRR and the T/, remain
constant values. Since the HRR and temperature increase instantaneously when flashover
occurs, the duration, t;, and the Ty, at the quasi-steady-state stage can be defined as
the induction period of flashover, tr (tf = t3), and flashover temperature, Tf (Tf = Thax),
respectively. The induction period of flashover, tf, and flashover temperature, Ty, under
different space sizes and HRRs are summarized in Table 10. Table 10 shows that when the
HRR is constant, the flashover temperature, Tf, decreases as the space height increases, and
the corresponding induction period, tf, increases. This is because the lower the flashover
temperature, Ty, the lower the rate of pyrolysis gas generation, so the longer it takes to reach
the critical concentration for flashover. Table 10 also shows that when space size is constant,
a larger HRR means a smaller corresponding flashover duration. This is because the greater
the HRR, the greater the Ty, in the quasi-steady state and the faster the pyrolysis gas
generation rate, so the shorter it takes to reach the critical concentration for flashover.

Table 10. Summary of flashover duration and flashover temperature.

tr (min)/ Ty (@)
Space ;Areas Space Heights HRR (MW)
(m?) (m)
5 10 15 20 25
6 7.7 /500 2.7/700 1.5/800 1.2/900 0.8/980
9 - 8.3/450 4.2//580 2.8/700 2.2/730
1000 12 - - 15/400 5.8/550 4.0/600
15 - - - 23/380 10/450
18 - - - - 50/350
6 12/400 4.2/720 2.3/800 1.7/900 1.0/900
9 - 13/470 5.8/600 4.2/660 3.0/700
2000 12 - - 108/350 9.2/500 5.5/550
15 - - - 33/370 14/420
18 - - - - 80/330
6 11/410 5.2/700 3.5/850 2.7/950 2.2/990
9 - 17/450 7.8/570 5.2/650 3.8/750
3000 12 - - 20/400 12/470 7.0/530
15 - - - 43/380 18/400
18 _ - - - 113/340
6 14/425 6.3/690 4.0/850 2.8/900 3.3/950
4000 9 - 21/430 9.2/540 6.2/650 4.7/690
12 - - 36/370 14/470 8.8/560
15 - - - 55/400 22/410
6 16/430 6.5/680 4.8/830 3.5/940 4.2/950
9 - 25/420 9.7/580 6.7/650 5.0/700
5000 12 - - 39/350 17/440 10/500
15 - - - 67/380 28/400
6 17/380 8.0/630 4.5/890 4.0/970 4.6/960
6000 9 - 27/420 11/550 7.8/600 5.3/760
12 - - 27/380 20/430 12/480
15 - - - 80/360 30/400

=t No flashover occurred; f¢ is the induction period of flashover; T is the flashover temperature.

Figure 21 shows the evolution of the ff and the T; with the space area when the
space height H = 9 m and the Q = 15 MW. It can be seen from Figure 21 that when the
difference in the Tf is not obvious (the difference does not exceed 50 °C), the t increases
with the increase in the space area. This is due to the following two reasons: (i) although
the Ty is approximately the same in different space areas, the distribution of smoke layer
temperature is different, which leads to different generation rates of pyrolysis gas; (ii) due
to the difference in the space area, the amount of pyrolysis gas required to reach the critical
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concentration for flashover is different. It can also be seen from Table 10 that although
there are differences in the ¢, under different space areas, this difference decreases with
the increase in the Tr. The percentile plots of the f; as a function of the Ty are shown in
Figure 22. Figure 22 shows that the t; of different space sizes where the Ty exceeds 400 °C
are relatively concentrated (i.e., the difference in the f¢is less than 5 min). On the contrary,
the t; corresponding to the Ty not exceeding 400 °C are relatively scattered. In other words,
when the Tf is greater than 400 °C, the effect of the space size difference on the tfcan be
approximately ignored.
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Figure 20. The evolution of the HRR and temperature over time in a flashover fire.
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Figure 21. Quasi-steady-state time and flashover temperature in different space areas.
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Figure 22. Comparison of quasi-steady-state time box plots for different flashover temperatures.
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Based on the above analysis, the ffand the Ty obtained under all simulated conditions
are plotted in Figure 23 as the abscissa and ordinate, respectively. Figure 23 shows that
the Ty decreases rapidly with the increase in the #; and then remains stable. The evolution
process of the Ty with different t; can be approximately described by mathematical functions.
The following exponential-type function was chosen to describe the evolution process, as
shown in Figure 23.

Ty (t f) — 370 + 675¢ 00025t (19)

Find the inverse function of Equation (19), then:

t¢(Ty) = —4001n (T — 370) /675) (20)

where ffis the induction period for flashover (s); Tyis the flashover temperature (°C).

For steady-state fires of large-space timber structures, Equation (20) can not only
accurately predict the flashover time corresponding to a flashover temperature greater
than 400 °C, but also roughly estimate the flashover time corresponding to a flashover
temperature less than 400 °C.
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Figure 23. The evolution relationship between the Ty and the #;.

4.3.2. The Induction Period of the Unsteady-State Fire Model

This research adopts the t-squared fire development model of the unsteady-state fire
model. The t-squared fire development model believes that the HRR in the fire growth
stage is proportional to the square of the time, and its model is

Q = at? (21)

tr = Qmax/ & (22)

where  is the fire development time (s); a is the fire growth coefficient (kW /s?); t; is the
transient stage time (s); Qmax is the maximum HRR (kW).

According to the National Fire Protection Association, the fire development stage (i.e.,
the transient stage) can be divided into slow fire, medium fire, fast fire and ultra-fast fire,
and the corresponding fire growth coefficient, «, is listed in Table 11.

Table 11. Fire growth factor, a, and the coefficient, y.

Fire Growth Type Slow Medium Fast Ultra-Fast
o (kW/s?) 0.0029 0.0117 0.0469 0.1876
U 157 188 300 377

p: The meaning of y is shown in Equation (24).



Materials 2021, 14, 5515

24 of 30

Regarding the unsteady-state fire model of a large-space timber structure, the evolu-
tion of the HRR and the T, over time is shown in Figure 24. Figure 24 shows that there
are two evolutionary processes of flashover fires: transient flashover fire (see Figure 24a)
and transient quasi-steady-flashover fire (see Figure 24b). The discussion of the induction
period for the two evolution processes is as follows:

1.  Transient flashover fire

As far as transient flashover fires are concerned, the higher HRR and the lower space
height result in a higher temperature field, which accelerates the generation rate of pyrolysis
gas. This makes the pyrolysis gas concentration quickly reach the critical value of flashover
and flashover occurs even if the fire source does not reach the maximum HRR (i.e., the
quasi-steady-state stage has not been experienced). In the transient stage, as the HRR
increases in the form of t-squared, the temperature field increases extremely rapidly and
flashover occurs, which makes it difficult to determine the corresponding temperature and
time when flashover occurs. Here, a conservative method can be adapted to determine
the induction period of flashover, which considers that flashover occurs when the Ty;ax
reaches the flashover temperature under the steady-state fire model, i.e., the t-squared fire
development model is approximated as a steady-state fire model in the transient stage.
Therefore, when the T4y is equal to the flashover temperature under the steady-state fire
model, the corresponding time is the induction period of flashover, as shown in Figure 25.
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Figure 24. The evolution of the HRR and the temperature over time in flashover fire: (a) transient flashover fire; (b) transient

quasi-steady-flashover fire.
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Figure 25. Approximate value of flashover induction time under different fire growth types.
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Thus, if the Ty is equal to the flashover temperature under the steady-state fire
model, the flashover induction time, tf, is obtained by Equation (23).

Tinax (tf) = Tf (tf) if tf < t (23)

where t; is the duration of the transient stage (s); Tiax (t/) is the time-varying function of
the maximum temperature of the smoke layer, and Ty (#) is the function of induction time
and flashover temperature under the steady-state fire model.

2. Transient quasi-steady-flashover fire

For large-space timber structure fires, flashover does not usually occur easily and the
induction period of flashover is longer due to the larger space and the smaller HRR. Before
the flashover occurs, the HRR and temperature are usually divided into two stages: the
transient stage and the quasi-steady-state stage. Here, the duration of the transient stage
and the quasi-steady-state stage are set to f; and t,, respectively. The time ¢ of the transient
stage is mainly determined by the fire growth type and the HRR, i.e., ; is equal to the time
from the ignition of the fire source to reach the maximum HRR. When the HRR reaches
the maximum, the subsequent evolution process of the fire is similar to the steady-state
fire model. Therefore, the induction period of flashover is equal to the sum of the duration
of the transient stage and the quasi-steady stage (t = t; + t;). During the entire evolution
process before flashover occurs, pyrolysis gas is continuously generated until it reaches
the critical concentration required for flashover, and then flashover occurs. The simulation
results show that when other variables are constant, the different fire growth types result in
different durations of the transient stage and the quasi-steady stage, as shown in Figure 26.
This is due to the different temperature rise rates in the transient stage leading to different
pyrolysis gas generation rates.
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Figure 26. Comparison of temperature evolution process under different fire growth types.

Similar to the steady-state fire model, the f; and the Ty values of different fire growth
types under all simulated conditions are plotted in Figure 27. It can be seen from Figure 27
that the Ty decreases rapidly with the increase in the ff and then remains stable. The
following exponential-type function was chosen to describe the evolution process, and the
curves were obtained using least square fitting, as shown in Figure 27.

Tf(ty) = 370 + pe  O0% if o > (24)

Find the inverse function of Equation (24), then:

ty = —400In((T; —370) /) if 5 > s (25)
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550

where t; is the duration of the quasi-steady-state stage (s); y is the coefficient dependent on
the fire growth type, which is shown in Table 11.

Thus, the calculation formula for the induction period of the transient quasi-steady-
flashover fire in a large-space timber structure is as follows:

b= b+t = \/Qmax/t’é—4001n((Tf—370)/;1) (26)

It is undeniable that the prediction of the flashover induction period is extremely com-
plicated and is affected by many factors, such as, structural space size, heat release rate, fire
growth type, and the size and location of door and window holes. Especially for large-space
timber structures, although these influencing factors have been fully considered, the large-
space size and the flammability of its structural materials make predictions more difficult.
In this section, the prediction formulas for the flashover induction period of large-space
timber structures under a steady-state fire and unsteady-state fire have been constructed,
such as Equations (20), (23) and (26). Through the analysis of Figures 22, 23 and 27, it can
be found that the #; is particularly sensitive to the Tr. The higher the T}, the smaller the
dispersion of the ¢ In other words, the higher the T}, the more accurate the f calculated by
Equations (20), (23) and (26). When the T is greater than 400 °C, the predictive power of
Equations (20), (23) and (26) is reliable, and when the T is less than 400 °C, the predicted
results can be used as a reference.

n
(=3
=

Temperature at flashover Tf [°C]
S - ’
2 2

700

wn (=)
(=3 (=3
=} =}

Temperature at flashover 7' : [°C]
z

550
—— T=370+157e™'% ) (b) —— T=370+188¢""*
R’=0.86 o R’=0.89
5 500
>
=] o
=
w
< (-] o
S 450
-
<
-5
S
£ °
£ 400 | ° °
="
(-] (-] g‘ ° 5 o o .
° & °
350 1 1 1 1 1 350 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time to quasi-steady state t, [min] Time to quasi-steady state t, [min]
700
-0.15i e
—— T=370+300¢"" O —— T=3704377¢™'
R’=0.87 :-\ R’=0.91
5 600
>
(=)
=
v
]
=
= 500
5]
o
=
2
<
S
2
400
o % . o
1 1 1 1 1 H 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time to quasi-steady state t, [min]

Time to quasi-steady state t, [min]

Figure 27. The evolution relationship between the Ty and the f;: (a) slow fire; (b) medium fire; (c) fast fire; (d) ultra-fast fire.

5. Conclusions

In this study, with the help of FDS LES technology and considering the impact of
key factors such as space size, HRR, and fire growth type on the space temperature field,
a temperature—time model of the T}y in a large-space timber structure was constructed.
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By analyzing a large number of simulation results, the critical criterion for the flashover
occurrence of large-space timber structures was determined and a calculation formula
for predicting the induction period of flashover was proposed. It must be stated that
these results were derived from simulations, and were not experimentally verified. The
conclusions are summarized as follows:

(1) Not all large-space timber structure fires have flashovers that mainly depend on the
Tinax. Flashover occurs when the T4y is slightly higher than the ignition temperature
of the timber.

(2) When the ignition temperature of timber is set to 300 °C, the Ty required for
flashover to occur is about 300-320 °C, which can be regarded as the critical criterion
for flashover to occur in large-space timber structures.

(3) The induction period of flashover mainly depends on the temperature of the smoke
layer, the space size and the fire growth rate. The lower the temperature of the smoke
layer, the larger the space size, and the slower the fire growth rate, the longer the
induction period of flashover.

(4) When the T}y is in the range of 300400 °C, the dispersion of the flashover induction
period is greater, and when the temperature is higher than 400 °C, the flashover time
is more consistent (the difference is less than 5 min).

(5) The prediction formula of the flashover induction period can not only accurately pre-
dict the flashover time corresponding to a flashover temperature greater than 400 °C,
but roughly estimate the flashover time corresponding to a flashover temperature less
than 400 °C.
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Appendix A

All the simulation conditions in this paper are completed in the High-Performance
Computing Center of Nanjing Tech University. In order to optimize the calculation speed,
all simulation conditions use FDS’s multiple mesh simulation with MPI parallel processing
technology, and each condition specifies 28 cores for calculation. The number of grids and
simulation time for each simulation condition are summarized in Table Al. Note that the
simulation time corresponding to each specified space height, space area, and heat release
rate in the Table A1 is the sum of the simulation time of the five fire growth types under
this combination of parameters.
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Table A1. Summary of simulation time under different simulation conditions.

Space Space Number of Grids (million)/Run Time (d)

. Total
Areza Height HRR (MW) Time (d)
(m*?) (m)
2 5 10 15 20 25
6 022/113 021/115 023/1.17 026/120 028/123 032/125  7.13
9 059/1.75 045/1.77 048/1.80 050/1.82 052/1.85 057/1.87  10.85
1000 12 079/2.33 0.80/238 0.82/240 0.85/243 087/245 091/250 1448
15 099/3.08 1.00/313 1.02/3.15 104/317 1.06/323 131/328  19.03
18 1.18/358 1.19/360 122/3.63 124/368 126/370 1.18/375  21.93
20 131/413 132/418 135/420 137/423 139/425 144/430 2528
6 033/236 032/243 034/245 036/248 038/250 043/255 1478
9 0.73/3.60 0.61/3.65 0.63/3.68 0.66/370 0.68/3.75 072/3.80 2218
2000 12 132/490 094/495 096/498 099/503 101/505 1.05/508  29.98
15 194/615 147/620 149/622 152/625 153/628 158/633  37.40
18 233/738 235/745 237/7.50 239/753 241/755 246/7.63  45.03
20 260/815 2.61/823 2.63/828 265/830 2.67/833 272/838  49.65
6 032/365 034/370 036/373 038/375 040/3.80 045/383 2245
9 0.73/545 0.61/548 0.63/550 0.66/555 0.68/558 072/563  33.18
3000 12 132/733 094/738 096/7.40 099/743 101/745 1.05/750  44.48
15 291/913 147/9.18 149/920 152/923 153/925 158/9.30 5528
18 349/1095 3.50/11.00 352/11.03 3.55/11.05 3.57/11.07 3.61/11.10  66.20
20 3.88/12.13 3.89/1220 3.91/1225 3.93/12.30 3.95/1231 4.00/1233 7350
6 0.53/475 054/4.83 0.56/488 0.59/493 0.61/495 0.65/505  29.38
9 109/7.13  097/720 099/723 1.02/728 1.04/730 1.08/7.33  43.45
12 173/9.60 134/9.65 137/970 139/973 141/9.75 145/9.80 5823
4000 15 283/11.88 126/11.93 128/11.95 131/11.98 132/1200 1.37/1205 7178
18 458/1425 2.99/1435 3.01/1438 3.04/1443 3.06/1448 3.10/1455 8643
20 5.08/15.38 4.15/1543 3.46/1545 348/1548 350/1550 3.55/1555 92.78
6 0.63/575 0.64/583 0.66/588 0.68/595 070/600 075/605 3545
9 126/9.00 1.14/9.05 1.16/9.10 1.19/9.13 121/915 125/920  54.63
12 192/12.05 154/12.01 156/1213 1.58/12.15 1.60/12.18 1.65/1225  72.85
5000 15 310/14.63 230/14.68 2.32/14.83 2.34/1483 2.36/1500 2.41/1508 89.13
18 456/17.60 3.17/17.65 3.19/17.68 3.22/17.70 3.24/17.75 3.28/17.80 106.18
20 578/19.55 451/19.63 3.81/19.65 3.84/19.70 3.86/19.75 3.90/19.83 118.10
6 0.73/6.88 074/695 0.76/7.00 079/7.08 081/713 085/7.33 4235
9 145/10.63 133/10.70 135/10.73 1.38/10.75 1.40/10.83 1.44/10.88  64.50
12 213/14.05 175/1415 177/1420 1.80/1423 1.82/1425 186/1430 85.18
6000 15 339/17.88 2.80/17.95 2.82/17.98 2.84/18.03 2.86/18.08 2.91/1813 108.03
18 4388/2125 3.49/2133 3.51/21.40 354/2145 3.56/2150 3.60/21.60 12853
20 6.18/24.13 490/24.25 421/2435 4.23/2440 425/2450 430/2455 14648
2025.85
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