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Based on a full-scale bookcase fire experiment, a fire developmentmodel is proposed for thewhole process of localized fires in large-
space buildings. We found that for localized fires in large-space buildings full of wooden combustible materials the fire growing
phases can be simplified into a 𝑡2 fire with a 0.0346 kW/s2 fire growth coefficient. FDS technology is applied to study the smoke
temperature curve for a 2MW to 25MW fire occurring within a large space with a height of 6m to 12m and a building area of
1 500m2 to 10 000m2 based on the proposed fire development model. Through the analysis of smoke temperature in various fire
scenarios, a new approach is proposed to predict the smoke temperature curve. Meanwhile, a modified model of steel temperature
development in localized fire is built. In the modified model, the localized fire source is treated as a point fire source to evaluate the
flame net heat flux to steel. The steel temperature curve in the whole process of a localized fire could be accurately predicted by the
above findings. These conclusions obtained in this paper could provide valuable reference to fire simulation, hazard assessment,
and fire protection design.

1. Introduction

With the increasing public demand for building space and
architectural aesthetics, more and more large-space public
service buildings have emerged in the city, such as large-scale
gymnasiums, large convention centers, and opera houses.
These large-space buildings in general feature wide spans,
unique styles, and mostly steel structures. Although steel
structural components have good strength under normal
atmospheric temperature, when a fire occurs, the heat thus
generated may greatly influence the material properties of
the steel structural components, in particular mechanical
properties. Especially when the temperature of the steel
structural component exceeds 550∘C, the ordinary structural
steel will lose most of its strength, thus resulting in partial
or even whole building collapse. Therefore, the stability of
steel structure in a fire has become an important research
direction in prevention and mitigation of buildings fires, and
the temperature distribution of steel components in a fire

is a key issue for stability analysis of steel structure [1–6].
Thus numerous methods for predicting steel temperature
development have been proposed. In the developedmethods,
the heat that steel receives is classified into thermal radiation
and heat convection between steel members and hot smoke.
These relationships are depicted in (1). As can be seen from
(1), thermal radiation and heat convection between steel and
smoke directly depend on the hot smoke temperature over
steel surface in the fire scene. Therefore, accurate prediction
of the smoke temperature curve over the steel surface is most
important for accurately predicting the temperature rise of
steel components. We have
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5.67 × 10
−8W/m2 ⋅ K4, 𝐹

𝑠
(m2) is the steel external surface

area per meter, 𝜀 is the effective emissivity of steel, 𝑇
𝑔
(∘C) is

the smoke temperature, 𝑇
𝑠
(∘C) is the steel temperature, and

𝛼
𝑐
(W/(m2 ⋅∘C)) is the convective heat transfer coefficient.
However, the existing prediction methods for the smoke

temperature in a fire are mainly concentrated in predicting
the temperature distribution of fire smoke in a normal
enclosure room fire. For general normal enclosure fires,
the temperature distribution is more uniform, and regional
models are often used for analysis of smoke temperature.
Currently, the temperature standard curves, such as ISO
834 curve, ASTM-E119 temperature curve, external fire tem-
perature curves, and hydrocarbon temperature curve, are
commonly used for fire resistance analysis of steel structures
and these curves are all obtained from experiment data of
normal enclosure fires [7–11], wherein ISO 834 temperature
curve is the most commonly used and most representative
temperature curve for fire resistance analysis of fire scene
structure, and it can be represented as

𝑇
𝑔
= 345 log (8𝑡 + 1) + 20, (2)

where 𝑡 (min) is fire duration. From the above equation
it can be found that the smoke temperature reaches 678∘C
10 minutes after the fire breaks out and reaches 842∘C 30
minutes after the fire breaks out. However, for localized fires
in large spaces, due to large building volume and building
height, the building interior naturally forms a place which is
suitable for smoke and heat storage, and the heat generated
by the fire does not accumulate quickly, thus resulting in
relatively slow temperature rise of hot smoke in the fire
scene [12]. In addition, localized fires in large-space buildings
have adequate oxygen supply, and such fires belong to fuel-
control type combustion, so flashover is rare and the smoke
temperature in the fire scene generally does not exceed
600∘C. Secondly, unlike the relatively uniform temperature
distribution in normal enclosure room fires, the smoke
temperature fields in localized fires in large-space buildings
feature a nonuniform distribution. The farther the ceiling
is away from the centerline of fire source, the lower smoke
temperature is, so the basic assumption of uniform smoke
temperature fields in enclosure room fires does not apply to
the smoke temperature fields in localized fires in large spaces
[13]. To predict the smoke temperature fields in localized
fires in large-space buildings, we need to fully consider the
nonuniform distribution of fire smoke temperature in the fire
scene. In summary, the smoke temperature fields in large-
space localized fires are significantly different from those
of normal enclosure fires [14]. But till now researches on
the smoke temperature fields of localized fires in large-space
buildings are still very scanty.

Secondly, unlike the standard fire curve, a natural fire
is characterized by three phases: a growing phase, a full
developed phase, and a decay phase. It is necessary to evaluate
not only the heat effect on the structural resistance during
the growing phase and full developed phase but also the
high cooling strains in the joint induced by distortional
deformation of the heated elements during the decay phase
[15]. Therefore the decay phase of a fire is also crucial for

the stability of steel structure. Partial structural collapses
usually occur in the decay phase of a fire, which showed that
a complete temperature curve during the whole process of
localized fires in large-space buildings is the basis for a com-
prehensive analysis of structural fire resistance. But existing
studies focused on the smoke temperature development in
growing phase and full developed phase, while few studies
have been conducted on the temperature development in the
decay phase of a fire.

Moreover, in the proposed methods for predicting steel
temperature development, the heat that steel receives is
classified into thermal radiation and heat convection between
steel members and hot smoke as shown in (1). The heat
transfer between steel and flame is disregard. In actual large
enclosure fires, especially when the flame surrounds the steel
members, steel members would receive considerable thermal
radiation from flames at the same time, as shown in Figure 1.
Thus current methods for calculating heat transfer between
steel and localized fire in large spaces are incomprehensive.

In order to study the smoke temperature development
and steel temperature development during the whole process
of localized fires in large-space buildings, we conducted a full-
scale combustion experiment of a bookcase and proposed a
fire development model for the whole process of localized
fires in large spaces. Based on this fire development model,
the technology of FDS (fire dynamic simulation) was applied
to investigate the smoke temperature curve in 2MW to
25MW fires occurring within a large space with a height of
6m to 12m and a building area of 1,500m2 to 10,000m2.
After the inductive analysis of smoke temperature curve, we
proposed a temperature rise model for predicting the whole
process of localized fires in large spaces. At last, the localized
fire source in large space is treated as one point fire source to
evaluate the flame net heat flux to steel and a modified model
of steel temperature development in localized fire is built.

2. Development Model of Localized Fires in
Large Spaces

2.1. Full-Scale Experiment. In order to study the development
model of localized fires in large spaces, we conducted a full-
scale combustion characteristic experiment in a large space.
The experiment selected a representative wooden bookcase
as the combustible material and recorded the mass loss rate
of the bookcase in the experiment. In the experiment the
bookcase weighs 46.5 kg and is evenly filled with 10 kg of
paper sheets inside. The calorific values of wood and paper
indicated by the SFPE (Society of Fire Protection Engineers)
manual are, respectively, 17MJ/kg to 20MJ/kg and 16MJ/kg
to 20MJ/kg [16].Themean of the calorific values of paper and
wood was used as the actual calorific value of the wood and
the paper, and the weighted average method was applied to
determine the average combustion calorific value of bookcase
as 18.4MJ/kg.

The scenes of bookcase combustion in the experiment are
shown in Figure 2. As seen in Figure 2, a typical bookcase
fire within a large space has distinctively exhibited growing
phase, full developed phase (steady phase), and decay phase.
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Figure 1: Energy balance of steel components in fire.
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Figure 2: Scenes of bookcase combustion.

Themass loss rate during the process of bookcase combustion
is shown as the curve in Figure 3. According to Figure 3, the
mass loss rate during the process of bookcase combustion
shows stages, respectively, of increase, relative stability, and
linear decrease. The three stages of mass loss rate are consis-
tent with the combustion stages of a fire.

The growing phase determines the early development
pace of a fire and is an important part of fire model. It can be
found from the fitting ofmass loss rate at the growing phase of
the bookcase fire that the mass loss rate at the growing phase
is proportional to the square value of the time 𝑡, as shown in
Figure 4:

𝑑𝑚

𝑑𝑡
= 0.00188𝑡

2
. (3)
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Figure 3: Schematic diagram of three phases in fire development.
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Table 1: Fire growth coefficient 𝛼.

Combustible material Fire classification 𝛼/(kW/s2)
Waste paper basket Slow fire 0.0029
Noncotton products/polyester mattresses/TV sets/foam rubber pillows Medium fire 0.0117
Plastic foam/stacked wooden boards/mail pouches filled with mails Fast fire 0.0469
Methanol/fastburning upholstered chairs/Christmas tree Ultrafast fire 0.1876
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Figure 4: Schematic diagram of variation curve of mass loss rate at
fire growing phase.

Assuming that the bookcase is in complete combustion,
that is, combustion efficiency is 1, the heat release rate at the
growing phase of the fire can be expressed as

𝑄 =
𝑑𝑚

𝑑𝑡
× Δ𝐻 = 18.4 × 0.00188𝑡

2
= 0.0346𝑡

2
, (4)

where Δ𝐻 is the calorific value of the bookcase (kJ/kg).

2.2. Fire Development Model. As shown in the experiment,
a typical localized fire in a large space generally experiences
its growing phase, full developed phase (steady phase), and
decay phase. For the growing phase, the fire spreads outward
from a fire source point. Studies have shown that, with
sufficient oxygen supply, the flames will spread horizontally
along the combustible materials at a constant rate, and that is

𝐿 = V𝑡, (5)

where 𝐿 (m) is the flame front position at time 𝑡; V (m/s) is
the flame spread rate. In most cases, the flames evenly spread
to the surroundings, and the burned area of combustible
materials can be approximated as round in shape. Therefore,
at the growing phase of the fire, the heat release rate can be
expressed as

𝑄 = 𝐴𝑞 = 𝜋𝐿
2
𝑞 = 𝜋𝑞V2𝑡2, (6)

where 𝑞 (kW/m2) is the heat release rate per unit area of the
fire source and 𝐴 (m2) is the area of the fire source. 𝑞 and

V are constant values for an ideal fire model, which satisfies
𝜋𝑞V 2 = 𝛼, where 𝛼 is fire growth coefficient (kW/s2) and then
(6) can be transformed into the following equation:

𝑄 = 𝛼𝑡
2
. (7)

As seen in (7), for an ideal localized fire in a large space, the
heat release rate in a fire can be expressed as a function of time
𝑡
2. This conclusion is consistent with the heat release rate of
the bookcase experiment at the growing phase:𝑄 = 0.0346𝑡

2.
In other words, the ideal growing phase of a localized fire
in a large space fits the 𝑡

2 fire model, wherein the fire
growth coefficient 𝛼 characterizes the spread speed of a fire.
According toNFPA204: Standard for Smoke andHeatVenting
issued by the National Fire Protection Association of USA,
fire growing phase can be further divided into slow fire,
medium fire, fast fire, and ultrafast fire [17]. Table 1 shows the
corresponding relation between the fire growth coefficient 𝛼
and the sample materials specified in NFPA standard. For
most localized fires in large-space buildings, the fire growth
coefficient generally varies in the range between medium
fire and fast fire. We can refer to the bookcase combustion
experiment, in which the fire growth coefficient 𝛼 at the
growing phase is 0.0346 kW/s2, a coefficient varying in a
range between medium and fast fire likewise. This paper
proposed that for localized fires in large-space buildings
full of wooden combustible materials the growth phase of
a fire could be simplified into the 𝑡2 fire model with a fire
development coefficient of 0.0346 kW/s2.

With the development of a fire, when all the combustible
materials get burned, the heat release rate of the fire will reach
its maximum value and remain steady for a while and by this
time the fire enters the full developed phase also known as the
steady phase. In this case, the maximum heat release rate of
the fire is constant, which can be expressed as

𝑄 = 𝑄max = 𝑞𝐴max, (8)

where 𝐴max (m
2) is the largest burned area of the localized

fire and 𝑄max (kW) is the maximum heat release rate of the
fire. With the further consumption of combustibles, the fire
gradually enters the decay phase. The experiments showed
that the heat release rate at the fire decay phase exhibited
an approximate linear decreasing trend, which is consistent
with the conclusion of the bookcase combustion experiment
provided in Section 2.1. For fires following a linear decline
trend, the heat release rate curve at the fire decay phase can
be expressed as

𝑄 =
𝑡
𝑠

𝑡
𝑠
− 𝑡
𝑑

𝑄max −
𝑡

𝑡
𝑠
− 𝑡
𝑑

𝑄max, (9)
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Figure 5: Localized fire experiments in a large-space building.

where 𝑡
𝑠
(s) is total time of the whole process of a fire; 𝑡

𝑑
(s)

is time when the fire enters the decay phase.
The simultaneous equations of (7)–(9) determine the

development model for the whole process of localized fires
in large spaces as follows:

𝑄 = 𝛼𝑡
2
, 0 ≤ 𝑡 ≤ 𝑡

𝑔
,

𝑄 = 𝑞𝐴max, 𝑡
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𝑑
,
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𝑡
𝑠

𝑡
𝑠
− 𝑡
𝑑
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𝑡

𝑡
𝑠
− 𝑡
𝑑

𝑄max, 𝑡
𝑑
≤ 𝑡 ≤ 𝑡

𝑠
,

(10)

where 𝑡
𝑔
= √𝑄max/𝛼 (s) is the time when the fire enters the

full developed phase (steady phase).
DD240 research has shown that when 80% of the fire

loads have been consumed, the fire enters the decay phase
[18]. In other words, the decay phase of the fire altogether
consumes 20% of the fire loads, while the growing phase and
the steady phase of the fire consume 80% of the fire loads,
which can be expressed as follows:
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3
𝑡
3

𝑔
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𝑑
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𝑔
)𝑄max,

(11)

where 𝐹
𝐿
(MJ) is the total fire load and the solution to 𝑡

𝑑
in

the simultaneous equations of (11) is

𝑡
𝑑
=

6𝑡
𝑠
+ 2𝑡
𝑔

9
=
6𝑡
𝑠
+ 2√𝑄max/𝛼

9
. (12)

As can be concluded from the above analysis, when the
growth coefficient, the maximum heat release rate, and the
duration of the fire are fixed, the mathematical models for
the growing phase, the full developed phase (steady phase),
and the decay phase of the fire can be determined. For the
analysis of structural fire resistance, fire duration is generally
defined as structural fire resistance, and the growth coefficient
and the maximum heat release rate of the fire are decided by
the designer according to architectural uses, fire load, type of
combustibles, and so forth.

3. LES of Smoke Temperature of Localized
Fire in Large Spaces

3.1. FDS Large Eddy Simulation Technology. In order to study
the smoke temperature fields in fire scenes with different heat
release rates, different building areas, and building heights,
a series of full-scale fire experiments needs to be carried
out for demonstration. Performing dozens of full-scale fire
experiments not only is costly and difficult to operate but
also can cause environment pollution, and, furthermore, the
experiment results are often affected by experiment envi-
ronment and laboratory instruments. The FDS technology
based on large eddy simulation technology has increased
the potential to solve such problems [19]. FDS technology
is applied based on the FDS software platform which is a
professional software launched by NIST (National Institute
of Standards and Technology) for fire smoke migration
analysis. An approximate formof theNavier-Stokes equations
appropriate for low Mach number applications is used in
the model of FDS. The approximation involves the filtering
out of acoustic waves while allowing for large variations in
temperature and density. When it comes to localized fires in
large-space buildings, the problems of heat and mass transfer
in FDS model fit the fundamental conservation equations,
such as conservation of mass, conservation of momentum,
transport of sensible enthalpy, and equation of state for a
perfect gas [18].

3.2. Accuracy Analysis. Scientific studies have shown that in
the case of scientific meshing, FDS large eddy simulation
technology can accurately predict the smoke temperature
distribution in fire scenes [20, 21]. To further demonstrate
the accuracy of FDS large eddy simulation technology, the
authors performed two full-scale localized fire experiments
in a large-space building which is 11 meters high, 20 meters
long, and 14meterswide.Diesel fuel as pool firewas placed on
weighing sensor and the camera captured images of the flame
and smoke layer. Thermocouples were disposed under the
ceiling 4m away from the fire source to measure the smoke
temperature, as shown in Figure 5. And the measuring range
of thermocouple is 0∘C∼200∘C with 0.4% allowable error. A
comparison of the experiment data of fire smoke temperature
and the prediction result obtained by application of FDS large
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Figure 6: Comparison diagrams of the experimental values of fire smoke temperatures and the prediction values obtained by FDS.

eddy simulation are shown in Figure 6. It can also be seen in
Figure 6 that by using FDS large eddy simulation technology,
the distribution of smoke temperature fields of localized fires
in large spaces can be accurately predicted [22].

4. Smoke Temperature Fields of Localized
Fires in Large Space

Using FDS large eddy simulation technology, this study inves-
tigated the distribution of smoke temperature fields in tens of
fire sceneswith different building heights (6m to 12m), build-
ing areas (1,500m2 to 10,000m2), and fire powers (2MW
to 25MW). FDS is a computational fluid dynamics (CFD)
model of fire-driven fluid flow.Themodel solves numerically
a form of the Navier-Stokes equations appropriate for low-
speed, thermally driven flow with an emphasis on smoke
and heat transport from fires. The partial derivatives of the
conservation equations of mass, momentum, and energy are
approximated as finite differences, and the solution is updated
in time on a three-dimensional, rectilinear grid. Thermal
radiation is computed using a finite volume technique on
the same grid as the flow solver. In simulation, large eddy
simulation model was used; mesh size of model is 0.25m ×

0.25m × 0.25m. Therein, the fire development model in the
fire scenes refers to the settings provided in Section 2.2. The
fire growth coefficient is set as 0.0346 kW/s2 by reference to
the bookcase fire experiment, the heat release rate per unit
area of the fire is set as 500 kW/m2, and the simulated fire
duration is 2 h. The simulation results showed that, in spite
of different temperature rise curves of fire smoke for various
fire scenes, the overall variation trends of the temperature
rise curves are identical and follow a certain rule. For large-
space buildings with a height greater than 6m and a building
areamore than 1500m2, the building height and building area

have relatively little effect on the curve trend of fire smoke,
while the power of fire source can significantly influence the
curve trend of fire smoke.

4.1. Basic Equations. By observing and analyzing tempera-
ture rise curves of localized fires in large spaces, the study
established the smoke temperature curvemodel for the whole
development process of localized fires:

𝑇
𝑔
= 𝑇
𝑚
× 𝑒
−(ln 𝑡−ln 𝑡

𝑑
)
2
/𝜛
1
+ 𝑇
0
, 𝑡 ≤ 𝑡

𝑑
,

𝑇
𝑔
= 𝑇
𝑚
× 𝑒
−(ln 𝑡−ln 𝑡
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)
2
/𝜛
2
+ 𝑇
0
, 𝑡 ≥ 𝑡

𝑑
,

(13)

where 𝑇
𝑔
(∘C) is the smoke temperature that changes with

time 𝑡 (s); 𝑡
𝑑
(s) is the time when the fire enters the decay

phase, determined by (12); 𝑇
𝑚
(∘C) is the maximum value

of smoke temperature at a certain location under the ceiling
during the whole process of the fire; 𝑇

0
(∘C) is the initial

environment temperature. 𝜛
1
and 𝜛

2
are the curve shape

coefficients of fire smoke during the development phase (fire
growing phase and steady phase) and decay phase of the fire,
respectively.

In the prediction model of smoke temperature curve
during the whole development process of localized fires
in large spaces (e.g., (13)), the maximum value of smoke
temperature 𝑇

𝑚
and curve shape coefficients 𝜛

1
and 𝜛

2
are

two leading factors in determining the curve trend of fire
smoke. Figure 7 shows how different maximum values of
smoke temperatures influence the temperature curves with
identical𝜛

1
,𝜛
2
, 𝑡
𝑑
, and𝑇

0
. Figure 8, on the other hand, shows

how different shape coefficients influence the curves of fire
smoke with identical 𝑇

𝑚
, 𝑡
𝑑
, and 𝑇

0
. As seen in Figure 8, the

shape coefficients 𝜛
1
and 𝜛

2
have determined the shapes of

the temperature curves.The greater𝜛
1
is, the faster the smoke



Mathematical Problems in Engineering 7

0 600 1200 1800 2400 3000 3600
0

100

200

300

400

500

600

700

Time (s)

Te
m

pe
ra

tu
re

 (∘
C)

Tm = 600
∘C

Tm = 500
∘C

Tm = 400
∘C

Tm = 300
∘C

Tm = 200
∘C

Figure 7: Effect of maximum temperatures on the temperature
curves (with identical 𝜛

1
, 𝜛
2
, and 𝑇

0
).

0 600 1200 1800 2400 3000 3600
0

100

200

300

400

500

600

0.04

0.08

0.12

Time (s)

20

4
8

12

0.20Te
m

pe
ra

tu
re

 (∘
C)

Figure 8: Effect of shape coefficients on the temperature curves
(with identical 𝑡

𝑚
, 𝑇
𝑚
, and 𝑇

0
).

temperature rises; the greater 𝜛
2
is, the slower the smoke

temperature drops.

4.2. Shape Coefficient. Shape coefficient is a key to determin-
ing the temperature curves of fire smoke. After the simulation
analysis of fire scenarios with different fire powers, building
heights, and building areas, the authors found that for large-
space buildings with a height greater than 6m and a building
area more than 1500m2, building height and building area
have exerted relatively little impact on the shape coefficient,
whereas the power of fire source can significantly influence
the value of the shape coefficient. Based on the inductive
analysis of the temperature curves of fire smoke in different
fire scenarios, the authors proposed the recommended values
of the shape coefficients for a typical localized fire (the fire
growth coefficient is 0.0346 kW/s2) in a large-space building
(with a height greater than 6m and a building areamore than
1500m2). For fire power of less than 5MW, the recommended
value of shape coefficient at the development phase and

the steady phase of the fire is 8, and that at the decay phase
is 0.08. For fire power of 5MW to 25MW, the recommended
value of shape coefficient at the development phase and the
steady phase of the fire is 6, and that at the decay phase is
0.08.

Figure 9 is a comparison diagram of the temperature
prediction curves of fire smoke and the results of FDS large
eddy simulation in some fire scenarios (three measurement
points: point number 1 is 4m away from centerline of fire
source, point number 2 is 8m away from centerline of fire
source, point number 3 is 12m away from centerline of fire
source) with no regard for the maximum temperature of fire
smoke based on recommended shape coefficients. It can be
seen from the comparison that, when using the appropriate
shape coefficient, the curves based on the prediction modes
can accurately predict the temperature field of fire smoke of a
localized fire in a large-space building.

4.3. Maximum Value of Smoke Temperature. As shown in
Figure 10, when a localized fire breaks out in a large space,
after the smoke plume impinges on the ceiling, the ceiling
surface causes the smoke plume to turn and move hori-
zontally under the ceiling to other areas of the building
remote from the fire position. Figure 11 is a typical temper-
ature distribution of smoke layer below the ceiling. From
Figure 11 it can be seen that the temperature of smoke layer
gradually decreases outward along the fire source, the smoke
temperature reaches its maximum at the plume centerline,
and smoke temperatures are relatively uniformly distributed
within a certain range around the plume centerline (inside
the black circle in Figure 11), and, furthermore, the smoke
temperatures away from the fire source show a significant
decreasing trend. Therefore, the smoke temperatures under
the ceiling exhibit a nonuniform distribution, and the smoke
temperature is correlated with factors such as the power of
the fire source, building characteristics, and the horizontal
distance between fire smoke and the center of the fire source.

Professor Du from Nanjing University of Science and
Technology in China studied the maximum value of smoke
temperature inside the building for a 2MW to 25MW fire
in a large-space building with a height of 4m to 20m and an
area of 500m2 to 600m2. It has been found that themaximum
value of the temperature of fire smoke at a location below the
ceiling can be expressed as [23]

𝑇
𝑚
= 𝑇

max
𝑔

× 𝑘
𝑠𝑚
, (14)

where 𝑘
𝑠𝑚

is the temperature correction coefficient and 𝑇max
𝑔

(∘C) is the maximum value of smoke temperature under the
ceiling right above the fire source. 𝑇max

𝑔
is dependent upon

factors such as fire power, building height, and building area.
It has been found from Professor Du’s fitting analysis of the
data that

𝑇
max
𝑔

= (
𝑄max
50

+ 80) − (
4𝑄max
10000

+ 3)𝐻

+
(52𝑄max/1000 + 598) × 10

2

𝐴
,

(15)
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Figure 9: Comparison diagrams of the predicted curves and the results of FDS large eddy simulation. In the figure, 𝑆 (m2) is the area,𝐻 (m)
is the building height, and 𝑄max (MW) is the maximum value of fire power.

Plume centerline

Peak temperature

Ceiling jet

Fire

Figure 10: Fire smoke migrations in a localized fire.

where 𝐴 (m2) is building area and 𝐻 (m) is building height.
The temperature correction coefficient 𝑘

𝑠𝑚
is correlated with

the horizontal distance between fire smoke and the center
of the fire source. Professor Du has presented the empirical
equation of the temperature correction coefficient:

𝑘
𝑠𝑚

= 𝜂 + (1 − 𝜂) 𝑒
(𝐷/2−𝑥)/7

, 𝑥 ≥
𝐷

2
,

𝑘
𝑠𝑚

= 1, 𝑥 ≤
𝐷

2
,

(16)

where 𝐷 (m) is the diameter of the fire source and 𝐷 =

√4𝑄/𝜋𝑞; 𝑥 (m) is the horizontal distance from the center of
the fire source; 𝜂 is the correction coefficient which depends
upon the factors of building height and area, as shown in
Table 2.
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Figure 11: Temperature distribution of fire smoke layer of a typical building fire in a large space.

Table 2: Value for 𝜂.

Building area
(m2)

Building height (m)
6 9 12 15 20

500 0.60 0.65 0.70 0.80 0.85
1000 0.50 0.55 0.60 0.70 0.75
3000 0.40 0.45 0.50 0.55 0.60
6000 0.25 0.30 0.40 0.45 0.50

5. The Modified Model of Steel Temperature
Development in Localized Fire

5.1. The Energy Balance Equation. As shown in Figure 1, a
localized fire in large enclosure transfers smoke radiation,
smoke convection, and flame radiation heat to the steel as
shown in (17). Although the steel member can also exchange
heat with other structural parts which are at different temper-
atures in the room by thermal radiation, the radiation shape
factor and temperature difference between steel and other
structural parts are lower than fire smoke. Thus exchanged
heat between steel member and other structural parts could
be neglected on the predicted structural temperature evolu-
tion. It is assumed that the steel members are black bodies
and there are no temperature gradients along or across the
components. The assumption is conveniently made to study
the heat transfer between the steel and the localized fire:

𝑄
𝑠
= 𝑄
𝑔𝑟
+ 𝑄
𝑓𝑟
+ 𝑄
𝑠𝑐
, (17)

where 𝑄
𝑠
is the net heat transfer rate (W), 𝑄

𝑔𝑟
is the smoke

radiation heat transfer rate (W), 𝑄
𝑓𝑟

is the flame radiation
heat transfer rate (W), and 𝑄

𝑠𝑐
is the smoke convention heat

transfer rate (W).
Meanwhile steel is a good conductor with less than 0.1

Biot number, so we can use the lumped heat capacity method

to model the temperature development of steel members in
fire. The energy balance equation is built as follows.

𝑄
𝑠
= 𝑉
𝑠
𝜌
𝑠
𝐶
𝑠

𝑑𝑇
𝑠

𝑑𝑡
, (18)

where 𝜌
𝑠
is the density of steel (kg⋅m−3), 𝑇

𝑠
is the steel tem-

perature (∘C), and 𝐶
𝑠
is the specific heat of steel (J/(kg⋅∘C)).

5.2. The Smoke Net Heat Flux to Steel. As discussed above,
the smoke net heat flux to steel contains two parts: radiation
heat flux and convention heat flux. And as stated in previous
investigations, radiation heat flux and convention heat flux
from smoke could be separately evaluated by (1).

5.3. The Flame Net Heat Flux to Steel. Localized fire in large
space could be treated as one point source located at the
center of fire flame stated in the SFPE handbook, and it is
customary to model the flame by a point source to predict
the thermal radiation field of flames.Thepoint source releases
heat to the global surrounding and the incident radiation heat
flux one target received could be evaluated as follows:

𝑞 =
𝑄

12𝜋𝑅
2
, (19)

where 𝑅 is the distance from the point source, 𝑝, to the target
(m). The 𝑝 point is at the center of the fire surface and at the
midheight of the flame. Flame height is calculated using𝐻

𝑓
=

−1.02𝐷 + 0.235𝑄
2/5.

Not all the steel external surface could receive heat
radiation flux from flame, so one shape factor 𝛾 should be
proposed to correct the effective surface area. Meanwhile,
part of incident radiation heat flux would be absorbed by the
smoke layer, so the radiation flux the steel member received
from flame should be corrected as (1 − 𝑎

𝑔
)𝑞, where 𝛼

𝑔
is the

absorptivity of smoke layer.
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Thus the effective flame radiation flux which the steel
member received through the smoke layer in fire could be
evaluated by the following equation:

𝑄
𝑓𝑟
=

𝐹
𝑠
𝛾𝑄 × (1 − 𝑎

𝑔
)

12𝜋𝑅
2

. (20)

5.4. The Model for the Steel Temperature Development in
Localized Fire. Based on the discussion above, the steel
temperature development in localized fire could be evaluated
by the following equation:

Δ𝑇 =
𝐹
𝑠
Δ𝑡

𝑉
𝑠
𝜌
𝑠
𝐶
𝑠

[𝜎
0
𝜀 ((𝑇
𝑔
+ 273)

4

− (𝑇
𝑠
+ 273)

4

)

+𝛼
𝑐
(𝑇
𝑔
− 𝑇
𝑠
) +

𝛾𝑄 (1 − 𝑎
𝑔
)

12𝜋𝑅
2

] .

(21)

6. Case Study

To illustrate application of the new approach given above
to predict the smoke temperature and steel temperature, an
example for giving fire scenario is provided. A localized
fire broke out in a large-space building with a height of
6m and a building area of 3000m2. The fire growth coeffi-
cient is 0.0346 kW/s2, the heat release rate per unit area is
500 kW/m2, and the maximum heat release rate is 7.5MW.
The fire lasted for 2 h and the ambient temperature is 20∘C.
Now the new approaches are applied to predict the smoke
temperature curve and steel temperature curve under the
ceiling at a distance of 12m from the centerline of the fire
source. And the basic parameters of steel components are
𝐹
𝑠
/𝑉
𝑠
= 35m−1, 𝜀 = 0.8,𝛼

𝑔
= 0.5, 𝛼

𝑐
= 25,𝜌

𝑠
= 7850 kg⋅m−3,

𝛾 = 0.5, and 𝐶
𝑠
= 480 J/(kg⋅K).

First, according to (9), (10), and (12), we decide on the fire
development model, as follows:

𝑄 = 0.0346𝑡
2
, 0 ≤ 𝑡 ≤ 466,

𝑄 = 7500, 466 ≤ 𝑡 ≤ 2504,

𝑄 = 24635 − 6.84𝑡, 2504 ≤ 𝑡 ≤ 3600.

(22)

According to (15), we can determine the maximum value
of the smoke temperature under the ceiling right above the
fire source:

𝑇
max
𝑔

= (
7500

50
+ 80) − (

4 × 7500

10000
+ 3) × 6

+
(52 × 7500/1000 + 598) × 10

2

3000
= 227 (

∘C) .
(23)

According to (16) and Table 2, we can further determine
the temperature correction coefficient 𝑘

𝑠𝑚
:

𝑘
𝑠𝑚

= 0.4 + (1 − 0.4) × 𝑒
(4.37/2−12)/7

= 0.548, (24)

where the diameter of the fire source 𝐷 = √4𝑄/𝜋𝑞 =

√(4 × 7500)/(𝜋 × 500) = 4.37m.
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Figure 12: The predicted curve based on the new approach is
basically consistent with the FDS simulation results.

Therefore, the maximum value of smoke temperature
under the ceiling at a distance of 12m from the centerline of
the fire source during the whole process of the fire is

𝑇
𝑚
= 𝑇

max
𝑔

× 𝑘
𝑠𝑚

= 227 × 0.548 = 124 (
∘C) . (25)

Since the fire power is 7.5MW, the shape coefficient
at the growing phase and the steady phase of the fire is
recommended as 6, and the shape coefficient at the decay
phase is recommended as 0.08. The temperature reaches its
maximum at 2504 s, and the ambient temperature is 20∘C.
Thus, the smoke temperature curve under the ceiling at a
distance of 12m from the centerline of the fire source can
be represented as (26). Figure 12 is a comparison diagram of
the temperature prediction curves based on the new approach
and the results of FDS large eddy simulation in the case. From
Figure 12, we can see that the predicted curve based on the
new approach is basically consistent with the FDS simulation
result which is far lower than the ISO 834 curve. We have

𝑇
𝑔
= 124 × 𝑒

−(ln 𝑡−ln 2504)2/6
+ 20, 𝑡 ≤ 2504,

𝑇
𝑔
= 124 × 𝑒

−(ln 𝑡−ln 2504)2/0.08
+ 20, 𝑡 ≥ 2551.

(26)

According to (21), we can determine the steel temperature
curve as (27), shown in Figure 13. From Figure 13, we can see
that the steel temperature still rises in the decay phase and the
maximum value of steel temperature appears in this phase.
We have

Δ𝑇 =
35Δ𝑡

3768000
[5.67 × 10

−8
× 0.8

× ((𝑇
𝑔
+ 273)

4

− (𝑇
𝑠
+ 273)

4

)

+ 25 (𝑇
𝑔
− 𝑇
𝑠
) + 429] .

(27)
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Figure 13: Steel temperature predicted by proposed methods in this
paper.

7. Conclusion

A new approach and a modified model are put forward to
accurately predict the smoke and steel temperature develop-
ment in a large-space fire. These conclusions and experiment
data obtained in this paper could provide valuable reference
to fire simulation, hazard assessment, and fire protection
design. Based on this research, the following conclusions can
be drawn.

(1) Based on the full-scale bookcase fire experiment, this
paper proposed a fire development model for the whole
process of localized fires in large-space buildings. The whole
process of a fire includes growing phase, steady phase, and
decay phase. Among them, the heat release rate of the fire at
the growing phase increases following the rule of the 𝑡2 fire
model; the heat release rate remains constant at the steady
phase, whereas it linearly decreases at the decay phase. This
model can more accurately and comprehensively reflect the
developmental characteristics of localized fires in large-space
buildings. In addition, the paper argues that, for localized
fires in large-space buildings full of wooden combustibles, fire
growing phases can be simplified into a 𝑡2 firewith the growth
coefficient of 0.0346 kW/S2.

(2) Based on the fire development model for the whole
process of localized fires in large-space buildings and assisted
by the technology of FDS large eddy simulation, the tem-
perature fields of fire smoke of localized fires in large spaces
were investigated with different building heights, building
areas, and fire powers. It has been found that for large-space
buildings with a height greater than 6m and a building area
more than 1500m2, factors like building height and building
area can slightly affect the curve trend of smoke temperature,
while such factors like fire power have more significant
influence on the curve trend of smoke temperature. Through
the analysis of temperature curves of fire smoke in various
fire scenarios, the paper proposed a whole-process prediction
model for the smoke temperature fields of localized fires in

large-space buildings. As long as the model uses the appro-
priate shape coefficient, the prediction model can accurately
predict the temperature fields of fire smoke of localized fires
in large-space buildings.

(3) The heat transfer between the steel and the flame is
ignored in the past steel researches. Nowbased on the lumped
heat capacity method, a modified model of steel temperature
development in localized fire is built. In the new model, the
localized fire source in large space is treated as one point fire
source to evaluate the flame net heat flux to steel which is
firstly taken into consideration.
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[4] F. Wald, M. Chladná, D. Moore, A. Santiago, and T. Lennon,
“Temperature distribution in a full-scale steel framed building
subject to a natural fire,” Steel and Composite Structures, vol. 6,
no. 2, pp. 159–182, 2006.

[5] T. R. Kay, B. R. Kirby, and R. R. Preston, “Calculation of the
heating rate of an unprotected steel member in a standard fire
resistance test,” Fire Safety Journal, vol. 26, no. 4, pp. 327–350,
1996.

[6] L. Gardner and K. T. Ng, “Temperature development in struc-
tural stainless steel sections exposed to fire,” Fire Safety Journal,
vol. 41, no. 3, pp. 185–203, 2006.

[7] T. Z. Harmathy and M. A. Sultan, “Correlation between the
severities of the ASTM E119 and ISO 834 fire exposures,” Fire
Safety Journal, vol. 13, no. 2-3, pp. 163–168, 1988.

[8] ASTM, Standard Methods of Fire Tests of Building Construction
and Materials (ASTM Standard E119-05), American Society for
Testing and Materials, West Conshohocken, Pa, USA, 2005.

[9] I. F. R. Tests, Elements of Building Construction, ISO-834, Inter-
national Organization for Standardization, Geneva, Switzer-
land, 1975.

[10] C. R. Barnett, “Replacing international temperature-time
curves with BFD curve,” Fire Safety Journal, vol. 42, no. 4, pp.
321–327, 2007.



12 Mathematical Problems in Engineering

[11] A.H. Buchanan, StructuralDesign for Fire Safety, vol. 273,Wiley,
New York, NY, USA, 2001.

[12] C. Gutiérrez-Montes, E. Sanmiguel-Rojas, A. Viedma, and G.
Rein, “Experimental data and numerical modelling of 1.3 and
2.3MWfires in a 20m cubic atrium,”Building and Environment,
vol. 44, no. 9, pp. 1827–1839, 2009.

[13] G. Zhang, G. Zhu, and L. Huang, “Experiment and theoretical
model for the temperature development in steel members
exposed to fire in the large space building,” Journal of China
University of Mining and Technolgy, vol. 42, no. 3, pp. 370–374,
2013.

[14] C. L. Shi, M. H. Zhong, T. R. Fu, L. He, and R. Huo, “An
investigation on spill plume temperature of large space building
fires,” Journal of Loss Prevention in the Process Industries, vol. 22,
no. 1, pp. 76–85, 2009.

[15] F. Wald, L. Simões da Silva, D. B. Moore et al., “Experimental
behaviour of a steel structure under natural fire,” Fire Safety
Journal, vol. 41, no. 7, pp. 509–522, 2006.

[16] SFPE Handbook of Fire Protection Engineering, National Fire
Protection Association, Quincy, Mass, USA, 1988.

[17] National Fire Protection Association, NFPA 204: Standard For
Smoke and Heat Venting, National Fire Protection Association,
2002.

[18] K. B. McGrattan and G. P. Forney, Fire Dynamics Simulator:
User’s Manual, US Department of Commerce, Technology
Administration, National Institute of Standards and Technol-
ogy, 2000.

[19] W. Xue and G.-J. Zhang, “FDS fire simulation and application,”
Jilin Forestry Science and Technology, vol. 6, pp. 4–8, 2006.

[20] T. G. Ma and J. G. Quintiere, “Numerical simulation of axi-
symmetric fire plumes: accuracy and limitations,” Fire Safety
Journal, vol. 38, no. 5, pp. 467–492, 2003.

[21] T.-S. Shen, Y.-H. Huang, and S.-W. Chien, “Using fire dynamic
simulation (FDS) to reconstruct an arson fire scene,” Building
and Environment, vol. 43, no. 6, pp. 1036–1045, 2008.

[22] G. Zhang, G. Zhu, G. Yuan et al., “Temperature model of steel
members exposed to thermal radiation and fire in large space
building,” Journal of Harbin Institute of Technology, vol. 45, no.
6, pp. 96–101, 2013.

[23] Y. Du and G. Li, “A new temperature-time curve for fire-
resistance analysis of structures,” Fire Safety Journal, vol. 54, pp.
113–120, 2012.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Problems 
in Engineering

Hindawi Publishing Corporation
http://www.hindawi.com

Differential Equations
International Journal of

Volume 2014

Applied Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Probability and Statistics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Optimization
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Combinatorics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Operations Research
Advances in

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Function Spaces

Abstract and 
Applied Analysis
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Algebra

Discrete Dynamics in 
Nature and Society

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Decision Sciences
Advances in

Discrete Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014 Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stochastic Analysis
International Journal of


