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ABSTRACT: For large-space steel structures in fire, an accurate temperature field model is essential to predict the
temperature distribution for response analysis of the structure. Based on the field model theories of air
thermodynamics and heat transfer, the combustion process and temperature distribution of large-space steel structures
in fire were analyzed in this paper. The temperature field model of large-space fire, including fire source, smoke
plume and smoke layers models, was established. Closed form formulas were developed to predict the air
temperature, within its application limit, near the ceiling of large-space steel structures in fire. The accuracy of the
formulas was verified by comparing with results obtained from numerical method based on field models. This
research provides an important theoretical basis for further studying the behavior of large-space steel structures in
fire.

Keywords: Large-space steel structures, fire, temperature field, computational method, numerical simulation,
thermodynamics, heat transfer

1. INTRODUCTION

Structures would be affected by fire, through energy transferred from uncontrolled combustion
process. In large space fire, structures are firstly affected by heat from convection and radiation,
and then the rise of structural temperature leads to additional thermal stresses due to boundary
constraints and sharp decline of structural stiffness and strength. Under the influence of these
combined actions and effect of materials in high temperature, structural damage or collapse may
occur. One of the most significant preconditions of the whole process of analysis and design of
large-space steel structures in fire is to establish an accurate temperature field model in fire to
predict the temperature distribution in large structure.

Nowadays, researches on temperature field model are mostly focused on indoor small space fire,
while studies on large space fire are not enough. Large space fire have many different attributes and
features compared to indoor small space fire such as huge volume, higher space height, full
combustion, faster air flow rate, larger heat distribution gradient, obvious local effects, and further
distance from structural elements to fire source (Fan et al. [1]; Yu et al. [2]). Therefore, there may
be great differences in the temperature field model for large and small space fire. Based on research
findings by Li and Du [3], Xue et al. [4], Cooper [5] and Venkatasubbaiah and Jaluria [6], there are
four available methods to establish air temperature field model in fire:
(1) The standard ISO834 fire, which is mainly suitable for indoor small space or compartment fire.
(2) Live fire test measuring method, which is mainly applicable to indoor large space fire. However,
the testing is very rather costly, and the restricted test parameters often limit their applications.
(3) Analysis method based on zone models, which tend to be more accurate for fire at the initial fire
development stage. However as the fire develops into a more mature stage, calculation
deviation tends to accumulate leading less accurate prediction of temperature field.
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(4)Numerical simulation method based on field models, which can accurately predict, in time and
space, air temperature rise in a large space fire. This method may provide reliable analysis of
temperature rise in structural members, and is applicable of capturing the entire process of
combustion for the purpose of structural analysis at elevated temperature.

On the basis of theories on combustion, fluids and heat transfer, the motion of hot smoke and heat
transfer of fire were analyzed in this paper, and the laws in combustion process were revealed. In
addition, a mathematical model of air temperature field in large space fire was built. Finally, closed
form formulas to predict the air temperature near the ceiling of large-space steel structures in fire
was proposed.

2. COMBUSTION CHARACTERISTICS OF LARGE SPACE FIRE

A large space fire mainly undergoes four phases of combustion: initial growth, full development,
stable burning and decay, among which the full development phase is the most important one as it
has a profound influence on the temperature distribution and response of structure in large space
fire. In this phase, as fire continues and flame height constantly increases, the hot air mixed with
carbon black produced during combustion continually rises under the action of buoyancy, and
forms a cylindrical smoke plume, as displayed in Figure 1. For large space fire which shows
tendency towards stabilization, its temperature field model mainly includes models of fire source,
smoke plume, and smoke layer.
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Figure 1. Sketch of Full Development Phase of Large Space Fire
2.1 Combustion Characteristics of Fire Source

Fire source is the only energy source in combustion process, and it exchanges heat with the air
primarily by means of convection and radiation. The total heat amount released from fire source is
the decisive factor of the temperature field.

The radiation heat generally comes from carbon black produced during combustion. In the initial
phase of combustion, there is only 10 percent of the total heat released from fire source, because of
relatively low indoor temperature. However, as temperature rises, and a large number of carbon
black has been produced, the maximum radiation heat can reach about 15% ~20% of the total heat
amount (Floyd et al. [7]; Chow and Yin [8]). In this paper, the radiation heat is taken as 20% of the
total heat, and the convective heat is regarded as 80% of the total heat. Assuming the total heat
amount released from fire source is Q , the convective heat and radiation heat will be

Q. and Q, respectively, and then it is obvious thatQ =Q, +Q,, andQ_ = 0.8Q .

2.2 Temperature Distribution of the Smoke Plume

As smoke plume rises, its volume expands by entraining surrounding cold air, pushing the
boundary layer outwards, as shown in Figure 2. Assuming that the indoor air is isotropic and the
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fire source is axisymmetric, the smoke plume will be similar to an inverted axisymmetric cone. The
temperature distribution of smoke plume can be described as follows: (1) the highest temperature
always locate in the centre whatever the cross section, and it decreases gradually to the lowest
(approximately equals to room temperature) in the boundary layer, as displayed in Figure 2 (a), and
(2) along the vertical direction, the centreline temperature falls down gradually with the height
increasing, as shown in Figure 2 (b).

Center line Center line

“I_Boundary layer 3 [ Boundary layer

Fire source- Fire source
(a) Cross section (b) Centreline
Figure 2. Air Temperature Distribution of Smoke Plume

In the process of combustion, the relevant parameters of smoke plume, such as flow rate,
temperature, and the density distribution, can be accurately simulated through fluid theory. The
precondition of forming a stable smoke plume in large space fire is that the ceiling has a certain
height. For large-space steel structures, if the height of ceiling exceeds 10m an obvious smoke
plume will be developed (Li and Du [9]; Huang and Wen [10]).

2.3 Temperature Distribution of Smoke Layer

After the rising smoke plume collides with the ceiling of a large-space steel structure, an impact
area is firstly formed, as illustrated in Figure 3. Additionally, the smoke plume moves horizontally
to two sides, and the smoke layer is formed. The smoke layer contains most of the convective heat
released from the fire source. Therefore, for large-space steel structures, the temperature of
structure and components are influenced by temperature distribution of the smoke layer directly. It
is important to capture the temperature distribution of this smoke layer for the analysis of structural
fire resistance.

The temperature distribution law in smoke layer can be described as follow (Shi et al. [11]; Cooper

and Stroup [12-13]):

(1) The temperature declines step by step from the centreline of impact area to surrounding areas.
The impact area exhibits great air temperature gradient along horizontal direction, and obvious
local effects.

(2) As burning continues, the smoke layer accumulates more heat and increases its thickness
gradually.

(3) For thickness direction of the smoke layer, the temperature falls down gradually as the height
decreases, until it meets the indoor temperature.

(4) With heat release rate declining, the increment of temperature and thickness gradually drops,
and the smoke layer comes to be stable.

Figure 3 illustrates the temperature distribution of the smoke layer at the ceiling of large-space steel
structures.
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Figure 3. Temperature Distribution of the Smoke Layer

3. TEMPERATURE FIELD MODEL OF LARGE SPACE FIRE
3.1 Model of Fire Source

The fire source model is defined as the relationship between the heat release rate and the burning
time. The crucial parameters include the fire load density, the burning rate of the fire source, the
maximum heat release rate, the burning area, the flame height, and the burning time. However, the
complex combustion process with great randomness in variety, mass, and distribution of the
combustibles, makes it difficult to determine the fire source model, and parameters precisely.
Nowadays, the method combines mathematical statistics with experimental research is widely
adopted by researchers in this field.

3.1.1 Fire load density

Fire load density Q. is defined as the heat released by the fire source per unit burning area per unit

time, which depends on the variety, mass and distribution of the combustibles. Relevant statistical
analysis of fire date by Harmathy [14], Anon [15], and Vrouwenvelder [16) revealed that there is a
great difference in the value of fire load density for various building functions, such as residence,
office, and school, in different countries.

Sunil and Kameswara [17] prescribed that the fire load density could be taken as ¢, = 500 kJ/ m” for
malls and other public places, as well as warehouses of supermarkets. The large space structures
studied in this paper are public buildings for commercial use, so the fire load density is chosen as
gy = 500kJ/m”> .

3.1.2  Burning rate of the fire source

The burning rate of the fire source reveals the relationship between heat release rate of the fire
source and burning time, which depends on the variety of combustibles and the indoor ventilation
conditions. Considering large space fire, the heat release rate of the fire source is basically
proportional to the square of burning time (Harmathy and Mehaftfey [18]), expressed by

at’ 0<t<t

Q) ={Qm >t ()

where Q(t) is the heat release rate of the fire source at a certain time (MW), Q__ is the

max

maximum heat release rate of the fire source (MW), « is the increasing coefficient of the heat
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release rate (kW/ s> ), which is determined according to the fire growth rate in Table 1, and t is the

burning time (s); t =4/Q,,, /a s the time of the heat release rate reaching the maximum value(s).

Table 1. Increasing Coefficient of Heat Release Rate « (kW/ s*)

Burning rate of the fire Slow Medium Fast Very fast
source
Coefficient « 0.002931 0.011270 0.046890 0.187800

3.1.3 Maximum heat release rate

The maximum heat release rate Q_ is influenced by the variety of combustibles, the building

function, and the fire-fighting facilities. In this paper, based on the research findings from She [19],
the values of Q__ are taken as SMW, 10MW, 15MW, 20MW, e and 25MW respectively which

corresponding to different building enclosures as illustrated in Table 2.

Table 2. Maximum Heat Release Rate for Different Building Enclosures

Values of . . Fire-fighting .
Q. Fire severity facility Building Enclosures
5 MW Mild W1th Wg1t1pg room, gymnasium and other public
sprinkler buildings
10 MW Medium No sprinkler Wg1t1pg room, gymnasium and other public
buildings
) With Shopping malls, supermarkets, warehouses,
15 MW Relatively severe sprinkler libraries and other large space buildings
2OMW Severe No sprinkler Shoppmg malls, supermarkets,' Warehouses,
libraries and other large space buildings
o large-space steel structures that contain a large
25 MW | Extremely severe number of flammable and explosive chemicals

3.1.4 Burning area and flame height

The spread of the burning surface is affected by many factors with certain randomness. In order to
simplify the calculation, it is assumed that the boundary of the fire source in large space fire
advances to all directions at the same rate, and the burning surface has the same heat release rate.
Therefore, the shape of the fire source model can be regarded as an axisymmetric cone [20], which
is shown in Figure 4. The burning area and the flame height per unit time can be obtained as

A=7r(D/2)’ =Q(t)t/q, ; L=0.235Q(t)*°-1.02D (2)

where A is the burning area of the fire source per unit time (m?); D is the diameter at the bottom
of the fire source model per unit time (m); L is the flame height per unit time (m); t represents the
burning time, which is taken as 1s.
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Figure 4. Simplified Model of the Fire Source

When the maximum heat release rate is reached, for example,Q(t)=Q,,., AandL for different

fire scenarios can be obtained from Eq. 2.
3.1.5 Burning duration

The burning duration t is defined as the total time taken from the initiation of the fire to its
natural extinguishment, as shown in Figure 5 (a).

Based on the principle of energy conservation, the total amount of heat released from the fire
source should be equal to the integral of the heat release rate Q(t) throughout the burning
duration, which is demonstrated as the shaded area in Figure 5 (a). In order to simplify calculation,

the descending curve in the extinguishing phase may be approximated by an equivalent vertical line
according to the conservation of the total heat, as shown in Figure 5 (b).

Q(t) A(kW/s) Stable burnmg Q) k (kW/s)
phase
Qmax 777777
Development Extlngulshlng
phase phase at? ;
\
N\
0 tm 1(s) o tp tm  (s)
(a) Actual model (b) Simplified model

Figure 5. The Relationship between Heat and Duration of Fire

From Figure 5 (b), the total amount of heat J released from the fire source can be derived by solving
the integral of Eq. 3.

J=g.A=["Qyt=["atdt+["Q, dt=at}/3+Q,, (t,-t,) 3)
in which
t, =t, +(qA-at) /3)/Q,,, 4)

where A=Z(miqi)/ g: 1is the equivalent area after normalizing the heat release rate of all

combustibles according to q,; m. and @, are, respectively, the total mass of the i type of

combustibles (kg), and the heat release rate per unit mass (kJ/kg ).
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Based on the test data from Chow et al. [21] and William [22], for large space fire the total mass of
combustibles ranges from 200 to 2000 kg and the average heat release rate per unit mass is

approximately 25x 10’ kJ/kg . In addition, corresponding to five values of Q__ = SMW, 10MW,
ISMW, 20MW, and 25MW, the burning duration t_ for different mass of combustibles and

different fire growth rates can be calculated from Eq. 4. The calculation results are shown in Figure
6.

The results in Figure 6 demonstrate that the burning duration t_ would rarely exceed 80 minutes

(see curves of FS-10, VS-25 and so on), if the total mass of combustibles is lower than 2000kg.
Only when the value of Q__ is SMW, and the mass of combustibles exceeds 1400kg, the burning

max

duration t_can reach and even more than 120 minutes (see curves of SS-5, MS-5, FS-5, and VS-5).

Therefore, it is proposed that the burning duration of large space fire can be taken conservatively
ast =120min.

3.2 Model of Smoke Plume

The smoke plume model mainly depends on the distribution in time and space of flow rate, density,
temperature, and other state parameters of the smoke, as shown in Figures 7 (a) to (¢). According to
previous discussion, the shape of the smoke plume is similar to an inverted axisymmetric cone, and
thus its motion equation can be derived with the cylindrical coordinates system. The rising direction
and the radial direction of smoke plume are assumed as the z and r axis respectively, and the
corresponding flow rates to two axes are u and v separately. Based on the principles of mass
conservation (the continuity equation), momentum conservation (the motion equation), and energy
conservation (the energy equation) of the smoke plume, the differential equations of smoke plume
are obtained as follows (Motevalli [23]; Zukoski et al. [24]).

200
—+—SS5 —®—MS5 —&—FS5
180 |—8—VS-5 -%-SS-10 -~ MS-10 =
~0--FS-10 -0~ VS-10 - & - SS-15 =
160 [|-m--MS-15 --4:- FS-15 -8~ VS-I5 = =
140 ||+ 5520 ~x-- MS-20 ~-o- FS-20 = =
—6—VS-20 ---A-- $S-25 --®-- MS-25 //
L|-a 25 8- VS- =
) 120 A-- FS-25 VS-25 :/:
E 100
g
= 80
60
40
20 K
.

200 400 600 800 1000 1200 1400 1600 1800 2000
The total mass of combustible (kg)

Figure 6. The Burning Duration of Firet

(SS represents slow, MS represents the medium, FS represents fast, VS represents very fast, as
shown in Table 1)
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Figure 7. Actual Distribution of State Parameters

Continuity equation: ou/oz+ov/or+v/r=0 (5a)

Motion equation: u au +V N =—0- 1o _ li(rW) (5b)
oz or p oL ror

Energy equation: UEWLVE: —lg(ruAT), up V‘M—p:—lg(r@) (5¢)
0z or ror 0z or ror

where AT =T -T, Ap=p,—p.

Considering a unit volume of the smoke along the symmetry axis, the differential equations are
solved with boundary conditions and assumptions. The air temperature T_ along the centreline of

m

the smoke plume can be expressed as (Gershuni et al. [25]):

T, =T, +1120V [(p, - p,)a/p, ]2 (T,-T.) (6)

where T_ is the air temperature at the point where the vertical distance along the centreline is z
from the fire source (°C); T, is the air temperature of the burning surface (°C); T, is the indoor
temperature (°C); p,andp, are, respectively, the density of the surrounding air, and the initial

density of the burning surface (kg/ m’); g is the acceleration of gravity (rn/s2 ); V, is the
volume flux across a certain cross section of the smoke plume.

Assuming that the heat release rate on the burning surface is evenly distributed, the rising velocity,
density, and temperature of the surrounding air would also approximately follow uniform
distribution, as demonstrated in Figures 8(a) to (c). Ignoring the influence of the sudden change of
the parameters around the circumference of the burning surface, the following formula can be
obtained.

Q.=qAt=c m, (T,-T,) (7)

where Q_ is the convective heat release rate of the fire source ; At is the time duration of the
heating process; c, is the coefficient of the specific heat at constant pressure for air; m, is the

mass of the heated air, and ( is the heat release rate of the fire source per unit area.
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Figure 8. Simplified Distribution of State Parameters

It can be obtained from Figure 8(a) that m, = b u,Atp,,V, = nbju,. Introducing them into Eq. 7,
the following relationship can be obtained:

q=Cmbuon(T,=T.)  Vo=0/c,p0(T,~T,) ®

Introducing Eq. 8 into Eq. 6, the following formula can be derived.

1/3
T,=T,+1121x fa(ZTO —L) | grags 9)
gc, 0, (L. = Po)

Introducing a virtual temperature source, which is demonstrated in Figure 9, the burning area can
be extended from a unit area to the whole surface. Therefore, replacing the heat release rate per unit
area q with the total heat release rate Q,in Eq. 9, the air temperature can be expressed as:

1/3
T,=T, +11.21x 'L;"‘(ZTO_Ta) Q2 (z+1z))7" (10)
9c, 0, (P, = Po)

where z, is the vertical distance between the virtual temperature source and the fire source. Using
Eq. 10 andT_ =T,, the position of the virtual temperature source is expressed by

2 1/5
2, = 426 x| — PO . (11)
gcpp() (pa - po)(To _Ta)

Velocity
boundary

Temperature \
boundary T, \,

. N
Radiusof _\D | //
f' /I Z0
ire source 37| //

W/ r
Temperature x|/

virtual source” Y/

Figure 9. Distribution of Temperature in the Smoke Plume
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According to the parameter changes with temperature of thermal physical properties of air at
normal pressure, and the burning test results of different combustibles (Guan[26]), the flame

temperature of most fibrous combustibles is 1200°C . Therefore introducing T, =1200°C ,
p, =0.2322kg/m’ , p,=1.1614kg/m’ , ¢ =1230kJ/m’, T,=23°C, g=9.8m/s’, and
Q. =0.8Q into Eq. 10 and 11, the following formulas can be obtained.

T =T, +119.15xQ* (2 +2,)"" (12a)
z,=0.25Q%*" (12b)

Based on the similarity principle of the smoke plume model (Fang et al. [27]), the distribution of
temperature difference can be described as follow.

AT/ATm = (Tr _Ta)/(Tm _Ta) = eXp[_Pr(r/b)z] (13)

where T is the air temperature of the smoke plume (°C); Pr is the Prandtl number of air, which

may be taken as 0.72 according to Guan [26]; bis the half width of the temperature field at the
position where the vertical distance is z from the fire source, b=0.102x(z+z,). Introducing Eq.

12a into Eq. 13 yields:
T =T +exp[—67.28x */(z+ zo)z}[lw.lstj“(z +2,)°"] (14)

By varying the total heat release rate Q, as SMW, 10MW, 15MW, 20MW, and 25MW, and the
vertical height z from 0 to 20m, air temperature of the smoke plumeT_along the centreline of the

fire source can be obtained from Eq. 12a and Eq. 12b and they are plotted in Figure 10. Figure 11
plots the results of the radical temperature profile of the smoke plume using Eq. 14.
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Figure 10. T —z Curves of Smoke Plume along the Centreline of Fire Source
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Figure 11. T, —r Curves of Smoke Plume at Different Heights forQ, = 20MW

According to Eq. 15a and Eq. 15b, the maximum centreline flow rate of the hot air u_ can be

solved.
v:i—Vv2 =2a Ah (15a)
v, =V , +a At (15b)

where vV and Vv , is the flow rates of air at different heights of the smoke plume; ¢, is the

rising acceleration of the smoke plume; Ah and At are, respectively, the height step, and the
time step for iteration.

Considering the value of total heat release rate Q, as SMW, 10MW, 15MW, 20MW, and 25MW

respectively, and the vertical height z ranges from 0 to 20m, based on Eq. 15a and Eq. 15b, the
maximum centreline flow rate u_ of the hot air in the smoke plume can be solved with iteration

method, as displayed in Figure 12.

The curves in Figure 12 demonstrate that u_ is basically in linear relationship with the logarithm
of height z. With data fitting, as displayed in Figure 12, the maximum flow rate u_ can be
expressed as follows.

u,=CInz+C, (16)

where C, and C,are the fitting coefficients, their values are demonstrated in Table 3.
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Figure 12. u_ —z Curves (Where Ln is the Fitting Curves)
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Table3. The Value of C,and C,

Total heat release rate Q, SMW 10MW I5SMW 20MW 25MW
CoefficientC, 2.3203 2.7632 3.0468 3.2587 3.4289
CoefficientC, 6.4346 6.7976 6.9729 7.0789 7.1501

Based on the similarity principle of the smoke plume model (Harmathy and Mehaffey [18]), the
following formula can be obtained.

u/u,, = exp[—(r/b)’] (17)
where u represents the air flow rate of the smoke plume at a certain time.

Introducing Eq. 16 into Eq. 17, solving the integral, the relationship between U and u_along the
centreline can be expressed as

— 1 2n
u=—

b2 Jo jobumexp(—l’z/bz)rdedr=(1—e_])Um=(1—e_])(clan+C2) (1o
T

3.3 Model of Smoke Layer

In large space fire, the hot air flow is primarily divided into three areas: the smoke plume area, the
impact area, and the ceiling jet area, which are demonstrated in Figure 13. In area A, the flow
characteristics and the temperature distribution are detailed in section 3.2. In area B, the motion
direction of the smoke plume changes significantly, which creates certain pressure gradients. The
smoke in the top of this area flows nearly parallel to the ceiling. In area C, the hot smoke
continually diffuses to surrounding areas from the centreline of the fire source as the circle centre.

3.3.1 Air temperature distribution of impact area

The temperature, flow rate, density, and pressure of the hot smoke change significantly in the
impact area. According to the test results of inverted axisymmetric smoke layer in large space fire
from Beltao and Rajaratnam [28], the range of the impact area in large space fire is about
0.86H <z <H, in which H is the distance between the burning surface and the ceiling, as shown
in Figure 1.

According to Figure 14, assuming a micro unit of the hot smoke along the centreline, the pressure
difference Ap between the upper and lower surfaces in the impact area can be derived as:

Ap=p,—p,=02(p,—p)gH +0.5pu; (19)

where p,is the pressure at the stagnation point in the impact area; p, is the pressure at the

bottom of the impact area; p, is the indoor air density; p, is the air density at the bottom of the
impact area; U, is the maximum centreline flow rate of the hot air at the bottom of the impact

arca.
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According to the parameter changes with temperature of thermal physical properties of air (Guan
[26]), it can be fitted that p ~ 356/T,,, . Using formula (12a), (12b), and (16), Ty4» Z,» U,,and

p can be obtained. Substituting these into Eq. 19, the curves of the pressure difference Ap for
different heat release rates Q, can be obtained, as shown in Figure 15.

In the impact area, because the hot air entrains little cold air, its density barely changes, and the
temperature is approximately proportional to the pressure. Ap—z Curves in Figure 15 point out

that the pressure difference Ap of the hot air at the stagnation point is below 100 N/ m’, and the
relative value Ap/p, = 100/ (1.0><105 ) =0.1% 1is small. Therefore the influence of the pressure

on the temperature is not significant. According to Eq. 12a, the air temperature at the stagnation
point near the ceiling can be expressed by relationship.

2/3 -5/3
Ty =Togen =T, +119.15xQ; (O.86H +ZO) (20)
Lo [ [+ smw
90 | = 10MW
_ §8 | - 15MW
£ 60 F |=20MW
a 50 &
4 40
30 -
20 +
10
0 Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il I

12345678 9101112131415161718 1920
z(m)

Figure 15. Ap—z Curves for Different Values of Q,

According to the test results from (Beltao and Rajaratnam [28], the air pressure near stagnation
point can be approximately described by:

Ap/Ap, = exp[—0.693(r/b)2} 1)

Because of the proportional relationship of air temperature with pressure in the impact area, the
temperature distribution near the stagnation point can be expressed as:

(T, =T.)/(Ta=T.) = exp| <0.693(r/b)’ | (22)
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Introducing Eq. 20 into Eq. 22, the air temperature in the impact area can be obtained as

-5/3

T =T, +exp[_0'693(,—/b)2}><119.15><Qf’3 (0.86H +2,) @3)

where ris the horizontal distance from a certain point near the ceiling to the centreline of the fire
source; b=D(z+12,)/2z, is the half width of the temperature field in the impact area; D is the

diameter of the fire source; z, is the vertical distance between the virtual temperature source and

the fire source; T

a

is the indoor temperature.

3.3.2 Air temperature distribution of ceiling jet area

Taking the radius of burning zone (r =0.5D ) as the demarcation point of impact area and ceiling
jet area, Eq. 22 takes the following form.

(Toa=T.)/(T4=T,) = exp[—o.693(o.5 D/b)z} - exp[—0.693 22/(z+ Z(ﬂ 24)

Considering the similarity principle of smoke plume model, the temperature difference in ceiling jet
area can also be described as:

(T,=T)/(Ty,=T.) = exp[—(ufn/ufm )“2"'} = exp[—~(r-0.5D)/(0.5D) ™" 25)

Letting Prandtl constant as Pr = 0.72 , Eq. 24 multiplied by Eq. 25 yields
(T, ~T,)/(Ty =T.) =exp| =(r—05D)"*/(0.5D)* ~0.6932; /(2 +2,)" | (26)

Introducing Eq. 20 into Eq. 26, the air temperature in ceiling jet area can be obtained as

=5/3

T-T = exp[—(r ~0.5D)"* /(0.5D)"* ~0.69322 /(z + zo)z] x119.15xQ> (0.86H + 2, ) r>0.5D (27)

3.3.3 Temperature distribution of smoke layer

Eq. 23 may be used for calculating the air temperature in the impact area, and Eq. 27 is for
calculating the air temperature in the ceiling jet area. Combining Eq. 23 with Eq. 27, the air
temperature of the smoke layer in large space fire can be obtained.

=5/3

exp| —(r=0.5D)"*/(0.5D)" ~0.6932, /(2+7,)" |x119.15xQ2*(0.86H +2,) "> r>0.5D
T.-T,= 28)

C e[ -06932;/(2+7,) |x119.15xQ2 (0.86H +7,) r<0.5D

Figures 16(a) and 16(b) display the air temperature distribution of the smoke layer when the value
of heat release rate Q. is SMW and 20MW respectively. For the ceiling height H =10m, and

different Q_values of SMW, 10MW, 15MW, 20MW, and 25MW, the radial air temperature profile
of the smoke layer is plotted as shown in Figure 17. In addition, for H =10m andQ_, =20MW ,
the vertical air temperature profile for different distances from centreline is shown in Figure 18.
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Figure 18 shows that with the increasing time of fire, the hot smoke will accumulate in the upper
space, and the smoke layer will be thicken ceaselessly.

4. CALCULATION OF AIR TEMPERATURE NEAR
THE CEILING OF LARGE SPACE

4.1 Modified Temperature Model in Smoke Layer

Eq. 28 describes the air temperature distribution in the smoke layer near the ceiling of large space
based on the assumption that the indoor space of large space structures is infinite. However, since
most large space fire occurs in a limited space, the air temperature distribution in the smoke layer
will be affected by the following three factors (Bai et al. [29]; Jin et al. [30]). (1) Limited space:
since walls and other surfaces in limited space block the flow of the hot smoke, the smoke will
continually accumulate near the top of the indoor space, and affect the temperature distribution. (2)
Time lag: due to the large volume of the indoor space, time is needed for the rising of hot air from
the fire source to the ceiling, leading to obvious time lag phenomenon in temperature field of
smoke layer. (3) Temperature uniformity degree: limited by walls and other surfaces, back flow and
convection of hot smoke will take place in smoke layer, in this sense, cold air and hot air mix
constantly, which averages and uniformizes the air temperature near the ceiling. The influences of
the three factors on the air temperature near the ceiling of large-space steel structures will be
discussed in the following sections.

4.1.1  Coefficient of limited space

In Reference 3, the simulation software FDS of temperature field was applied to analyze a series of
fire scenarios with different indoor areas, and different ceiling heights in large space. Considering
the air temperature at the stagnation point near the ceiling, Table 4 shows the relevant experimental

results in detail.

Table 4. Experimental Result of Air Temperature at the Stagnation Point of Ceiling

Height of Q. =5MW Q. =25MW
Indoor e H (m) H (m)
area A (m*) 4 6 9 12 15 20 4 6 9 12 15 20
500 603 | 573 | 573 | 573 | 553 | 463 | 1153 | 1063 | 1053 | 1053 | 1053 | 913
1000 503 | 503 | 503 | 483 | 443 | 423 | 1103 | 973 933 903 883 | 853
3000 503 | 453 | 413 | 413 | 403 | 393 | 933 903 803 753 723 | 623
6000 433 | 413 | 393 | 383 | 373 | 353 | 833 813 753 683 653 | 613

When the indoor area is 6000 m?, the indoor space is large enough to be supposed as an infinite
space. Therefore, for 6000 m” in Table 4, dividing the experimental results by those respectively,
the ratio (the coefficient of limited space 7, ) of the air temperature at the stagnation point in limited

space to infinite space could be obtained in detail in Table 5.

Table 5 demonstrates that the coefficient of limited space y, mainly depends on the indoor area, the
height of ceiling, and the heat release rate. For small indoor area, y, — co; while for infinite space,
7, — 1.0. Fitting the data in Table 5, as displayed in Figures 19 (a) and (b), the coefficient of

limited space y can be approximately expressed as:
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Figure 19. Comparison of the Fitting Curves with Experimental Data of the Coefficient y,
(FM for the Data in Table 5)

Table 5. Ratio of Air Temperature at the Stagnation Point of Ceiling in
Limited Space to Infinite Space

Height of Q. =5MW Q. =25MW
Indoor L H (m) H (m)
Area A(m’) 4 6 9 12 15 20 4 6 9 12 15 20
500 1.42 1.41 1.49 1.52 1.52 1.33 1.45 1.36 1.47 1.66 1.75 1.61
1000 1.17 1.23 1.30 1.28 1.20 1.22 1.38 1.23 1.28 1.39 1.43 1.49
3000 1.17 1.10 1.05 1.08 1.09 1.12 1.14 1.13 1.08 1.13 1.13 1.02
6000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

The curves in Figures 19 (a) and (b) shows the relationships between the coefficient y, with the
indoor area A, ceiling height H , and heat release rateQ, . For regular structure fire, when heat
release rate Q, <25MW , and indoor area is about 4000 m?, the influence of limited space on the
increasing of temperature is less than 10%.

4.1.2  Coefficient of time lag

The air temperature basically increases basically with the burning time. For large space fire, the
coefficient of time lagy, is defined as the degree of the air temperature increase lagging behind the

growth of heat release rate, which is expressed by the following formula (Li and Du [3]).

7, =1-0.8exp(—ut)—0.2exp(-0.1ut) (30)
where t is the burning duration; g 1is the coefficient, which depends on the fire growth rate, the
maximum heat release rate, the height of ceiling, and the indoor area. As the large space fire in

public structures is rapid growth type, u takes the values in Table 6.

Table 6. The Value of Coefficient i

Maximum heat release

rateQ, SMW 10MW I5SMW 20MW 25MW

Coefficient u 0.0030 0.0024 0.0020 0.0018 0.0016
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4.1.3  Coefficient of temperature uniformity degree

The coefficient y, represents the temperature uniformity degree, and f(r) describes the

temperature distribution of air flow near the ceiling of an infinite space. According to Eq. 28,
considering the temperature uniformity degree, the air temperature near the ceiling can be described
as follows.

T-T, =7, +(1-7) f(r)]x119.15xQ2* (0.86H +2,) " (1)
exp| —0.693(r/b)’ r<0.5D

f(r)= [ (5/0) } (32)
exp| -(r-0.5D)"“/(0.5D)* ~0.6937; /(z+2,)' | r>05D

According to Eq. 31, for t=0, y, =0;for t >0, y, =1.

Li and Du [3] carried out numerical simulation using FDS software for 120 cases of fire scenarios
and provides the coefficient of temperature uniformity degree y, for different heat release rates,

different ceiling heights, and different indoor areas, as detailed in Table 7.

According to Table 7, it can be concluded that, based on the same burning duration, larger indoor
area will lead to smaller the coefficienty,. Higher the ceiling leads to largery, value; and the

larger the heat release rate leads to the smaller coefficient y, . In addition, among the three factors,
the indoor area A has the most influence on coefficienty,, and the height of ceiling H has the

second most influence, the heat release rate Q. has the least influence and hence it is ignored in

this paper.
Table 7. The Value of Coefficienty,
Q, =2MW Q, =5MW Q, =25MW
H (m) A(m’) A(m’) A(m’)

500 1000 3000 6000 500 1000 3000 6000 500 1000 3000 6000
4 0.60 0.40 0.30 0.15 0.75 0.60 0.30 0.20 0.60 0.40 0.30 0.20
6 0.60 0.50 0.40 0.20 0.60 0.70 0.45 0.30 0.80 0.50 0.35 0.26
9 0.65 0.55 0.45 0.40 0.75 0.60 0.60 0.40 0.55 0.60 0.50 0.30
12 0.70 0.60 0.45 0.30 0.75 0.65 0.60 0.40 0.60 0.60 0.50 0.40
15 0.80 0.70 0.55 0.40 0.70 0.75 0.55 0.45 0.70 0.60 0.55 0.40
20 0.85 0.70 0.60 0.40 0.75 0.70 0.60 0.55 0.70 0.60 0.65 0.45

Fitting the data in Table 7, as displayed in Figure 20, coefficient y, can be expressed as follows:

a :l—exp<—0.0012t\/ H /A) (33)

where Ais the indoor area of large space (m?); H is the ceiling height (m).
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Figure 20. Comparison of the Fitting Curves with Experimental Results of the Coefficient y,

(SL for the Fitting Curve)
4.2 Prediction of Air Temperature Near the Ceiling of Large Space

Introducing the coefficient of temperature uniformity degreey,, and time lag y, into Eq. 31, a
precise formula for calculating the air temperature near the ceiling of large space can be obtained.

T-T, =y [r+(1-7)f (r)][l 19.15x Q2 (0.86H +0.25Q2" )”} (34)

where the coefficienty,, 7, , f (r) and y, are determined by Eq. 29, 30, 32 and 33 respectively.

4.3 Accuracy of the Formula Proposed and Its Limitations

Li and Du [3] recommended a formula for calculating the air temperature near the ceiling of large
space structure in fire as

T(x,zH)-T,(0)=T, [1 —0.8exp(—/At)-0.2 exp(—O.lﬂt)][n +(1—n)exp (—(r — b)/,uﬂ (35)

where T, (O) is the initial indoor temperature; t is burning duration; r is the horizontal distance

from the fire source; z is the vertical distance from the fire source; T,,,7,b,u are parameters

depending on the fire growth type and the position of the fire source, which can be obtained from
She [19].

In order to verify the accuracy of the calculation formula proposed in this paper, according to Eq.
(34), and (35), the temperature is calculated respectively for different heat release rates, indoor
areas, and ceiling heights. The results of comparative analysis would be discussed in this paper.

43.1  Q_is constant, changing Aand H

Changing indoor area Aand ceiling height H , while the heat release rate Q, remains 25MW,

according to Eq. 34 and 35, the air temperature distribution can be calculated respectively in
Figures 21 (a) ~ (d) (The temperature distribution curves of Figure 22 correspond to different
burning durations--5min, 20min, 60min, and 120min).
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Figure 21. Air Temperature Distribution near the Ceiling of Large Space (Q, =25MW)
(FL-A 1s from Eq. 34, and FL-B is from Eq. 35, a-5min, b-20min, c-60min, d-120min)

Comparing curves in Figures 21 (a) to (d), the differences between the two temperature distribution

curves of Eq. 34 and 35 are as follows.

(1) At the beginning phase, there is a large difference between the two curves (see curves FL-A-a
and FL-B-a), however after 120 minutes’ burning, the two curves become basically consistent

with each other (see curves FL-A-d and FL-B-d).
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(2) The air temperature distribution curve above the fire source (in impact area), which can be
calculated from Eq. 35, is close to a horizontal line, therefore the temperature is almost the
same everywhere (see curves FL-B-a to FL-B-d), and the result disagrees with the actual
condition. Furthermore, the larger burning radius is, the greater difference will be. However,
the temperature distribution of formula (34) is a curved line, which comparatively obeys the
characteristics of the temperature distribution in impact area, and is close to actual condition.

(3) In the temperature distribution curves of formula (35), the horizontal temperature gradient
barely changes over time (curves FL-B-a to FL-B-d), which contradicts the phenomenon of
time lag in large space fire. However the temperature distribution curves of formula (34)
demonstrate a smooth tendency with the increasing of burning time (curves FL-A-a to FL-A-d).
Furthermore, as indoor area increases, the effect of time lag becomes even more obvious, as the
curve of FL-A-b displays in Figures 21 (a) and (b). Therefore, formula (34) proposed in this
paper is more suitable for calculating the air temperature near the ceiling of large space
structures in fire, and has a higher accuracy than others.

432 Q. and H are constant, changing A

Changing the indoor area A, while keeping the heat release rate Q, =5MW, and the height of

ceiling H =12m unchanged, the air temperature distribution curves calculated from formula (34)
and (35) are displayed in Figures 22 (a) and (b) (The temperature distribution curves of Figure 22
correspond to different burning durations--5min, 20min, 60min, and 120min).
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Figure 22. Air Temperature Distribution near the Ceiling of Large Space (Q, = 5SMW ,H =12m)
(FL-A is from Eq. 34, and FL-B from Eq. 35, a-5min, b-20min, c-60min, d-120min)

Comparing the temperature distribution curves in Figures 22 (a) and (b), for small heat release rate
(Q, =5MW), the air temperature above the fire source of formula (34) is significantly higher than
that of formula (35). In this sense, with formula (34) proposed in this paper, the local effect of
temperature distribution is more obvious, and the relationship between the indoor area and the
effect is positive. The reasons are mainly as follows: (1) the smaller the heat release rate, the
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weaker the thrust generated by the smoke plume, which slows down the horizontal diffusion of heat
and the mixture of cold and hot air. Therefore the local effect of air temperature is much more
obvious; (2) in the derivation process of formula (34), the assumption of energy dissipation is
ignored; therefore the result of this formula tends to be conservative.

4.3.3 Relationship between air temperature along the centreline of ceiling and burning time.

According to formula (34) and (35), the relationship between air temperature along the centreline
of ceiling and burning time can be obtained for different heat release rates, different indoor areas,
and different heights of ceiling, as demonstrated in Figures 23 (a) to (d) (The temperature
distribution curves of Figure 23 correspond to different heights of ceiling ).

Comparing the curves in Figures 23 (a) to (d), for ceiling height H <10m, the air temperature along
the centreline of ceiling of Eq. 34 is higher than that of Eq. 35. In addition, the smaller the heat
release rate, the larger the difference between the two results, as shown in Figures 23 (c) and (d).
When the ceiling height H is less than twice the diameter of fire source, it is difficult to form a
steady rising smoke plume, and the assumptions in the derivation process of Eq. 34 will be invalid.
Therefore, for ceiling height H <10m, there are significant differences between the results of Eq.
(34) and (35). However for ceiling height H > 10m, the results of Eq. 34 and 35 are consistent with
each other.

In conclusion, in order to calculate air temperature near the ceiling of large space structures in fire
with formula (34) accurately, the application scope of the formula should be: height of
ceiling H > 10m, indoor area A > 500m’, and heat release rateQ, > 5SMW .
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Figure 23. Relationship between Air Temperature along Centreline of Ceiling and Burning
time
(FL-A from Eq. 34, FL-B from Eq. 35, H1-4m, H2-6m, H3-9m, H4-12m, H5-15m, H6-20m)

S. EXAMPLE

A multi-function hall in a library is an indoor, semi-underground large space structure with a large
capacity--28m long, 30m wide, and 10m high with a total floor area of 840 m’. The plane layout
and the function are displayed in Figure 24. Based on performance-based fire protection analysis
and design [31], according to structure type, function, and combustible distribution of the
multi-function hall, the combustibles can be classified into two major types (for example, curtain
and seat), and different fire scenarios also can be defined. The information regarding type,
maximum heat release rate, and fire growth rate in different fire scenarios are given in Table 8. The
locations of different fire sources are demonstrated in Figure 25.
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Figure 25. Locations of Fire Sources

With the fire dynamic simulation software CFAST-v4.02 and field simulation software FDS3.0,
Ref [31] calculates the ceiling temperature along the centerline (axis y in the Figure 25) at different
burning time. Table 9 demonstrates the results for different fire scenarios mentioned.

In the meantime, the air temperatures near the ceiling along the centreline, for fire scenarios
FS1~FS4 in Table 8 at different burning time, are calculated with Eq. 34. The results are compared
with those in Table 9, as displayed in Figures 26 (a) to (d) (The temperature distribution curves of
Figure 26 correspond to different burning time).

Table 8. Information of Different Fire Scenarios

Maximum
Type Flre' Main material Unit heat heat Fire growth
scenarios release rate release rate
rate
Canvas and fibers. 28127
FS1 (No fire-retardant 2 6MW Fast
. kW/m
Curtain treatment)
Canvas and fibers. 88~127 :
FS2 (fire-retardant treatment) kW/m’ 4 MW Medium
Seat FS3 Sofa sort 14~18 MJ/kg 16 MW Fast
FS4 Wooden chair sort 1.8~7.0 MJ/kg 8 MW Medium

Table 9. Air Temperature near the Ceiling along the Axis y for Different Fire Scenarios (°C)

Fire Burning Horizontal distance on y axis (m)
scenarios time 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

60s 236 | 23.8 | 24.0 | 244 | 248 | 250 | 256 | 26.0 | 26.8 | 28.2 | 30.0 | 32.8 | 34.8 | 32.8 | 30.0

FS1 180s 25.0 | 253 | 25.6 | 26.0 | 26.4 | 27.0 | 27.6 | 30.8 | 344 | 38.6 | 498 | 62.0 | 69.0 | 62.0 | 49.8
300s 45.0 | 452 | 455 | 458 | 462 | 46.7 | 482 | 489 | 522 | 66.6 | 108 | 160. | 195 160 108
600s 52.0 | 52.5 | 53.0 | 53.8 | 55.0 | 56.0 | 58.0 | 61.2 | 68.2 | 96.2 | 142 | 256 | 345 | 256 142
60s 23.6 | 237 | 23.8 [ 239 | 240 | 242 | 244 | 24.6 | 24.8 | 250 | 254 | 26.6 | 284 | 26.6 | 254

FS2 180s 250 | 265 | 282 | 30.1 | 324 | 342 | 362 | 38.6 | 40.2 | 424 | 452 | 469 | 495 | 469 | 452
300s 29.6 | 312 | 33.6 | 358 | 37.7 | 40.6 | 442 | 482 | 52.5 | 624 | 763 | 92.0 | 116 | 92.0 | 76.3
600s 45.0 | 46.0 | 472 | 48.6 | 50.0 | 53.2 | 55.8 | 59.2 | 62.8 | 82.6 | 123 | 232 | 272 | 232 123
60s 24.1 | 248 | 26.5 | 282 | 30.5 | 332 | 350 | 332 | 30.5 | 282 | 26.5 | 24.8 | 24.1 | 23.8 | 235

FS3 180s 382 | 427 | 492 | 56.8 | 62.5 | 70.4 | 78.0 | 704 | 62.5 | 56.8 | 49.2 | 42.7 | 382 | 369 | 35.0
300s 682 | 722 | 894 | 110 132 154 | 165 154 | 132 110 | 894 | 72.6 | 68.2 | 57.3 | 48.0
600s 92.5 | 105 136 | 221 306 | 436 | 460 | 436 | 306 | 221 136 105 | 92.5 | 76.8 | 65.1
60s 238 | 246 | 254 | 26.0 | 27.2 | 284 | 29.0 | 284 | 27.2 | 26.0 | 254 | 246 | 238 | 23.1 | 225

FS4 180s 324 | 335 | 362 | 38.6 | 442 | 503 | 56.0 | 50.3 | 442 | 38.6 | 36.2 | 33.5 | 324 | 31.8 | 31.2
300s 46.0 | 483 | 528 | 643 | 782 | 92.8 | 100 | 92.8 | 782 | 64.3 | 52.8 | 483 | 46.0 | 448 | 434
600s 56.0 | 658 | 72.6 | 95.1 140 | 240 | 265 | 240 | 140 95 72.6 | 658 | 56.0 | 52.3 | 475
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Figure 26. Comparison of Air Temperature Distributions near the Ceiling along Centreline at

Different Fire Scenarios

(FL-A from Eq. 34, Fm is the Values of Table 9, t1-60s, t2-180s, t3-300s, t4-600s)
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As shown in Figures 26 (a) to (d), during the early stage of burning (about the first 300s of burning
time), the air temperatures calculated with Eq. 34 are generally higher than those in Table 9. In
Figure 26 (a), for example, for burning time 180s, 300s, and 600s, the corresponding temperatures
calculated with formula (34) are respectively 183°C, 253°C, and 3545°C. Compared with the
simulation temperatures in of 69 °C, 195 °C, and 345°C as in Table 9, the former are higher by
166%, 30%, and 2.8% respectively. It can be seen that, due to large temperature difference between
hot and cold air, the heat dissipation of the smoke plume is significant in the early stage of burning,
which is ignored in the derivation of Eq. 34. Therefore there are some differences between the
analytical and numerical results. However, if the heat dissipation recedes with burning continuing,
the temperatures calculated by Eq. 34 may tend to be close to the simulation ones in Table 9.

6. CONCLUSION

Based on the field model of fire thermodynamics and heat transfer, the temperature field model of
large space fire is established, which considers fire source, smoke plume, and smoke layer model.
Parametric studies of the large space fire were carried out and the results showed that the duration
of burning is less than 80 minutes when the total amount of combustibles is not more than 2000kg.
However, if the heat release rate Q, is less than SMW, the burning time of fire can be more than 120

minutes. It is thus recommended that the burning duration may be taken as 120 minutes
conservatively in the fire analysis of large-space steel structures.

An analytical expression (Equation 34) has been derived which can be used to predict the air
temperature of large space fire that meets the criteria of (1) ceiling height greater than 10m, (2)
indoor area more than 500 m® and (3) heat release rate greater than SMW. The accuracy of the
proposed equation was verified by comparing the results with those obtained by fire dynamic
simulation software.
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