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Abstract

This paper reports an investigation on the scenarios of the spill plume and the resultant natural filling in a full-scale atrium mock-up
due to a retail shop fire. The study includes two aspects, i.e., the full-scale experiment and the numerical simulation. A spill plume model
is proposed to predict the characteristic properties of the plume development in the atrium under a retail shop fire. Furthermore, to accu-
rately predict the shop fire in the atrium, an improved zone model is developed combining the transport lag time model and the spill
plume model. Besides validating the developed model by experiments, the case is also simulated by the established zone model, i.e.,
CFAST code, and the computational fluid dynamics model, i.e., FDS code. By both physical and numerical experiments, the process
of natural smoke filling and the temperature rise in the atrium are investigated and well understood. It is found that a typical spill plume
contains three regimes, i.e., the curved section out of the retail shop door, the line plume in the near field, and the axisymmetric plume in
the far field. Predictions from the proposed empirical model for the spill plume and the resultant improved zone model compare favor-
ably with the experiments. The study indicates that the atrium becomes very dangerous due to such shop fire if no smoke control
employed. The ability of mechanical exhaust system in the atrium to mitigate the hazard of a retail shop fire is investigated as well.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Today, large-scale shopping malls/atria become normal
in many metropolitan cities like Hong Kong, Beijing,
Shanghai, Tokyo, etc., in which, many retail shops are con-
structed in different levels. The safety under emergency is of
first priority in such public locations, especially in case of
fire. Fire originating in a retail shop is likely to generate
large mount of smoke dispersing into the atrium and
spreading to other levels rapidly due to the open design fea-
ture. Hence, to achieve an effective atrium smoke control
design, it is necessary to thoroughly investigate the fire sce-
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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nario from a retail shop located inside the atrium, e.g., the
entrainment of the spill plume, the natural filling process,
etc.

Traditionally, the spill plume of fire is treated either as a
virtual origin line plume, e.g., the balcony spill plume, in
most design guidelines [1–3] or axisymmetric plume [4–6]
in zone model, e.g., CFAST [6], a well established zone
model code. There are some empirical correlations to pre-
dict the entrainment of the spill plume [5,7,8], but give no
detailed description on the transition of the near line plume
to the far field axisymmetric plume. In fact, for the case of
retail shop fire in large atrium, the smoke spilling out of the
shop door into a tall atrium usually develops into three
typical regimes, i.e., the horizontal curved section at the
door, the line plume in the near field, and the final axisym-
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Nomenclature

Ac,s area of shop ceiling
Ac,a area of atrium ceiling
Ag surface area of smoke layer
Aw,j area of surface j

b half width of plume
B g/cpT0q0

cp specific heat of air at constant pressure
Cm dimensionless entrainment coefficient
Df diameter of fire source
g acceleration of gravity
Gr Grashof number
h effective heat transfer coefficient
hj heat transfer coefficient of surface j

hc,j convective heat transfer coefficient of surface j

ho heat transfer coefficient of outside surface
Ha height of atrium
Hd height of door
Hn height of neutral plane
Hs height of shop
i number of thin element of wall
k thermal conductivity
kg absorption coefficient of smoke layer
km spill plume profile factor for mass flux
kQ spill plume profile factor for heat flux
l characteristic length
Lm mean beam length
mg,a total mass of smoke layer in atrium
mg,s total mass of smoke layer in shop
_mf mass loss rate of fire source
_mi mass exchange rate at interface
_mp mass flow rate of plume
_mp;l mass flow rate of line plume
_mp;a mass flow rate of axisymmetric plume
_mv mass flow rate out of door
n time steps
p growth power of tp fire
P pressure
Pr Prandtl number
_Q total heat release rate
_Qa heat flux of axisymmetric plume
_Qc convective heat release rate
_Qd heat flux of plume at door height
_Ql heat flux of line plume
_Qv heat flow rate out of door
_QL heat loss rate
r radius

t time
tlag transport lag time
tout time when the smoke flows out
t�p normalized time for tp fire
T0 ambient temperature
T0,a initial temperature of atrium
T0,s initial temperature of shop
T0,w initial temperature of wall
Tg temperature of smoke layer
Tg,a smoke layer temperature in atrium
Tg,s smoke layer temperature in shop
Tm centerline temperature of plume
Tw,j temperature of inner surface j

u velocity
wm centerline velocity of plume
W width of door
Z height
Zo virtual origin
Zo,a virtual origin of axisymmetric plume
Zo,l virtual origin of line plume
Zb elevation of fire bottom
Zfl height of flame
Zl,a critical transition height
Zg,a height of smoke layer in atrium
Zg,s height of smoke layer in shop

Greek symbols

a thermal diffusivity of wall
ac fire growth coefficient
v combustion efficiency
d thickness of wall
eg,a smoke emissivity in atrium
eg,s smoke emissivity in shop
ew emissivity of wall
j coefficient in Eq. (51)
kc coefficient of convective HRR
m kinematic viscosity of air
q density
q0 density of ambient air
q0,a air density in atrium
q0,s air density in shop
qg density of plume
qg,s density of hot smoke in shop
r Stefan–Boltzman constant
DHc heat of combustion
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metric plume formed above the shop. The entrainment
rates and the temperature distributions of the plume are
different for these regimes. Hence, a single linear or axisym-
metric plume model for the whole region of the plume is
not appropriate. Thomas [7] and Heskestad [5] have devel-
oped their one-equation correlation for the entrainment of
a similar spill plume; however, they did not consider the
different virtual origin for the sections of the line plume
and the axisymmetric plume, and did not notice the effect
of the spill depth at the door on the critical transition
height. For example, if the depth is approximated to be
equal to the width of the door or the balcony, the spill



Fig. 1. Spill plume due to a retail shop fire in atrium.

C.L. Shi et al. / International Journal of Heat and Mass Transfer 50 (2007) 513–529 515
plume may just be approximately an axisymmetric plume
after it flows out.

At present, there are still few zone models able to simu-
late a retail shop fire in a large, tall atrium. First the spill
plume is often treated as an axisymmetric plume without
respect to the spill plume transition characteristics. Second
axisymmetric plume models usually have a height limit.
McCaffrey’s correlation [9] in CFAST may predict mass
entrainment rates of the plume almost twice those of Zuko-
ski’s [10] and Heskestad’s [11] equations at the height of
20 m above the fire source with heat release rate of
500 kW. Finally, the transport time, which plays a key role
in the formation of smoke layer, is seldom considered in
current zone models [6,12].

This paper reports a detailed investigation of full-scale
fire growth and smoke movement in an atrium due to a
retail shop fire through both physical experiments and
numerical simulations. Previous studies [2,3] on such fires
were mainly carried out by scaled, physical models because
the full-scale burning test is always expensive and time-
consuming. In this study, full-scale retail shop fires were
performed in an atrium constructed in the University of
Science and Technology of China (USTC), Hefei, Anhui,
China, as a collaboration project with The Hong Kong
Polytechnic University (PolyU). Two full-scale burning
tests were carried out in the retail shop mock-up located
inside the PolyU/USTC Atrium [13]. Numerical simula-
tions were performed by the computational fluid dynamics
model, i.e., Fire Dynamics Simulator, FDS [14]. A simpli-
fied spill plume model was proposed to predict the charac-
teristic properties of the spill plume and results are
compared to the available measured data and simulation
by FDS. An improved zone model was also developed to
simulate the retail shop fire in an atrium, including the spill
plume model and a calculating method of the transport lag
time in the code. Through both physical and numerical
experiments, the process of natural smoke filling and the
temperature rise in the atrium are expected to be under-
stood further. The factors affecting the numerical accuracy
are analyzed. Finally, by prediction of the present zone
model, the efficiency of a mechanical exhaust system
installed in the atrium submitted to retail shop fires is
investigated.
2. Proposed model for spill plume out of a wide shop door

2.1. Horizontal curved section of the spill plume

Smoke movement inside the whole environment due to a
retail shop fire is illustrated in Fig. 1. Inside the enclosure
of the retail shop, the heat and mass are transferred from
fire source to the upper layer by the near field axisymmetric
plume. A hot smoke layer forms and descends to spill out
of the shop. The flow rates of heat ð _QvÞ and mass ð _mvÞ out
of the shop can be defined by the following integrations
[15]:
_Qv ¼ q0cpT 0W
Z

Hv

1� T 0

T g

� �
udz

¼ 2
ffiffiffiffiffi
2g
p

3
kQ=kmð ÞqccpH 3=2

v W ðT g � T 0Þ3=2T�1=2
0 ð1Þ

_mv ¼ q0W
Z

Hv

T 0

T g

� �
udz ¼ 2

ffiffiffiffiffi
2g
p

3km

qcH
3=2
v W ðT g � T 0Þ1=2T�1=2

0

ð2Þ

in which, q0 and T0 are the ambient air density and temper-
ature, qg and Tg are the density and temperature of the hot
smoke, g is the acceleration of gravity, W is the width of
the door, Hv is the spill plume depth at the door, kQ and
km are the profile factor coefficients.

Concerning energy and mass conservation, the _Qv and
_mv can also be expressed as:

_Qv ¼ _Qc � _QL ¼ kc
_Q� hAgðT g � T 0Þ ð3Þ

_mv ¼ _mp ð4Þ

where _Qc ¼ kc
_Q is defined as the convective heat output of

the fire source and _QL is the heat loss rate of the smoke
layer to the boundary, h is the effective heat transfer coef-
ficient, Ag is the surface area of the smoke layer. _mp is the
mass flow rate into the upper layer in retail shop. For far
field conditions, _mp takes the following formation [11]:

_mp ¼ 0:071 _Q1=3
c ½H d � 1:1H v � ð0:083 _Q2=5 � 1:02DfÞ � Zb�5=3

þ 0:0018 _Qc ð5Þ

For the near field of the fire plume region, it becomes:

_mp ¼ 0:0054 _Qc½Hd � 1:1H v � Zb�=Zfl ð6Þ
Zfl ¼ �1:02Df þ 0:235 _Q2=5 ð7Þ
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where Hd is the door height, Zfl is the flame height, Zb is
the elevation of the fire bottom. Df is fire diameter.
2.2. Near field of the spill plume

The near field of the plume outside the shop can be
approximated as a line plume, originated from the virtual
fire source Zo,l shown in Fig. 1. Hence, the mass flow rate
and the centerline temperature can be described by a two-
dimensional line plume. An unbounded line thermal plume
model is developed by Lee and Emmons [16], as:

_mp;l=W ¼ Cmq½gð _Ql=W Þ=qcpT 0�1=3ðZ � Zo;lÞ ð8Þ

where _mp;l is the mass flow rate, _Ql is the heat release rate of
virtual line fire, Z is the distance measured from the floor,
and Cm is a constant, taken as 0.51 [17] in the study. The
above equation is convenient if re-written in the following
form:

_mp;l ¼ 0:3Cmq0W 2=3ðq=q0Þ
2=3 _Q1=3

l ðZ � Zo;lÞ ð9Þ

For large values of Z and for weak plumes, the item
(q/q0)2/3 is close to 1. Thus, Eq. (9) becomes:

_mp;l ¼ 0:3Cmq0W 2=3 _Q1=3
l ðZ � Zo;lÞ ð10Þ

The heat release rate of the virtual fire origin, at steady
state, should be the same as the heat flow rate of plume
at the door height of the shop, denoted as _Qd, thus,

_Ql ¼ _Qd ð11Þ

An assumption is introduced that the entrainment rate at
the curved section of the spill plume is equivalent to that
at the section of the line plume from Hd down to Hd � Hv

with ignoring the radiation loss. According to energy con-
servation, the heat release rate of a line virtual source can
be written as:

_Ql ¼ _Qd ¼ _Qv ð12Þ

The virtual origin Zo,l can be obtained by the following
equation:

_mv ¼ 0:3Cmq0W 2=3 _Q1=3
v ðH d � H v � Zo;lÞ ð13Þ

The horizontal width of the spill plume at the door height
is about

ffiffiffi
2
p

H v.
Therefore, the near field of the smoke plume outside the

shop can be described by the line plume by substituting the
heat and mass flow rate of the spill plume at the door open-
ing. Besides the mass entrainment rate given by Eq. (9), the
other characteristic parameters of the near field of the
smoke plume, characterized as the half width b, the center-
line velocity and temperature wm and Tm, can be given by
the following equations, according to the dimensional anal-
ysis of Quintiere et al. [18], by substituting the heat release
rate _Qv and the virtual origin Zo,l as below:
b ¼ 0:103ðZ � HdÞ þ
ffiffiffi
2
p

=2
� �

H v ð14Þ

wm ¼ 2:3 g
_Qv=W

q0cpT 0g1=2

� �2=3
" #1=2

¼ 0:7ð _Qv=W Þ1=3 ð15Þ

T m � T 0

T 0

¼ 3:3
_Qv=W

q0cpT 0g1=2

� �2=3

ðZ � Zo;lÞ�1

¼ 0:0307ð _Qv=W Þ2=3ðZ � Zo;lÞ�1 ð16Þ
2.3. Far field of the spill plume

As the spill plume rises up to the far field, the edge
effects need to be considered. Above a critical transition
height, the spill plume can be described as an axisymmetric
plume. At the critical transition height, the line plume is
increased to be equal to the character length, which is
defined by the radius of the axisymmetric plume, assumed
to be

ffiffiffi
2
p
ðW =2Þ. According to the Eq. (14), this implies

b ¼ 0:103ðZ l;a � H dÞ þ
ffiffiffi
2
p

=2
� �

H v ¼
ffiffiffi
2
p

=2
� �

W ð17Þ

The critical height Zl,a can be obtained by the following
equation:

Z l;a ¼ Hd þ 6:8ðW � H vÞ ð18Þ

As mentioned above, the far field of the spill plume can be
described by the axisymmetric plume model [10]. Assuming
that the axisymmetric plume is generated by the virtual ori-
gin Zo,a with a heat release rate _Qa, the mass flow rate of
the spill plume above the critical transition height may be
expressed as:

_mp;a ¼ 0:21q0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðZ � Zo;aÞ5

q
_Qa=q0cpT 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðZ � Zo;aÞ5

q� �1=3

¼ 0:063q0
_Q1=3

a ðZ � Zo;aÞ5=3 ð19Þ

where _Qa is the heat flow rate at the transition height Zl,a,
as in the near field,

_Qa ¼ _Ql ¼ _Qv ð20Þ

and Zo,a may be obtained by the following equation at the
transition height:

_mp;ajz¼zl;a
¼ _mp;ljz¼zl;a

ð21Þ

Thus

Zo;a ¼ Z l;a � 4:76CmW 2=3ðZ l;a � Zo;lÞ
� �3=5 ð22Þ

The other characteristics of the far field of the spill plume
are determined by dimensional analysis [10] as:

b ¼ 0:131ðZ � Zo;a � DZo;bÞ ð23Þ
wm ¼ 1:169 _Q1=3

v ðZ � Zo;a � DZo;wÞ�1=3 ð24Þ
T m � T 0

T 0

¼ 9:115ðq0cpT 0g1=2Þ�2=3 _Q2=3
v ðZ � Zo;a � DZo;T Þ�5=3

¼ 0:0849 _Q2=3
v ðZ � Zo;a � DZo;T Þ�5=3 ð25Þ
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3. Proposed zone model for retail shop fire in a large atrium

To study the retail shop fire in a large atrium, the zone
model is an easy, simple approach for modeling the smoke
and heat movement. However, to date, the majority of
zone models have inherent limitation due to the properties
of the spill plume described by different axisymmetric
plume models with different applicability limits, and the
neglect of transport lag time to form a smoke layer in the
atrium. In this study, we developed an improved zone
model to simulate the retail shop fire in an atrium, which
includes a new spill plume model and the transport lag time
concurrently.
3.1. Smoke and heat movement in retail shop

The retail shop under fire can be generally divided into
two regions [12,19], i.e., the upper smoke layer and the
lower cool layer. Fig. 2 presents the basic phenomena
and the relevant terminology of fire in the shop. The phys-
ical properties in these two regions are assumed to be uni-
formly distributed. Taking the retail shop air pressure to be
the same as the ambient pressure P0, the mass and heat
balances of the smoke layer are given by the following
equations:

dmg;s

dt
¼ _mp þ _mi þ _mf � _mv ð26Þ

dmg;scpT g;s

dt
¼ kc

_Q� _QL þ ð _mi þ _mp þ _mfÞcpT 0;s � _mvcpT g;s

ð27Þ

where mg,s and Tg,s are the mass and temperature of the hot
smoke layer in the shop. _mv is the mass flow rate out of the
vent. The smoke production rate from the fire source _mf

and mass exchange rate at the interface of the two zones
_mi are usually small comparing with the mass entrainment
rate into the plume _mp and can be neglected in most cases.
Assuming the air to be ideal gases, the resultant transient
m ρg,s, g,s, Tg,s

Fire source

cQ , c

0,s, T0,s Z

λ

g

H
s

Zb

im
pm

fm

LQ

Ceiling 

Wall,0 

Low layer 

⋅

⋅

⋅ ⋅

⋅

ρ

Fig. 2. Schematic of terms and process
equations for the smoke layer height Zg,s and temperature
Tg,s can be given by:

dZg;s

dt
¼ ð _mv � _mpÞ

qg;sAc;s

� kc
_Q� _QL � _mpcpðT g;s � T 0;sÞ

q0;sT 0;scpAc;s

ð28Þ

dT g;s

dt
¼ kc

_Q� _QL � _mpcpðT g;s � T 0;sÞ
qg;scpðH s � Zg;sÞ

ð29Þ
in which Ac,s and Hs are the ceiling area and height of the
shop.

The heat loss rate _QL, through all boundary surfaces
of the shop enclosure due to radiation and convection,
can be specified as follows:

_QL ¼
X

hjAw;jðT g;s � T w;jÞ ð30Þ
where Aw,j is the area of surface j and Tw,j is the inner sur-
face temperature. hj is the total heat transfer coefficient,
given by

hj ¼
eg;sew

eg;s þ ew � eg;sew

rðT 2
g;s þ T 2

w;jÞðT g;s þ T w;jÞ þ hc;j ð31Þ
where ew is the emissivity of the wall boundary. eg,s, the
emissivity of the smoke layer, can be estimated by

eg;s ¼ 1� expð�kgLmÞ ð32Þ
kg, the absorption coefficient of the smoke layer, has differ-
ent values for different fuels, and is 0.43 m�1 for diesel fuel
[20]. Lm is the mean beam length, defined below

Lm ¼
4Ac;sðH s � Zg;sÞ

2Ac;s þ 4ðH s � Zg;sÞ
ffiffiffiffiffiffiffi
Ac;s

p� � ð33Þ
The convective heat transfer coefficient hc,j for turbulent,
natural convection is expressed as a function of Pr, the Pra-
ndtl number (0.72 for air) and Gr, the Grashof number,
which changes with the boundary surfaces as below [6]:
,s

Hv

Hn Hd

outside pressure 

inside pressure 

P

h

vm vQ

Wall,n

⋅ ⋅

es associated with retail shop fire.
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hc;j ¼

0:21
k
l
ðGrP rÞ1=3 for ceiling

0:13
k
l
ðGrP rÞ1=3 for verical walls

0:012
k
l
ðGrP rÞ1=3 for lower layer and floor

8>>>>>><
>>>>>>:

ð34Þ
l is the characteristic length scale, A1=2

w;j . The Grashof num-
ber, Gr, thermal conductivity, k, and kinematic viscosity of
air, v, are all related to the temperature of the smoke layer
and boundary, given by,

Gr ¼
gl3jT g;s � T w;jj

v2T g;s

;

k ¼ 2:72� 10�7 T g;s þ T w;j

2

� �4=5

;

v ¼ 7:18� 10�10 T g;s þ T w;j

2

� �7=4

ð35Þ

To evaluate the heat loss to the enclosure, it is necessary to
calculate the wall’s inner surface temperature Tw,j, which
changes with the time. A simple, one-dimensional heat
transfer calculation is implemented in the study by dividing
the wall thickness d into i thin, parallel elements, shown in
Fig. 3. The governing equation are

oT w;j

ot
¼ a

o2T w;j

ox2
ð36Þ

It is solved with the following boundary conditions:

T w;j ¼ T 0;w at t ¼ 0

oT w;j

ox
¼ hw;jðT g;s � T w;jÞ at x ¼ 0

oT w;j;i

ox
¼ hoðT w;j;i � T 0;aÞ at x ¼ d

where the heat transfer coefficient ho [21] of the outside
surface is given by

ho ¼ 3:3� 10�5T w;j;i � 3:09� 10�4 kW=m2 K ð37Þ

The initial value of temperature T0,w of the walls can be dif-
ferent from the initial temperature inside the shop T0,s and
atrium T0,a.

Currently, several plume models are available for pre-
dicting the mass flow rate _mp of the plume [10,11,18]. Con-
sidering the fire case in a retail shop, Heskestad’s model is
reckoned a suitable one to calculate the entrainment rate of
the plume. The model was based on large-scale experiments
involving relatively high heat release rates and realistic fuel
/i

Tw,j,1 Tw,j,2 Tw,j,iTw,j

hw,j(Tg,s-Tw,j)

Tg,s

ho(Tw,j,i-To,a)

To,a

δ

δ

Fig. 3. Numerical method solving transient heat conduction in all.
packages. The detailed formulations are listed below for
the two regions

smoke plume region
_mp¼ 0:071 _Q1=3

c ðZg;s�Zo�ZbÞ5=3þ0:0018 _Qc

Z0¼ 0:083 _Q2=5�1:02Df

(

ð38Þ

fire plume region
_mp¼ 0:0054 _QcðZg;s�ZbÞ=Zfl

Zfl¼�1:02Df þ0:235 _Q2=5

(
ð39Þ

When the hot layer descends to the elevation of the door
opening of the shop, the hot smoke will be driven to flow
out by the pressure difference across the door opening.
Based on Bernoulli’s equation, the flow rate of the mass
_mv and heat _Qv out of the door can be derived from the
average spill velocity and expressed as

_mv¼
Z

Hv

qg;sWudz¼ 2

3km

qg;sH
3=2
v W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gðT g;s�T 0;aÞ

q
ð40Þ

_Qv¼
Z

Hv

qg;sWucpðT g;s�T 0;aÞdz¼ 2
ffiffiffiffiffi
2g
p

3
kQ=kmqg;sH

3=2
v W ðT g;s�T 0;aÞ3=2T�1=2

0;a

ð41Þ

where km and kQ are coefficients concerning the tempera-
ture and the velocity distributions of the outflow. In this
study, km is assigned to be 1.35 according to the average
horizontal outflow velocity measured in the previous exper-
iments, and kQ is taken as 0.9 considering that the temper-
ature of the spill plume is a little lower than that of the
smoke layer inside the shop [15].

The position of the neutral plane, Hn, is located approx-
imately at the height of the soffit of the spill plume at the
vent section, and the interface height Zg,s is a little lower
than the neutral plane height, i.e.,

Hn ¼ Hd � H v ð42Þ
Zg;s ¼ H d � 1:1H v ð43Þ
3.2. Smoke spread and natural filling in atrium

Assuming a constant pressure at a given height and
neglecting heat expansion, the temperature and the inter-
face height of the smoke layer in the atrium can be calcu-
lated by the following set of simultaneous equations:

dZg;a

dt
¼ _mp

qg;aAc;a

ð44Þ

dT g;a

dt
¼

_Qv �
X

hjAw;jðT g;a � T w;jÞ � _mpcpðT g;a � T 0;aÞ
qg;acpðH a � Zg;aÞ

ð45Þ

The variables of the smoke layer with secondary subscript
a represent the corresponding quantities in atrium.

Normally the door opening of the retail shop is rela-
tively wide. Hence, it is more suitable to divide the spill
plume out of vertical section into two parts, i.e., the line
plume in the near field and the axisymmetric plume in
the far field, rather than specifying the plume as axisym-
metric as in CFAST model. The characteristics of the spill
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Fig. 4. Two layer analysis for natural filling in atrium due to shop fire.

C.L. Shi et al. / International Journal of Heat and Mass Transfer 50 (2007) 513–529 519
plume out of a retail shop with a wide door have been dis-
cussed in the proposed model. So the mass flow rate of the
plume _mp may be predicted by the proposed spill plume
model:

_mp ¼
_mp;aZ > Z l;a

_mp;lHd < Z 6 Z l;a

_mv0 < Z 6 H d

8><
>: ð46Þ

Heat loss to the enclosure is calculated by the similar
method in the retail shop.

3.3. Transport lag time (TLT)

In most zone models, it is assumed that the smoke layer
will be formed immediately after the core fire begins to
burn up. Such an assumption is reasonable in a compart-
ment with a height range of 4–5 m, but not suitable for a
large space like an atrium. During an atrium fire, the prop-
agation of the buoyant plume from the fire source to the
ceiling and its spread as a ceiling jet to form smoke layer
may take a time, which is much longer than the time
required in a compartment space a few meters high. Hence,
the transport lag time must be accounted in an atrium fire.

For a fire source with convective heat release rate of
_Qc ¼ actp, with a power p after ignition, a normalized trans-
port lag time (TLT) for the plume rising to the height Z

was produced by Heskestad [22]:

t�p ¼ B1=ð3þpÞa1=ð3þpÞ
c Z�4=ð3þpÞt ð47Þ

Here B ¼ g=cpT 0q0 ð48Þ

Several models have been developed for the transport lag
time induced by different types of growth fires, e.g.

� Equation by Tanaka [23], for steady power fire (not
including the ceiling jet transfer time):

t ¼ 1:7 _Q�1=3Z4=3 ð49Þ
� Equation by Heskestad [22], for t-square fire:

t�2 ¼ B1=5a1=5
c Z�4=5t ¼ 0:81ð1þ r=zÞ ð50Þ

where r is the distance of the ceiling jet front traveling
away from the jet center.
� Equation by Delichatsios [24], for p-power fire:

1þ r
Z
¼ j

4

p þ 3

� �3=5

B1=5a1=5
c Z�4=5tð3þpÞ=5 ð51Þ

These models are difficult to use to calculate the TLT
directly for a common type of real fire, since the growth
factor and growth power of the heat release rate of real
fires are usually not known in advance. This is why the
majority of present zone models haven’t contained a TLT
model in their codes. A universal TLT model should be
able to calculate transport lag time for all common types
of real fires and should be easily introduced into the code,
and this is the requirement influenced the development of
our present zone model. The correlations proposed by Hes-
kestad and Delichatsios are based on the same wood crib
fire burning tests which closely follow the t-square growth.
Delichatsios reviewed the experimental data and then pro-
posed the uniform correlation Eq. (51) for tp growth fire by
dimensional analysis. However, there is a discrepancy for
the coefficient for t-square fires in both correlations, say
0.81 in Eq. (50) while 1.21 in Eq. (51) (j = 0.944 according
to Delichatios’ work). The discrepancy might be due to the
different values of the theoretical heat of combustion of
pine wood used. For consistency of the correlations, we
adjust the value of j and rearrange Eq. (51) as:

B1=3Q1=3
c Z�4=3t ¼ 0:56

p þ 3

4

� �
1þ r

Z

� �5=3

ð52Þ

If temporally averaging the _Q1=3
c up to the moment when

the ceiling jet front reaches r, we get:

h _Q1=3
c i ¼

3

p þ 3
_Q1=3

c ð53Þ

Substituting Eq. (53) to Eq. (52), we get a uniform corre-
lation for all types of growth fire.

B1=3hQ1=3
c iZ�4=3t ¼ 0:42 1þ r

Z

� �5=3

ð54Þ

The growth exponent p does not appear in the above cor-
relation, so we can easily calculate the TLT for the real
fires, and the growth exponents are not necessary to be
known in advance. It is more realistic to use the correla-
tion, i.e., Eq. (54), to give a calculation in the zone model
code. Rearranging the correlation by Tanaka, we get a
constant dimensionless time defined in Eq. (47):

t�0 ¼ B1=3Q1=3
c Z�4=3t ¼ B1=3hQ1=3

c iZ�4=3t ¼ 0:46 ð55Þ
Here assume _Qc ¼ 0:7 _Q.
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A similar formation would be obtained from Eq. (55) by
setting r = 0 in contrast to Eq. (54).

Hence, in the improved zone model, the total transport
lag time after the smoke spilling out of the retail shop in the
atrium, including the time to reach the ceiling of the atrium
Ha and spread to the ceiling edge

ffiffiffiffiffiffiffi
Ac;a

p
, is calculated by

tlag ¼ 0:42 1þ
ffiffiffiffiffiffiffi
Ac;a

p
=H a

� �5=3

B�1=3h _Q1=3
v i

�1H 4=3
a ð56Þ

where tlag should be calculated by iteration for h _Q1=3
v i is the

time average of _Q1=3
v from 0 to tlag (see Fig. 4).
4. Full-scale experiments

Full-scale experiments were carried out in a retail
shop mock-up located in the PolyU/USTC Atrium [13].
The dimensions of the atrium are 22.4 m (L) � 11.9 m
(W) � 27.0 m (H), which is seven floors high as illustrated
in Fig. 5. Four air inlets with sizes of 1.0 m � 0.25 m are
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Fig. 5. Experimental setup (a) Geometry of PolyU/USTC atrium (b)
Mock-up of retail shop.
located along the bottom of the east sidewall. The main
atrium door with a width of 4 m is located in the center
of west sidewall and the door height is adjustable, which
is 2 m high in the tests. The retail shop mock-up is of
4 m (L) � 3 m (W) � 3 m (H). The frame of the mock-up
is made of steel, the surfaces of the walls are lined with dou-
ble-deck fireproof gypsum plaster board in 5 mm thickness,
and a 5 cm air void exists between the boards.

Four sets of thermocouples, labeled as T1, T2, T3 and
T4, were installed to measure the transient characteristic
temperatures. As shown in Fig. 5(b), T1 and T2 sets are
mounted on the shop wall to measure the temperature dis-
tributions inside the shop. T1 set, arranged in two vertical
poles and trisecting the west wall, can be used to measure
the temperatures of smoke layer at positions of 5 cm,
45 cm, 85 cm, 125 cm and 185 cm from the shop ceiling
by using 10 K-type thermocouples of 1.5 mm diameter.
T2 set, containing 8 K-type thermocouples of 1 mm dia-
meter and arranged in a T-shape on the east wall, is used
to provide the temperature variations in the shop. The
top three thermocouples are set up at 80 cm intervals hor-
izontally and 5 cm from the ceiling. The other five ones are
arranged with vertical intervals of 35 cm, 40 cm, 40 cm,
40 cm, and 60 cm from the ceiling. From Fig. 5(a), two
thermocouple trees, i.e., T3 and T4 sets, are erected to mea-
sure the temperatures inside the atrium. The T3 set is used
to measure the centerline temperature of the spill plume out
of the retail shop with 26 thermocouples arranged in 1 m
vertical intervals and the lowest one is located 0.8 m above
the ground. The T4 one contains 27 thermocouples with
1 m vertical intervals, 2 m apart from both east and south
walls of the atrium, and the lowest one positioned 1 m
above the floor. The thermocouples used in T3 and T4 sets
are both K-type with the diameter of 0.5 mm and the cold
ends of thermocouples were placed at the ground level for
cold-end protection. The relative measurement errors for
all sets of thermocouples are estimated as 2% for T1 and
T2, and 5% for T3 and T4.

To handle the huge amount of signals and long trans-
mission distance, two sets of data acquisition system
(DAS) are developed for dealing with the fire signals.
One is the central DAS, which is used to sample the signals
of the electronic balance and the thermocouples of T1 and
T2 inside the shop. The other is the distributed DAS [25]
used for disposing the signals of T3 and T4 in the atrium.
This system is developed based on filed-bus technology to
minimize the signal distortion caused by electromagnetic
interferences between coupling and radiation due to static,
environmental and long distance transmission.

The shop was located at the place where the spill plume
may be approximately located at the center of the atrium.
The door opening of the retail shop was kept of 1.6 m
(W) � 1.4 m (H), with a threshold of 0.3 m above the floor.
A leakage of 0.05 m exists around the bottom of the walls
to guarantee the uniform air supply to the burning region.
The fuel has heat an enthalpy of combustion equal to
42,000 kJ/kg. Two fuel pans were of sizes 0.7 m � 0.7 m
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Table 1
Experimental conditions and measured results

Tests Pool size
(m2)

Initial temperature
in retail shop T0,s

(�C)

Initial
temperature in
atrium T0,a (�C)

Ambient
temperature
outside atrium
(�C)

Total
diesel mass
(kg)

Burning
time (s)

Elevation
height of fire
(m)

Spill plume depth at
the steady stage Hv

(m)

Test1 0.7 m � 0.7 m 54.0 20.8 19.0 5.3 510 0.30 0.39
Test2 0.8 m � 0.8 m 59.0 22.8 21.0 6.9 585 0.27 0.43 � 0.46
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and 0.8 m � 0.8 m, respectively. The fuel pools were placed
on an electronic balance at the central floor of the shop,
slightly above the ground. The characteristic dimensions
of the spill plume during the steady burning were measured
with a ruler. The experimental conditions and some mea-
sured results are shown in Table 1.

The transient mass loss rate of fuel is measured by an
electronic balance during the burning process within a
deviation of _mf of about 5%. The heat release rate _Q was
calculated from the transient mass loss rate of the fuel
_mf , the combustion efficiency v and the heat of combustion
DHc in terms of the following equation:

_Q ¼ v _mfDH c ð57Þ

Here, v was taken as 0.9, which is confirmed by the tests of
the pool fires ranging from 0.6 m by 0.6 m to 0.8 m by
0.8 m within an ISO 9705 room, with an uncertainty of
10% (2r). Thus, the heat release rate may have a relative
error of ±7.5% (or uncertainty of 2r = 15%). The coeffi-
cient for convective heat release rate kc was taken as 0.7
from previous diesel fire tests. The heat release rates of
both tests are shown in Fig. 6. From the figure, we can
see that the burning process of diesel pool fires could be di-
vided into three stages, i.e., a fast growing stage, a relative
steady burning stage, and a final depression stage. In Test
2, the heat release rate suddenly increased at about 240 s
due to a boilover occurring during the steady burning stage
(The heat release rates during growth stage and steady
burning stage were implemented in FDS input files as
boundary conditions in time extension).

Typical temperature distributions measured in the shop
and the atrium in Test 1 are shown in Figs. 7 and 8. The
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Fig. 6. Heat release rate of fire source measured in the tests.

Fig. 8. Transient temperature in atrium measured along T4 core for
Test 1.
centerline temperatures of the spill plume measured in Test
1 are shown in Fig. 9.
5. Numerical experiments

For atrium fires, there are basically two categories of
computer based approaches to simulate smoke and heat
movement, i.e., zone model and field model. The zone
model divides the fire environment into two spatially
homogeneous volumes, i.e., a hot upper layer and a cool
lower layer. Mass and energy balances are enforced for
each layer with additional equations to describe relevant



0 100 200 300 400 500
20

40

60

80

100

120

140

160

180
25.8m 24.8m 23.8m 22.8m 21.8m 20.8m
19.8m 18.8m 17.8m 168m. 15.8m 14.8m
13.8m 12.8m 11.8m 10.8m 9.8m
8.8m 7.8m 6.8m
5.8m
4.8m
3.8m
2.8m
1.8m
0.8m

T m
(o

C
)

Time (s)

Fig. 9. Centerline temperature of spill plume measured along T3 core for
Test 2.

522 C.L. Shi et al. / International Journal of Heat and Mass Transfer 50 (2007) 513–529
physical processes appended to differential/algebraic equa-
tions as appropriate. The zone model is simple and compu-
tationally fast, but produces less information of the field
structure of smoke movement. With the increasing capacity
of computer technology, the field model has been devel-
oped extensively with the merit of CFD method. Certain
works have been reported regarding the CFD modeling
of fire scenarios in the literature [27–30]. Among the avail-
able CFD models, the large eddy simulation (LES) model,
developed by Smagorinsky et al. [26], as an alternative to
direct numerical simulation (DNS) and Reynolds Averaged
Navier–Stokes (RANS) equations, simulates the large
eddies of grid scale directly, models the smaller ones (sub-
grid scale) by subgrid-scale models, and provides detailed
information on three-dimensional instantaneous velocity,
turbulence, etc. Recent advances in computer performance
and numerical solution have made LES model more feasi-
ble and more realistic to handle fire and smoke spread
problems, although longer computational time would be
required comparing to the zone model. In this study, the
LES model implemented in FDS code was used to simulate
the atrium fire.
5.1. Simulation by FDS code

The two full-scale tests mentioned above were simulated
by the LES model implemented in FDS version 3, devel-
oped by National Institute of Standards and Technology
(NIST). The turbulence is treated by means of the Smago-
rinsky formation. The combustion model uses the mixture
fraction model, which is a conserved scalar quantity
defined as the fraction of gas at a given point in the flow
field originated as fuel. The radiative heat transfer is
included in the model via solving the radiation transport
equation by a finite volume model (FVM) for a non-scat-
tering gray gas, using approximately 100 discrete angles.
The final equation set implemented in FDS code can be
used to simulate the flow phenomenon considering conser-
vations of mass, momentum and energy for a thermally-
expandable, multi-component mixture of ideal gases.

Considering the fine grid resolution against the limited
computer capacity, the multi-blocking method [14] is used
to establish proper meshes over the flow domain, which is a
new feature of FDS code and enable users to save compu-
tational time by applying relatively fine meshes in required
areas and coarse meshes elsewhere. The atrium in the study
is divided into 3 mesh blocks. The first mesh block is
around the shop and extended to the outer space of the
compartment, 0.5 m away from the outer surfaces of the
east, west, and north walls, 4.5 m away from the south
wall, and 1 m away from the ceiling. The grid number in
this block is 90 � 40 � 40 with a resolution of 0.1 m �
0.1 m � 0.1 m. The second one is around the spill plume
region ((�3,6), (�4,4), (0,27)), the grid number is 90 �
80 � 120 with a resolution of 0.1 m � 0.1 m � 0.2 m (The
coordinate origin is defined as the projection point of the
vertical centerline of the shop door to the ground, and
the x-axis is directed to the south). The third one is the
whole atrium with grid cells of 48 � 24 � 54 and a resolu-
tion of 0.5 m � 0.5 m � 0.5 m.

The fire is modeled as a volumetric heat source (VHS).
The heat release rate (HRR) is sampled from the measured
HRRs in the tests, simplified as a growing stage and a
steady burning stage with a constant HRR value. For the
Test 2, the boilover stage is also considered. In FDS code,
the spacial temperature variation is obtained by the ani-
mated planar slices (SLCF namelist group) and point mea-
surement (THCP namelist group) arranged in the shop, the
vertical centerline of the door, the horizontal section of the
door opening height, the centerline of the spill plume, and
the corresponding location of atrium. The mass flux of
plume at different heights with interval 0.5 m is also calcu-
lated by THCP outputs.

5.2. Simulation by the proposed zone model and CFAST

code

In the proposed zone model, the heat release rates are
directly obtained from the measured curves; while in the
CFAST code, the HRR curves should be sampled into sev-
eral temporal points with a limited number less than 20.
The thermal properties of wall structures of the retail shop
and the atrium are listed in Table 2. The initial conditions
are described in Table 1. Considering the temperature dif-
ference through wall structure, the initial temperature of
the wall is assigned the average value of inside and outside
temperatures of wall block. The boundary and initial con-
ditions are specified same values both in the proposed zone
model and CFAST code.

There are some essential differences between the pro-
posed zone model and the CFAST code. First, the pressure
equation is solved in CFAST, while constant pressure is
assumed in the proposed zone model. The pressure varia-
tion should be considered carefully at the initial stage of
fire in a small enclosure. However, in a relative large space



Table 2
Thermal properties of the boundary

Material (ceiling and walls) k (w/m K) cp (J/kg K) q (kg/m3) ew d (m) Initial temperature (Test 1/Test 2) T0,w (�C)

Gypsum plaster (retail shop) 0.48 840 1440 0.85 0.005 38/41
Concrete (atrium) 1.2 880 2000 0.63 0.1 19.8/21.8

C.L. Shi et al. / International Journal of Heat and Mass Transfer 50 (2007) 513–529 523
like an atrium, the effect of pressure variation can be
neglected. Hence, the proposed model can save computing
cost from this aspect. Second, the proposed model uses
Heskestad’s correlation for predicting the plume entrain-
ment, considering the suitability of Heskestad’s correlation
to large fire involving realistic fuel packages, while the
CFAST code uses McCaffrey’s correlation respectively.
Third, the spill plume out of the retail shop is treated as
an axisymmetric plume and the mass flux is also given by
the McCaffrey’s correlation in CFAST, while, in the pro-
posed model, the spill plume is predicted by the proposed
spill plume model considering the three regimes. Finally,
the transport lag time is included in the proposed model
using the revised transport lag time model mentioned
above, which is not considered in CFAST code.

The calculation steps in the proposed model are per-
formed as follows:

First, calculate the smoke and heat movement in the
retail shop

Zg;s;n;T g;s;n;T w;j;n!
Lm;n;eg;s;n;Gr;n;kn;vn;ln! hj;n! T w;j;nþ1=2! hj;nþ1=2

qn;mn
_Qnþ1; _mp;nþ1

8<
:

9=
;

! Zg;s;nþ1;T g;s;nþ1;T w;j;nþ1!H v;nþ1; _mv;nþ1; _Qv;nþ1

Second, calculate the transport lag time tlag by iteration
of Eq. (56), where h _Q1=3

v i is obtained by the time average
of _Q1=3

v from tout to tout + tlag.

Finally, calculate the smoke spread process in the
atrium, for t > tout + tlag,

Zg;a;n;T g;a;n;T w;j;n!
Lm;n;eg;a;n;Gr;n;kn;vn;ln! hj;n! T w;j;nþ1=2! hj;nþ1=2

qn;mn
_Qv;nþ1; _mv;nþ1;H v;nþ1!Zo;l;nþ1;Zo;a;nþ1;Z l;a;n! _mp;nþ1

8<
:

9=
;

!Zg;a;nþ1;T g;a;nþ1;T w;j;nþ1
Table 3
Comparison of parameters produced by the proposed model and FDS
code

Test
No.

_Qv ðkWÞ _mv ðkg=sÞ Zo,l

(m)
Zl,a

(m)
Zo,a

(m)

Test 1 130/122a/
135b

0.52/0.57a/0.54b 0.60 9.63 1.93

Test 2 219/213a/
224b

0.65/0.66a/0.67b 0.51 9.15 1.66

a Predictions by FDS code.
b Predictions by improved zone model.
6. Results and discussion

Based on the full-scale experiments, the smoke layers in
the retail shop were observed in well-stratified form with
clear interfaces in both tests. The interface in the shop
slightly fluctuated in the natural filling process so that the
mass exchange between the smoke layer and the lower cold
air can be neglected.

The hot smoky gas firstly filled the retail shop in about
10 s, and then was driven out by the pressure difference
crossing the shop door. It was observed that the smoke
layer interface descended a bit lower at the beginning of
the steady stage than that in the later period due to the heat
expansion item described in Eq. (28). The heat expansion
item generally plays a key role at the fire growth stage in
a relative small enclosure; its impact gradually turns to
be slight in a steady burning stage, and can be neglected
in large space comparing to the mass flow items. The inter-
face height and the temperature of the smoke layer in the
shop would become relatively stable once the diesel fire
becomes steady. The spill plume was steady and laminar
at the door, then transferred to a line plume during the rise,
and finally, an axisymmetric plume formed at the far
region.

According to the records of experimenter, it took about
67 and 56 s, respectively, in both tests for the spill plume
front to reach the atrium ceiling and then spread under
the ceiling to form a smoke layer. Such periods are a little
earlier than those correspondingly measured by the ceiling
thermocouple of T4, say 80 and 63 s. It may be due to the
difference of the judging criteria of the smoke front, for the
former times are judged by the observation of smoke par-
ticles, while the latter ones are sensed by the sudden tem-
perature rise of smoke. Anyhow, such transport times are
relatively long and should be considered in the zone model
for the large atrium case.
6.1. Characteristics of spill plume out of the shop

As observed in the experiments, the spill plume from the
shop is typically divided into three regimes, i.e., the hori-
zontal curved region out of the door, the line plume in
the near field, and the axisymmetric plume in the far field.
These phenomena are considered and described in the pro-
posed model as well, i.e., Eqs. (1)–(25). According to the
model, the convective heat of the spill plume _Qv can be cal-
culated by Eq. (1) if the temperature of the smoke layer in
shop and the spill depth at the door are known or by Eq.
(3) if the interface height of smoke layer and the effective
heat transfer coefficient are obtained in advance. Actually
these two equations would give same results for the steady
stage if the plume model and the heat loss through the
boundary were accurate enough. Similarly, the mass flow
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rate out of the door _mv is calculated by Eq. (2) or Eq. (4).
Here, only the steady burning stage was considered, and
the key parameters of the spill plume were obtained by
temporal and spatial average of the sample periods of
180 � 230 s in Test 1 and 280 � 330 s in Test 2, respec-
tively. The experimental centerline temperatures of the spill
plume can be obtained by averaging the measured data
during these periods. The temperature of the smoke layer
in the shop was obtained by the temporal and spatial aver-
age of the measured value from the thermocouples in the
upper layer. Substituting the experimental parameters,
the values of _Qv and _mv calculated by Eqs. (1) and (2) are
shown in Table 3. The values of virtual origin Zo,l, Zo,a

and the critical heights Zl,a for spill plume transformation
based on the experiments are also listed in Table 3.

Fig. 10 demonstrates the centerline temperature
variations versus the atrium height produced by the
experiments, the FDS code, and the proposed model. The
measured centerline temperature rise DTm decreases
approximately with Z � Zo,l by exponent of �1 in the near
line plume region according to Eq. (9), and about exponent
of �5/3 in the far field according to Eq. (10). For the plume
in the smoke layer region, the proposed model under-pre-
dicts the centerline temperature rise due to the entrainment
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of hot air to the plume in this region in fact. The FDS code
over-predicts the DTm in the near field but produces better
results in the far fields than the proposed model.

Fig. 11 depicts the mass flow rates of the spill plume at a
certain height predicted by the proposed model and the
FDS code in steady stage for Test 1 (Fig. 11) and in boi-
lover stage for Test 2 (Fig. 11). The figures indicate two evi-
dent regions as the spill plume moves up, i.e., the line
plume regime and the far axisymmetric plume regime.
The mass flow rates first linearly increase with Z � Zo,l in
the line plume regime, and then increase with Z � Zo,a by
f(exp5/3) in the far axisymmetric plume regime. As the spill
plume rises to the smoke region, the temperature dif-
ferences between plume and surrounding air reduce as to
generate consequently less buoyance force, hence, the
entrainment rates of the plume actually increase slower in
the smoke layer region in FDS model than that in the pro-
posed model, which are shown in right ends in Fig. 11. For
comparison, the mass flow rate, if treating the spill plume
wholly as an axisymmetric plume or a two-dimensional line
plume, was predicted here. Figs. 10 and 11 show the spill
plume out of a wide shop door is transferred from the line
plume to the axisymmetric plume, and also demonstrate
the advantage of the proposed model in properly predicting
the detailed transformation from the line plume to the axi-
symmetric one.
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Fig. 13. Interface heights of smoke layer in retail shop for both cases.

Fig. 14. Mass flow rates of spill plume at shop door for both tests.
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Fig. 15. Heat of spill plume for both tests.
6.2. Comparison and validation

Fig. 12 presents comparisons of the temperatures inside
the shop for both tests between the prediction and the mea-
surement. It can be seen that the results produced by the
proposed model are similar to the experiments as well as
the results of CFAST and FDS codes. Moreover, the max-
imum deviations between the proposed model and mea-
surements in the steady stage are lower than 5% in Test 1
and 10% in Test 2. The results of the CFAST code are a
little higher than the proposed model and the experiments.
The predictions of the FDS code are generally in good
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accordance with the proposed model and experiments
except the under-estimations in the boilover stage for Test
2. It should be noted that, in the growing stage, all three
models over-predict the temperature rise in similarly when
compared to the experiments. Based on the observations
during experiments, such deviations may be caused by
two factors: (a) a vortex eddy is formed at the beginning
of smoke filling inside the shop due to the downward flow
along the wall so as to strongly mix the hot gases and the
room air, which enhances the heat/mass exchange at the
interface and cools the smoke layer, such an effect is not
considered in the models used; (b) the thermal inertia of
the thermocouples and the filter delay of the DAS may also
enlarge the deviations.

Fig. 13 presents variation of smoke layer height inside
the shop predicted by the proposed zone model and
CFAST code as well as the measured ones. The smoke
layer height produced by the proposed model is in a good
agreement with the experiments at the steady burning
stage, and the predicted spill depth at the door is similar
with the measured ones, such as 0.41 m in Test 1 and
0.44 m/0.47 m in Test 2 given by the proposed model.
The interface height predicted by CFAST is a little lower
than that by the proposed model. It is due to the fact that
different plume models were introduced in the code as men-
tioned before, i.e., the McCaffrey’ correlation in CFAST
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Fig. 16. Comparison of smoke layer temperature in atrium for both tests.
and the Heskestad’ correlation in the proposed model. Fur-
thermore, as shown in Fig. 14, CFAST predicts more mass
and heat outflow through the door to the atrium, while
both the proposed model and FDS code produce similar
results, which are less than those of CFAST. Fig. 15 pre-
sents the predicted heat flux of the spill plume in both cases
produced by the proposed model. From Figs. 13–15, it can
be seen that selecting a proper plume model is an important
factor affecting the numerical accuracy. It is presumed that
Heskestad’s correlation is more suitable to describe rela-
tively large fires and the details of the near field plume,
since the correlation is based on large-scale experiments
involving high heat release rate and realistic fuel package,
which fit the situation in this study. McCaffrey’s correla-
tion is developed by measuring the average temperature
and upward velocity distribution of relatively small meth-
ane fires with low-to-medium heat release rate, which
may not cover the case studied here. For large fires, the tur-
bulent structure of the flames may be different from those
of a small flame. These effects should be noticed and may
cause the deviation in results.

The profiles of smoke layer temperature and key heights
in the atrium are shown in Figs. 16 and 17. Fig. 16 com-
pares the transient temperature variation of the experi-
ments with the predictions of the proposed model,
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Fig. 17. Natural filling in atrium for both tests.
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CFAST, and FDS codes for both tests. Fig. 17 demon-
strates the comparisons of the natural filling processes
in the atrium between measurements and simulations.
According to Figs. 16 and 17, it can be noticed that the
proposed model generally produces better predictions than
the other two codes, i.e., FDS and CFAST. The tempera-
tures predicted by the proposed model and FDS code are
similar and match well to the measurements except at the
beginning of the filling, which may be due to the ceiling
jet entraining more cold air in experiments by the large
eddy when the smoke layer is formed. The CFAST predic-
tions deviate from the measurements at the beginning and
maintain deviations to the end probably due to not consid-
ering the transport lag time. In both tests, simulations by
the proposed model and FDS lead to bit earlier rises in
temperature than the experiments but have similar trends
with the measured data. The results of the proposed model
and the FDS code get close to the measured ones at the
later stages, especially in Test 2. Differences in the temper-
ature predicted by the proposed model and FDS and mea-
sured in the experiments are found to be less 1 �C in Test 1
and 1.5 �C in Test 2. As shown in Fig. 17, the predictions
produced by the proposed model and the FDS code are
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Fig. 18. Predicted interface height and smoke layer temperature in
superior to those given by the CFAST code, which predicts
an earlier natural filling due to the lack of the transport lag
time impact. Besides, the natural filling curves created by
CFAST are steeper than other corresponding ones due to
the assumption of axisymmetric plume and the overestima-
tion of mass flow rate by McCaffrey’s correlation. On con-
sidering the transport lag time, the times for the smoke
layer starting to descend are found to be close within the
proposed model, the FDS code and the measurements.
Particularly, in Test 2, the descending time predicted by
the proposed model is almost the same with the corre-
sponding measured one. Fig. 17 indicates that the proposed
model can provide a satisfactory simulation of the natural
filling compared with the experiments. Based on the similar
descending trends of the measured curves and the predic-
tions by the proposed model, two typical regions can be
found in the spill plume, i.e., the line plume at near field
(below 10 m) and the axisymmetric plume in the far field
(over 10 m) shown in figures. Figs. 16 and 17 also present
that the FDS code predicts earlier and faster natural filling
in the atrium, which may be caused by the faster numerical
diffusion of heat than reality due to insufficient grid resolu-
tion in the atrium block.
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Table 4
Predicted results for different fires and mechanical exhaust rates

Shop
fire size
(kW)

Natural
filling

3
ACH

6
ACH

10
ACH

15
ACH

Time to descend to
5 m (s)

250 450 970 N N N
1000 300 380 N N N
2000 260 305 430 N N
3000 240 270 310 N N

Steady interface
height (m)

250 0 4.8 8.8 14.0 19.4
1000 0 3.1 5.5 8.7 12.7
2000 0 2.5 4.3 6.8 10.0
3000 0 1.9 3.3 5.3 7.8

Average steady
smoke layer
temperature (�C)

250 24.5 23.8 23.0 224 21.8
1000 36.3 34.2 31.6 29.1 27.1
2000 49.5 46.5 41.9 37.4 33.7
3000 70.0 66.5 59.1 51.7 45.2
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6.3. Parametric case study

The full-scale experiments and numerical simulations
discussed above indicate that the natural filling in the
atrium due to a retail shop fire is relatively fast, e.g., the
time required for the smoke layer to descend to 5 m
above ground is about 5 min in Test 2. Smoke control
approaches, such as a mechanical exhaust, are important
to the atrium in an emergency. To give an insight on the
efficiency of mechanical exhaust in such a location due
to a retail shop fire, several fire scenarios are simulated
by the proposed model. The retail shop is 8 m (L) � 6 m
(W) � 4 m (H) with a door of 3 m (W) � 2 m (H), which
is typical of a shopping arcade in China. The atrium and
the thermal properties are the same as mentioned above.
The shop fires are all ultra fast t-square fires with the steady
HRRs of 250 kW, 1 MW, 2 MW and 4 MW, respectively.
The mechanical exhaust rate is assigned to different air
changes per hour (ACH) with natural filling (zero ACH),
3ACH, 6ACH, 10ACH and 15ACH respectively. The pre-
dictions are shown as Fig. 18 and Table 4. It can be seen
from the figure and the table that, with the mechanical
exhaust operation, the temperature rise and descending
speed of the smoke layer become slower, the temperature
is lower and the smoke layer height is higher with a higher
mechanical exhaust rate. The smoke layer can be kept at
a key height corresponding to a desired ACH level, i.e.,
critical exhaust rate. In this parametric study, such rates
for maintaining the smoke layer 5 m above ground are
3ACH, 6ACH, 10ACH and 10ACH corresponding to four
cases with mechanical exhaust.
7. Conclusion

A detailed study on smoke movement and spill plume
development in a full-scale atrium due to a retail shop fire
has been reported in this paper. A simple physical model is
proposed to estimate the characteristic properties of the
spill plume induced by a fire in a retail shop. The transport
lag time impact is also considered to predict the transport
time of a spill plume to initially form a smoke layer. Intro-
ducing the spill plume model and transport lag time forma-
tion to the code, an improved zone model is developed to
predict the retail shop fire in a large, tall atrium. Numerical
simulations are performed by the proposed model together
with the FDS and CFAST codes and compared to relevant
experimental results. The following conclusions can be
drawn.

Through the full-scale experiment and numerical simu-
lation, it is found that the spill plume development in a
large atrium due to a retail shop fire can be divided into
three typical regions, the curved spill plume regime at the
shop door, the line plume regime at the near field, and
the axisymmetric plume regime at the far field.

By combining the spill plume model and the transport
lag time equation, the proposed zone model can be used
to predict the mass and heat movement inside the atrium
with a shop fire in detail. Comparing to the predictions
by the FDS and CFAST codes, it is found that for the
prediction of smoke layer height and temperature rise,
the proposed model performs slightly better than FDS
code, especially at the growth stage, and much better than
CFAST code, in which the transport lag time is not con-
sidered and the spill plume is wholly treated as an axisym-
metric plume.

From the full-scale experiments and simulations, it can
be seen that the natural descending of smoke in the atrium
can be rapid after the occurrence of a retail shop fire.
Smoke control is necessary and important for such space.
The proposed model is used to carry out a parametric
study on retail shop fires in an atrium under different
mechanical exhaust conditions. It is found that the
mechanical exhaust can slow down the speed of temper-
ature rise and the descending of smoke layer, and may
keep the smoke interface at desired height if the proper
mechanical exhaust rate is maintained.
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