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Abstract

This paper discusses ®re induced smoke movement and associated species transport in a multi-enclosure
compartment building. A set of steady state and transient state ®res experiments have been conducted in a full-scale

building. The distributions of various physical parameters such as temperature, velocity and species concentration,
were measured. Particular attention is given to the ¯ow ®elds at the doorway which connects the room of ®re origin
and a corridor. The experimental results indicated the e�ects of mixing between the hot upper layer smoke and the
relatively cool lower layer air in the corridor. Some data processing techniques are also explained. # 1999 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Understanding of smoke movement in the built en-
vironment is a prerequisite for undertaking risk assess-
ment of building ®res. Fire induced ¯ow in the built

environment has been a major topic in ®re research.
There have in the literature been extensive theoretical
analyses and experimental investigations of ¯ow of air

and gases in room ®res. Unless intervened by mechan-
ical ventilation systems the movement of smoke in a
building subjected to a ®re is always driven by buoy-
ancy forces. The hot product gas, soot and air mixture

tends to move upwards, creating the so-called layering,
or strati®cation e�ect [1,2]. Pertaining to ventilation
conditions, the lower layer of relatively cool air in an

enclosure may provide the building occupant with cru-
cial passage and time to evacuate. The formation of
smoke layer and time-dependent physical conditions in

various location of multi-enclosure buildings have been

the major topics in ®re related ¯uid dynamics research
[3,4].

The buoyancy driven movement of smoke in a
building is often through vent openings which connect
various enclosures of the building. Therefore, ¯ow vel-

ocity and temperature distributions at vent openings,
as well as inside enclosures, have been the focus of
much research. A detailed analysis of ®re induced

¯ows through openings using hydraulic theory and a
bench scale apparatus was given by Prahl and
Emmons [5]. McCa�rey and Quintiere [6] studied
buoyancy driven countercurrent ¯ows generated by a

®re source of constant heat release rate in a full-scale
corridor burn room facility. Their measured velocity
pro®les at the entrance and at a location downstream

of the entrance, and the mass balance analysis based
on these pro®les indicated strong mixing and entrain-
ment ¯ows in the corridor connecting to the burn

room. Fire induced ¯ows under steady state burning
conditions were also investigated experimentally by
Steckler et al. [7]. In their study, the three-dimensional
e�ect and the in¯uence of the ®re source position

inside the burn room were considered.
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The conditions of the counter-current ¯ows at a
doorway joining two adjacent enclosures are indicative
of the conditions in the corresponding source regions.
For example, the average exhaust ¯ow conditions in

Fig. 1 re¯ect the conditions in the upper layer of the
burn room and the average conditions of the return air
¯ow that in the lower layer of the adjacent room. Due

to strong counter-current ¯ows, mixing also occurs in
the region near a vent opening. Although this phenom-
enon has been addressed in ®re modelling and vent
¯ow calculations [8], there has been a lack of exper-

imental evidence to demonstrate the overall e�ect of
such mixing on the transport of enthalpy and species
across the opening.

Nomenclature

C calibration factor
H height (m)
m mass ¯ow rate (kg/s)

N number of measurement points
P standard atmospheric pressure (=1.013�105 Pa)
r density or temperature ratio

R gas constant of air (=288 J/kg K)
t time (sec, min)
T temperature (K, 8C)
u ¯ow velocity (m/s)
W door width (m)
x dummy variable
y coordinate variable, or height above ¯oor (m)

Y species concentration (mass fraction).

Greek symbol
r density (kg/m3).

Subscripts

av average
c calibration condition
d door

e exhaust stream
i inlet stream
j index

k index
n neutral plane.

Fig. 1. A simpli®ed sketch of ®re induced ¯ow in a multi-room scenario.
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Measurement of gas composition in full-scale ®re
tests is one of the practical methods for toxic hazard
assessment and, as pointed out by Purser [9], is the

most valuable method since it reveals ®re growth and
product yield directly and o�ers ®rst hand test results
for combustion product-based approach to toxicity

Fig. 2. Instrumentation and layout on Level 1 of the Experimental BuildingÐFire Facility.

Fig. 3. Instrumentation at the burn room door.
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assessment. Most of the previous investigations of ®re
induced ¯ows were concerned with the transport of

enthalpy and momentum. Emphasis was given to the
measurement of temperature and velocity ®elds and
the establishment of theoretical and empirical corre-

lations for ¯ow coe�cient, volume and mass ¯ow rates
[10,11]. The measurement of the ®eld of species con-
centration was dealt with insu�ciently and very little is

known about the transport of species in realistic transi-
ent burning ®res.
In the present study, an attempt is made to reveal,

through full-scale ®re experiments, the ¯ow ®eld
around the doorway in a multi-enclosure building. Of
particular interest are the distributions of temperature,
velocity and oxygen concentrations along the centre

line of the doorway. The average schemes based on
transport terms are applied to the measured parameter
pro®les to obtain the average temperature and species

concentration in the counter ¯ow streams at the door
openings. The average quantities can be used to esti-
mate the transport rates of mass, enthalpy and species.

2. Experimental arrangement

A series of ®re experiments were conducted in a full-
scale prototype building which has four storeys con-

nected by a lift shaft, a stairwell and air handling
shafts. Fig. 2 is a scheme of the ®rst ¯oor on which
the ®re source was located. The layout of the other

levels, except for Level 4, are similar to Level 1. Level
4 consisted of a corridor only. Room 103 on the ®rst
¯oor was used as the burn room which has a size of

5.39 � 3.69 � 2.4 m high. The burn room was con-
nected to the ®rst ¯oor corridor (15.6 � 1.4 � 2.57 m
high) through a door opening of standard size (0.8 �
2.01 m) located on the north face of the room.

Opposite to this door was a 2.4 � 1.5 m high window
in a standard three-pane con®guration (two small
sliding panels 3 mm thick and one ®xed glass sheet

4 mm thick).
The burn room was equipped with two weighing

platforms. Eight bidirectional velocity probes, eight

gas sampling probes and eight thermocouples were
placed vertically along the centre line of the burn room
door as shown in Figs. 2 and 3. The top of the probe
tree was 10 mm below the top edge of the door. The

vertical distance between any two adjacent probe
groups was 250 mm. All thermocouples used were of
chromel±alumel (`K' type) and were 1.5 mm mineral

insulated and metal sheathed (MIMS). Pressure di�er-
ences across the velocity probes were measured with
di�erential pressure transducers. The oxygen sensors in

the gas analyser were galvanic cell type with a range of
0±25% by volume and a resolution better than 0.01%.
For oxygen concentration measurement, the sample

gas stream was cooled, dried and ®ltered before
passing through the gas analyser. Data signals were

sampled at a nominal frequency of 1 Hz. Raw data
were smoothed over 15 points before further analysis
to obtain the transport rate of various quantities.

The results of two experiments are reported in this
paper. The ®rst experiment involved steady state burn-
ing ®re with a propane burner. The burner was placed

in the centre of the burn room and its heat release rate
was set at 200 kW. The second experiment was a tran-
sient ®re using realistic furniture as fuel load. The fuel

con®guration in the burn room for this experiment is
illustrated in Fig. 2. The fuel load included a three-seat
couch, two single-seat sofas, two co�ee tables, and two
book shelves with phone books. The couch and one

co�ee table were located on the small platform, the
others were on the large platform. The total fuel load
is 542.1, corresponding to a fuel load density of 27.9

kg/m2 of ¯oor area. The ignition source was a 150 g
wooden crib placed at the centre of the three-seat
couch on the small platform (Fig. 2). In both exper-

iments, the building was naturally ventilated internally
and was functionally closed to the outside, that is, all
the doors and windows to the outside were closed.

However, small leakage areas existed in the doors and
windows. Inside the building, the stair doors to the
corridors of every ¯oor and the burn room door
(D103) were open and all other doors and windows

were closed.

3 . Data reduction and error analysis

Experimental data analysis to generate appropriate

and meaningful physical parameters for the purpose of
computer model validation has been a challenging
task. He [12] reviewed the traditional volume weighted

average scheme and proposed a reciprocal or mass
weighted average scheme for obtaining the average
zone quantities. Another average scheme proposed by

He [12] is based on transport terms, which requires the
knowledge of velocity as well as the parameter distri-
butions. Since velocity, temperature and oxygen con-

centration pro®les were measured at the door openings
in the present study, this scheme is readily applicable
to the measured data.
The measured discrete ¯ow velocity distributions

along the vertical centre line of the doorway are line-
arly interpolated to obtain the neutral plane Hn at
which velocity reading is zero. The smoke exhaust

mass ¯ow rate me is calculated from

me �W

�Hd

Hn

ru dy �W
P

R

�Hd

Hn

u

T
dy �1�

The three-dimensional e�ect may come into play when
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the opening width is considerably larger [13]. However,
when the opening width is signi®cantly smaller than

the height, the assumption of two-dimensional ¯ow
®eld at the doorway can be justi®ed [6].
For the exhaust stream, the average temperature and

species concentrations based on transport terms are
estimated according to

Tave �

�Hd

Hn

u dy�Hd

Hn

u

T
dy

�2�

and

Yave �

�Hd

Hn

uY

T
dy�Hd

Hn

u

T
dy

�3�

The expression for the inlet stream mass ¯ow rate to
the burn room through the door opening is the same

as Eq. (1) except for a change in the integration limit

mi �W
P

R

�Hn

0

u

T
dy �4�

Similarly, with a change of integration region from
[Hn, Hd] to [0, Hn], the average quantities for the inlet

stream can be obtained from Eqs (2) and (3). By de®-
nition, the product of average temperature, mass ¯ow
rate and speci®c heat of constant pressure gives an esti-

mate of enthalpy transport rate; and the product of
Yav and m is the species transport rate [12].
Velocity, temperature, and species concentration

pro®les were measured at a ®nite number of discrete
points along the centre line of the door opening. It is

assumed that all the parameters are linearly distributed
between any two adjacent measurement points. The
parameter pro®les are also linearly extrapolated down

to the ¯oor and up to the door frame. Under the
aforementioned assumptions, numerical expressions
can be worked out for various integral terms in Eqs
(1)±(4). Readers are referred to the Appendix for

details of these expressions. The method of obtaining
heat release rate from the measured total fuel mass
loss in the transient ®re experiment was described in

Ref. [14].
Errors in temperature measurement due to radiation

e�ect are expected. In an earlier study conducted in

the present experimental facility, the temperature
measurement error was estimated to be less than 6%
in terms of Kelvin [15]. However, the contribution of

temperature measurement error to the mass transport
term in Eq. (1) is reduced by half, or 3%, since the
product of r and u is inversely proportional to the
square root of the absolute temperature.

Let DP be the di�erential pressure reading across
the velocity probe. The measured ¯ow velocity u is re-
lated to DP and absolute temperature T by

u � C�T=Tc�0:5DP 0:5 �5�
where C is a calibration factor, Tc is the absolute tem-
perature at the calibration condition. Therefore, the

ratio of u/T can be written as

u

T
� C0

T

�
TDP
T0

�0:5

� C0

�T0�0:5
�
DP
T

�0:5

�6�

It is seen from the above equation that a relative error

Fig. 4. Measured pro®les along the centre line of the burn room door (steady state ®re): (a) temperature; (b) velocity.

Y. He / Int. J. Heat Mass Transfer 42 (1999) 3253±3265 3257



in the measured temperature dT/T would result in a
relative error in the calculated mass transport by

d�u=T �
u=T

A
1

2

dT
T

�7�

The oxygen mass ¯ow rate across the doorway can be

used to analyse the oxygen consumption rate inside the
burn room and hence obtain an estimate of heat
release rate based on the oxygen consumption prin-
ciple. This topic has been discussed in Ref. [14]. In this

paper, only the measured parameter distributions and
the averaged quantities are presented.

4. Result and discussion

4.1. The steady state ®re experiment

Although the heat release rate of the propane burner

was set at a constant level in the steady state ®re, gas
temperature in the burn room underwent a transient
change from the ambient value to a quasi-steady state.
Presented in Fig. 4 are the surface plots of measured

temperature and velocity pro®les as functions of time
at the burn room door. The coordinate y is the dis-
tance from the ¯oor. From the temperature traces

[Fig. 4(a)] it is plausible to divide the experimental
period into two stages: the growth period and the
quasi-steady period. The growth period includes the

®rst 3 mins when the temperature near the upper edge
of the door increased by about 1808C. The average
rate of temperature change in the upper layer was

much higher in the growth period than that in the fol-
lowing quasi-steady period in which the hot layer tem-
perature only increased by about 208 over a time span
of 15 mins. There was a region in the lower part of the

door where temperature remained almost uniform. On
the other hand, the temperature in the upper region
continuously increased with height y up to the top

edge of the door frame, indicating that the temperature
in the hot layer was not uniform. Constant tempera-
ture contour lines revealed a quick descending trend in

respect to height in the transition period and was then
maintained at almost constant heights in the quasi-
steady period. The ®re induced ¯ow is driven by buoy-
ancy forces which are determined by temperature

®elds. When the temperature distribution across the
doorway reached a quasi-steady state, so would the
velocity distribution as shown in Fig. 4(b). It should

be noted that the top velocity probe at y=2.0 m was
absent in this steady state experiment. However, the
velocity pro®le was extrapolated to the top edge of the

door in Fig. 4(b). The negative value in the velocity
reading indicates smoke moving out of the burn room.
The neutral plane position is de®ned at the location

where ¯ow velocity changes its sign. The result is
shown in Fig. 5(a). The measured velocity and tem-
perature pro®les were integrated with Eq. (1) to obtain

the vent ¯ow rate as shown in Fig. 5(b).
Presented in Fig. 6 are the measured oxygen concen-

trations at a number of selected elevations along the
centre line of the burn room door. Oxygen concen-

trations at other elevations were not recorded due to
instrument malfunction. Therefore, the average oxygen
concentrations in the outgoing and incoming streams

could not be estimated. Nevertheless, Fig. 6 does indi-
cate that the inlet stream, as well as the exhaust
stream, were oxygen depleted.

4.2. The transient ®re experiment

The distinctive characteristic of the transient ®re is

the gradual variation in heat release rate as shown in
Fig. 7. After the ignition of ®re at the centre of the
three-seat couch, ¯ame spread along the surfaces of
the seat and back. As the burning surface area

increased, so did the heat release rate and the gas tem-
perature inside the burn room. The convective and
radiant heat transfer to window glass created intensive

thermal stress. The video record of the experiment
revealed that the window glass cracked at 315 s and
was completely dislodged at about 475 s after the ig-

nition. The dislodgement of window glass created ad-
ditional opening to the burn room and more fresh air
was brought in by buoyancy. The result of this was the
acceleration of ®re growth to the ¯ashover point where

the gas temperature inside the burn room was so high
such that ¯ames spread to non-contiguous furniture
items and the unburnt volatiles became involved in

combustion [16]. With the consumption of fuel, the
burning surface area was gradually reduced which was
followed by a decay in heat release rate until the fuel

was burnt out.
Fig. 8 contains surface plots of measured tempera-

ture and velocity pro®les as a function of time at the

Fig. 5. Measured quantities at the burn room door (steady

state ®re): (a) neutral plane height; (b) vent ¯ow rate from the

burn room to the corridor.
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doorway of the burn room. In contrast to the propane
®re, no quasi-steady state was discernible from the
measured temperature pro®les. The contour line at

u=0 indicates the neutral plane position at the door-

way and is replotted in Fig. 9(a). The initial low neu-
tral plane position is a manifestation of an identi®ed
¯ow regime where thermal expansion forces the air out

of the burn room [17]. For most part of the experimen-

Fig. 6. Measured oxygen concentrations at the burn room door (steady state ®re).

Fig. 7. Heat release rate of the transient ®re.
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tal period, the neutral plane ¯uctuated around an el-

evation equivalent to half of the door height. The
exhaust smoke ¯ow rate is plotted in Fig. 9(b).
Compare Fig. 9(b) with Fig. 7, it is seen that the maxi-

mum mass exhaust rate through the door opening does
not necessarily correspond to the maximum heat

release rate in the burn room. This phenomenon is

explained in the following.
The buoyancy driven ¯ow across the door opening

is related to the ratio of densities between inside and

outside of the burn room. Let 1 denote the burn room
and 2 the adjacent room. The density ratio is de®ned

Fig. 8. Measured pro®les along the centre line of the burn room door (transient ®re): (a) temperature; (b) velocity.

Fig. 9. Measured quantities at the burn room door: (a) neutral plane height; (b) vent ¯ow rate from the burn room to the corridor.
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as

r � r1
r2
� T2

T1
�8�

According to the analysis by Prahl and Emmons [5]

for an idealised situation

meA
����������������
r�1ÿ r�

p
�

����������������������������
T2

T1

�
1ÿ T2

T1

�s
�9�

The mass ¯ow rate reaches the maximum only when
the function r(1ÿr ) attains the maximum. As the ®re
grows in the burn room, more and more hot smoke is

discharged to the adjacent room and the temperature

di�erence between T1 and T2 may be reduced, resulting

in a value of r close to unity. Hence, the mass ¯ow

rate may attain a less than maximum value even when

the heat release rate of the ®re is increasing or at the

maximum.

Velocity readings of the very top probe was not

included in Fig. 8(b). It actually registered a very

peculiar trace as shown in Fig. 10(a). The change in
¯ow direction indicated formation of ¯ow separation

and a recirculation region around the leading corner of

the door jamb. This phenomenon has been observed

by Lyn and Rodi [18] in their investigation of the tur-

bulent shear layer and the associated recirculation

Fig. 10. Flow ®eld near the top edge of the burn room door: (a) velocity reading at y=2.0 m, or 0.01 m from top surface; (b) door

jamb geometry.
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Fig. 11. Measured oxygen concentrations at the burn room door (transient ®re).

Fig. 12. The average conditions of inlet and exhaust streams through the burn room door (transient ®re): (a) temperatures; (b) oxy-

gen concentrations.
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region on the sidewall formed in ¯ow separation from
the forward corner of a square cylinder. Their results

revealed that at a distance half way from the forward
corner, reverse ¯ow or recirculation occurred for y/D
<0.15. In this case, y is the vertical distance from the

sidewall surface and D the diameter of the square
cylinder. Although the door jamb geometry [Fig.
10(b)] in the present work is di�erent from the square

cylinder of Lyn and Rodi, the separation and recircula-
tion were still expected. Due to heat transfer to rela-
tively cold jamb wall, temperature in the recirculation

bubble was lower than that in the free stream. At any
given time, the temperature reading at this location
was lower than that at y=1.75 m [Fig. 9(a)]. The vel-
ocity reading at y=2.0 m was excluded from the inte-

gration to obtain smoke exhaust ¯ow rate, average
¯ow temperature and oxygen concentration (see Fig.
12 below). The error due to this exclusion was believed

to be small since thickness of the corner ¯ow region
was negligible in comparison to the door height. It is
also observed in (b) that the maximum exhaust ¯ow

velocity in the upper region of the vent opening was
almost twice the maximum inlet ¯ow velocity in the
bottom region.

The intensive heat release rate in the burn room is
believed to have created strong buoyancy forces and
turbulent mixing in the corridor. As a result, the return
air ¯ow, or the inlet stream, from the lower layer in

the corridor to the burn room was severely contami-
nated with product gases. In Fig. 11, the gas sampling
probes below the neutral plane height (Hn 1 1 m), in

the inlet stream, registered oxygen concentrations
lower than that of standard atmospheric value for a
good part of the experimental period. At any given

time, there was usually a negative oxygen concen-
tration gradient, i.e. (dY02/dy ) < 0. The lowest probe
( y=0.25 m) registered a minimum reading as low as
10.7%.

Associated with the mixing is also heat transfer. In
addition, the lower layer air in the corridor received
thermal radiation from the upper layer hot smoke and

its temperature was, therefore, increased. Fig. 12
demonstrates the average temperatures and oxygen
concentrations of the inlet and exhaust streams

through the burn room door.

5. Conclusion

Temperature, velocity and species concentration pro-
®les at a vent opening can be used to estimate the

transport rates of smoke in building ®res. Signi®cant
contamination by combustion products is expected in
the lower region of the strati®ed buoyancy driven

counter current ¯ow in building enclosures. In the full-
scale ®re experiments described herein, the e�ects of

strong mixing between smoke and air layers in a corri-
dor were observed at the doorway connecting to a ®re

room. The experimental result revealed that the oxygen
concentration in the inlet stream from the corridor to
the burn room was reduced due to the contamination

by combustion product gases during intensive building
®res, indicating that the lower layer air in the corridor
was not free of toxic species. The inlet ¯ow in the tran-

sient ®re experiment also had signi®cantly high average
temperature (greater than 1008C) soon (about 9 min)
after the start of the ®re. The oxygen concentration

dropped below 16% at about the same time. Both of
these parameters articulated an unsafe passage for
building occupants.
Flow ®eld around a door jamb can be quite compli-

cated. Flow separation and recirculation behind the
forward corner of a door jamb was detected in the
transient ®re experiment. Although this phenomenon

may not signi®cantly alter the result of mass ¯ow rate
through the door opening, its e�ect on heat transfer to
the door jamb may in¯uence the endurance of the

structure in a ®re environment, hence it deserves
proper investigation.
The oxygen concentration is somewhat an indirect

indication of tenability in building ®res. Experiments
with the measurement of toxic species would be desir-
able to obtain direct information on their yield and
transport behaviour for toxicity analysis.
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Appendix

Let N be the number of measurement points, j be

the index of position (1R jRN ). The vertical distance
yj ( j=1, . . . ,N ) from the ¯oor is the height of measure-
ment point j. uj, Tj and Yj are velocity, temperature

and oxygen concentration measured at yj. The par-
ameter pro®les are linearly extrapolated down to the
¯oor and up to the door frame. The total number of

data points is N+2 after extrapolation with index j
ranging from 0 to N+1. Let k denote the index of the
location which is right below the neutral plane. We
have yj < yj+1 for j=0, . . . ,N and yk < Hn < yk+1.

Note that y0=0 and yN+1=Hd.
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Under the assumption of linear parameter distribution between any two adjacent measurement points, the velocity
integration term in Eq. (2) is straightforward

�Hd

Hn

u dy � 1

2

0@ XN
j�k�1
�uj�1 � uj �� yj�1 ÿ yj � � uk�1� yk�1 ÿHn�

1A �A1�

The numerical expression for the integral term in Eq. (1) and the denominator in Eqs (2) and (3) reads

�Hd

Hn

u

T
dy � S2�0,uk�1,Tref ,Tk�1,Hn,yk�1� �

XN
j�k�1

S2�uj,uj�1,Tj,Tj�1,yj,yj�1� �A2�

where Tref is the interpolated temperature at the neutral plane position and

S2�x 1,x 2,x 3,x 4,xk,x 6� �
�x 2 ÿ x 1��x 4 ÿ x 3� ÿ ��x 2 ÿ x 1�x 3 ÿ �x 4 ÿ x 3�x 1� ln

�
x 4

x 3

�
�x 4 ÿ x 3�2

�x 6 ÿ x 5� �A3�

The numerical expression for the numerator in Eq. (3) reads

�Hd

Hn

uY dy � S3�0,uk�1,Yref ,Yk�1,Hn,yk�1� �
XN
j�k�1

S3�uj,uj�1,Yj,Yj�1,yj,yj�1� �A4�

where Yref is the interpolated species concentration at the neutral plane position and

S3�x 1,x 2,x 3,x 4,x 5,x 6� �
�
x 1x 3 � x 1�x 4 ÿ x 3� � x 3�x 2 ÿ x 1�

2
� �x 4 ÿ x 3��x 2 ÿ x 1�

3

�
�x 6 ÿ x 5� �A5�

The expression for the integral term on the right-hand side of Eq. (2) is more complicated

�Hd

Hn

Yu

T
dy � S4�0,uk�1,Yref ,Yk�1,Tref ,Tk�1,Hn,yk�1� �

XN
j�k�1

S4�uj,uj�1,Yj,Yj�1,Tj,Tj�1,y 0j,yj�1� �A6�

where

S4�x 1,x 2,x 3,x 4,x 5,x 6,x 7,x 8�

�
(
�x 4 ÿ x 3��x 2 ÿ x 1��0:5x 2

6 � �rÿ 0:5�x 2
5 ÿ 2x 5�x 6 ÿ x 5��

�x 6 ÿ x 5�3
� �x 3�x 2 ÿ x 1� � x 1�x 4 ÿ x 3���x 6 ÿ x 5 ÿ x 5r�

�x 6 ÿ x 5�2

� x 1x 3r

x 6 ÿ x 5

)
�x 8 ÿ x 7� �A7�

and

r � ln

�
x 6

x 5

�
�A8�
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