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Abstract

The operation of mechanical exhaust in a small retail shop fire will be studied with a two-layer model. Different equations on axisy
fire plume entrainment and spill plume will be considered. A zone model has been developed to predict the fire growth in reta
Correlation between the mechanical exhaust rate and plume entrainment rate for keeping the smoke layer interface at a certain h
a steady burning fire will be analyzed.

A series of full-scale burning tests were carried out in a chamber with a vertical vent. In addition to validating the developed m
results will also be compared with those predicted by another zone model CFAST. The effectiveness of mechanical exhaust in retai
will be discussed. How different plume correlations can be applied will be investigated and compared. Some factors affecting the c
will also be analyzed.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Many retail shops are constructed at the floor level in
malls where there are difficulties in designing smoke ext
tion systems for the entire space. An accidental fire in a s
might have smoke spreading out of the shop to other par
the mall. Mechanical smoke exhaust is necessary for r
shops in those malls. Proper design might give a high eno
clear height by operating the mechanical extraction sys
which becomes the design objective. It is interesting to
how this design objective can be achieved for retail sh
in big malls, especially in places like China or Hong Ko
where there are so many such malls and performance-b
fire safety design can be applied. For assessing the de
the correlation of smoke production rate and mechanica
haust rate would be helpful to understand the developm
of smoke layer.
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The smoke production rate can be calculated by var
plume models such as Zukoski’s correlation [1], Heskest
correlation [2], McCaffrey’s correlation [3] and Thomas
correlation [4], which were used in many fire zone mo
els. For example, for the two-layer zone model CFAST
McCaffrey’s correlation for calculating the plume entra
ment rate was used. Among these plume correlations, s
are derived from theoretical analytical studies, while so
are empirical formulas based on experiments, so diffe
entrainment rates will be predicted even for the same
This will have deviation in predicting for the smoke fillin
and smoke control, which will give rise to uncertainty f
building fire safety design. Also, the real fire environme
in a retail shop with mechanical exhaust are always diffe
from the free space. Interaction of the mechanical exh
and the air flow through door opening would give differe
flow rates of smoke in comparison with the predictions.

In this paper, full-scale fire experiments are perform
to investigate the effects of mechanical exhaust in a w
ventilated retail shop built in the PolyU/USTC Atrium

a joint collaboration project between University of Science
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Nomenclature

Ac area of ceiling . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Ae area of mechanical vent . . . . . . . . . . . . . . . . . . m2

As surface area of upper layer . . . . . . . . . . . . . . . m2

b half width of plume
C coefficient in Eq. (41)
Cd effective coefficient of discharge in Eq. (17)
Ce constant in Eq. (15)
Cf constant in Eq. (7)
Ci correction coefficient forMp due toMi when

interface fluctuates greatly
Cp specific heat capacity . . . . . . . . . . . kJ·kg−1·K−1

Df diameter of fire . . . . . . . . . . . . . . . . . . . . . . . . . . . m
g acceleration due to gravity . . . . . . . . . . . . . m·s−2

h height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Hc height of ceiling . . . . . . . . . . . . . . . . . . . . . . . . . . m
He height of mechanical vent . . . . . . . . . . . . . . . . . m
Hem middle height of mechanical vent to ground . m
Hk effective coefficient of convective heat

transfer . . . . . . . . . . . . . . . . . . . . . . . kW·m−2·K−1

Hs depth of spill plume . . . . . . . . . . . . . . . . . . . . . . m
Hv height of ventilation opening . . . . . . . . . . . . . . m
Hn height of neutral profile . . . . . . . . . . . . . . . . . . . m
L distance from radiometer to fire source

center . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
m mass of upper layer . . . . . . . . . . . . . . . . . . . . . . kg
Ṁe mechanical exhaust rate . . . . . . . . . . . . . . kg·s−1

Ṁi mass exchange rate at the interface. . . . . kg·s−1

Ṁf mass flow rate induced by fire burning . kg·s−1

Ṁp mass flow rate of plume into upper layer kg·s−1

Ṁs mass flow rate of spill plume . . . . . . . . . . kg·s−1

ṁf transient mass loss rate of fire source . . . kg·s−1

Pf perimeter of fire source . . . . . . . . . . . . . . . . . . . m
Pe perimeter of enclosure . . . . . . . . . . . . . . . . . . . . m
Q̇ total heat release rate . . . . . . . . . . . . . . . . . . . . kW
Q̇c convective heat release rate . . . . . . . . . . . . . . kW
Q̇Loss heat loss rate . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
q̇r radiation measured by radiometer . . . . kW·m−2

Ts temperature of hot smoke layer . . . . . . . . . . . . K
T0 ambient air temperature . . . . . . . . . . . . . . . . . . . K
Ve velocity of mechanical vent . . . . . . . . . . . . m·s−1

Vs horizontal velocity of spill plume . . . . . . m·s−1

W width of ventilation opening . . . . . . . . . . . . . . . m
w upward velocity of plume . . . . . . . . . . . . . m·s−1

Z height of smoke layer interface . . . . . . . . . . . . m
Z′ calculated distance from fire to smoke layer

interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Zb elevation of fire bottom to ground . . . . . . . . . . m
Z0 elevation of virtual origin location. . . . . . . . . . m
Z0,f virtual origin for near field plume of Zukoski m
Zf l effective flame height . . . . . . . . . . . . . . . . . . . . . m

Greek letters

α combustion efficiency
λc coefficient for convective heat release rate
λr coefficient for radiative heat release rate
ρs density of hot smoke layer . . . . . . . . . . . kg·m−3

ρ0 density of ambient air . . . . . . . . . . . . . . . kg·m−3

�Hc heat of combustion . . . . . . . . . . . . . . . . . . kJ·kg−1

�T excess temperature of plume . . . . . . . . . . . . . . . K
�ρ density deficit of plume . . . . . . . . . . . . . . kg·m−3

φ expression of plume models in Eq. (32)
γ,η exponent in Eq. (41)
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and Technology of China (USTC) and The Hong Kong Po
technic University (PolyU). With different plume entrai
ment correlations along with spill plume correlation, a zo
model has been developed to investigate the fire envi
ment. Through studying the result of experiments and ca
lations, the effectiveness of mechanical exhaust in shop
is discussed, and the applicability of different plume cor
lations is compared. Some factors affecting the calcula
are also analyzed.

2. Simplified model of mechanical exhaust

The two-layer model [6,7] developed previously is us
to analyze the smoke control by mechanical exhaust
shop under fire. Basic phenomena and terminology are i
trated in Fig. 1. There are basically two layers: the upper
smoke layer and the lower air layer. Thermal-stratificat

phenomenon was well observed by salt water modeling [8].
Mass conservation equation for the upper hot smoke l
is:

dm

dt
=




Ṁp + Ṁi

(Hem + He/2< Z < Hc)

Ṁp + Ṁi − [
(Hem + He/2− Z)/He

]
Ṁe

(Hem − He/2< Z < Hem + He/2)

Ṁp + Ṁi − Ṁe

(Hv < Z < Hem − He/2)

Ṁp + Ṁi − Ṁe − Ṁs

(Z0 + Zb < Z < Hv)

(1)

The smoke production rate from the fire source,Ṁf , is very
small in comparison with the entrainment rate to the plu
which can be neglected in most cases.

Energy conservation in the upper layer gives:

mCp

dTs

dt
= Q̇c − (

Ṁp + Ṁi

)
Cp(Ts − T0)

− HkAs(Ts − T0) (2)

Assuming the heat lost of the smoke layer by radiation, c
vection and conduction are uniform,Hk is the overall effec-

tive heat transfer coefficient averaged on the surfaces with
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Fig. 1. The two-layer zone model.
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areaAs , the surface area of the upper layer.Hk is related to
the surface material and the Rayleigh number and assu
to be a constant.

When the mass inflow rate of the smoke layer is equa
the mass outflow rate, the upper layer interface will be k
at a certain elevationZ, the mass balance becomes:

Ṁp + Ṁi = Ṁe + Ṁs (3)

Heat balance in the steady burning stage of pool fires
be expressed as:

Q̇c = (
Ṁp + Ṁi

)
Cp(Ts − T0) + HkAs(Ts − T0) (4)

If the disturbance of mechanical exhaust and ventila
opening to the smoke layer is not too strong,Ṁi may also
be neglected.

The mechanical exhaust ratėMe can be calculated from
the extraction velocityVe and the area of mechanical vent

Ṁe = ρs × Ve × Ae (5)

For fire sources not placed next to the wall, the plume
not tilt too much due to the induced air inflow pattern. T
plume mass entrainment ratėMp can be calculated using th
unbounded free plume correlations, which are usually
pressed as a function of the smoke layer heightZ and the
heat release ratėQ or the fire diameterDf . In this paper,
four typical plume models will be introduced into the co
servation equation to predict the development of the up
layer temperature and interface height in the retail shop.
effectiveness of smoke control by mechanical exhaust
then be analyzed theoretically. The four plume models
reviewed to give a better understanding of the theories
application limits.

2.1. Zukoski’s correlation

Based on the weak plume theory suggested by Mo

et al. [9], the buoyant plume of far field was assumed by
Zukoski et al. [1] to have a similarity between excess te
perature�T and upward velocityw. Gaussian Profiles ca
be fitted in the radial direction with half width,b. Entrain-
ment rates were measured by an exhaust hood for diffus
flames of methane stabilized on porous-bed burners of
to 0.50 m diameter, heat release rates varied from 1
200 kW. The mass flow rates were measured for a rang
elevations starting just below the top of flame and extend
to six times the flame height. Based on their experimenta
sults, a correlation was developed for axisymmetric plum
for far field:

Ṁp = 0.076Q̇1/3(Z − Z0)
5/3 (6)

The location of the virtual originZ0 was suggested by Cet
gen et al. [10] as:

Q̇/D
2/5
f � 1105, Z0 = 0.066Q̇2/5 − Cf Df

Q̇/D
2/5
f < 1105, Z0 = 0.01

(
Q̇/Df

)2/3 − Cf Df (7)

For fires at the floor,Cf = 0.50; and for fires above the floo
Cf = 0.80.

To obtain a correlation for fire plume, experimental d
were reviewed by Cetegen et al. [10]. Experimental d
were correlated by an equation of the form developed
Thomas [4], but rewritten with the origin for fire plume:

Ṁp = 0.62Df (Z − Z0,f )3/2 (8)

However, the data were not sufficient to give accurateZ0,f .
The following correlation with noZ0,f was proposed for th
fire plume region based on their experiments:

Ṁp = 0.62Df Z3/4 (9)

The curves of Eqs. (6) and (9) would logically cross at

position near the top of the flame.
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2.2. Heskestad’s correlation

Buoyancy, continuity, momentum and energy conse
tion equations were reviewed by Heskestad [2] for the
plume. Agreement could be improved if the analysis w
based on the similarity between upward velocityw and den-
sity difference�ρ, instead of the similarity between exce
temperature�T and upward velocityw. The Boussinesq ap
proximation for weak point plume was removed so that la
density differences can be taken into account. This m
thatρ0 = ρ was not assumed in some equations. The eq
tions discussed were can be used to describe strong plu
A correlation was developed for entrainment in fire plu
with virtual origin based on large-scale experiments invo
ing relatively high heat release rates and realistic fuel pa
ages:

Ṁp = 0.071Q̇1/3
c (Z − Z0)

5/3 + 0.0018Q̇c (10)

Z0 = 0.083Q̇2/5 − 1.02Df (11)

The mass flow rate depends on the convective heat re
rateQ̇c instead of the total heat release rateQ̇ as radiation
loss would play a role in real fires. The coefficientλc for
convective heat release rate was confirmed to be abou
by experiments in this paper.

For the reacting, flaming region where the elevations
lower than the effective flame heightZf l , Heskestad’s cor
relation gives:

Ṁp = 0.0054Q̇cZ/Zf l (12)

Zf l = −1.02Df + 0.235Q̇2/5 (13)

Heskestad’s correlation was listed in NFPA 92B [6].

2.3. McCaffrey’s correlation

Experimental data were used by McCaffrey (1983)
with dimensional analysis to arrive at plume relationsh
for upward velocity and temperature. Local values of vel
ity and density at different elevations and radial position
the adiabatic plume and fire plume were measured dire
and then used to obtain time-averaged estimates of de
ρ̄{r,Z} and velocity�w{r,Z} profiles. Integrating the prod
uct over the area of the plume gave an estimation of the
mass flux in the plume.

By dimensional analysis, the plume was divided in
three regions: the continuous flame region, the intermit
region, and the plume. The coefficients were obtained by
ting of the experimental data. Methane flames of heat rel
rates 14.4, 21.7, 33.0, 44.9 and 57.5 kW were used in
experiment. The correlations of plume of different regio
were of the form:

Continuous flame region:

Ṁp/Q̇ = 0.011
(
Z/Q̇2/5)0.566

, 0� Z/Q̇2/5 < 0.08
Intermittent flame region:
.

e

Ṁp/Q̇ = 0.026
(
Z/Q̇2/5)0.909

, 0.08� Z/Q̇2/5 < 0.20

Smoke plume region:

Ṁp/Q̇ = 0.124
(
Z/Q̇2/5)1.895

, 0.20� Z/Q̇2/5 (14)

It should be noted that in McCaffrey’s plume equations,
plume properties are assumed to be independent of fuel
only dependent on energy release rate,Q̇. Since flames from
different fuels have different luminosity, radiation loss
vary considerably between fuels. Therefore, flame tem
ature varies from fuel to fuel. Fuel effects were not mar
in regions above the continuous flame region.

2.4. Thomas’s correlation

Experimental data used to derive the above plume e
tions did not include conditions where the mean fla
height,Zf l , was significantly less than the fuel source
ameter. In the continuous flame region, or in the near fi
the plume mass flow rate was found by Thomas et al.
to be independent of the energy release rate, but mor
a function of the perimeter of the fire,Pf , and the heigh
above the fire source,Z. This had been found to be very o
vious for fires where the mean flame height is considera
smaller than the diameter. The plume mass flow rate e
tion by Thomas was written as:

Ṁp = 0.188Z3/2Pf (15)

Note that the plume shape was no longer assumed to be
ical, but cylindrical. This is typical for larger fires, where t
flame height tends to be lower than the fire diameter.

It is observed that the mass flow rates predicted
Thomas were only valid up to the flame tip. The predic
mass flow rates above this height had also been foun
agree well with the data. For example,Z was up to 10

√
Af

for fires in large space in heat release rate 110–750 kW.
entrainment correlation might be extended as the follow

Ṁp = CeZ
3/2Pf (16)

The coefficientCe is 0.188 for large spaces such as audito
stadia, large open-plan offices and atria, where the ceilin
well above the fire.Ce = 0.210 for large-space rooms, su
as open-plan offices, where the ceiling is close to the
Ce = 0.337 for small-space rooms such as unit shops,
lular offices and hotel bedrooms with ventilation openin
predominantly to one side of the fire; which is the value u
in this paper.

The equation is relatively simple and useful for ca
whereZf l/Df < 1 and for cases where the fire source
noncircular.

2.5. Vertical vent outflow

When the hot layer descends to the elevation of d
opening, the hot smoke will be driven to flow out by t

pressure difference across the vent. By Bernoulli’s equation,
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Fig. 2. Schematic diagram of the experiment setup.
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the outflow velocityV (h) at the elevation h to the neutr
plane is:

V (h) = Cd

√[
2h(ρ0 − ρs)g

]
/ρs

= Cd

√
2hg(Ts/T0 − 1) (17)

Then, the average outflow velocityVs can be obtained by th
integral ofh from the neutral plane to the soffit of vent:

Vs = 2

3
Cd

√
2Hsg(Ts/T0 − 1) (18)

Approximately, the position of the neutral plane is cons
ered as the soffit of the spill plume at the vent section,
is:

Hn = Hv − Hs (19)

So, the mass flow rate of spill plumėMs may be derived
from the average spill velocity.

Ṁs = ρsVsHsW = 2

3
CdρsH

3/2
s W

√
2g(Ts/T0 − 1) (20)

whereCd [11] is the effective coefficient of discharge f
the vertical opening. In this paper, by the measurement o
horizontal average outflow velocity in previous experimen
Cd was taken as 0.7.

3. Experimental setup

Experiments are performed in a shop model of lengt
m, width 3 m and height 3 m as illustrated in Fig. 2. T
model is made of steel. The roof and the walls are mad
double-deck fireproof gypsum boards of 7 cm thick, w

an air void of 5 cm thick. This model was jointly built by
University of Science and Technology of China and T
Hong Kong Polytechnic University for investigating ret
shop fires.

As shown in Fig. 2, two racks of thermocouples labe
as T1 and T2 were mounted on the shop wall to measur
temperature distributions. T1 was mounted on the west
with 10 T-type thermocouples of 1.5 mm diameter arran
as two vertical sets and distributed at intervals of 5, 40,
40 and 60 cm from the shop roof. The two sets trisected
west wall horizontally. T2 also had 10 T-type thermocoup
of 1 mm diameter mounted on the east wall and arran
in a T-shape. The top five thermocouples labeled as 1
were put at 40 cm horizontal intervals from each other,
5 cm down the ceiling from south to north. The middle fi
thermocouples labeled as 6 to 10 were arranged with ver
intervals of 35, 40, 40, 40 and 60 cm.

It is difficult to install an exhaust hood in the atrium
measure the heat release rate by the oxygen consum
method. The transient mass loss rate of fuel was meas
by an electronic balance during the burning process to ca
late the total heat release rate. The uncertainty of measu
the heat release rate by the mass heat lost rate meth
about 5%. This value was confirmed by measuring the
release rate for a 0.3 m by 0.3 m pool diesel fire by the o
gen consumption method with a room calorimeter. The 0.
by 0.6 m diesel pool fire would have a combustion efficie
α of 90%. But for smaller pool fires, the values ofα would
increase. For burning diesel as in this set of experime
sufficient air was supplied through the door for combusti
The flame was found to give not so many smoke part
lates than from big diesel pool fires of sizes up to 0.6 m
0.6 m. The combustion efficiencyα can be approximated a

the value of 1, having 5% uncertainty.
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Fig. 3. Mass loss rate curve for test 1.

The width of the ventilation opening was kept at 1.6
the height was adjustable, which was 1 m in these tests.
chanical ventilation of size 0.3 by 0.3 m was located on
top of the north wall, adjacent to the east wall. Hot smo
was extracted outside by the fan through the horizonta
ducts. The average flow velocity of the fan was measure
be 4.470 m·s−1, thus the volumetric flow rate of mechanic
exhaust was 0.4023 m3·s−1 (1448 m3·h−1).

Diesel of heat of combustion 42000 kJ·kg−1 was used as
the burning fuel in the experiments. Eight pool fire tests w
carried out using square pans and circular pans of var
sizes. The smoke layer temperature, the transient mass
rate of fire source, and the steady elevation of smoke l
interface were measured. When smoke spilled out thro
the door opening, the outflow layer depthHs was also mea
sured by a ruler.

4. Experimental results

Experimental conditions and results are shown in Tab
The fire pools at an elevationZb to the ground were put o
an electronic balance at the center of the shop model.
burning time and depth of the fires are also shown.

4.1. Heat release rate

The heat release ratėQ was calculated from the transie
mass loss rate of the fuel̇mf , the combustion efficiencyα
and the heat of combustion�Hc:

Q̇ = αṁf �Hc (21)

For pools of smaller size in this paper, sufficient air was s
plied through the door for combustion, soα was taken as 1
A typical transient mass loss change rate curve for di
pool fire in test 1 is shown in Fig. 3. A fitted function w
used to give a smoother curve. HRR curves for all tests
shown in Fig. 4. All indicated that there was a growth sta

before the HRR became steady.
s

Fig. 4. Heat release rate curves for tests 1–7.

Fig. 5. Temperature distribution at T2 for test 4.

4.2. Upper layer temperature

Typical temperature changes of the shop inside for te
measured by T2 are given in Fig. 5. As shown in the
ure, the thermocouples labeled as 1 to 8 had relatively
temperatures, indicating that they were in the upper
layer. Thermocouple 10 was beneath the elevation of sm
layer interface, thus the temperature measured was relat
lower. Thermocouple 9 was at about the edge of the in
face of the hot smoke and cold air, so the temperature w
little lower than thermocouples 1 to 8 but higher than th
mocouple 10. Operating the mechanical extraction sys
would give a thinner smoke layer at the opposite corner.
temperature of thermocouple 1 was lower than those at o
thermocouples in the hot layer, which had approximately
same values. In a zone model, temperature in the hot sm
layer is assumed to be uniform. The average temperatu
the whole upper layer was estimated from the thermoc
ples in the upper layer, which was estimated to have
uncertainty. The measurement error of temperature wa
timated to be±1 ◦C. A space average was performed
thermocouples 1 to 8 in test 4 to get the experimental a

age temperature of the upper layer.
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.941
78
05

807
Table 1
Experimental conditions and measured results

Tests Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8

Initial temperature inside the shopT0 [◦C] 35 36.5 32 43 44 40 37 37
Pool size [m2] 0.5× 0.5 (0.5× 0.37)2π 0.33× 0.33 0.28× 0.28 0.23× 0.23 0.18× 0.18 0.13× 0.13 0.33× 0.33
Burning time [s] 500 376 850 840 650 741 841 500
Pool depth [m] 0.025 0.015 0.02 0.02 0.02 0.015 0.02 0.02
Elevation height of fire [m] 0.20 0.15 0.15 0.15 0.16 0.16 0.15 0
Flame height [m] 1.3± 0.2 1.0± 0.2 0.75± 0.2 0.55± 0.15 0.42± 0.1 0.35± 0.1 0.30± 0.1 0.80± 0.2
Average heat release ratėQ at steady 238.22 116.4 74.70 42.04 20.13 10.84 8.41 74.70
burning stage [kW]
Average experimental upper layer 186.71 107.05 81.47 71.34 58.20 47.77 42.54 82.29
temperature at stable stageTs [◦C]
Smoke spill out? Y N N N N N N Y
Outflow depth [cm] 3.5 to 7 – – – – – – 2–10
Steady height of smoke layer [m]:

Experiments 0.93–0.96 1.10 1.28 1.47 1.65 1.85 2.10 0.9–0.98
Heskestad 0.885 1.179 1.375 1.586 1.859 2.174 2.303 1.235, 0*

Zukoski 1.180 1.319 1.407 1.520 1.716 1.973 2.104 1.254, 0.9*

McCaffrey 0.755 0.913 1.151 1.326 1.466 1.616 1.651 1.040, 0.8*

Thomas 0.888 0.985 1.092 1.219 1.406 1.659 2.027 0.957, 0.*

CFAST 0.809 0.957 1.206 1.331 1.504 1.645 1.699 1.068
Note:Hv = 1,W = 1.6 m. The value marked with* in test 8 was the calculated height corrected byCi .
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4.3. Other variables during steady burning

The interface heights were measured at the steady b
ing stage and the results are listed in Table 1. The ave
temperature anḋQ derived from the time averaging over th
steady burning period are shown in Table 1.

For diameter varied from 0.1 to 1 m, the burning wou
be in the transition regime. The burning rate depended
Df , the fire characteristic length. From the eight diesel p
tests and a free burning test of a pool of diameter 0.7 m
correlation equation was found:

Q̇ = 1952D3
f (22)

The pool perimeter corresponded to a certainQ̇ for diesel
pool fires will be calculated using the above equation
Thomas’s correlation in this paper.

Hk depends on too many factors and has to be estim
by experiments. For very thin solid walls, it can be suppo
to be a process of stationary conduction in the wall. For
smoke spilling out at the steady burning stage, heat bal
as in Eq. (4) gives:

Q̇Loss,a = Q̇c,a − Ṁe,aCp(Ts,a − T0)

= HkAs,a(Ts,a − T0) (23)

The subscript ‘a’ refers to the average value during t
steady burning stage. Substituting the experimental re
listed in Table 1,Hk can be fitted from tests 2–7, taken
0.015 kW·m−2·K−1.

The fraction of the total chemical energy of flame lost
radiationλr was found to be almost constant for a particu
fuel. For smaller burners, this value is relatively independ
of the burner size. The values ofλr were measured in tw

tests, tests 1 and 3. A radiometer was placed at 1.0± 0.1 m
-

away from the center of the pool pan, pointing at the fla
A point source model was used to calculate the radiative
loss fraction from the measured heat release rate and r
tion heat flux data:

λr = 4πL2q̇r

Q̇
(24)

λr in tests 1 and 3 were found to be 0.27 and 0.33, res
tively. Therefore, takingλr as approximately a constant
0.3 is reasonable, giving 10% uncertainty. Accordingly,λc

was taken as 0.7 in this paper.

5. Numerical experiments

Eqs. (1) and (2) were used for predicting the mechan
exhaust part of the model developed for fires in a typ
shop. In this model, there are four choices of plume mod

The two equations are used to predict the interface he
and temperature:

−ρsAc

dZ

dt
=




Ṁp

(Hem + He/2< Z < Hc)

Ṁp − [
(Hem + He/2− Z)/He

]
Ṁe

(Hem − He/2< Z < Hem + He/2)

Ṁp − Ṁe

(Hv < Z < Hem − He/2)

Ṁp − Ṁe − Ṁs

(Z0 + Zb < Z < Hv)

(25)

ρsAc(Hc − Z)Cp

dTs

dt

= Q̇c − ṀpCp(Ts − T0)[ ]
− Hk 2Ac + Pe(Hc − Z) (Ts − T0) (26)
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In some cases as shown later,Ṁi should also be included
soṀp was multiplied by a constantCi in the model for de-
scribing mass exchanges at the smoke layer interface.

The iteration was performed by the following steps:

Zn+1 = Zn −
[(∑

Ṁj,n

)
�t

]
/(Acρs,n) (27)

Ts,n+1 = Ts,n + {[
λcQ̇n − Ṁp,nCp(Ts,n − T0)

− HkAs,n(Ts,n − T0)
]
�t

}
/(mnCp) (28)

ρs,n+1 = 1.22

(
290

Ts,n+1 + 273

)
(29)

mn+1 = ρs,n+1A(Hc − Zn+1) (30)

Among Ṁj,n, the mechanical exhaust ratėMe was calcu-
lated by the following equation:

Ṁe,n = ρs,nVeAe = 1.22

(
290

Ts,n + 273

)
VeAe (31)

The entrainment rate of plumėMp at a heightZ was esti-

mated from the heat release rateQ̇ by the four plume mod
els:

Ṁp,n = φ
(
Zn, Q̇n

)
(32)

The heat release ratėQ was fitted by a logarithm functio
from experimental data on mass loss rate:

Q̇n = [
a ln(n�t + ti ) + b

]
42000 (33)

Initial conditions were:

Z0 = Hc, Ts,0 = T0

Q̇0 = [
a ln(ti) + b

]
42000 (34)

For the bottom of the fire at a heightZb above the ground, th
actual heightZ′ with air entrainment to the plume is give
by:

Z′ = Z − Zb − Z0 (35)

If smoke spread out from the shop through the door,Z would
be approximately equal toHn in the calculation process
This was well-demonstrated in the tests with a strati
smoke layer.

Hs = Hv − Z = Hv − (
Z′ + Zb + Z0

)
(36)

Based on the above assumptions, the smoke layer tem
atures and interface heights were predicted as show
Figs. 6–13 together with the experimental results. Those
sults predicted by CFAST v5.01 are shown as well.

The following can be observed from these figures and
ble 1:

I. A smoke layer was found in all tests as confirmed
temperature measurement and visual observations. Th
veloped fire mode with mechanical exhaust gives good

dictions and is suitable for simulating retail shop fires.
-

-

Fig. 6. Comparison of results predicted by the four plume models
CFAST with experiment for test 1.

II. Different smoke layer temperature and interface he
were predicted by the four plume models. For smoke
spilling out in the calculation process, the temperature
was related to the plume model selected in the initial gro
stage. However, the values of temperature rise were
ilar during the steady burning process for all four mo
els as shown in Figs. 8–12. When spilling was predic
by a plume correlation, the temperature rise curve wo
be different from the others. For example in Fig. 7, low
temperature rise was predicted from the McCaffrey’s
Thomas’s correlation because smoke spilled out in the ca
lation process. The development of the smoke layer inter
height was found to be related with the plume correlation
all tests. Possible explanations are:

At the steady burning stage, the smoke layer interf
height might be quite stable. When there was no sm
spilling out, mass conservation given by Eq. (1) would be

Ṁe = Ṁp (37)

Energy equation given by Eq. (2) fordTs

dt
tends to zero can

be written as:

Q̇c = ṀeCp(Ts − T0) + HkAs(Ts − T0) (38)

Different smoke layer interface heights would be predic
by Eq. (37) for the four plume models with the same h
release ratėQ. The temperature curves increased in a sim

way but depended oṅQ and the mechanical exhaust rate.
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Fig. 7. Comparison of results predicted by the four plume models
CFAST with experiment for test 2.

If smoke spilled out through the door opening at
steady burning stage, then:

Ṁp = Ṁe + Ṁs

Q̇c = ṀpCp(Ts − T0) + HkAs(Ts − T0) (39)

Therefore, both the stable smoke layer interface height
smoke temperature are related to the plume model sele

III. The upper layer temperatures predicted by CFA
were higher than the experimental results, which in p
could be caused by the method of calculation of heat lo
through the compartment boundaries. Heat losses thro
the compartment were predicted to be less than the a
heat losses. This observation is consistent with other p
lished comparisons of test data with CFAST predictio
[12]. A possible reason is on solving the transient ther
conduction numerically with coarse grids. The results p
dicted by this developed mechanical exhaust model ag
better with experiments. The smoke layer interface heig
simulated by CFAST were similar to those predicted by
model while using McCaffrey’s plume model. That is b
cause this plume model was used in CFAST.

IV. Different plume correlations would give different stea
smoke layer interface heights and similar uncertaintie
the mechanical exhaust design. It is difficult to say wh

model is better. In fact, the predicted results can be better
.

l

Fig. 8. Comparison of results predicted by the four plume models
CFAST with experiment for test 3.

or worse than the experiment data for different fires.
example, Zukoski’s correlation predicted smoke would
spill out in test 1. The other three plume correlations p
dicted that smoke would spill out. The results of Heskesta
and Thomas’s correlations agreed better with the exp
ments. But Zukoski’s correlation gave better predictions
the measured heights than the other models for smaller
release rates. It appears that the four plume correlations
their own validity limit for different heat release rates.

6. Analysis

Smoke layers were observed to be stratified in all
tests. From the experimental results as summarized in
ble 1, the smoke layer was kept at a certain height w
mechanical exhaust, though there was some smoke sp
out in tests 1 and 8. It was obvious that the smoke produ
by the pool fires was controlled by mechanical exhaust
ciently in retail shop fires. Comparing the experimental d
with the calculated results through different correlations
CFAST, it can be concluded that the two-zone model, a
lustrated in Fig. 1, is well applicable to the prediction of t
steady height and the upper layer temperature with mec
ical exhaust. The effect of fire bottom elevationZb should
be noted, the pool size of tests 3 and 8 were the same
the pool in test 8 was placed on the ground, so more air

entrained into the flame region. And the mass flow rate into
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Fig. 9. Comparison of results predicted by the four plume models
CFAST with experiment for test 4.

the hot layer would also increase as the distance increa
Besides, the smoke layer interface for test 8 was obse
to fluctuate strongly during the experiment, which resul
in the increase of the mass exchangeMi at the interface be
tween the smoke layer and the lower cold air layer, so
mass flow into the hot layer increased to cause the spill.

For the predicted results of test 8 as shown in Fig. 13,
cept for Thomas’s correlation, there was no outflow in
other three correlations’ calculation results, which is just
causeMi was neglected. In zone model, only the mass
energy exchange between the plume and the hot laye
taken into account, so when the fluctuation is great, the d
ation of calculation will be much enlarged. This fluctuati
was also observed in test 7, the smoke layer interface
vation was so near to the mechanical exhaust opening
the fan’s extraction had made a great impact on the sm
layer interface. So, the influence of mechanical exhaust
door opening onṀi andṀp in zone model should be take
into account. It is proposed that when the disturbance
fluctuation is relatively strong, the mass flow rate into
hot layer may be corrected by the plume entrainment
multiplied by a constant coefficientCi . In comparing the ex
perimental results with the predicted results, it is sugge
that Ci might be taken from 1.00 to 1.60 under the expe
mental conditions of this paper. That was deduced from

mass conservation equations. Smoke layer height of test 8
.

t

Fig. 10. Comparison of results predicted by the four plume models
CFAST with experiment for test 5.

calculated by takingCi to be 1.60 are shown in Fig. 14 an
Table 1. The results agreed better with the experiments.

For fire safety design, the mechanical exhaust rate sh
be calculated by considering more practical factors rele
to the heat release rate of firėQ, the fire widthDf , the el-
evation of fire bottomZb, the height expected to be keptZ,
the fluctuation of smoke layer interface and the plume c
relation. For relatively small fires, the critical exhaust rate
keep no outflow through the door opening can be calcul
as:

Ṁe = 0.076Q̇1/3{Z − [
0.01

(
Q̇/Df

)2/3 − 0.80Df

]
− Zb

}5/3
Ci (40)

From the predicted results of the tests, different plume m
els would give different results. As the plume mass flu
are different, expressions should be compared and ana
first. To compare the plume models, the four plume corr
tions were approximately written in a uniform form for ne
field and the plume region far away to a height whereZ0 can
be neglected, by the correlation Eq. (22) between the
release ratėQ and pool diameterDf for diesel pool fires of
diameter 0.13–0.7 m,

Ṁp = CD
γ

f Zη (41)

whereC, γ , η are approximately equal to the values list

in Table 2.
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Fig. 11. Comparison of results predicted by the four plume models
CFAST with experiment for test 6.

The plume mass flux given by the models are significa
different, and increase with different coefficient and ex
nents ofDf andZ.

The plume mass flux at a heightZ predicted by the fou
plume models are shown in Fig. 15, Z changed from floo
typical ceiling height in retail shop fires. A bigger fire a
largerZ were tested as in Fig. 16 to observe the far field
fects. The steady heights predicted by mechanical exh
model with the four plume correlations and CFAST at
stable stage are listed in Table 1, which are shown in Fig
for tests 1–7. Fig. 18 compared the plume mass flow
at the experimental steady interface height given by exp
ments and the four plume correlations for tests 2–7.

The mass flux predicted by Zukoski’s correlation is 20
higher than that of Heskestad in the far field of the plu
as shown in Figs. 15 and 16. However, the predicted res
are lower in the near field including the flame region a
the near plume region over the top of the flame. Zukos
correlation for the far field plume was derived from the cl
sical weak point source theory based on a similarity betw
excess temperature�T and upward velocityw. The Boussi-
nesq approximation was applied (ρ0 = ρ) in some equations
This might not be appropriate for strong plumes, like plum
near the flame and near the burner, or plumes from large
where the difference of density between the plume and
bient air is much larger. The entrainment coefficient of

correlation for the far plume was derived from experimental
t

Fig. 12. Comparison of results predicted by the four plume models
CFAST with experiment for test 7.

Table 2
Approximate constants in uniform form for the four plume models

Model Region C γ η

Zukoski Near field 0.62 1 0.750
Far field 0.949 1 1.667

Heskestad Near field 1.897 1.273 1
Far field 0.788 1 1.667
Continuous region 3.863 2.321 0.566

McCaffrey Intermittent region 3.2287 1.909 0.909
Far filed 0.776 0.726 1.895

Thomas* Entire region 1.348 1 1.5

* Eq. (16).

data of fires from 10 to 200 kW. It is more suitable for mo
eling small fires at the far field of the smoke plume, wh
was shown by the experiments as in Fig. 17. The hei
calculated by Zukoski’s correlation were in good agreem
with the experiment when the heat release rate of the fire
less than 75 kW with diameters 0.13–0.33 m, in which
smoke layer was kept at the far field for(Z−Zb)/Df > 3.5.
The mass fluxes of plume were also similar with the exp
iments as shown in Fig. 18. But when the heat release
of the fire increased to over 75 kW, the deviation of sm
layer height and mass flux between the experiments and
dictions of Zukoski’s correlation became larger. It seem

to be not suitable for large fires and the steady smoke layer
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Fig. 13. Comparison of results predicted by the four plume models
CFAST with experiment for test 8.

Fig. 14. Results predicted by this model corrected byCi = 1.6 for test 8.

height descending to the near field and flame region. In
near field, Zukoski’s correlation was obtained by experim
tal data from 60 kW natural gas of diameter 19 cm and
42, 50 kW of diameter 50 cm. The small power of the fi
are not expected to give better results for larger fires.

Heskestad’s correlation was obtained based on the
ilarity between upward velocityw and density deficit�ρ,
large density differences could be taken into account.
equations discussed by Heskestad were said to des
strong plumes. It was shown in Figs. 17 and 18 that

smoke layer height predicted by Heskestad’s correlation was
e

Fig. 15. Plume mass flux at a heightZ predicted by the four plume model
Q̇ = 74.70 kW (test 3),Zf l = 0.97 m.

Fig. 16. Plume mass flux at a heightZ predicted by the four plume model
Q̇ = 500 kW,Zf l = 2.15 m.

slightly higher than the experimental results and the m
flux was underpredicted in tests 4–7, which had a r
tive small heat release rate less than 75 kW and the in
face height was at the far field. However, better agreem
could be obtained than Zukoski’s correlation for fires of 7
240 kW with diameters 0.33–0.5 m and steady smoke la
interface height stayed in the near field(Z − Zb)/Df < 3.
Therefore, Heskestad’s correlation is more applicable to
scribe relatively large fires and the details of near fi
plume. It might be in part due to the fact that the correlat
was based on large-scale experiments involving relati
high heat release rate and realistic fuel package.

When comparing the mass flux predicted by McCaffre
correlation with others, it could be found that the mass fl
predicted by McCaffrey’s correlation is about 10% high
than Heskestad’s and Zukoski’s in the equations field. De
tion increased withZ up to the far field, almost doubling th
former two equations as shown in Fig. 16. By compari
with the experiments, the interface height and mass flux
dicted by McCaffrey’s correlation were found to be grea

satisfactory with the measured results in test 3 (see Figs. 17



C.L. Shi et al. / International Journal of Thermal Sciences 44 (2005) 477–490 489

cula-

ntal
s for

the
ay to
tent
ex-

s are
fer-
y’s
ne
kW

ocity
t be
ent
me

d be
oke
ilar
y’s

by

lts
r a
ear
mes
or-
stad
n,

the
he
ely
ich
ults
was
or-
rea
har-
for
it is

ent
ved
nical
e a
uld
Caf-
ing
layer
by

ni-

ass
layer
ass

oef-

e-
ends
at re-
-
of

ning
own
d to
and

t the
oice
yer
evi-
Fig. 17. Comparison of the smoke layer height by experiments and cal
tions with different plume correlations for tests 1–7.

Fig. 18. Comparison of the plume mass flow rate at the experime
steady interface height by experiments and the four plume correlation
tests 2–7.

and 18), the interface of whichZ − Zb was about 1.15Zf l ,
stayed in the intermittent flame region. However, with
heat release rate increased or the interface moving aw
the far field, the interface heights were to a certain ex
lower, the mass fluxes were all found to be overpredicted
cept in test 3, as shown in Fig. 18. The possible reason
that for large fires, the structures of flames may be dif
ent from the small flames for the turbulence. McCaffre
correlation was just validated by relatively small metha
fires of heat release rates 14.4, 21.7, 33.0, 44.9 and 57.5
by measuring the average temperature and upward vel
distribution. Besides, the behavior of diesel fire may no
common with the methane fires for the fuels have differ
luminosity, radiation losses vary considerably, and the fla
temperature varies from fuel to fuel. These effects shoul
noted and may cause deviation for different fuels. The sm
layer interface heights simulated by CFAST were sim
to those predicted by this model while using McCaffre
plume model.

As shown in Figs. 15 and 16, the mass flux predicted

Thomas’s correlation were higher than those by Heskestad’s
and Zukoski’s correlation for diesel pool fires. But the resu
were lower than those by McCaffrey’s model, except fo
section from the top part of the intermittent region to the n
filed of the smoke plume. Note that there are three regi
in McCaffrey’s expression. And the value by Thomas’s c
relation would be less than those by Zukoski and Heske
at a large heightZ in the far field of the smoke plume regio
for its mass flux increases with a smaller exponent ofZ than
the former two. By comparison with the experiments,
predictions by Thomas’s correlation were similar with t
measured results for fires of tests 1 and 2 with a relativ
large area of diameter 0.37–0.5 m, the interfaces of wh
were both kept in the near field. For tests 3–7, the res
were unsatisfactory, its prediction of mass entrainment
a little higher to give a lower interface height. Thomas’s c
relation was just validated by fires of a relatively larger a
(Df > Zf l) and seemed simple to describe the plume c
acteristics of small area fires. However, since it is simple
calculation and stays on the safe side of the prediction,
still used extensively in engineering applications.

7. Conclusion

The two-layer mechanical exhaust model in the pres
model, which is developed for retail shop fires, is obser
to be in good agreement with the experiments on mecha
extraction. The temperature predicted by CFAST would b
little higher than the experiments, but the key height wo
be approximately the same as the ones predicted by Mc
frey’s correlation in the present model. At steady burn
stage, mechanical exhaust may keep the steady smoke
interface at a certain height well, which can be predicted
the mechanical exhaust ratėMe and heat release ratėQ and
other practical factors.

When the fluctuation is great, the influence of mecha
cal exhaust and door opening oṅMi andṀp in zone models
should be taken into account. In zone models, only the m
and energy exchange between the plume and the hot
are taken into account, so the prediction of the total m
flow rate into the upper layer should be corrected by a c
ficientCi with the increase ofṀi .

To predict the fire environment in retail shops with m
chanical exhaust, a suitable choice of plume model dep
on the parameters of the actual cases, such as the he
lease rateQ̇, fire diameterDf , the properties of fuel pack
ages�Hc, λc, and also the estimated interface height
the smoke layer. When smoke was kept above the ope
height, the temperature rise of the steady stage was sh
to be less related to the plume models, and more relate
the property of the wall material, the heat release rate
the mechanical exhaust rate. But if the smoke spilled ou
opening, the temperature rise would be related to the ch
of the plume models. In predicting the steady smoke la
height at a certain mechanical extraction rate, there are d

ations between the experiments and calculations with differ-
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ent plume models. It is not easy to say which plume mo
is better, however, confirming the applicable limits may
more realistic. Under the conditions described in this
per, Zukoski’s correlation can be applied to study small fi
of heat release rate less than 75 kW with diameters 0
0.33 m, and is more suitable for describing the far field
plume for(Z −Zb)/Df > 3.5. For large fires of 75–240 kW
with diameters 0.33–0.5 m, or steady smoke layer inter
height stayed in the near field(Z − Zb)/Df < 3, such as
flame plunging into the smoke layer, it appears that H
kestad’s correlation works well. If the smoke layer is ke
at the intermittent flame region, see thatZ − Zb is about
1.15Zf l for fires of 75 kW, McCaffrey’s correlation is rec
ommended. However, Thomas’s correlation might not b
good choice for small area fires, such as for fires of 0.
0.33 m, but better predictions were expected for the n
field of the fires of a relatively larger area, say fires of
ameters 0.37–0.5 m.

References

[1] E.E. Zukoski, T. Kubota, B. Cetegen, Entrainment in fire plumes, F
Safety J. 3 (3) (1980) 107–121.

[2] G. Heskestad, Engineering relations for fire plumes, Fire Safety J.
(1984) 25–32.
[3] B.J. McCaffrey, Momentum implications for buoyant diffusion flame
Combust. Flame 52 (2) (1983) 149–167.

[4] P.H. Thomas, P.L. Hinkley, C.R. Theobald, D.l. Simms, Investigati
into the flow of hot gases in roof venting, Fire Research Techn
Paper 7, London: HMSO, 1963.

[5] R.D. Peacock, G.P. Forney, P. Reneke, R. Portier, W.W. Jones, CF
the Consolidated Model of Fire Growth and Smoke Transport, N
Technical Note, vol. 1299, National Institute of Standards and Te
nology, 1993.

[6] NFPA 92B, Guide for Smoke Management Systems in Malls, At
and Large Areas, National Fire Protection Association, Quincy, M
1991.

[7] J.G. Quintiere, Fundamentals of enclosure fire “zone” models, J.
Protection Engrg. 1 (3) (1989) 99–119.

[8] C.M. Fleischmann, P.J. Pagni, R.B. Williamson, Salt water mode
of fire compartment gravity currents, Fire Technol. 30 (1993).

[9] B.R. Morton, G.I. Taylor, J.S. Turner, Turbulent gravitational co
vection from maintained and instantaneous sources, Proc. Roy.
A 234 (1956) 1–23.

[10] B.M. Cetegen, E.E. Zukoski, T. Kubota, Entrainments in the near
far fields of fire plumes, Combust. Sci. Technol. 39 (1984) 305.

[11] H.W. Emmons, “Vent Flows” SFPE Handbook of Fire Protection E
gineering, second ed., National Fire Protection Association, Qui
MA, 1995.

[12] P.A. Reneke, M.J. Peatross, W.W. Jones, C.L. Beyler, R. Richa
A comparison of CFAST predictions to USCG real-scale fire te
J. Fire Protection Engrg. 11 (1) (2001) 43–68.


