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ABSTRACT
Temperature rise and ventilation caused by a fire in a tall and narrow atrium are success-
fully estimated by an engineering mode! considering the atrium configuration (floor area,
height, opening arrangements), dimensionless heat release rate, and Froude number. These
two dimensionless numbers are estimated based on inlet-opening width, heat loss to walls,
and inlet-to-outlet opening ratio. Measurements of temperature and upward velocity in a
flame, plume and atrium space, and velocity of flow induced at openings were carried out.
Experiments were done in a reduced-scale model and three different full scale buildings.
Comparison of the estimated values of temperature rise, AT, and ventilation rate using the
model proposed with the results of experiments indicated that the model can be used for
the estimation of these values as a simple tool. The model helps to evaluate the fire safety
design of a tall and narrow atrium.
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Nomenclature
A floor area (m?) K? =(Ta/Ts)(Ae/Ad) (-)
At total surface area (m?) Md inlet mass flow rate (kg/s)
Ad inlet area (m?) Me. outlet mass flow rate (kg/s)
Ae outlet area (m?) Mair  inlet mass flow rate during forced
C space factor (as defined in this ventilation (kg/s)
paper) (-) Ms outlet mass flow during forced
Cb orifice constriction coefficient (-) ventilation (kg/s)
(=0.7) m =Dd/Do (-)
Cp specific heat of gas (kJ/kg-K) Qf heat release rate (kW)
Dd characteristic door length (=Ad"?)  Qloss rate of heat loss through walls
(m) (kW)
Do characteristic floor length (=A%) Qw*  non-dimensional, Froude like door
(m) source characterization:
Fry Froude number = Frq=Vd*/g-Dg = Q/Cpp,Tug *Dd* ()
g gravitational ~acceleration (9.8 12 ambient temperature (K)
m/s?) Ts room temperature (K)
H height of ceiling above source (m) AT rise ‘of room temperature above
he overall heat transfer coefficient ambient temperature (K)
(kW/m?K) Vd inletvelocity of air (m/sec)
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Y* non-dimensional room heat loss Ps room gas density (kg/m’
Pa ambient air density (kg/m’)
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safety for the first two Figure 1 Rélaﬁonship between the aspect ratio ‘and
volume atrium space. Three atrium space used for the
experiments and (@, A, W) reduced model (QO) are
illustrated.

groups. However, no firm
guidelines for the tall and
narrow atrium building is
given. Several fire tests have been conducted, using reduced model [3~9] and full-scale
models [10,11] of compartments. Many researchers [13~15] have proposed models to es-
timate temperature rise, AT, in a compartment while accounting for heat loss through the
surrounding walls covering a wide range of temperature up to 600°C. However, most cases
dealt with a compartment fire and of which have approximately cubic configuration with
an opening and which did not deal with an enclosure of a tall and narrow atrium which is
the main subject of this study. We pursued to establish a simple method to evaluate tem-
perature rise in a tall and narrow atrium and the inlet-air velocity at openings during the
early stage of a fire for natural and/or forced ventilation of the atrium space revealing the
relationships among a number of factors; space factor, dimensionless heat release rate,
Froude number, and temperature rise in the space. A simplified model which can be used
for evaluating the fire prevention measures and smoke management performance of an
atrium, given the form and dimensions of the space and a standard fire source, appears the
most likely candidate for supplying answers to the questions confronting both designers
and regulators.

2. Simplified Model
2.1 Basic Expressions

We firstly attempted to define the equations of conservations of mass, energy, and
momentum considering the architectural characteristics of an atrium such as floor area, A,
height of ceiling, H, and fixed arrangement of openings.
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2.2 Proposal of simplified model
1) Formula to predict temperature rise, AT

A formula for predicting temperature rise in a naturally ventilated space can be
obtained based on the previous paper. [10, 11],

AT/Ta=(Q;d/v‘)/(c,,-c‘/2), (1)
where the space factor C is defined ascz(j/cnm)”’(sz /1+K’)"’(H’ /A)"’ and this includes

K’=(Ta/Ts)(Ae/Ad)’, Y' = 1+heAT/(Mde), and Q* = Q¢fCpp,Tug"’Dd™?).
A prediction of AT in a mechanically ventilated space can be made directly from

Qr =GCpAgVapa(Ty - T,) He AT, - T, ) = {Mde +heAT}AT if ke is known, but the follow-
ing formula is more commonly used.

AT /Ta= Q,'-d/(Y* -Fry 1/2) with Fr;=C (Q;d/Y) (2)

Formulas for predicting the velocity of air flow at openings and also temperature
rise in a naturally ventilated space can be induced from the dimensionless heat release rate
as defined with the openings in the space, and the space factor. However, eqs. (1) and (2)
contain Y* so that temperature rise can not be calculated directly using these formulae
except when heat loss through the walls is negligible small. These equations must be
evaluated from the results of tests. Therefore eq.(2) is transformed into eq.(3) so that Y*

23

may be conveniently obtained from test data. When the value of Frq fluctuates by 20% to

30%, the value of Y* fluctuates by the third power. This leads to large error and thus Y*
cannot be used for design purposes.

Y* = C¥2 Q5 /Fry¥? 3
Also, the following formula is obtained by rewriting eq. (2).
Y =q,/{c,c(ar/T))” 4)

In eqs.(3) and (4) Qfg™* is a given condition, while Frgy and AT/Ta are measured values,
indicating that Y* can be predicted in the case of natural ventilation. For the case of forced
ventilation, a formula for Y* is induced from eq.(2).

3 Verification of the Model
3.1 Verification by new laboratory tests on scale model
1) Full Scale Atrium

The outline of the full scale models of which size, configuration, and ventilation
method are shown in Table 1. Two tests were carried out in tall and narrow atrium of
buildings O and A under natural and forced convection condition, respectively. The other
test was done in cubic-type atrium of building B under natural convection condition.
Measurements of temperature and upward velocity were carried out along the center line
and also off-center of ascending flow from a model fire source which composed of metha-
nol pools fire. And also upward velocity was measured along the center line in flame zone.
Balloon was released near fire source and was traced by video recording system to visual-
ize the convection and the bottom of the hot layer in the atrium space.
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Table 1. Experiment Condition

Reduced Full-Scale Model
Model Bld. O Bld. B Bld. A
Section | 4f 3 T‘
. {forced conv.)
: y Py fa -~
FTT i 3
& . . * *
Slfos | gl . . .
s el . B |1
: . = : sl .
=~ Openin ° ¢ ;
. P & = ' f-kl . l BNy l =
gi’s;}’:’ 1.8m 19.2m 41m 26m
1/100 1/1000 171000 171000
Plan I
- Opening g, H e g ‘ g "
. 'I“hermo - 4 .4.: g[fi T ;I@
Couple 1.8m 19.2m ] 26m
1/100 1/1000 41m 171000 1/1000
Inlet 0.0675 26.1 0 2
Area 33.9 4 5.6
[m?] 38.8 8
46.2
Outlet 0.0675 0 0 0
Area 2 3 6.3
[m?] 4 8.5
6 17
12.1 34
HRR 1.6 83 76.5 76.5
[kW] 3 351 171 171
6 748 402 402
12 1684 . 1206 804
24 ) 1608
2) Reduced Atrium

Tests were conducted using the reduced model, 1.8m x 1.8m and 7.2m high, of
approximately 1/10 scale as reported [10, 11]. The value for ki, of the surrounding walls of
the model was ca. 0.0594 kW/m?K. The openings for air inlets and outlets were 22.5 ¢cm
high and were fitted with sliding doors made of 6-mm wired glass, allowing width of the
openings to be adjusted. The width of these openings was set at a standard 30 cm, making
the area of each opening 1/50 the floor area obeying the Japanese Construction Act. The
fire source, a propane gas diffusion burner of 20cm x 20cm, was set at the center of the
floor.

3) Methods of measuring temperature and air flow velocity

Temperatures in the space were measured simultaneously by thermocouples. Ve-
locity of air flow at the air inlets was measured by anemometers. Representative tempera-
ture and air flow velocity are also shown in Table 1.
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3.2 Observation and Validity of the Proposal Model

(a) Excess temperature and up-
ward velocity

Figure 2 shows the
excess temperatures along the
ascending trajectory or along
almost the center line of the
flow normalized by Q¥° which
were obtained both in the full
and reduced scale tests. Excess
temperatures in the full scale
and reduced atrium models
showed lower than those of
open filed, and which may be
resulted from the direct striking
or active air entrainment into
flame zone which was induced
through the inlet opening(s).
The temperature decreasing
modes for vertical direction is
similar to those expected from a
free flame/plume  produced
from a diffusion burner.

Figure 3 indicates the
representative upward velocity
normalized by o
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Figure 2 Excess temperature distribution for vertical
direction along the ascending trajectory (almost the center
line). Verical height is normalized by Q°,
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height corrected
by Q5. Upward
velocity in flame
and intermittent

O:Reduced Model
@:Bld.0 —:McCaffrey
A:Bld.B *:B-Bld Balloon
B:Bld.A

flame Zones
showed great

fluctuations but 10°

lower than ones

expected for a

free plume. In

the upper part of

the plume, we
could get the

u/Qsl5 [m/s/kWY5] (measured)

apparent upward 101
velocity in the 10-2
main trajectory
from the trace of

101 _ 10° 10!
Z/Qe?5 [m/kW?5]

a balloon and Figure 3 Upward velocity normalized by Q'” are plotted against
which  showed the verical height is normalized by Q¥
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almost on a line estimated by McCaffrey’s paper. [12] It is not so clearly obtained from our

data that the decreasing modes of upward velocity for vertical direction shows the same
mode as McCaffrey reported [12].

(b) Comparison between 10! 7
Measured and Estimated
Values

O:Reduced Model

‘ o ®:B1d.0 ;5
Figure 4 indicates A:Bld.B

the relationship between m:Bld.A(Forced) :
Frdm determined from the 0:Bld.A(Natural) ®)
measured air flow velocity
and CY2Q,*" designed
from a fire size and space
factor of the atrium. Figure
5 illustrates the relationship
between measured tempera-
ture - rise AT/Ta and
Qw***/CpC" under natu- 4
rally and forced ventilation J p@
conditions. The results are
arranged in line with the °
description of the model e o o
proposed here. These fig- 10,7 100 10!
ures show that all values Cl2.Q'ra'® [.] (designed)
gained by actual measure-
ment are smaller than theo-
retical values calculated on
the assumption of the adia-
batic condition of Y*=I.
The curves of measured
values are clustered on the same line and which is parallel to those of theoretical values.
Figure 5 illustrates also the relationship between measured and predicted values
of AT/Ta conducted in mechanically ventilated full scale atrium space. This figure indi-
cates that, as was found for naturally ventilated space, measured values are consistently
smaller than values produced by the model proposed here because of heat loss through the
surrounding walls. The results obtained from the tests, shown in Figures 4 and 5, are
smaller than those generated by the model under an assumed condition of thermal insula-
tion that the difference between them cannot be neglected. It is observed, however, that the
results of each test reveal regular behavior according to the heat loss characteristic of the
atrium used in the test. Therefore it can reasonably be said that when the model is provided
with heat loss based on the material used for walls, it can be effectively used to predict
with practical accuracy the temperature rise in a space and air flow velocity at inlets, if the
space is naturally ventilated. As for application of the model to a mechanically ventilated
space, the prediction formula induced by the same theoretical steps as were used to create
the prediction formula for a naturally ventilated space.

10° A1

X

Fra¥2 [-] (measured)

Figure 4 Relationship between Froude number measured as
a function of dimensionless heat release rate, Qg*,
corrected by space factor C.
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5. Conclusion

The major points of
interest in this study are sum-
marized below.

a) The model presented in this
report, which consists of a
formula made up of dimen-
sionless heat release rate
and the Froude number of
the openings, both of which
use the openings in the
space as their reference
point, is able to represent
the smoke management per-
formance of an atrium
space in the stationary state
with heat loss through sur-
rounding walls taken into
account, regardless of venti-
lation system. A distinguish-
ing feature of this all-
inclusive model is that it
evaluates the performance
of the space not just with
the conventional dimension-
less heat release rate or
other terms which take the
fire source as their refer-
ence point, but with terms
which take openings in the
space as their reference
points and, therefore, repre-
sent well the characteristics
of the space as a whole.
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Figure 5 Comparison of measured values of AT/Ta
and predicted values as Q*; corrected with space
factor and drag coeeficient at the opening for naturally
and forced convection condition which are estimated
from the designed fire size and space configuration.

b) This study verified the validity of the model presented here by comparing values pro-
duced by the formula to the results of laboratory tests using a tall and narrfow full scale
and reduced scale atrium. No inconsistencies between the results produced using the
formula and knowledge previously reported or newly discovered were revealed.

c) Heat loss through surrounding walls cannot be neglected when predicting temperature
rise in an atrium space for purposes of evaluating evacuation safety, which is the object

of this study.
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Discussion
Edward Zukoski: Ihave two questions. First, when the fire plume first starts, it won’t reach the
walls until it goes up a very long way, even with a 10 to 1 diameter to height ratio. Did you take

that into account at all?

Osami Sugawa: The ratio is different from a open area plume. It is wider plume in the enclosed
space.

Edward Zukoski: When air comes in at the bottom of the atrium, it might introduce some swirl.
Did you see any effect of that?

Osami Sugawa: It does not appear as a swirl.




