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ABSTRACT

The modeling on fire safety assessment for a tall and narrow atrium is carried out using
a reduced and full scale atrium models based on the performances of flow behavior in
and near corner fire and smoke ventilation system. The corner (or wall) effects on the
flame behavior considering air entrainment into a flame was evaluated theoretically and
experimentally. Temperature, upward velocity, inlet air velocity, and pressure differ-
ence between the atrium space and atmosphere were measured systematically in a re-
duced scale model. The performance of the modeling to estimate temperature rise and
natural air ventilation volume was verified based on the experimental results. Smoke
filling rate from a model fire source set at the center of a tall and narrow atrium is fast-
est in the other cases in which fire source set in or near a corner. This suggested that the
centering of the fire source is acceptable as the fire source position to assess the fire
safety design for a tall and narrow atrium.

1. Introduction

Atrium space is classified roughly into three groups, i.e., gallery or arcade type,
cube type, and tall-and-narrow type. ASHRAE prepared the fire safety evaluation pro-
cedure for the first two types [1] but not for the last. Satoh et al. [2,3] reported the sim-
plified estimation model on excess temperature and on the inlet air volume for a tall and
narrow atrium based on the experimental and theoretical study using full scale models
and a reduced scale model. Their model is established based on the natural ventilation
performances induced by a fire. They also pointed out the influence of induced inlet air
into the flame, but little is known on its behavior. In this paper, in order to obtain the
quantitative understanding on the air entrainment into a flame/plume region, a fire sour-
ce was set in and near corner and at the center of the atrium. Temperature and upward
velocity in a reduced scale mode of tall and narrow atrium was measured systematically
changing the inlet openings area and heat release rate. The first test series was carried
out to evaluate the flow characteristics in and near corner with two walls. The second
test was carried to obtain the flow characteristics in the atrium changing the fire source
location (center, in and near corner) and ratio of inlet-outlet opening areas.

2. Experimental Procedure

A model corner was made by ceramic boards configuring 1.7m x 1.7m x 3m(H)
with a floor of 1.0m x 1.0m. A flat diffusion gas burner, 0.1m x 0.1m with 0.03m thick,
was set in and near corner changing the distance to the walls. Setting positions employ-
ed are S/D=0, 0.5, 1.4, 2.0, 2.8, 4.0, 5.7 and 8.0 with using 1.5kW, 4.5kW, 7.5kW and
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15kW fire. The square burner has two distances, S, and S,, between each facing wall.
The representative distance, S, between the burner and walls was adopted as

S =48 -Sz_ . In the case of the one side of the burner touches to the wall, S,=0, the

other distance, S,, was adopted as the representative distance S.

Thermocouples and bidirectional were set on a rake with 5cm - 10cm (in far
region from a main trajectory) separation, and the rake was moved from 0.2m to 2.4m
with 20 - 60cm (in far region from a fire source) separation.

Flame tip height was evaluated based on the visual records by a video system.
A 300 successive frames, 10 sec time length, were adopted to evaluate the average
flame height and its deviation.

The reduced scale model of 1.8m x 1.8m x 4.5m (H) was used. Inlet openings,
10cm - 90cm with 15cm(H), were set at the center of every side taking lower inlet
opening area of 0.0, 0.03, 0.06, 0.18, and 0.54m’. Outlet openings of 10cm x 15cm(H)
were set underneath the ceiling of every sides and. The same gas burner as used in the
first test was also used setting at the center (S/D=9.0), and S/D=0, and 0.5. Flame height,
temperature, upward velocity, air velocity at inlet openings, and differential pressure
between the reduced model and environment were measured.

3. Results and Discussion

100 —r—r—r—rrrry a) Flame Height
® $/D=0.0 v S/D=4.0 Figure 1 shows the relation
® S/D=0.5 ¢ S/D=8.0 between the dimensionless flame height,
3 L/D, and dimensionless heat release
4 rate, Q* when a fire source moved
E/ o along the 45deg line (S,:S,=1:1). This
| figure clearly shows that the flame
10 S i - height behavior has at least two modes;
' in the case of S/D>2, flame height
/:'t o M| can be simulated by Zukoski model [4].
< 17l However, when Q* reduced lower than
G 1 and the fire source moved closer to
Ve ’ the wall as S/D=0.5, flame height
1 showed higher than the model [4]. The
0.1 1 10 flame extension behavior was reported
% by Sugawa et al. [5] taking multi fire

Figure I Normalized flame height as func-  Sources. Their model dealt with no ex-
tion of dimensionless heat release rate in and  Plicit air entrainment into flames. Fig-

near corner fire. Rigid line was estimated by ~ ure 1 and observation suggested clearly
Zukoski model [4]. apparently that the walls gave some

limitation on air entrainment into a

flame and which needed some modifi-
cation on chemical reaction into the Sugawa's model. Remembering McCaffrey's [6]
report and assuming the width of the plume extend with n-th power of height, Z", we
could present the dimensionless flame height, L/D, as function of dimensionless heat
release rate as,

A S/D=2.0 = Zukoski

L{/D(-)
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(L¢/D)= - Q¥
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Flame from a corner or near corner fire extended with increase of Q**3, as shown in
Figure 1. From the corner test resuits, we obtained n=2 and o=3.3 for an open space fire,
and n=1 and a=5.3 for a corner fire, respectively. This implies that corner flame shows
similar behavior as was observed from a line fire but the constant of a=5.3 is greater
than that for a line fire having of 0=4.2 [5]. The flame extension behavior in dimen-
sionless form for in and near corner fire is presented by L/Lo taking Lo as reference
flame length given by corner fire and finally we obtain equation (2) for in and near cor-

ner fire, taking a=4 and $=5.0.
4a(s/D)

L _ 3B(S/D)+5 .Q*(—ISa(S/DF&J Q)

Lo 158(S/D)+5

When the fire source attached to a wall,
flame length can be simulated as a function
of Q**?, so that dimensionless flame height
attaching to a wall and moves along the
wall can be presented as

L _3y(8/D)+s 3)

L, 5y(S/D)+5

Figure 2 shows the representative rela-
tion between dimensionless flame height,
L/L,, with Lo=5.3Q*** and dimensionless
separation distance, S/D, as a fire source
moves along the lines of S,:S,=1:1 and 1:2
(45deg and 60deg in the corner). In the
case the fire source moves with touching to
wall, the similar flame extension behavior
was observed and is simulated well by
equation (3) taking y=2.1 based on the
experimental results. The comparisons of
the measured average flame heights with
the predicted one considering the separation
between corner-walls and a fire source
showed that the equations (2) and (3) can
be used for the prediction on flame exten-
sion behavior in and near corner fire.

The same model was applied for the
estimation on flame length from fire set in
and near corner in the atrium space. Figure
3 shows the observed data and simulated
one by equation (2) and (3). These equa-
tions gave good coincidence with measured
data so that these model are acceptable for
the fire safety assessment. Wall effect on
flame extension extended to about twice of
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Figure 3 Dimensionless flame length as
a function of dimensionless separation
S/D in an atrium corner.
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fire source size, S/D=2, with and without enclosure.
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Figure 4 Representative contour maps of the excess temperature obtained for near
corner fire. Vertical and horizontal contour maps and average flame height , L, are also
illustrated. 15kW fire source was used.
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b) Mass Flux along the trajectory

In order to make clear the flow behavior and mass flux of the hot current along the
corner, temperatures and upward velocities were measured systematically. Figures 4
shows the representative temperature contour maps as the fire source set near corner.
Mass flux of the upward current was estimated numerically based on the experimental

data of upward velocity and density (based on temperature) as mp » cj' p-v-dA. To car-

ry out the integration numerically, within the
85% region (or N=15%) of temperature (or
density) and upward velocity values at the
main trajectory were adopted as flow region
based on the contour maps of Figure 4.
Figure 5 shows the representative rela-

tion between rh/ Q 13 and height. Apply-
ing the point source model and considering
the corner effects (plume cross section is
forced to reduced to 1/4 roughly, and as-
suming no wall friction effect), upward mass
flux can be estimated as ;

th = 0.833xp,, gz + 1.5A; ) - -Q*1?
......... 4

Figure 5 shows the mass fluxes taking fire
source locations of S/D=0, 0.5 and 2 with
respective  the correction factor of
x =0.33,0.43, and 1.0, which were ex-

3 1 ms/p=0.0
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= |1 as/p=2.0 x
; By =0.33 b
< 211 my=0.43
§ |ay=1 n
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<
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E
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Figure 5 Mass flux normalized by Q'?
as a function of height along the tra-

jectory for in and near corner fire.

perimentally defined. These show definitely that the corner walls gave limitation of air
entrainment into flame/plume resulting small increasing of upward mass flux for in and

near corner fire.

Table 1 Mass Flux (kg/sec) in the Atrium Space Model

Inlet Measuring Height (m)
Q Location | Openin
kW pening
Area(m’) | 0.Im | 0.5m | 1.0m | 1.5m | 2.0m | 3.0m | 4.0m
15 |SD=00 1 6 06m2 | 0.019 | 0.095 | 0261 | - | 0563 | 0.427 | 0562
(Center)
S/D=0.0 | Closed | 0.014 | 0.052 | 0239 | —~ | 0.530 | 0.674 | 0.720
(Center) | 0.06m’ | 0.028 | 0.208 | 0272 | — | 0.681 | 0.620 | 0.680
0.18m’ | 0.031 [ 0.128 [ 0293 | — | 0.752 | 0.520 | 0.647
as 0.54m> | 0.009 | 0.062 | 0.172 | — | 0.548 | 0.566 | 0.753
> [S/D=05 | 0.06m’ | 0.010 | 0.027 | 0.044 | 0.087 | 0.202 | 0.303 | 0.285
0.54m’ | 0.012 | 0.027 | 0.050 | 0.081 | 0.205 | 0.380 | 0.237
S/D=0.0 | 0.06m’ | 0.006 | 0.015 | 0.030 | 0.066 | 0.173 | 0.286 | 0.216
0.54 m’ | 0.005 | 0.013 | 0.031 | 0.064 | 0.174 | 0.333 | 0.237
75 |3D00 0 go6m | 0.039 02320352 - |0770 | 0750 | 0.785
(Center)
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Wall effects on flame length within the range of S/D =<2 and this range is almost
equal to the range where the multi fire sources interact with each other as Sugawa re-

ported [5].

The same numerical procedure, N=15%, was adopted to evaluate the mass flux in

the atrium space and the results
are tabled in Table 1.

As shown in Figure 6 and 7,
the active entrainment was ob-
served above the height of
Z/Q**=0.8 when periphery of the
plume touched to the inner walls
of the atrium and which related to
the height of smoke layer. For a
corner and near corner fire, equa-
tion (4) is also used to estimate
the mass flux along the corner as
shown in Figure 6. This equation
gave good coincidence with the
data in lower part of the flame
region. However, for higher plu-
me region, this gave poor simu-
lated evaluation.

In order to make clear the
neutral height in the atrium which
correlate to the depth of smoke
layer as a function of the fire
source location, pressure differ-
ence between inside and outside
of the atrium were measured. The
corner and near corner fire gave
double gradients in pressure dis-
tribution for vertical direction, as
shown in Figure 8. The solid line
in the figure means the middle
height of the atrium model. The
neutral height decreased with in-
crease of k=(inlet-area)/(outlet-
area) ratio. This figure implies
that the corner fire gave highest
neutral height and centered fire
gave lowest neutral height. The
corner walls blocked air entrain-
ment into the flame resulting the
smallest increment of plume mass
flux and highest smoke layer
temperature. These gave the high-
est neutral height for the corner
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Figure 6 Mass flux in atrium as a function of
height in the case of centered fire. The symbol
"A" means floor area.

Corner fire

0.5 pe—r—r—
E/D:O m y=0.33
S/D=0.5 m v =0. 43
6\ 0-4 | | | | 1 R
Q I A )
2 m=ﬂ.|]833-1-p.Jé-[Z-:l$JA_,) Qa3
< 0.3 \ [ 1 °
5 \
o=
2 0.2 $ \ s
]
>
0.1 'y
0 [&ening: B/SOII

0 1 2 3 4 5
Height (m)
Figure 7 Mass flux along the trajectory in the

atrium model in case of the fire located in and
near corner, with inlet opening area of A/50.
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Height (m)

fire than those from the centered and near corner fires.

c¢) Excess Temperature and Velocity Distribution for vertical direction
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Figure 8 Pressure difference between
inside and outside of the atrium
changing the fire source location.

changing the fire source locations. De-
creasing modes are divided into three
regions and which are similar to those
observed for an open fire. In case of the
fire source set in corner, however,
changing points of the decreasing
modes were shifted upper. Corner walls
blocked the air entrainment into the
flame when the fire source was set in
and near corner so that flame extended
to higher location giving extended
higher temperature than that of open
fire. Door jets from inlet openings at-
tacked directly to the base part of flame
resulting lower temperature in flame
region than that of open fire. As fire
source was set near corner and not in
corner, air entrainment into flame is
partly blocked in the lower part of plu-
me region and which resulted the mid-
dle decreasing modes between those of
open fire and corner fire as shown in

Decreasing modes of the excess tempera-
ture and upward velocity distribution for verti-
cal direction are apparent index to understand
flow behavior comparing those obtained for
open fire. Figure 9 shows the excess tempera-
ture distribution along the trajectory with
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Figure 9 Excess temperature distribu-
tion along the trajectory in atrium.
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Figure 10 Upward velocity distribution
along the trajectory effected with walls
in open and atrium space. Fire source
was set at the center.
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Figure 9. The same manner were also observed in the decreasing modes of upward ve-
locity as shown in Figure 10.

4. Summary

When a fire was set in or near corner of the tall and narrow atrium, corner walls
blocked air entrainment into a flame. This blocking gave flame leaning toward the cor-
ner and extension in flame length. This small air entrainment gave hotter and shallow
smoke layer in the atrium space than that from centered fire and resulted in the slower
smoke filling rate than that from the centered fire. This phenomena suggests that the
most sensitive fire location on the fire safety assessment for the tall and narrow atrium
space is the centered fire.

The flame extension behavior in and near corner was modeled by simplified
equation, and it is useful to estimate the flame length in and near corner even in the atri-
um space.
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7. Nomenclature

Ay area of fire source

Cp: specific heat

D: representative length of fire source

g: gravity acceleration

L; flame length (flame height)

S,and S,: separation distance from walls to fire source,
Q*: dimensionless heat release rate

Q*=Q/pCpoTogDD?:
T: temperature
p : density ,
subscript  co :ambient
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