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ABSTRACT

Experimental study on a flow behavior of flame and plume was carried out using a full scale
atrium model and a reduced one having low-inlet and high-outlet openings under natural
ventilation condition. Similarities between these spaces were pursued on representative AT/T in
the space and on the inflow behavior which is represented by Froude number estimated at the
lower opening(s). Interaction between inflow and flame/plume in the confined space was
investigated using the reduced model with some variations of inlet opening arrangements.
Temperatures and velocities were measured in a flame, plume, and in the confined space to
characterize their vertical and horizontal distributions. Observations on visualized door jet(s),
flame inclination (direction and angle), and flame height/length were also conducted in the
reduced model. Horizontal distributions of temperature and of velocity are well simulated by
doubled Gaussians considering central core region and turbulent peripheral region. Decreasing
mode of temperature and velocity along the ascending trajectory in of the core parts were similar
to those obtained in an open space. Flame length which is affected by direct or indirect door jet(s)
showed the similar manner against heat release rate but lower than these in an open space. And
dimensionless flame shape was well correlated to the 2/3 power of dimensnsionless heat release
rate modified with a Froude number. Overall entrainment into a confined space is proportional to
the 2/5 power of dimensnsionless heat release modified by a Grashof number. The confined flame
affected with door jet(s) showed the normalized plume radius, b/z, increased about 1.9 times
faster than it observed in a free plume in the lower region of the plume.
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NOTATION LISTS
A: floor area of the confined space (m2) b: halfdength of a distribution (m)
Ay area of inlet opening (m) C: space factor (9, defined in [13],

Acgxh: area of outlet opening (m)
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Cpy: opening coefficient ( = 0.7 for reduced 0% - 0 *
model, 0.67 for full scale model) d by -Cp-T, g D2
D,,: characteristic length of floor, A1/2, (m)
D: opening length, Ay1/2, (m)

Fr: Froude Number, u/(gD)1/2 (3 v: dynamic viscosity (m2/sec)
Gr: Grashof Number (9 W: width of opening (m)

H: height of the confined space (m) Z: height (m)

Hoper}: height between lower and higher B: thermal expansion 1/273 (1/K)
openings (m) P, : air density (kg/m3)

v: horizontal door jet velocity (m/sec)
u: velocity along plume trajectory

J: HopenH (9 subscript

K: Aexn/Aw (9 . . o: along the ascending trajectory (almost along
L: length or height of a flame in a confined . opeor line)

space (m) f: flame

m: D/D, (9 a: ambient

my,: inflow air mass flux at inlet opening (kg/sec)
Q: heat release rate (kW)
Q* g:dimensionless heat release rate [12],

d: opening for inlet
T: temperature
v: velocity

1. INTRODUCTION

In recent several years, the number of buildings having not only a tall and narrow atrium space
but also a cubic and a mall-type space has been increasing in Japan. These atrium spaces, of which
dimensions, aspect ratio of ceiling height to floor area, H2/A, are quite different from ones of
usual rooms. Especially an atrium of tall and narrow configuration must produce a significant
stack effect when a fire source is located in its bottom with openings of entrance (or escape
doors) and of exhaustion. Usual plume models, such as a free plume, have been composed based
on the experiments carried out in an open space or in a huge space avoiding boundary effect
except floor. In these, a stack effect and a wind (door jet from openings) effect to the flame/plume
have been underestimated or neglected. McCaffrey[1] and Zukoski et al[2] suggested the
influence of door jet to a flame/plume behavior. Quintiere et al.[3] reported that flames in an
enclosure tend to more entrain than idealized plume and the flame inclination is influenced by door
jet. Kumar et al.[4] reported the convection flow behavior including door jet and plume in an
enclosure based on 3D-field model simulation. Discussions of these papers implied that a strong
door jet(s) given by a stack effect may produce significant effects on the flame/plume behavior.
And stack effect problems imply also that the present models, such as a free plume model, are not
applicable or insufficient for a confined plume. Knowledge of flame behavior has been playing an
important role in the fire safety design. Although little systematic accumulation of data has been
achieved regarding on the flames influenced by draught in a confined space. In this paper, we
intend to describe the flow behavior of flame/plume in an atrium space to establish a sub-model
for a confined plume. We tried firstly to find out and establish the similarity between a full scale
atrium space and a reduced one on fire behaviors which can evaluate the stack effect and the
interaction of door jet(s) to a flame/plume. Secondarily, in order to get deeper understanding on
the flow behavior of the confined space, we concentrate on the experimental study on the
measurements of door jet and upward flow velocity and temperature using the reduced scale
model.
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2. EXPERIMENTAL PROCEDURE
2.1 Atrium Model and A Fire Source
a) Reduced Model

Main experiments were conducted using a
reduced scale atrium model of 1.8m x 1.8m (floor
area) x 7.2m high. One or two low-inlet openings
were set at the front wall and two high-outlet
openings were set at the top of the back wall, as
shown in Figure 1. Each outlet-opening have
22.5cm high and 15cm wide (to give almost 1/50 of
the floor area) with 150cm separation between them.
The lower edge of the inlet-opening(s) were fixed to
floor level having 22.5cm high x 30cm wide as the
standard opening area which corresponds to about
1/50 of the floor area. In order to get opening effect
on flame/plume behavior, the width of inlet opening
centered was changed from Scm to 180cm
systematically. Five types of arrangements for inlet—
opening(s) were adopted as shown in Figure 4.
Front and back walls and the foot region (90cm
height) of side walls were finished with 6mm thick Gypsum plaster board 2lmm¢
wired glass enable to observe the flame shape, -
inclination and direction. A propane gas diffusion L1 Wired glass 6mmt
burner (10cm x 10cm square, filled with ceramic Figure 1 lllustrated views of the reduced
beads) was centered at the atrium bottom and which ;5 ceote model of 1.8m x 1.8m x
gave 1.5, 3, 6, 12 and 24kW to the space. 7.2m. A fire source, propane gas diffusion
b) Full Scale Model burner of 10cm x 10cm, was set at the

The full scale atrium model has a simple space of  center of the floor.

10.2m x 19.2m (floor area) x 63m (H) with four

entrances doors (two of them in the same side were closed) and an exhaustion roof opening at the
top. A methanol square pool fire of about 1, 2, 3, and 4m2 giving 83, 351, 748, and 1684kW
(assuming stoichiometric combustion reaction based on regression rate) was located on the
bottom level of the space. Temperature, door jet velocity, and ascending velocity in the space
were measured with changing the opening arrangements and heat release rates.

0.15

outlet

2.2 Measurements and Observations
a) Temperature and Velocity

K-type thermocouples are distributed having suitable distances for vertical and lateral
directions in flame/plume regions and in the atrium space. To avoid the thermal radiation from a
flame to the heads of thermocouples, strips of aluminum foil were set to cover them. Bi-
directional tubes [5], five sets on a rake with thermocouples for density calibration, were used in
the reduced model and the system was moved up and down to cover the wide range of the plume.
At the inlet-openings, two hot wire anemometers (reduced model) and four anemometers (full
scale atrium) were used simultaneously to monitor the inflow velocity.
b) Visualization of Door Jet and Flame Inclination

Visualization of door jet(s) from inlet opening(s) was carried out only in the reduced scale
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model utilizing the smoke wire method [6] (which produce white smoke from a wire surface when
a wire was heated instantaneously by discharge from electric condensers). The images of door
jet(s) visualized, and length and inclination of a flame were recorded by a video system. The
recorded images were scaled with references to the three-dimensional standard points established

within the model Spacc. 102 e e e T
Reduced model
A Center-type
O a-type( 80cm opening)
o~ ® a-type(150cm opening)
3. RESI-JLjI‘S.and DISCUSSION 0 * Btype
3.1 Similarity between Full Scale and sor | B-type
Reduced Scale Atrium Space on Fire & O _ Full Scale -
Behavior g RSEEL
It is necessary to confirm the similarity iz
between a full scale atrium space and ° R
reduced one on the governing factors of F 10° = Ei@
fire behavior. We assumed the temperature 4 n - 'v
rise of AT/T in the space and the inflow ™ 5
behavior (which is represented by Froude A
number) at the lower opening as the o1 o0 Hl
characteristic factors to evaluate the 101 10° 10t 10%

similarities for the system. These two
factors were evaluated based on mass, heat,
and momentum balances with consideration
of heat loss to the walls, Q, Aexh/Aw,
H2/A, and also applying the Froude
modeling. Figure 2 shows the relation
between the Frq and modified
dimensionless heat release rate of
Cl/2.Q*41/3 obtained from the experiments
in the full scale atrium space and the
reduced one. The detailed derivation of C is
not discussed here, as it is defined by

ca (i/ccp -m))z/a(sz/a " K"'))2/3(1{"'/‘4;)1/3

[12] including the opening factor of
K=Acxn/Aw. Plots in Figure 2 clustered
into a line and this implies the similarity is
assured between the full scale and reduced
atrium spaces regarding on the inflow
behavior. We assumed adiabatic condition
to the system as a first analysis so that the
clustered line of plots in Figure 2 shows
little lower than the ideal line showed by a
broken line. Figure 3 shows the
representative temperature rise, AT/T,
obtained from the both atrium spaces as a
function of Q*423/(Cy.CV2) [12], where

CU2-Q*ql/3 (-)
Figure 2 Froude number evaluated at the inlet
opening as a function of dimensionless modified
heat release rate obtained from a full scale model
-atrium and a reduced one.

10! =
T T T O 1 ) S8R 1
1 T i ) U S I i
[ Reduced Scale
— A Center
— O a-type ( BOcm opening)
® a-type (150cm opening)
~ 10°= & B-type
~ [—= ¥ B’ type
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I
<
101
Seltil 22
10-2 i
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Q‘dzla/(CD.Cllz) (_)

Figure 3 Dimensionless temperature rise AT/T in
the atrium space as a function of dimensionless
modified heat release rate obtained from a full scale
model atrium and a reduced one.
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AT was estimated from almost the center of the plume of which diameter expanded to the inner
wall of the atrium showing almost plug flow. Figure 3 indicate the similarity between the full scale
and the reduced atrium models regarding on AT/T if we accept the modification factor of C.

3.2 Deformation of a Flame in
Reduced Model
(a) Direction of Inclination

Outside air induced through the
inlet-opening(s) formed door jets. A
conceptual illustration of interference
draughtzones with a flame for each
opening arrangement are also shown by
an arrow. The size of the draughts and
the extent of their interference with the
flame depended on both location and
widths of openings. The smoke-wire
method was applied for the visualization
of the door jets velocity profiles in the
reduced model, and of which typical
images obtained from two independent
experiments for the cases of centered
opening, symmetrical two openings (a—
type), and off-centered opening (y-type)
are shown in Figure 5(a)~(c). Velocity
distributions of the jets were generally
flat. Jets from two openings in proximity
to one another merged and could be
regarded as a single jet. The width of the
door jet expanded laterally showing
about 10 ~ 15 degree. When a-type
opening was set with a fixed-separation,
as shown in Figure 4-(b), flame inclined
inward while in the merged draught
zone but toward the openings at other
times. When the separation of openings
was set at 80cm in a-type, the flame

stood almost vertically. Here the width.

and location of the opening determined
whether the flame was in the merged-
draught zone or the convection zone of
returning jet from inward, and the
direction of flame inclination was
reversed accordingly. In the case of two
openings of unequal width were

Inlet Opening Arrangements
Opening

(a) Center

(b) a-type
a= 10cm
20cm
40cm
60cm
80cm
160cm

15

15 a 15

| R T

15

P
/
=

(c) B-type N
A= bem <
10cm
16¢m
30cm
60cm
90cm g
120cm =
(d) A’-type
a+b=30cm e : fire source
f : direction of
a flame
inclined

7=

Figure 4 Plan views of the location and arrangement of
inlet-openings of the reduced model. A conceptual
iltustration of the expansions of door jet with their
interference with a flame for each arrangement of
openings are also shown. Arrows mean the representative
inclination direction of a confined flame for each opening
arrangement.

provided, shown in Figure 4-(d), and the flame was not contained in the draught zone flame
inclined toward the wider opening under the more powerful influence of draughts from it. Figure
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4-e) illustrates the case in which a single opening was (a) Center opening Type
made at a corner, the direction of flame inclination
appeared to be determined by the peripheral velocity
gradient of the door jets. When a flame was stricken
directly by door jet from the opening centered, the linear
functional relationship between flame inclination angle and
door width was obtained as shown in Figure 6. This
relation appeared to be coincide with those reported by
Quintiere et al. [3] but not with ones by Raj et al. [7]. It is
apparent, however, as shown in Figures 6, that the above :
correlation does not appropriate for the flame influenced 5 45 80
by indirect door jets strike showing complex behavior

depend on the openings arrangements. (b) a-opening Type

We observed that flame length in a confined space — .
5 3 >

fire .
source

30cm
D

Center opening

showed shorter than one obtained from a free space. For
example, a 12kW fire showed about 60=10cm and of
which corresponding length was of 80+10cm. Let us
assume the whole flame was uniformly subjected to or
influenced with door jets of v, the representative ascending
velocity of flame/plume u, the length or height of a flame
Ly, then the bulk heat flux passes through the inclined
flame is given by Qo p Cp uAT(v/u)D?2 and this can be
rewritten as (1) followed by [8],

LyD % (Q*¢/Fr)P. (1)

In order to obtain power correlation between Lg/D and (¢) 7-opening Type
Q*4/Fr, we plotted these dimensionless numbers obtained -

experimentally in the opening arrangements of centered— }
type, o-type, and f-ype openings. Estimating the
coefficient and gradient from Figure 7, we obtained
equation (2),

LyD=c(Q*q /Fr)2/3, c=1.8~2.0. (2)

The equation (2) is similar to the power correlation
obtained for an open square fire if we accept the Q*,/Fr
instead of Q*4. The coefficient is about 1/2 smaller than
that of an open fire. Equation (2) is applicable to the 5 45 110
estimation of a confined flame height/length with various Figure 5 Visualized velocity pro—
opening arrangements including direct and indirect striking files (independent two expérimental
of door jet(s) to a flame. results are superimposed) of door

jet(s) using a 12kW fire centered,
3.3 Temperature and Velocity along the ascending trajectory (2) centered-opening, (b) PB-type,
(a) Temperature and (c) y-type.

Figure 8-a shows the temperature distribution along the ascending trajectory (or along almost
the center line) normalized by Q2/ in the cases of the opening centered with width of 5cm, 30cm,
and 120cm. This figure shows that temperatures are lower than those of open field as a result of
entrainment induced by direct door jet striking. The temperature decreasing mode along the
ascending trajectory is similar mode which were expected from a free plume from a square fire.

Symmetrical two
15cm openings with
80cm separation

]

Off-Center opening
30cm opening
O
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However, Figure 8-b shows those
temperatures obtained from the a-type

opening with the separation of 80cm, 90

temperature of the upper plume region

showed smaller descending mode from z53 § 60

resulted from the limiting of air entrainment T /*? 2

which was blocked by surrounding walls. & 30 [wsb—' g o — e
. o ! y

The height where the temperature appeared g ) Pg\\m - Jk

to be sustained or to less descending from < |4 p. & _

the mode of z5/3 showed almost the same & Jr’(/\ [ N

height or scarcely dependent on the heat 5 a-type| T~ ]

release rate in the present cases. This _g -30 N

suggests that the periphery of the turbulent © @ o T‘

plume touch to walls at the height of about g -60

1.5m. And this indicated the apparent ratio Py Ce’nter'tlype

of plume radius to height, b/z, in a confined -90

atrium space increased about 1.9 times faster 0 30 60 90 120 150 180
than it of a free }?lumc. Opening Arrangement (cm):8,7-type
(b) Plume Velocity Opening width (cm):a-type

In order to compare the characteristic of
plume velocity along the ascending trajectory  Figure 6 Angle of a flame inclined as a function of
with the one observed in a free plume, we width of inlet-opening(s) for centered-type, o-type,
choose the velocity data of the a-type and y-type. Open mark is 4min data and block is
opening with a separation of 80cm applied a  6min data, respectively.
12kW fire. In this case, door jets stroke
indirectly to the flame and which made the
flame almost vertically standing. Upward velocity along the ascending trajectory showed roughly
two modes of Z9 and of Z1/3, as shown in Figure 9. It was not clearly observed that the
increasing mode of Z1/2 for the flame region. Even in the flame region, upward velocity along the
center line showed Z9 mode and was continued into the intermittent region. The door jets velocity
(order of m/sec) was 10~ 100 times faster than usual entrainment velocity (order of cm/sec) so
that the confined flame was affected by door jet striking resulting in the well mixed flame with ajr
entered. In the upper region of the plume ranging about 6+1= Z/b < about 42, upward velocity
showed Z1/3 decreasing mode. And this mode was similar decreasing mode to the one obtained
in an open plume from a square fire.

3.4 Horizontal Distribution
(a) Temperature

Different from a free plume, a plume in an atrium space was affected by the presence of solid
boundaries and resulted in a confined plume showing less entrainments and contact with walls in
the upper part of plume. An interaction between hot gas plume and contact inner wall surfaces
resulted in the strongly buoyant central core region and the peripheral turbulent region similar to
the wall jet [9,10]. In order to include these two properties into the same horizontal distribution,
we simulate the horizontal distribution of temperature by doubled Gaussian composed of two
overlapped Gaussians for these two regions as expressed,
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AT(r,z)
= ATo(z){q;T ~exp(-—r2 /b%‘l) .

+(1-9¢1) ~exp(—r2 /b?m)}

where ¢ the partitioning factor between core
and peripheral parts, and brq and byo are the
half-width for those regions, respectively. ATo
showed similar decreasing mode with that of a
free plume. The comparison, as shown in
Figure 10, between the simulated temperature
by doubled Gaussian and and those of
obtained experimentally shows that the
doubled Gaussian profiles is useful for the
estimation on the horizontal temperature
distribution in a confined plume. Table 1
shows the examples of characteristic values of
br1, brp, and ¢ for a 12kW fire, and these
numbers are useful for the reduced atrium
model space covering the 1.5kW to 24kW
fires. This suggests that the plume shape
produced by different fire sizes were the
almost the same with one another, and were
controlled mainly not by fire size but by the
configuration of the confined space.

Center opening

&)

10° sERTEH) EnE e e a
Frati o g s e e S B
L2 PR EE i TP IIT
8" 3 et
o4 q=6, 12, 24kW]]
ooe®
& ey
—_ o
o 107 5
)
<
13
< |
-
A Center 5cm
1
10 B : Center 30cm
11O : Center 120cm
[|® : Free Boundary
10°
102 101 10° 10!

L/Q%/'5 (m/kW2/5)
Figure 8«a) Excess temperature distribution for

vertical direction along the ascending trajectory

(almost along the center line) with the opening
arrangement of centered. Vertical height are
normalized by 2/5 powered of heat release rates.

102
]gradient : 2/3 7]
-~ 10
[=] \d v
kol Opening H
= //i‘t‘ Arrangement
0 L]
10 O @ Centered E
v v a-type [
A A B-type ||
. ML I1]
101 10° 10t 102
Q*/Fr (-)

Figure 7 Dimensionless flame length, L¢D, as a
function of dimensionless heat release rate, Q*g,
modified by Froude number Fr.

108 .
; a -opening
L X
_ 102
Y 513 N
- oy ™3
& L 7
q ]
. ® 1.5kW
10" = o akw S
- Z 6kW ,;'.W\\ A
] kW McCatfrey
X 24kW 1 §
oo LT ]
10 10° 101

Z/Q2* (m/kW?5)

Figure 8«b) Excess temperature distribution for
vertical direction along the ascending trajectory
(almost along the center line) with the two
symmetrical openings (B-type). Vertical height are
normalized by 2/5 powered of heat release rates.
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(b) Plume Velocity

The horizontal distribution of plume
velocity in the reduced model showed
upward and downward in the same horizontal
plane in the region of about Z/b=7 (almost
flame tip height) to Z/b = 38 ~ 46. Upward
velocity alone was observed in the two
regions: under the region of about Z/b=7 and
upper of about Z/b=42 (between the height of
Z=3.8m and 4.6m in the present case) except
the boundary layer close to the wall. Upward
velocity appeared all heights in the central
core region along the ascending trajectory,
and downward velocity was observed in
peripheral region. If we adopt the doubled
Gaussian profile for the velocity profile
taking central core region of upward and
turbulent downward velocity of peripheral
region, the velocity profile in a confined
plume was successfully simulated by equation

s

v(r,z) =
vo @) {0, ‘exP(‘rz /bfl)
+(1-0,) (- 18%,)}

Taking negative number for ¢y, upward and
downward velocity in the same horizontal
plane can be expressed by the equation (4),
and are compared with the measured data in
Figure 10. Simulation can not be done
perfectly as done in temperature due to
difficulty of measurements in turbulent flow
having upward and downward in the confined
space. Table 1 shows the typical
characteristic values of the half-width of the
core rtegion, by, and half-width of the
turbulent peripheral region, by,, with the
proportioning factor ¢y. The width of by,
was almost same to ones of temperature
profile and increased with height in the flame
region but almost same length in upper the
flame region. This suggests that the core
region of the confined plume is narrow and is
almost maintained the same size for vertical

“

10t T A
A S
® 1.5kwW
O 3kW  HH
§ O 6kw
B e A 12kW
a cCarirey . X 24kW REEN
o o~
w N ™~
~ 10°¢
8 D
ra
2
=2
~
>
10t
101 10° 10t

Height from floor (m)

Figure 9 Upward velocity normalized by QL3 versus
height along the ascending trajectory (almost the center
line) in an atrium model space.

600 ——————
12kW A 0.2 (m) B
+ 0.7 (m) a
| o 1.3 (m) ]
® 2.0 (m)
400 - 0 4.6 (m)| ]

/ Doubled Gaussian

Temperature (°C)

0.4
Radius (m)

0.6

Figure 10 Horizontal distribution of excess tempera—
ture simulated by the double Gaussian and with
comparisons of experimental data measured.
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direction where the almost plug flow was established above the height of Z/b=42 in the present

confined space.

3.5 Entrainment into the Confined
Space

For turbulent flow along a wall, it
was teported that the mass flux is
proportional to the 2/5 power of a
Grashof number [10]. If we assume AT
correlates directly to the heat release
rate, we could take a modified Grashof
number by Q*d'g-B'AT-H'A/vz. In
the present case, space factors of H
and A, and physical factors of g, 3, and
v were assumed as constant so that
coupled dimensionless number of Gr
and Q*y is represented only by Q*,.
This implies the induced air mass flow
is proportional to the 2/5 power of Q.
Figure 12 shows the inflow velocity at
inlet-openings as a function of Q%4
with various opening arrangements.
This shows clearly the induced velocity,
in other word inflow mass, is
proportional to Q*y25.  Overall
entrainments into the space was not
depend on the opening arrangements
but was strongly depend on Q with
considering the space factor. Using the
doubled  Gaussian  profiles  of
temperature and velocity referencing
with the experimentally obtained data,
upward mass fluxes at various heights
in the confined space were estimated
for a-type opening for 1.5kW -24 kW
fires. Entrained air mass flux, m,, into
the confined space was balanced with
the upward mass flux when the flow
ascended to the height between Z/b= 7
to 10. Applying the equation by
Zukoski et al. [2], it can be estimated
that a 12kW diffusion fire in a free
space can transport about 0.4kg/sec
mass flux at Z=0.7m and about
0.86kg/sec at Z=1.1m. In the present
confined plume from a 12kW fire,

Upward velocity (m/sec)

3 T T T T T T T T T

04

0.6

Radius (m)

Figure 11 Horizontal distribution of velocity showing
upward core region and downward peripheral region.
Line shows simulated velocity based on double
Gaussian compared with experimental data.

Velocity at Opening (m/sec)

I
AL
| LT

102 PR
H 1
Opening i
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& a-type [[[]{]
10t O B-type Uil
1T T T
r T T
gradient: 2/5 §

TR

agl 3

19

101
10-2 101 100 10t
Dimensionless heat release rate (-)

Figure 12 Induced opening velocity with the various
opening arrangements are plotted against dimension—
less heat release rate as a modified Grashof number.
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however, upward gas mass flux transported at these heights were estimated as 0.08kg/sec and
0.12kg/sec. A single room fire with a door opening have been reported [1-3,9] showed the
entrainment is 2 or 3 times higher than the results predicted by a free plume. In the present test
results did not agree with this regarding on the over-all entrainment. Entrainment through the in—
let-opening is supposed to be governed by heat flux of a fire (in other words by stack effect) with
the affection of opening area and ‘space configuration. This results and Figure 12 propose that
Froude number at the opening correlate quantitatively with Q*; modified with H2/A, and

AwlAexh.

Table 1 Characteristic Values of Distribution for 12kW in Reduced Model

02m 04m O07m 11m 13m 15m 20m 38m 4.6m

Temperature|

by 0.12 012 0.15 0.17 0.15 020 0.22 0.22 0.22

b, 0.3 035 0.5 0.6 0.7 0.78 0.8 2 2

O 0.2 0.2 0.2 0.2 045 0.6 0.65 1 1
Velocity

byvi 0.08 015 0.16 020 023 022 0.22 0.22 0.22

by |- - 1.8 1.5 1.1 0.75 0.52 0.62 0.65

Py 0 0 -0.2 -03 -0.25 0.01 0.35 0.45 0.55
4. SUMMARY

Similarities were confirmed experimentally between a full scale atrium model and a reduced
one regarding on the dimensionless temperature rise AT/T in the space and on the inflow behavior
presented by Froude number. Assured model on heat loss to the atrium walls must be necessary to
estimate temperature rise in the space.

Flame was affected by door jets and resulted in inclination and shrinking of flame height/
length but expansion of its width. When a flame was affected by direct door jet from a centered
opening, flame inclination phenomenon is similar to a plume in an across wind.

Dimensionless flame height, L¢/B, is correlated with the 2/3 power of Q*, modified by a Fr
for various opening arrangements. And this power correlation is similar to the one obtained in a
free space although it showed a smaller coefficient.

The width and location of the openings determined whether the merged-draught zone or the
convection zone for a flame, and it determined the direction of flame inclination accordingly.
Horizontal distribution of temperature and velocity in a confined space were expressed
successfully by the doubled Gaussian. Over-all entrainment into the confined space, implying the
stack effect, is supposed to be governed by coupled factor of Gr and Q*; for the natural
convection condition.
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