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ABSTRACT
A series of reduced-scale experiments were carried out in order to investigate thermal behaviors

of window flame, which exposes the upper floors as well as the adjacent buildings to potential



risks of fire spread. A stainless pan filled with alcohol was used as the fire source and was

placed inside a cubic compartment of 900 mm side. Temperatures and velocities at various

points inside and outside of the compartment were measured. The compartment was pressurized

during the experiment by mechanically supplying air at several mass inflow rates through an

inlet duct set at the bottom part of the compartment. This was for simulating fire conditions

under the effect of external wind pressure. Based on the experimental observation, line (i.e., two

dimensional) heat source assumption was adopted for developing a model of window flame

behavior. A dimensionless parameter Q' was derived from the governing differential

equations, in order to generalize the measurement results. Expressions for temperature rise

along the trajectory AT, and characteristic flame width b, were developed incorporating the

parameter Q.
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1. INTRODUCTION

When a fire inside a compartment develops to be at its most vigorous stage, flames would be

ejected from the opening after the failure of window glass. Heat flux transferred from the

window flames may cause ignition of combustibles stored in rooms of upper floors and/or those



stored in adjacent buildings. It is generally recognized that window flame is one of the most

important contributors of fire spread beyond the room of fire origin. There are already several

works done on this topic [1-10], and the knowledge achieved in these works, not merely applied

to practice of the building fire safety design, but also give valuable insight into understanding its

physical characteristics.

However, we can point out two aspects at which our knowledge is still insufficient and need

additional investigation, i.e. : 1) Direction of momentum of window flame is generally

horizontal when ejected from an opening. The direction gradually changes into upward due to

buoyancy as the initial momentum decreases by entraining quiescent ambient air as getting apart

from the opening. However, expressions originally developed for vertically ascending plumes

are commonly adopted in generalizing window flame behaviors, and the inherent characteristic

of window flame itself is still unexplained; 2) Ventilation behavior of a building in actual urban

area is affected by external wind, and so is the window flame behavior when the building is on

fire. However, most of the existing burn tests were carried out using compartments with a single

opening on one of the vertical walls. In such a condition, window flame behavior is governed

either by configuration of the compartment or characteristics of the combustibles. The Effect of

external wind needs to be considered in window flame experiments.

In this study, we investigated into thermal behaviors of the window flame experimentally by



using a reduced-scale compartment. In the experiment, the compartment was pressurized

mechanically at several mass inflow rates in order to simulate variable fire conditions under the

effect of external wind. Furthermore, we derived a scaling parameter by analyzing dimensional

relations within the governing equations. Expressions for temperature rise along flame

trajectory and characteristic flame width were proposed by generalizing the experimental results

with the obtained dimensionless parameters.

2. REDUCED-SCALE EXPERIMENT

2.1 Experimental Setup

Schematic diagram of the model compartment is shown in Fig.1. The compartment, which was

constructed with 20mm thick asbestos-perlite boards, was cubic with sides of 900mm. An

opening and an inlet for mechanical air supply were equipped with on the opposing sides of the

compartment. The dimension of the opening was changeable in order to set up different fire

conditions with regard to opening flow. On the other hand, the air inlet was set at the bottom

part of the compartment and the dimension was fixed with 50mm height and 900mm wide,

while it was completely shut for no air supply conditions. It was so designed that the stream of

the introduced air having upward momentum and avoiding the air to be directly released out of

the compartment without mixing. The inlet was connected with a cylindrical duct of 400mm



diameter and a mechanical fan at the other end.

Either methanol or ethanol in a stainless pan was used for the fuel. The amount of alcohol used
at individual burn tests was between 3,000 to 4,000ml. The pan was box-shaped at which the
depth was 70mm and the burn area was 225mm by 300mm. The average duration of the burn
tests was 31min 21sec.

An overview of the experiment is shown in Table 1. The configuration of the opening and the
mass inflow rate of the mechanical ventilation were varied. As a result, burn tests were carried
out at 20 different conditions. The opening width B was changed between 0.2 and 0.5m, and

for the height H , between 0.3 and 0.5m. The corresponding ventilation factor AVH varied

from 0.025 to 0.088 m°?. Mass inflow rate by the mechanical fan m, was estimated by
measuring the flow velocity in the center of an orifice of 70mm diameter, which was installed in
the introductory part of the cylindrical duct. The measured inflow rate was stable throughout the
burn tests and no adverse current was observed.

2.2 Measurement Data

Positions of thermocouples for temperature measurement are also shown in Fig.1. A three
dimensional orthogonal coordinate system was employed for the use of later analyses: The
origin is at the top edge of the opening; x-axis perpendicular to the opening plane; y -axis

parallel to the opening plane; and z -axis in the vertical direction.



For the measurement of temperature inside the compartment, 1.6mm diameter sheathed

thermocouples were aligned in 3 vertical lines (i.e., in the ventilated side, in the middle and in

the window side) with 8 measurement points each. As for the temperatures within the opening

plane, 9 measurement points of different heights were aligned on the central axis of the opening,

i.e., y=0. For the measurement of opening jet temperature outside the compartment, 1.6mm

diameter K-type thermocouples were aligned on 10 vertical lines with 12 measurement points

each. These were tied to a rigid steel mesh so that the positions of the measurement points do

not shift during the burn tests. The measured temperatures were recorded with a data-logger at

an interval of 30 seconds after the ignition. As the aim of this study was to investigate the

behavior at steady state fire condition, data acquired between 10 minutes after ignition and 5

minutes before burnout were used to obtain the steady state temperatures. The average duration

of the sampling time period was 14 minutes 30 seconds, and it was observed that the measured

temperatures were reasonably stable throughout the periods in every tests.

Bidirectional pitot tubes were used for the flow velocity measurement in the window plane. The

positions of the measurement points were the same as those of the temperature measurement,

i.e., 9 measurement points of different heights along the vertical axis. Acquisition of the data

was started 10 minutes after ignition at time interval of 2 seconds. Steady state velocities were

obtained by averaging these data acquired in consecutive time period of 30 seconds. The mass



flow rate at the opening plane m can be evaluated by integrating the flow velocity over the
entire opening area (yz-plane). However, as the durations of burn tests were restricted, number
of measurement points was not enough to acquire the flow profiles in this way. Thus, the mass
flow rate mwas evaluated by integrating the flow velocities measured at the central line of the

opening plane (y =0) in vertical direction,

m22(¢'piuiBAZi) (1)

where p is the flow density, u is the average flow velocity, AZ is the separation of the

measurement points, and the suffix i identifies the measurement point. The constant ¢

converts the flow velocity at  y =0 measured with pitot tubes into spatially averaged velocity of

the relevant height. The value of ¢ were determined from the measured flow profile in the line

of z=-10mm, which was the only profile measured in the widthwise direction.

The mass loss rate of the fuel was measured by 3 load cells installed beneath the pan. The load

cells were sandwiched in two 10mm-calcium silicate boards, so to avoid loading irregularity.

Also, a sheet of ceramic fire blanket was matted over the compartment floor in order to avoid

the air leakage through the gap between the floor and loading board. The rest of the gaps of the

potential air leakage, such as the member board junctions, were plastered with ceramic fiber

paste.

Another important parameter to be measured was the virtual heat release rate of window flame



Q , which is the sum of the enthalpy ejection rate of hot current through the window QV and
heat release rate of flammable gas combustion outside of the compartment Q'F . This value is
not congruent to the overall heat release rate of combustion AH_m_, which could be measured
either by the mass loss rate of alcohol fuel or by the oxygen calorimetry. In order to estimate the
value of Q, following conservation equation of energy in quasi-steady fire condition was

considered,

AHFn.’]F:Q.W—}_Q.D—}_Q.V-}_Q.F (2)

where AH. is the heat of combustion of the gasified fuel, m_ is the mass loss rate of the fuel,

F

Q, isthe heat loss rate to the wall, and Q, is the heat loss rate through the opening by

radiation. From Eqn. (2), the heat release rate of the window flame Q is given by,
Q:QV+QF:AHFmF_(QW+QD) (3)

where AH_m_ is calculated from the mass loss rate of the alcohol fuel. Assuming that Q, is
identical to the rate of heat transfer through the wall, and that the compartment gas is black and
its emissivity is 1 for Q_ calculation, we obtain,

Q= {5 =T A, G =alr T @

where k is the heat conductivity of the material, | isthe material width, o is the

Stefan-Boltzmann constant, A, is the wall surface area, and A, is the opening area.



2.3 Experimental Results and Discussion

The relationship between the mass supply rate by the fan m,, and the virtual heat release rate of
the window flame Q, is shown in Fig.2. When the inlet duct was shut and no air was supplied
into the compartment (m,=0), the virtual heat release rate Q became the largest when the
window was B=0.2mand H =0.5m among the five different window dimensions. However,
with this specific window dimensions, Q decreased along with the increase of m, . Contrarily,
Q increased along with the increase of m, , for the rest of the opening dimensions.

The relationship between the air supply rate m, and compartment gas temperatures at two
different opening dimensions is shown in Fig.3. In the both cases, temperatures were almost
uniform in the hot gas layers developed under the ceiling. The difference in the measured
temperatures, between those above the fuel pan and those of the other positions, is because the
thermocouples above the fuel pan were directly exposed to the flame. The tests for B =0.2m,

H =0.5m were the only examples at which the compartment temperatures decreased due to the
mechanical ventilation. This is consistent with the results obtained for the heat release rate Q

in Fig.2. It is commonly acknowledged that there are two major influences of the air supply on
compartment fire behavior, which are intensification of fuel combustion and dilution of
compartment gas. These have inverse effect on the compartment gas temperature, i.e., the

former raises the gas temperature, whereas the latter reduces the gas temperature. There should



be a characteristic fuel-air ratio for the most efficient compartment gas combustion, i.e., when

compartment gas burns most vigorously. Combustion is intensified by the mechanical air supply

when fuel-air ratio approaches the characteristic value, and is attenuated when recedes from it.

For example, when a fire is strongly ventilation-controlled, i.e., fuel-air ratio is higher than the

characteristic value, combustion intensification effect would prevail with further air supply. On

the other hand, when a fire is either weakly ventilation-controlled or fuel-controlled, i.e., when

fuel-air ratio is lower than the characteristic value, compartment gas dilution effect would

prevail with further air supply. Which of these effects becomes dominant is governed not only

by the rate of air supply, but also by various burn conditions such as compartment configuration

or properties of combustible upon which the characteristic fuel-air ratio is dependent. The

results in Fig.3 show that the dilution effect of compartment gas was significant when B =0.2m,

H =0.5m, whereas the intensification effect of combustion was significant when B =0.3m,

H =0.3m.

In this study, we defined the window flame trajectory as a line sequentially connecting points of

the largest temperature rise at each height. Fig.4 shows the relationship between the temperature

rise of the window flame AT_ and the separation along the trajectory & . Excess temperatures

AT were almost constant when separations & were small, and they gradually decreased with

increase of & . This general characteristic was common within all of the burn conditions.



However, magnitudes of temperature rise AT_ are more or less grouped by the opening

dimension, whereas the effect of air supply was less dominant.

Temperature rises AT and trajectory configurations at different air supply rates m, are

shown in Fig.5 ((A) is for B=0.2m, H =0.5m, and 5(B) is for B=0.3m, H =0.3m). When

fresh air was introduced by the fan, trajectories receded from walls regardless of opening

dimensions. Figures 6 and 7show the profiles of flow velocity and gas temperature at the

opening plane, respectively, which are corresponding to burn conditions in Fig.5. Figure 6

shows the descent of neutral plane heights with mechanical air supply, which is due to the

increase of pressure inside compartment. There is also increase in the maximum velocities of

vent flows with increasing pressure, which in turn, yields increase in initial momentum of

window flame at ejection.

Trajectory attachment to the wall was observed when B=0.3m, H =0.3m, and m, =0. One of

the important reasons suggested by Yokoi is the pressure difference between the wall-side and

open-side of window flame. This is due to the restriction of air entrainment from the wall-side

of window flame by the presence of wall [1]. Yokoi also pointed out that attachment is prone to

occur when B is wide [1]. This observation is partly consistent with the present results in that

the attachment was observed when B =0.3m, while not when B =0.2m. However, it is also

clear that window width B is not the only contributing factor, as flow attachment was not



observed when mechanically ventilated even though B =0.3m.

3. SCALE MODELING

3.1 Outline of the Model

In modeling thermal behavior of window flame, its heat source geometry needs to be

determined. Shape of the vent plane itself (a rectangle of window width B at one side and

length from neutral plane to upper edge H —Z, at the other side) is usually assumed for it.

However, unlike heat sources on the ground, heat flux profile in the vent plane is far from

uniform. The profiles of the flow velocity and the temperature rise are shown in Figs. 6 and 7,

respectively. All of the profiles take their maximum values at positions just beneath upper edges

of the windows decreasing in downward. In turn, it is reasonable to assume that a representative

point for the ejection momentum is located somewhere around the upper edge. On the other

hand, as there is not much temperature difference inside compartment in horizontal ( xy) plane,

the velocity and temperature profiles in the width-wise (y) direction of the vent plane can be

assumed as uniform. Accordingly, heat source geometry of window flame is assumed as two

dimensional, in which its center is located slightly beneath the upper edge of the opening and its

profile in the width-wise (y) direction is neglected.

Schematic diagram of the window flame model is shown in Fig.8. Window flame discharged



from fire compartment initially maintains momentum in horizontal ( x) direction, but it

gradually gains upward (+ z ) momentum due to buoyancy. As such, trajectory of window flame

is generally curved, which is distinct from that of flame located on the ground. In order to

describe behavior of the curved flame appropriately, an additional two dimensional coordinate

&¢ along the flame trajectory needs to be incorporated. First of all, the coordinate origin is

defined as the location at which profiles of vent flow velocity and temperature rise take their

maximum values. Curved ¢ -axis is set along flame trajectory and ¢ -axis is set perpendicular

to & -axis. For simplicity, interference between window flame and wall above the opening is

disregarded. As window flame is nothing but the flow involving combustion of flammable gas,

its phase changes along trajectory, same to the combustion phase transition of flames on the

ground. The phase of window flame can be categorized into either flame region or plume region

on whether it involves flammable gas combustion or not.

3.2 Gaussian Distribution Model

When the angle between ¢& -axisand x-axisis @&, points in the orthogonal coordinate are

transformed into the curvilinear coordinate by the following matrix,

oc 05
d&) | ax oz [[9%) ( cos@ sing ) dx 5)
d¢) | 9¢ ¢ |dz) |-sin@ coso | dz

oX oz

Assuming that window flame is the incompressible Boussinesque flow, conservation equations



of mass, momentum (for &-and ¢ - axes), and energy appropriate for the curvilinear
coordinate are obtained by transforming the Reynolds decomposed equations for the orthogonal
coordinate,
ou  ow
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in which strain of the control volume is neglected. In these equations, u and v are the
velocity components, g is the acceleration due to gravity, AT is the temperature rise relative
to the ambient temperature T, p, isthe ambient gas density, c, is the specific heat, p is
the pressure, and " is the heat release rate per unit volume. The superscripts [ and [’
denote the time averaged value and fluctuation, respectively.

Now, integrating the governing Eqns.(6)-(9) in the width-wise (£ ) direction, we obtain,

d . 1 _

ELlj d¢ +[w], =0, (10)
9 wde + o], +Jaw], =301 AT ag (11)
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Integrals involved within these equations can be removed by assuming the profiles of flow
velocity T or temperature rise AT axially-symmetrical [11]. Although measured temperature
data shown in Fig.5(A) supports this assumption, it may not be valid when flame attaches to the
wall above the opening such as in Fig.5(B). Although adequacy of this assumption needs to be
further investigated, Gaussian profiles are assumed for velocity and temperature rise regardless

of trajectory configuration,

U o (S| ATEO | ¢
0, @) ‘exp{ [b” AT, (9) EX'{ / (bH (4

where u_ is the flow velocity on the trajectory (& -axis), AT, is the temperature rise on the

trajectory (& -axis), b is the half-width of the flow velocity, and g is the conversion
constant which reflects the difference of half-width of the flow velocity and temperature rise. In
addition, assuming that the rate of air entrainment into the window flame is proportional to the

central flow velocity u_ [11],

limw=-au_ (15)

gt

where o« is the entrainment constant.
By substituting Eqns.(14), (15) into Egns.(10)-(13), we obtain,

i(bum)zz—“u (16)

dg Jz "



i(bufn):\/%gsin@-bATm (17)
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in which the terms UW, u'w', W, P, WAT, WAT' were all assumed to be 0 when

¢ — $oo, i.e., at ambient environment. In the derived equations, the heat release rate term q"”
in Egn.(19) will take different forms depending on its belonging region: the flame region; or the
plume region. As to the flame region, Assuming that the heat release rate is controlled by the

rate of air entrainment,

-~ AH.
[ 4"d¢ =1-x,) o 2p,au, (20)

where . isthe rate of radiation heat loss, AH_ is the heat of combustion of the flammable
gas, y isthe theoretical fuel/air ratio, and n is the correction factor which represents the
difference of the fuel/air ratio between theoretical and practical. Substituting Eqn.(20) into

Eqn.(19), the conservation equation of energy for the flame region is derived as,

d AT 1+8 AH
—1| bu T =(1- . 20U 21
dg[ mTw] a-r = s S (21)

On the other hand, in the plume region, where no combustion is taken place, the heat release

rate 4" becomes zero,



z d AT
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This equation shows that total amount of energy maintained inside the plume is unchanged

along ¢ -axis. Thus, Eqn.(22) can be integrated to give,

bUm ATm — 1+ﬂ (1_ZR)Q (23)
T T  p.C.T

LCel
where (1—y,)Q' is the overall heat release rate of the window flame in which the portion of
radiation heat loss is excluded.
3.3 Scaling Relations

The obtained conservation equations need to be normalized in order to analyze dimensional
relations between the involved parameters. With the normalizing parameters for length D, flow

velocity U, and temperature T , dimensionless parameters are defined as,

U 1 (24)
U T

C
1]

AN
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o
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O|o

where the superscript [1° denotes that the parameter is dimensionless. By substituting these
parameters into Eqns.(16), (17), (18), (21), (23), we obtain the conservation equations in
dimensionless form, respectively,
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= ﬁu (25)

d (o.,2y 9DT [2 . s
momentum . —(BU”?)=="— |=sin@-B'T 26
(&) d§*( ) Usz,/ﬂ (26)

d (oo, -
. —I(B
mass dgf*( u’)



momentum (¢ ): d—e*-U*Z: 2490 cosd-T" 27)
d& gl U
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Before implementing dimensional analysis, specific values for the normalizing parameters D,
U and T need to be determined. It is empirically known that change in the width does not
change as much as the length along trajectory [12]. So we adopt the initial width of window

flame, i.e., the width of the venting plane, for the normalizing parameter D,
D=H-Z (30)

Whereas for the rest of the normalizing parameters U and T, terms in Eqns.(26) and (29) are

equated to one, so that it becomes dimensionless [13],

o1 _, & (31)
UT. ' p.c.DUT

which allows us to determine U and T as,

. 3 . 2/3
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To summarize, the dimensionless parameters in Eqn.(24) can be expressed as follows,

Ego b w@r L AT
H_ZN H_ZN \/g(H_ZN) T

(33)
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where Q" is another dimensionless parameter which is defined as follows,

. Q'
Q"' = - 34
p.cT.9%(H-2,)" 9

N

As the behavior of window flame may change as getting apart from the venting plane, the
characteristic parameters B", U" and T~ are expected to be some power functions of the

dimensionless parameter &, which represents the distance along trajectory, i.e.,

B or(§), UTee () T () (35)
where |, m and n are the real numbers. Substituting them into the dimensionless
Eqns.(25)-(29), we obtain &” on both sides of the equations. As multipliers of &° in the both
sides should coincide, real numbers |, m and n are taken into simultaneous equations. By

solving these equations, scale relations are obtained for the flame region and plume region,

respectively,

B oc & B oc &
flame region {U" o .»;f% , plume region U =const. (36)
T" =const. T oc&™



4. VERIFICATION OF THE SCALE MODEL

4.1 Temperature Rise along the Trajectory

Transforming the derived scaling expression for the temperature rise in Egn.(36) into a partially

finite-dimensional form,

Q7 (flame region)
ATm oC . 5 -1 (37)
T, Q%[ﬁj (plume region)

Correlating experimental data with the above expression, we obtain Fig.9. Plots of the

dimensionless temperature rises take the maximum and constant values near the vent plane, and

after that, it decrease at a rate almost proportional to & . Although there is some variation, the

results show pertinent consistency with the estimated expression in Eqn.(37). Expressions for

the temperature rise prediction of window flames can be obtained by drawing regression lines to

these plots. However, the lines should envelop the entire plots in order to avoid the

underestimation of window flame hazard.

2.0Q"% (flame region : ¢ < 0.64)
H-2Z,
AT e ) £
™ =:1.6Q" " (intermittent region : 0.64 < <2.44) (38)
T H-Z, H-Z,
25Q"%| < lume region - 2.44 < —©
Q (H_ZN] (p g H—ZN)

where the intermediate region between the flame region and plume region is named as the



intermittent region. The power for the intermittent region was adjusted to -1/2, which is a mean

value of 0 for the flame region and -1 for the plume region. Note again that £ is distance along

trajectory and trajectory is generally curved due to buoyancy. As a result, calculation of AT,

may become complex as & is not always easy to evaluate. As an alternative, we can substitute

& with the relevant vertical height z. As the trajectory is curved and & is always larger than

z, predicted result with z exclusively gives higher AT, than that with & . In other words the

prediction of AT_ always involves error which somewhat overestimate the window flame

hazard.

In deriving the scale model, we approximated window flame behavior by two dimensional flow.

However in actual conditions, it is expected that window flame acquires some characteristics

typical to three dimensional flow as getting apart from the vent plane. This is because the flow

starts entraining ambient air from all directions while ascending. In such a case, hot current of

window flame is even more diluted, and the rate of temperature decrease should become faster,

i.e., the power function of & should become less than —1. However, as far as the results in

Fig.9 shows, no significant sign of such transition was observed. One of the possible reasons for

this is due to the restriction of air entrainment as the flame ascended along the wall.

4.2 Half-width of the Gaussian Model

Following the derived relations in Eqn.(36), the half-width of the flow velocity distribution b



enlarges along the trajectory at a rate proportional to £, either in the flame region or plume

region. However, we were unable to measure b for the velocity due to a constraint of the

experimental apparatus. As the half-width of the temperature rise distribution b, is also

proportional to both b and & inthe model, we alternatively verify the model with the

following relation,

b, ocboc & (39)

The results for the open side of the trajectory is shown in Fig.10(A), and those for the wall side

is shown in Fig.10(B). As thermocouples located close to the opening receive substantial

radiation heat from compartment gas, data acquired at thermocouples higher than 0.2m from the

upper edge of the opening were analyzed. Consequently, most of the plots in Figs.10(A) and (B)

are the ones in the plume region. Also note that the number of plots in Fig.10(B) for the wall

side is less than that of Fig.10(A) for the open side, b, was not distinguishable when window

flames attached to the wall.

Although there is some variations in the plots due to the scarce alignment of thermocouples,

there is a fairly clear correlation of linearity between b, and ¢&. Drawing regressive lines to

the plots in both Figs.10(A) and (B), we obtain,

openside: b, =0.04+0.20¢ (r=0.82) (40)



wall side: b, =0.06+0.205 (r=0.73) (41)

These are shown as broken lines. As evident from the above Eqns.(40) and (41), the two

regression lines almost coincide with each other. In other words, the temperature distributions

were almost axially symmetrical for the window flames not attaching to the wall. Solid line

drawn in Figs.10(A) and (B) is the regression line for the overall plots, which is given as,

b =0.05+0.20¢ (r=0.80). (42)

These results show that the proportion of the half-width of temperature rise distribution to the

length along trajectory is about 1/5. To compare with the relevant values in the existing

experiments, Sugawa et al. reported 1/5 [4] and Ohmiya et al. reported 1/3-1/4 [9], which are

compatible with our result. Whereas for the vertically rising fire plume with the heat source

placed on the floor, the relevant value of 1/10 is reported by Quintiere et al. [12].

4.3 Comparison with the Experimental Data

To further verify our proposed model, temperature rises predicted by the model were compared

with the experimental data. The results are shown in Figs.11-15. The comparison involves the

results for 5 different opening dimensions and 2 different air supply rates. Predictions by the

model proposed by Yokoi are also traced in the figures. Yokoi’s model takes the following form

[1,14],



. =

0

z {1.05@1 (6<0.35) 43)

“lo.0019307  (0.35<@)
where © is the scaling dimensionless parameter based upon the point heat source assumption

[11]. The parameter ® is defined as,

AT -r¥

. : (44)
@7/t pq)

where, 1, (=,/B(H -Zz,)/~ ) is the equivalent radius of the opening.

S

As the model parameters were adjusted not to underestimate the window flame hazard in the

both models, predicted temperature rises were somewhat higher than the experimental values in

general. However, the agreements of the present model were slightly better than those of

Yokoi’s model. Nevertheless, we should take into account that experimental data used for this

temperature rise comparison are those used for determining model parameters in the present

model. One of the important differences in the two models is the scaling dimensionless

parameter: the one for the present model is Q" for the two dimensional flow downstream of a

line heat source; and the one for Yokoi’s model is ® for the three dimensional flow

downstream of a point heat source. The difference attributed to these model parameters as well

as their multipliers can be observed in Figs.11-15, in that reduction rates in the predicted

temperature rise were larger in those of Yokoi’s model than the present model.



5. CONCLUSIONS

In this study, a series of reduced scale experiment on window flame ejection was carried out.

Fresh air was forcibly introduced into the compartment with a mechanical fan, in order to

investigate the effect of wind affected pressure rise inside fire compartment on behavior of

window flame. Concurrently, a characteristic dimensionless parameter for the thermal behavior

of window flame Q" was derived from the governing equations. The obtained experimental

results were generalized with Q" providing new equations for predicting temperature rise

along trajectory AT, and half-width of temperature rise distribution b, . Predicted results of

the model were compared with the experimental data and reasonable agreements were obtained.

Future works are listed as follows:

1) Dimension of the compartment used in the present experiment was about 1/4 - 1/3 of the

full scale. As the model proposed in this study is a scale model, comparison with other

experimental data at different scales will be beneficial in strengthening its validity.

2) As velocity measurement outside the compartment was not conducted in this study, ones of

the derived model parameters are still not determined. They need to be correlated with

additional measurement.

3) A model for configuration of window flame trajectory is needed as the present model

predicts temperature rise along the trajectory. This model will be valid when estimating the



rate of heat transfer to the adjacent objects somewhat apart from the window flame.

4) The effect of wind on window flame behavior was investigated in terms of pressure rise

inside the fire compartment. However, temperature rise and geometry of window flame may

change when it is blown directly by the wind. They are another important aspect which

needs further consideration.
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NOMENCLATURE
Alphabets
A :Area of the opening (m?)
b :Half width of the flow velocity (m)
b, :Half width of the flow temperature rise (m)
B :Horizontal width of the opening (m)

:Dimensionless half width (-)

Cp :Heat capacity of the flow (kJ/(kgK))

D :Characteristic normalizing length (m)

g :Acceleration due to gravity (m/s?)

H :Height of the opening (m)

¢ :Mass loss rate of the fuel (kg/s)

m,  :Airsupply rate (kg/s)

:Heat release rate of the window flame per unit volume (kW/m?)

Q :Apparent heat release rate of the window flame (kW)



AT

AT,

Greeks

: Apparent heat release rate of the window flame per unit length (kW/m)

:Dimensionless heat release rate (-)

:Equivalent radius of the opening (m)

:Characteristic normalizing temperature (K)

:Flow temperature rise (K)

:Flow temperature rise along trajectory (K)

:Ambient gas temperature (K)

:Dimensionless temperature rise (-)

:Flow velocity (£ -component) (m/s)

:Flow velocity along trajectory (m/s)

:Maximum flow velocity at the opening (m/s)

:Characteristic normalizing velocity (m/s)

:Dimensionless velocity (-)

:Flow velocity (£ -component) (m/s)

:Height of the neutral plane (m)

:Separation from the trajectory (m)

:Angle between x-axisand ¢ -axis (rad)



® :Dimensionless heat release rate (-)

& :Distance along trajectory (m)

E :Dimensionless distance (-)

Vs :Circumference ratio (-)

p.  :Ambient gas density (kg/m®)
Others

[]  :Mean

(0" :Dimensionless number

(1 :Per unit time

(" :Per unit length, or fluctuation

(" :Per unit area

(1" :Per unit volume
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Fig. 1. Horizontal projection and cross-section of the compartment. Measuring points for flow
temperature and velocity are also indicated. Units are in millimeters (mm).



Q (kw)

& B=0. 2m, H=0. 5m
O B=0.3m H=0. 5m|
I O B=0.5m, H=0. 5m
® B=0. 3m H=0.3m
W B=0. 5m H-0.3m

0 0.01 0.02 0.03 0.04 0.05 0.06
m, (kg/s)

Fig. 2. Mass supply rate by the fan and the virtual heat release rate of window flame.
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Table 1. Experimental conditions.

B(m) | H(m) | m, (kg/s) | Z, (m) | u, (m/s) | m, (kg/s) | Q (kw)
1 0.2 0.5 0.0000 0.191 3.38 0.00257 56.1
2 0.2 0.5 0.0290 0.159 4.34 0.00198 47.3
3 0.2 0.5 0.0367 0.140 4.37 0.00178 434
4 0.2 0.5 0.0528 0.137 411 0.0017 41.4
5 0.3 0.5 0.0000 0.230 2.57 0.00149 34.5
6 0.3 0.5 0.0306 0.188 3.08 0.0014 34.3
7 0.3 0.5 0.0354 0.184 3.37 0.00162 39.5
8 0.3 0.5 0.0458 0.184 3.21 0.00152 37.1
9 0.5 0.5 0.0000 0.201 1.52 0.00102 18.8
10| 05 0.5 0.0281 0.259 2.06 0.00115 22.9
111 05 0.5 0.0352 0.244 2.04 0.00122 23.3
12| 05 0.5 0.0548 0.239 2.00 0.00122 23.4
13| 03 0.3 0.0000 0.138 2.39 0.00143 23.3
141 0.3 0.3 0.0310 0.108 2.15 0.00127 21.6
15| 03 0.3 0.0374 0.089 2.56 0.00153 26.3
16| 0.3 0.3 0.0525 0.083 2.90 0.00162 28.0
17| 05 0.3 0.0000 0.141 1.64 0.00139 23.5
18| 05 0.3 0.0312 0.135 2.00 0.00127 23.2
19| 05 0.3 0.0387 0.125 2.34 0.00143 26.2
20| 05 0.3 0.0554 0.115 2.67 0.00153 28.2




