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SUMMARY

ThlS report describes the detailed measurements in an experimental
'1nvest1gatlon of flames spreading under an incombustible ceiling. - Later
.:,reports will deal w1th combustible ceiling linings and the practical applications

of ‘the work

Experlments were performed in a model representing the ceiling of a corridor
w1th a fire at one. end - a gas burner was used to represent the fire, this was

' {;“eplaced by Wooden cribs 1n experlments to be deseribed in a later report.

C Dependlng on the size of the fire and its distance beneath the ceiling, the
o+ flames may have drawn up into the horizontal layer of hot gases enough air for
chombuétion'of'the fuel gases. The flame length is then determined by mixing
within the layer. The air drawn up may not be sufficient for the combustion

of the gases from large fires and the remaining air required for combustion is
-entrained vertically into the hot gases flowing over the cooler air beneath.

Correlatlons of horizontal flame lengths have been derived and related to
the much shorter lengths of vertical flames.

Relationships have been derived from the experimental data from which it is
possible to estimate the radiation downwards from the hot ceiling and the gases
beneath it to the floor with a view to estimating the contribution to fire
spread on the floor.:

A heat balance of the ceiling gases was satisfactory, so confirming the

validity of the calculations. Horizontal flames radiate more of the heat
produced at a level sufficient to assist fire spread than do vertical ones.
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In order to devise rational tests and performance requirements for flammable
linings in various positions in buildings, one must have some quantitative design
criteria either from direct experience or from research and, although much
experimental work has been done, in the U.K. and overseas, there are still many
difficulties in presenting a clear description of the processes of fire
growth and the contribution to this of the many factors involved. Thus, it is
deceptively easy to devise tests for linings but so far impossible to get an
agreed order of merit between various materials subjected tc tests ostensibly
designed for the same purpose.

In parallel with an experimental international study covering the role of
many factors in fire growth, certain fundamental features of fire growth are
being studied in detail, and this report is the first one of a series
investigating the characteristics of flames beneath various kinds of ceilings.
The special feature of fires in enclosed spaces is that at some stage the
flames from materials on the floor are deflected by the ceiling and extend
horizontally. This, as the report shows, dramatically increases the radiation
to unburnt fuel away from the fire, and this alone will lead to fire spread
irrespective of other influenceé, even under incombustible ceilings.

This report is essentially a detailed scientific description of the work,
Its practical implications will be dealt with elsewhere.

The most important results of this study are as follows:

Yhere are various different conditions of burning, for example if the fire
is close to the ceiling (as from the top of a high stack) the flames are of a
type different from those from a lower source. The former are fuel-rich, the
latter air-rich, and different laws app.y relating the flame length to the rate
of burning. Yor air-rich flames below part of a ceiling between two parallel
screens

;fmy L8
L= 220 ey
15% g2

where m’ is flow rate of fuel per unit width of flow path

BN

Po 18 density, taken as that of air

and g 1s acceleration due to gravity

1 is meapgured from a virtual origin which is between 4.3 and 5.3 times the depth
of the layer of hot gases beneath the ceiling, i.e. between 2.0 and 2.7 times the

distance of the floor fire below the ceiling.
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Thase flames are at least five times the length of vertical flames produced
by the same burning rate of fuel.
The radiation emitted downwards from an asbestos ceiling heated by the

flame was
T = 50 exp (-4.05%/1) W/em®

where X d4is the distance from the virtual origin of the flames and the heat

transfer to the ceiling was
H = 70 exp(-~4.6%/1) W/om2

These equations do not apply between the virtual origin of the flames and
the actual origin. A maximum rate of heat transfer rate to the ceiling of
17 W/%mg has been recorded at the latter position.

Calculations based on the experimental measurements have been made of the
relative proportions of the heat output of the flames transferred by radiation
from the flames and the ceiling behind them, by conduction through the ceiling
and walls and by convection in the hot gas layer. The heat transferred by
radiation is up to four times greater from horizontal flames than from vertical

ones.
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LIST OF SYMBOLS IN ALPHABETICAL ORDER

bte \ . .
Meximum value of ¢ "seen" by radiometer disc.
Specific heat of hot gases.

Specific heat of gases in layer.

¥olecular diffusion coefficient,
Shorter dimension of fuesl bed.

Diameter of pitot head,

Depth of layer of hot gases.

Thickness of asbestos wood.
Layer depth at virtual origin.
Depth of end screen.

Gravitational acceleration.
Heat transfer to ceiling.

Heat loss through ceiling.

Convective heat transfer coefficient for underside of ceiling.
Heat transfer to ceiling at virtual origin.

Convective heat transfer coefficient from topside of ceiling.

Depth of burner below ceiling.
Radiation intensity from base of hot gas layer.

Radiation intensity immediately above radiometer.
Radiation intensgity on ceiling

Radiation intensity at virtual origin.

Radiation intensity recoried by radiometers.
Radiation intensity from vertical flames.

Constant.

"herwal ioonductivity of asbestos wood.

Constant.
Flame height.
Flame height measured to tip.

Flame length measured from virtual origin.

Total mass flow rate of hot gases.
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Mass flow rate of town gas from burner,

Mass rate of entrainment.
Mass flow rate of hot gases per unit area.
Momentum flow beneath ceiling.

Momentum flow of hot gases entering layer.

Flow rate of town gas from burner per cm width.
Burning rate per unit area of fuel bed.

Rate of heat gain by combustion.

Convective heat transfer with flow of hot gases.
Rate of heat loss by radiation.

Rate of heat loss through ceiling and screens.

Absolute tempsrature of hot gases.

Absolute temperature of underside of ceiling.
Absolute temperature of ambient air.
Absolute temperature of topside of ceiling.

Upward velocity of entrained air.

Velocity of luminous flames,
Speed of travel of film in camera.

Volume flow rate of air and fuel gas,.

Volume flow rate of fown gas.

Velocity of layer of hot gases,

Width of corridor.

Horizontal distances measured from virtual origin (x + xo),
Horizontal distance measured from rear of corridor.

Distance of virtual origin behind rear of corridor.

Height above bottom of layer.

"Dummy” variable,

Pitot tube anemometer reading in cm. water gauge.
Angle of track on film Wifh film margin,
Magnification of camera optical system,
Emissivity.

Temperature excess over ambient.
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Increase in heat carried as latent heat of water vapour.
Kinewsatioc viscosity.

Horizontal distance from point immediately over radiometer.

Density.

Density of town gas.

Density of gas in layer reduced to N.T.P.

Density of water.

Stefan's constant,

Configuration factor.

Configuration factor at radiometer of bottom of hot gas layer.
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THE CONTRIBUTION OF FLAMES UNDER CEILINGS
TO FIRE SPREAD IN COMPARTMENTS

PART I. INCOMBUSTIBLE CEILINGS
by

P. L. Hinkley, H.G.H. Wraight and C, R. Theobald

1. INTRODUCTION

The "flashover" of a fire in a compartment is generally defined as the stage
when fire quickly spreads to involve the entire compartment1. The time taken for
flashover to occur is of practical importance in determining the possibility of
escape by the occupants and the size of the fire on the arrival of the fire brigade.
In the past many experiments havé been undertaken to study the growth of the fire
to flashover and the way in which this is affected by the geometry of the compartment
and the materials of which it is composed._1

A method frequently adopted has been to construct a compartment (either full
size or a model) and to carry out experiments with an arrangement of combustible
. contents over which fire is found to spread in a repeatable way and at a convenient
rate. The influence of changing various features (often the wall and ceiling
linings) is then studied.

While such an approach has yielded much useful information it has so far
thrown 1ittle light on the physical and combustion processes occurring in the
important transition between the fire behaving as it would in the open and
"flashover".

When the fire on the ground has grown to the extent that flames have reached
the celling, any further increase in size must result in flames extending
horizontally beneath the ceiling; this configuration is expected to result in
a greatly increased rate of heat transfer, back to the floor as well as to the
ceiling itself. At the same time it is expected that the rate of entrainment
of air will be much less than for vertical ones. Clearly, it is to be expected
that this horizontal spread bf flame with its influence on the thermal feedback
to the floor must play a vital role in the’growth of fire,

Little dinformation could be found about flames of this type and experiments
were therefore directed towards determining their characteristics and in particular

the rate of transfer of heat from them both to the ceiling and the floor beneath.



Bxperiments were carried out in models representing a corridor with a fire at
one end. A corridor was chosen because the flow of gases along a corridor in one
direction should be simpler to study than radial flow beneath a flat ceiling both
from the theoretical and the experimental stand-point. This configuration is
directly applicable not only to spread in corridors but also to spread along the
bays of buildings with sawtcoth and similar roofs; the flow in many other situations
is frequently more uni-directional than radial.

The models each comprised a long ceiling with screens hanging down from its
edges to channel the hot gases along it, but were effectively without floors.

They were mounted sufficiently far above the floor of thaviaboratory to present no
hindrance to the entrainment of air by the flames and to prevent the floor becoming
hot enough to significantly affect the heat balance. This was done firstly for
safety, there was no opporitunity for the formation of pockets of an explosive
mixture; secondly, it enabled the horizontal flames to be studied in isolation
without the complicating factor of the "feedback" of heat from the floor and finally
it greatly simplified instrumentation and observation of the flames.

The effect of a floor to a model corridor will be reported in a later note.

The fuel used was town gas because it was an easlly available fuel of known
calorific value and the rate of input of fuel could be easily set to a known value
which did not depend on the rate of feedback of heat to the fuel. This enabled
sffects of the horizontal flames, due to the heating up of the ceiling and walls,
to be separated from those due to the increase in burning rate of the fuel.
However, town gas is a mixture of gases which differs from that produced by the
pyralysis of cellulosic materials; which are those most frequently involved in
fires and the differences in heat transfer rates due to this factor will be
dizcussed in another note.

2. EXPERIMENTAL CORRIDORS

The town gas burner incorporated in the experimental apparatus was based on
one described elsewherez, and consisted essentially of a tray of exfoliated
vermiculite having a horigzontal surface area of 46 x 115 om through which the
town gas percolated. The distance of the surface of the burner beneath the
ceiling could be varied from 37 to 120 cm.

The ceiling of the model corridor used in most of these experiments (Fig. 4
Plate 1) was 7.3 metres long and 1.2 metres wide and was mounted 4.8 metres above
the conorete floor of the laboratory, with its rear end over the burner. It was
made of 1.27 cm thick asbestos wood and was fitted with screens along the sides

and at the rear end to channel the hot gases from a fire,. The screen at the
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rear and the first 1.2 metres of the side screens were made of 41.27 cm thick
asbestos wood and the remainder of the side screens were made of 0.48 cm
thick asbestos millboard. The screens varied in depth from 4120 cm at the
closed end to 50 cm at the open end (Fig. 1).

In a few early experiments a corridor 80 cm wide and 5.8 metres long
was used. This was basically similar to the one described above but the
burner was 51 cm x 63,5 om in area and was fixed 37 ocm beneath the ceiling.
In addition the open end of the corridor could be partly closed by an asbestos

wood screen extending downwards from the ceiling.

3, EXPERIMENTAL MEASUREMENTS
The positions of the measuring devices in the corridor during the main
experiments are shown on Fig, 1.
3.1.. Radiation
The intengity of radiation downwards from the layer of flame and

P

hot gases was measured by a line of six radiometers ! facing upwards
along the centre line of the corridor and generally 66 cm beneath the
ceilings in this position the contribution of the radiation from the
portion of the screens below the level of the layer of hot gases to
the measured intensity was negligible since the acceptance angle of
the radiometers was effectively only 135 degrees. In experiments
with the burner 37 cm beneath the ceiling the radiometers were also
37 cm beneath the ceiling. The intemnsity of radiation immediately
in front of the burner was too high to be measured by the available
radiometers, and a total radiation pyrcmeter with an arsenic tri-sulphide
lens was therefore directed upwards at the ceiling at this point. The
radiation from the vertical flames was measured by a narrow angle total
radiation pyrometer with a similar lens directed along the corridor.
3.2, Ceiling temperatures

Ceiling temperatures were measured by twelve chromel-alumel thermo-
couples along the centre line of its lower surfacs. The couples were
attached by silicate paint in grooves so that they were flush with the

lower surface of the ceiling.



3.%. Heat transfer to ceiling

The rates of heat transfer to the ceiling were calculated from the
equilibrium celling temperatures as described in Appendix 1. It was
found difficult to ensure good contact between the celling and the
thermocouple immediately over the burner, and the rate of heat transfer
to the ceiling at this point was measured by a water flow calorimeterB.
3.4, Temperature of hot gas stream

The vertical temperature distribution within the layer of hot gases
flowing beneath the corridor ceiling at 2.0 and 5.2 metres from the end
soeresen was measured by two 4O S.W.G. thermocouples which could be moved
vertically within the layer.

Owing to radiation losses, the thermocouple attained a temperature
below the actual temperature of the hot gas layer. The magnitude of
the error depended on the intensity of radiation falling on the thermo-
couple and the temperature and velocity of the sfream of hot gases., It
wasbprobably of the order of 100 deg C when the thermocouple was reading
600°C near the celiling and 200 deg C when the thermocouple was reading
800°C near the bottom of the layer.*
3.5. Velocity of horigzontal luminous flames

The velocity of the horizontal luminous flames was measured using a
"streak" camera (Fig. 2). This was a continuous film oscillograph
recording camera modified by fixing, immediately in front of the film, a
diaphragm with a 1.5 mm wide slit perpendizular to the direction of motion
“of the film. A stainless steel mirror was mounted beneath the ceiling so
as to reflect an image of the flames through a right angle into the camera
which was mounted on its side with the axls of the slit parallel to the
ceiling, The camera and mirror were enclosed in a box covered with
aluminium on the Qutside and painted black on the inside; an aperture
above the mirror permitted light from the flames to enter the camera after
reflection in the mirror,

A typical streak photograph (Plate 2) showed the variation in the
appearance of a 2 cm wide x 80 om long strip along the axis of the ceiling

with time. the time awis runs from right to lefi along the photograph.

]

*These estdimates were derived from measured intensities of radiation as
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described by Heselden.”



The photographs showed luminous flames moving steadily down the corridor;
the slope of their tracks in the photograph was related to the velocity

beneath the corridor ceiling

— P {
u, = (uz/yj) tan &

where u, was the ﬁelocity of the luminous flames

u, was the speed of travel of film in camera

tan &4 was the mean slope of the tracks on the photographic film
and ﬁ% was the magnification. This was determined by photographing
a number of lamps attached at measured intervals along the
ceiling.
3.,6. Velocity of hot gases i
In three experiments the vertical distribution of veloéity at 2.0
and 5.2 metres from the rear screen was measured by a water cooled pitot
static tube in conjunction with a diaphragm capacitance differential
micro-manometer having a full scale deflection of either 0.1 or-1.01mm
W.2. The measuring head of the pitot tube was inclined at an angle
of about 30 to the horizontal with the tip upwards to prevent condensation
colleqting round the holes,
3.7. Oxygen content of hot gas layer
In some preliminary experiments the gases in the layer beneath the
ceilling were gampled through a water-cooled probe with its inlet pointing
upstream, filtered through glass wool to remove solids and dried by
silica gel. The oxygen content of the dry gases was measured using a
Beckmann paramagnetic oxygen analyser,
3.8. Data recording and processing
In the earlier experiments the instruments were connected to twelve-
way automatic switching units and were switched for three seconds at a
time to D.C. amplifiers; the outputswere recorded by pen recorders. In
the later experiments all the instruments (except the 4O S.W.G. probe
thermocouples, the narrow angle pyrometer and the water flow calorimeter)
were connected to an electronic data logging system. This took spot
readings of each of the instruments in turn, measured their output with
a digital voltmeter and recorded them on punched tape with an accuracy
of about‘i 0.05 mV, Readings were taken once every minute until
equilibrium had been reached (usually about 20~25 minutes) when a further

twelve readings were taken at half minute intervals,
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The punched tapes were subsequently pfocessed by a computer %o convert
the outputs of the digitalvvoltmeter to temperatures or heat transfer rates
which were then ftabulated. The means of the readings taken after the
attainment of equilibrium were also tabulated.

3.9. Instrumentation in preliminary experiments

In the preliminary experiments measurements were made at a position
approximately halfway along the corridor of vertical temperature distribu-
tion, ceiling temperature, radiation downwards, luminous flame velocity,
and (in a few experiments) oxygen content of the hot gases. The instruments
used were similar to those described above.

L. EXPERIMENTS PERFORMED

Preliminary experiments in the smaller corridor with limited
instrumentation were carried out at four main rates of flow of town gas (125,
212, 250 and 375 omj/é per cm width of corridor) and with three depths of
screen at the front end of the corridor (0, 15 and 23 cm). A few experi-
ments were carried out at other rates of town gas flow.

| The main expérimental programme with the larger corridor comprised
experiments at five town gas flow rates (300, 250, 183, 125 and 83 cm%/é rer
om width of corridor) at each of four distances beneath the ceiling (37, 66,
90 and 120 cm). There was no scresn at the front end in any of these
experiments, v
5. EXPERIMENTAL RESULTS AND DISCUSSION

- There were no significant differences between the resuits of the
preliminary experiments and those of corresponding experiments in the main
programns . The results of the preliminary experiments have therefore been
included with the results of the main programme where appropriate.
5.1. Appearance of flames

Except when the gas burner was at its highest position (37 cm beneath
the ceiling) the flames travelling horizontally beneath the ceiling had the
appearance of horizontal extensions of the ones rising vertically from the
burner although the horizontal flames were much longer than the vertical
ones would have been. - At high rates of gas flow the flames beneath the
ceiling near the burner appeared to be continuous and to extend throughout
the depth of the layer of hot gases but further away they disintegrated
into "balls® which travelled for some distance along the corridor. At
lower rates of flow of town gas only balls of flame travelled beneath -

the ceiling., Beyond the point where the balls ceased to be luminous
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they could sometimes be seen to continue travelling along the corridor
as smoke vortices; this was particularly noticeable when the burner
was 120 cm beneath the ceiling.

; When the burner was 37 cm beneath the ceiling the flames had an
appearance similar to that described above at low rates of flow of town
gas, However, at higher rates of flow of town gas (above about 150 GmB/S
per cm width of burner) the layer appeared to be starved of oxygen and the
flames had the appearance shown in Plate 3 and diagrammatically in Fig. 3.
Near the burner they were generally confined to the bottom of the layer
of hot gases but tongues of flame reached upwards into the layer. Away
from the burner the upward-reaching tongues of flame increased in length
until they licked the ceiling. Further away from the burner the
horizontal flames broke into separate pockets which travelled inside the
layer for one or two metres,

The upward tongues of flame appeared thicker than the remainder of
the flames when viewed from beneath and therefore appeared as the bright
patches in the streak photographs. The general circulation of the gases
within the layer along the centre of the corridor is indicated in Fig. 3a;
at the gides of the corrider the circulation was modified by the cooling
effect of the walls and the flow was downwards at the walls as shown in
Fig, 3b.

5.2. -Air-rich and fuel-rich layers

Thé visual observation of the flames suggested the existence of two
regimes of burning; one in which sufficient air to burn the town gas was
entrained by the vertical portions of the flames and subsequent combustion
was controlled by mixing within the layer of hot gases, and the other in
which the layer contained insufficient air to burn all the town gas and
oombustion was contfélled by the limited entrainment of air into the
bottom of the layer.

The results of the experimental measurements described later in this
report are'in accord with this interpretation of the visual observations
énd¥ although the border between the two regimes was not well defined,
these situations in which the heat transfer rates and other parameters
have been modified by lack of oxygen within the layer will be described
as lying within the fuel~-rich regime and the other situations as lying

within the air-rich regimse.



5.3. Tlame length measurements ‘

Meagurements of theylength of‘vertioel'flames6 have usually been made
to the mean position of the osolllatlng tips, ignoring detached portlons
However, this measurement was ‘found to be dlfflcult to make with the
horizontal flames and visual estlmates were therefore made of the distances
to which the balls of flame fravelled; these (fer the main series) are
given in Table 1. |

Table 4
Lengths of horizontal flames

(measured to tips)

Distance . 5 Town gas flow o
of burner em’ /s per cm width of :
beneath corridor :
ceilin , *
ne 300 250 183 425 85 |
cm :
Flame tip length - m
120 5.0 | 4.0 | 2.5 1.5 0.0 |
90 6.5 4.5 4.0 3.0 1.0
€5 7.3 5.0 3.6 2.0 1.5
6.5 4.5 3.5 0.5
57 73+ | 7.3+ - 3.0 | 1.3

5.4, Vertical temperature and oxygen proflles

The ways in which the vertical distribution of temperature within the
layer of hot gases measured by 40 S.W.G. thermocouples varied with gas flow,
distance of burner bensath the ceiling and‘éis%aﬂce from the rear of the
corridor are shown in Figs. 4-6. The relation between the shapes of the
temperature profiles and the oﬁygen eoncenﬁration profiles within the layer
is shown in Figs. 7=9 which give measurements made at about 2.2 metres from
the rear of the smaller corrzder W;th the burner 37 cm beneath the ceiling.
In the air-rich regime combustzen oecurred close to the Celllng (Fig. 7) but
as the awﬂltown gas ratle decreased the combustion zone became thicker with
the maximum temperature ovcurring neerer the bottom of the layer (Fig. 8)
while in the fuel-rich regime combustion cccurred at the bettom of" the
layer (Fig. 9) with a consequent peak in the temperature profile at that
point,
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5.5. Depth of hot gas layer

The position of the bottom of the layer of hot gases was found from
the measured temperature distributions. Owing to the effects of radiation,
the reading of the thermocouple was not zero beneath the layef and the
bottom was defined by extrapolating the steep portion of'the curve within
the layer and the shallow portion outside to meet at a point (Fig. 10).
In a number-of experiments, . the bottom of the layer was outside the range
of travel of the probe thermocouple and could only be found approximately
by extrapolation, The depths of the layer of hot gases during the mein
experiments are given in Table 2. The depth of the layer of hot gases
- did not vary with the rate of flow of town gas except when the burner was
37 cm beneath the ceiling; when the rate of entrainment of air by the
vertical flames was low enough to be comparable with the rate of flow of
town gas,. The depth of the layer of hot gases when the burner was 37 rm
beneath tﬁé ceiling, is shown in Fig. 11.

The 1ayef of hot gases was generally thicker at 2.0 metres from the
rear of the corridor than at 5.2 metres: there was no difference when
the.bufner was. 37 om beneath the ceiling.

The layer of hot gases thickened as the distance of the burner
beneath the ceiling increased. When the layer was alr-rich and there
wa.s nofscreeﬁfaf the front end of the model, the depth of the layer of
hot gaées wasfnearly half the distance of the burner beneath the ceiling
(Fig. 12)t this linear relationship did not hold at 5.2 metres from the
rear of the corridor. o
5.6. Vélogitiés of luminous flames

The velocities of the luminous flames measured using the "streak™
camera are given in Tabls 3, These velocities correspond to the
velocities of the hot gases in the plane of the flames i.e. near the
ceiling when the layer was air~rich and near the base of the layer
when it was fuel-rich,

In the air-rich regime the velocity was almost proportional to d%,

where d was the dapﬁh.of‘ﬁhe layer of hot gases (Fig. 13).



Table 2

Depths of layer of hot gases

Distance Distance from rear
of Town gas m
burner flow per
2:2;;22 o?moZiiEEOr 2.0 5.2
om cmj s —
Depth of layer ocm
300 26 26
250 24 25
37 183 : 22 23
125 19 19
83 18 18
300 32 27
250 - bl
66 183 30 29
125 3 29
83 - -
300 ) 36
250 3 36
90 183 ) LO-50* 38
125 g 36
83 ) 38
300 )
250 g ‘
120 ' 183 ) BO-60% LO~50%
1 125 %
83 )

*Based on extrapolation of temperature distribution
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Table :3

Velocity of luminous flames

Distance Town gas Disgtance from rear . }
of flow om’/s m 1 ;
burner per cm
beneath width of 0.8 2.0 3.5 | 5.2
ceiling corridor
cm Velocity m/s
183 L.
120 250 4.38 3.55
300 L, 52 L. &1
183 L.22 3.3
90 250 L. 35 3.5
300 3.78 3.38
183 2.86
66 250 2.87
200 2.73 2.88
125 216 | 2.07
183 2.08 1.82
212 1.08
57 ‘
250 1.03 1.49
300 0.98 1,66
575 0.68

5.7. Pitot tube measurements
Measurements were made of the vertical velocity profile at 2.0 and
5.2 metres from the rsar when the burner was 66 cm beneath the ceiling. -
The micromanometer used with the pitot tube expressed the pressure
difference in terms of centimetres of water and the velocity of the layer

of hot gases was caloulated using the equation

;
z

. - G ]

v = (2827 '_E//aO tco)

mjﬂ o



where % was the anemometer reading (centimetres of water)

i~ was the density of water

£ was the density of the gases in the layer at N.T.P. (this was
assumed to be approximately equal to the density of air).
was the absolute temperature of the hot gases

To was the absolute ambient temperature.

Measurements of the velocity distribution are shown in Fig. 14, The
accuracy of a pitot tube at low velocities depends on the temperature of
the gases since it is a function of the Reynolds number vD A
where Dp was the diameter of the pitot head xx
and *» was the kinematic viscosity of the hot gases (whiéh increases with

temperature). \

In the worst instances the Reynolds number corresponding to velocity
measurements 2.0 metres from the rear of the corridor was only about 40O
at the intermediate rate of flow of town gas and 250 at the highest rate
of flow of town gas, but in these two instances the velocities measured
by the pitet tube at the height where the luminous flames occurred agreed
with the velocities of the luminous flames measured by the streak camera.
This confirms that the pitot tube data were meaningful even in the doubtful
instances. Generally the Reynolds numbers were about 500.

The accuracy of the pitot tube becomes uncertain at velocities
corresponding to Reynolds numbers of the flow round the pitot head of
less than about 500,

The main errors may have been those associated with the difficulties
of measuring the small pressures involved.

5.8, Mags flow wate of hot gases
The mass flow rate of hot gases across unit area perpendicular to the

flow was calculated from

M= vie= (28 Z ¢

2
3
i Wy To/T>

0.

The total mass rate of flow of hot gases per cm width of model was

obtained by graphical integration and *the results are given in Table L.
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. Table L
Flow of hot gases (burner 66 om beneath ceiling)

Town gas  |Distance Paok Momentum Mass | Heat
flow rate from velocity flow flow flow Air flow
per cm width| rear per cm per cm |per cm| Gas flow
3 width width |width
om’/s | gfs m n/s g om 52 | g/s W
83 0.048 2,0 1.8 300 2.5 840 5
5.2 1.6 340 - 800
. 2.0 2.8 0 2. 600
183 | 0.106 49 > 23
5.2 2.0 610 - 1,000
| 2.0 2.8 40 - 2. 2,000 1
300 | 0,173 . ’ ) ’ ’ )
5.2 2.5 790 3.3 1,450 18

At the low rates of town gas flow the position of the bottom of the
layer 5.2 metres from the rear of the model was not sufficiently clear to
ensble ¥ to be obtained.

The mass flow per om width of model 2.0 metres from the rear was
2.5 g/s at all rates of town gas flow. It was much greater than the
minimum necessary for complete combustion of the town gas.

At a town gas flow rate of 300 om?/s per ¢m width the mass flow rate
of hot gases increased by 0.8 g/s per cm width between 2,0 and 5.2 metres
from the rear; this was equivalent to an upward velocity of entrained
air (u) of about 1,9 om/s and an "entrainment comstant" u/v of about
0.008 compared with about 0.1 for vertical flames.

The mass rate of entrainment of air by the vertical portion of the

flames was given by a simple theory based on experimentsB as

i@

M, = 0.096 w2 (h-d) ° (g T/T)

[N

Putting the ratio TQ/T = 0,25, ﬁg =1.3x 1O~5 g/0m5, w=4.0 cm and
El
(h-d) = 36 cm we obtain

‘Mv = 0.4 g/s per cm width of corridor.

The total mass flow rate of hot gases is given by

M = Mv + Mf

where Mf is the mass flow rate of town gas from the burner.



A town gas flow rate of 300 cm/s per cm width is equivalent to about
0.2 g/s per cm width i,e. M7% 0.6 g/s per cm width.

If the‘rate of_entrainment of air by the horizontal flames between the
burner and the plane af 2.0‘metres‘from the:rear of the corridor was the
same as that between 2.0 and 5,2 metres from the rear, the mass entrained
between the burner and the 2,0 metre plane was about 0.4 g/s. Thus - the
calculated flow of hot gases at 2.0 metres from the rear was about 1.0 g/s
per cm width which must be compared with the measured flow of 2.5 g/s
(which was independent of town gas flow rate). The unexpectedly large
entrainment may have occurred into the horizontal flames near the burner
(because of increased turbulence caused by the change in direction of the
hot gases) or it may have sccurred into the vertical flames above the
burner due.to thelr confinement by the rear and side screens.

5.9. Entrainment into fuel-rich layer

When flames occurred at the bottom of the layer of hot gases the
heating of the lower parts of the layer resulted in convection currents
within the layer.

The increased vertical mixing made it likely that the velocity of
the flames measured by the streak camera was the same as the velocity
of the gases over most of the depth of the layer.

In the instances where velocity measurements were made at two
distances from the rear of the corridor with the burner 37 cm beweath
the ceiling, the rate of entrainment of air between the two measuring

points was calculated and the results given in Table 5.

Table 5

Entrainment into fuel-rich layer

Town gas flow Distances at Upward Entras £
rate cm>/s per which measure- velocity of n ralnmeg
em width of ments were made entrained air constan

corridor m om/s
250 2.0 - 3,5 1.9 0.015
300 2.0 - 5.2 1.7 0.013
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The upward velooity of the entrained air is the same as that caloulated
for the air-rich regime but because the measured velocity of the layer was
rather less the entrainment constant is apparently higher.

5.10. Momentum of hot gas layer
Thevrate of transfer of momentum across a unit area perpendicular to

the flow was given by

2

0
Mv = VA= 2 g Zf‘w

where M was the mass rate of flow per unit area,
The pitot tube measured momentum directly and its calculation did not
involve a knowledge of the temperature of the layer of hot gases. The rate

of transfer of momentum across a vertical strip of unit width perpendicular

. to the flow, (obtained by graphical integration) is given in Table L.

The momentum at 5.2 metres from the end screen was greater than that at 2.0
metres particularly at high rates of flow of town gas.

This change in moﬁentum:was of the same order as the difference between
the bucyancy forces acting in the two positions which was given by the

difference between the integrals (evaluated graphically)

fa 'y g4 ra 0
g dy T dz o g L (d-z) = dz

where y was the height above the bottom of the layer in the two positions,
and 2z dis a "dummy" varisable,

The momentum of the horizontal flow could have been derived partly from
the flow of hot gases out of the end of the corridor and partly from pressure
differences caused by the effect of the ceiling on the momentum of the hot

gases rising from the fire, Treating the flow out of the end of the
| corridor as flow over a weir the momentum flow out of the end of the corridor

may be shown to be given by

(), = 0.5 ¥ o, a2 g/7
In the experiments d was about 30 cm, at the lowest rate of flow of town
gas 6 £2300°C 50 that (Mv>iﬁﬂ 300 g om 8 2 per cm width. This is of the
same order as that measured at 5.2 metres from the rear of the corridor
(340 g om 7).
P 15 .



At the highest rate of flow of town gas 5:2% 600°C and (MV)1yii
400 g cm,swg per cm width which was about half of that measured 5.2 metres
from the rear (790 g om sz)’

The upward velocity of the flames entering the bottom of the hot layer
was estimated® to be 0.9 g% (hﬁd)% which was about 2.0 m/s so that by using
measurements at 2.0 metres from the rear screen and assuming that the rate
of entrainment into the horizontal layer was independent of position, the
mass flow rate of hot gases entering the layer was estimated to be about
2.0 g/s. The momentum flow of the hot gases entering the layer was
(MV)QC% 400 g cm 577 per cm width.

Thus at the highest rate of flow of town gas the measured rate of
transfer of momentum across a plane perpendicular to the flow 5.2 metres
from the rear of the corridor could be accounted for by assuming that
pressures due to the destruction of momentum in the hot gases rising
vertically from the fire imparted some horizontal momentum to the gases in
the layer beneath the ceiling.

5.11. Rate of convective heat flow
The convective heat transfer across unit area perpendicﬁlar to the

flow of hot gases was given by

4>

1‘\'»-'":\1 = M Cp

where Cp is the specific heat of the gases

and £ was their temperature above ambient
The rate of convective heat transfer per unit width of corridér (obtained by
graphical integration) is also given in Table L. These results will be
discussed later. '
5.12, Radiation from vertical flames

The intensities of radiation measured by the pyrometer directed at the
vertical parts of the flames increased with the town gas flow but decreased
as the distance of the burner beneath the ceiling increased.
5.1%, Radiation downwards
b of about 135° and being 66 cm
beneath the ceiling they accepted little radiation from the sides of the

The radiometers had an acceptance angle

corridor below the level of the bottom of the layer of hot gases. The
effective configuation factor of the bottom of the layer of hot gases

varied from about 0.75, when the layer was 18 cm deep, to 0.85 when it was
more than 40 cm deep. Thus any uncertainty of the effective position of

the bottom of the layer of hot gases did not greatly affect the configuration

factor.

o



It is shown in Appendix 2 that the intensity of radiation from the
base of the layer of hot gases at a point immediately over a radiometer

was given by =

I, 1/8

where Ir’ wags the intensity recorded by the radiometer

and @ was the configuration factor.

Some typical intensities of rédiation at the bottom of the layer of hot gases
are shown on Figs, 15a and b. ,

Values of flame lengths were obtained visually and also by defining the
flame tips as the point where the radiation intensity had dropped to
0.9 W/cmz. Fig. 16 shows that the two methods are in fair agreement.

The intensity decreased roughly exponentially with distance along the
corridor when the layer was air-rich and the intensity exceeded about
1.0 W/sz. When the léyér was fuel-rich the rate of decrease of intensity
was less than when it was air-rich (Fig. 15a).

It was found graphically (Fig. 17) that in the air-rich regime the

exponential portions of the intensity-distance curves had the equation

/1, = exp /-k (x, + x)/1/ = exp k X/1
where x was distance measured from the rear of the corridor.

X was the distance measured from a "virtual origin."

x_ was the distance of the virtual origin behind the rear of the
corridor, This was between 2.0 and 2.7 times the distance of
the burner beneath the ceiling but was apparently independent
of the rate of flow of town gas (Table 6).

was. a constant having the value 4.0
©1 was the flame length measured from the virtual origin (the flame
tips were defined as the point where I = 0.9 W/cm2 (Table 7».
and " Id,was the effective intensityqof’radiation at the virtual origin
and had the value 50 W/em™.

=17 =~



Table 6

‘Distance of virtual origin of horizontal

the ceiling.

distance.

flames behind rear of corridor
Distance of PiSﬁance 9f. Ratio of . to
. " virtual origin : :
burner beneath . distance of
e s behind rear
ceiling : a4 burner beneath
of corridor ceilin
om (xb) nm Y ng
74 100 2.7
66 140 2.4
S0 180 2.0
120 2L0 2.0
Table 7

Flame lengths (measured from virtual origin)

Rate of flow Flame
of town gas length
per cm_width :
Gm5/s cm
300 700
250 620
183 500
125 390
83 270

- 18 -

The interpretation of Fig. 17 is that it could be assumed that the
horizontal flames had a virtual origin behind the rear of the corridor
to allow for the vertical portion of the flames between the burner and
The intensity of radiation at a given distance (relative
to the flame length) along the flame was always the same and over most

of the flame length the intensity fell off exponentially with increasing




5.14. TFlame lengths
. It is shown in Appendix 3 that the flame length can be reasonably
correlated as a function of a dimensionless group having the form of a
Froude number | ,
R

1/d = f(m/ g% a7%)

where 1 1is the horizontal flame length measured from the wirtual origin.
©d is the depth of the layer of hot gases.
 m” is the rate of flow of town gas per cm width.

and *‘"_,.,"»O is the density of the ambient air.

i
- This is similar to the function given by Thomas for vertical 101ames6
exoept that the relevant dimension is the depth of the layer of hot gases
rather than the width of the fuel bed. For these corridors, the expression

reduces to
\ TN -7

where Vf was the volume rate of flow of town gas

-

ir
The correlation is shown in Fig. 18. The flame lengths measured in

and was its density.
the preliminary experiments have also been included, it was assumed that
in those experiments the virtual origin was at the same position as in
later experiments, viz, = 100 om.  Where the flames were longer than
the corridor the value @f 1 was not known but a minimum value of 1/d -
was calculated assuming the flames were Jjust reaching the end of the
corrider. These points are indicated in Fig. 18 by upward pointing
ATTOWS .
When (m?@> g%.éj/;}ufO 024 with either no front end screen or a

15 em deep front end sereen fitted to the corridor, and when
/(m/J dﬁ/é) 0.018 with a 23 cm deep front end screen

2
1/0 = 220 \m/J g a 2)3

(\3

i.e. "1 is independent of d and proportional to m#3.

-~ 19 -



Thus under these conditions it is immaterial what dimension 4
represents, Although the theoretical analysis suggests that it should
in fact be the layer depth the assumptions made are so wide that the
analysi§ can only be regarded as valid if the "critical" values of
m%go g? d3/é (above which the § power law no longer holds) are
independent of scale for geometrically similar corridors. The
experimental evidence shows that if d is taken to be the layer depth
the critical value is apparently independent of scale for the one situation
where the scale effect was examined 1.e. when there was no screen at the

front end of the corridor.

| L 3/
The critical value of m%bb g% 4 2 corresponded to the transition
from the air-rich to the fuel-rich regime. Iin the fuel-~rich regime the

rate of burning is controlled by entrainment into the layer which is
approximately constant with distance from the burner and hence the flame
length should be proportional to the rate of flow of town gas. There
are insufficient measurements to confirm this.
5.15. Comparison between horizontal and vertical flame lengths

9

An expression” for the heights of flames rising vertically from

fuel beds of different shapes is

oo

1
/22 40 (n/3 ) (gD)?)

where L 18 the flame height

D is the shorter dimension of the fuel bed
and m" is the burning rate per unit base area of fuel bed
i.e. the lengths of horizontal flames (measured from their virtual origin)
are about 5% times greater than the lengths of vertical flames from the
same fuel bed.

The measurements were not strictly comparable as the horizontal flame
lengths were measured tc the tips of the flames whereas the mean lengths
of the vertical flames were measured, but they do show the large increase
in flame length due toc deflection by the ceiling. The effect of the
differsnce in the method of measurement has been s tudied for vertical
flames.

Measgurements of the lengths to the tips of vertical flames from
burners 1.2 by 0.3 metres and 1.2 by 0.15 metres were therefore made
using a "streak" camera, To a first approximation over the range of

experimental results

ol

L%/D = 280 m"/\% {gD)



whexre Lﬁ was the flame height measured to its tip and the two expressions
are shown in Flg, 19 together with the expression for air rich horizontal
flames, '

The distance of the virtual origin of the horizontal flames behind
the rear of the corridor, X,s 18 related to the vertical flame length.

The position of the virtual origin does not appear to depend on the
town gas flow rate, so that if the latter is adjusted until the tips of the
vertical flame are just entering the layer of hot gases (flame length = h-d,
the distance of the bottom of the layer above the burner) the equivalent
horizontal flames would have a length X the distance of the virtual
origin behind the rear of the corridor. The value of (»-3)/nfor these
experiments lie below the range of vertical flame lengths investigated,
and generally extrapelation is unjustified. However, with the burner
120 ¢m beneath the ceiling the distance between the burner and the bottonm
of the layer of hot gases was 65 cm; then(b~")/D = 1.3 which is not far
beyond the range investigated, X, then has a value of 3.2 metres compared
with the value of 2.4 metres found in the experiments. .
5.16. Heat transfer to ceiling

The heat transfer to the celling should to a first approximation
follow the same patiern as the radiation downwards. Generally the heat
transfer varied roughly exponentially with distance along the corridor
although (as with downward radiation) it did not do this at high rates
of flow of town gas when the burner was 37 cm beneath the celling.

In Fig. 20 H/H  is plotted against X/1
where H was the rate of heat transfer to the ceiling
and H was the rate of heat transfer-to the ceiling at the vzrtual
origin, fbund by extrapeolation to have a valus of about 70 W/nm .

The rate of heat transfer to the ceiling, varied with gas flow and
with the distance of the burnsy beneath the ceiling in the same way as the
doﬁnwahd intensity of radiation, and the two heat transfer rates were of
the same order, Thé variation of the rate of heat transfer with distance

from the virtual origin is given by

exp {(-k'X/1)

H/Hr}
A 9
70 W/rn” and k' = 4.6 (which are slightly

where H
o

larger than the corresponding figures for downward radiation) over most

i

i

of the flame lengths, although near the flame tip there is an appreciable

deviation from the exponential. The small difference between heat transfer



to the ceiling and radiation downwards, .is probably due to the additional
heat transfer to the ceiling by convection and to the fact that there was
a background of heat radiation downwards from the hot ceiling, but little
heat was radiated upwards from the cold floor.
, The heat transfer to the ceiling immediately over the burner, will
determine whether a flammable ceiling lining is likely to ignite and the
time taken to ignite it. The heat transfer to the weiling is shown as
a function of the town gas flow rate in Fig. 21, the solid lines represent
the above equation, which at low rates of gas flow holds even immediately
over the burner., However the maximum possible rate of heat transfer
appeared to be about 17 W’/nm2 which occurred when (m]ﬁb g%.dB/?)iX 0.02.
This appears to =2 the most sensitive criterion for thé transition from
an air-rich to a fuel-rich regime. Any increase in the gas flow rate
above that necessary to give a heat transfer rate of 17 W/cm2 resulted
in a decrease in the heat transfer to the ceiling. A similar maximum
rate of heat transfer to the ceiling was found in other experiments
using wood fuel. |

When the burner was 37 cm beneath the ceiling and the gas flow rate
was 300 nt/s per nentiﬁetre width of burner, the maximum rate of heat
transfer to the corridor ceiling cccurred about 41 metre away from the
burner and was only about B%gW/omz. This form of distribution of heat
transfer was observed in the experimentsqo at the Danish National Testing
Laboratory in Copenbagen in 1962-3.

In those experiments with wood fuel m'~.1.8 g/s per cn width of

corridor, d«1.0 metre and

“r K /h

'/ a0 0.0u5
i.e. much larger than for the experiments described in this report.
5.47. Heat loss through ceiling
The calculation of the heat loss through the ceiling at equilibrium
is discussed in Appendix 1. Based on these calculations the heat loss
is given by

H, = 5.7 exp (-2.9 X/1)  W/en®

Only about a quarter of the heat falling on the ceiling was lost

through it at equilibrium.

- 22 -



5.18. Heat balance
The rate of flow of sensible heat in the layer of hot gases (Ql)
through any plane perpendicular to the flow was given by

U = Q- Q- Q

ywhere Qf was the rate of heat gain (from combustion) between the burner
and the planse.
Qr was the rate of heat loss by radiation between the burner and
the plane,
Qu was the rate of haat loss through the ceiling and screens up to
the planeg,
Qr and Qu wore derived from the experimental data as described in Appendix k.

In a few experiments detailed velocity measurements enabled Ql to be
calculated from the experimental data (Table L) and the heat balance for these
experiments is given in Table 8, |

The difference between the sum of the rates of heat loss and the heat
output of the town gas never exceeded 10 per cent. = Beyond the tips of the
flames these two quantities should have been equal. The agreement in
Table 8 is satisfactory.

Even when the flames extendsd 5.6 metres from the rear of the corridor
(7.0 metres from the virtual source) and the measuring point was 2.0 metres
from the rear of the corridor (3.4 metres from the virtual source) the heat
loss was not significantly less than the calorific value; thus most of the
combustion must ecour within the first half of the effective flame length.

Generally, detailed velocity measurements were not available, but the
heat content of the layer of hot gases at the flame tips in the air-rich
regime was deduced from the calorific value of the town gas and the other

heat losses,
L.e. Q=9 % -Q

There were large variations in the relative impertance of the various
methods of heat dissipation both with the rate of flow of town gas and the
digtance of the burner beneath the celling. However for geometrically
similar flames it would be expected that the percentageof the heat input
dissipated by each method should be independent of scale. A shape factor
may be defined as (horizontal flame length)/(total flame length) i.e.

(1 - xb)/i and the heat losses have been plotted as a function of this

s
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Table 8

Heat balance from heat transfer measurements

Burner 66 om benmsath ceiling

(A11 heat flow rates refer to a 1 cm width of corridor)

Heat loss
Gas Distance of : ;
flow Horizountal measuring o Heat:
‘ | - e » Through In stream
per om flame point from o as et v output
width length - rear of Radiation ggill;g . of th Total A fiom
v gorridor Q & ga 5 gages Q ‘ town
3, 7 r Fu 1 O F gas
om’ /s m n EW KW kW kW KW
2.0 1.8 0.8 2,0 4,6
300 5.6 5.0
5.2 2.7 1.2 15 5ok
2,0 1.1 0.6 1.6 3.3
4583 306 . 3“0
5.2 Telt 0.8 1.0 3.2
2.0 0.22 0.21 0.8 1.3
83 1.3 » 1ok
5.2 0.24 0.23 0.80 1.3




in Figs. 22 and 23, Except where the burner was 37 cm below the ceiling
with a gas flow rate of 83 nmz/é per cm width, the pércentage heat losses
do appear to be independent of scale. The reason for the anomalous
behaviour in the one particular experiment is not clear since there is no
doubt that the layer was air-rich in that instance, and the behaviour at
a higher town gas flow was not anomalous.

As the length of the horizontal portion of the flames increased the
proportion of the heat input which was radiated into the corridor also
increased, from about 15 to 55 per cent in these experiments. At the
same time the loss through the ceiling and walls increased from 10 to 25
per cent while the heat content of the hot gas layer decreased from 75
to 20 pef cent.

Although further radiation will occur beyond the flame tips the
fraction which occurs up to the flame tips is a measure of the fraction
which is at a sufficiently high intensity to cause spread of flame over
surfaces. Thus, as a fire grows in size so that the horizontal flames
become larger, not oniy is more heat produced but* a greater part of that
heat is radiated at an intensity sufficient to cause flame spread.

5.19. Effect of emissivity on heat balance
: The effect of the emissivity of the layer of hot gases on the heat
balance can only easily be considered very approximately.

It is assumed that the layer of hot gases and flames was radiating
as a uniform grey body of emissivity - and that heat transfer to the
ceiiing by convection could be ignored in comparison with radiative
transfer. Two limiting types of celilings are considered, firstly a
perfectly insulating ceiling . in which all the heat absorbed by the
ceiling is re-radiated. |

Then 5 oot o owh

o

where T was the absolute hot gas temperature

~and, T was the absolute celling temperature

For the heat balance of the layer at equilibrium

(1= )T T e BE s = Q

o
)

where ? was the increase in the sensible heat

~. was the increase in the heat carried as latent heat in the
water vapour (due to the increase in the mass of water
vapour resulting from combustion) per unit area of ceiling

and Q was the heat output of the burning fuel per unit area of ceiling.



Combining the above two equations gives:~
(2+ - _;‘2) oot LB = Q-

Assuming Q = 7,5 W/nmg,,kx: 1.0 W/hmg and B = 3.3 x 10° W nm_zdeg ¢t
the effect of . on the downward radiation has been plotted in Fig. 24.

The second case is that of a cold nceiling assuming all heat falling
on it is absorbed.

Then, for the heat balance of the layer,

2% o L KO = Q -/
For the same heat output as before the effect of © on the downward
radiation has also been plotted in Fig. 24. A reduction in emissivity
from unity to 0.5 with a co0ld ceiling or 0.3 with a perfectly insulating

ceiling results in a redurtion in downward radiation of only 10 per cent.

6. CNNCLUSIONS
(1) Two regimes of burning could be distinguished, one in which the layer
of hot gases beneath the celling was air-rich and one in which it was fuel-
rich, In the air-rich regime the layer contained more than sufficient
‘air (mainly derived from entrainment by the vertical portion of the flames)
for complete combustion of the town gas; the rate of combustion was then
presumably controlled by mixing within the layer and flames were generally
close to the ceiling.

In the fuel-rich regime the rate of combustion was controlled by the
limited entrainment into the base of the layer and flames were confined to
the lower part of the layer.

Because entrainment both into the vertical flames and into the base
of the layer oocufred simultaneously the transition from one regime to the
other was not well d«fined.

It is likely that with an artual fire in a compartment the air-rich
regime would be important during the critical stages in its growth,

{2) The horizontal flames behaved as though they originated from a virtual
source at a distance xb_behind the rear screen; X, depended on the distance
of the burner beneath the ceiling but did not depend on the rate of flow of
town gas.

(3) The horizontal flame lengths measured from ?he virtual source could be
correlated by the relationship 1/d = f (mf4@o g2 dEé?). The transition
from.the1air~rich to the fusl-rich regime occurred at a critical value of
(m /g"’"o g2 d%) of about 0.025 if the front end was open but rather less if

it was partly closed by a screen.

- D6



In the air-rich regime

1/d

L

3/o

L 2
220 (m'[wb g% a ~)3

i

2 1
220 (mf‘/ft_’;,o)3/g3

Above the critical value the flames became further elongated,

(i) 1If distances along an air-rich flame measured from the virtual origin were
scaled according to the flame lengths, then the intensity of radiation downwards
at a given distance from the virtual origin was always the same whatever the
town gas flow or the distance of the burner beneath the ceiling. Over most of
the flame length

T = 50 exp (-4.05 X/1) W/cm®

When the Jayer was fuel-rich the intensity near the rear of the corridor
was less while that near the front end was greater than would be calculated
from the above formula.

(5) - The heat transfer to the ceiling obeyed similar laws to the downward

radiation and in the air-rich regime over most of the flame length

H = 70 exp (-4.6 /1) W/en®

The heat transfer to the ceiling immediately over the burner had a peak
value of 17 W/%mz which occurred slightly before the other signs of the
transition from an air-rich to a fuel-rich layer (i.e. when m‘4%% g% dé/é
was slightly less than the critical value given in (3) above). In the
fuel-rich regime the heat *transfer to the ceiling immediately over the
burner decreased with increasing town gas flow.
(6) The heat loss by radiation into the corridor up to the flame tips is a
measure of the proportion of the heat of combustion which is radiated at an
intensity sufficient to cause flame spread over materials. In the air-rich
regime this depended on a shape factor defined as (1 - XO)/l and increased
from about 15 per cent when this was 0.5 to 55 per cent when it was about
0.8.

(7) The above relationships have been established for the experimental
corridor (which was effectively without a floor): Differences in the
emissivity of the flames should not be of great importance and there was no
evidence of a scale factor, so that it should be possible to use the relation~
ships for larger scales although larger scale experiments are obviously

degirable,  Although experiments were carried out with one burner width only,



the form of the correlation for flame length suggests that the results should
apply to other burner widths or to fires of the same order of size. Changing
thé insulation of the corridor would not be expected to change the form of

the above relationships although the values of heat transfer rates would be
altered. The effect of a floor to the corrider will be discussed in a
further report.
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APPENDIX 2

Radiation intensity at base of hot gos layer and
radiometer readings

The intensity of radiation at the base of the layer of hot gases varied

with distance from the burner but at any given distance it was approximately

constant across the width of the corridor.

base of layer

/r/// /////// of hot gases
ya / Vi

—

radiometer

Consider a narrow strip of the base of the layer of hot gases normal to
the axis of the corridor and a distance 'g from the point immediately above
the radiometer. If @ (? ) was the configuration factor of this strip at the
radiometer, the total intensity of radiation at the radiometer (Ir> was glven

by

Fod
! m

T = ) | I <§ ) 8 (g )

m o,

s ¥y

where 1 (? ) was the infensity of radiation from the strip. This expression

may be easily evaluated for two cases,
Case 1

If the radiation varied linearly along the corridor the radiation received
by the radiometer was the same as it would have been if the bottom of the

layer of hot gases was radiating uniformly at the intensity immediately above

the radiometer (IC) because the radiation received varies linearly with that

_.51 -



emitted, i.e. ,
,‘Ir = I, Pe,
where ¢a was the configuration factor at the radiometer of the position of

the bottom of the layer of hot gases within the limits of "cut-off" of the

‘radiometer.
Cagse 2
If
I=1I, exp(-kX)

where I was thie intensity at any point along the corridor

IO was the intensity at the virtual origin

X was distance measured from the virtual origin
Ic = Io exp(—er)

where x, was the distance of the radiometer from the virtual origin

hig b e
I(5) = I, exp ~k(x, +4 ) = I, exp (k%)
I, = I, exp(-k§ ) B(%) eeo(201)
%';m:é.

The summation term is independent of x, and thus, if the radiation
distribution at the radiometer was exponential, the radiastion distribution at

the bottom of the layer of hot gases must also have been exponential.
Equation (2.1) may be written
I. = I, gy /K
where K 1s a function of k.

Approximate values of K were evaluated (Table 9) for the values of k

obtained in the experiments.
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Table 9

forrection factors for radiation

Gas flow
cmg/s per cm kK
width
200 0.99
125 0.95

Thus at high gas flows

4

T = I f(}
T e ‘a

with an error which was negligible compared with uncertainties in measurement.

The maximum error was 10 per cent at the lowest gas flow.

. 3 3 e



APPENDIX 3

Horizontal flame lengths

Thomas6 has shown that data on flames rising vertically from a fire can be
related appfoximately to data obtained from studies of non-reacting hot gases.

He has shown that for any fuel the height of a turbulent diffusion flame
"

L is related to the volumetric flow of fuel per unit area of burner Vf and

the burner dimension B

v - ¢ (v fem)R
” BRI EVARC

W . .
where m is mass rate of flow of fuel per unit area of burner

or for a line source
oy = £ (V%)

Thomas's analysis can be adapted for horizontal flames and since the main
basic assumptions are the same for both vertical and horizontal flames the

resulting correlations should‘berequally valid.

It is assumed that the layer of hot gases beneath the ceiling containg
air which has been entrained by the vertical portion of the flames from the
burner but that no further entrainment takes place between the layer and the

cool air beneath.

By analogy with fluid flow in chennels the flame length was assumed to be
controlled by turbulent mixing within the layer itself. The Reynolds number
in the experiment (taking the characteristic dimenmsion as the depth of the
layer of hot gases) was of the order of 10,000.

The fuel gas and air were already partly mixed when they reached the
celling and it ig assumed that this mixing is equivalent to that which would
have taken place had the layer originated from streams of unmixed gas and air
at a distance x behind the rear of the model (Fig 26) i.e. the upper part
of the stream at the virtual origin was a layer of fuel gas of depth df .

This problem has been solwed for the laminar condition by Burke and
Schumann11 whose results lead teo an equation for the flame length for a given
fuel of the form

o 2 - p . - ) — .
el/u,d" = f, (,df/d) = £ (Yﬁ/v)
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where s is the molecular diffusion coefficient

u,y is velecity of the flames

L ~is the flame length

Yf 1s the volume rate of fiew of fuel gas

¥ ig the volume rate of flow of air and fuel gasg

For the turbulent cendition ¢ would be replaced by the eddy diffusivity
which in this situation may be regarded as proportional to vd
and. , Ya e f, (vf/v) cemen (3.1)
However, V and d are generally not independent; if the depth of the
layer of hot gases is governed by the flow over the end of the model
2or gdd s (3.2)

and equation (3.1) becomes

Ya = 1,0 fz/gd».3) evenn (5,3)

Alternatively, if the depth of the layer is partly controlled by the wpward
momentum of the hot gases rising from the fire, it follows that, since the
gases in the layer consist mainly of air entrained in the vertical portion of

the flameé,
Voee (n-a)?
but from Fig 12

& < h

Ve Y

i.ee v gd” as in equation (3.2)

which again leads to equation (3.3).

If the front end of the model is partly obstructed by a screen, 4 in
equation (3.2) is the depth measured from the bottom edge of the screen and
hence the form of the functional relationships (fz) will depend on screen
depth (dé)

. _ N 2, .3 ;
i.e. 1/d = £, (Yf /ed’ , d/d,s)

z L
When Vf/ﬁ?is,greater than the stoichiometric ratis, i.e. Y; /(g&5)2
greater than a critical wvalue, the flames will pass from the air-rich to the

fuel-rich regime.

“.35 .



APPENTIX 4

Heat balance calcu1atlon for hot gas layer from experimental results

The heat balance of the layer of hot gases up to any plane perpendicular

to the flow is given by

r. 1 u
where Qf is the rate of heat output due to combustion up to that point
Q_ is the rate of heat loss by radiation up to the same point

Q@ is the rate of heat loss through the ceiling and screens

and. Ql is the rate of flow of heat contalned in the hot gases
' passing through the plane

Q@ dlways refers to a unit (L cm) width of corridor.
Radiation loss

Q. = Q

T rh

+ QrZ - Qr3 - Qr4

where Qr1 is‘thewradiatibn from the horizontal flames
Qr? is the radiation from the vertical flames

Qr3 ig the radiation from the horizontal flames 1ntercepted by

the vertical flames 2

and - § A is'thev}adiation‘from,the.vertical flames intercepted by
the horizontal flames
Singce I = 50 exp (405 xm) . W/cm?" )
) B!
Qq = 123 1 ’(exp (—4~O5 X;~ exp (~4.05 (x: * 50)/1);’{

where x@ 4+ B0 was the distance of the front of the wurner from
' the virtual origin

QrZ = 1wh

where I was the radiation intensity from the vertical flames measured by

the pyrometer, Fig 8.
4
P

1 - i A el
QI"B 3 e :‘;{ G UE‘
.«Xm TETE

where ﬁ‘ (Iﬁ) was the configuration factor of a gtrip dx of the horizontal
flames relative to the vertical flames, this was evaluated graphically in a

few instances.
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where ﬁw'ﬁaﬁ thé'coﬁfigurafibﬁ factor of the vertical flames relativé to

the horizontal.” It was found that Qr4 o~ Q

Loss through ceiling and screens

Q@ = Q

u - ur F Qu2 ¥ Qu3

where Qu{ was the heat loss throﬁgh the-ceiling,

QuZ\ was the heat'loss.through the side screens
and QuS was the héat loss through thé vear screen
Since Hs_c’”:, 5.7 exp (-2.9 x/1) o W/cmz
Qq = 2.0.1  (exp (-2.9 %/1) - exp (-2.9 xa/l) )

It was assumed that heat was lost through the gside screens at the same
, = Qw_(zd/w)a

The heat lost through the rear screen was regarded ag similar to the

rate as through the ceiling, i.e. Qu

heat logt through the ceiling

) SR . 0.63
i.e. QuBy --va4vhu Iy

Heat content of the layer

Q. was derived as described previocusly by graphical integration of the

velocity profiles in Fig 14.
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