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by
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SUMMARY

With the object of estimating the hazard from the smoke logging of a
pedestrian mall measurements of the rate of travel of smcke and the depth of the
smoke layer have been made in a disused railway tunnel 600 m (2000 ft) long.

The ends were open or closed and three sizes of fire were used. The smocke layer,
at first dense and well stratified, travelled at a speed in the order of 1 m/s

53 ft/s). Both the speed of travel of the smoke and the thickness of the layer
which both increase with the size of the fire) agree with a theory recently

developed.

Thinner smoke was formed under the dense layer, sometimes causing smoke-
logging to the floor, particularly at the ends of the tunnel, the closed end
situation being particularly bad.
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SMOKE TRAVEL IN SHOPPING MALLS
" EXPERIMENTS IN CO-OPERATION WITH GLASGOW FIRE BRIGADE - PART 1

by . e e e Shen

A,J.M. Heselden and P.L. Hinkley

1. INTRODUCTION et e

Town centre developments usually comprising shops and pedestrian malls,

offices, hotels etc built together in effect as one large building are now

'becomlng falrly common and have created a pressing need for more 1nformat10n on

the- spread of smoke ‘and fire within them in order that standards of safety for the
occupants may be establlshed . IR

-’ Experiments are in progress at the Fire Research Statlon on a model scale and
in & ‘large experlmental building to investigate some features of the spread of

smoke and fire Wlthln a pedestrian mall but the experimental bulldlngs could not

- 'be made" long enough to represent adequately the length of a typlcal pedestriam

mall, A theory has been produced1 which appears to fit data from experlments on
the spread of smoke through an underground car park in Tokyo s the only data o
their kind known to the authors. It was however felt that add1t10na1 verification
was advlsable, particularly on independent determlnatlons of the value of some of

the constants in the relationships found, in experlments where the comparison

‘with the theory was more direct. The J.F.R.0. was accordingly very glad to avail

itself ‘of an offer by Mr ¢ Cooper, Firemaster of Glasgow Fire Brlgade to take part
in fiTe tests which were to be run in a disused railway tunnel 1n Glasgow. This
was sufficiently high and wide to represent a pedestrian mall adequately and was
long enough to enable extensive observations to he made. '

The "tunnel was made available by British Rail and the tests were run by the
Glasgow Fire Brlgade who arranged for the supply of all the necessary facilities
and services, and provided 20 observers equipped with breathing apparatus to make
measurements of the rate of smoke spread and smoke layer depth within the tunnel.
Valusble contributioms to the project were also made by the nghtlng Department of
the Corporation of Glasgow, and the Glasgow Salvage Corps. '

These measurements provided the principal experlmental data. The J.F.R.O.
team made measurements of gas temperature, optical density of Smoke, and air
velocity to supplement the other data and to try to extract the maximum information

from them.




The combined operation was one of the largest of its kind ever carried out
in the United Kingdom.

In vieﬁ of the pressing need for the information obtained to be made
available this intérim report has been written; it is intended to follow this up
with a more complete analysis.,

The opportunity was also taken to see how smoke logging conditions could
develbp undéf a caﬁoPy préjecting from the side of a building and one test, which
will be reported separately, was carried out under such a canopy in the disused
Bridgeton Cross Station.

2., EXPERIMENTAL ARRANGEMENTS

2.1. _The Tunnel

'm“'fhe.tﬁnnel, Fig.1, ran in a straight line approximately NW.to.SE
”'bepren the open Bridgeton Cross station (NW end) and Dalmarnock.station
f“téE eﬁd) which was covered for most of its length, It was practically
”hléﬁel; with a gradient of less than 1 part in 1000 and was 5.2:mf(17 ft)
“high and 7.6 m (25 ft) wide., The cross-sectional shape was intermediate
‘ﬁetWeén circﬁlar and rectangular so that the ceiling was not markedly
m‘aréhed.. About a third of the way along the tunnel from the Bridgeton

Cfoas_én&_there was a ventilation shaft (Fig.1), opening into the side
of the tunnel. o

" This consisted of 5 openings each 3 m (10 £t) wide and about

4.9 m (16 £t) high, semi-circular in shape at the top; the apex of each

'opeﬁiﬁg was level with the apex of the ceiling of the tunnel, these
‘_being joiﬁed.by barrel vaulting.

iThe openings gave on to a rectangular shaft rising to a walled opening
at street level, the top of the wall (about 1% m (5 ft) high above .ground

level) being some 3 m (10 ft) above the apex of the tunnel making a

‘horizontal rectangular opening with dimensions of about 20 m x 3% m

(67 £t x 12 ft) _ _

There was a similar shaft at Dalmarnock Station immediately beyond
~ the poinf where the tunnel opened out into the wider station area. -
.The.length between these shafts was 430 m {1416 ft)
The walls and ceiling of the tunnel were of smooth brickwork free
from obstructions except thatat each end there were girders crossing

or other obstructions which however did not reach more than about

0.6 m (2 ft) below the apex of the ceiling. The tunnel floor was

fairiy level ballast without rails or sleepers.
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2.2'_

2.3,

Standard fire T T

| convectlve heat output of about 2 MW. e T

‘rate and after about a hlnute 1ts burnlng rate is fairly constant

R P~ -

The standard unlt flre used was produced by burnlng 10 gal of
kerosine on cool water ina 1.2 m (4 ft) square tray. Thlslwas placed
on the tunnel floor, 1n the centre .and, covered with a _spreader'

2.4 m (8 ft) square conS1st1ng of overlapplng corrugated dron- sheets, -

laid on an angle metal framework to ralse them O 6 m (2 ft) above ‘the

ground,. The spreader had the effect of 1ncrea31ng the area of the

fire w1thout greatly 1ncrea81ng the burnlng rateyand reducing the

flame helght thus produ01ng lower temperatures in the, gases:beneath
T the celllng than would have been obtained with an open tray 2.4 m
;(8 ft) square. ThlS reduced the poss1b111ty of damage -to: the tunnel

'roof . o e nmed .- S

Thls arrangement had been used successfully in the Japanese
2
experlments referredto earlier . . . . ..

Thls flre burnt for approx1mately 8% mln on- average, andlgave a

. s
__,\ LI

_ Apart from the reprodu01b111ty and convenlence of the; kerosine
another advantage 1s that it 1mmed1ately beglns to .burn. .at-a high
3

The tests were carried out w1th 1 2 or.4 of these unlts burnlng

<together, the unlts belng arranged 1n a 11ne down the centre of the

tunnel, w1th the spreadersabout 1.2.1 (4 ft) apart.. it
. The ker081ne was prlmed w1th a llttle petrol and -then: llt with a

-match or, . when more than one unlt was, uSed, by means of; electrlcal

‘1gn1ters. These 1gn1ters worked .very, well for test 2 (4 trays) but

with tests 3 and 5 ( 2 trays) one tray did not, ignite. properly and:
had to be relit by hand 80 that 8, llttle delay Wlll have-occurred

.before the full burnlng rate was establlshed..

Test condltlons

\ C" W 1o . 'I-.

Test 1 1 v te e o P -

1 tray burned at the centre of the .longer part of the tunnel.

Both ends of tunnel Opelle. Lo,
Test 2 ) o

4 trays burned as asb&e""'"“;:;;d;““;i[fﬁ;f;' oy
Test o

2 trays burned as above
Teat 4

Dalmarnock end sealed by means of a tarpaulin sheet and one tray

burned 55 m (180 ft) from this end. '

-3 -




Test 5
2 trays burnt just SE of the ventlletlon shaft both ends of
the tunnel being open.
Test 6 °
“Canopy test to be reported separately.
3. - MEASUREMENTS B
. 3,1, “~Smoke travel and layer depth

- Polés reaching from floor to ceiling painted black and white in

0.3 m- (1" £t) wide bands were set up at 18.3 m (60 ft) or 36.6 m (120 ft)
"intervals along the tunnel on either side of the fire and ﬁere'ueed by
-*-20 observers to record smoke measurements. The observers were equipped
‘with breathlng apparatus, a pro-forma sheet, clip board and pen01l

torch and stop clock or stop watch, and were asked to record the time
“tof-arrival of the smoke front, the subsequent depth of smoke,

dlfferentlatlng between 'dense' and 'thin! smoke, and to note reverse
-flow- of -smoke back towards the flre, and any other behavmour of interest.

3.2, Gas temperature

. -THe temperature of the hot gases in the tunnel was measured by means
" of “thermocouples set up at 4 positions along the tunnel (Flg 1) on
. ‘‘either-'side of the fire in Tests 1 to 3.
3.3. ' ‘Optical ‘density of the sinoke

‘““Thé‘dpticéljdehsity of the smoke was measured at two_positions

(Fig 1) by means of a photocell smcke meter which measured the trans-
‘mission of a beam of light over a path length of 0.50 m. At each
-position two smoke meters were set up, at 0.45 m (1%-ft) and 2.60 m
*i(8a5 ft) from the apex of the roof.

3.4. :0thér measurements

" The velocity of air entering orlleaving the tunnel mouth was measw ed
with an electronic vane anemometer. A few measurements of cerbon dicxide
concentration at head height were made with a Draeger-apparatus;f
Various other records made oy observers at the tumnel mouths, or at
other positions within the tunnel* have been made use of. In fests

"4 and 5 the travel of the smoke front over a long disteﬁce was

recorded by an observer walking with it.

*
All equipped with breathing apparatus.
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RESULTS AND DISCUSSION IR )

4.1,

Spread of smoke front

The smoke rose up and flowed along under the celllng 1n a layer
behlnd a clearly defined 'front' or 'nose! whose progress could be
followed very closely. i

The velocity of ambient air movement. within the tunnel was not
large enough to affect the rate of spread to any great extent beyond
cau81ng some sllght asymmetry in spread and, occa31onally by its
fluctuation, causing some variatiocn in the spread rate. Accordlng to
theory the velocity of advance of the smoke should be the algebralc
sum of its velocity due to bucyancy and the wind ve1001ty so that the
asymmetry could be eliminated by taking an average of the spread in
both dlrectlons. J_

‘To'a first approximation the rates of spread were constant average

values obtained being given in Table 1 but a closer examlnatlon

revealed the systematic variations described in Sectlon 4 3'
The rate of spread with the closed end fire (1 tray) wae about the
same as that of the 2 tray fire with both ends of the tunnel open.

Table 1 _ .
Average rates of advance of the smocke front =0 +i?
- Rate of spread m/s - it
Teet No ggéoz' Towards Towards "Mean -
| v iy SE ,
' (2 6 ft/s
3 2 0.79 1.13 0.96
' (3.1 £t/s)
2 4 1.37 1.16 | 1.6 7w
(4.1 £t/s)
4 : 1 0.92 - 0.927 i -
(Closed end). (3.0 £t/8).
: 5o 2 1.01 0.64 0.82-" "
(Fire near vent) (2.7 £t/3).




4.2. Depth of smoke layer LR

- b

IR Y

DS

No attempt has yet been made to examine in detail the data on smoke
layer thickness after 10 mln , approximately the tlme of the end of the
burning. ] .

flthough the bottom of the smoke layer was well defihed.et first, as

the fire progressed thinner smoke began to apﬁear beloﬁ this initial
'1ayer of fairly'thick emoke and as time went on it Became less easy to
decide where the'dense' layer ended and the *'thin' layer began
) The records of smoke depth have beern dealt w1th as. follows. First
. for each test dlagrams showing the extent and depth of the smoke layer
':ih at partlcular tlmes were formed, Fig.2 being an example w1th fairly
I bad smoke 1ogg1ng conditions, and then a number of these were drawn
‘together on one diagram (Figs 3 to 7) taking data only. for 'dense' smoke
31nce these gave more consistent plots. The data on 'thln smoke)
. usually present, are important in questions of smoke 10gg1ng and the
'Jmechanlsm of mixing of smoke layers and air and are dlscussed later.
o Hoﬁever, there are several points to note in the curves for dense
.x.smoke shown in Flgs 3 to T, s
' There is substantlal agreement between the depths given by the
different observers, Each observer noted his data entirely on his own
ﬁith no consultation with his neighbour and the difficulty of defining
the base of the smoke layer has naturally led to some apparent 'wav1ness'
_‘1n the base of the layer shown in Figs 2 to 7 although direct obsFrva-
.tion showed that the bottom of the layer was flat., Howeveér it seems
-that the observers were reasonably consistent in their judgemertmgnd
this is'very important. For example when as in Fig 6 there was g
general, rather small, deepening of the smoke layer we find that host
observers record this, so that by plotting data for various tinesgwe
obtaln a series of curves which do not overlap very much. ;
We must thus remember that some of the apparent variation in depth
along the layer at any given time, in Figs 2 to 7, is due to dlfferences
between observers, inevitable in this kind of observation, f;JTHHE
j When it is also remembered that the measurements were of an un;
familiar kind and were made under conditions of some dlfflculty, 1n some

casés darkness or semi-darkness, with the encumbrance of a breathlng

*Readings were taken up to 20 min,
-6 -
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apparatus and face mask it is gratifying to find that %he;dsfa3ere s0
good. R
An examination of the data on smoke layer depth has shown tne
following. ' ' e
While the 1n1t1ally established and well stratified layer of dense

smoke was spreading along the tunnel it was increasing a llttle in

thlckness. .
Thinner smcke below the dense layer was noted by observers soon
after the formation of the dense layer along its whole length and
usually, appeared to be travelling back towards the flre, or at least
in the direction of the air movement near the floor. In some ceses
this formed deep layers, even reaching to floor level. ','
Although 'thin' by Fire Brigade standards it was dense enough to
produce some apprehension in the authors,

It

When a layer of smoke reached an open end or a ventllatlon shaft a

layer or 'plug' of smoke reaching to ground level often formed, probably

by the mixing produced by a cross current of air. ThlS plug cJuld be
seen to con31st at a lower level, of smoke mov1ng 1nto the tunnel

1.e. back towards the fire. o

No direct observations are available to show how far smoke logglng
at ground level extended, i.e, how fast and how far thls 'plug of smoke
travelled along towards the fire, since observers w1th1n the tunnel
were in most tests not near the ends, but it is possible to make rough
calculatlons of these quantities and this will be done 1n a future report.

When the fire died down and the rate of productlon of smoke ceased

the wind carried smoke along with it and in some cases created denser

smoke at ground level than during the period when the fire was. burnlng.
The case of the closed end is especially important. When the smoke
laYer reached the closed end an immediate deepening of the layer to
approxlmately double the initial depth took place at the. end and the
lower part of this deepened layer (in all reaching to about 11 m, (5 ft)
above the floor) flowed back towards the fire. Conditions beogme,
noticeably hot between the fire and the closed end. | o

Comparison w1th theory

.--i
. o

The means of the distances of travel upwind and dovmwind of the
fire are plotted against time in Figs 8 to 10. The layer 1n1trelly
advanced relatively slowly but accelerated to a mmximum velocity in

-7 -



approx1mate1y one minute after which the velocity tended to decrease
' sllghtly. The initial acceleration was probably due to the rate of
burning of the fire increasing and the steel spreader 'warming up , the
subsequent decrease in velocity was almost certainly due to the cooling
of the nose of the advancing layer. o t_lf
The rates ‘of advance of the smoke layer in the Japanese experlments
weré in reasonable agreement with the theory, though lower than predicted,
probably because in those experiments the car park was 1n effect a
series of chambers joined by large openings rather than a contlnuOus mall.
The rates of spread obtained in the present experlments, 1n a tunnel
”“whlch should be closer to the theoretical conditions, a gree more closely

““With the theory and w1th the results of various experlments on the flow

‘".fluld of “Lower dens1ty) quoted by Ben,jamln4

The calculated rates of spread of the layer (based on the results of
the experlments on gravity currents) are shown in Figs 8-10
It was found that the delay in the attainment of the full rate of heat
o output of the f1re could be allowed for by shifting the orlgln of the
“%aléulated ‘curves to the right by 20 s for tests 1 and 2 and by 30 s
' for test 3 (1n whlch there was some delay in the 1gn1tlon of the second
o tray) There ‘was then good agreement between the calculated and

experlmental resulto

TEeL

The mean depths of the advancing layers of thick smoke at varlous

* times were estlmated from figs 3 to 7 and are compared w1th the calculated
depths 1n flgs 8 - 10. The calculated depths are in fair agreement with
Cthe measured depths although the latter are greater than the calculated
depths and increase more rapidly with time.

4.4, Effect of vent

S ' The vent at the side of the tunnel would not be expected to be as

fane

effective as a vent of a similar area in the roof of the tunnel. In

" the condltlons of test 5 the vent was probably equivalent to a roof

- “vent havmng an area of 10 m2. No roof screens were fitted 1n the tunnel.
Calculations suggested that the vents should have been sufficient to
produce a just measurable reduction in both the rate of advance of the
layer of hot gases and its depth., In test 5 the mean rate of” spread )
"was'a little lower than in the corresponding 2 tray fire without the

“vent (test 3) but the depth of the layer was slightly greater 1n test 5

than in test 3



F. .r I:
It is likely that the effect of the vent was largely nullified by
wind. A good deal of 1rregu1ar1ty was noted in the rate of. spread on
_test 5 and thls was Certalnly caused by changes 1n the wind through

;the tunnel At one p01nt smoke was seen blowing back 1ntonthe”vents

4.5;. Optical denslty,of the smoke et i
These measurements were taken to relate the v151b111ty of, the smoke
produced to the mass of material burnt in order‘that the results of.
rhe'experiments could be applied to other situatious.' The dagawwere
recorded'successfully but beyond noting that they are in qualitative
‘agreement with the visual observations of the smoke no analysls -has

'yet been made. This will be 1noluded in Part 2 of thls note.. . :

h 4:6;“ Temperature megsurements . Y
" ALl the temperature data were recorded successfully but ne..

"comprehen31ve analy51s hag yet been made; this will be rnc}u@ggéln

Part 2 of this note. A C ;w?:w:~3

4.7. Carbon dloxlde concentrations o e g

The hlghest reading was recorded during the second test (4 trays)
Thls was 0.8 per cent, noted at 2 m (6 £ft) above ground level-at 4
and 7 mins, & value which is t0o low to constitute a hazard .to life.
‘in test 3 the concentration was only O.1 per cent. . :J_ (i e
5. PRACTICAL IMPLICATION . , C ol ek

5.1, Comparlson between paraffin tray and scme other flres Lo

Each of the paraffln tray fires produced heat and hot gasges, at
'nlabout the same rate as a 2.4 m square wood crib consisting of:7.layers
of 25 mm square Section sticks with 75 mm spaces between the stjicks.

A roughly comparable fire might be a fully developed,fare%;nziqupge
furniture pushed close together (but not stacked up) end covering a

2.4 o square area. | : R
' The crib fire would produce a lower density of smoke than thes
burning paraffin but the burning furniture might possibly produce a
~ ‘comparable density particularly if foam cushions were involved.,.It
F‘is inteuded to carry out some experiments at Boreham Wood .in which the
:den31ty of smoke from fires -in some typical shop contents.will:bg
measured _ e
The four tray fire would be equivalent to four of .the cribs.or

arrangementsof furniture described above.

-9 -




If a fire 'flashed over' in a small shop with an open front
6 mx 3 m hich and became 'ventilation controlled' the heat butput
would be roughly four times the combined heat output of the four
‘trays but the mass of hot gases produced would be less than half that
produced by the four trays. Thus the gases would be correspondlngly
hotter and, with materials produ01ng a comparable amount of smdke to'
paraffln, the smoke would be correspondingly denser.

5.2.° Smoke logglng a mall

The rate' of travel of smoke in the mall was greater than predlcted
“from the results of the Japanese experiment although the dense s moke
layer was at first less deep. However the experiments have shohn the
importance of smoke mixing into the layer of air travelling bgéﬁ towards
the fire. When the fire is small (equivalent to a single tray of
paraffin) this smoke may not in theory be sufficiently dense to prevent

“legéape”in the early stages but the possibility of its causing bénic
(partlcularly in conjunction with the dense smoke above 1t) requlres
further consideration, When the fire is larger (equlvalent to the

"“four trays of paraffin) this smoke can soon reduce v131b111ty .

" sufficiently ‘to make escape difficult. ' ":

" It is evident that in an open-ended mall wind effectsrpartiéhlarly
at the end of the mall can considerably increase this mixing ofiémpkgw

into the flow of air towards the fire.

S
Test 4 showed that when the nose of the dense smoke layer Téiches a

¢losed end of the mall the smoke layer will curl underneath and travel
"back towards the fire thus approximately doubling the depth of dense

* gimoke, In the experiment the bottom of the layer was then below head
level and it would have been very difficult for a person to escape
oncé the return flow of thick smoke had passed him. In any case he
would be tempted to flee away from the advancing smoke i.e. back towards
the fire. ,

In-a mall closed at both ends, after the return flow of smohe has

* reached the fire the dense smoke would continue to descend to f1;or
"level and thereafter there would be a general accumulation of heat
&ﬁd;cdmbustidh products within the mall. Thus the 31tuat10n W1th1n
an unvented mall closed at both ends would generally be even worse
‘after & time than in one completely open at both ends. Although this
suggests that ventilation through the open ends of a mall may reduce
the hagard the other experiments show that it will not reduce it to

an acceptable level. The experiments have shown that the preliminary

- 10 =
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5.

T.

note on smoke movement slightly under—estlmated the rate of travel..
of emoke and they have prov1ded evidence to show that the note d1d
not over—eetlmate the possible smoke logging of an open—ended mall
at ground level. The situation in an unvented.mallFleonewmﬁhc}oeed.
ends) would be even worse. _ _ L S
5.3. Yenting . | . - o
- The experlments provided conflrmatlon that an 1nadequate or poorly
designed roof venting system will have little 1f any beneflclal effect -
on smoke logglng within a mall and that adverse pressures due to the
-w1nd can largely nulllfy the effect of vents and cause. mlxlng of smoke ..
1nto the relatlvely clear air near the ground _ co
’ Wlnd effects are likely to be particularly 1mportant in complexes

where there may be large differences in height between one part .and.

“another and the resulting wind patterns may be hard to predict, .lItT.mﬁﬁ

is not sufficient merely to provide a suff1c1ent area of openlng on.;

will be the subject of experiments to be carried out at_thequint Fire
Research Organizgation in the future.
CONCLUSICNS

- T

A relatlvely small flre can produce a large volume of hot gae laden w1th L

moke which under unfavourable conditions can lead to substantlal smoke Y

' the roof calculated on the basis of still air condltlone. RQQQ.VQQF}HEN.

R TP TIY P S R <]

logglng.l - - S T

In the experlments the smoke was dense and at flrst wasg conflned to a.well.
stratified layer moving along under the ce111ng at a speed in theiorder,ork

1 m/s (3 ft/s) SRR

. . P
3 ¢t b .

. The rete of advance of the smoke ffront! was in reasonable agreement w1th a

theory descrlbed elsewhere

The depth of the dense smoke layer and its slight increase w1th tlme were both -

in reasonable agreement with values predicted from theory. .. . R

Phe larger the fire the deeper the layer of smoke, the denser the smoke ald i

1]
. s

the hotter the gases. The speed of advance of the smoke front increased. only

slightly as the size of fire increased. . PR

Thinner smoke formed under the 1ayer ‘of denser smoke, at tlmes formlng 8,
layer reaching to near ground level,

When the smoke layer reached an open end a plug of smoke extending from

ceiling to floor was formed on several occasions by cross mixing at the

entrance. This plug was drawn back into the tunnel by the movement of -

air towards the fire.

- 11 -




8. When the smoke layer reached a closed end the layer 1mmed1ately ' ﬂ?

deepened to give thick smoke to within 1% m (5 ft) of the floor andr

this deeper layer moved back towards the fire. . ;
9. Data on the optical density and temperature of the smoke Werelrécoyded and

will assist in applying the results to other situations. ;
10. The experiments confirm earlier predictions that even a small flre can

give rise to a serious escape problem.
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