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EXPERIMELTAL AKD THEORETICAL INVESTIGATIOKS ON COMPARTMENT FIRES

The paper embraces the following publicstions:

J1/ The Effect of* the Porosity and Air Flow Factor on the Rate of
Burning for Fire in_Encloséd_Space (Porositets- och luftflddes~
fektorns inverksn pé fOrbrinningshastigheten vid trand i slutet
rum). Swedish Council for Building Research. ReportIR22:1971,

Stockholm, 1971

/2/ ‘lime Curve of Heat Release for Compartment Fires with Fuel of
Wooden Cribs. Division of Structural Mechanice and Concrete

Construction, Lund Institute of Technology. Bulletin 36, Lund,
1674, o

Introduction

In a differentiasted and functionally based fire technological design
of bearing constructions, the following steps are included which

also constitute the corres?onding research field, Pettersson (1965):

a) combustién;technplogical characterization of the fire load of a
fire cell, -- .
b) study of energy development ; neccessary air supply and gas pro-

duction during a fire process and-evaluation of the smoke gas tempe-

rature as g function of time, obtained in the fire cell for a cecmplete

fire process,

c) evaluation of the thermal properties of the relevant construction
material within the whole temperature range of a fire both for hea-

ting and cooling phase,

a) evalustion of the corresponding temperature-time field for the

structure exposed to fire and

e) evaluation of the behaviour and bearing capacity of a fire exposed
structure based on the temperature-time curve field determined accor-
ding to 4}, knowing the corresponding changes in strength- and defor-

matioen prop=rties of the material.



In both publications which pertain to the design step or the research
field b), the influence of variations in the size of the fire load,
porosity factor and stick thickness with fuel in the form of wood

crib plus the influence of variations in ventilation of the fire cell
and thermal properties of the enclosing structures of the fire cell,

on some fire process Eharacterizing magnituaés is i1llustrated. Further-
more, the possibility of relating a fire load of regular wood crib

to a realistic fire load in the form of furniture, textile goods and

other equipments is briefly discussed.

Scope of the investigation

A theofetical determination of the gas temperature-time curve of a
fire process, performed by the heat- and mass balance equations of
the fire cell presumes knowledge on the time variation of the energy
developed from the fuel during the whole fire process. For wood fuel
fires it is, however, extremely difficult to indicate this energy
development per unit time in & satisfactory manner, since for this
type of fuel the combustion simultaneously takes place both in the
sclid components and in the gases formed during pyrolysis in such a
way that its influence on fhe combustion rate is not clarified at
present. Further refinements of the recentiy published laboratory
methods for a determinstion of the energy released per unit time for
small specimens-of;-for instance, coverings, under well defined con-
ditions of thermal exposure, can be presumed to be a likely future
possibility for a direct experimental solution of the problem, Smith
(1972 and 1973), Parker-Long (1972). Therefore, in order to study
this energy development for fires, with wood cribs as the fuel, com-
bined theorétical and experimental combustion studies have been per-—
formed, with the priméry objective of determining the influence on
the fundamental characteristics of the fire process for a wood crib

in a clesed fire cell having one window opening with variations in
the quantity of the combustible materisl,
the porbsity fector of the fuel,

the thickness of the individual stick,
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the ventilation properties of the fire cell and

the thermal properties of the enclosing structures of the fire cell.

A large number of tests from the expérimentalrinvestigation have been
analysed by the heat- and mass balance eqﬁations of the fire cell,
for a systematical determinstion of the time curve for the energy
released per unit time in a cémplete fire ﬁrocess. For every test the
energy-time curve which rendered a satisfactory agreement between the
gas temperature—time curve as measured through tests and calculated
through & theoretiéal medel, wés“iteratively determined. It proved

to be possible for the results obtained in this manner, tc be summa-
rized by'gfoups of relations which, with different degrees of preci-
sion, describe the energy-time curve of a complete fire process with

Fire load of wood crib.

These relations, in turn, facilitate theoretical calculations of the
gas temperature-time curve of the fire process, for each individual-

case, with verying properties'of the fire cell and the fuel.

Based on the concept of energy released per unit time, primarily its
maximum value, a differentiated classification of compartment fires
is further performed with division into ventilation- and fuel bed
controlled fire process in the rigorous sense and crib controlled
fire process. In addition, a method based on eguivalent porosity fac-
tor and eguivalent stick thickness is outlined, relating the fire
lcad in the form of & regular wood crib to & realistic fire. lcad in

the form of furniture, textile goods and other eguipments.

- The. experimental part of the investigation

The experimental investigetion has been performed in three cublcal,
closed fire compartments at the model scale with one window opening
and with the internal lateral dimensions measuring 500, 750 and TOdO
rm. The main part of the tests were performed in the model fire com-
partment with the internal lateral dimension of 750 mm, ard all the
theoretically analysed fire processes described in pﬁblication /27

correspond to the tests at this scale. The window opening of the fire



cell was chosen in a square form and the dimensicns given to this

cpening were such that the five different values, namely, A{ﬁ/At =
= (.020, 0.032, 0.040, 0.0TO end 0.114 m”2 were cobtained for the
opéning factor, which together cover a broad and realistic range of
variation. In the above relation, A (m2) denctes the inner surface
sresa of the walls, flcor and ceiling which bound the fire cell from
its'su:roundings, A (ma) is the total opening area of the fire cell
(windows, doors etc) and K (m) is a weighted mean value of the heights

of the openings.

The studied valués for the fire load, g, which were normally composed
of redwood sticks having square cross sectional areas with the thick~
ness b = 25 mm, were, ¢ = 17.5, 35.0, 52.5, 70.0 and 87.5 MJI/square
nmeter of the enclosing surface. In order to study the influence of
the thickness of the individual stick, besides the lateral dimension
b = 25 mm even sticks with dimensions b = 10, 12.5, LD and 50 mm

were taken into conmsideration in a special test series.

In order to characterize the piling density of the fuel, the porosity
1.7, . . i .
factor ¢ {em = ) is used, defined by Gross {1972) through the relation

A
_ 005 1.1
¢ = N bl (1)
s
with
A, = enb {200 + b [F - n(5-1)]) (2)
A = (L-n+1b)® (3)

In the formulas, b denotes the thickness {square cross section) and

L {em) the length of each wooden stick, n the number of sticks per
layer, N the number of layers, AS the area of all the sticks, initial-
1y exposed to the air, and Av the free horizcntal ares for vertical
air flow through the pile. The variation range for the porosity fac-

tor, ¢, of the fire load in the investigation is 0.02 £ ¢ £ 1.32 cm1'

In order to investigate the influence of variations in the thermal
properties of the enclosing structures on the fire process, the al-
ternatives as regarded from cutside inwards, 1.5 mm steel sheet, 1.5
mm steel sheet + 10 mm asbestos disk (density 1020 kg/m3) and 1.% mm
steel sheet + 125 mm light weight concrete (density 500 kg/m3), were



studied.

In the investigation, the combustion rate was determined according
tc the experimentally developed practice, that is, by the weight
loss of the fuel per unit time, the gas tempersture-time curve of

the fire process and radiation conditions.

In publication /1/ & background of the test lay-out and a detailed
description of the test arrangements and the test characteristics, is
presented. In addition, results from tests dealing with a study of
the influence of verying opening - and porosity factor on the fire
process with a-consﬁant fire load of.q = 35 MJ/squaré-meter of the
enclosing surféce and the stick thickness of b = 25 mm, are summeri-
zed and discussed for a fire cell having the enclosing structures cf
1.5 mm- steel sheet + 10 mm.asbestos disk. For the other tests analy-
sed in publication /2/ and not described in publication /1/, the un-
changed testing technic is spplicable. A éomplete and detailed de—.
scription of all the model fire tests pefformed - about 300 in pum—

ber — will be given in some other connection.

Theoretical analysis by the heat- and mass balance equations of the

fire process

A theoretical calculation of'the‘gas temperature-time curve of a fire

process by heat- and mass balance egquations, is baséd on the identity

between the energy feleased'per unit time during the combustion on one
side and the energy per unit time removed through openings and enclo-

sing structures of the fire cell on the other, that is

I, =L + I+ I+ I _ _ _ | (4}

in which
IC = the released energy per unit time during combustion (MJ/h)
IL = the energy remcved per unit time through exchange of hot gases

'with cold =sir (MJ/h)

IW'= the sr.=rgy per unit time supplied to such enclosing structures
as walls, floor and ceiling and to possible enclosed structures (MJ/h)



IR = the energy radiated per unit time through the openings of the

fire cell (MJ/h)

Iy = the energy stored per unit time in the gas volume of the fire

cell (MJ/h)

As mentioned in the beginning, for wood fuel a theoreticzl descrip-
+ion of the fundamental magnitude energy released per unit time, Ios
during the combustion gets extremely complicated, since for this type
of fuel the combustion simultaneously takes place both in the solid
components and in the gases formed during pyreclysis in such a manner

+het its influence on the combustion rate is not clarified at present.

In order to find an acceptable approximate solution of the problem
for ordinary practical applications, the following technic has been
applied, Magnusson-Thelandersson (1970, 1971). Based on the results
obtained from the tests, a reasonable-polygon—shaped energy-time cur-
ve with the basic appearance as in FIG 1 has been assumed for each
individual analysed test, whereafter the gas temperature-time curve
of the fire process has been calculated. The necessary conditicon for
this assumption has been that the total energy released during the
fire process should be equal to the energy available in the beginning
of the fire. The calculated gas temperature-time curve has been com-
pared with that measured in the test whereupon the energy distribu-
tion sssumed for the fire process has been successively modified,
until agreement was reached between the calculated and the experimen-

tally obtained gas temperature-time curves.

In publication /2/, this technic has been systematically applied for
a large number of combinations of the studied test characteristics.

Thereby the following combinations have been discussed:

in Section 4: Five different porosity factors in the interval C.1 <
< ¢ < 1.1 cm1"1 for all the studied opening factors.
The fire load was constant, g = 35 MJ/square meter of
the enclosing surface and the stick thickness b = 25> mm.
The enclosing structures, as regarded from outside in-
wards, were composed of 1.5 mm steel sheet + 10 mm asbes-

tos disk,



in Section %: Four different values of the fire load, q, in the inter-
val 17.5 < g < 87.5 MJ/square meter of the enclosing
surface for all the studied opening factors. The poro-
sity factor was ¢ = 0.5 cm_i'1 and a constant stick
thickness b = 25 mm was used. The‘enclosing structures
as regarded from outside inwards were composed of 1.5
mm steel sheet + 10 mm ashestos disk. For the medium

sized opening factor AJEYAt = 0.0k0 m1/2, the analysis

is supplemented by further values of the porosity factor,

¢, and the fire leoad, g,

in Section 6: Varying stick thickness, b, in the interval 10 < b < 50
mm fer both of the cpening factors AJﬁVAt = 0.040 and
0.114 m”2 for several vaiues cf the porecsity factor
in the interval 0.1 < ¢ < 1.3 cmi'1. The fire load was
constant,g = 52.5 MJ/square meter of the enclosing struc-
tures. The enclosing structures, as regarded from out-
side inwards, were composed of 1.5 mm steel sheet + 10

mm asbestos disk.

in Bection 7: Three different types of enclosing structures, as in the
' above, for the fire ceil, for all the studled values of
the opening factor. The fire lead was constant q = 35.0
MJ/square meter of the enclosing surface and the poro-
sity factor ¢ = 0.5 cm1'1. For the medium sized opening
factor AJEYAt‘= 0.040 m1/2

ted by tests embracing further values of the porosity

the analysis was supplemen-

factor, ¢.

KHesults

Based on the experimental results and the theoretically determined
energy—time curves,.séﬁe different fire process characterizing magni;
tudes are analysed. Some of the magnitudes corresponding to the energy-
time curve are illustrated in FIG 1, namely

ICma“’ ~mich indicates the maximum value of the energy released per
S

unit time
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FIG 3



s (h), which expresses the time interval determined by the value
G.75 ICmax on the ascending and descending part of the energy-time

curve and which epproximately defines the active phase of the fire,

T (h), which describes the time interval between ignition ang the

time correspending to C.75 I on the descending part of the energy-

Cmax
time curve and which besides td’ elsc embraces the ignition- and

flaming phases,

t, (h), which indicates the time interval between the times correspon-—

ding tec 0.75 ICmax and 0.5 ICmax’ or the descending part of the energy-

time curve,

t, (B),which describes the time interval between the times correspon~

ding to 0.75 I and 0.25 ICmax on the descending part of the ener-

Cmax
gy-time curve, and

"t (n), which is an approximate expression for the total duration of

the cocling phase.

As:an exémple on the summarized results, the theoretically determined
felation between ICmax/Adﬁ'and M/AVH, based on the experimental values
is given in FIG Za for wood crib tests characterized by a porosity
factor of ¢ 2z 0.5 ¢m1'1 and a stick thickness of b = 25 mm, and the
corresponding relation for porosity factors ¢ = 0.1 and 0.3 ch'1 with
the stick thickness b = 25 mm plis stick thickness b = 40 and 50 mm
‘with the porosity factor ¢ = 0.5 cm1'1 is shown in FIG 2b. In the
~above relation M is the total fuel quantity of the fire cell in MJ.
The pclygon shaped curve inserted in the figufes - and given by Egs
(47)=(k9) ir publication /2/ - indicates an upper 1imit for the maxi-
mum energy development per unit time, holding true for an easily_com—
busfible,wood crib characterized by ¢ 2 0.5 cm1'1=and b < 30. With
respect to the type of the fire process, the three successive straight
lineé describe three different ranges, namely, a fuel bed controlied
fire process in the rigdrous sense within the range M/AVE < 500 MJ/mﬁ/d,
a'ventilation controlled fire process in “he rigbrous sense within the
range M/AVE > 10060 MJ/mE)-/2 and a transitic:.al zone between both of

the mentioned chief types.
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A fire process is, thereby, defined as ventilation controlled in the
rigorous sense 1f the maximum energy, ICmax’ 1s only determined by
the air flow facter, AYE, the influence of variations in the proper-
ties of the fire load being practically negligible. For the corres-

ponding I -level the following relation is true
Cmax -

ICmax == 3560 AVE MJ/h (5)
A fire process is defined as fuel bed controlled in the rigorous sense,
if the maximum energy is only determined by the total heat content, M,
of the fuel, the influence of variations in the air flow factor, AVH,

and the other properties of the fire load being practically negligible.

The corresponding relation for I is
Cmax

(@Y
—r

Lonasx = 5.6 M MJI/h (

Within the transitional zone 500 < M/AVH < 1000 MJ/mb/e, the maximum

energy released per unit time, ICHax’ is determined by the relatiocn
LIL

=2
—

I = 1.52 M + 20L0 AVH (7
Cmax .

which describes a fire process which is combined ventilation— and

fuel bed controlled.

Ventilation~ and fuel bed cdntrolied fire processes or combined ven-
tilation- and fuel bed controlled fire process exist for the porosi-
ty factor ¢ > ¢ = 0.5 cm1°1 and the stick thickness b i_bc = 30 mnm,
with a precision which is satisfactory for practical use. Tor poro-
sity factors and stick thickness outside these variation ranges, the
fire process besides being influenced by the air flow factor, AVA,
and the totzl heat content of the fuel is also influenced by the spe-
cific properties of the wood crib and, thereby, the fire process can

be denoted as crib controlled — cf Thomas-Nilsscon (1973).

In Section 8.5 of Publication /2/ a-bfief basis is given for determi-—
ning the time curve of a complete fire process, for the energy relea-
sed per unit time, IC’ using fire load of regular wood cribs, with &
precisicn which is satisfactory for ordinary practical cases. The de-
terminstion cen be carried out with a rather far-reached differentis-

tion with respect to the opening factor of the fire cell, AJE/At,
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size of the fire load, g, porcsity factor, ¢, and stick thickness, b.
The btasis embraces the makXimum energy relieased per unit time, ICmax’
plus the time magnitudes'tr;-td,-tig t2 ang tg defined accprding to
FIG 1. With known values for these basic magnitudes, the time curve
of the complete fire process, for the energy released per uﬁit time,
IC’ can be given with a precision which is. acceptable in ordinary
cases. With & known energy-time curve, the gas temperature-time curve
of the complete fire process can, thereafter, be calculated, with

varying properties of the fire cell, using the heait- and mass balance

equations of the cell.

For the maximum energy released per unit time, ICmax‘ the brief basis

gives the following relations

) L R
T \{wﬁ_, =2 ; B

(a) Togay = 26 ¥ rSu ( = ) Mi/n (8)
0.5

for the fuel hed controlled range of the fire process, that ig for

Mb£5/A\JH-b < 500 MJ/mb/a
b25 —

. . = - ’ A T .

(6) Ty . = (1.52 M —=+ 2040 AE) f——o ; MI/h . (9)

for the transition range between fuel bed- and ventilation controlled

fire processes, that is for 500 iMbEs/A@-b < 3000 MJ/mb/E

= 3560 AV £ ui/m : (10)

(o)
Y05

ICmax
for the ventilation contrciled range of the fire process, that is’

for Mo, /AVH-o > 1000 usjm>! 2.

In the above relations ¢O 5 denotes the poresity factor 0.5 cm - and

b25 the stick thickness Z5 mm. The following side conditilons are true
f:ﬁaapplication of the relations. If the opening factor AJﬁYAt < 0.0ﬁ
m

all through. If the opening factor, AUﬁYAt > 0.07 m172, ¢ assumes the

real velué within the range ¢ 5_‘0.5‘(:111."i while the real ¢ is substi-~

s the resl porosity factor, ¢, is replaced by ¢O 5 = 0.5 em 3

tuted by ¢O 5 = 0.5 cm1"1 for ¢ » 0.5 cm1'1. Within the range 0.040 <
< ANE/A_ < 0.070 m'/e

is frow .= Egquation

., ¢ 1s determined by linear Iinterpolation, that



1h

: 1 A\UT{/At
0 =3 (Moo~ 40 ~ 5oz oy ~ % (11)

where ¢ is the real1v?1ue of the porosi:y1factor. The equation is :
true for ¢ < 6.5 em = . For ¢v > 0.5 em ~, ¢ is replaced by 0.5 em
Ls for the stick thickness, b, real value is used if b 3_b25 = 25 mn,
while b'is replaced by 25 mm for real b < 25 mm. The application of

tne relations is experimentally verified only up to b= 50 mm.

Assuming ¢/¢O.5 = 1 and b/b25 = 1, the simplified ICmax—expr8551ons
sccording to Equations (5)-(7) are obtained which together describe
fire processes that are fuel bed or ventiletion controlled in the

rigorous sense or combined fuel bed- and ventilation controlled.

For the time magnitudes tr’ td,.t1 and t2, the brief basis gives the

expressions:
O.
T.q_At
ICmax

t

EQ = 0.55 {1 + 11(ayE/A_ - 0.08)(¢ - 0.4]] (13)
r

at which, for AVE/At > Q.12 m1/2, the td—value corresponding to

AVH/A, = 0.12 is chosen.

t,. % t | {(14)

t.=x 0.3 t (1Y)

The time magnitude tg can finally be determined from the energy con-

dition

t

£
/IC av =M ' _(1-6)
0 ‘ : '

where t is the time in hours and M the total heat energy of the fuel

in MJ.
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In report /2/, & translation of the results from a fire process with
fire load of regular wood cribs to a fire process with practically
representative fire load is even discussed. The exemplary analysis
carried out, illustrates how differentiated results obtained by model
fire studies can be transformed to a description of realistic fire
processes with practically representative fire load 1in the form of
furniture, textile goods and other eguipments in fires arising in
flats, after some calibrating full scale tests. The translation para-
meters are composed of equivalent porosity factor, ¢e, and equivalent
stick thickness, be’ or equivalent parameters. Systematically perfor-
med calibrating tests in full scale with realistic fire load for
common fire cells such as offices, schools, hospitalé; stores ete.

have a high degree of priority.

Size of the fire load, g, the porosity factor, ¢, introduced by Gross
{1662) and the stick thickness, b, have been used in the pullications
of this paper to characterize a fire lcad in the form of & regular wood
crib. A disadvantage with this choice of paramsters is, that the '
stick thickness, b, is included as an essential magnitude in the
porcsity factor, ¢, at the same time that it is a parameter of its

cwn. Jt is therefore necessary to develop more independent and func-—
tionally morm vell-defined magnitudes for a description of the fire

lcad. A practicable solution seems to be a description focused on

the parameters:

the free horizontal surface for vertical air flow through the pile,

Av,

the surface initially exposed to air, AS, or alternatively the hydrau-

li¢ radius, r,
wood erib volume in relation to the volume of the fire cell plus

thickness of the individual stick, b,

all the parameters, if possible, arranged in relation to some speci-
fic pile in order to achieve a dimensionless form. In a future report,
which is intended to give a more complete description of the results
of all the model tests performed, the possibilities for such a modi-

fied wood criv characterization will also bte investigated more closely.
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