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1. Introduction

i e s e e e R e, et o B e T

In several countries a reassessment of existing methods of predicting
the behaviour of fire-exposed structural members is at this time being
made. This is a result of the intensified research carried out and in
progress in the field of structural fire engineering. The reconsidera-
tion applies to the whole domain of structural fire engineering design,

i.e. both to the process of fire development and tc the fire behaviour

of the structure.

A great many experimental fires, carefully executed, have demonstrated
that a rational prediction of the fire resistance of a structural element
only can be done by taking into consideration factors, hitherto not re-
presented in the conventiornal design procedures of most countries, Fun-
damentally important in this design is the correct determination of the
temperature-time curve of the fully-developed fire. The standard tempe-
rature~-time curve used in most countries at best covers only a limited
range of possible conditions regarding the detail characteristics of the
fire load, the ventilation of the fire compartment and the thermal pro-
perties of the surrounding structures of this compartment. Moreover,
usually no account is taken of the fact that the cocling down period of
the fire must be included. Consequently, i% 1s now being generally
accepted that only the complete temperature-time curve of the actual

fire can serve as a basis for an accurate analysis of the fire severity.

It has been suggested[q that actual fires can be described by intro-
ducing a fictitious fire duration connected to the standard temperature-
time curve. The fictitious fire duration is then determined by the con-
dition that the maximum tempersture in some reference structure shall be
the same whether it is exposed to the actual temperatures or the standard
curve temperatures. The advantage with such an approach is that results
available from standard fire endurance tests can easily be utilized in
design. However, Pettersson[EJ has shown that the choice of reference
structure notably affects the transition from an actual fire to an equi-
valent standard fire duration. The conclusion is that an appropriate

fire engineering design must be based on realistic temperature-time

curves.

In determining these curves, & systematic approach based on experiments
is met with difficulties. The number of varisbles, some of them inter-
acting, makes the number of necessary tests prohibitive. When in the ear-

1y 1960's it was made clear that the solution of a simplified equation

of energy or heat balance gives the variation of the gas temperature with
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the time, it meant that & new tool had been given the fire technolo-
gist. It is now possible to give a numerical simulation of the experi-
mental fire process. Certain assumptions, concerning the different com-
ponents in the energy balance, have to be made. An advantage with this
theoretical analysis is that if the energy balance equation is solved ahd
the solution compared with the measurements from the experimental fire

an immediate check on the correctness of these assumptions is obtained.
In this way the influence of each particular parameter can be studied

and systematized.

These facts characterize the approach used by the authors in [?]. Some
30 full scale fires are analyzed. Based on results gained from these
comparative calculations, temperature-time curves for the complete pro-
cess of fire development are computed for a systematie variation of

fire load, ventilation openings and type of structures bounding the fire
compartment. As no definite assumptions could be made regarding fires
controlled by other factors than the ventilation openings it was assu-
med throughout that the processes were ventilation-controlled. This was
also justified by the fact that in almost evefy practical case the tem-
perature~time curves computed in this way are on the safe side with re-

gard to the corresponding fire behaviour and fire resistance of struc-

tures or structural elements.

The purpose of this report which is to be seen as a sequel or an appen-
dix to [3] is mainly to discuss the behaviour of fires controlled by
other factors than the ventilation of the compartment. Some pertinent
questions such as how the individual terms in the energy balance equa-
tion are effected will be elucidated. This is most conveniently done
with the help of comparative, theoretical, computer-aided calculations.
We will further discuss under which conditions the fire process ceases
tc be ventilation controlled and to what sccuracy this can be decided
in advance. This will decide if the favourable effect of the fire not
being controlled by ventilation can be used in a differentiated struc-

tural fire engineering design of load-bearing and separating structures.

2. Equation of heat balance

The equation, which describes the heat balance of a fire in an enclosed

space can be written

I..= IL + L

o + I (2:1)

W



IC = rate of heat release per unit time by combustion,

IL = rate of heat loss per unit time by convection in the openings,

Iw = rate of heat loss per unit time though bounding walls, floor and
ceiling,

IR = rate of heat loss per unit time by radiation through the openings.

When expressions for all terms in the above equation sre known it is
possible to compute the temperature of the gases in the compartment.

Terms IW and IR

Two of these terms, Iw and ERg present no particular problems. The in-
stationary hest flow into surrounding structures is obtained by solving
the general eguation of nom-stationary heat conduction in the one-di-
mensional case. If the relevant fthermal properites are known the term

IW thus can be obtained with good accuracy. The radiation through the
openings can be calculated from Stefan Boltzmann's law of radiation,
assuming that the enclesed space behaves like a black body. This descrip-
tion is probebly rough, but the term IR ususlly is of relatively small

importance. I_ is ordinarily less than 15 per cent of the sum on the

R
right-hand side of Eg. (2:1) and amounts generally to 5-10 per cent.

The term iLg which designates heat loss by convection through the ope-
nings of the compartment, generally has a great influence on the cal-

culated temperatures when Eq. (2:1) is used,

IL can be written

IL = c.P (7?‘g - ?3‘0) - Q . (2:2)

where

specific heat of gases,

e
i

=0
i

temperature of gases in the compartment,

ambient temperature,

e
le]
i}

Q = rate of gas flow from compartment.

Kawagoe [h] has deduced the following expression for Q from theoretical

considerations.

Q= 5ﬁ ° A’E (213}



where

&

window area,

H

¢
/
Th

window height,

constant.

e constant of proportionality %Jis approximately independent of tem-
perature above BOOOCQ}Q varies slightly with the rate of burning R and
is about 0.55 kg«s"l~m"5/2 when the rate of burning R is zero and

O°6~kges_l-m_5f2 vhen R reaches its maximum value. Eq. (2:3) with these

values of}%Jwas used by the authors in [3].

The deduction of Eg. (2:3) is based on the assumptions that the pressure
inside the compartment varies linearly along the vertical axis and that
the vertical accelerations of gases are negligible. Furthermore, the
temperatures in the compartment are assumed to be uniform. These assump-
tions imply that the horizontal gas veloecities in the opening can be
determined from Bernoulli's theorem, 1.e. the pressure difference at any
level determines the magnitude of the gas veloecity. By integrating this
over the window opening the rate of gas flow can be obtained according

tc EBg. (2:3).

Thomas et al. [5j have pointed cut that Bg. (2:3) is correct for small
openings, but when the opening area for a given compartment is increa-
sed to & certaln extent the above assumptions no longer satisfactorily
describe the problem. As the opening becomes larger the vertical acce-
lerations of gases have to be considered, which in turn means that the
pressure differences and horizontal velocities decrease. As a result
the total gas flow will be less than that given by Eq. (2:3). It is
difficult, however, to estimate the limit beyond which Eq. (2:3) no
longer is valid, since this probably depends on a lot of factors such

as shape of windows and compartment.

Thus, we cannot execlude the possibility that the factox-70 ir the case
of large openings is considerably less than the theoretical value given

by Eq. (2:3}. This means that the term I_ in the equation of heat balance

L
as determined by the authors in [3J might be overestimated for compart-
ments with large openings. We shall return to this question in connec-

tion with the analysis of fire tests in the next section.



Term IC

The remaining term in the equation of heat balance to be discussed is
the rate of heat release during combustion, IC' This term is very dif-
ficult to estimate, since, in a complex menner, it depends on a lot of
parameters. Such parameters are type, amount, thickness, porosity and
distribution of the fuel or fire load, the geometry of the compartment

and the shape and size of the window area.
The problem was tackled by the authors in [3} in the following way.

What could be assumed to be known for certain was that the total amount
of heat energy vwhich is released during the whole course of a fire must

be equal to the fire load, expressed in terms of heat energy, i.e.

/Ic.dt = M.W (2:4)
0

where M = total fire load in kg,
W = heat value of fuel in MJ-kg“l,
t = time coordinate.

In other words the area below the time graph of the rate of heat relea-
se I, should be constant for a given fire load. The possibility of in~
complete combustion and combustion cecurring in flames outside the come
partment was neglected, this being on the safe side.The guestion was
how the given amount of energy should be distributed over the actual

period of time.

To answer this guestion full scale fire tests reported in literature
vere analysed. For tests with sufficient data for a calculation with
the eqguation of heat balance to be possible, a time graph of IC was
chosen on trial. On the basis of this a time-temperature curve was cal-
culated and compared to the measured temperatures. If needed, the time
graph of IC was changed and used for a new celculation. This was repea-
ted until the calculated and measured time-temperature curves were in
agreement, Such comparative calculations were performed for some 30 full
scale tests and on the basis of the time graphs of IC so obtained a

generslisation was made.

As a result polygonal curves of the type shown in fig. 1lb were obtained;
one for each combination of opening factor A-{ﬁ)At and fire load q =

= M'W/At'At = total bounding surface area of enclosed space. The le~-
vel of the horizontal (maximum) branch of the curves was assumed to be
proportional to Aa{gl i.e, the maximum rate of burning was determined ..

by the rate of azir supply.
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= & r JF_‘ 3 5 _l (2:5)
Rmax 5¢5:AVH kgemin

The comparative calculations showed that the effective heat release
corresponding tc this weight loss should be about 10-12 MJT/kg of wood
(2500 - 2800 kecal/kg). A value suggesied by Kawagoe [6] and also in-
cluded in the Swedish Building Regulations 1967 was chosen, viz. 10.8
MI/kg {2575 kecal/kg). It should be pointed out that this value is on-
ly valid during the period of meximum burning intensity i.e. during
the flame phase. During the cooling down period, for instance, the
heat release corresponding to 1 kg of weight loss generally is larger

than 2575 kcal.

The description of IC outlined above, is of course simplified compared

to the actusl behaviour. Hovever, since the area below the IC—time curve

is correct, possible errors should concern the distribution of energy only.
When used to calculate a temperature-time curve, which in turn is used

to determine the temperature of a structural element, the final result
should be very little affected by such an error. The spproach has the

great advantage that the complete process of fire development including

the cooling down period is described by a realistic temperature-time

curve.,

Fevertheless, from the investigation of full scale tests mentioned
above 1t appeared that far from all test fires followed eq. (2:5).
Furthermere, after this investigation was performed results from addi-
tional full scale tests have become available to the authors. In many
of these tests the rate of burning was not controlled by ventilation
but by the design of the fuel bed and consequently differred from the
values used in [3]: To investigate the influence of this discrepancy,
comparative calculations were performed for some ofthe new tests. The
results will he described in the next section and in connection with

that the rate of burning and rate of gas flow will be discussed in some

detail.

3. Comparative calculations for an analysis of some fire tests

0t o o ) S e e i 29 M I A I e Mt ey (T T S A TS AR ) TR 43 S A s e e ) S Sl KT I D S I A e e o R PR Y S M Bl S i S S

Comparative calculaticns have been performed for the following fire

test series, cf. table 1.

a) 10 out of a series of full scale tests performed at the Fire Re-
search Station, Boreham Wood, Herts, England. The tests have been
described and analysed in a series of publications [T, 8, 9],

b) 5 ocut of a series of full scale tests performed by Ehm and Arnault
in Metz, France [10].

c) 6 out of a series of model scale tests performed by Leif Nilsson

- 6 -



at Lund Institute of Technology, Sweden [l;], In these tests a cu-

bical compartment (side 1 m) was used.

TABLE 1
VT k ERE LEJAD o] e SR JuCUREL % “c,ev Yav
1 g+ -m < o r———— N
TEST 2 bounding | Beasured | 0.052AVH | 0.092AVH | YAV | used in kgl | Performed
t floor surface value | (b3:(5) used in |caleula-
NO. area N -1 & : caleula~ | tions {8):(4) at
ml/2 ares kg8 tions -1
MI-s
(3) (2} (33 (3] (h) (5} (6) £7) (8) (92
v {1/8) 0.03 60 250 0.53 0.35 1.51 1.0 5.4 10.2
1.0 - -
0 {1/k) 0.06 7.5 3 0.20 0.69 0.29 0.8 . 1.0
1.0 - -
G (1/h) 0.06 15 62 0.33 6.69 .49 0.8 L.k 13.5
M {1/4) 0.06 30 125 0.63 0.69 0.93 1.0 8.0 12.5
U (1/k} G.06 €0 250 0.77 0.69 1.13 1.0 9.3 2.0 =
(=)
a8 —~
1.0 2.7 13.5 24
P {1/2) 0.12 .5 31 0.20 1.38 0.14 a.8 2.3 16 £ 5
b {a/k) | 0.1 15 62 0.37 1.38 0.27 1.0 N - g 8
: ‘ i ¥ 0.8 .5 12.1 g &
1.0 8.0 12.7 & n
W {1/2) 0.12 30 125 0.63 1.38 0.46 0.8 5.5 10.3 £ 8
2=
R (1/2) 0.12 30 125 0.73 1.38 €.53 0.8 8.0 11.0 =
L{1/2) | o.12 6o 250 1.07 1.38 0.77 1-9 N -
‘ : i ’ ) 0.8 12.6 11.9
IIT 30/10% ©.015 30 90 0.170 0.095 1.79 1.0 1,5k 3.0 —_
o
0 = - B
I 15/25% 0.055 15 L 0.141 C.35 0.h0 0.9 1.68 11.9 =
0.8 1.57 11.2 Y
II 30/25%) 0.055 30 90 0.28 0.35 ¢.80 1.0 3.52 12.6 g g
g
v 60/25% 0.055 60 180 0.3k 0.35 0.97 1.0 518 | 12.3 s
38
1.0 - - =
v 30/h0% 0.091 20 90 0.29 0.57 ¢.51 o.8 3.73 12.8
b7 0.02 13 38 0.013 G.011 1.36 1.0 0.154 10.3 o
g T
L3 0,0k 12.8 37.5 0.026 0.022 1.18 1.0 0.28L 10.9 E -]
—
[+
1. - - [T
32 0.07 12.4 36.2 0.031 c.038 | o.8 o 0.378 o2 8
0.6 G.328 16.6 8 &
3]
- 13
37 0.07 12.5 36.5 0.020 0.038 0.53 é:g - - 5 g
0.6 0.251 12.5 g &
0.8 - - g
9 0.114 12.8 37.5 0.033 0.063 0.s5¢ 0 0405 12.3 g
0.8 - - =i
5 0.11h iz.1 35.5 0.020 0.063 0.32 0.6 0.1k 9.7

Theoretical calculations with the equation of heat balance (2:1) were

made accordning to the trial and error method described in the previous

section. As examples, the calculated time-temperature curves for three

of the above mentioned tests -~ one from each series - are shown as

full-line curves in figures la, 2a and 3a compared to the measured

temperstures (dotted curves). The corresponding time graphs of the rate

of heat release IC are shown as curve 1 in figures 1b, 2b, 3b. In these

T -
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Fig. 1

Gastemperature-time curve for

test U of the JFRO-series. The
opening factor AJﬁYAt = 0,06 ml/2
and the fire load q = 250 MI.m ™~
of bounding surface area, Mea-
sured (dash-line curve) and com-
puted (full-line curve) tempera-
tures. Fig. b gives the time varia-

tion of terms IC’ IL’ Iw and IR‘

Fig. 2

Gastemperature-time curves for test
IV, 30/40% in the Metz-series. The
opening factor AJE?At = 0,091 m;/2
and the fire load q = 90 MJ.m™°

of bounding surface area, Dash-
line curve = measured temperature.
Full-line curve = computed tempe-
ratures. Curve 1 1is computed with

Q

Q
the time variation of terms I

I IW and I

O.S'fZA{ﬁukg's—l, curve 2 with

'j“A{ﬁ kg-s_l. Fig. b gives

C’
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Fig. 3

Gastemperature-time curve for

test 9 of the Nilsson-series. The
k4 opening factor Afﬁ7At = 0,11h mlfg
and the fire load g = 37.5 I em ™
of bounding surface arez. Dash-
line curve = measured itemperature.

Full-line curve = computed tempe-~

o Od I'.;,Z 0‘.3 Ol 0,5 0 h

rature. Fig. b gives the time
1 MTe!
variation of terms Ics ZL’ Ew
and IR'
Y
+ + *
0.5 06 h

Fig, ¥

figures the proportions between the terms IL, IW and IR are illustrs-
ted. It is seen that the predominant term is IL, i.e. the heat lost by

gas flow through openings.

The results of all the comparative calculations have been summarized

in table 1. The meaning of the Separa&e columns of this table will be

explained in what follows.

Column 1: Test identification symbol; the symbols agree with sym-

Column 2: Opening factor AJE7At in ml/2, where A = total window

- s e P gt g

area, H = window height, At = bounding surface area of compartment.

Column 3: Fire load expressed in kg per m2 floor area as well as

s e e e o b

Column L4: Rete of weight loss Rgg.30 Mmeasured in tests. Index 80-30

means an average over that period of time during which the amount
of fuel decreases from 80% to 30% of initial amount.

Column 5: Rate of weight loss determined from Kawagoe's formula

I o e ey il .

R = 5.5 A{H kgemin™,



Colum§_§i The ratioc between the measured value R80-3O and the thec-
retical value 5.5 AJH. When this ratio is about unity the rate of
burning is said to be ventilation controiled.

Column T: Ratio between rate of gas flow @  assumed in calculations

and the value given by Eq. (2:3) q %jﬂeAMﬁ%
Column 8: Ic,av is the value of I, used in calculations, averaged
over the same period of time as the messured values of R80-3O in
column 4. Each value in this column corresponds to a state with
. the calculated time-temperature curve in agreement with the mea-
sured one. In some cases it was impossible to obtain agreement,
because the available amount of energy was not enough to rise the
Icmtime curve to the required level. Such cases have been marked
with a stroke in columns 8 and 9.
Column 9: wav is the rstioc between ICSav and R80~30 and thus con-
stitutes the effective heat corresponding to unit weight loss du-
ring the 80-30 period. The effective hest value so obtained dces
not include those parts of the released heat vhich are fed back

to wnburnt fuel or released in flames outside the compartment.

With the results of table 1 as a basis we will now proceed to discuss

the rate of gas flow and the rate of burning.

ek gy ot OV G2 s e et e T £ £ M

When describing the term IL in section 2 a brief outline was made of
the considerations in [5} concerning the rate of gas flow into and out
of a compartment in fire. From the discussion made by Thomas et al.

it follows that Eg. (2:3)

Qa—;ﬂ alH

will overestimate the rate of gas flow out of the compartment when the
factor AVH becomes large. It was estimated in [5] that the total air
inflow would be reduced to about 1/4 of the inflow given by the condi-
tion that there is no vertical acceleration. A similar reduction can
be mxpected for the outgoing flows in-the two cases. The compartment
considered was a cubical one with one side open. This is an extreme
case, and the estimate had to be based on some rather uncertain assump-
tions. The tendency, however, of the air inflow per unit window area
to grow smaller as the window asrea grows larger was in this investiga-
tion confirmed in two ways, firstly by the results of the comparstive
theoretical anslysis summarized in table 1, secondly by an approxims-

tion performed on the results by Nilsson [ll]e

- 10 -



To take the results in table 1 first it can be seen that in some cases
calculations were made for alternative values of the assumed gas out-
flow Qa‘ Those values listed in column 7 for the same test represent

upper and lower velues of the gas cutflow and they have been achieved
in the following way: For each full scale test the process of fire de-

velopment was numerically simulsted under these conditions as a first

approximation:

@,a=70m/§ |

MW = / I, dt

Under these stipulations, computations were mede with the released
effect IC distributed in different ways during the course of the fire
development until sgreemeni between the experimental and the theoretical
temperature~-time curve for the combustion pases was obtained. For se-
veral tests, however, it was not possible to obtain agreement between
calculated and measured tempersture-time curves as long as Qa/kaAVﬁp
was unity. The amount of energy given from the beginning was not large
enough, or, in other words, the rate of gas flow Qa had to be reduced.
In fig. 2a the influence of a change in the rate of gas flow is illu-
strated. The dotted line shows the tempersture-time curve measured in
test no. IV (30/80%) of the Metz series, and the influence of a chenge
of the rate of the gas flow is illustrated by the two continuous lines.
Curve no. 2 shows the temperatures obitained when the rate of gas flow
is assumed to be Qa = Agg_and curve no., l shows the temperéture-time

curve when Q& = OGSefJAUE; all other factors not being changed.

The method of distributing the rate of energy release Ta in the time
so that experimental and theoretical temperature-time curves coincide
is not an exact one. An exact coincidence for the complete process of
fire development is hard to obtasin. Therefore, for some tests where

Qa =)0 AVH and a certain effect distribution had given satisfactory
results 2 new computation could be done with Qa =c. 0 AYE) ¢ < 1. In
order te get the new temperature-time curve to agree 'with the experi-
mental curve a redistribution of the term IC was then necessary. A
moderate change of the maximum level of energy release during the flame
phase is balanced by small changes during the cooling down period so
that the condition M-¥W = Ic 4t is still fulfilled. Such a redistribu~
tion was only possible Tor certasin values of ¢. It is the lowest of
these values that are printed in column T on the second line for some
of the tests in table 1. Column T thus for some of the tests gives

upper and lower bounds for the total outflow of gases through the ope%

- 11 -



—
nings. For q, = AVH the time integral of the temperature-time curve
a5 & rule is somewhat less than the same integral for the experimental

curve, for‘Q& = }ﬁ A\E{—, ¢ <1, somevhat greater.

Different distributions of the term IC give different effective heat
values of the fuel, cf. column 9. If in tsble 1 wav is the same for
two different tests, take for example tests O and U in the Fire Re~
search Station series, the rate of gas flow given in column T can be
compared directly for these tests. In the case of tests 0 and U the
rate of gas flow seems to be less in test O than in test U, provided

thet the real heat value is sbout the same in both cases.

The variation of the rate of gss flow can slec be estimated from mea-
surements of temperature and rate of burning in the following manner:

Approximately, the terms of the equsition of the heat balance can be

written
IC = kl « R
IszeeQe%
IW:kBeﬁ\

e e
TN

where xl te k) are assumed to be constants. Substituting these expres-

sions in Eg. (2:1), we find the relation
k. ¥k
Q“kl sR (3 1%) R
= eepe = G ~ ¢
keﬁé k,, qu?g 2

saying that Q is approximstely proportional to the ratio R/ééu The
approximations are considerable, especially for the terms IW and IR’

but since IL and EC are the predominant terms the above relation makes
some sense. Thus if we plot the ratio R80-30/§%0-30’ cbtained from the
model test series made by Hilsson [11]5 against AJE?At ve get the values
shown by crosses in Fig. 4. Each point in the diagram is the mean of 10
tests with varying porosity factors for the fuel. IfT Q = f?AJE the curve
will be =z straight line. It is seen that for the higher values of

AVH/A, , A{H/A, = 0.07 and 0,11k ml;’?? Qf;ﬂgdﬁ <1, This is consistent

with the results obtained in table 1.

From these results can furthermore the folleowing summing up regsrding
the rate of ges flow out of the compsriment be maede:
1. The reduction of the rate of gas flow Q compared to the formuls
q =]9 A{H seems to occur at high values of AE/A_, AVH/A, > 0.06 mt

- 12 -
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Fig. 4

2. Even for large window openings the reduction seems to be not more

than a factor 0.7 - 0.8.

3. The reduction seems to set in at about the same values of
Afﬁ?At for all the three test series in spite of the fact that

different scales and shapes are represented.

4. The reduction does not occur in cases where the burning is ven-

tilation controlled, i.e. when the amount of fuel is large.

5. The ratios between RGO-BO angd R = 5.5 AJﬁ'is alweys less than
the Qa/%7Afﬁ;ratios in the fuel bed controlled regime. Cf, columns
6 and 7 in table 1. This means that the reduction in Q has no in-

fluence on the rate of dburning in this regime.

Rate of burning

Pt e T e . oy AR s D 2 € i €

Kawagoe [h] assumed that the rate of burning was limited by the
available air supply, i.e. that the maximum rate of burning R was
proportional to AVH (cf. Eq. 2:3), which yields the well-known for-
mula l

R = 5.5 AlH kg-min_l (2:5).

- 13 -



Many fire tests in model scaele as well as full scale have shown re-
sults in sgreement with this formuls. However studies, mainly at the
Fire Research Station, have shown that this formule for R cannot be
generslly applied withoui reservations [Sje Teble 1 shows, that in
some cases the rate of burning is divergent from the value given by
Eq. (2:5). These cases mostly apply to two different kinds of fire
compartment, the first kind having comparatively large windows and
small amounts of fuel. The second kind is characterized by the opening

area being smaller than the average value.

We study the compertment with the large openings first. It has been
established that when for a given compartment and fuel load the ven-
tilation area becomes larger the rate of weight loss reaches an upper
limit snd Goes not incresse 1f the opening is made still larger. While
for smeller openings the rate of burning &s s rule is not very much
affected by factors like the amount of fusl, the thickness and the po-
rosity of the fuel, i.e. by the fuel bed design, these factors become
highly importent when the opening ares has passed this transition point.
The two different regimes have been termed "'ventilstion controlled" and
"fuel bed controlled”. In the latter each perticular design of the fuel
-bed has an upper limit of the rate of burning., irrespective of the ven-
tilation area. This upper limit is not necessarily identical with the
rate of weight loss of the same fuel bed burning in the open because

of the termal input to the fuel from the surrounding comstructions.

If wood cribs are used as fuel the main parameters determining the rate
of burning when the openings sre large are the amount of fuel, the thicke
ness of the sticks in the crib, the spacing between the sticks and the
distribution of fuel in the compariment. Fig. 5 shows the result of
some 20 full scale tests at the Fire Research Station. The tests were
s0 designed that most of them were controlled by the fuel bed. For all
fire loads, except the highest, ar increase in the ventilation area
did not give 2 corresponding increase in the rate of burning. The de-
cisive factor was the amount of fuel, the rate of burning almost
linearly increasing with the fire lcad. The thickness of the sticks
(k.5 x 4.5 em) and the spacing of the cribs vere the same throughoui
the tests. The distribution of the fuel in the compartment was varied

but was not found %o have any significant influence.,
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Similar tests have been performed in Metz [}d} by Ehm and Arnault gi-
ving on the whole the same dependence on the rate of burning of the
amount of fire load. Another thickness of the sticks (7.5 x k.5 cm) and

snother crib design were used,

Hilsson [}i} has recently published the results of a fire {est series
in model scale. The mein parameters studied were the air flow factor
end the porosity of the fuel. Fig. 6 shows the rate of burning plotted
against the porosify factor ¢ as defined by Gross [;él for variocus
values of the opening factor A{ﬁ?Atn The fire load is held constant

2 kg»m“2 of bounding surface area and the sticks have a thickness of
2.5 em. As seen from the figure the porosity hardly affects the rate
of burning st the lower values of Agﬁk For the largest values of AE

however the rate of burning strongly varies with ¢,
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sisting of 2.5 cm wooden sticks piled in & crib. Fire loads = 37 MJnmf"2

of bounding surface area for each test,

In a simplified menner the behaviour in the fuel bed controlled regine
can be explained by the fact that the exposed surface area of the fusl
determines the production of combustible volatiles (pyrolysis) and
hence the rate of burning. The surface area increases with increasing
fire load or decreasing stick thickness for the same fuel losd. A

change in the porcsity of the fuel causes a change in the flow pattern
of volatiles and air inside the c¢rib and in this way influences the rate
of burning. But it seems that the more decisive factor is the amount of

fuel.

The value of R = 5.5 AVH follows from the copdition that the combustion
or weight loss of 1 kg of wood always reguires the same amount of in-
flowing air, irrespective of the amount, porosity and p&rficle shape

of the fuel. There is, however, experimentsl evidence that does not
support the sssumption that the rate of weight loss is limited by the
available alr supply. Thus Law [5] has shown that 1f & piece of wood

is exposed to radiastion in an inert atmosphere such as nitrogen, it
will decompose at almost the same rate as in the open sir. Conseguently,

the radiation-exposed fuel in a fire compariment ought to approximately

- 16 -



decompose in proportion to the incressing surfesce ares. The fact that
this is not sc and thst the burning rate in = majority of cases stays
at the level R'= 5.5 Afﬁ'kgeminml ig then explasined in this way [5]:
The larger fuel surface area implies a larger production of volatiles
and hence s larger loss of weight. The air supply is independent of
the rate of burning and supposed t0 be rather small. Therefore the
oxygen required for the combustion is not present inside the compart-
ment. The result will be incomplete combustion inside the compartment
(formation of hydrocarbons) or burning outside the compartment., This
means that the hest preduced will not correspond to the production of
volatiles. The excesz of volatiles will reduce the air inflow and extract
heat from the combustion. A flegative feedbeck to the fuel is thus pro-
duced and the production of volatiles decresses, A point of equilibrium
for the burning rate R is reached. R = K A{ﬁs We can conclude that the
constant of proportionality kX must have some correlation to the ratio
(amount of fuel)/(amount of inflowing air). But experiments in diffe-
rent countries and in different scales have shown that for ventilation
controlled fires k will be in the range 5 - 6 Ffor the values of M/AVH

of most general occurence [}5}

For fire compartments with rather smell ventilation area and a compars-
tively high fire load, i.e. for larger values of M/AVE, it is clear
from teble 1 that k can attain the double value. This higher rate of
burning in kgeminml will partly when it comes to the temperature be
eliminated by the fact that the negative feedback reduces the effective
calorific value of the fuel. See for exemple test nr III 30/10% in the

Metz series in table 1.

We will now proceed to discuss, whai the results from the tests in table
1 and some other tests analysed in [3] can tell us about the rate of

burning in the fuel bed controlled domain.

The rate of burning or the energy release will be stated in kgnmin_l‘

It would have been more appropriate to state the energy release in
;,'iceu.}.e»sr,"l but this would have made comparisons with measured values more
difficult as it is clear that the ratio energy release/kg wood is not a
constant.

We are here concerned with the guestions: Given characteristic data

for the fuel and the fire compartment, csn it be determined in advan-

ce if the fire process is ventilation comtrolled or not? And if fuel

bed controlled, what will the rate of burning be? Fig. 7 gives the rate

- 17 -



of heat release, expressed as R/A{H, as functions of the opening fac-

tor A{ﬁ?Ata Only full scale tests are considered. The R used is Rap_30
cbtained by measurement. We could also have used IC, 80-30 in the table 1.
column T, divided by the effective heat value. This is done for the EXDETIL~
ments performed by 5&een_[l3]§ sinee in these tests there was no weighing
of the fuel. For further detsils, see [319 The tests performed at Studsvik
and some of the test in Japan are analyzed in [3]o The tests at Metsz

with concentrated fuel loads and most of the tests from Japan are in-
cluded without any comparative theoretical analysis done. The measure

of R80—30 from a curve that told how the fire load in kg varies with

the time sometimes gave a rather uncertain value, especially for the

tests frem Japsn.
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Fig T

There is a wide scatter in Fig. T, especially for lower values of
A{Q}At, This scatter is mostly caused by tests marked by 0. In these
tests the ventilation was forced by use of fans. This mesns that the
negativé feed-back mechanism sssociated with ventilation control was
partly suppressed. Excluding Udeen's experiments, there is a tendency
in £1g. 7 that R/AVH is generally decressing with increasing values

of A{ﬁyAﬁe For Afﬁfﬁt = 0,03 = 0,07 ml/2 the values of R/AVE is near

the theoretical value 5 - 6,
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Fig. 8 Relation betveen Rao__BO/A\W and M/AVH for full-scale fire
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If we follow Hesel&m1[8} and try to correlste R/Afﬁ-with the totel
fuel load/ventilation factor we get Fig. 8. If the rate of burning in
the fuel bed conirolled ares was directly preportional to M up to the
point where the ventilation control sets im, we would get the inclined
line suggested in the plot. The scatter in Fig. 8 is considerable,

especially in the ventilation controlled regime.

The tests accounted for in Fig. 8 make no asdequate basis for a deter-
mination of R. In [iﬁ] and [16] compilations have been made of the
results regarding R obtained in a great many fire tests in several
laboratories, Fig, 9 is taken from [16], where it is moreover stated
that Eg. (2:5) is "for the present the only useful relation for the
estimation of fire temperature . vs. time curve in buildings". In [li
it is concluded on the basis of tests carried out in Denmark, Japan,
USA and USSR that the value of the konstant k in the relation

R =k AVH is about 5.5 to 6 kgsminml»mwslee Prerequisite conditions are
that there is sufficient fuel for the fire to be ventilation controlled
and that the ventilation area A is approximstely one-quarter of the
srea of one side of the compartment, or less. The burning rate in the
ventilation controlled regime is on this basis taken to be constant

and equsl to 5.5 AVH in fig. 8.

If we try to reduce the scatter ip fig, &, some veriable describing
the design of the fuel bed must be introduced. The most simple one is
r or the Hydraulic radius of the fuel. In [13] r was used for this
purpose, and to be able to include these experiments in our analysis,
we do the same. r expresses the ratic of the total volume of the fuel
to its total bounding surface sres. If the width and the thickness of

a rectangular piece of wood are denoted by w and t we get

t {square cross section)} gives
r=t/b and if v > > t we get r = /2. In Fig. 10 R/AJH is plotted
against M/(r AlH). Only tests for which r is stated could be plotted.

W

As seen, the points in the plot are distributed sround a line from the
origin of coordinates up to R/AVH = 5.5. The slope of this line in =

way denotes the aversge raie of burning of all the tests in the fuel

bed controlled regime and is thus a parameter of interest. Let v, de-
note the rate of burning or the progress of the charred layer expressed
in m»minul. Then v, for each test iz given by the slope of the straight
line connecting the tests in the R/AVHE - M/(r-AVH) plot. For if the weight
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The values of the ratios M/AVH and M/(r-AVH) that marks the transition
from fuel bed control to ventilation control will as averages be M/AVH =
= 175 kg mﬁ5/2 and M/(r.AVH) = 17 000 kgom"?/e, In theory a reasonable
estimate of the rate of burning can now be made if M, AVH and r are
known snd the fire process is fuel bed controlled, i.e, M/{r AVH) <
<17 000 m"?/go Then R = Mev, av/r kg-min”l and the temperature-time
curve can be ccmputed from thé energy balance equaticn with the reduc-
tlon of the rate of gas flow derived earlier taken into account, But

it must be emphasized that the value Ve v given in this way is to be

3
seen as & rough effective average value. The rate of burning depends

besides M, r and A\H on other factors. Most important of them is pro—-
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bably the effective ventilation aves inside the fuel bed {the porosity
¢, see Fig. 6) -and the moisture content of the fuel. The materials in
walls, ceiling and floor surrounding the fire compartment also have an
influence, different materials providing different amounts of thermal
feedback to the fuel bed. Moreover, the ratio width/depth of the com~

partment must have an influence on the burning rate.

When a particular fire losd display produces & fuel bed controlled fire,
this is always a favourable effect. In most practicel cases an accu-
rate value of r is hard to come by. This memns that M/Aﬂﬁ_must be used
as a measure in what way the fire will be controlled. It must be stres-—
sed that the use of the favourable effect of M/AVE < iTE kgcmwsfg as a
prerequisite condition has the fact, that the fuel consists of wood
sticks piled in cribds. In one of the JFRO-tests [T| with M/AVH =

= 58 kg»m"S/g the fire load was altered from wood cribs to equivalent
amounts of fibre insulating board lining the walls and the ceiling. By
this the fire expesed surface was doubled. The meximum rate of burning
was increased by & factor = 3. The change of type of fuel thus had the

effect that the process of fire became controlled by the ventilation.

More examples that the ratio M/AVH cannot alone determine if the fire
process will be ventilation contrelled or not, is offered by Sjdlin
[l%], In [3] some of his tests are theoretically analysed. Sjélin's
experiments asre of s special value as the fire load consists of authen-
tic furniture. 6 of these teste had an effective M/A¢ﬁ;value = 58, T4,
135, 115, 91 ang 83 KgsmMS/zc In b of these & door burnt through a few
minutes after flash over snd the AVH value used includes this deor.
For all of them good sgreement between theoretical and experimental
time-temperature curves was obteined with the maximum value of

R=5.5 A{E} i.e. the fire process was for all the tests controlled
by ventilation. An assumption that these fires behaved as if the fuel
had been sticks piled in cribs would have led to erroneous results on

the unsafe side.

In the ventilation controlled regime Fig. 7 indicates that the con-

. . e . .
stant k in the eguation R = R»Afﬁ-kgemzn ag explalned earlier ex-

ceeds the value 5-06 for the opening factor A{ﬁyg%,gg 0,035 mglap There
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is a tendency in Fig. 7 indicating that the divergence of k from 5.5
grows larger as AJEYAt grows smeller, In practical cases, such as com-

partments, schools and office buildings Afﬁ]ﬁt rather seldom is lower

than 0.03 mt/2

leads to fires with a lover heat value of the fuel. Together with the
fact that & more accurate value of R for the general case cannot be
predicted, this makes R = 5.5 AJﬁ'kgemin-l the most relisble estimate

in the area A{ﬁYAt < 0,0k m;/E and M/AVH > 175 kg-mﬁSIE.

» Furthermore, burning under insufficient air access
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k., Conclusions
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1. The numerical simulation &f the process of fire development has
proved a valuable tool when investigating the influence of diffe-
rent parameters of this process. The solution of the energy or
heat balance equation reguires certain assumptions regarding the
rate of energy release, Ic, during the fire. Independent of how

IC varies with the time, the condition

WM f/,cht

must always be fullfilled.

2. For fires where the fire load consists of wood sticks piled in
cribs the comparative theoretical analysis has given results that
can be formulated in this way: As a rough estimate; the process

of fire development ceases to be ventilation controlled when

M/AVE £ 175 kgom"s‘/z or

/(raVE) £ 17000 kgem™ 112

3. In this area, the fuel bed controlled regime, the mean rate of
burning R80-30 for all the full scale tests is approximately pro-
portional to M and M/r. The rate of burning for the individual

test, however, can considerably diverge from the mean value.

4. Swedish tests with the fire load consisting of furniture and with

/A < 175 kgem™>! 2

tilation controlled process of fire development.

have in a number of cases resulted in a ven-

S The amount of fuel is seen to be of importance to the rate of
burning in the ventilation controlled regime, too. This is espe~
cially true for very small openings. But the influence is weaker,
the rate of burning not linearly increasing with M as in the fuel

bed controlled regime.

6, The rate of gas flow out of openings is proportional to AVE as
deduced by Kawagoe. For compartments with large openings and a
rather small fire load, there is a reduction of this proporticnality,

but only to a factor 0.7 - 0.8 for openings up to AJEYAt = 0,12 m%ze.
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For ventilation controllied fires the most representative value
of the burning rate is R = 5.5 AlH kgeminél, This formuls is con-~
firmed in [;5] and [i6], where fire tests performed by research
bodies in several countries were compared with regard to the rate
of burning. Provided that there is sufficient fuel for the fire
to be controlled by the air inflow and thet the value of the ope-

1/2

ning factor A{ﬁYAt is higher than about 0.02 m™' ", the most reli-

sble estimate for R is the value given above.

When for a given fire compartment the amount of initial fuel is
reduced below a certain limit, the design of the fuel bed will

be decisive for R. The value of this transition point, however,
varies with the fire load display. Even if the type of the fire
load is resiricted to cribs of wooden sticks, the boundary bet~
ween the two regimes is fluctuating. If fire loads with a more
suthentic exposure geometry, such as furniture, are included

the difficulty in predicting the actusl rate of burning will in~-
cresse. The tests performed by Sj6lin with furniture as fire load
underscore this difficulty, giving ventilstion controlled fire

processes for merkedly low M/AVH-values.

When a process of fire development haes a lower rate of burning
than that given by the air inflow, the result will be a fire of
less severity with regard to the fire resistance of structural
elements. Sometimes this favoursgble effect will be neutralized
by a reduction of the theoretical rate of gas flow and it is far
from clear under which initial conditions regarding the fire com-
partment and the fire load & fuel bed controlled process will take
place. Algeneral use of the favourable effect of such a process
in & theoretical structural fire engineering design will require
further studies of how the geometrical and thermal properties of
the combustible materiasl and of the fire compartment affect the
process of fire. Therefore, the conclusion must be this: Given
characteristic data for the fire compartment and the fire load,
the only possible estimate of the temperature-time curve of the
combustion gases - with regard to the requirement of giving re-
sults not on the unsafe side - is obtained using the assumptions
that the process of fire development is ventilation controlled

and that the rate of burning is 5.5 Afﬁ_kgsmimmlu
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