Ra\OH @oqws
29867

IH III\ lI |IIIII|III| Ll

Ki2 1

HMODELING OF ENCLOSURE FIRES*

Gunnar Heskestad
Factory Mutuﬁl Research Corporation

Norwood, Massachusetts

To be Presented
at the
l4th International Symposium on Combuétion
August 1972
Pennsylvania State University

University Park, Pennsylvania

*Supported by the Dcpacterent of lealth, Education arnd Weoilare
PLiS Graat No. 5SEC00355-02

REPRODUCED BY

U.S. BEPARTMENT OF COMMERCE .
NATIONAL TECHNICAL INFORMATION SERVICE
SPRINGFIELD, VA. 22181






-101
REPORT DOCUMENTATION | - REPORT Ho.
PAGE

b

2. ‘ . agR@planli Acéenéu?éf{ng Z/AS

4. Thie and Subile Modeling of Enclosure Fires

5. Roport Date

72/08/00

7. authorte} Heskestad, G.

8. Portorming Organization Rept. Ne.

Norwood, Massachusetts

9. Performing Organlzation Name and Address Factory Mutual Research Corporation, |10. ProjectTask/Work Unit No.

11. Contracet (C) or Grant(G) No.
(C}
(B} ROI-~OH-00405

12. 8ponsoring Organization Name and Address

13. Type of Roport & Perlod Covered

14.

15. Supplementary Notes

geometrlcally similar; unconfined burning
be in the ratio of the linear scale ratio

conform.

16. Abstract (Limh: 200 words} A proposal was made for an approximate modeling technique for enclosure.
fires based on the hypothesis that the combustion of a fuel pile in an enclosure depended on:
associated differences in the fluid mechanical properties and the chemical composition of the:
gas supply to the fire. Earlier work concerning unconfined fires of wood cribs was reviewed.:
Under the assumption of large Grashof numbers for the convective flow, application of the:
modeling hypothesis resulted in the following sufficiency conditions for predicting fire;
properties on one enclosure scale from experiments on ancther scale: the enclosures must be:

rates of the fuel piles in the two enclosures must;
to the 5/2 power; porosities of the fuel piles must.

17. Document Analysls &, Descriptors

b. Identiflers/Open-Ended Terms NIOSH-Publi cgiion

Safety-research

c. COSAT! Fleld/Group

NIOSH-Grant, Grant-Number-R01-0H-00405,

End-Pate-04-30-1572, Grants-Qther, Combustion-products,  Fire-hazards, Fire-safety,

18. Avallablllty Statement 18. Becurity Class (This Report) EI. No. of Pages
22. Security Class {This Pags) 22, Price

{Ses ANSI-Z30.16)

See Insiruclions on Reverae OPTIONAL FORM 272({4-77)

be conserved from one scale to the other; and the thermal properties of the walls must be:
modeled for proper thermal response. The third and fourth conditions were not satisfied by
experiments available for testing the modeling technique. However, data on burning rates,
selected gas species and overall fire behavior conformed well with the modeling hypothesis.;
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SINCIARY

An approximate wmodeling techniqug for enclosure fires is proposed and
partially tested. The technique is based on the hypothesis that the com-
bustion of a fuel pile in an enclbsure, relgtive to the combustion of tﬁe
same plle in open space (unconfined), depends on associated differences in
the fluid-mechanical properties and the chemical composition of the gas
suppiy to the fire,

Preyious wofk on unconfined fires of wecod cribs is revie@ed and con-
éolidated in a formvwhich relétes the burning rate per unit éxposed surface
area to stick thickness and a function of a porosity factor. This/factor
differs in a small but significanﬁ way from a pprosity factor proposed
previously by Gross (107 Application of the modeling hypothesis, under the
assumption of large Grashof numbers for the convective flow, then leads to
the following sufficiency conditions for predicting fire properties on one en-—
closure scale from experiments on another scale: 1) the enclosures must be.
geometrically similar; 2) unconfined burning rates of the fuel piles in the.
two enclosures must be in the ratioléf the linear—scalé ratio to the
5/2 - power; 3) porosities of the fuel piles (defined under equétion (10))
must be conserved from one scale to the other; and 4) the thermal properties
of the walls must be modeled for proper tﬁermal response (equations (17)}).

Experiments available for testing thé modeling ;echnique did not satisfy
the third and fourth conditions. Nevertheless, data.on burning rates, selected
gas specie$ (oxyggn, carbon monoxide, carbon dioxide), and Qverall fire
behavior conformed well with the modeling hypothesis. Temperatures did not
conform, evidently because wall properties had not been modeled. No dis-
cern;bic effects of fuel porosity were observed, but the scope of the experi-

ments was too limited to allow a firm conclusion on porosity effects.
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INTRODUCTION

It may eventually be possible to accufately model, on a small scale,
a complete filre history for an arbitra;y set of governing variables. How~
ever, major advances in fundamental fire research are needed before this
possibility can be realized, _While precise modeling techniques are not cur-
rently available, approximate methods do appear feaslible and may satisfy
many modeling needs, This paper describes recent advances in the development ]
and testing of an approﬁimﬁte modeling method. |

Factory Mutual Research Corpofation has conducted a large number of

enclosure flres to study the evolution of toxic'prcducts_iﬁ ventilation~con-
trolled fires. Two enclosure sizes were used, one being twice the linear
slze of the other. Various fuels ware investigated, including wood cribs,
Ialcohol, paraffin o1l, and plastics, Experimental data and general obser-~
vgtions from the wood crib fires have already been reported and discussed
by Tewarson(I). The wood c¢rib data will be analyzed in th;s paper for con-
sistency with tﬁe'propésed modeling method. The experimental program was not
designed to prove or disprove ideas expressed here; consequently, only part
of the data available is applicable to the current purpose. |

Kawagoe(z) made onse of.thé first important discoveries related to fire
modeling. 'He found thaﬁ the burning of piles of wood pieces in inert, ven-
tilated enclosures wés approximately proportienal to the theoretical flow
rate of cold air through the vent. Except for light fire loads, the burning
rate was found largely independent of the fire load. Th; theoretical air
flow rate derived by Kawagoe is closely proportionzal to the ventilarion

/2

parameter Ah , where A is the vent area and h is the vent height. The

enclosure temperature has an effect, but only a mincr one.
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(4)

Subsequent Qork by fhomas(3) and S5imms et al. seemed to confirm
Kawagoe's findings on proporticnality between burning rate and ventilation
parameter, but cautloned that an effect of the fuel surface area may exist.
Later, Gross and Robertson(3) found marked deviations from proportionality
both at 1afge and small vehtilation parameters; beyond a limiting ventilation
parameter, the burning rate remaineg nearly constant and was governed b§ the
fuel bed, rather than the vent. Thomas and Heselden(®) have since discussed
in detail thé upper bound oﬁ the venfilation parameter.

Gross and Robeftsoﬁ(s) attempted to correlate their data omn burning
rate, temperature, and fire gas cémposition from differently sized enclosures
in terms of the ventilation parameter in ratio to the square of a linear-
scale ratio, but the outcome was- inconclusive. Heseldeﬁ(7), who 1later
found effects of the fire load contrary to éérlier indicatidns, sought to
account for this effect by cqrrelating burniﬁg rate per unit firé load with
the ventilation parametef per unit fire load. Rasbésh and Stark(8) measured
fire gas compositions in variously sized enclosures and alse found effecis
of the fire load; these investigators tried as well to correlate their data
in terms of the ventilation parameter per unit fire load. Robertson and
Gross(g), in a comprehensive review of related investigations, have pointed
“out th;t the geometry and:arrangement‘of the fuel may exert a strong influ-
ence on fire hehavior. |

SucceSS in accounting for effects of scale and fuel particulars would,
together with Kawagoe's original findings(z), imply that the basic ingredients
of a modeiing procedure were at hand. However, the attempts made have been

‘sporadic, of only modest success, and of insufficient generality., A rational

matiiod of approximate nmodeling still remains unavailable.
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EXPERIMENTS

Only a brief description of the apparatus and experimental method used
in the present study is given here; further details are found elsewhere(l)-
Two enclosures differing in linear size by a factor of two, and geo-
metrically similar in o&eréll propoétions, were employed. Figure 1 indicates
the geometric propertions. Width:léhgth:height were in the ratios 1:2:1.
The smaller enclosure was 48 cm high and the larger enclosure was 98 cm high
(inte?ior dimensions). Each enclosﬁre consisted»of a éheet steel box of
0.19 cm wall thickneés with an interior lining of insulating asbestos mill-
board. The thickness of the lining was 1.27 cm in the smaller enclosure and
0.95 em in the larger enclosure. Eéch enclosure was vented symmetrically

through horizontal vents running the full width of the enclosure at both ends.

The fuel consisted of geometrically similar cribs of Northern White Pine.

The number of (équare) sticks per layer in the crib was 7, the number of layers
was 9, and the length-to-width ratio of the sticks. was 13. Stick size was
véried to produce cribs with nominal weights of 0.4 kg, 0.7 kg, 1.1 kg,
2.7 kg, 4.7 kg, 9.8 kg, and 14.3 kg. Prior to each experiment, the crib was
conditioned overnight at about 100°C. Ignition was by acetone-scaked cotton
balls uniformly distributed’ among crévices in the bottom layer cf the crib
which were touched off by‘a match. The cribs were placed in a cradle suspended
from an overhead load cell which reccrded the weight-loss history.

Many sampling locaﬁions for temperature and fire gas composition were '
distributed throughout the enclosure. Results ta be used here were obtained
at the sampling ﬁoint under the ceiiing indicated in Fig. 1. - Continuocus
records of ;empefature and concentrations of selected gas components (carbon

monoxide, carbon dioxide, and oxygen) were obtained in each fire. Instan~
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taneous sampling for other products was also made, but the results are not

suitable for inclusion here. Temperatures were measured with bare chrouel-
alumel thermocouples. The sampling flow was through stainless steel tubing
to an infr;red analyzer {(CO and COZ) and a paramagnetic analyzer (02) via
traps, fllters énd dryers.

The varicus burning modes observed may be described in conjunction with
a series of burns of 2.7 kg cribs for different degrees of ventilation in
the smaller enclosure. .For a relative window height h/H = 0.32, wvhere h is
the vent height and H is the enclosure height, the burning rate in;reased ﬁo
a maximum and then decayed with time in a fashiop similar to unconfiﬁed'burning,
a decrease in c¢rib weight to,SS percent of original weight'being attained in
about 4 minutes. A reduction in vent height to h/H = 0.20 had no apparent,
qualitative effect on the burn, but the 55 percent weight was now reached in
about 3 minutes from ignition. TFor the smaller vent height of h/H = 0.10,
however, the character of-the fire chénged. Subsequent to an crderly rise to
maximum burning rate, tﬁe flames moved to one of the vents; then returnea
to the ecrib, and this was followad by several similar cyclés. The 535 percent
weight was reached‘in about 13 minutes. For a still smaller vent heighﬁ,
h/ll = 0.06, the burning rate remained practically constant after the initial
rise, ;cqompénied by flames floating above the floor between the crib and omne

&

of the vents which gave way to smoldering combustion after 27 minutes from
ignition, The 55 percent weight was not reached until about 46 minutes from
ignition, |

For the purpose of this paper, the burning rate is represenﬁed by thea

time average between 80 percent and 55 percent of original crib weight. In

most cases, this interval bracketed the maximum burning rate wherever a
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clear maximum was indicated. 4ssoclated concentrations of, CO, CO, and 02

have been averaged over the same time intervals.

MOPELING HYPOTHESIS

Initial Approach

The view is first takén that the combustion of a.given fuel configura-
tion in an'enclbsuré relative to thét in open space (unconfined) depeﬁds pri-
mariiy on assocliated differences in 1) the fluid-mechanical properties and
2) the chemical composition of the gas,supplying the fire.For the burning
- rate, this deﬁendence can be expressed fuﬁctionaliy as:

R/Rr = f (G, h, /R) | .o (L)
where R is the (mass) burning rate in the enclosure, R_ is the uncqnfined
burning rate, G is the relative geometry of the enclosure, and h, is the
mass flow rate of air into the enclosure. It is here assumed that the Grashof
Number of the natural convection is so high that variations in its magnitude
are of no éonsequence (turbulent flow).

The relative geometry of the enclosufe, G, refers to ratios such as
length;height, width:height, and vent-ﬁeight:height. ﬁut’it also includes
the relative dispostion of the fuel within the enclosure aqd the relative
gross dimensions of the fuel pile.

The burning rate, R, appears on both sides of ed. (1). However, it is
readily shown that a move suitable form can be written:

R/IR_=f (G, m /R) (2)
Similarly, 'the functional forms for gas temverature and composition are

derived:

Temberature .
= f(C, m,/Ry, x/H 3
7 Concentration of gas specie} (G, malRe, x/) (3)
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where x/H is the nondimensional vectorlal location of the obseryation point,
H béing a suitable reference length such as the enclosure height.

The functional forms, eqs.l(Zi and (3), may seem quite reasonable, but
being based on phenomepological reésoning, an'examinétion fog consistency
with prior knowledge in related areas 1is in order. In fact, it will become.
evident that the forms‘may be incomplete,

Burning Characterlstics
of Wood Piles

Considér the uncoﬁfinedicombustion of wood cribs. For sufficiently large
stick spacing, the burning rate per unit surface area, ﬁ",‘is independent of
stick spacing and the crib is said to be well ventilated. -For sufficiently
sma%l stick spacing, f'' becomes dependent on the stick spacing and the crib
is said to be underventilared.

Experinentally it has been found that for-well—ventilated cribs:

B e b0 A )
‘where b is the stick thickness and n is an exponént variously qqoted as
0.610) ang 0,51 |
(10)

Gross measured the burning rates, Rr’ of a large number of wood
cribs and concluded, in effect, that for underventilated cribs:

R ' il ‘
— X = f (_8C ) : (5)

-n -
Agb Agb™™

where A; is the exposed surface area of the crib aund m, . is the mass flow

ac
rate of air through the vertical shalts of thé crib.‘ Hence, the burning rate
relative t& that for a well-ventilated crib (obtained by increasing-stick
spacing) appeared to be a unique function of the mass flow of air relative

to the well~ventilated burning rate. Cross demonstrated a fair correlation

by assuming that n = 0.6 (based on theoretical arguments) and that the mean
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air velocity is proportional to the square root of the crib height, hc, s0
that macla hcl/z A, where A, 1s the area of the vertical shafts in the crib.
Block(ll) has since ca;efull} restﬁdied{the crib problem, both theoretié—
ally and experimentally. By qonsidg;ations of the detailed mass, momen#um,
and énergy transfers in the floﬁ thfough the crib shafts; he was able to
predict burning rates iﬁ terms of basic geometries ;nd physical proﬁerties

of the fuel. Correlation of his extensive burning rate data for cribs ap-

pears considerably better in variables that he derived than in Gross'

. .. {10 : . .
: variables ). A major reason appears to be an experimental finding which

directly implies in the context of equation (5) that the mass flow of air

1/2

through the crib shafits is proportional to AVS ywhere s is the stick spacing, rather

than Avhgias used by Gross.Block's correlation is quite gereral but awkward té interpret
in the current context. Aﬁ attempt has, therefore, been made to use Block's experime&tal
finding implying %ﬂfAvg/%n the simple form of eq. 5. Using n = 0.5, suggested |
by Block to give a better fit with experimental data, equation (5) becomes:

R L (Avglizy1zy 6

S S

Figure 2 is the best fit (by eye) through Block's data on burning rate
when plotted in the variables of eq. (6). The curve represents all data
points to within %20 percent, as accurately as does Block's own correlation.
Thus, Gross' original hypothesis in the form of'eq. (5) seems to stand up as’
well as any other correlation suggested, provided the mass flow of air through
the crib is taken in accordance with Block's findings. However, if actual

. o ) iy (11)
theorqtlcal predictions for burning rates are neaded, Block's work re-

mains the only source.



Ccnsequences for Modeling Hypothesis

Suppose the wood cribs of the preceding sectidn were burned in an en- ]
closure. Obviously, the functional form of eq. (6) would now have to in-
clude dependence on variables ﬁhich characterize the change in the crib en-
vironment, i.e., the chemical composition and flow pfoperties of the ambient_
gas, Therefore, one would expect the appropr;ate form to be:

R —p (A 2412 g s m) (7)
Agb 172 -

s

This form is identicélly equal to:

R} R A 1/2 172 m. R '
o —-£iTz =fl Vs b ,G, a r . (8)
RT.‘ ASb AS R'l' R

-1/2

The group R /(Asb Jis itself relatable to a variable on the right-hand

side according to eq. (6); so eq. (8) can in principle be solved for R/R, :

R/Rr.= f fi 51/2 bl/2

, G, f,/ (9
Ag - Malf S

Equation (9) differs from the original form, eq. (2), by the appearance

1/2bl/2

of the additional variable (A, /Ag)s , which essentially represents the

porosity of the fuel pile. If the pile is lcosely packed, the porosity factor
probably has no effect, as suggested by Fig. 2.
For geometrically similar enclosures and sihilar temperature and gas con-

ceutration distributions, the mass flow of air through the vents is proportional.

5/2 ' . 1/2
te H {or equally well in more familiar terms, to Ah / ). The final form for

the burning rate can, therefore, be written:



. o
R/R. = £ (P, G, #3/2/R) | (10)

where
P = (AvaS) sllzblfz, porosity factor

Similarly, the assoclated forms for temperature and gazs composition become:

Temperature ‘ }= £(P.G H5/2 R y 11
% Concentration of gas specie ®,6, / r"ij ) 11

Equations (10) and (11) constitute the final modeling relations.
Equation (11) states. that in order to reproduce temperatures and gas compo-
sitions in enclosures of different linear scales H, the enclosures must te
geometrically similar (constant G), the unconf ined burning rate of the fuel

L 5/2 .
must vary with H™' " and the porosity factor of the fuel, P, must be con-
served. Then, according to eq. {10), the ratio of burning rate to unconfinad

burning rate remains constant in the different scales.

Thermal Response of Enclosure Walls

- It has been implicitly assumed so far that all heat lost from the gas

phase is by convection at the vents. But heat is also exchanged by radiation

and convection at the enclosure walls and lost by radiation through the vents.

To conserve temperature from one scale to the next, and possibly in turn

other variables (R/Rr, gas composition), these exchanges have to scale as

. /2
the convective heat flux at the vents, i.e., as H .

Since the enclosures are geometrically similaf,'the vents will transmit
a constantrfraction of the net radiant flux in thé enclosure. The net flgx
depends oﬁ the radiation from the fire and re-radiation from rthe walls.
Since the direct radiation from the fire is expected to scale with the burn-

5/2, the radiant loss through the vents will

scale properly if the re-radiation scales as HS/Z.

ing rate, which scales with H

10
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~The re-radiation and convective exchange at the walls have to bé forced
to scale. In a first approximation, the problem reduces to adjusting the wall
properties so that the inside surface temperature reached by the walls during
a time interval characteristic of the fire duration is reproduced from scale
to scale. It has been estimated that, in insulated enclosures, practically
all heat transferred to the walls is stored there. Radiant and convective
heat-loss rates from the exterior surfaces of the enclosure are small in cem-
parisomn wiéh the heat storage rates in the walls. This circumstance simpli-
fies the problem.

Treating the wall as a homogeneous material, the thermal response is

approximated by the heat conduction equation:
A(T-Ty) - (T-Ty)

Pe ¢ T R T - a2

" with the boundary conditions:

G AT ) |
,az z=C daz Z=6 ‘ (13)

where P,c,k are density, specific heat, thermal conductivity of the wall,

T is temperature, T

o is initial temperature, t is time, z is normal dis-

tance from inner surface, q is the heat transfer rate per unit area te the
wall, and ¢ is the wall thickness. Time is normalized with a characteris-.

tic fire duration, tr’ and wall depths, z, are normalized with the wall

thickness, ¢ . Then eqs. (12) and (13) can be represented:
2

I(T-T,) _ kt, 3(T-Tp)

- T3 z {14)
3(c/t)  alpc 3(2/3)

R OA(T-To) | o - I(T-Ty) | w5

S Teyre e

/) s =0 20 lz/5 -1

\!
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It is concluded that the temperature rise,(T—To), is a unique function
of t/t, and z/ & , provided:

kt k '
1. Ef%c = constant ; 2. 5o = constant (16)

Thus, if the two conditicns in eqs. (16) are satisfied from one enclosure
scale to the next, the temperature reached by the inner wall surface of the

enclosure in the characteristic fire duration is reproduced.

5/2 1/2

For the various enclosure scaie34 q®H /H = H . The charac-

teristic fire duration can be taken proportional to the ratio of inikial
mass of the crib (W) and the mass burning rate (R):

trx W/R = (Re/R)/(Rp/W) = (Rp/R)/A(RyIAGD) =[{(R./R)/(R./AGb™ 1/2>]b3/2

-1/2

"S8ince R/Rr and R:/Asb are conserved in the modeling procedure (the latter

factor because the fuel porosity is conserved, together with eq. (6)),

characteristic fire duration is taken proportional to b3/2. Then the re-
quirements'expressed in eq. (16) can be written:

kb .
.1. §2pc = constant ; Z. ——li—i = constant

6H1/

or, alternatively, by using the second condition in the first:

1/2 3/2
H_ b k__
1. ¢Pc = constant ; 2. 1/2 = coustant Qa7)

Since the stick thickness, b, is involved, any attempt to satisfy
these conditions must be coordinated with a method of keeping the porosity

factor of the fuel (defined under eq. (10)}) constant from scale to scale.

\"Z
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PARTIAL TEST OF MODELING HYPOTHESIS

Adaptation to Current Experiments

It is recalled that the experiments were performed in enclosures of
similar proportions. Conditions of geometric similarjty (constant G) then
‘prevailed for the same relativé vent height, h/H, in the two enciosurgs.

The wocd crﬁbs‘wera geowetricelly similac, woich fizplies thu£ the

’ 1/2 b1/2

porosity factor P = (A /A ) s was proportiomal to b, the stick width,

or alternatively, proportional to ﬁ1/3. The acﬁual weight variations usgd
placed the porosities within the interval "I" in Fig. 2.

No measurements were made éf tﬁe unconfined burning rates, Rr.  How~
ever, it was assumed that the correlation in Fig. 2 applied. it ﬁay be

verified that the interval "I" of the correlation, which represents all the

cribs used, is a section of a parabola, so that:

®RAD YD« (a /) $H2 bl/zr 8)

which for the geometrically similar. cribs can be written:

Rr/b3/2 e« b1/2

Rr u: bZ « w2/3 (19)

Thus, the- unconfined burning rate is deduced to have been proportional to

w23

Equations (10) and (11) may now be tailored to the current experiments.

2/3, keeping in mind that porosity factors only

R. is fir#t replacéd by W
in the range "I'" of Fig. 2 are allowed and that the wood ideﬁtity is maintained.
G is replaced by h/H, énd,z/H is deleted since all measurements of temperature
and gas concentrations werermade at the same relative 1ocatidn. To retain

5/2

familiar quantities as far as possible, the quantity H is replaced by the

\3
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véntilation parameter Ah . Then eqs. (10) and (11) become:

R/w2/3 1/2
Temperature

7% Concentration of gas gpecie

w2/3

= £ (P, h/H, AR 7/ ) (20)

The requirements for modeling the thermal response of the enclosure walls,
eqs. (17), involve both the stick thickness, b, and the enclosure scale, H.
Results from the two enclosures are to be compared at common values of h/H and

At 2203 @ 3522 5/4

Hehce, since b = H ', eqs. (17) for.the current choice

of cribs become:

H19/8
Spe

= constant; 2. ——%75 = constant (21)
SH

Denoting quantities in the smaller enclosure by subscript "S" and those in the
large enclosure by subscript "L", these conditions imply:

. 119/8 K 5 "

' . 1/2
oLl ] Y _,19/8 Ll 1% _ (|
ey N B o = N P B - i o

5%} { s S s] {°L s

1. 1/2

(22)
For enclosures of identical materials, as in the current experiments, these
requirements cannot be satisfied simultaneously; the first requires an increase
in wall thickness with enclosure scale, while the second requires a decrease.
As it turned 6up, the second requiremént was approximately satisfied by the
enclosures. However, a far better compromise would have been te design ac-
cording to the firsre requir;ment which, it can be shqwn, is the only importaﬁt .
one in the limit of very hiph thermal conductivity where the wall is a heat
sink of uniform temperature. Since the wall thickness was decreased when the
larger chamber was put te use, rather than increased in conformity with the
better compromise, wvall temperatures and gas temperatufes may be expécted_

to be higher in the larger encloéure than in the smaller one,

Results

T L ) . 2/3 .
Figure 3 Is a plot of the burning rate factor, R/W / , as function of the

\ o
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ventilation factor, , at thre;_jifferent relative vent openilngs,

h/H. Data from the smaller enclosure are represented by open symbols, while
data from the largef enclosure are represented by solid symbols. Good agree-
ment is obtalned between measurements in the two enclosures. Unfortunately,
the number of experiments conducted at similar combinations of Ah T
and h/H in the two enclosures is small.

It 1s clear from Fig. 3 that the effect of the relative vent opening
alone may be significant. At this stage, it is difficult to explain this
behavior.

The dashed curve in the figure represents the linear relation between

(5)

burning rate and ventilation parameter suggested by Gross and Robertson

- as the best linear fit to data obtained for ventilation-controlled fires in

enclosures being proportioned like the present enclosures

(R (g/sec) = 0.0015 anl/2 (en®/?y, or r/w?/3 = 0.0015 anl/Z/u?/3y,

However, significant‘departures from this eurve were obtained by the authors.
It is‘remarked that their burning rates were averaged over the time interval
from 80 to 30 percent of original crib wéight, rather than the 80-55 percent
interval used'hére.

Figure 4 presenfs concentrations of oxygen, carbon monoxide and carbon
dioxide. The corfelation between the two enclosures again seems satisfactory.
'hile the data on burning rate in Fig. 3 did not seem sensitive to:h/ﬁ in
the range 0.04-0.06, a corresponding insensitivity was not so evident for
the gas composition. Therefore, data from h/H = 0.06 only were elected to
represent the smallest vent height, | |

Temperature measurenents are shown ine Fig. 5. While the enna-ble of

points seems to scatter about a wall-behaved imaginary curve, the scatter,



in fact, represents effects of both tﬁé’relative vent height and the en-
closure size. The latter effect is on thélorder of 100°C for the two rela-

tive vent heights, h/H = 0.10 and 0.20, where expgriments were conducted at
comparable values of the ventilation factor in the two enclosures. Tempera-
tures are higher in the larger enclosure, a trend anﬁicipated iﬁ the breced~
ing s2ction Lecausa2of iﬁproper scaling of wall thichnasé.

The final plot, Fig. 6, provides a comparison of fire behavioral modes
in the two encloQures, as observed by eye. Data from all fires where
visual oﬁservations Veré recorded have been used, including a few isolated
fires at vent heights other than represented in preﬁious figures. Each fire

is represented by a symbol plotted cn the coordinates of ventilation factor
and relative vent height used for that fire. The appearance of a symbol is‘
keyed to a fire behavior explained in the caption. The lettef accompany-—
ing each symbol indicates the e5closure where the observation was made,

s fér the smaller enclosure and "L'" for the larger enclosure.

For all fires with a ventilation factor exceeding about 10, flames
enitted from the top of the crib and impinged on the ceiling (open symbols).
For smaller ventilation factors, the flame would generally leave the crib
proper to bﬁrn just above the floor of the enclosure in the space betwzen the
crib and one of the vents (Aalf—solid symbols). Sometimes during these
fires, the fléme would burn for intermittént intervals at the vent itself
. {three—~quarter solid syﬁbols). Finally, for ventilation factors below
approximately 3, flaming would usually'give wavy to sﬁoldering combustion
soon after the initial fire-growth stage (solid symbols). In one isolated
case, combustisa teased iltogether (star): after Lfa znzlosure hal ceoled
down, the crib was found to have a burned-out cavicy surrouqded by virgin

waod .

e
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The fire behavioral modes in the two enclosures are seen to be identical
at the few, approximately common, combilnations of ventilation facfor and
relagive vent height ﬁovered in the experiments. Admittedly, no common com-
binations were tried for small ventilation factors, where the firé behavior
is most seﬁsitive to enclosure and fuel variables, However, if no distinction
is made among behavioral modes involving flaming away from the crib and,
additicnally, effécts of rélative vent ﬁeight are ignored, a successful
gross éorrelation can at léast be clajmed.

It is recalled that the fuel porosities, P, were not consérved from
the smaller‘to the larger enclosufe. Cn the basis of Fig. 2, one would not
expect an important-effect,for fuel piles of large porosity. But in the
porosity interval "I", which contains the cribs used in these experiments,
an effect of porosity could have been anticipated. The limited data pre-
sented here are not sufficiently conclusive to rule on the importance of

fuel porosity; future work will include a study of this‘aSpect}

\1



NOMENCLATURE

total vent area

exposed surface area of crib

vent area of crib ghaftse

- stick thickness in erib

specific heat of wall

relative geometry (iength:height, ete)
enclosure ﬁeight

vent height

erib height

conductivity of wall

mass burning rate per unit surface area of fuel
mass flow rate of air through enclosure vents
mass flow rate of air through crib

exponent (0.5 to 0.6)

fuel porosity factor (defined under eq. 10)
heat transferirate to énclosure wall per unit area
mass burning rate.of fuel within enclosure
unconfined mass burning rate of fuel

stick spacing in crib .
temperatdre

inftial temperature

time

characteristic fire duration




W initial mass of crib

x vecﬁcrial location of observation point
z distance from inner surface of enclosufe wall
) thickness of enclosure wall

o] density of wall

Subscripts

s smaller enclosure

L larger enclosure

Q&
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CAPTIONS FOR FIGURES

- Schematic of enclosures. Two enclosure heights were used,

48 and 98 cm.
Simplified correlation for Bldck‘s data(ll) on unconfined
burning rates of wood cribs (Ponderosa Pine).

Correlatiovns of burning rates in the two enclosures at various
relative vent openings. Linear relation between R and ahl
suggested by Gross and Robertson(®) included for reference.

Major gas compoﬁents at sampling point.

Temperatures; average of readings at sampling point and
image near opposite vent,

Fire behavior for various combinations of relative vent
opening and ventilation factor in smaller enclosure {S) or
larger enclosure {L). Open circles: Flaming on crib.
Half-solid circles: Flame floating above floor.
Three—quarter solid circles: Flame floating abovefloor,

.sometimes burns at window. Solid circles: No sustained

flaming. Star: No sustained flaming and only about
50 percent of wood consumed. :
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