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ABSTRACT

The principles for scaling fire phenomena are examined from the
dimensionless groups derived from the governing differential equations.
A review of the literature shows examples of where correlations have
been successfully developed for a wide range of fire phenomena in terms
of the significant. dimensionless groups. Scaling techniques based on
Froude modeling, pressure modeling and analog modeling are de-
scribed and illustrated. The use of small geometric models ranging from
fire plumes to enclosure fires are illustrated by many examples.
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p Prototype

r Radiation

s Solid, surface
Superscripts

) Dimensionless variables
) Per unit time

o) Per unit area

) Per unit volume

INTRODUCTION

The study of fire phenomena in reduced-scale systems has been a
persuit of expedience and scientific strategy. It is apparent that
accidental fires in the built and natural environments occur at a physical
scale to prohibit their experimental study at realistic scales. Further-
more, the complexities of fire preclude complete mathematical solu-
tions to its problems. Consequently, a deliberate strategy of scale
modeling, based on the governing laws of physics, is both an essential
and practical means of obtaining general results. The use of dimen-
sional analysis leading to the significant dimensionless parameters is a
well known technique for generalizing experimental results and for
establishing the ‘laws of scaling’ for a system. The study of a fire
phenomena at a scale suitable for laboratory observation can also give
insight on the mechanisms and behavior of the system, even if it does
not give exact quantitative results.

Thomas' refers to a scale model study (at 1/3 and 1/10-scale) of the
Austrian Ring Theater disaster in 1906 to help explain that fire. The
benefits of that study have been lost in time, but it should certainly
provoke the thought of scale model studies for fire investigations.
Thomas' also cites the use of a water—salt water analog scaling study for
a factory fire displayed at the Rote Hahn Exhibition in Cologne in
1961.

For a comprehensive presentation of the theoretical bases for scaling
in fire, the reader is referred to Williams? who derives all of the
apparent dimensionless groups (more than 28 independent -
parameters). He also discusses various strategies for scaling in fire. A
previous review, which demonstrates the use of scaling for various fire
problers, was given by Heskestad in 1975.% This paper will present a
simplified theoretical basis for scaling, in the style of Williams,? and
show how those general results apply to a variety of applications. In this



6 James G. Quintiere

review, examples will be cited which range from fire plumes to building
fires, and different scaling techniques will be illustrated. In all cases,
despite a theoretical basis, the scaling will be incomplete since it is not
possible to adequately address or include all of the variables present in
the problem. Consequently, scaling in fires is an art which requires
attention to ignored phenomena and adequate proof and demonstration
that the scaling technique is proper. Hottel* presents a good discussion
on fire modeling and the trade-offs one is forced to make, particularly
with respect to radiant heat transfer effects.

GOVERNING EQUATIONS AND DIMENSIONLESS GROUPS

The scaling laws that apply to different fire phenomena can all be traced
back to the governing differential conservation equations. The equa-
tions selected will not be comprehensive since some phenomena will be
excluded because of their general unimportance. For example, diffusion
flames do not generally depend on chemical kinetics, and thermo-
diffusion effects and viscous dissipation are insignificant. Also, without
a loss in generalization, only the one-dimensional form of the equations
will be presented.

Mass
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and p, is the ambient pressure distribution.
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Radiative Transfer Equation

oT*
o= —~(1-%) 5
dx K( T )
ith Specie
3y, oY, 3 dY,
__'+ —! —_—— Dl___l)+ -inl 6
p( ot u8x> 8x(p ox " ©)
State
p=RpT (7)
Solid Energy
2) oL _JoT,
( k/, 8t 0Ox? ()
Energy Boundary Condition, x =0
(x is positive into the gas phase)
aT o/ S S 87; ./
k8_x=m L- [q,,f+q,'m— oT;‘—ksa—x+m (T, — 72,)] C)

where heat of gasification, L=Ah,,+c(T.—T), q7¢ is the flame
radiative heat flux (1 — e ) 0T}, ! x is the external radiative heat flux
0T, oT¢ is the surface reradiative heat flux, and T; is the flame
temperature, T, is the representative surface temperature of the
surrounding surface, and « is the absorption coefficient proportional to
pY; for absorbing species, and is also dependent on 7.

The above equations can be made dimensionless by introducing the
following normalizing parameters:

Geometric length scale /

Material thickness &

Characteristic velocity V
> (10)

Characteristic time t

Initial or ambient quantities 1, pe, Po

Characteristic pressure defect P« J

The dimensionless variables denoted by () with their resulting dimen-
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sionless coefficients (7 groups) are presented below:
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op do -
(]
Specie
Y, Y, 3 ay, .
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State )
P =[(1—mo) nspT (15)
Solid Energy
T, &t
REPYS (16)
Boundary Condition
8_7"_ T 11

P . aT .
% s - nS(JT?xfT? + T4 — T:) + -75135£_s — (1, — 1) (17)

The following dependent dimensionless variables are defined:

. Q'ml
Q =
p.Ve, T,
N 1l
M="
PV
mlll (18)
=
u
o 1
=
oT?

and no additional 7-groups are introduced from the radiative transfer
equation. The independent 7-groups are given below. In some cases
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equating a 7 to 1 allows us to determine a characteristic normalizing
parameter in terms of other variables; thus, this procedure effectively
eliminates that . Also, some of the & groups are related to more
common dimensionless groups, and these will be noted below.

Dimensionless Groups:

l 1 c l
nm,=—=1, = —
Ve 1%
D«
ﬂ2=;:‘75=1, P*=PoV2
T a ! here Re is the Reynold be
= =-—— wher S nolds number
> p.VI Re y
T gl L where Fr is the Froude numb
== i umber
Tvr R
k 1 .
m;=—=— where Pr is the Prandtl number
uc, Pr
o Ip. Vv Vv
l{’—_pl,c,,VTI;r cpTol/V—cpTo'
7, =kl
oT3l
][ =
Tk
poDi 1 . .
o= =— where Sc is the Schmidt number
w  Sc
”10=Cv/cp
o 2P0
1= k., t
= L
IZ—CPTB
. _kJ/6
13— k/l
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MODELING APPROACHES

Three modeling strategies have besn effectively used in fire research.
Each is incomplete since no practical strategy allows for matching all of
the 7-groups. Yet these partial scaling techniques have produced good
quantitative results and insight into fire phenomena at an advantage of
scale and cost. Examples of the three strategies will be given, but for
now they are summarized as below.

1 Froude modeling

The experiments are performed in air at normal ambient conditions
with s, the primary group preserved. For natural convection 7T, is set
equal to 1 so that V =1/gl is the characteristic velocity. It is assumed
that solid boundary effects are nonexistent or unimportant in order to
justify ignoring m, or the Reynolds number. It will not be possible to
preserve all of the radiation and conduction groups (7, 75, 7,5, 7T13)
and various approximations have been made to attempt their partial
accommodation. For example, a consideration of pure heat transfer at a
solid boundary might include convection heat transfer explicitly as

oT . hl
—=Nu(T-1) where Nu=2 (19)

A

X K

with Nu, the Nusselt number. It could be represented for turbulent
convection as
Nu =0-036 Pr'*Re%# (20)

Substituting eqn. (19) into (17) yields a modified set of groups for pure
heat transfer

(o, Tt + Ti - T4 + T OF. e (T - Ty) (21)

where
sk Nu h

and —=
g oT36 ng  oTl?

By proper choice of the solid boundary materials, it is possible to
partially preserve some of the boundary heat transfer effects even
though Re is explicitly ignored in ‘Froude scaling’.

An extension of Froude modeling is used often with success for
purely natural convection conditions (indicative of most fire situations)
if the Bousinnesq assumption is invoked, i.e.

1-p=T-1 (22)
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in eqn. (12) and p =1 in all other terms. Furthermore, although Q and
M, are dependent variables, it is often of value to consider these as
known source terms. This is especially used when we wish to model
effects ‘far’ from the combustion region. In this case a ‘point source’
representation is used with Q and r,, the energy and specie production
rates respectively. In this case, a new normalized temperature (and
mass fraction) is derived as follows

T — i _
m(1-p)= )T ) - (23)
Hence,
VZ
= ? (24)

Furthermore, it is possible to explicitly eliminate the Q and M, terms by
introducing { into egns. (13) and (14) and letting

o_M_

== 1 25
Tt (25)
and with )
_ (o/py
0= Ve, 29
it follows from eqn. (24) that
3 gQ >1/3
v <p°cp’ﬂ, 1 (27a)
or gm 1/3
V= <ﬁ) (27b)

alternatively from eqn. (18). Note that the specie concentrations and
temperature fields will be similar under conditions of no solid conduc-
tion or radiative losses, and can be related provided the stoichiometry is
known.

2 Analog ' rodeling

The fire flow effects are modeled by using different fluids to simulate
the buoyancy effects. For example, the Froude modeling criteria could
be applied to fire induced flows, but the medium in the reduced-scale
system could be water. The smaller kinematic viscosity of water,
compared to air has the added advantage of assuring high Re-
conditions (turbulence) for the reduced-scale water system. In the
water system another fluid or a solute (e.g. salt) could be used to
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simulate a heat source in the fire system. In that case, the mass,
momentum and specie equations in the water system correspond to the
mass, momentum and energy (and specie) equations of the fire system.

3 Pressure modeling

A way to preserve the 7-groups in Froude modeling as well as the Re
can be accomplished by changing the pressure of the ambient in the
model. For example, let us require the equivalence of 7" in the mode]
and the prototype (p). Then from

Po=Rp,T,

and recognizing that K, ¢,, k, p,D; and Y, are also invariant, it follows
that for the pressure ratio, a

a Elﬁ = b (28)
po,p po,p
by preserving x; and 7,
V.
—=q13 (29)
P
-
—=a (30)
P
and from 7,
Tm —173
_—_—— 3
~=a (31)

p

From the definition of 1, eqn. (18) and eqn. (30), it follows that scaling
must require

b/

Mm 23 '
- = 32
=4 (32)
for the burning rate of a solid (or liquid) fuel. Thus, eqns. (29-32) give
the behaviour of these variables with the pressure ratio, a.
Examples using the three modeling strategies will be illustrated for a
number of fire problems.

FIRE PLUME

The characteristics of fire plumes have not been solved exactly from the
basic equations. Nevertheless, approximate and partial solutions have
been obtained, but the most credible results come from correlations of
data. These correlations have been developed and enhanced by scaling
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and dimensional analysis techniques. Let us consider that radiation
effects are negligible, the flow is steady, and viscous effects are
unimportant for this free boundary fire plume problem. Hence, Froude
modeling applies, and furthermore let us invoke the Boussinesq
assumption. Since no apparent length scale is evident in this problem,
let us modify our analysis beginning at eqn. (23) by letting £ =1 and
determining a reference length. By setting eqns. (24) and (26) to 1, it
follows that '

1= (p—@QC—T) (33)
V=vg <;30—\/,§Qc,,_7:,) " (34)

are the derived length and velocity scales. As a consequence it follows
that from the governing equations, (11)-(13), the centerline plume
temperature and velocity are

S

and

i) )

where z is the vertical coordinate with [ given by eqn. (33), and fiand f,
imply specific functional dependence. Although the severe restriction of
the Boussinesq assumption has been used here, McCaffrey® finds

u_o T-T, ( _ z)
- d ~ pO- ==
in the combusting region; and
> ~n" and ; 2 53 (38)

o

in the far field noncombusting plume region. Equation (38) can be
deduced from the point source buoyant plume solution as reported by
Taylor® and shown to hold for a wide range of pool fire conditions by
Yokoi.” McCaffrey® has also shown the results of eqns. (37) and (38)
hold for very large pool fires (30 m diameter), but it underestimates
temperatures in the combusting region due to apparent radiation
effects. For example, the correlation for velocity is shown in Fig. 1.°
The dimensionless groups governing the height of the flame (L) for a
fire of base diameter D can be estimated from eqn. (37). Assuming that
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Fig. 1. Vertical centreline velocity (from McCaffrey®).

all of the fuel reacts with stoichiometric air up to the flame tip, and the

fuel supply is small compared to the air entrained, we can write in
dimensional terms

12
Fgr ~ f pu dA ~ pOVG) DL, z~1, (39)

where i, is the fuel supply rate and r is the stoichiometric air to fuel
ratio. Substituting for V and ! (eqns. 33 and 34), and noting that
Q =m;AH where AH is the heat of combustion, it can be shown that

£f ( Q )?J3< CPT(‘) )2/3
D \Vgp.c,T,D?) \AH/r

which identifies the dimensionless groups. Heskestad® has shown that
for a wide range of fuels and fire sizes

c T 3 Q 2915
pio
AH/r) <\/§p°cp7;05’2>]

f

Lo 1o+ 15-6[(

- (40)

is a best fit to the data.
An impressive example of modeling fire plume phenomena was done
by Emori and Saito.!° They used a form of Froude modeling to

reproduce a fire whirl which occurred in an actual forest fire. The

teTrain was modeled at a scale of 1/2500, and wind was generated by a
wind tunnel.
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CEILING JETS

15

In a study of an axisymmetric jet produced by a fire beneath a ceiling,
Alpert'! was able to demonstrate maximum temperature and velocity
correlations for a wide range of fire configurations. The scaling
variables follow from Froude modeling (eqns. (23-27)) with / = H, the
distance of the fire to the ceiling. With the coordinates z (vertical), r
(radial), the ceiling jet temperature and velocity should follow the
functional form

Fig. 2.

T-T, gH f( I z
T = e} N S
T, ( gQ )”3 H'H
P.cy T H
u f( by z)
. —Ja - -
(8Q/p.c, .H)” "\H’H
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O 3-36 0-33 1-58-4-1 MILLER
. 2.0 033 1-58-4-1 MILLER
Qo 15,000 1-6 15 THOMPSON
o 40,000 25 15 THOMPSON
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A 150,000 4-4 15 THOMPSON
10'0_ T T T T 1 T 7717 T
& r ]
Y ‘D
I q§ %\ ~— -1
o 4ad
= 50k ék -
& &
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C 3.0} O~ 4
T \\QE
2 20} O N\ 4
W2 O
= N
0 P~
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01 02 03 0405 10 2:0
riH

30

(41)

(42)

Dimensionless near maximum ceiling jet temperature increase (from Alpert'').
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An example of the results for the maximum temperature are shown in
Fig. 2." '

Heskestad and Delichatsios> examined the transient characteristics
of ceiling jets due to fires. They considered power-law fires, e.g.
Q = ar?, finding the second-power representative of most fires. Select-
ing the characteristic time t=1[/V, and using Froude modeling as
developed in eqns. (41) and (42), the f*fire has the following
dimensionless variables

H H
T= - =
173 2 |13
PoCo TLH PoCo T.H
1000 riH=0
i 0-37 1-46
100F
s -
o
[T
= 10
0 E
Lo C
1:0
O- 1L L 41 3 e31)4 T S T L1 11 1uty) 11 g
1 10 40 1 10 40
tit t/t

Fig. 3. Dimensionless unsteady ceiling jet temperature rise as a function of time ata

fixed position z/H from (12), ¢ by eqn. (45). O, a=42-6 W/s?, H=17.9] m; V,

a=11-TW/s*, H=8-50m, O, a=2-98 W/s*, H=8-64m; A, a=42-6 W/s?, H=

365m; 4, a=11-7W/s*>, H=423m; O, a=2-98 W/s’, H=437Tm; O, a=

11-7W/s*, H=2-10m; {, a =2-98 W/s?, H=2-24m. (Filled symbols used for clarity
in data segregation.)



Scaling applications in fire research 17
or
~Us
= H4/5< g ) Vs (43)
P, T,

Tzz ;TO - fs(fl é i) (44)

6~ (G 28) e

garz )2/3/
= (22} /ew
<pocp7:,H &

and it follows that

where here

2/5

— 2/5 H—3/5 45
e~ ( i) e (45)
An expression for the velocity results can be derived in a similar
manner. An example of the scaling results for temperature at a fixed
z/H is shown in Fig. 3 from the study by Heskestad and Delichatsjos. 12

BURNING (PYROLYSIS) RATE

The simply-stated problem of predicting the rate of burning of a fully
involved solid or liquid fuel is too complex to permit a general solution.
It depends not only on the fuel, but its configuration, orientation and
environmental conditions. From the governing equations (11)-(15) and
the pyrolysis (evaporative) boundary condition (9), it can be shown that
the spatially-averaged steady mass loss rate would depend on the
following 7-groups

'l ( k L oTy (u/po)2>
u 7° uc,’ ¢, T, k P K gl
where 7, and x, have been set equal to 1 in order to define V and p*.
Note that the source terms O and M, in the energy and specie equations
can be eliminated by introducing the Shvab-Zeldovich variables and do
not explicitly appear in eqn. (46) provided chemical kinetic effects are
unimportant.

Pressure modeling has been used to examine the burning rates of
various fuels and their configurations with good success. '>16 For
geometric similarity in the fuel, and with negligible radiation effects,
eqn. (46) suggests

(46)
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Fig. 4. Mass burning rate in pressure modeling for vertical cylinders and tubes (from
deRis ef al.?).

As discussed previously, the conditions for pressure modeling would
hold T (and thermal properties) invariant, with Po=p.RT, so that p2]
invariant requires /= p 3. Figure 4 shows the results of deRis et al.®
for several scales at different ambient pressures. These results for
turbulent burning at fuel heights as small as 1-5 inches confirm the
viability of pressure modeling. In these studies the Grashof number
(Gr) has been used in place of the second n-term in eqn. (47) by
introducing the temperature ratio (7; - T.)/T, where T; is an assigned
flame temperature

Gr = 8C(Po/RT,) (7;— To>
u? T,

By examining the boundary condition eqgn. (17) one can recognize that
m"l/u has the following dependences with respect to heat transfer

(48)

77, ~ flame radiation ~ p /2, since x ~ Po
7ty ~ surface reradiation ~ /!

1 ~ convective heat transfer ~ pi°
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Fig. 5. Mass burning rate in pressure modeling for vertical walls (from Alpert™).

and flame radiation and surface reradiation have opposite signs.
Pressure modeling does not preserve radiative effects as it does
convective heat transfer; thus we would expect some trouble with this
approach in modeling large fires for which radiative effects are
significant. Alpert”® found that despite these limitations, pressure
modeling appears to work well for wall fires up to 360 cm, or pool fires
of less than 50 cm, in diameter. Apparently, compensation between
flame and surface radiation terms contribute to this success. Figure 5
shows Alpert’s results for wall fires.

Alpert'® also showed wood crib (ordered-stick-array) burning rates
could be modeled using the pressure scaling criterion based on
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convective dominated burning. From eqn. (32) we expect

(7P ™) = (m"p;2),

and we reason that

b/

for the crib with t selected as a
wood, i.e.

"’7=fg(t/r)

(49)

(50)

characteristic burnout time for the

_pl _pi*”
T e D
9 T T L) T 1 T i ¥
PRESS. (atm) CRIB WIDTH (cm)
a
o | GR=8xI0® ! 76.20 ]
7 11.09 a
@ ¢+ .
~ 1L 4
3 o
S of A A ;
= A o
Gy m@tﬁtﬂ]j A B ]
E o o %
S o4 A
[ <r DD m g
A
O o, A
by o il
Em¢t h
ey
s A
N AD m 4
A A
o o
—lA 14 STICKS/LAYER i
& A
w
O | 1 i 1 1 i 1 I

Fig. 6. Pressure modeling in the burning rate of wood cribs (from Alpert*s),
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since the crib geometric scales (/) is governed by eqn. (30). The success
of pressure modeling to predict the transient burning of a crib is shown
in Fig. 6. Block'” conducted a detailed study of the burning rate of
wood cribs which led to a correlation in dimensionless variables which
accounted for the crib geometric variables. Developed from small scale
experiments (cribs generally of less than 1 ft high), the results were
successfully extrapolated to predict the burning rate of wood pallet
fires up to 12 ft high.

Emori and Saito® investigated Froude modeling for radiation domin-
ated (‘large’) pool fires and crib fires. They showed that scaling requires

oT{*/rm = constant (52)

for a given fuel and configuration. This says that the energy radiation is
a constant fraction of the combustion energy, mAH. Equation (52)

follows for radiative dominated (x> 1) steady burning from eqn.
(17).

FLAME SPREAD

Alpert™* used pressure modeling to investigate upward flame spread
on materials. For materials which propagated under normal atmos-
pheric conditions, the results were good in that pyrolysis and flame
lengths could be correlated with time as follows:

xa*?vs ta*? (53)

in which the length scale follows from eqn. (30) and the time scale
from eqn. (51). The scaling law did not apply for materials that did not
support spread under a normal atmosphere. In these cases, spread did
occur at elevated pressure probably due to pressure enhanced flame
radiation.

ENCLOSURE FIRES

Heskestad® and Croce? investigated steady-state conditions in en-
closure fires with a wood crib fuel source. The rationale for their
scaling criteria is explained as follows:

(1) The burning rate () of the crib in the enclosure depends on its
free burn rate (r1,), and the enclosure temperatures and oxygen
concentration.

m P
I—h_ =fg(mo, T) 7;7 Yoz) (54)
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where

m,
° Cb'?A,

= fio(P) (55)

and b is stick thickness, A4, is exposed crib surface area, C is a
dimensional constant and P is the crib porosity defined by
Heskestad® as a function of the crib design.

(2) The thermal and concentration field of the enclosure depends
on enclosure geometry, source of energy and specie, and
enclosure boundary properties. From the governing equations
(11-16) and boundary condition (21), applying Froude model-
ing and neglecting radiation gives

R hdé p.c, 62
{T, Y;a Y;} =fll(Q’ j’ _k—’ _pk‘—l'_> (56)

where O is given in terms of mAH, and M, is implicit since A,
can be related to Q by stoichiometry, i.e.

M.=c,T,r0/AH
where 7, is mass of i created per mass of fuel consumed.

By combining eqns. (54-56) it follows that

T

T, m hé pgc, 62

: =f t‘ <P’ > s _,;S—’ A)

Y unction PTG P £ (57)
m/m,

where £ implies coordinates and enclosure geometry, and 7 is selected
from the burn time, 7= (mass of crib)/r,. Heskestad?! designed his
cribs to be geometrically similar and have 1, o b? or i, o m2?, where
m, is the initial mass of the crib. In both cases®*? some compromises
must be made to satisfy all of the 7T-groups in eqn. (57). To match the
enclosure conduction terms, different boundary materials were selected
for the various scale systems. Figure 7 shows Heskestad’s steady gas
concentrations results for two similar enclosures, 48 and 98 cm high
each, as a function of I*?/rm, represented as A(,\/ITO/mDM where A4, and
H, are the area and height of the enclosure window, respectively.
Figure 8 shows Croce’s? results for wall surface temperature increase as
a function of the same parameter for three enclosure sizes. The crib
porosity, P, values were maintained equivalent in both sets of
experiments.
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Fig. 7. Scaling in enclosure fires steady gas composition (from Heskestad®').

A practical design use of scale modeling was illustrated by
Heskestad® in which he built a scale model of the Factory Mutual
large-scale fire test facility. The model was used to determine more
accurately the capacity of the air pollution equipment needed for the
building exhaust—it confirmed that the contractor’s estimate was ith of
the required flow rate.

A scaling study of the effect of a room fire on an adjoining corridor
was done following a similar approach as suggested by eqn. (57).%
Instead, however, the 1th scale model used a prescribed gas fuel supply
source to reproduce the full-scale crib fires. Froude modeling was
applied, with 7, ignored (quasi-steady in the gas-phase), 7, =1 and .,
T, 77 and 7, ignored. The scaling addressed

T
T. ¢ = function(z?, 0
u/v

&8 (pe/k). )
) h ) -

- (58)
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Fig. 8. Scaling of wall surface temperatures in steady enclosoure fires (from Croce?).

where © was taken as the burn time, and 4 was taken oc/02 following
eqn. (20). Enclosure construction materials were selected to insure
matching of the corresponding m-terms. An example of the temperature
results at several vertical positions in the corridor is shown in Fig. 9.
Other examples are given®2 of room-corridor scale modeling which
serve not only to confirm scaling, but to display and explore phenome-
nological behavior more conveniently in the smaller system. Moreover,
Tanaka® has used a scale mode] of a two-story building to assess the
accuracy of his mathematical model. Also, McCaffrey et al.?8 examined
a wide range of enclosure fire data at several scales and constructions to
arrive at a dimensionless correlation for maximum gas temperature.
The results, surprisingly, nearly follow from the Boussinesq-based eqn.
(23) with a consideration of eqn. (21) boundary condition ignoring

radiation
T-T Nu héd
e ~Flr) =relp) (59)
where

¢= (pocp Ton/g 150)?/3 (60)
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Fig. 9. Froude modeling in room-corridor fires—corridor vertical gas temperature
distribution.*

from e ns. (24-27). The correlation was found as
T — 7:)— L6 ( Q )213< hkAs )—1/3 (61)
T, p.c, Vg AVH,) \p.c,Vg AVH,

where h, is an effective heat transfer coefficient;® A., the enclosure
surface area; A,, the enclosure vent area; and H,, the vent height.

An analog scaling study of a room corridor system was used to
investigate the time for smoke filling.” The scale model used a
dyed salt water source into fresh water to track the smoke front.
Following eqns. (23-27), the position of the dimensionless smoke front,
%, is only a function of ¢/t where T =1/V and V is given by eqn. (27a)
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for the fire system and eqn. (27b) for the salt water analog system with
m;, the salt water flow rate. An example of the results is shown in Fig.
10.

ENCLOSURE FIRE GROWTH

A number of scale model studies based on Froude modeling have been
performed to predict fire growth within an enclosure.?*** These have
been concerned with flame spread on the interior walls and ceiling of
the enclosure. Despite the fact that complete scaling is not possible,
these studies have met with limited success. A more specific examina-
tion of the mathematical modeling for this problem leads to 16
independent s-groups.® The effect of radiation on flame spread and
burning rate suggest Q « /2, but () must be «/5? according to Froude
modeling.

CONCLUSIONS

The complex nature of fire and the limitations of realistic scale studies
make scaling techniques attractive. It has been shown that the basic
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governing equations, even in simplified form, produce too many
dimensionless groups to permit complete scaling. Froude modeling
emphasizes the convective processes, pressure modeling allows diffusive
effects to be included, and analog techniques have advantages for
visualization and avoidance of combustion effects. In all cases, the
scaling techniques are incomplete and do not model all of the
phenomena consistent with the governing dimensionless groups. Where
some effects are small, this is justified. In other cases, incomplete
modeling strategies serve to guide and provide useful correlations.
Indeed, many correlations have been developed through scaling experi-
ments and careful considerations of the dominant dimensionless groups.
This review has attempted to show where incomplete dimensionless
analyses have been successful, and where scale models have produced
useful results and insight into fire behavior.
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