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Calculations of Wall Fire Spread in an Enclosure

Kenneth D. Steckler

Center for Fire Research
National Engineering Laboratory
National Bureau of Standards

Washington, D.C. 20234

Abstract

Mathematical models of fire growth in enclosures offer a

potential for assessing the risk, of materials with respect to a

hazard such as flashover. The development of a model for fire

spread over wall lining materials is presented. The work covers

the development of a transient two-layer zone model, initially

formulated for crib fires in a room, then adapted to simulate a

spreading corner wall fire. The local wall flame spread rate and

burning rate per unit area are expressed in the model as functions

of the external radiation incident upon the burning surface and

the oxygen concentration in the adjacent gas layer (zone). Flame

spread is limited to the horizontal direction. Results for a

fictitious wall lining material are presented. Major elements of

the results are shown to be in qualitative agreement with

experience. Finally, areas for improvement and the direction of

,
future efforts are noted.

Key words: burning rate; fire models; flame spread; flashover;

hazard assessment; interior finishes; room fires; walls.

1 . INTRODUCTION

A common room-fire scenario involves the ignition of an object such as a

wastebasket positioned near a combustible wall surface, ignition of the wall

lining material, and subsequent fire spread on the wall lining. In many cases

the energy released by the wastebasket alone would be insufficient to produce

a dangerous environment within the room. However, when the wastebasket is

located near a wall in a room, whether the fire continues to grow to a
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hazardous condition such as flashover, or merely burns out, depends on the

fire characteristics of the lining material and the extent to which the

enclosure dissipates the energy and combustion products released by the

burning material. With knowledge of a characteristic energy release rate per

unit area, E", and the flame spread rate, v^, of the burning wall lining

material, an evaluation of the potential hazard of flashover should be

possible. If an evaluation of potential hazard due to development of a toxic

atmosphere is desired, then knowledge of the rates of production of hazardous

species per unit area would also be required.

In a qualitative sense, one would expect a flashover "hazard index" for a

lining material to include some combination of v^ and E" to reflect the total

energy release rate of the material. Unfortunately, "combining" v^ and E" is

complicated by the fact that both parameters tend to be functions (at least)

of exposure conditions such as incident radiant flux and oxygen concentration

[1-6]. When a material burns within an enclosure, portions of the energy and

combustion products released by the fire accumulate within the enclosure and

portions feed back to the burning material. Therefore, E" and v^ are coupled

through the properties of the overall enclosure. A more detailed analysis of

the interactions between the burning lining material and enclosure is required

to assess the roles of E" and v^ in contributing to the hazard of flashover.

The required analysis is mathematical modeling.

Mathematical models of fire growth in enclosures represent assemblages of

mathematical expressions which describe in varying degrees the complex physi-

cal interactions between a burning material and its environment. One class of

models, known as zone or control volume models [7-12], treats the developing

room fire in terms of several volume and boundary elements which intercommuni-

cate energy and/or mass. Conservation equations are written for each zone and

solved using a numerical technique. Applying such models leads to solutions

for the state variables of each zone and the various interzonal mass and

energy transfers.

Several zone models treat fires which grow in area. Emmons and Hitler

[8] and Rockett [13] modeled fire spread on a horizontal (mattress) surface

within an enclosure while McArthur and Meyer [10] treated the case of fire
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spread on seats and walls in an aircraft cabin. Tanaka [14] and Smith [11]

modeled the developing wall fire in a room. The current work follows an

approach suggested by Quintiere [15]. It differs from the earlier work in

that the different oxygen concentrations in the upper and lower gas layers

within the enclosure are taken into account in predicting the burning and

flame spread rates in these layers.

The objective is to fonnulate and execute a "first-cut" mathematical zone

model which handles enough of the phenomena depicted in figure 1-1 so as to

1) produce results which are qualitatively reasonable and 2) provide a basis

for a more complete model which will provide an answer to the question: If a

given wall lining is ignited, will the room reach flashover conditions? It

was judged that a model having the following limited features would lead to

this objective and be tractable within the time allocated for the project.

a. The wall lining is the only combustible material in the room.

b. Only the fire spread, not ignition, is considered. This assumes that

a portion of wall-corner area is already burning and that the

ignition source is either no longer present or is insignificant.

c. Flames are restricted to the wall areas; that is, there are no flame

extensions on the ceiling.

d. As a first approximation flame spread is restricted to the horizontal

direction.

e. Burning rates per unit area and flame spread rates are expressed as

functions of the oxygen concentration of the gas layer (upper or

lower) in which the area element is located and of the local incident

external radiant flux. This approach is motivated by the existence

of experimental results and theoretical analyses for steady or mean

time burning and flame spread rates as a function of external oxygen

concentration and heat flux. Therefore local burning and flame

spread rates will be assumed to instantaneously take on steady values

consistent with the instantaneous values of the time-dependent

3



external heat flux and oxygen concentration. This leads to a conser-

vative estimate of these rates and avoids the problem of calculating

local wall temperature histories. As a further simplification, it

will be assumed that the external heat flux which drives the burning

and flame spread rates is solely radiative: that is, these rates are

independent of convective effects from the gas zone or layer in which

the material is immersed.

f. The flame spread model assumes countercurrent gas flow in all

locations. The one place where this clearly does not bear out is the

ceiling jet region.

g. The room conditions and interactions between the room and burning

material are formulated as a transient version of the quasi-steady

room fire model of Quintiere and McCaffrey [12]

.

2

.

APPROACH

The approach used to develop the corner wall spread model is diagrammed

in figure 2-1. Transient features such as gas layer transients, wall heat
A

conduction
,
and time-dependent energy release of the fire source were added

to the quasi-steady model for crib fires in an enclosure [12]. Actually two

transient enclosure fire models are developed in the following sections; one

for a time-dependent crib source and the other for a spreading wall fire

source. The transient crib model provided a convenient means for evaluating

the transient conduction and gas layer sub-models before proceeding with the

more complicated wall-spread source.

A
With respect to heat transfer by conduction, the ceiling and floor are

treated as extensions of the upper and lower wall surfaces, respectively.
Therefore, "wall conduction" refers to either wall and ceiling or wall and

floor heat conduction.
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3. DESCRIPTION OF QUASI-STEADY MODEL

The quasi-steady model, which served as the starting point for this

project, will be briefly described in this section. Basically the model

predicts the quasi-steady conditions within an enclosure, including the

burning rate of the crib(s), given the free-burn rate of the crlb(s) and other

properties of the enclosure. A more detailed description can be found in the

literature [12].

The model casts the enclosure fire in terms of control volumes or zones,

and the physical boundaries of these zones (figure 3-1). Mass and energy

balances are written for each zone and boundary as functions of seven

independent variables; namely.

Z

Z

n

d

T

T

T

T

gu

gl

wu

wl

m
V

height of neutral plane in the opening,

height of thermal discontinuity within the room,

temperature of gas in upper layer,

temperature of gas in lower layer,

temperature of wall and ceiling bounding upper gas layer,

temperature of wall and floor bounding lower gas layer, and

fuel pyrolysis rate.

This produces seven simultaneous non-linear algebraic equations of the

form

d* gu*
T

1 .gl
T , T

, , m )wu wl V

L n * ^d*
T , T T, m )gu* gl* V

d’ gu* V’ T , T
T , m )wu wl V

f
4^^n*

Z-, T , T .)
d* gu gl

d’ gu* V’ T , T
1 ,

m )wu wl* V

d* gu* V* T , T . , m )wu wl V

d* gu* V* T , T , ,
m )wu wl V

0

0

0

0

0

0

0

(3-1)
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which must be solved by numerical methods.

Specifically, the seven equations describe the following quasi-steady

processes

;

a. Mass balance for the enclosure:

f =m -m -m = 0 (3-2)
1 o i V

where m is the mass flow rate outward through the room
o

opening (equation A-1 listed in Appendix A),

is the inward mass flow rate through the opening

(equation A-2)

,

m^ is the fuel pjrrolysis rate (see equation 3-8).

b. Mass balance for lower gas layer:

f-=m -m. - m = 0 (3-3)
2 p 1 e

where m is entrainment rate into the crib and plume
P

(equation A-3)

,

m^ is the mass flow rate from the upper to lower layer

due to entrainment (mixing) at the opening

(equation A-4).

c. Upper gas layer energy balance:

= E_ - E
Ru Lu ^u = 0 (3-4)

where
'Ru

is the rate at which energy is released in the layer

(equation A-5) ,
(note: in figure 3-1 the crib is

located in the upper layer).
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is the net rate of energy loss from the layer by

heat transfer (equation A-7)

E„ is the net rate of energy loss due to mass transfer
Mu

(equation A-6)

.

d. Lower layer energy balance:

< 3-5 )

where E^^^ is the net rate of energy loss by mass transfer

(equation A-12),

Eli rate of energy loss by heat transfer when

the gas is not considered to be absorbing or

emitting (equation A-13).

e. Energy balance at upper gas-wall interface:

^5 ’
• »•

qku
" q^., “ q^..

= 0
ru cu

(3-6)

where q" is the heat flxix conducted from the surface into the
^ku

upper wall (equation A-14),

q" is the net radiative flux to the upper wall surface
^ru

(equation A-8)

,

q^^
is the flux convected from the gas to the upper wall

surface (equation A-11).

f. Energy balance at lower gas-wall interface:

At! • •• • ••

h ' "kl
-

"’rl %1 ° (3-7)
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where q" is the heat flux conducted from the surface Into the
kl

lower wall (equation A-15)

,

q", is the net radiative flux to the lower wall surface
^rl

(equation A-17),

q^^
is the convected flux from the gas to the lower wall

surface (equation A-16).

g. Fuel pyrolysis rate

f, = m - m" A,(Y ,/0.23) - iq" A /L ) = 0 (3-8)
7 V VO i 0x1 ^rc c vap

where m^ is the fuel pyrolysis rate.

m”^ is the peak free-burn pyrolysis rate per unit area.

A^ is the internal area of the crib,

A^ is the area of crib exposed to external radiation.

q^^ is the external radiant flux incident upon crib,

Yoxi is the mass fraction of oxygen in the lower layer

(equation A-18),

Lvap is the fuel's effective heat of vaporization.

The burning rate, la^, is defined in equation A-3 as the smaller of m^

(fuel controlled) and m^/r (ventilation controlled), where r is the

stoichiometric air-to-( volatilized) fuel mass ratio. The model also computes

the mass fraction of oxygen in the upper layer, Y^^ (equation A-19).
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4. DEVELOPMENT OF GAS LAYER AND WALL CONDUCTION EQUATIONS
FOR A TRANSIENT TWO-LAYER MODEL

The equations presented in section 3 for the conservation of mass and

energy in the two gas layers (equations 3-2 to 3-5) are based on the assump-

tion that the time derivative or transient terms of the more complete equa-

tions are negligible with respect to the retained terms. This is a good

assumption for near-steady conditions, but could lead to significant errors if

the early stages of fire growth were modeled as a sequence of quasi-steady

states. Similarly, the quasi-steady wall conduction terms,
qj^^

and in

gas-wall interface equations 3-6 and 3-7, could produce conqsarable errors in

such an analysis. Therefore, more complete equations for mass and energy

conservation are needed to address the spreading wall fire problem.

4.1 Transient Equations for Conservation of Mass
and Energy in a Gas Layer

Following the analysis of Quintiere [15] , the equation of continuity for

a generic uniform gas layer shown in figure 4-1 is

m, = 0.
in

(4-1)

The first term accounts for changes in the layer thickness, Z, and layer

density, p, with time, t. The second and third terms represent the mass flow

to and from the layer, respectively. A transient energy equation for the same

layer is given by the expression

WLZ - WLZpCp = 0 (4-2)

where the first term accounts for energy used to change the total pressure

within the layer, the second term accounts for energy used to change the

temperature of the layer, E is the rate of energy release within the layer,
R

• •

E^ is the rate of energy loss by heat transfer, and Ej^ is the rate of energy

loss by mass transfer.
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In applying equation 4-2 to residential room fires of the type shown in

figures 1-1 and 2-1, it appears reasonable to assume that the total pressure,

p, remains nearly constant [15]. Therefore, the dp/dt term can be ignored.

If time derivatives are expressed as simple forward finite differences, the

resulting set of conservation equations for the upper and lower gas layers is

a. Mass (upper plus lower layers)

;

^1 =
(r 1. . 1 1

T (t)
gu J

Z^(t + At)

At

Z^(t) Z^(t)

T^,(t + At) - T,(t) H - Z,(t) (t + At) - (t)
gl gl d gu gu

At
(t)

gu
At

(4-3)

+ m (t + At) - m. (t + At) - m (t + At) = 0
o i V

b. Mass (lower layer);

*2
=

]v(t)

it) - Zj(t)

it

Zd<t) T^^(t + it) - T^^(t)

+ m (t + At) - m. (t + At) - m (t + At) = 0pie
c. Energy (upper layer)

;

f- = -WLp T c —_

—

3 'oo 00 p T (t)
gu

H - Z,(t) (t + At) - (t)
d gu gu

At

+ E^^(t + it) - Ej_^(t + it) - E„^(t + it) = 0

d. Energy (lower layer):

(4-4)

(4-5)

f , = WLp T c
4 <» “ p T - (t)

gl

Z^(t) T^^(t + At) - T^^(t)

At

+ Ej^(t + At) + E^j^(t + At) = 0

(4-6)

10



• • *

where etc. are obtained from the subsidiary equations in

Appendix A using Z^(t + At), Z^(t + At), T ^(t + At), etc. If Z^, Tg^, and

Tgj^ are independent of time, the above equations reduce to quasi-steady equa-

tions 2-2 to 2-5.

4.2 Transient Wall Conduction Equations

Heat conduction through the walls of the enclosure will be treated as a

one-dimensional process. A solution to the transient heat conduction equation

L. k (T) = D c (T)
3x w^^^ ax ^w pw^^^ at

(4-7)

is needed throughout the thickness of the wall. In this equation

represents the thermal conductivity of the wall material, is its density,

and c is its specific heat. A very good approximate solution can bepw

obtained by using a finite-difference numerical technique. This technique can

be viewed as a process in which 1) the solid is divided into a group of slabs

or layers (figure 4-2) and 2) an energy balance approximating equation 4-7 is

written for each layer in terms of finite temperature, time, and coordinate

differences. The energy equations can be rearranged to express the current

slab temperatures, T(t + At), in terms of the previous temperatures, T(t), and

the previous surface fluxes, ^(b) resulting equations are

1
"

T (t + it) = Tj(t) (1 - a^it) + a^it

f
w

(4-8)

+ T.yo] (4-9)

yt + it) = y t) (1 - a^it) + ajjit y^(t)

q" (t + it)
k „ ^wo
wN

(4-10)
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where a

2k .— (A-11)
j pc AX

2

pwj

‘‘wj ' MTj>

At ^ minimum of

N _< 20

^1 “
^wu ^wl upper wall slab temperatures when Tj =

^2 lower wall slab temperatures when = T^l

The energy balance at the upper layer gas-wall Interface can then be

expressed as

is the net flux radiated to the inner (exposed) surface of the

upper wall,

q" is the flux convected to the inner wall surface, and
^cu

T
2

is obtained from equation 4-9.

Similarly, the energy balance at the lower gas-wall Interface can be

expressed as

fc = q^ (t + At) - q" (t + At) - q" (t + At) » 0
5 ^ku ru cu

(4-12)

where

T (t + At) - T (t)
wu wu

At

(4-13)
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(4-14)

where

At

(4-15)

q", is the net flux radiated to the lower inner wall surface
rl

Vi is the flux convected to the lower inner wall surface, and
cl

T2 is obtained from equation 4-9.

5. TRANSIENT MODEL FOR CRIBS BURNING IN AN ENCLOSURE

The conservation equations presented in section 4 must be augmented with

a transient sub-model for pyrolyzing cribs in order to complete a transient

model for cribs burning in an enclosure. The following pyrolysis model

In this expression A^ and A^ are the internal and external surface areas

of the crib, respectively. Details of the calculation of these areas and q^^

are presented in reference [12].

In summary, the basic equations of the transient model for crib fires in

an enclosure are

relates the time-dependent fuel pyrolysis rate, m^, to the free-burn pyrolysis

rate, the effective heat of vaporization, L^^p; the oxygen concentration

in the lower layer, and the radiant flux incident upon the cribs,

f^ = m (t + At) - m" (t + At) A. (Y , (t + At)/0.23)
7 V VO i 0x1

(5-1)

(q" (t + At) A /L ) = 0
^rc c vap
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a.

b.

c.

d.

f.

Mass balance for the enclosure:

(equation 4-3)

Mass balance for the lower layer:

(equation 4-4)

Energy balance for upper layer:

(equation 4-5)

Energy balance for lower layer:

(equation 4-6)

Energy balance at the upper gas-wall interface:

(equation 4-12)

Energy balance at the lower gas-wall interface:

(equation 4-14)

Fuel pyrolysis rate

(equation 5-1)

6. RESULTS OF CALCULATIONS FOR WOOD CRIBS BURNING IN AN ENCLOSURE

The following calculation simulates the burning of four closely spaced

wood cribs located near the center of the room shown in figure 6-1. The room

surfaces are calcium silicate board. The experimental time-dependent free-

burn (no enclosure) mass loss rate of the four cribs, m - m" (t) A., is
* vo VO i

shown in figure 6-2. For the calculation, the actual mass loss rate was

approximated by the two linear segments shown in the figure. Unless otherwise

specified, the remaining thermophysical properties and model parameters used

in the calculation are the same used in reference [12]

.

Initially, the effect of the gas layer transient terms was evaluated.

Two calculations were made; one with and another without the time derivative

terms in equations 4-3 to 4-6. Transient wall effects (equations 4-13 and

4-15) were included in both calculations. The heat of combustion, AH, was set

at 15,000 kj/kg and the effective heat of vaporization, L^^p, was fixed at

1900 kJ/kg. Results depicting the first 150 seconds of simulated time are

presented in figure 6-3. The effect of the gas layer transients is shown to

be small after approximately 60 seconds.
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The calculation which retained the gas layer transient terms was repeated

using a slightly lower heat of combustion, AH = 13,000 kj/kg. Figures 6-4 to

6-6 compare these results with experimental results for the same configura-

tion. Two of the solid-line plots in figure 6-4 are identified as experimen-

tal upper wall and ceiling temperatures. The remaining solid lines in this

figure represent experimental floor-to-ceillng gas temperatures measured at

equally spaced locations along a vertical line. These solid lines tend to

cluster in the upper and lower regions of the figure, thereby indicating the

two-layer nature of the gas widely-spaced traces between these clusters

correspond to the transition region between layers. The comparisons in

figures 6-4 to 6-6 demonstrate the ability of the transient model to predict

the major features of the experimental results.

7. DEVELOPMENT OF AN ENCLOSURE CORNER WALL FIRE MODEL

The transient model for a crib or cribs burning in an enclosure was

treated as a uniform fixed-area fire which changed in intensity depending on

its free-burn behavior, the incident radiant flux, and the available oxygen.

The corner wall fire situation is more complicated because 1) the burning or

pyrolyzing occurs over an extended area which is subject to non-uniform radia-

tion and oxygen exposures and 2) the boundary of the involved area changes

locally with time, because of the non-uniform exposure conditions.

In the following sections a wall fire spread zone model will be developed

which features local pyrolysis rates and flame spread rates as functions of

incident radiation and "local" oxygen concentration. In the context of the

two-layer zone model, "local" oxygen concentration is the concentration in the

gas layer (either the upper or lower layer) adjacent to the pyrolyzing

surface.

7.1 Burning and Flame Spread Rates

Tewarson [1,2] and others have experimentally shown that, for relatively

small horizontal upward-facing specimens under non-flaming and generally

steady conditions, the mass loss or pyrolysis rate, m^, is a linear function

of applied radiant heat flux, q^. They have also shown that under flaming or
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burning conditions is both a linear function of q" and local oxygen concen-

tration, Such functional dependencies will be assumed in this analysis

for wall fire spread. Thus, for non-flaming conditions m^ per unit area will

be expressed as [1,2,15]

m
0 ;

**

‘’l
-

’i ‘'i i "i

(7-1)

where is the effective heat of vaporization and q” is the minimum heat

flux to cause mass loss. Similarly, under flaming conditions m" will be taken

as

m" = m" + ?(Y - Y ) + (qV - qV )/L
V V ox ox ^i 1 vap

(7-2)

where 5 is a constant and the "starred” terms depend on the reference state.

For the example to be considered, the reference state will be at normal air
. * * .

*
conditions so m^ represents the burn rate in air, Y^^ = 0.233, and

q^
is the

minimum heat flux to sustain burning. Over a range of oxygen and flux levels,

it has been found [1,2] that a critical fuel supply rate is needed to sustain

burning; i.e..

m"(Y
V ox

q") > m" ,

^i — v,crit
(7-3)

For a number of materials this burning limit appears to be approximately

5 g/m-s. Also it is obvious that burning will not be possible at Y^^ = 0 (or

a small, but finite value) regardless of the heat flux. Hence, the specific

mass loss rate is given by Eq. (7-2) as long as Eq. (7-3) holds and Y^^^ is in

excess of some specified critical value, Y^^ crlt* Otherwise m^ is given by

Eq. (7-1). Consequently, the overall mass loss rate is given by

m = // m" dA (7-A)

inv

where A^^^ is the involved area (burning plus pyrolyzing) . The overall

burning rate is
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= smaller of

/ / m" dA
A

or

m /r (ventilation limit)
a

(7-5)

where A^ is the burning area, m is the air flow rate through the doorway, and

r is the stoichiometric air-to-fuel mass ratio.

Quintiere [1] has also shown that the results obtained from a radiant

panel lateral flame spread apparatus can be expressed in the form

''£
' - qp]

-2
(7-6)

where is the maximum flame spread rate for an incident flux q” which is not

"too close" to the minimum flux for piloted ignition, and C is an

empirical material constant.

Both theoretical and experimental work [3-6] show flame spread rate to
,m

vary as Y ,
where m is in range 0.9 to 3.6, depending upon the material, its

ox
thickness, and the value of relative to Y^^ crit* Incorporating this

oxygen dependence into Eq. (7-6) yields

v^ =

[C(qj,ig-qp]'

(7-7)

For q" approaching and exceeding q"
,
modification to Eq. (7) is

i 1 » ig
necessary. As a first approximation an upper bound, v , is specified for

. *
”

v^. There is also a lower flux limit,
q^ , below which no opposed-flow flame

spread occurs. Therefore,

0; when q" < q"IX ^
smaller of v and Eq. (7-7); when q" ^ q" < qV ." 11 1)1S

l_ • •• N. • ••

V , when q. > q. .«>* ^i — i,ig

(7-8)

In this formulation the spread will cease when Y^^ is zero, although, in

reality, the pyrolysis front would continue to advance if the incident flux

17



were sufficient. In the implementation of the wall flame spread examples only

lateral opposed flow flame spread will be considered up to the time when

in the adjacent layer becomes zero. It is recognized that flame spread in the

ceiling jet and downward spread are also present and will have to be Included

in a more complete analysis.

7.2 Wall Grid

Since the radiation incident upon a wall area element and the oxygen

concentration to which it is exposed are position dependent, it is necessary

to establish a grid for locating the involved wall elements. The grid for

tracking the area of Involvement on one wall is shown in figure 7-1 . The grid

for the adjacent wall is merely the mirror image of the first with respect to

the left hand boundary (room corner). Each wall is represented by k equal-

height horizontal strips. Initially, burning is assumed to exist on both

walls from floor to ceiling over a horizontal distance, 6^, measured from the

corner. Subsequent flame spread is restricted to the horizontal direction.

At the end of each time step. At, new flame-front positions are established

for each horizontal strip. Differences between flame-front positions at the

beginning and end of each time step establish the added area of involvement.

The center coordinates of each area element are used to compute the local

radiant flux and oxygen concentration which are then used to compute m^ or mj^

for the element. The coordinates at the centers of leading edges of the

newest elements are used to compute the flame spread rates at these edges.

These coordinates are included in figure 7-1.

7.3 Local Radiant Flux to Wall

Incident radiant flux is needed as a function of position on the wall to

evaluate the local pyrolysis rates and flame spread rates of the developing

wall fire. This flux is made up of contributions from the hot upper gas

layer, the hot wall surfaces in both layers, and the flames on the Involved

portions of the walls. Details of the flux calculations are presented in the

following sections.
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7.3.1 Radiation from Enclosure Surfaces and Upper Gas Layer

For this calculation, all enclosure surfaces are assumed to be non-

burning and at a temperature or Twl (figure 7-2). Radiation from these

surfaces and the upper gas layer to any point on a wall is computed using

standard geometrical exchange factors [16] and the mean-beam-length approxima-

tion [17,18].

Consider a target wall element located within the lower gas layer

(figure 7-3). The element receives radiation from the four quadrants desig-

nated i = 1 to 4. Sub-regions i = 5 in the third quadrant and i = 6 in the

fourth quadrant identify the portions of these quadrants which lie in the

upper layer. The parameter
^

is the geometrical factor between the target

element dA and the enclosure surfaces which bound the ith volume.

The effective emissivity of the upper-layer gas within a quadrant is

obtained from the mean-beam-length approximation

Eg
i

= 1 - e ^g^m,i (7-9)

where the mean beam length

[

volume of upper layer in

^ ^ ^
quadrant containing 1th reglo

m,i rsurface area of upper-layer
volume in quadrant containing

Lith region.

n.

]

(7-10)

If the emissivlties of the solid surfaces are assumed to be unity, then

it can be shown (Appendix B) that the radiation from the upper gas layer and

enclosure surfaces to a target element located in the lower layer can be

expressed as

*q" = I OF-. .T , + Z OF,. ,T„ + (1 - e ^ .)

gw dA,i wl dA,!!- g,i gu g,i
)t'^ - t"^ J

wu wl-*
(7-11)

When the element is located in the upper layer the expression becomes
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(7-12)

4

I

i=l

r A
oF [e ,T +

dA.i*- g,l gu
(1

6

I

i=5

aF
dA,i

(1 - - )wu

where the geometrical factors apply to the inverted forms of the geometries

shown in figure 7-3; i.e., quadrants i = 1 and 2 contain portions of the upper

layer and i = 3 and 4 contain portions of the upper and lower layers.

7.3.2 Radiation from Burning Wall Area

7. 3. 2.1 Radiation from Burning Wall to Adjacent Burning Wall

Each burning area element contributes to the radiant flux incident upon

the adjacent burning wall (figure 7-4) according to the expression

-(k il )

‘‘'•f
= % ^s.r

^ 8 8 (7-13)

where dq^ is the incident flux at the "receiver".

k is the upper-layer attenuation coefficient,
o

I is the path length through the upper layer (Appendix C) ,
and

S

F„ _ is the geometrical factor between the receiver at surface
s ,

r

element r and source at surface element s.

The flux emitted from the source element, q^, is expressed as

q = aT^(l-e ff) + e oT e ff (7-14)
e t s s

where the first term on the right represents flux from the flame and the

second term accounts for flux from the wall surface behind the flame. The

parameters k^ and are flame attenuation coefficient and flame thickness,

respectively. It appears from equation 7-14 that
q^

will vary from material

to material. However, since data of this type are scarce,
q^

was approximated
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In the current calculations as a constant of 20 kW/m^. This value falls

between the "thin" and "thick" flame values estimated by Modak and Orloff [19]

for vertical polyurethane surfaces. The total flux incident upon a burning

wall element from the burning areas, A^, of an adjacent wall is obtained by

summing equation 7-13 over all burning elements;

7 .3.2.2

q" F
e s ,r

-k
e

I
g g

Radiation from Flames on Burning Wall to Same Wall

(7-15)

It is assumed that radiation transferred from flames on a wall to a spot

on the same wall has been accounted for in the test-method-based analytical

expressions for burning and flame spread rates; that is, these fire properties

are independent of burning area.

7.3.3 Total Incident Radiation

For the purposes of computing pyrolysis and flame spread rates, the

radiant flux, q^, to a point on a wall is

• it
,

• ••

gw f
- Z F

K
s.r

a T
wj

(7-16)

where q" is defined by either equation 7-11 or 7-12, q" is given by
gw r

equation 7-15, and the remaining term on the right compensates for the fact

that the wall area behind the burning region is included in both
q^^

and q^.

The parameter T^j is either T^^ or T^j^.

7.4 Wall Fire Entrainment

A complete theory for wall fire entrainment does not exist. Neverthe-

less, an approximate entrainment model will suffice for the present task.

Indeed, a simple point source buoyant plume model will be adequate in view of

the approximations made in previous sections of this report and the prelimi-

nary nature of this project.
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The mass flux, m^, a distance above an isolated point buoyancy source

of strength Q is given [20] by

ra = 0.0625 Q (7-17)

For the wall fire, Q will be set equal to the total heat release rate of the

burning wall area located in the lower gas layer and the point source will be

located at the floor. Since the mass flux to the upper layer is needed, Z^

will be equated to the gas-interface height, Z^.

7.5 Summary of Wall Fire Model Equations

The basic equations for the corner wall fire spread model are gas layer

equations 4-3 to 4-6, wall equations 4-12 to 4-15, fire plume entrainment

equation 7-17, and pyrolysis equation

f_ = m - m, - E m V- At AZ = 0
7 V D ^ V f

A
py

where

m =
V

0;
q'i

< qj

** **

(q'i
-

qj «l
> qj

(7-18)

(7-19)

m, = E m"v^ At AZ
b . b r

^b

(7-20)

Vc =

0; q;: < q"
± ± *

smaller of v^ and equation 7-7
; q’^ q^ ^ q^

’I ^ H.iS

(7-21)

m. -
*i;

^
'(’'ox - \x> ^

vap
(7-22)

subject to the constraints

. ft V . M
m, > m, .

^

b — b,crit
(7-23)

22



Y > Yox — ox,crit (7-24)

< m^/r
i

(7-25)

where Y^^ is either YOX Ioxu

is given by equation 7-16

Subsidiary equations A-1 , A-2, A-4 to A-13, and A-16 to A-19 listed in

Appendix A complete the model.

8. RESULTS OF WALL FIRE SPREAD CALCULATIONS FOR A HYPOTHETICAL WALL MATERIAL

The wall material is termed hypothetical because it was arbitrarily

assigned artificial flame spread, burning rate, and stoichiometric properties

which represent the properties of wood, polymethyl methacrylate (PMMA), or

calcium silicate board. The values used in the calculation are presented in

table 8-1. This arbitrary choice of properties was convenient and consistent

with the limited objective of demonstrating the qualitative features of the

model.

The allotted simulated time span for each calculation was 0 to 590

seconds. The time increment. At, was initially set at 10 seconds. In the

event that mathematical convergence was not achieved at a given simulated

time. At was halved, conditions from the previous time reinstated, and the

calculation repeated. If this process reduced At to less than 0.3125 seconds,

or if Y^^„ became equal to 0, the calculation was terminated. Finally, it

should be noted that the last term in equation 7-16 — the wall area correc-

tion term — was not included in these calculations. Therefore, q" is exag-

gerated during the later portion of the simulation when T^^ becomes large.

The first configuration considered is shown in figure 7-5. At t = 0,

uniform burning exists from floor to celling over a width 6^
= 0.5 m on each

of two walls meeting at a corner. Calculated results at subsequent times are

shown in figures 7-6 to 7-9. Since the area of involvement is symmetrical

with respect to the room corner, only the pattern on one wall is shown. The
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burning rates listed in these figures represent the totals for both walls. As

previously stated, on account of the forementioned approximations and assump-

tions, results are intended to be viewed in a qualitative rather than a quan-

titative perspective.

Figure 7-6 shows the predicted conditions at t = 100 seconds. Only a

small increase in area of involvement occurs up to this time because the

incident radiant flux is still relatively low. Note that the spread is

slightly less in the upper layer relative to that in the lower layer despite a

higher incident flux in the former. The significantly lower oxygen concen-

tration in the upper layer = 0.135 versus = 0.209) more than

offsets the higher radiation level, thereby producing less spread. Little

change occurs in the area-of-involvement pattern until some time in excess of

200 seconds. The situation at t = 240 seconds is shown in figure 7-7. Spread

in the upper layer begins to outdistance that in the lower layer because

radiation has become the controlling factor. Within the next 5 seconds

(figure 7-8) the spread increases rapidly in the upper layer as the incident

radiation increases. Rapid growth occurs in both layers until t = 250 seconds

(figure 7-9) when Y^^^^ goes to zero and the calculation terminates.

The above results are summarized in figure 7-10. The properties of PMMA

lead to a relatively low flame spread rate with a fire nearly fixed in area

(Ainv) for an extended period. However, the high energy release rate per unit

area of PMMA which was used in the calculation, and the subsequent feedback of

a portion of this energy by the enclosure to the burning area produces a

steadily increasing burning rate, m^, which appears to drive the system to an

unstable or flashover condition.

The effect of the initial width of the burning area on each wall, 6^, was

then investigated. Figure 7-11 compares the upper layer gas temperature

results, T , for calculations of corner wall fires with 6 equal to 0.50,

0.35, and 0.25 m. In each case, the initial burning area extended from floor

to ceiling. Reducing 6^ from 0.50 to 0.35 m delays flashover by approximately

300 seconds, whereas the 0.25 m Initial width falls to produce flashover

within the simulated time span.
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Figure 7-12 presents the results of a calculation representing a corner

wall fire in a room with combustible lining on only the lower half of the

walls. In this case, with 6^
= 0.5 m, flashover does not occur within 590

seconds. Increasing
6^ to 0.8 m (figure 7-13) produces results only to 300

seconds, at which time mathematical convergence ceases. Nevertheless, the

rates of Increase of Tg^, m^, and just prior to 300 seconds suggest

imminent flashover. Indeed, the failure to converge could be a consequence of

rapid changes in the variables at the onset of flashover.

9. CONCLUSIONS

On the basis of the work carried out during this project the following

conclusions are drawn.

a. A wall spread model has been produced which takes into account the

oxygen and external flux dependencies of the flame spread and burning

rate properties of lining materials. These dependencies in conjunc-

tion with a simple horizontal flame spread model were shown to

produce aspects of the area-of-involvement pattern and flashover

condition which are qualitatively reasonable. Many improvements are

possible such as adding a ceiling-jet model and allowing for vertical

as well as horizontal flame spread.

b. The constantly expanding wall-grid scheme used in the model was

inefficient with respect to computation time. Alternative schemes,

such as a predefined number of area elements which "turn on" as the

fire spreads, should be explored.

c. A transient version of the quasi-steady enclosure fire model from

reference [12] was a consequence of this project. Fair to good

agreement between calculated and experimental results was demon-

strated for a configuration of four wood cribs in a room. This model

should be useful in future analyses of isolated fires within rooms.
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d. Advancing the wall spread model from a qualitative to a quantitative

tool will require experimental verification of the flame spread,

burning rate, and entrainment sub-models for vertical surfaces.

Efforts in these areas are underway at NBS.
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Figure 7-11, Theoretical upper. gas temperatures From corner wall
spread calculatioVis : initial burning area on each
wall = 6 i X H
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Figure 7-13. Summary of theoretical corner wall spread results:
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Table 8-1. Thennophyslcal and Fire Properties of Hypothetical
Wall Material

Parameter

m" * 0.011 kg/m^-s
D

Y* “ 0.233
ox

q" = o = 0.4 kW/m^
X 3

C = 0.108 kg/m^-s

q"** = 11 kW/m^

Lvap = 1620 kj/kg

™b,crit
= 5 g/m^-s

Equatlon(s) in

which used

(7-1. 7-2)

'^ox.crlt ® ^arbitrarily selected)

C = 5.06 m^/2gl/2/j^y

2
q" =22.4 kW/m (estimated)
1 9 Ifi

m = 2

Real Material
basis

PMMA [15, 21]

PMMA [22]

= 0.1 m/s (arbitrarily selected) (7-9)

4H = 15000 U/kg (A-3, A-5, A-llc, A-17) Wood [12]

r = 4.92 (A-3a, A-8d, A-llb, A-19) Wood [12]

k = (0.125 X lO"^ kW/m-K) •

w

[1 + 6.7 X 10"^K"kT„ - T^)]w a

c = (1.12 kJ/kg-K) •

pw

[1 + 6.7 X 10”^K“kT^ - Tg)]

(4-8 to 4-11, 4-13, 4-15)
Calcium
Silicate

Board [12]

p = 696 kg/m^
w

6 = 1.59 X 10"^m
w
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Appendix A - Subsidiary Equations

All subsidiary equations are functions of input parameters and/or one or

more of the seven independent variables - Z^, Tgu» "^gl* "^wu* ^wl » ™v*

”o 3 ”o
gu ('-H

(H - Z )
o n

3/2

m. = 4 W p C. /2g •
1
a^^^{Z ~ Z.) +

1 3 o ai n d

(a + b Z - .
3/2 1

d

(A- 1 )

(A-2 )

where a = f 1 - -

—j

(Z^ - (A-2 a)

b = 1 -

gl
(A- 2b)

8 ^ + 0c055 m^ AH (Z^ - H^)

m =
P

8 m.

when Zj >
a — c

when Z^

(A-3 )

where m, =
b

m : r < m./ra
V — 1 V

m—
;

r > m./m
r ’ IV

(A-3a)

. , "^a ^n ^d /W \ 0.025 .

ra = k -=—
( -rr-

I
m,

e m T Z I W / i
gu n \ o /

(A-A)

\u = (' - I) “b
“ (A- 5 )

E, = fm. + m + m ) c (t -T , 1 - m T - T - m c [t -T J (A- 6 )Mu V e'^p^gugl^ vs gl vpp^sgl'gl V pp'' s g:
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where the last term which accounts for pyrolysis gases emerging from the

surface at Tg will be neglected.

E = V + q" 1 A + q" A + q"
, A_

Lu ru cu' wu ro ou rd F

i" = e o + Y (l - e 1 o
ru g gu u g' wl

- [i - (1 -
-r ) (1 - € )] o /L V.

'u-* '> g-'J wu

Y..
=

u A
wu

1
-k L

e = 1 - e g m
g

k =
g

K (l + X r) mm
a ' V

(m + m
)'' i V-'

L =
m

2WL (h-Z^)

[h-Z J(VH-L) + WL

... 4 r ^ 4 4
q = e 0 T + [l-e J o T - o T
ro g gu '' g-* wu a

... r„4 . c , „4 _4q,=e oT +(l-eJoT -oT-
rd g gu ' g'' wu wl

V = h [t - T 1
CU CU ^ gu WU"^

h = p c /gti
CU a p

° ^ \H/

~)* =
(1-f) AH

p c T /in H*"
a p a

(A-7)

(A-8)

(A-8a)

(A-8b)

(A-8c)

(A-8d)

(A-9)

(A-10)

(A-11)

(A-lla)

(A-llb)
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= c m *
Ml p i gl

PI, (t T
- T

)
+ c m (t

,
- T )i gl a' p e ' gl gu-^

(A-12)

\x -
*'=1 ^,l (Tgl -

^wl)
(A-13)

• M _ 2 wall
(t - T )^ wu a *'

(A-14)

... ^ 2 ^
/( k p

*kl
/tt

* (t - T )^ wl a-'
(A-15)

^cl ’"cl^^gl
~

'^wl^
(A-16)

^rl
= Yi e (3

1^ + (l-e 1 a T
'1 g gu r' 1

_4 ^ f \
iwjL •aT,+‘;r —

—

g' wu wl 2 A

AH

wl
(A-17)

^1
= (A-17a)

0X1

0 .23 + fra /m
. ] Y

^ e 1 - oxu

1 + fm '/m,

)

> e 1

'

(A-18)

0.23 ® [l -

oxu
1 +

(A-19)
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Appendix B - Radiation from Upper Gas Layer and

Non-Burning Enclosure Surfaces

A. Target Element in Lower Layer

Using Figure B-1 and following Siegel and Howell [18] , the incident

radiative flux on a target element in the lower layer due to radiation from

the upper gas layer and enclosure surfaces is given by the expression

dA,l
a T , + F

wl dA,2
a T

wl

radiation from quadrants
i“l and i»2

+ F,. - [as . + (l-e .) a 1
dA,5

|_
g,5 gu g,5^ wuj

+ , oe , + fl-e , 1 a
dA,6

[_
g,6 gu '' g,6-' wuJ

radiation from gas
and upper surfaces in
quadrants i=3 and 1*4

t^dA,3
"

^dA,5^
^

"^wl

'*
f^dA,4

"
^dA,6^

^
"^wl

radiation from lower
surfaces in quadrants
1=3 and i=4

(B-1)

or

4

Z

i=l

a F
dA,i

6

Z

i=5

o F
dA,l

(B-2)

where
^dA,l

^dA,5

^dA,6

F
dA,2

^dA,3

^dA,4

^dA,3

^dA,I

^dA,I

^dA,4
0.25

W-x
L 9 L

F
dA.II

(B-3)

(B-4)

(B-5)

56



and [16]

^dA,I
_1_
2tt

X ^ -1 Y
.

Y . -1
tan + tan

^1+X^ ^ 1+X^ ^1+Y^ ^

= (tan”^ Y
”

1+Y

where A = 1/ Wx^ + Y^

(B-6)

(B-7)

(B-7a)

B. Target Element In Upper Layer

Using Figure B-2 and following Siegel and Howell [18]

a + (l-e J a
]g.l gu ^ g,l^ wu-*

4
a T + (l-e o) a

]
S >2 gu ^ g,2'' WU*^

^dA,5
®

"^wl

^
"dA,6 " 4
^dA,3 ^g,3

®
*^gu ^^dA,3

”
^dA,5^

• (l-e
) a

g,3-' wu \

*
^dA,4 ^g,4 '^'^gu t^dA,4

"
^dA,6^

|

• (l-"g,4) ’4

radiation from quadrants
1=1 and 1=2

radiation from lower
surfaces of quadrants
1=3 and 1=4

radiation from gas and
upper surfaces In
quadrants 1=3 and 1=4

(B-8)

or



(B-9)

q" = Z a F.,
,

[e ,T^ + (l-e ,1gw dA,i L g,i gu g,!-* wu

+ Z 0 F.^ . (l-e ,) (T^. -
dA,l g,l V wl wu

where the geometrical factors are defined by equations B-3 to B-7.
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Figure B-1- Radiation target element in lower layer



Figure B-2. Radiation target element in upper layer
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Appendix C - Radiation Path Length Through Upper Layer

D = + (Z^ - Z^]‘

when

(C-l)

z, = z.
s > \ = “

^2 <
‘‘g

= °

(C-2)

h > 2d

Z ^7 h “

^2 ^ ^d= '‘g

22 <
^d= *g

"2^2,;

^2 <
^d’ %

- Z

z, - z.

(C-3)

Zi < Z^

^2 < = 0
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