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ABSTRACT £, () Eq. (9)

A model is developed for predicting the generation f{5TGICHE) £, (¢) for stoichiometric combustion
rates of oxygen, fuel, and other products of combustion
in rooms containing fires. The model is called the m [my] total mass in lower [upper| layer
Generalized Global Equivalence Ratio Model (GGERM). It
extends the steady state global equivalence ratio model M penBE mass flow rate to the reactor from
established previously from steady-state data of several the accumulator
experimental studies, After describing the GGERM in
detail, a concise algorithm is outlined for implementing MeEEDBK, I Mypeppg foOr conditions of Case I, I

it in two-layer zone-type compartment fire models. With
the algorithm in place, such models could be used to
simulate the distribution of combustion products in
single or multi-room fire enviromments. In an example
application, the GGERM is used to simulate the time-
dependent environment, including that of steady-state,
in some of' the above-mentioned experimental studies.
For arbitrary experimental conditions and under the
assumption of complete stoichiometric combustion,
solutions for concentrations of products of combustion
are obtained and presented. The solutions are used to
predict the time-to-extinguishment of a burning methane
fuel source embedded In an initially ambient-atmosphere
upper layer.
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Eqs. (26), (27)

¢FUEL ? ¢O)(‘l

o at extinction of CH, flame

TExt

Yy Yoo Yoxy dimensionless e, , Cpygy u, Coxy,u
oy mass generation rate of product k
INTRODUCTION

This paper presents a general model usable in two-
layer zone-type compartment fire analyses, for predict-
ing the generation rate and accumulation of combustion
products throughout a multi-room facility. The model is
called the Generalized Global Equivalence Ratio Model
(GGERM) .

The Extended Upper-Layer in a Room Containing a Fire

Consider a multi-room compartment fire and assume
an upper-layer/lower-layer zome-type description of the
environment in each of the rooms. As indicated in
Figure 1, for the purpose of describing the combustion

Fig. 1. orli-

The extended upper layer in a room of fire
gin which includes the assumed negligible-volume
fire plume.

process, the fire and plume, which may protrude into the
lower layer, is taken as part of the upper-layer zone,
Also, the volume of any such protrusion is assumed to be
negligible compared to the total volume of the room.
Thus, as defined by Quintiere (1989), all combustion
processes in any room with a fire take place in the
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upper layer, The actual combustion process in this
extended upper-layer zone will be modeled here as in a
well-stirred reactor (Spalding, 1979) with relatively
rapid  flew-through  and corresponding  negligible
residence time,

An Overview of the GGERM

Presented here is a brief overview of the essential
features of the GGERM, the detalls of which are
presented at length in the remainder of the paper.

The goal of the GGERM is to estimate net rates of
change of mass of combustion products k in the upper
layer, dp, ,/dt, for any room containing a fire in an
arbitrary multi-room fire scenario. As deplcted in
Figure 2, the model has two components: the accumulator,

accumulator
{the bulk of the extended
upper layer volume)

! I
' !
|
feedback | four My Cp=Ry/my :
i
! p !
| k,LREACTOUT I
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' |
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. |
! !
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Fig. 2. The model of combustion and flow dynamics in the
extended upper-layer of Figure 1.

which simulates the generally unsteady average upper

layer environment, and the quasi-steady reactor,
depicted in Figure 3, which simulates the actual
combustion processes taking place there.

P
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mk
P
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Fig. 3. An isolated view of the reactor of Figure 2.



The material flowing into and out of the extended
upper layer generally includes various amounts of the
combustion products k associated with a fuel of interest
and other inert flow components. The actual inflow and
cutflow of product k, Pk,FLOWIN and Pk,FLOWDUT' respec-
tively, would be determined from compartment fire model-
ing conslderations which are beyond the scope of this
paper. These rates are assumed to be known.

As indicated in Figure 2, all of the flow into the
layer is modeled as immediately “entering” the reactor
where it participates in the reaction process. Also
participating in the reaction is some of the bulk upper
layer atmosphere. This is depicted in Figure 2 by the
"feedback loop" flow which iz alsc seen to "enter” the

reactor. A critical feature of the overall model is the
means of evaluating the feedback mass flow rate,
Mppepngy- Ihis is presented in Egs. (36)-{(47).

The global equivalence ratio, ¢, is introduced a=z a
normalized ratio of the rates of fuel to oxygen entering
the reactor. ¢ is defined and determined accoerding to
Eq. (7). Then the rate of generatlon of an arbitrary
product k, &, is found from Eq. (9), where the f,
functions for the fuel would be determined from steady
state experiments of the type carried out by Beyler
(1986a, 1986b), Toner, Zukoski, and Kubota (1986), and
Zukoski et al (1989, 1991). Having obtained the &,
conservation of species leads to the desired result for
dP, ,/dt. This is obtained from Egs. (1) and (4).

THE VARIABLES COMPUTED IN A COMPARTMENT FIRE MODEL

At an instant of time of interest let P, , and Py |
be the amount of product of combustion k iIn the upper

and lower layers, respectively, of a room containing a
fire.

Together with hydrostatic pressure at some datum
elevation in the room, the elevation of the layer

interface, and the total mass in the layers, it 1s con-
venient to uge the P, ,'s and B ,'s as basic variables
in two-layer zone-type fire models [see, e.g., Cooper
and Forney (1990)]. Also included in the basic solution
variables are the pressures, interface elevatlons,
masses, and Pk,U'S and Pk‘L‘s of all other rooms of the
facility. While a B, and P | would correspond
typically to the mass of product k, as is the case here,
it could also correspond to some other extensive
property, e.g., total number of particles of product k.

Variables derived from the basic variables are also
required in analyses of the fire environment. For
example, the density of the layer can be caleulated from
the layer interface elevation (i.e., layer wvolume) and
layer mass, Similarly, the mass concentration of a
product k in the upper layer, ¢, y, would be calculated
from the values of P, ; and upper-layer mass, my.

In a compartment fire model, generic equations for
conservation of product k in the upper and lower layers
are (Cooper and Forney, 1990):

ap, ,/dt = B ¢ 1

dp, /dt = By (2)
where ék,u and ?k L represent the net rates of product
of combustion k flowing to the upper and lower layer,
respectively. These terms represent the sum of trans-
fers of product k to the respective layers from all
plumes, jets, near-boundary flows, combustion zones, and
other isolated or distributed sources considered and
taken into account in any particular zone fire model.
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It is noteworthy that the number of types of flow and
heat- and mass-transfer phencmena taken into account,
and the detail and sophistication with which such
phenomena are modeled are key distinguishing featuxes
between one zone fire model and another.

Since generatlon of products due to combustion
processes are assumed to occur only in the extended
upper layer, ﬁk,u' but not P, | can include generation-
rate contributions due to combustion.

This paper presents a general model for including
combustion processes in Eq. (1). It is applicable for
general use in two-layer zone-type analyses of compart-
ment fire scenarios. The model incorporates and extends
to arbitrary unsteady conditions the use of the Steady
State Global Equivalence Ratio Model (SSGERM) which has
been proposed and supported by the two-layer steady-
state data of Beyler (1986a, 1986b), Tomner, Zukoskl, and
Kubota (1986), and Zukoski et al (1989 and 1991},
Throughout this paper, these experiments and their data
will be referred to as the SSGERM experiments and SS5GERM
data, respectively.

MODELING THE COMBUSTION TPROCESS AND THE UNSTEADY
ACCUMULATION OF MASS AND SPECIES IN THE EXTENDED UPPER
LAYER

Two Components of the Model

Depicted in Figure 2 is a process diagram for the
GGERM. The model involves two interacting components, a
reactor and an accumulator. These two components
interact by way of a feedback loop which passes
material, at a rate to be determined, from the generally
unsteady, but spatially-uniform-property accumulator to
the input stream of the quasi-steady reactor.

Modeling the Combustion Process - The Reactor

In the phenomena being simulated, combustion
processes are confined to a well-mixed volume of the
extended upper layer. Depending on a variety of
factors, at one extreme this combustion zone can be
negligibly small and at the other can even dominate the
entire layer. For example, in a Figure l-type of fire
scenario, combustion is often confined to the lower
portion of the relatively small-volume, turbulent fire
plume. Sometimes a fire can grow to the peint that
combustion even extends beyond the fire-plume volume and
into a significant portion of the relatively small-
volume, turbulent ceiling jet, the latter being formed
by impingement of the burning plume on the celling
surface. Under fuel rich conditions the combustion can
£fill most of the upper layer which itself can nearly
f£ill the entire room.

The flow rates through the well-mixed combustion
zone lead typically to characteristic residence times
there which are small compared to the characteristic
timeg of interest of the owverall phenomena being
modeled, but large compared to characteristic times of
the combustion kinetics. This is the basis for modeling
as quasi-steady the combustion processes.

All
reactor,

combustion processes are modeled by the

It is noteworthy that the reactor compoment of the
model has & strong conceptual aspect in the sense that
it is not intended to correspond strictly to any
physical subdivision of the extended wupper layer.
Thus, while the role of the reactor is to simulate all
significant combustion processes, there is no accounting




for the physical boundaries that would approximate the
spatial 1limits of the combustion processes, For
example, no material or material properties are directly
associated with the "inside" of the reactor component,
only material that enters and leaves it, and products of
combustion that are generated by its action.

At least ome aspect of the conceptual character of
the reactor is highlighted in the model representation
of Figure 2. As seen there, in the present model all
flows entering the extended upper layer, pass through
the reactor prior to being deposited in the accumulator.
Yet, in the generic fire scenario depicted in Figure 1,
it 1s clear that flows entering the upper layer from
vents, e.g., from the doorway on the right side of the
figure, do not enter directly a physical region of the
extended upper layer that in any significant sense can
be construed as the region wherein the significant
combustion processes are taking place,

Modeling the Bulk of the Upper Layer - The Accumulator
it is reascnable to

of the
This

As observed in room fires,
model the properties of the major portion
extended upper-layer volume as spatially uniform.
is modeled by the accumulator,

As indicated in Figure 2, instantaneous contents of the
extended upper layer are assumed to reside in the

accumulator, the average concentrations of products
there being
Cr.u = B y/iny 3

Throughout the rest of this work, the Pp,p and ¢ 4 will
correspond te the mass and mass fraction, respectively,
of product k in the upper layer of a room of fire
origin.

The SSGERM data were acquired under conditions of
steady state, For this reason, an accumulator used in
the modeling of those particular data would also be in a
steady state. However, because the characteristic times
for flows to pass through extended upper layers are
typlcally relatively large, the properties of the
accumulator in the model must be described generally as
unsteady. In other weords, the instantaneous rates of
accumulation of products in the accumulator must be
modeled as being generally non-zero and significant.
The latter would be true even at times when the volume
itself is relatively constant. As will be seen, such
times of constant volume are exemplified by the
transient upper layer environments in the experiments of
Toner, Zukoski, and Kubota (1986) and Zukoski et al
{1989 and 1991), where these transients lead to the
steady state condlitions reported.

Unlike the reactor, the physical boundaries of the

accumulator are well-defined, namely, they are well-
approximated by the boundaries of the upper layer. Yet,
as with the reactor, aspects of the accumulator

component of the present model must also be regarded as
conceptual. For example, as noted before in Figure 2,
any vent flows that are deposited into the upper layer
are modeled as entering the reactor (i.e., the combus-
tion process) prior to actually flowing into and mixing
with the bulk of the upper layer. Again this is clearly
in difference to the physical picture depicted in Figure
1. The conceptual character of the accumulator is also
related to the fact that it 1is assumed to interact
directly with the reactor. Thus, a model compoment (the

accumulator) which interacts with a conceptual model
component  (the reactor) must itself be regarded as
conceptual.
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The Flow Exchanges Between the Reactor and the Ac-
cumtlator; the Flow-Rate in the Feedback Loop

Depicted in Figure 2 are the components of flow to
the extended upper layer and flow exchanges between the
reactor and the accumulator.

In general, the net flow to the extended upper
layer is made up of a series of unidirectional flow
components, flow components intg the layer and flow
components put of the layer. As indicated in Figure 2,
the sum of all flow components of product k intg the
layer is designated as Py rrowry and the sum of all
flow components gut of the layer is designated as
Py rrowour- The Py rrowyrs are all modeled as flowing
directly to the input of the reactor prior to entering

the accumulator.

The combustion process in the reactor leads to
mass-generation-rate source terms for the products k.
These are designated by @y . Conservation of mass
requires that the sum of all oy, is zero.

In view of the above, the ék,u of Eq. (1) are

Pev = B rrowin - Px rrowour + 9 (4)

All ﬁk,FLDHOUT are assumed to flow directly out of
the extended upper layer from the accumulator, i.e.,
from the bulk of the upper layer. For example, in the
fire scenario of Figure 1, the Py rrowour have two com-
ponents. One of these is the flow of the products in
the stream which passes from the upper layer in the room
of fire origin through the upper vent in the wall on the
right side to the adjacent space. The other components
of Py riowour Aare convected in the flow which is
entrained into the relatively cool stream flowing into
the fire room from the vent in the left wall. Because
of its negative local buoyancy, this stream, together
with the entrained material from the upper layer, flows

downward and is deposited into the lower layer.

The Pk,FLOWIN are made up of the sums of all types
of inflow components. These include contributions of
products of combustion k entrained from the lower layer
into the plume, supplied directly from the fuel source,
and flowing into the layer from wall, ceiling, or floor
vents.  The sketch of the fire scenario of Figure 1
indicates one vent flow stream which contributes to the
Py rrowrw- This is the stream flowing across the layer
interface on the right and entering the upper layer.
This stream is driven by the locally upward-buoyancy of
the flow through the doorway on the right.

As indicated in Figure 2, the inflow to the reactor
is made up of the net flow rates, ?k,REACTIN and their
corresponding total mass flow rate, MopacTIn The
combustion processes in the reactor lead to the mass-
generation-rate socurce terms, &, , which are depicted in
the figures as separate inflows to the reactor (Figure
3) and to the overall extended upper layer (Figure 2).

. For a given k, Py reacrry Dhas two components,
Py rrowrn 204 By prpppg-
By meacrin = Pu rrowzm ¥ Py reppex (5}

P, reepsx 15 modeled as a product k flow rate
introduced inte the combustion process from the
accumulator. This is represented by the feedback loop

of Figure 2. The P, ppppyx and their corresponding
total mass flow rate, Mepppsx ©an be thought of as
representing a portion of the flow entrained into the
combustion zone from the bulk of the upper layer. This



portion of flow will always have an effect on the
combustion process by modifying the &, 's.

As will be seen, a critical task in modeling the
combustion process involves the establishment of model
equations for mpppppy WwWhich are consistent with the
SSGERM and with an arbitrary, unsteady, and fully-
general two-layer zone-type description of a fire room
environment.

As indicated in Figure 2, the reactor output,
Py Reacroyr. flows directly into the accumulator.

PREVIOUSLY ACQUIRED STEADY-STATE DATA, THE GLOBAL
EQUIVALENCE RATIO, AND THE REACTOR COMBUSTICN PROCESS

The Reactor Inflow and Outflow

The GGEBM and SSGERM involve identical combustion
models, i.e., relationships between reactor output and
reactor input are the same for both.

A Model for the Reactor
Represent the reaction for a particular fuel by

fuel + oxygen —# reaction products, including
excess oxygen and/or excess
fuel and/or products of in-

conplete combustion

Also, assume that the chemical composition of the fuel
volatiles are known. Then for continuous idealized
stoichiometric combustion of the fuel, it would be

possible to calculate
(6)
Here, idealized stoichiometric reactions of C, H, 0-

types of fuels refer to reactions where fuel and oxygen
are mixed in proportions that ideally would lead only to

r = (Ppyrr/Poxy)srorca

C0, and H,0, with no excess fuel or oxygen, It is
assumed that r is known for a fuel of interest.

Define the global equivalence ratio, ¢, by

¢ = (Proey reacrin/Poxy,rEacrIn?/T ()]

This 1Is equivalent to the
SSGERM experiments,

¢-definitions used in the

Since the combustion is assumed to be quasi-steady,
i.e., no accumulation of products in the reactor,

Po gEactour = Px mEacriv * %

(8)

Note that for oxygen and fuel, which are consumed by the
combustion, & would be negative. Inert flow components
like N, would be associated with &, = 0.

As established in the SSGERM experiments

mi/PPuzL,nzAcrIn = 5 () (%)
Results reported by Zukoski et al (1991) indicate that
the f,'s are also pgenerally functions of temperature,
the dependency becoming impoertant only for upper layer
temperatures which exceed 800-500 K. For now this
dependence will be ignored, Note that relative to the
nomenclature of previous work, the f, of Eq. (9) are
identical to the ™un-normalized yields”™ of Beyler
(1986a, 1%86b).
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In principle one would hope that Eq. (9) 1is
applicable to many practical fuels and that a standard
test method could be established to determine for a
particular fuel the f, functions for all product k's of

interest. It 1is assumed that data to determine all
such f, funetions for a fuel of interest have been
acquired.

For the case of complete stoichiometric combustion,

Eqs. (7)-(9) lead to
-1/ ifo0<4¢=<1
fB%%OICH) - (10)
-1/(x¢) if¢g>1
-1 if0<¢=1
£z - an
-1/¢4 if ¢ > 1

Here, complete stoichiometric combustion means that: for
fuel-lean inputs to the reactor, i.e., 0 = ¢ < 1, all
input fuel is consumed in an idealized stolchiometric
reaction with the input oxygen; for fuel-rich inputs to
the reactor, i.e., ¢ > 1, all input oxygen 15 consumed
in an idealized stoichiometric reaction with the input
fuel .

If all of the ?k_REACTI“ are known at a particular
instant of time, then ¢ can be calculated from Eq. (7),
@, can then be calculated from Eq., (9), and all compo-
nents of the reactor output can be determined finally
from Eq. (8).

Assume Mo, .yy and the Py, rEacriy 2re Lknown,

Also, since the process "inside" the reactor is assumed
to be quasi-steady, MeescTin ™ “thcrcur- Then, from
Eqs. (8) and (9) the concentrations of the reactor
outflow, €k rREACTOUT» €41 be calculated from

L

Cx ,REACTODT (12)

[By geacrin + ?FUBL,REACTIka(é)]/h&EACTIH

Eq. (12) can also be expressed as
Cx,REACTOUT =

cPUEL,REACTIH[Pk,REACTIH/PPUEL,REhclll + fk(¢)]
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= COXY,REACTIK[Pk,REAcTIR/POXY,REACTIN + ¢f, (¢)r]

(14)
With k + fuel, Eq. (8) and Eq. (13) lead to
CruEL,REACTOUT T Crupr,mEactinll * Fpppp (#)1} (15)
With k -+ oxygen, Eq. (14) leads to
Coxy,rEACTOUT ~ Soxy,rEacrIn [l + éE 5y (4)r] (16)
For complete stoichiometric combustion, Eqs. (10)

and (11) in Eqs. (15) and (16), respectively, lead to

CPUEL,REACTOUT,STOICE —
0 if0=<4¢=<1
1an

(1 - 1/¢)°ruzL,nEacrIn if1<¢




Coxy,REACTIOUT,STOICE

Te

A Requirement for Consistency Between the Reactor Model
and Steady State Data Previously Acquired in Two-Layer
Fire Experiments

$)Coxy pracrin 1EO0=<¢ =1
{18)

0 ifl<g

The SSGERM experiments involved burning in a
standard atmosphere below the upper layer, The
configuration used by Toner, Zukoski, and Kubota (1986)
was similar to that used by Beyler (1986a, 1986b). Both
are depicted in Figure 4, The work of Toner, Zukoski,

Fig. 4. The experimental configuration used by Beyler
(1986a, 1986b) (a); Toner, Zukoski, and Kubota
(1986) (b); and Zukoski et al (1989, 1991) (ec).

and Kubota (1986) involved an inverted collector with
contents "pouring out"™ below its bottom edge (Figure
4b), The work of Beyler (1986a, 1986b) imvolved a
similar inverted collector, but with side venting and
with the layer contained fully within the vessel (Figure
4a). For the purpose of the present analysis, the two
configurations do not involve significant differences.

Also depicted in Figure 4c is the configuration
used by Zukoski et al (1989, 1991)., This is identical
to that used by Toner, Zukoski, and Kubota (1986) except
for the fact that here a steady flow of air was injected
into the layer from many small holes near the top of the
collector. This was done in a manner as to insure rapid
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mixing between the injected air and the the flow
produced by the fire plume.
The SSGERM data were reported for steady state

conditions only. These are the dats which were used to
establish and validate the SSGERM and which will be
used in the present GGERM,

The reactor model with the feedback-loop feature of
Figure 2 will be seen te be generally censistent with
the analyses of the SSGERM data if, at steady state, the
feedback flow is identically zero. Thus, with zero
feedback to the reactor, it is clear from Figure 2 that
the steady stream of combustion products at the reactor
output would flow, as in the SSGERM, without further
reaction or alteration in concentratisn into and through
the steady state accumulator,

Define ¢¢55) and cﬁ?ﬁ%ncwour as the values of ¢ and
Cx ,REacTOUTr Fespectively, during a virtual steady state
condition defined by the current inflow rates, but with
zero flow in the feedback loop.

¢(88) m (PFUBL,FLOHIH/PDX!.FLOWIH)/r Qa9
(Note $(S5) {5 identical to ¢, of Toner, Zukoski, and
Kubota (1986), and Zukoski et al (1989, 1991) and to ¢
of Beyler (1986a, 1986b). Then a criterion for
consiscency between the GGERM and SSGERM data is:

Whe“-crnsn.u = cﬁﬁﬁﬂ,nxgcrou: and
Soxv,v ~ ©§8¥’mzacrour GGERM should predict

k,FEEDSK ~ Mprpppx ™
(20)

THE FLOW FROM THE ACCUMULATOR TO THE REACTOR - A MODEL
FOR @pppppy

Considerations in the Establishment of the Feedback Flow
Model

The feedback flow rate
following considerations:

model is based on the

1. The proposed GGERM must be completely consistent
with the SSGERM. This is puaranteed if a) "%
satisfies Eq. (9); and b) the feedback flow rate is
identically zerc under steady state conditions and

satisfies the criterion of (20).

When the feedback flow rate is nonzero, it is
reasonable to assume that 1t 1is an explicit
function of upper layer oxygen and fuel concentra-
tion. The present "first-order” model assumes a
continuous, piecewise-linear functional relatioen-
ship of the form

= . el8sS
MeeEpek = %usL (Crurr,uv - S58E! mEacrour) *
. ci5S
Aoxy (Coxy ,u 458 ) neactour)
where flegeppx = 0, apypy, = 0, and agey = 0.

When the oxygen concentration in the accumulator
is equal to some maximum achievable value and fuel
cencentration in the accumulator is zero, Mpreppx
will be the minimum value that results {in complete
consumption of fuel in the reactor combustion
process.

When the fuel concentration in the accumulator is
equal to some maximum achievable value and oxXygen
concentration in the accumulator is Zero, Mppppgy
will be the minimum value that results in complete



consumption of oxygen in the reactor combustion
process.

Expressions for the c{§§] ppagroyr @ functions of
upper layer inflow will now be developed. These are
required in the feedback flow model. The expressions
will then be related to the SSGERM data. This section
concludes with a presentation of the proposed Mpppppg
equations which take inte account all of the above
conslderations.

Definitions of ¢pyg, and dgoyy

Egs. (12), (15), and (16} lead to

ci?iﬁac:ou: -
(21)

[fk,PLOHIR +’ﬁruxn.rnoﬂlnfk(¢(55))]/mrnou:n

Ci%%l,ﬂsacrour =
22)
c?uzL,rLouInll * ffuxL(¢(ss’)]
cf§%  pzacrovr =
(23}

Coxy,rrowinll + GBS y ($158))x]

For a fuel of interest, define ¢ yg, as the maximum
value of ¢ which leads to complete consumption of fuel,
i.e., which leads to Prygp gpactovr — 0. Using Eq. (8)
and (9) with k -+ fuel, it can be shown that ¢pygL
satlsfies

dpypL — maximum root of foupy (Ppygr) +1 =0 (24)
Define similarly ¢,x, as the minimum wvalue of ¢ which
leads to complete consumption of oxygen, 1.e., which
leads to Poyy geacrour = O-

$oxy — minimum root of doxyfoxy ($oxydT + 1 =0 (25)
For a combustion system involving complete

stoichiometric combustion, épypy = ¢oxy = 1 and, using
Eqe. (10) and (11), Egs. (22) and (23) become

céSSI\. -
UEL,REACTOUT ,5TOICH

0 if 0 < ¢¢55) < 1
(26)
(1 - 1/4'%8))cpypr, prowIn If 1 < 4¢58)
c&ﬁ%?nxacrour.sro:cﬂ
(1 - 550 )copy prowss 1f 0 5 #0357 <1
(27)
0 if 1 < $(55)

For real systems, 0 < ¢pypr < 1 < doxy.
Steady State Concentrations and the SSGERM Experiments

Consider the SSGERM data for the ¢, ;. Because of
the steady state condition, these concentrations are
identical to the cé?%%ACTOUT of Eqgs. (21)-(23). Also,
since flow to the upper layer is only from a "pure" fuel
source and from air of a standard atmosphere, it is
teasonable to assume that the Pk,FLUHIN are negligible
for all (non-inert) products k other than fuel and
oxygen. Therefore, Eq. (21) can be written as

cf38tacrovr ~ c?uxL,rLowrnfi(¢(ss))
(28}
k not fuel or oxygen

Also, using Eq. (19) and the fact that the mass fraction

of oxygen in air is 0.232 it can be shown that
CpyEL,PLOWIN ™ 0.232488) /(1 + 0.2324¢88)r) (29)

Coxx,zrowrs = 0-232/(1 + 0.2324(55)1) (30)

Finally, Eqs. (29) and (30) in Eqs. (22), (23), and (28)
lead to

For SSGERM-type experiments:

<$3%1, rEAcTOUT ~ 31
0.2326838)r[1 + o g, ($¢557)]/(1 + 0.2324488)1)
(32)

0.232{1 + ¢S5 £, ($¢352)x] /(L + 0.2324(55)x)

ss -
c&x!?nzactour

cf I8 dacTonr — (33)

0.2324(85)f, ($(58))r/(1 + 0.232¢(38)r)
k not fuel or oxygen

1t can be shown that fuel and oxygen concentrations
for complete stoichiometric combustion, as given in Egs.
(17) and (18), respectlvely, are properly recovered when
F{$I0IcE)  of Eq. (11) and f{§IQICH) of Eq. (10) are
used in Eqe. (31) and (32), respectively.

The vresults of Eqgs. (31)-(33) reaffirm the
consistency of the GGERM proposed here and the SSGERM as
established in the SSGERM experiments. Thus, for given
fuels, i.e., for fixed values of (Pryer/Poxylsrorce: the
GGERM predicts that under steady state conditions the
concentrations of any product of combustion k in the
bulk of the upper layer is a function only of $¢55) and
£, (¢¢38)). CGiven a SSGERM-type of experiment which uses
a fuel with known r, steady state data in the form of a
plot of cf5§},croyr 85 & function of ¢(88) can therefore
be used to obtainm any of the £, (4).

To illustrate this, consider data presented by
Zukoski et al (1991) which were obtained from experi-
ments with natural gas. Assume the fuel to be pure
methane, CH,. Then the gtoichiometric reaction is CH, +
20, — €0, + 2H,0, and it follows that

r = (Pogo/Poxy)srarca — 16/64 = 1/4 (34)
For SSGERM experiments using methane, Egqs. (31)-(34)
lead to:

cffi Reacour ~ (35)

(0.232/4)1535) [L + Eq, ($$551)1/
{1+ (0.232/4)4(58)]
cbi§’

X¥.mEACTOUT "

0.232[1 + (1/8)$¢382 £y, ($(582)]/

(36

[1 + (0.232/4)4(85)]
cf38kacronr ~ 37
(0.232/6)$ <SS E, ($(55))/[1 + (0.232/4)4¢55]

k not fuel or oxygen




The right hand sides of Eqs. (35)-(37) are used to
provide additional labels on the data plots, presented
in Figures 1-4 of Zukoski et al (1991) and reproduced
here in Figures 5-8. These plots are for the steady
state upper layer mass fractions of 0,, CH,, €O, and H,,
respectively, i.e., for the experimentally determined
values of cﬁg%‘\cm”(&ss’). In Figures 5-8, it should
be noted that the steady state data of Toner were
acquired in experiments where temperatures were higher
than 900 K (Zukoski et al, 1991). As stated below Eq.
(9), the present model would not be expected to provide
accurate predictions of these data. The Toner data in
the plots of Figures 5-8 should be ignored from present
consideration,

Note that for methane, Eq. (24) with Figure 5 and
Eq. (25) with Figure 6 result in #cns = 0.7 and Poxy =
3.0, respectively.

Consistent with the SSGERM, the relevant data of
Figures 5-8 are all well-correlated, f.e,, the measured
cﬁggmmm(q&(“)) data can be approximated by curve-fit
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functions c]{sgtﬁé%&m (g¢88)), Using Egs,
such curve fit funections could then be used to
the f, 's for methane from:

(35)-(37),
caleulate

For methane:

fona (4) = cégﬁjgégerour(¢)[1 + (4/0.232)/4] - 1

(35%)

foxy (8) = e43§ EEidroys (4) +
(4/8)(e§38:EERrour ($)/0.232 - 1] (36)
£(8) = oS8T, ($)[1 + (4/0.232) /3] ey

k not fuel or oxygen

Note that in Eqs. (35')-(37') the apparent singularities
4t ¢ = O can be removed when one takes note of the fact
that e(38:8T2rour (0) = 0.232 and of5§E112,;(0) = O for
fuel and, as assumed here, for all other products in
the experiments under comsideration,
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The Model for My gpnpy

A model for Mgy gx 18 mnow presented which
satisfies all considerations outlined at the beginning
of this section. Three pogsible cases are considered:
Gase 1: Coxy,u = 0, Ceygr,u ™ 0; Case 2: cgyy g = 0,
CpygL,y = 0; and Case 3: coyey gy = 0, Cpygr,y 2

>

Coxy,v = 9 Cpygy,u = O

GCase 1:

Here take Mpppppx ™ Mppepnx, 1 {subscript 1 is for
Case 1) as proportlonal to ¢gxy y - <6§§’reacrovr. if
£

Coxy.u - °6§:§;nmcrour 2 0, and take Mpppppx Tsss
Coxy.u c88% reacroyr < 0. Thus, provided ¢ =
rupL+ it i1s assumed that a relatively high concentra-

tion of oxygen in the upper layer (i.e., compared to the
concentration in the virtual steady state) will enhance
combustion in the reactor leading to e¢yxy ppacrour >
c$§% ' neacrour» wWhile a relatively low concentration of
owygen in the layer wlll not generally affect the
combustion at all. Note that in the latter situation,
where feedback is zero, the cgyy ;, of the layer will
tend to be increased by the relatively rich oxygen
concentration of the reactor output, cf{§§’peacrovr. but
that this will occur by a simple mixing process.

Mpprppx,1 ~
mﬁ%innx(coxr,u - cé;%fnsacron:)/

(4% - <83 nzacrour)
(38)

- cil88
if egyy. g °5xtfnz;crour =0

0 if (eoyy, v - c&%%?nzacrout) <0

where cf{lf$*} 1is the maximum possible value of cpyy y,
taken to be 0,232, and where m{l},.,, the characteristic
value of Mpepppy, ;. 18 taken to be the minimum feedback
mass flow-rate from a c{i{{¥} upper layer enviromnment to
the reactor input stream which, together with the
?OXY,ILOWIN oxygen flow rate, would consume completely
the Ppypy, prowry fuel flow rate. Thus, for pt88) <
$ppgr (ne fuel in the reactor ocutput stream undetr zero
feedback conditions), millp,g = 0, while for ¢¢ §8) »
$rygy» the combined flow rate of oxygen, mfil, gy cé¥i*s +
Poxv, rrowrn &and flow rate of fuel, Pryz; prowins £O the
reactor input leads, by definition, to ¢ = ¢y, 1.2,

fruEr ~ [éPU!L,FLOHIH/

(fddonxod¥ids + ﬁexv.!LOﬂIB)]/r
Solving Eq. (39) for m{linay
“&%Ennx -
0 if (5S)/g 0 <1
a- ¢PU!L/¢(SB))i!UlL,PLOHII/(cégﬂf&éiuer)

1E $(58) /8, 0 > 1

(39)

(40)

For complete stoichiometric reactions Eqs. (38) and (40)
become

By pEpBK, 1, 8TOICH
(41)
0 1f 0 = $(85) = 1

(1 - /488 Y {cgyy, y/o5EE50)-

Beuer, prowrn/ (CER¥T) if 1 < (350

An example of a Case-l1 fire scenarie is one where
the upper layer has an enviromment of near-normal at-
mospheric oxygen concentration and negligible fuel,
l.e., coyy gy = 0.232 and cpygy g, = 0. For such
scenarlos, ¢(35) can range from values close to 0, e.g.,
relatively large entraimment of alr (oxygen) intoe the
portion of the plume below the layer interface, to ar-
bitrarily large values, e.g., no oxygen enters the layer
from below the interface. The latter situation would
correspond to a case where the fuel source is actually
submerged in the upper layer, e.g. as in the confipura-
tion in Figure 4b. An analysis of this example will be
presented below.

It is convenient to consider Case 3 before Case 2.

Cage 3: coxy,y = 0 Cpypr,v = 0

Here take Mozpppx ™ Mpppppg a (Where subscript 3 is
assoclated with Case 3) as proportional to cypypy y-

ag R 83
cfiElreacrour 1T Cruer,v cf88)reactour = 0, and

Beepnpk < SrurL,u cfilrzacroyr < Thus,
provided ${83) < g5y, 1t is assumed that a relatively

high concentration of fuel in the upper layer (i.e.,
compared to that in the wvirtual steady state) will
enhance combustion in the reactor leading to Cpygp ppac-
Toyr > <i8Blaeacrours while a relatively low concentra-
tion of fuel in the layer will not generally affect the
combustion at all. Note that in the latter situation,
where feedback is zero, the low CpuzL, v of the layer
will tend to be increased by the relatively rich fuel
concentration of the reactor output, cf§§’gpacroyr. but
that this will cccur by a simple mixing process.

Dy peppk,3 —

i3 iopx (CrugL,u - SFBE!,REACTOUT)/

(chUff’u - <fiEl.rEacTour)
(42)

if cpypr,v - f3ElrEacTour =0

0 1f cpypr v - <$fElrzacronr <0

vhere c§ﬁé§?u is the maximum possible value of ecpyy; g,
taken to be 1, and vhere m{f) gz, the characteristic
value of Mppenpy 3, is taken to be the minimum feedback
mass flow rate from a cffi#f’y upper layer enviromment
to the reactor inmput stream which, teogether with the
Ppyps rLown fuel flow rate, would consume completely
the Poyy, prowiw ©oXygen flow rate. Thus, for ¢(88) >
$oxy (no oxygen in the reactor output stream under zero
feedback conditions), mi2), ., = 0, while for 4¢(335) <
#ogy+ the combined fuel flow rate, mé%ﬁnnxcéﬂﬁffu +
PrugL,rrowrw: and oxygen flow rate, Poyy prowin. O the
reactor input leads, by definition, to ¢ = ¢,yy, L.e.,

¢oxy = (43)
[(ﬁruzl.rnouru + mﬁ%ﬁnnx°§ﬁﬁf?u)/éoxv,rxowxn]/r
Solving for m{d} ny

widlpee =
0 if ¢oyy /94832 <1

(44)

a - ¢‘55’/¢oxy)Poxy,rLouIn#ﬂXtr/ciﬁgg)u

If oyy/$(55) > 1

For complete stoichiometric reactions Eqs. (42) and (44)

become




B rEnRK, 3,STOLCE
(45)

- ¢(ss))(°runm.u/°§ﬁéffu)'

Poxy, pLowrnT/ch{fE )
0 if 1 < ¢¢38)

An example of a Case-3 fire scenario 1s one where
the upper layer is established with an environment of
pure fuel, i.e., cpyy y = 0 and Cryer,y & L. Then, if
$CB88) < 4.0y and if a burning fuel source is located
below the layer interface, some oxygen introduced into
the upper layer would react with the upper-layer fuel.
Note that here a ¢¢(55) = 0 condition ecan be established
if a source of oxygen (and an initial ignitor) is
submerged completely in the upper layer.

if 0 < ¢¢88) g1

The latter example involves an idealized scenario
in that CrugL, v 1 would not oceur in a typical
situation where the room containing the fire has a non-
zerc lower layer with a non-zero concentration of
oxygen. This is the case since, as the fuel concentra-
tion in the upper layer increased from zero, ignition
and burning at the layer interface and in the layer
itself would oceur at a characteristic fuel concentra-
tion significantly less than 1 (Beyler, 1984). Ignition
criteria for initiatien of such layer burning would be
determined from the known concentrations of oxygen and
combustible species in the layers.

Case 2: )

Coxy,u » Crygr,u = 0

For this case, Mopgppx = Mepppek,z 1S taken to be

BreEpne,z ™ MaX(Mpggppy, 1. Mpggppe,3) (46}

All Cases:

Noting that Eq. (46) reduces
CpurL,u 0 and that Eq. (46) reduces to Eq. (42) or
(45) 1if cayy ¢y = 0, it is evident that Eq. (46) predicts
My peppx uniformly for every possible fire scenario,
i.e., for all cases 1, 2, and 3. It is therefore
concluded that in general

to Eq. (38) or (41) if

Beprpuk = MAX(Mpgpppny 10 Dppppgx, ;) (47)
where fipgpppg,; and Mg

. ,a 4are computed frem Eqs.
(38) or (41) and (42) or

, respectively.

EDB
(45}

AN ALGORTITHM FOR INVOKING CONSERVATION OF PRODUCTS OF
COMBUSTION IN THE UPPER LAYER OF A ROOM CONTAINING A
FIRE

Consider the extended upper layer of a room of fire
origin where Pk,FLOHIN and Pk_”woUT of Eq. (4) are
assumed to be available. Completion of the right side
of Eq. (1) and integration to the next time step
requires an estimate for the generally unknown &, 's.
The following is the proposed procedure for obtaining
such an estimate:

i. Determine $¢55) from Eq. (22).

2 Determine mpyppep, from Eg. (49). i

3. From the known ¢y y, determine the P rEEpBK =
MepepakCx,y and use these in Eq. {(5) with the
known By prauyy Lo determine the Py REscrIn-

4. With the now-known P d P

! FUEL,REACTIN 90
determine 4 from Eq,

Eq. (9).

OXY,REACTIN

(7) and then the @ 's from
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IN THE SSGERM EXPERIMENTS FROM THE
AN EXAMPLE

PREDICTING ¢, 4
INITIAL CONDITIONS TO STEADY STATE -
APPLICATIOR OF THE GGERM

The Initial Value Problem for the S0

Use of the GGERM will now be illustrated by setting
up the problem and solving for the history of the S, u
in the SSGERM experiments.

Assume: 1) the upper-layer volume, V, is fixed at
the volume of the collector and is initially pure air,
i.e., no non-Inert components except for oxygen with a
mass fraction of 0,232 [this assumption would not be va-
lid in the experiments of Beyler (1986a, 1986b)]; 2) net
rates of Inflow of fuel, oxygen, and inerts to the upper
layer are constant and specified, and rates of inflow of
all other products of combusticn are negligible [see the
discussion above Eq. (B8)]; 3) the upper layer can be
reasonably modeled as an ideal gas where properties are
identical to those of alr and the absolute pressure is
well-approximated by p,,,, & characteristic pressure of
the ambient; 4) the temperature histery, Ty(t), of the
upper layer is known, and T;{0) = T,,s, the temperature
of the laboratory; and 5) for the fuel being burned, the
£, {4} for all products of interest are known.

Egs. (1) and (3) lead to

de, ,/dt =
my &Cy Ly ' s
(cx meacrovr “ S, u) (Mpyopry + Depppnpy)

The problem for Crypr,y—and chyy . For k =+ fuel or
oxygen, it can be shown from Eqs. (15) and (16) that Eq.

(48) can be written as

mydegypy,, p/dt = (49)

Cpuer,ulpEepsxfpurL (4) - CpyerL, ullpLowzn

+ ?FUEL,FLOHIH[I * fFIJEL(é)]

mydegyy ¢ /At = (50)

Coxy,olprennePloxy ()T - coyy ylpiourn
+ éOXY.FLOHIN[l + ¢y (6)1]

é = [(PFUEL,FLDHIN + CpypL, v egpax )/ (51)

(POXY,FLOWIH + Coyy, ultprenpx) 1/T

(52)

My pEpBK

Bppyppx (Inflow conditions, CpuEL,u> coxt,u)

where Meeeper ©F Eq. (52) is determined from Eq. (47).
The equation of state for the upper layer leads to

m, = VPU - VPAHB/(RTu) (53)
where p; is the density of the upper layer and R is the
gas constant for air. Then Eq. (53) and the known data
on T, (t) yield an estimate for m;{t).

Egs. (49) and (50) determine €rypr,y and Coyy y
from t = 0 to steady state. To solve these, subject to
the initial conditions

CrpgL,nft = 0) = 0; Coxy yft = 0) - cégef& = 0.232 (54)



the right hand sides would be determined from Eqs. (51)
and (52) and from the assumed known functions f,g, (4)
and f,,y(¢) for the fuel of interest.

The problem for e, ;. for k not fuel or oxygen. Con-
sistent with assumption 2,

?k.FLOHIH = 0 for k other than fuel or oxygen (55)
Using Egqs. (55), (13), and (14) in Eq. (48) it can be

shown that the initial value problems for the ¢, ; can
be written in any of the following forms

for k not fuel or oxygen:
mydey g /dt + € ylppowrs =

(eyygr, ulpEEDax *+ Peus. rLowin) i (#) (56)

= (Coxy, ofrgEnnx + EOIY,FLDHIE)¢fk(¢)r (57

- A (E) (58)

ck_u(t = 0) =0 (59)
Once the solutions of Eqs. (49)-(54) for cpyg. v and
Coyy,y have been obtained, the A (t) of Eq. (58) are
known. ¢, ;, for other products of interest would then

be obtained from solutions of Eqs. (58) and (59).

Solution for the ¢, ; Assuming Complete Stoichiometric
Combustion

The functions £, (¢) for k not fuel or oxygen. Assume
complete stoichiometric combustion. Then, excess fuel

or excess oxygen brought into the reactor would lead to
¢ > 1 or ¢ < 1, respectively, and to excess fuel or
oxygen at the reactor output.

As an example, assume that the fuel is CH,, where
the reaction is presented above Eq. (34}. Then for k -+
€0, or H,0 and for excess oxygen to the reactor, i.e.,
for ¢ < 1, the rate of generation of CO, and H;0 in the
combustion is determined by the rate of supply of fuel
to the reactor. Similarly, for excess fuel to the
reactor, i.e., ¢ > 1, the rate of generation of CO, and

H,0 is determined by the rate of supply of oxygen. Eqs.
(7)-(9) and (34) lead to
For complete stoichiometric combustion of CH,:
11/4 if 0 = ¢ = 1
£43101CH) —
Al/4) /¢ if ¢ > 1
(60}
9/4 if 0 = ¢ <1
S
(9/8)/4 if ¢ > 1
It 1is mnoted that for the complete stoichiometric

combustion of any fuel and for any k, the f{STOICH) (4}
would have the identical form as that displayed above
for methane, i.e.,

For complete stoichiometric combustion of any fuel and
for any k:

f{STDICH) - {

where the C_ are constants determined by the stoichiome-
tric reaction. For k - fuel and exygen, Cpyp, = -1 and

c if0=¢=1
(61)
G /¢ 1f 6 > 1
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Coxy = '1/(?cna/éoxy)smoxca- respectively, have already
been presented in Egs. (10) and (11).

Solutions for the ¢, . Since complete stolchiometric
combustion is assumed, Egs. (17) and (18) can be used in
Eq. (48), or Egqs. (10) and (11) in Egs. (49) and (50).
This leads to

If 0 < ¢ < 1:

mydeg gy /9t = -Cpypy, v (Bprepnx * Bprowin) (62)
mydegyy, /9t = ~Coxy, y (#Bpeepax + PrLowrn) F
(1 - $)Poxy, rrLowin (63)

If 1 < ¢:

mydepypy | g/t = -cpygr, v (Mpegnpx/é + Mppoural +

1 - 1/¢)fFUEL,FLOHIN (64)

mydeayy  y/4t = -Coxy, o (Mypgpsx + Bprowrn) (65)

subject again to the initial conditicns of Eqs. (54).

According to the assumptions at the begltming of this
section, Poypy rrowrn 809 Poxy, rrowrn 2Fe specified for
a glven experimental run. Also specified would be the
value of r for the fuel being used, e.g., as with the
value for methane given in Egq. (34). Then $¢55) can be

calculated from Bq. (19), and, from Egs. (40), (45), and
(47}, the value of tppppgx is
MerEpag =
(66)

J(L - $¢883).

MAX
(CFUEL,U/C§UEL?U

: MAX i (88)
OXY,FLDHINr/c§U2LZU if0=¢ =1

(Coxy, u/cE¥E%0) (1 - 1/4(587)-

éFUEL,FLDHIR/(Caggfﬂr) if 1 < $038)

two ranges of ¢¢58) will be
Before discugsing these, it is
and (51) and from the first

(54) that ¢(t = 0) will always

Solutions for the
chtained sequentially.
noted from Eqs. (19)
initial condition of Eq.
satisfy

$(t = 0) < ¢(s8) (67)
As t increases from zero, $(t) will be expected to in-
crease monotonically with t between 4(t = 0) and pissy
Case 1: 0 =< ¢(58) =1

Here the top portion of Eq. (66) provides the
required value for Mup,pgy- Using thls in Eqs. (62) and
{63) leads to

mydepygr, u /9t = ~Crgey, ol (CpyzL, u/C VALY, (L - $158))-

uEL,
Poxy, rronznT/CEUEE )y + Brrowrn?
(68)

MAX)
VEL,

gIB(L - $580).

mudcoxr.n/dt = 'coxt,u((cFHEL.H/c
ﬁoxl,?LouInrfcﬁﬁﬁffu + Bpiowrn!
+ (1 - ¢)§oxr,rnou1n (69)

Since cFUEL’U(t = 0) = 0, it is evident from Eq. (68)




that dcmn'u/dt is initially zero and will remain zero
for all ¢, Therefere, for all t

Cpygr,aft) = 0 (70)

In view of Egs. (70) and (66), for the assumed complete

Stoichiometric reaction the model predicts Bpppppy ™ O
throughout an entire Case-1 experiment. Note that this
1s consistent with earlier discussion of Breropk
equations when Coxy y = 0, Cryer.u =~ 0. Alse, it is
clear from Eqs, (19) and (531) that the Beppppx =~ O
result leads to the further conclusion that

#(E) = §(t = 0) = 4(585) (71)

The results of Eqs. (61), (70), and {71) lead to
significant simplification of Eqs. (56) and (68) which
become

mydeggy, p/dt =
. (72)
“Coxy,ulrrLowrs + (1 - ﬁ‘“’)Pu:uuf.lrr.mul
mydey o/t + o gy onie =
. (73)
Prurr,rLowinCe k not fuel or oxXygen

where, from Eqgs=,
9/4 for CH, .

(60) and (61), Cepz = 11/4 and Cuzo

It {s convenient to define the characteristic time,
t*, dimensionless variables, r, .., ¥.. and u, and the
dimensionless parameter B8

T g gurg/my (t = 0)
= WeiowrnBTy (t = 0)/(Vp,y,) = £/t

(74)

Yoxr = Coxy,y(t)/coxy y(t = 0) = Soxy, u (t)}/c§P§%]
(75)
L ck.II(t)mn.ouu/[f-'rnsn,n.nurnfx (¢¢533)] 5
k not fuel or oxygen
#=p(r) = my(£)/my (t = 0) = T, (¢ - 0)/Ty (t)
= Tgt = 0)/1, (" r) “
£ = L6 - Dbory by ousn/Mesonss /e85 )

(1 - 1/86550) /(cfiyr + 1/4cs8))

According ta Eq. (27), for the Present range of #(8s)

B vz "ég%fnmcrour,sruzcn/"éﬂl.‘
(79)
if 0 < $t88) < 1

Note that here g must satisfy

-l=pg=<o0 (80)
where g -+ - 1 corresponds to ¢(88) 4 g ¢ . e
becomes negligible and POXY.FLUHIn/mnou:u - CH}Q“ -
0.232) and g = 0 corresponds to $(SS) o] the upper

limit for 4(55) jn the Present casa,

Using Egs. (74)-(78) in Eqs. (69) and (54) and in
Eqs. (56) and (59), and making the final transformation

a - {:in/#(r:) (81)
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leads to
Woxy/do = - Yory - B; Yoxy (0) = 1 (82)
A /do - - ¢ + 1; #(0) -0
(83)
for k other than fuel or OxXygen
The solutions to Egs. (82) and (83) are
(boxy + BY/(1 + B) = exp(-0) (84)
¥ =1- exp(-o) k not fuel or oxygen (85)

The solution concentrations Coxy,pft) and e y(t) of
Eqs. (84) and (85) exhibit the expected transition from
their initial te their steady state values, the latter
corresponding to 1lim ¢ + « oy Y) = (- B, 0}). Here
the transition process involves simple dilution of the
upper layer by the steady and constant stream (i.e.,
corresponding to ¢ = $(83) - constant) flowing from the

reactor. Plots of these results will be presented
below,
Case 2: 1 < g(8%)

Here the bottom portiom of Eq. (66) provides the
value for Begrpag» Which 1s no longer zero. Using this
in Eq. (51) along with the initial conditions of Eqs.
(54}, it can be shown that for all possible experimental
Tuns covered by the present Case 2, the model predicts
#(t = 0) = 1, Accordingly, from Eqs. (62)-(65), only
Eqs. (64) and {65) need to be considered,

The dimensionless variable ¥Ypye, 1s defined as

¥roeL - %uxL.u/"ﬁ%ﬂ,nncronr.sro:cn (86)

Also, from Eq. (26), for the Present range of ¢(58)

i cﬁﬁl.nncronr,sro:cn/(c&';’%‘?flr) 1f 1 < ge38)
(87)
Note that here g must satisfy

0< 8= 1/(c‘g§§f@,) if 1 < gi83) (88)
According to Eg. (78), 8 - L/ 1eR0% 8 (Pryzr /Poxydsrorcs|
corresponds to $(53) .4 o i.e., an experiment with the
fuel source embedded in the upper layer and with no
oxygen supply (Poxv.uoum = 0), and g -+ 0 corresponds
to ¢{t = 0) = ¢35y L) " por CH,, the upper limit for B
= 1/[0.232(1/4)] = 17.24.

Using Egs. {19),
definitions for YrugL »
(60}, and (65) leads to

(61), and (66) and the above
¥oxy. and B in Egqs. (51), (57),

TE1<4¢ =980 + g1 - /8485 ) pmi¥oxy )/

[T+ (6053 - 1yy2. 1. (89)
d\“bun./d" - {90)
= (Pboxy + Ly, + [1 + Pboxybeuzr - ¥xvl/

1+ pQ1 - L/8458) ydwy ¥puer ]
Woxy/do = - (Bboyy + 1)doyy

W/do + W = [Byy (1 - 1/§638)) 4 1/gt55))

(91}

(92)
k not fuel or oXygen



Yoxy (0} = 1; dpyg, (O) = O;
(93)
¥ (0} = 0 k not fuel or oxygen

Note that in obtaining Eq. (92), the second of Egqs. (61)
was used to show that for complete stoichiometric
combustion and for any ¢ > 1, as is the case here,

¢t (8)/[4¢33) £, ($(582)] = 1 for zll k (94)

The solution of Eqs. (91) and (93) for +#,,, is
found to be

Yoxy = exp(-a)/{1 + B[1 - exp(-o)]} (95)

and this is plotted in Figure 9 with parameter B8 in the
range 0 < A = 20. Using Eq. (953), the solution of Egs.
(22) and (94) for ¥, 1s found to be

¥ = [1 - exp(-o) 1[1/¢458) + (1 - 1/8(88) )95y ]
(96)

Eq. {95) was wused to numerically integrate Egs.
(90} and (93) for ¢pyg, .

Plots and discussion of the sclutions. The solutions
for Yyyy, ¥pypy . 2nd ¥, are plotted in Flgures 9 and 10
for the entire range of B and ¢(38), respectively. To
prepate these plots it was convenient to use the
following result obtained from Eq. (78)

1.0
-
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o
>
0.0
1.0
1-1.<8<0.,all fuels
] 8>0.: CH -“speciﬁc I
R Bx=.5 L
k4
> ] 1. {
1 10, 3
4 pe 9 F
0.0
10 =
CHispemﬁc 1723, ) g
_ 1 B=oey T \ e .
Lt e
z 5
9. = v, -
0.0 —~= . v
0.0 0.1 0.2 0.3

)

Fig. 9. Plots of dimensionless concentrations w,uy, ¥,
and Yy as a functions of dimensionless time,
g, with B as a parameter, where the results, are
fuel-independent for - 1 < § < 0, and CH, -speci-
fic for g > 1.

$155) = (1 + B)/(1 - Pefih¥ir) an

The Figure 9 plots present the dimensionless cencentra-
tions as a function of dimensionless time with 8 as a
parameter.

Consistent with the Case-1 results of Egs. (84) and
(85), in the entire range -1 = g =< 0 ¢, 1is seen in
Figure 9 to be independent of both B and fuel-type,
i.e., r, while #¥,y, depends on B, but is otherwise
independent of fuel-type. Alse, for this g range and
for the corresponding ¢(55) range 0 < ¢(%3) < 1, fuel
concentration is identically zero according to Eq. (70)
and no dimensionless variable for this concentration was
required in the analysis.

Consistent with the Case-2 results of Egs. (90),
(93), (95}, and (96} and by the definition of Eq. (78},
for B > 0 all dimensionless concentrations depend on
both f and fuel-type except for that of oxygen which
only depends on §. In this range of 8, the actual
results plotted in Figure 9 are those that correspond to
the use of CH, as the fuel, i.e., r taken to be 1/4.

Recall that 8 > 0 is a necessary condition for the
steady state value of cpyg;  to be non-zere, and that
Ypyg, Was defined only in this A range as the concentra-
tion ecpygy y made dimensionless by normalizing with its

steady state value. Thus, as indicated in the plots,
Ypypy Solutions only exist for g > 0. It is noteworthy
that for CH,, gy, 1is relatively insensitive to

variations in B in the entire applicable range of 8.
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Fig. 10. Plots of dimensionless concentrations ¥4y, % »
and $yyg, 8s a functions of dimensionless time,
o, with $(55) as a parameter when CH, 1is the
fuel, i.e., when (Pryg; /Poyyltstorcs = 1/%4-




All results are also
Plots of the p'

presented in Figure 10, where
s are given as functions of ¢ with ¢¢35)
4s a parameter. Such plots depend on fuel-type for the
entire range of ¢(55). The actual plots presented
correspond again to use of CH, as the fuel.

Figure 11 highlights the 4 solutions when $L58) 4 o
and when CH, 1s the fuel, i.e., when # = 17.23. As men-
tioned aarlier, this corresponds to experimental runs
where the fuel is methane and where the fuel source is
submerged in the upper layer with no source of OXYgen.
As has been observed by Morehart and Zukoski (1988),
such configurations lead to extinguishment of the flame
at the time when Coxy,y 9rops to approximately 6,15,
i.e., when Yoxy 9TOPE to 0.15/0.23 = 0.65. As can be
seen in the figure, this is predicted to occur when o
is approximately ggxr = 0.0030. Thus, using the com-
plete stoichiometric combustioen approximation, the pre-
sent model predicts that a methane flame will extinguish

in a Figure 4b experiment at the time, texr . when

Cpxr 1
_g[T(t)/T(t = 0)]at = t'ep, . (98)

= 0.0030Vp, 5 /[t; oyy g RTy (t = 0)]

SUMMARY AND CONGLUSIONS

A general model was developed for predicting the
generation rates of oxygen, fuel, and any other products
of combustion of interest in rooms containing a fire.
The model is called the Generalized Global Equivalency
Ratio Model (GGERM). It extends the Steady State Global

1.0
. " B
3
= b |
0.0
0.04
=™ 1 -
0.00
0.3
; 2 2
]
Z
> i B
0.0 ; " T
0.0 0.01 0.02 0.03 0.04 0.05
o
Fig. 11. Plots of dimensionless concentrations ¢,y , ¥, ,

and ¥y, as a functions of dimensionless time,
o, when $(55) 4 o and when CH, 1is the fuel,
ie., g = 17.23.
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Equivalence Ratio Model (SSGERM) established previeously
in the steady-state experimental studies of Beyler
(1986a, 1986b), Toner, Zukoski, and Kubota (1986), and

Zukoski et al (1989, 1991).

A concise algorithm was presented for implementing the
model in two-layer zone-type fire models. This would be
used 1In simulating the distribution of products of
combustion in multi-room fire environments,

The last section was devoted to an example application
of the GGERM, There, the model was used to formulate
the general initial-value problems for the transient
concentrations of all products of combustion in some of
the above-mentioned experimental studies. The problems

were solved under the constraint that only complete
stoichiometric combustion Processes are involved.
Solutions for the concentrations were obtalned and

presented for arbitrary experimental conditions. As a
final result, the solutions were used to predict the
time-to-extinguishment of a burning fuel source embedded
in an initially ambient-atmosphere upper layer.
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