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ABSTRACT

The Generalized Global Equivalence Ratio Model
(GGERM) was developed to predict the generation rates of
oxygen, fuel, and other products of combustion in rooms
containing fires. The GGERM extends to general
transient conditions the global equivalence ratio model
established during times of steady-state in experimental
studies involving two-layer compartment fires. The
present work uses the GGERM +to predict the time-
dependent upper-layer mass fractions of products of
combustion (fuel, oxygen,” CO, and others) in these and
similar two-layer fire experiments. All predicted
results are found to be plausible and, where transient

data are available, predicted and measured results

compare favorably.

NOMENCLATURE

c4337w constants, Eq. (A2)

S v mass fraction of product Kk in upper layer

¢, ylvol] volume fraction of product k in upper
layer

S ,ROUT mass fraction of product k i#m reactor

outflow

¢y rour[vol] volume fraction of product k in reactor
outflow

Cy  ROUT,ST ¢ ,royr FOr stoichiometric combustion

of588ur ¢y royr Under steady state conditions

c{588ur [Vol] ¢, poyr(vel] under steady state conditions

cf38dur. st ¢ rour,sr uUnder steady state conditions
£, () Eq. (3)

£45T) :z;g&stioﬁor complete stoichiometric
my mass in upper layer

123

LS
WEX
Mg px
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Mepx, 3
Bern

[mFDUT ]
(Br/Bo3)s1

Pk.PIl(

Pk ,FOUT ]

measured mass flow rate of air into

reference-[3] facility

measured mass pyrolysis rate of hexane in
reference-[3] facility

mass flow rate to reactor from bulk of
upper layer

Eq. (20)
Eq. (21)

total mass flow rate into [out of] upper
layer

stoichiometric fuel-to-oxygen ratio

sum of rates of flow of all components of
product k into [out of] upper layer

mass of product k in lower [upper] layer

net rates of product k flowing to upper
layer

net mass flow rate of product k into
reactor

(i’r/f"oz )ST
temperature of upper layer

initial
layer

[final] temperature of upper

time
Eq. (43)
Eq. (25)

Eq. (34)



Ao N constants, Eq. (All)

Acoz2 .1 a constant, Eq. (A5)

AE20. N constants, Eq. (A8)

pa Eq. (10)

¢ Eq. (2)

$¢SS) value of ¢ under steady state conditions,
Eq. (12)

ér Eq. (22)

§ST) value of ¢ under complete stoichiometric
burning

b, 511 constants in representation of f,, see Eq.

k,ST2 (al4)

402 Eq. (23)

#5337 value of ¢,, under complete stoichiometric
burning

Gy mass generation rate of product k

INTRODUCTION - THE EXTENDED UPPER IAYER IN A ROOM

CONTAINING A FIRE

Backeround
This paper presents results of applying and
validating a general model, usable in two-layer zone-

type compartment fire analyses, for predicting the
generation rate and accumulation of combustion products
throughout a multi-room facility. The model, called the
Generalized Global Equivalence Ratio Model (GGERM), was
presented by Cooper (1991). In this work, the GGERM 1is
used to simulate the mass fractions of products of
combustion that developed during the transient portions
of the two-layer fire experiments of Morehart, Zukoski,
and Kubota (1990) and Gottuck and Roby (1990). Model
predictions are presented and they are compared to ex-
perimental results when available.

Consider a multi-room compartment fire and assume
an upper-layer/lower-layer zone-type of description of
the environment in each of the rooms. For the purpose
of describing combustion processes in any room, the
GGERM defines the fire and plume, which may originate in
the lower layer, as part of the upper-layer zone. Also,
the volumes of the fire and plume are assumed to be
negligible compared to the total volume of the room.
Thus, the GGERM treats all combustion processes in any
room with a fire as occurring in the upper layer. The
actual combustion process is modeled as if it occurs in
a well-stirred reactor with a relatively rapid throughf-
low and a correspondingly negligible residence time.

An Overview of the GGERM

Presented here is a brief summary of the essential
features of the GGERM. Let p, represent the total
mass of a combustion product k "in the upper layer of
any room containing a fire during an arbitrary multi-
room Tfire scenario. The goal of the GGERM 1is to

estimate the combustion contribution to the instan-
taneous value of dp, ,,/dt.
Conservation of species leads to

(8

dP, y/dt = B,
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where the right-hand term represents the net rate _,
product of combustion k flowing to the upper 1ay¢?'
This term is the sum of transfers of product Kk to the
extended upper layer from all plumes, jetS, near-
boundary flows, combustion zones, and other isolated of
distributed sources.

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 interes:
and other inert flow components. The. total rates of
mass inflow and outflow, g and meoyy, and the
corresponding individual rates of inflow and outflow of
products Kk, Pk and L POUT respectively, arc
established from’ a variety of compartment fire modeling
considerations. These rates are assumed to be known.

The combustion contributions to P, are modeled by

the GGERM. As depicted in Figure 1, tﬁe GGERM  has two
accumulator P
(the bulk of the extended k,Fout
upper layer volume) J extended upper layer
|
| ) b |
m m
feedback | KUy’ kU= ko’ My i
loop

Fig. 1. The GGERM representation of combustion and flow
dynamics in the extended upper-layer.

components: the accumulator, which simulates spatially-
averaged properties of the generally unsteady upper
layer environment; and the quasi-steady reactor, which
simulates the actual combustion processes taking place
there.

All of the flow into the layer is modeled as
immediately "entering" the reactor where it may
participate in the reaction process. The model also
includes a "feedback loop” which brings flow from the
bulk upper layer atmosphere into the reactor and the
reaction process. A critical feature of the model is
the means of evaluating the feedback mass flow rate,
mpgg. 1NiS was presented by Cooper (1991).

The global equivalence ratio, ¢, is defined as a
normalized ratio of the rates of fuel to oxygen entering
the reactor.

$ = (B p1u/Poy prn)/t 2)



where . ;yy and By, gy are the mass flow rate of FUEL
and 02, ‘respectively, flowing into the reactor; P, JRIN
is defined as the mass flow rate into the reactor of
these and any other products k; and r is the known fuel-
to-oxygen ratio for idealized stoichiometric combustion
of a fuel of interest. Note that Eq. (2) is consistent
with the ¢ definitions of all references at the end of
this work.

According to the GGERM, , the rate of generation
of an arbitrary product k due to combustion, is given by

& /Py arn = £ ($) (3)

where the £, Tfunctions for the fuel would be
determined from steady state experiments of the types
described in the references.

With values for &, the right-hand side of Eq. (O
can be evaluated from
+ G (4)

Px,u = P . rix - P rpour

Then integration of EqQ.
solutions for the P, .

(D can proceed, leading to

INITIAL VALUE PROBLEM FOR THE MASs FRACTION OF FUEL,
OXYGEN, AND OTHER PRODUCTS OF COMBUSTION WHEN ALL OXYGEN
INFLOW IS FROM A STANDARD ATMOSPHERE

Cooper (1991) also presents Eq. (D) in terms of
¢y ,y» the upper-layer mass fractions of products k.

Cx,u ™ By og/my (5

where m;, is the instantaneous total mass of material in
the upper layer.

Experiments reported in the references involved
test configurations depicted in Figure 2. In these

Fig. 2. The experimental in the

configurations used
references; (@ top, (b) bottom.

tests all components of 2., pyy
atmosphere,

were from a standard
i.e., with an oxygen mass fraction of 0.232.
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In such scenarios it can be shown that the governing
equations for c¢; y, ¢4, y, and the other ¢,  are

(my /tipyg)dcy g/dt = (6)
oy, o [£p (#) (ppy /M rg) - 1]
+0.232r¢(55) {1 + £,(¢)1/[1 + 0.232x¢(SS) ]
(my /Moy ;) dcg, , g/dt = (7
Coz,ulTéfo, (8) (ppy/Mpry) - 1]
+0.232(1 + 14y, ($)1/[1 + 0.232ré(55) ]
(mg/mpry)dey g/dt | o 4 = (8
{cp, g (Bppy/Mpyry)
+ 0.2324(5S)r/[1 + 0.232r¢¢SS) ] )£, (4)
= lcoz,y(Mppy/Bery) (9)
+0.232/(1 + 0.232r¢(S5) | }réf, ($)
= A (D)
$ = $C55)(1 + (Mppp/Mpyy)cy yll + 1/(0.232r¢(55))])/
(1 + (Mppy /My y)Cos o#5570[1 + 1/(0.232r4(55))])

(11)

(19)

$(ss5) in Egs. (6)(@1) is defined as the value of ¢
under virtual steady-state conditions, i.e., the value
of ¢ when a, © 0 and when P, ;4 and Py, gy are
maintained at thelr current values.

$(55) = (i’r,nn/i’oz,nn)/r (12)
Define c,gsggu (¢¢535)) as the product-k mass
fraction flowihg out of a GGERM reactor under steady
state conditions when the ¢ is ¢¢5S) . Then, for any
product k there is a one-to-one correspondence between
cf{S8dyy and £,
SRdur - (13)
0.232¢4(5S)r[1 + £,(¢¢S5))]/(1 + 0.2324¢55)r)

Cégfﬁout -
0.232(1 + x¢(SSIE,, ($¢5S))]/(1 + 0.232r4¢55))

as
for k other than fuel or oxygen

(14)

(55301 - 0. 232r¢(ss)fk(¢(s5))/(1 + 0.232r¢(ss))
Solving for the f, in the above leads to

£, = (1 +1/(0.232rg(55))]cfSE) - ($¢55)) - 1 (16)

- e§5hour (4155)) (17)

+ [c3§§&0u1(¢(55)) - 0.232]/(0.232r¢(s8))

£, = (1 +1/(0.232r¢(55))]cfS§) 1 ($¢55)) (18)

for k other than fuel or oxygen

When data for the c{5§},, Tor a particular fuel are

presented in reports of Figure-2-typs experiments in a

standard atmosphere, it "is possible to determine
analytic representations of these and to then construct



the £, functions,
using Egs. (16)-(18).
be used to construct the c{S§3y;s by u5|ng Egs.
(13).

required for use in the GGERM, by
Similarly, known £, functions can
(13)-

are completed with specification of
this is

mP,x/ng;. (GEgEDfire scenarios considered here,
found from Cooper (1991) to be
fppx /Mgy = MEX(Bppy 3 /Mprys Mpap,s/Mpry) 19)
[0
if ¢(58) /¢y < 1 or cop y - ¢§53h0ur = 0;
[(1 - ¢5/4(55)) /(45 /$¢55) + 0.232r¢g)]-
[(Coz.u - c§553our)/(0-232 - cf§%}ops)]
[ if ¢¢55) /4, > 1 and cg;, ¢ - $3740ur > O
(20)

Bepy, /Mg =

(0 if ¢o,/4¢55) <1
or cp y - ¢$§§l, rour = O
[($oo /455> - 1)(0.232r¢(55))/

(1 + 0.232rg(883)].

(°z v - % l,nonr)/(l - cfgﬂ,xour)]
if ﬁoz/é(ss’ >1

Bppy,s/Bry = 1

L , and c; 4 - "}ggl.nonr >0
(21)
where, c{383yy and e¢§354,yy are obtained from Eqs. (13)

and (14), respectlvely

In the above, ¢ is defined as the maximum value of
¢ which leads to complete combustion of the fuel, i.e.,
the maxjmum value of ¢ where
Gp = - Pp pry. Using Eq. (3)

éz = maximum root of £5(¢;) + 1 =0 (22)

It is assumed that ¢é; > O and is bounded.
is defined as in {1] as the minimum

leads to complete consumption of
leads to

Similarly, ¢q,
value of ¢ which
oxygen, i.e., the .minimum value of ¢ which
Poz, g1y = 0. Using Eq. (3)

02 = minimum root of é5,f5,(dp,)r + 1= 0 (23)

It is assumed that ¢4, > O and is bounded.

CONSTRUCTING ANALYTIC REPRESENTATIONS FOR THE PRODUCT
GENERATION FUNCTIONS AND THE STEADY STATE MASS FRACTIONS
FROM EXPERIMENTAL DATA

I . .

Application of the GGERM for a given fuel requires
calculations based on analytic representations of its
f,'s and cf58dyr These would be obtained from data
of steady state experlments of the kind described in the
references.

When c{fﬁ&“,
Morehart, Zukoski,

data points are provided [e.g., in
and Kubota (1990)], then these vould
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be used to construct analytic, curve-fitted representa-
tions of these functions. With Egs. (16)-(18), these
representations would be used to calculate a consistent
set of the £ 's. Similarly, if £, data points are
provided [as in Beyler (1983)], then these data points
can be used to construct analytic curve-fitted represen-
tations of the £, functions. With Egs. (13)-(15), these
latter representations would be used to calculate a
consistent set of the c{3§4,y's.

The curve-fitting task must be carried out so that
the resulting f, (¢) and c{5§ $dur (¢ ¢s52) functions are
physically and analytlcally well behaved for arbitrary
non-negative values of ¢ and ¢(s8), In particular,
mutually-consistent constraints on continuity and
limiting small- and large-¢ behavior are required.

The £,(¢)'s and c{5§3ys (¢ ¢ 5 87)'s are
continuous functlons for arbitrary non negative values
of ¢ and ¢(ss)

Small ¢ limit. For O = 4 < ¢, and for ¢ - O in
particular, all fuel entering the reactor is completely
consumed.
@p = - Pp pyy for 0 < ¢ < 4, (24)
Consistent with whatever reactor chemistry is
applicable as ¢ - 0, the generation/consumption rate of
oxygen and all products k will be directly proportional
to the generation/consumption rate of fuel. The
constants of proportionality are designated in terms of
the characteristic product-k constants, Iy ,,

lim & = - Ty obp; Tp o =1 (25)
$-0
To2,0 = - I/r for complete stoichiometric (26)
combustion at ¢ = O

Using Eq. (3) and (25), with k + Q (i.e., k
representing 0,), and Eq. (24), and then using Eq. (14)
leads to
Lim £5,(#) = Toz 0 @7
40
Lin cf8*hous (4°2) = (28)

¢(s
0.232[1 + r¢¢SSITy, (1 - 0.232/T;, o) + 0(¢(55)2)]

Using Eq. (3) with k - FUEL and Eq. (17), and then

Eg. (13) leads to
£,(4) = - 1 for 0 < ¢ < ¢, (29)
583ur(6655)) = O for O ¢(85) < ¢, (30)

Using Egs. (3) and (25) with k other than FUEL or
0,, and Eq. (24), and then using Eq. (15) leads to

For k other than FUEL or Q_:

lim £, (¢) =T} , (31)
-0

lim tssau(gs(”!) = 0.232rg¢s8)T, (32)
‘(SS) -

Large ¢ limit. For ¢ > 4,, > O, and for 4 » = in
particular, all oxygen entering the reactor is complete-

ly consumed.




oy = - Poz,nu when ¢ = 45, > 0 (33)

Consistent with whatever reactor chemistry is
applicable as ¢ - =, the generation/consumption rate of
oxygen and all products k will be directly proportional
to the gesnesration/consumption rate of Fuel. The
constants of proportionality are designated in terms of
the characteristic product-k constants, I, ,, .

m e = - T op; Tp a=1 (34)
‘ -+ ¢
Toz,e =~ I/r for complete stoichiometric (35)

combustion at ¢ - «

Using Eq. (3), with k=~ O,, and Egs. (@ and (33),
and then using Eq. (14) leads to
£,,(4) = - 1/(xé) when ¢ = ¢y, > 0 (36)

c§534our (4¢557) T Owhen ¢(85) = ¢,, > 0 37)

Using Egs. (3) and (34), with k » FUEL, and Egs.
(2) and (33), and then using Eq. (13) leads to
lim £, (¢) - 1/(r¢l‘°2‘.) when ¢ > ¢, > 0 (38)
$+w
1im c§S§2,p ($(55)) = (39)
$(55) L o

1+ (1 - Top,a/0.232)[1/(x$¢SSIT,, )] + 0(1/4¢58)2)

Using Egs. (3) and (34) with k other than FUEL or
0, EQ. (2) and Eq. (33), and then using Eq. (15) leads

to

For k other than FUEL or 0,:

:m fk (¢) = - Pk,-/(réroz,-) (40)
lim cfS§3y, (4(55)) = - Ty L/(ré(S5)T,, ) D)

¢(SS) -+ @

Complete Stoichiometric Combustion

When reactions only involve complete stoichiometric
combustion, ¢., 4,,, and the £, are given by

$45T) = ¢45T) = 1 (42)
Iy, if0=s¢x=x1

£(ST) (4) ~ (43)
I, /¢ if¢é>1

Dy == 1;0, = - Ur (44)

where the other I, can be determined from the stoichiom-
etric reaction OF the particular fuel of interest. Egs.
(41)-(44) are consistent with the earlier results for
"real” reactions.

The Product Generation Functions and the Steady State
Mass Fractions for the Combustion of Methane Using Data
of Morehart. Zukoski. and Kubota (1990)

It is assumed that the natural gas fuel used in the
experiments of Morehart, Zukoski, and Kubota (1990) can
be modeled as pure methane, CH,. That work provides
c{S§3yy data for k - CH,, O,, CO,, H,0, CO, and H,
acquired during steady state combustion in the test

configuration of Figure 2b. These data were acquired
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over a wide range of layer temperatures, but these
never exceeded 800K. ¢(55) values were in the range 0 <
$¢58) < 3. Inhe tests, in addition to the rate of
oxygen supply to the extended upper layer through
entrainment into the burner"s fire plume, the gas in the
upper layer collector was injected with a specified flow
of air and its associated oxygen. Some of the test
results and results of other natural gas tests using
earlier versions of the same test configuration were
presented in Zukoski et al (1989), Toner, Zukoski, and
Kubota (1986), and Zukoski et al (1991).

Analytic representations for the c{S§},, functions
which characterize the combustion of CH, were be
constructed by using these data and the above analytic
constraints. The representations are presented in Egs.
(Al)-(A12) of the Appendix. Egs. (16)-(18) were used to
calculate the corresponding £, functions. These are
plotted in Figure 3. Also included in the Appendix and

3
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Fig. 3. Analytic representations of the £, for the
combustion oOFf CH,: complete stoichiometric
combustion (—); "real® combustion from data
of Morehart, Zukoski, and Kubota (1990) ¢ ).

in the latter plots are the exact results for the

cfS§3yr and the £, , designated as ¢, gour sy and ££57),
respectively, which correspond to complete stoichiome-
tric combustion of CH,. (Note that the representations
for the c{S§2,, and the f, extend beyond the 4¢SS5’ = 3
limit of the experiments. For ¢(ss) > 3 these can not
be viewed as reliable models of real CH, combustion
processes.) Using the c{3§),, equations, the GGERM will
be applied below in simulations of the transient upper-
layer environment of the methane combustion experiments
of Morehart, Zukoski, and Kubota (1990).

It is important to point out that the data of
Toner, Zukoski, and Kubota (1986) were acquired at
higher layer temperatures, greater than 900K, than were
the data of Morehart, Zukoski, and Kubota (1990).
Regarding the generation of CH, , and especially O,, 0,,
and H,0 at these higher temperatures the reactions
closely simulated complete stoichiometric combustion.



The data of Toner, Zukoski, and Kubota (1986) suggest
that GGERM simulations at higher temperatures would be
improved if the £, 's of Eq. (3) were generally assumed
to be dependent on layer temperature as well as ¢. For
now this temperature dependence is ignored. Further
discussion of this will be presented toward the end of
this work.

The Product Generation Functions and the Steadv State
Mass Fractions for the Combustion of Hexane Usine Data
e 983)

Beyler (1983) provides £, data for k - C,H,,, Q ,
®,, H,0, CO, and H, acquired during steady state
combustion of hexane, CgH,,, in the test configuration
of Figure 2a. ¢¢(Ss)> values were in the range 0 < ¢¢(s%)
< 1.8.

Analytic representations for the f, functions which
characterize the combustion of C H,, were constructed by
using these data and the above analytic constraints.
The representations are presented in Egs. (Al3)-(Al7) of
the Appendix. These are plotted in Figure 4. Also

3s T T ™

0 05 1 15 2 25

Fig. 4. Analytic representations of the £, for the
combustion of CgH,,: complete stoichiometric
combustion ¢ Y, "real' combustion from data

of Beyler (1983) (=)

included in the Appendix and in the latter plots are the
exact results for the £ >, which correspond to
complete stoichiometric combustion of c,H,,. (Note that
the representations for the c{5§yy and the £, extend
beyond the ¢¢$s) = 1.8 [limit "of the experiments. For
$#¢58) > 1.8 these can not be viewed as reliable models
of real CgH,, combustion processes.) Using the £,
equations, the GGERM will be applied below in simula-
tions of the transient upper-layer environment of
hexanes combustion experiments of Gottuck and Roby
(1990).
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SIMULATING EXPERIMENTS OF MOREHART, ZUKOSKI , AND KUBOTA
(1990) AND GOTTUCK AND ROBY (1990)

i Methane jp F - igura-

tions
Consider the 64 (H, tests reported in Appendix B of
Morehart, Zukoski, and Kubota (1990). The test
configuration for these 1is depicted in Figure 2b,

Except for initial test time intervals (on the order of
1 to 2 minutes), which were relatively short compared to
the times to reach steady state conditions (on the order
of 20 to 30 minutes), the layer interface elevation in
all of these tests was constant, slightly below the
bottom of the upper layer collector. In the simulations
to follow it is assumed that the elevation of the layer
interface, i.e., the volume of the upper layer, is
constant throughout a test run. The volume is estimated
to be the volume of the collector, 3.89 m®.

Each test was carried out with a fixed-elevation
gas burner surface and with constant upper-layer supply
rates of fuel and injected upper-layer air. Because of
the constant-interface-elevation assumption, which
implies a constant rate of air entrainment from the
lower layer (i.e., the laboratory environment) to the
fire plume, each test. is simulated with constant values
of Mpyn, Py ,pyn, and Pyy pyy where
Byrw = Ppoprn * Bayp rrn = Proprs * Poz,p1n/0-232 (45)
and Pyig,prx is the mass rate of flow of air into the
upper layer.

With the above assumptions, solutions to the GGERM
Egs. (6)-(23) have been carried out to simulate
experiments of Morehart, Zukoski, and Kubota (1990).
For each experiment simulated, calculations were carried
out with the two different models of CH, combustion,
viz., real combustion and complete stoichiometric
combustion. In the simulations it was assumed that the
initial mass fractions of products in the upper layer
were the same in an ambient atmosphere, i.e., Cop ylt =
0) = 0.232, and all other ¢, y(t = 0) = O. ’

In test 1 of Morehart, Zukoski, and Kubota (1990)
the initial and characteristic final temperatures of the
layer were Ty yyyy = 296 K and Ty pyya, = 529.7 K,
respectively. In the simulation, the upper layer
temperature was assumed to be at the constant value T; =
TU,INI!‘ + (2/3)(TU,FINAL - TU.INII) = 451.8 K. The mass
of the upper layer was computed according to a perfect
gas law model with the gas constant taken to be that of
a standard atmosphere. Other conditions of the test

were
By prx = 0.00135 kg/s; Pyrp pyx = 0.01030 kg/s (46

In test 1, all inflowing air was from plume
entrainment. Using Eq. (45) in Eq. (12), the constant

simulated value of ¢¢S8) for this experiment is found to
be 2.33. The ¢¢S58) reported by Morehart, Zukoski, and
Kubota (1990) was 2.17. The difference in these two
values is attributed to the fact that in the simulation
the fuel was modeled as pure methane with r = 1/4,
whereas the value in the reference is based on r =
1/3.82. The latter value was the result of an actual
analysis of the natural gas used in the experiment.

The simulation was carried out twice, first using
the real (H, combustion model and then using the
complete stoichiometric combustion model. Simulation
ey g (t) results are presented in Figure 5.
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Fig. 5. Combustion of CH, - Results of GGERM simulation
of test 1 of Appendix B of Morehart, Zukoski,
and Kubota (90): real combustionmodel ( )
and the complete stoichiometric combustion model

( )-

As can be seen from the ¢, , plots, the GGERM
predicts that steady state conditions are approached
between 900 s and 1800 s into the experiment. This is
consistent with the experimental procedure which
involved steady-state gas sampling after approximately
1800 s. In Figure 5, the results for c.4, ., ¢g,,y, and
¢z, y OFfer no surprises. The GGERM predicts that each
of "these mass fractions changes monotonically with time
from its initial value to its steady state value. As
required by the GGERM, note that the latter steady state
values are consistent with Figure 3 for ¢ = ¢(ss) =
2.33.

The plots for cco, ys Sgzo,u: aNd cco y predict the
unusual result that each of these mass fractions will
reach a local maximum during the transient portion of
the experiment. (It is noteworthy that for each of
these products of combustion the predicted maximum is
actually larger than the maximum of the steady state
values for ¢¢55) in the range O < ¢¢(S8) < 2.33.) The
local-maximum-¢, y result occurs because of the fact
that during the transient portion of the experiment the
upper layer environment participates in the combustion
process by way of the feedback flow at times when the
upper layer already contains relatively significant mass
fractions of the combustion products. Thus, the
products produced in the combustion process are added to
the products that already exist in the layer. Instan-
taneously, the product concentrations of the reactor
output at those times is analogous to the concentrations
of the steady state upper-layer environment 1iIn a
Morehart, Zukoski, and Kubota (1990) type of experiment
where the laboratory atmosphere, entrained into the fire
plume from the lower layer and injected directly into
the upper layer, is contaminated with a non-negligible
amount of the products in question. In such experi-
ments, the steady-state upper-layer mass fractions of
these products, as a function of ¢¢ss>, would exceed the
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steady state mass fractions reported by Morehart,
Zukoski, and Kubota (1990).

While the overall results of the above GGERM
simulation are qualitatively plausible, transient data
are not now available for quantitative validation.

- Confi -
tions - One of Two Hexane Experiments oOFf Gottuck and
Robv (1330

Consider the tests of Gottuck and Roby (1990). The
experimental configuration for these are depicted in
Figure 6. is similar to the configuration of

This

———

Fig. 6. Test configuration for the

Gottuck and Roby (1990).

experiments of

Figure 2a except for the fact that the collector is a
fully enclosed space which contains the fuel source.
Air supplied to the lower layer is brought in, below
the elevation of the fuel source, through a duct from
the outside.

The time-dependent rate of air flow through the
duct is measured during the course of an experiment.
This air flow is not controlled. Rather, it occurs
naturally as a result of cross-duct pressure differen-
tials generated by buoyancy forces and buoyancy-driven
flows within and through the collector enclosure.

The time-dependent pyrolysis rate of the fuel is
measured by a fuel-bearing load cell. A thermocouple
tree measures temperatures in the enclosure as a
function of time and elevation.

The GGERM was used to simulate the larger of the
two hexane-burn experiments reported by Gottuck and Roby
(190). For this experiment the thermocouple data
indicate that the upper layer gases fill most of the
enclosed space relatively early in the experiment.
Therefore, throughout the simulation the upper-layer
volume is assumed to be fixed at 1.62 n®, approximately
ninety percent of the volume of the enclosure above the
elevation of the fuel surface. The temperature history
of the upper layer is taken to be the temperature
measured at the elevation of thermocouple 4 of the
thermocouple tree, which is approximately at the middle
elevation of the assumed upper layer thickness. This
temperature is assumed to be a representative value of
the average layer temperature. The data from ther-
mocouple 4 are presented in Figure 7a. According to
Roby and Gottuck (1990), these data are only valid up
to approximately 700 C. Other measurements indicated
final peak and relatively steady temperatures of 850 C.
In the simulation, the upper layer temperature was
calculated according to the two-lins-segment approxima-
tion of the data, which is also plotted in the figure.
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Fig. 7. Data of Gottuck and Roby (1990) and curve fits
used In GGERM analysis; (@) temperature ap-
proximately at the mid-elevation Of the upper
layer data; (b) hexane pyrolysis rate; (b)
airflow rate.

load cell data for the hexane pyrolysis rate,
In the simulation, the

in the
indicated

Fuel
ey, are plotted in Figure 7b.
value of this, which is taken to be P,,,
analysis, was calculated according to the
three-line-segment approximation to this data.

Data for the duct air flow rate, m,,., are plotted
at the bottom of Figure 7c. This is used to approximate
P,tr r1x. the instantaneous air flow rate entrained into
the plume and deposited into the upper layer. P
was Pcaleuiated "from  the - indicated tw%-line-%ﬁ‘bnfé’r&
approximation to the data.

and m,,, approximations follow

Note that the my.y R
indicate a step change in

the corresponding data which
these value at t = O.

Using Egs. (12), ¢¢5S)> was calculated using the
above-mentioned approximations for Py p;4 and Pyip pry-
This is plotted in Figure 8.

0 50 100 150 200 250
ts]

Fig. 8. ¢¢S8) for the hexane experiment of Gottuck and

Roby (1990).
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The GGERM simulation of this experiment was carried
out twice, FTirst using the real CgH,, combustion model
and then using the complete stoichiometric combustion
model . only the real-combustion-model simulation
results will be presented here.

Since experimental data was acquired for the volume
fraction concentration of Q ¢€0,, and CO, all GGERM-
computed results for the prbduct mass fractions have
been transformed into volume-fraction concentrations.
The transformation was carried out with the assumption
that the upper layer constituents include only: the six
products of combustion, with mass fractions as computed
from the GGERM; argon, with a specified mass fraction of
0.009; and nitrogen. The upper-layer volume or mole-
fraction concentration of a product k will be designated
here as ¢, ,, [vol].

GGERM simulations results for the ¢y ,y(t)[vol] are
plotted in Figure 9. Included in the plots for 0,, Q, ,

L .
0.14 r r -
0.02 . —
0.12 J
041} ] 0.016 }
,mjg?.f, i 1 0.012
"0.06 4 Cuandvel
o0e b 0.008 |
0.02 } 0004 }
° i A . .
s
0 50 100 150 200 250 0
1] 0 50

Fig. 9. Combustion of CgH,, - Data and GGERM simulation

of test of Gottuck and Roby (1990): data
(A A A; GGERM simulation (wee). and GGERM
simulation with quasi-steady approximation
( ).

and CO are the data for the experimentally measured
volume fractions of these products. Also included are
the time-dependent values of the c{S§}y,[vol].

In Figure 8 it can be seen that the simulated step
change in mgg, and m,,, leads to ¢¢55) = 0.7 at t = O.
This results in initial values of c{S§3,, which are
different than the initial values of the ¢, ‘s of the
simulation, the latter being initialized at the
concentrations of the ambient atmosphere.

To the extent that the c{S§3,,[vol] are good
approximations to the u[vel] in the plots presented
in Figure 9, the GGERM "predicts that the upper layer
environment is basically in a condition of quasi-steady
state. As can be seen from the figures, in this
particular experiment the GGERM simulation suggests that




the quasi-steady state approximation is reasonable.
Nonetheless, for those products of combustion where
experimental data is available for comparison, i.e., for
Q CO , and CO, the transient GGERM predictions are
seen to provide a superior estimate of the data than do
the simple quasi-steady state predictions. To this
extent, the favorable comparison between the data and
the simulation results provides some validation of the
GGERM .

The following additional observations and comments
are offered:
1. The construction of the £, functions for the
combustion of hexane are based on the steady-
state measurements of Beyler (1983). As
mentioned above, the maximum of the é’'s in these
experiments was approximately 1.8. Therefore,
one"s confidence in the present GGERM simulation
beyond ¢‘'s of 1.8, i.e., beyond approximately t
= 150 s, should be coupled to one"s confidence
in the extrapolation of these f,'s beyond 1.8.
In other words, acquisition and use of new data
in the high-¢ range would lead to more con-
fidence in high-¢ GGERM simulations. This is of
course true for CH, and other fuels as well as
for hexane.

From approximately 150 s to the end of the test,
the measured value of c,, U{vol] was 0.003,

whereas the predicted value is approximately
0.03 (see Figure 9). The measured value is not
consistent with Figure 8 and the ¢y, correspond-
ing to the f of Figure 4. For example,
according to Figure 8, at 150 s the value of
$(88) = 2. According to f,, of Figure 4 and Eq.
(14), this corresponds to c{3§3,, = 0.04. Thus,

for the same ¢, the ¢,, , results of the steady-
state experiments of Beyler (1983), on which
Figure 4 and the present hexane combustion is
based, is not consistent with the present quasi-
steady experimental result of Gottuck and Roby
(1990).. It has been determined that the
discrepancy is the result of a non-negligible
dependence of f£,, on temperature. In par-
ticular, it is likely that for t > 150 s the
temperature of the upper layer in the presently
simulated experiment is several hundreds degrees
C higher than temperatures in the experiments of
Beyler (1983).

The effect of similar levels of temperature
difference on the steady-state cg,,, in CH
combustion is known from the data of Toner,
Zukoski, and Kubota (1986). These were acquired
at significantly higher upper-layer tempera-
tures, as much as 200°C higher, than were those
of the data of Morehart, Zukoski, and Kubota
(1990) - (See, e.g., Figure 4.3 of the latter
work for a comparison of the high- and moderate-
temperature data.) For ¢ = 1, the effect on
coz y IS significant and completely consistent
with the effects on cq, y presently observed
during the burning of hexanes. Presumably, if
the hexane burn data of Beyler (1983) were
acquired in a well-insulated collector with
upper-layer temperatures in the 700-850 C range,
the measured ¢,, 4, at ¢ = 1 would be lowered
from the order of a few percent to the order of
a few tenths of a percent.

The expected qualitative effect of high tempera-
ture on ccg, y and +, in the burning of
hexanes can also be obtained from the cor-
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responding high temperature effects in the
burning of CH.,. Thus, in Figure 4.7 of
Morehart, Zukoski, and Kubota (1990) for ¢ = 1,
the relatively high temperature of the upper
layer in the experiments of Toner, Zukoski, and
Kubota (1986) is seen to have resulted in cqq, y
levels ten to twenty percent higher than the
Ccoz,y levels of the relatively low-temperature
experiments of Morehart, Zukoski, and Kubota
(1990). A similar result is noted for cco 4 in
Figure 4.6 of the latter work. Thus, for all
three of the measured product concentrations,
the high temperature effect 1in the hexane
combustion  model explains  the late-time
discrepancies  between the present GGERM
simulation and the experimental data.

It is noted that for an arbitrary fuel of
interest, any significant dependence of the £,
on temperature, that may be determined in
steady-state tests, could be easily incorporated
into the GGERM.

Th tion of Hexan in Figure-6 Test Configura-
i Hvpothetica eriment

It is important to validate the GGERM with data
acquired in experiments which clearly display transient
behavior in the development of the upper layer environ-
ment, especially at times of relatively large values of
Cco. Experiments like those of Morehart, Zukoski, and
Kubota (1990) would be useful in this regard. When

transient data from such experiments are available they
should be compared with corresponding GGERM simulations.

It would appear that experimental conditions could

be chosen so that Figure-6 types of experiments would
also clearly display the transient upper-layer environ-
ment of interest. As discussed earlier, the Gottuck and
Roby (1990) test run simulated above was somewhat
limited in this regard in that it displayed nearly-
quasi-steady behavior during the interesting times of
relatively high cco[vol]. One reason for the nearly-
quasi-steady behavior was that the magnitude Of Py pry
resulted in relatively large induced values of PB,,,...
From Figure 8b, the latter flow rate is seen to have a
characteristic value on the order of 0.07 kg/s. For a
characteristic air density of 1 kg/m®, and for the
assumed 1.62 m® upper layer volume, this corresponds to
a relatively small characteristic residence time, on the
order of 20 s, for flow exchange of the upper layer.
(In contrast to this, the above-simulated Morehart,
Zukoski, and Kubota (1990) experiment with a upper layer
volume of 3.89 m® and Pyrr r1x vValue of 0.010 kg/s has a
characteristic residence time of 400 s.)

For the Gottuck and Roby (1990) test configuration
it is expected that a significantly reduced fuel flow
rate, leading to a corresponding reduced air flow rate,
would lead to a display of the transient behavior of
current interest for upper layer development. This idea
was investigated by using the GGERM to simulate a
hypothetical hexane-burn experiment involving values of
P, pin @nd Pyrp pry ONe tenth as large as the Figure 7
values used previously. All other parameters defining
the experiment were assumed to be unchanged from the
previous simulation. The hypothetical experiment was
assumed to last 500 s, where all input parameters were
assumed to be constant for the last 250 s. For o, (,,
and CO, S,y (t) [vol] results from the new simulation are
plotted in Figure 10. Favorable comparisons between
¢y data from an actual experiment (similar to this
hypothetical experiment) and c, results of its GGERM
simulation would be an |mportank validation of GGERM
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capabilities.
SUMMARY AND CONCLUSIONS

The Generalized Global Equivalence Ratio Model
(GGERM) was developed by Cooper (1991) to predict the
generation rates of oxygen, fuel, and other products of
combustion in rooms containing fires. The GGERM extends
to general transient conditions the global equivalence
ratio model established during times of steady-state in
experimental studies involving two-layer compartment
fires. The present work used the GGERM to predict upper
layer mass fractions of products of combustion (fuel,
oxygen, CO, and others) in these two-layer fire
experiments, but during times of transient response.

Implementation of the GGERM requires knowledge of
the £, (¢) function for each product k of combustion of a
fuel of interest. A £, function predicts the steady-
state generation rate of product k when the fuel burns
in Figure-2-type configurations. The £, would be
constructed from data acquired in experiments of the
type described in the references. Generic rules were
developed for constructing the £, from the steady-state
data. The rules were then applied to data of Morehart,
Zukoski, and Kubota (1990) and Beyler (1983). This
resulted in prototype models (i.e., the f,) for the
steady-state combustion of methane (CH,) and hexanes

C,n,,) in Figure-2-type fire scenarios. The products
of combustion considered in these latter models include
o,, M,, H,0, CO, H, and the fuel itself.

With the characterization of methane and hexane
combustion in hand, the GGERM was used to simulate
transient upper-layer environments in two-layer experi-
ments reported in Morehart, Zukoski, and Kubota (1990)
(methane) and Beyler (1983) (hexanes). One of these
simulations produced the unusual result of local maxima
in the mass fractions of ®,, H,0, and CO. This was

explained action of the GGERM feedback

mechanism.

by the

All predicted results of the GGERM simulations were
found to be plausible and, where transient data were
available [upper-layer volume fraction of O
CO for a hexanes experiment of Gottuck and szy (12990))

predicted and measured results for the upper layer
concentrations of products of combustion compared
favorably. The most significant discrepancies between

experiment and prediction were attributed to differences
between the (relatively high) layer temperatures of the
latter work and the (relatively low) layer temperatures
in the steady-state f, tests of Beyler (1983). For the
most part it appears that these discrepancies could be
removed with use of a data base having a more extensive
layer temperature variation. Analysis of data presented
in Chapter 5 of Morehart, Zukoski, and Kubota (1990)
supports this contention.

A GGERM simulation of a hypothetical experiment in
a Gottuck and Roby (1990) type of facility was carried

out in order to identify a set of experimental condi-
tions in that facility that would be expected to

highlight the transient character of the developing

er-layer _ environments. Calcul t|ons uggest that a
ggE simulation w th accurate preds'cg@s ex-

perlmental data from such an experlment would be an
important test of the GGERM capability.
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APPENDIX:  Analytic Representations of the c{5§)y, for
the Combustion of Methane (¢H,) and the f, Tor the
Combustion of Hexanes (G H,,)

Cooper (1991) applied the curve-fitting constraints
of Egs. (23)-(43) to the steady cf{S§),, data of
Morehart, Zukoski, and Kubota (1990) for"CH, combustion
and to the f, data of Beyler (1983) for c,H, combus-
tion. This resulted in the the following analytic
representations for fuel property functions required in
the application of the GGERXM,

Methane (CH,)

CH, :
Oif¢ mO0.70 = ¢, = dey, s
[1 - (0.70/¢)1/ (Al)
cd§i)rovr
{1 + [1/(0.037-0.70) - 1](0.70/4))
iTé>0.70 = ¢p = dcga
0, :
[ 88320, sy 1T 0 <4 < 0.60;
{€0.232)(0.40) /{1 + (0.232)(0.60)/4]}-
c§352our =1  [(3.50 - $)/2.90]/($/0.60)*/2 (a2)
ifT0.60<¢ w35 = ¢y,
[ c§3%20ur,s7 = O Lf #g, = 3.50 < ¢
0.232(1 - ¢)/(1 + 0.2324/4)
c$3%%our.s1 = ifFo<¢=<1; (a3)

0if 1< ¢
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€O, :
c§8%’nour,sr 1f 05 ¢ 50.70;

{88 zour Acoz,1 1f 0.70 < ¢ = 3.00;

(3.00/¢)Aco5,, if ¢ > 3.00

Xcoz,1 ~ (0.232/4)(11/4)(0.70)/

[1 + (0.232)(0.70)/4} = 0.107...

(0.232/4)(11/4)4/(1 + 0.232¢4/4)

ifOo<g¢g=<1;

sS)
<$3% rovr, 51

(0.232/4) (11/4) /(1 + 0.232¢/4)

if 1< ¢

H,0:
c§38 rovr,sx 1£ 0 5 ¢ < 0.70;
Ag20,1% - Xpao,z if 0.70 < ¢ < 2.25;

cﬁgg?non,sr if 2.25 < ¢

céss) -
20,ROUT

Mpzo,1 = (c43872 - <§3§71)/(2.25 - 0.70)
Xp20,2 = (0.70c483, - 2.25¢43§7,)/(2.25 - 0.70)
c§$8), = (0.232/4)(9/4)(0.70)/[1 + 0.232(0.70)/4]
c§387, = (0.232/4)(9/4)/11 + 0.232(2.25)/4]

céggfnonr 8T~ (9/11)c{33 ?nour ,ST

Cco:

0if 0 < ¢ < 0.55

Aco, 18 - Aco,2 IT0.55 <4 w1.15
Cégfioux - .

Aco 36 - Aco.s iT1.15 <4 =3.00

0.0205(3.00)/¢ if 3.00 < ¢

a,, T~ 0.0127/(1.15 - 0.55);
Aco,z = 0.55(0.0127)/(1.15 - 0.55);

dco,3 = (0.0205 - 0.0127)/(3.00 - 1.15);

Xeo,s = [1.15(0.0205) - 3.00(0.0127)]/(3.00 - 1.15)

(a4)

(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

(Al11)



[0 IF 0= ¢ <0.90;

[0.00145/(2.00 = 0.90)])¢

- 0.90(0.00145)/(2.00 - 0.90)

qgfiou: = _ (A12)
iT0.90 Ccé¢ =< 2.00;

0.00145 i1f 2.00 < ¢ s 3.00;

[ 0.00145(3.00)/¢ Iif 3.00 < ¢

Hexanegs (C.H,,)

k + C,H,,, 0,, H;0, and CO,:

,

Ty, if ¢4 gg4;

(Tu/$)[1 - (1 - 6,)(dy 522 - $)/

£, (8) = 1 (b, 812 - $x,811)]

if é,811 < é< $x 8720

[ T,/8 1f ¢ 2 6y 512 (A13)

Tegmaa = - 1; Top = - 152/43; Ty,o = 63/43; I
Teoz = 132/43;

$ceria,sr1 = ¢ = 0.85; &g, gy = 0.80;
#520,871 = 0.85; #¢coa, 871 = 0.70; (A15)

é: . sr2 = $o2 — 10.0 for k + CyH,,, 0,, H,0, and CO,

. OfFO0s ¢ < 0.55;

0.2004 - 0.110 if 0.55 < ¢ < 1.00;
(43/84)f., = (A16)
0.020 if 1.00 < ¢ s 3.50;

0.090(3.50)/¢ if 3.50 < ¢

0ifo=x¢ <0.70;

0.050($/0.70 - 1) if 0.70 C ¢ s 1.40;
(43/7)fg, = ]
0.080 if 1.40 < ¢ s 3.50; (A17)

0.050(3.50)/¢ 1F 350 < ¢

Plots of the £, for the Cogbustion of Methape and

Hexanes

The £, functions for CH were computed from Egs.
(16)-(18) using the cf3§3,, representations of Egs.
(Al)-(Aal12). The £, 's for the six products are plotted
in Figure 3. For GgH,,, the £, 's of Egs. (Al3)-(Al7)
are plotted in Figure 4.
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