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ABSTRACT

Several experiments conducted to date suggest that yield of carbon monoxide is
strongly affected by 'equivalence ratio’. So it seems worthwhile to develop an
empirical model of C0 yields as a function of equivalence ratio, and to use this
model as the source term in fire models for the prediction of C0 concentrations
in building fires. In the preceding paper, we presented a theoretical model for
predicting the yields of chemical species for propane fire.

In this paper, we extend the model to generic fuel, and incorporate the model
into BRI2 fire model and attempt to predict the concentrations of CO in transient
fire. Also the predictions are compared with the results of the reduced scale
single fire tests. Some discrepancies between the predicted and experimental
values still remain, however, this methodology seems to be a convenient and
viable way of predicting CO yields in transient state.

KEYWORDS : fire modeling, carbon monoxide, equivalence ratio, normalized yield

1. INTRODUCTION

The ultimate goal of this study is to develop a practical means to predict the
concentrations of carbon monoxide (C0) contained in fire effluents in the event of
building fires. In the preceding paper[l], we presented a model for predicting
the yields of chemical species for propane fire, in which the yields of a certain
number of incomplete combustion products, in addition to the products of complete
combustion, which are the same as shown in Figure 1, are assumed. The equations
for the normalized yield of each species and the concentration of the species in
the layer containing the combustion products in two layer configuration were
derived as a function of the parameters introduced in the combustion model. The
values of parameters were determined as such that the normalized yields and the
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layer concentrations of the chemical species theoretically derived best agree
with Beyler's test data[2].

In this paper we extend the model from propane fuel to generic fuel, and we
incorporate the model into BRIZ fire model and attempt to predict the concentrations
of CO in transient fire. Also the predictions are compared with the results of
the reduced scale single fire tests.

The influence of temperature on species yields has been reported[3], but is
ignored in this paper.

2. THE MODEL FOR THE YIELDS OF CHEMICAL SPECIES FOR GENERIC FUELS
2.1 Equivalence Ratio

We assume that air is composed solely of 0 and Nz, ignoring the other chemical
species because of their small fractions. Fuel is assumed to be composed of
carbon, hydrogen, oxygen and nitrogen. The chemical equation of the complete
combustion can be expressed as :

ve [Fl#voz'[02]+vnz' [N2] = v co2"[002]4 v uzo" [H20]+ v n2" [Ne] n

The rates of production of an arbitrary species£ in this reaction can be
expressed as :

ey W
i e @

Using Eq. (2), stoichiometric fuel/air ratio ®s becomes as follows :

=¥ - i 11} 4 - a Ve' Me
Ps= Wa _ 1 . Yoz Moz Yoz [)/oz' Moz ] (3)
Yo2* ve Me ’

On the other hand, the fuel/air ratio of combustion under an arbitrary condition
&, is defined as :

&, = —'r:—’— (4)

From Egs. (3) and (4), the equivalence ratio, in other words, normalized
fuel/air ratio® becomes as follows :

- o, = Me Ma
o= b Yoz* (ve' Me Vo2 Mo2) )

2.2 Burning Rate of Fuel

It is assumed that the burning rate of fuel is determined by the smaller of the
fuel inputs (volatile generation rate due to thermal decomposition in case of
solid fuel) and the rate of fuel that can be burned by the available air. More
specifically, the burning rate m» is given as follows :

a) when ®= 1 (fuel lean case)

b) when & > 1 (fuel rich case)

ve' M
1 f
Mp = =g Moz = Yoz‘[

Ve' Mg -
Yoz Moz ]ma

me
Yoz Moz L) 6.2)
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2.3 Mole Numbers of Combustible Materials

.In general, the fuel in actual fires are much more complex than the fuels for
which the species yields are being investigated experimentally. For such materials
as woods and polymers, the chemical formulas are not always known, but the mass
fractions of each element is usually available. (4, 5]

Letting Xc, Xu, Xo and Xx be the mass fractions of carbon, hydrogen, oxygen
and nitrogen in the fuel, respectively, and z be the fraction of residual
char(i.e. carbon), the mole number of each element in unit mass of the volatile
leaving the fuel can be calculated as :

Xc-z 3 - Xu 3 - Xo 3 - Xn 3
mxlo, ')IH-_IZ x10 Yo mxu], VN = 14 I_Z)XIO ()

2.4 The Combustion Model and The Chemical Equation

The combustion model is shown in Figure 1, and the chemical equation for this
model is expressed as follows :

CycHyuOvoNwn + [Vc+ V—Z‘—] O

— (1-r)s[CvcHyuOvoNwx]

+ o) [ 1-(1-9) (- BE-pa) byt {1- (1-s) (-0} - s 22 [02]

+ {r+(1-r) (1-s) (1- Dx‘pz)}l’c [CO2]

+ (1-r) (1-s)p; ve [CO]

+ {1-r) (1-s)pz ve [C]

+ {r+(l-r) (1-s) (1 ai)} v" [H20]

+ (1-r) (1-s)q, & [Hz]

+ {r+(1-r) (1-S)} = [Ne] (8)

2.5 Yields of Species

(1) Rate of production of species
Based on the combustion model described above, the rates of production of
species are given by applying Eq. {(2) to the chemical Eq. (8) as :

(CVCHVHOVDNVN]-[ r [CvcHymOvoin r (velos] + BiHa0] + 2inp1 ) ST0ETE
(1-r) [CvoHvuOvoNvul-]:U-r)s[CnHvuOvoNVN] — (1-r)s [CvcHynOvolyx} Unburned Fuel
(1-r) (1-s) [CycHyOvoNynlT (1-r) (1=s) (1-p1-p2) ve [CO-]
(1-r) (1-s)p1 ve [CO]
a) 0f the fuel that burns, portion r undergoes (1-r) (1-s)p2 v [C]
complete combustion and yields €02, H20 and No. v Incomplete
b) 0f the remaining portion:1-r, portion s yields (1-r) (1-s) (1-a:) 5 [H20] Corbust ion
hydrocarbon, possibly fuel itself. -
¢) The remainder: (1-r) (1-s) undergoes incomplete (1-n) (1-s)ax ) [H2]
combustion and portion py, p2 and q: vields €O, N
C and Hz, respectively. It yields possibly C0., {t-r) (1-s) 2 [N:]

H20 and N; as well.

FIGURE 1. Combustion model for generic fuel
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We = - {1'(1'T)S} My
Woz = - | {r+(1-r) (1-s) (1-5—‘-112)}1/c +{r+(1-r) (1-s) (1-q1)}%— {1-(1-r)s}¥ Moz my

Weoz = {I‘+(1 r) (1'S) (1‘91'92)} vc Mcoz mo

Weo = (1-r) (1-s)pive Mco ms

We = (1-r) (I-s)pzve Mc ms

Wazo = {r+(l-r) (1-s) {1-a1) }vu Muzo my / 2

Wue = (1-r) (1-s)qive Muz mp / 2

Wne = {rt{l-r) (1-s) }vn Mxz me / 2 {9)

(2) Normalized yield of species

Normalized yield of species is defined as the ratio of production of a species
to the theoretically maximum yield of the species, however, here we use a special
definition for fuel for convenience in comparing theoretical predictions with the
existing test data, i.e.,

We = 1- (We/We®) (10)

where W.* is the theoretically maximum yield of fuel.
Finally, the normalized yield of each species is given as follows :

a) when ®=1 (fuel lean case)
#:. = (-r)s

foe = [ {r+ (1-r) (1-) (1-B4-p) e +{r+ (1-r) (1-s) (1-a) }j* ~{1-(1-m) s}y
/(oo 2-2)
Weoz = r+(l-r) (1-s) (1-p1-p2)
Wco = (1'1’) (1'S)Dl
Wc = (1'1’) (1'5)92
Wnzo = r+{l-r) (1-s) (1-q1)
WHZ = (1-r) (1-s) q:
WNZ = I‘+(1‘I‘) (1'5) (11-1)
b) when ®>1 (fuel rich case)
We = 1-{1-(1-0)s}/ @

for = [ {r+ (10 (1) (1= pa) b+t (1-7) (1-8) (=) HE (- (0 sh ] -5

®
/(oo )

Weoz = {r+(l-r) (1-s) (1-pi-p2) }/ @

WCO = (1‘1‘) (1'S)px /(I>

We = (1-r) (1-s)pz /®

Wazo = {r+(l-r) (1-s) (1-q.)} /@

WHZ = (1'[‘) (1'S)Q1 /(D

Wz = {rt(-r) (1-s)} /& (11.2)

Where use was made of the definition described by Eq. (5) as well as Eq. (6.1),
Eq. (6.2) and Eq. (9).
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2.6 Species Mass Concentration in The Product Layer

A typical configuration of fire in a space is illustrated in Figure 2. Also,
the setups of the existing experiments to investigate the issue of CO yield may be
reduced to similar configuration. In such a case, the concentration of species in
the layer at steady state has one-to-one correspondence to equivalence ratio.
This correlation is expressed as follows.

(1) Conservation for the product layer
Considering the overall mass and species concentration for steady state, we
obtain the following equations :

1) Overall mass balance

Me = Me + Ma (12)
2) Species balance

Yome = Yo' me + Yo" mat Wp (13)

From Eq. (12) and Eq. (13), the mass fraction of species £ in the layer Yy
becomes

1

- Me I3 Ma a

Yo =0 m LU . ¥ (14)
Using the fuel/air ratios defined by Ea. (3), Fag. (4) and Eq. (5), this becomes :
D . 1 a 1

Ya-1+rI>QYa+1+fi>.,Yﬂ+ Mat me ke
__ &P p 1 .
T ad PHTE R0 Y merm 19)

(2) Concentration of each species in the layer
Substituting Wg in Eq.(9) into Eq. (15) yields the mass fraction of species£
in the layer. The mass fraction of each species becomes :

a) when ®=<1 (fuel lean case)

Y- e (s

Yoz = | 1-[{r+(1-r) (1-s) (1- Izi-pz)}m +{r+(1-r) (1-s) (1‘Q1)}Z_H -{1- (l-r)s}%g :122-
Yoo / (1+ds®)

Yeos= Tyopgs * {r+ (1) (1-5) (1-pa-pa)} ve Meos

Yeo = 1—3‘%3 (1-r) (1-s) p1vc Mco

Ye = % (I-r) (1-s) p2ve Mc

Yoz &s®  {rt(l-r) (1-s) (1-q4) }vn Maao
"2 1+ s 2

Yoy = — D52 . {1-r) {1-s)q.v Muz

N W) 2

Yys = b P . {I‘+ (1-r) (I‘S)}VN Mvz , 1- Yo2©

NETTH & 2 "I &s®
(16.1)

ms

FIGURE 2. Schematic of species yield tests
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b) when ®>1 (fuel rich case)
[9-{1-(1-r)s}]ds

Ye 1+ 30
Yoz = | I-[{r+(1-r) (1-s) (1- gi-pz)}vc +{r+ (1-r) (1-s) (1-q1) __..{1 1 -r)s}%E] Viz'
“Yoz2* / (1+(IJ5(I>)

Yeoz= 1, _fr+({1-r) (1~ S) {1- Dl"pz)}VCMcozv a

coz 1+dsd voz' Moz oz

Yoo = wod— . {Lr) {I=5)ps ve Meo y

e 1+ds voz Moz
Yo = 1_,_(1-r) (I-s)ps vc Mc Yot

¢ 1+dd voz' Moz 0z
Y20 1 . {r+(1-r) (1-s) (1-q1) }vu Muzo Yoq®

H20T T+ds® 2 voz' Moz oz
Yy, = 1_. {1-r) (1-s)gy vu My Yo,®

nz 1+%q) 2 Voz' Moz oz

= fr+(1 'S)}VN MuzYo2® ., v a

Yz = 1+<Ds<I> [ T vo: Moz Yoo (16.2)
where

Vvoz'= [ vet Z—H'Zo]

3. ASSUMPTION FOR NORMALIZED YIELDS

Beyler[2] conducted experiments for five types of hydrocarbon (CsHs, CsHe, Cellis,
C+sHs and CH.), three types of alcohol (CHsOH, C:HsOH and CsH.0H) and acetone
(CsHs0) as fuels, and concluded that the normalized yield of CO as a function of
equivalence ratio for all the fuels examined were qualitatively similar to that
found with propane.

While his data indicate that yield of CO depend on chemical structure of fuel,
the normalized yield of CO for propane seemed to be about the average of those
fuels. In addition, the normalized yields of CO of wood does not seem far
different from that of propane as long as examining Tewarson's data. (6]

Hence, for the purpose of practical applications, we assume that the normalized
yield of a species can be regarded as the same for all types of fuels. It follows
that this assumption implies that the results previously obtained for propane can
be used for any fuel.

It may be a rather bold assumption, however, at this moment there will be no
other practical means to predict concentrations of species for realistic fuel in
fire.

For propane, we[l] have found that the parameter values empirically determined
as follows exhibit acceptable agreement with Beyler's data[2],

a) when ®=<1 b) when ®>1
2
r o= 1-(re) Y®)* 1y - 0.75 LN
s =0.4 s = 1'(1‘80) ySo = 0.4
p1 = 0.6 P1 = P1oX P! ,P10 = 0.6
Dz'—'O.l p2=0.1\
a: = 0.25 1.1 a1 = QroX 2 Q10 = 0.25 (17.2)

As we notice by Egs. (11.1), (11.2), (17.1) and (17.2), the normalized yield of each
species is, except oxygen, only a function of equivalence ratio and parameters r,
s, D1, Dz and qi, so it follows from the above assumption that these parameters are
the same regardless the fuel type, so those for propane can be used for any fuel.
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4. PREDICTED RESULTS IN STEADY STATE
4.1 Comparisons of Concentration of Species between Prediction and Experiment

Figure 3 exhibits the comparisons of the predicted layer species concentrations
in volume fraction with the experimental data for propylene, and Figure 4
exhibits those in mass fraction for natural gas, respectively. The data in Figure
3 are from Morehart[3] and Beyler[7], and the data in Figure 4 are from Morehart
(3] and Toner[8]. The fuel data for methane were used in the prediction of natural
gas, since natural gas mainly consists of methane.

In Figure 3 and 4, fair agreement is exhibited between the predictions and the
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experimental data for every product species. Although in Figure 3, significant
difference is observed between Morehart's data and the predicted concentrations
of 0. and CO. for 0.5<®<1.b, and in Figure 4, some difference is observed
between Toner's data and the predictions of 0, and CO for ®>1.5.

In these figures, it is obvious that the data by Morehart for® >0.75 are
significantly different from those by Beyler and Toner. Morehart attributed this
difference to the effect of the layer temperature caused by the different thermal
properties of the test setups. Such temperature effect may be important in the
species yields in fire, but at this stage we ignored this factor.

4.2 Accuracy of The Species Yield Model

The experimental data available for the purpose of evaluating the accuracy of
the present species yield model have been limited to only three types of fuels:
propane[l], propylene and methane. While further study might be necessary, the
results for these fuels so far seem satisfactory.

Because all of these fuels are composed only of carbon and hydrogen and have
mainly a single bond chemical structure, further experimental data will be
necessary of the fuels containing oxygen and nitrogen, and having double bond
structure. The mutual influence when multiple fuels exist should also be
investigated. However, all of these complicated issues are ignored in this model,
since they are beyond its capacity.

5. EXTENSION OF THE MODEL TO TRANSIENT FIRE CONDITION

The previous two layer zone model BRI2 can predict the concentration of CO in
smoke layer only when the production rate at the source is specified. On the other
hand, BRI2V, which is the revised version of BRI2 having incorporated the species
yield model, can predict the CO production rate itself.

5.1 Considerations

Thanks to the elaborate experiments by Beyler, Morehart, Toner and others, the
relationship of the species yields with equivalence ratio is quantitatively
established for steady state fire scenario.

Our recognition is that this relationship is the only basis available at this
moment for our attempt to develop a practical means to predict CO yield in fire.

In many practical issues concerning fire, it is important to predict CO
concentration in transient state of fire. So the important issue is how we can
apply the relationship established for steady state to transient state.

In such a period as the transient development of the upper layer, the
relationship between equivalence ratio and concentration of each species
established by steady state experiments will not hold, because the oxygen
concentration in the layer does not correspond to the equivalence ratio. We may
take into account the oxygen entrained into the plume in upper layer, but this
will be too complicated to be practical.

Also we have to recognize that equivalence ratio may not be the direct
governing factor of species yields, since the oxygen in the layer etc. changes
corresponding to the equivalence ratio. It is not clear which is a dominant
factor equivalence ratio or species concentration, in other words, the
relationship between them is only empirical.

From the standpoint that we have to use the empirical relationship, it is the
same thing whether we choose equivalence ratio or layer concentration, since one
value of equivalence ratio corresponds to one value of the layer concentration.

546



5.2 Incorporation of the Species Yield Model into BRI2

In the present species yield model, the rate of production of each species is
given as a function of parameters r,s,p:;,pz and q.. And each parameter is, in
general, a function of equivalence ratio. Further more, as we have already seen,
equivalence ratio can be said a function of layer concentration. So, it follows
that the rate of production of each species is a function of the layer
concentration.

For our purpose, layer concentration is much more convenient than equivalence
ratio, since it is calculated for every time step in the zone fire model. The most
convenient concentration to use is that of oxygen since, as we have seen in Figure
3 and 4, this has a one-to-one correspondence to equivalence ratio.

The most important assumption in utilizing this species yield model into BRI2
is a quasi-steady state assumption, that is, the assumption that the empirical
relationship between layer concentration and the rates of species production
holds at every instant in transient change of fire.

The algorithm of calculating the rate of production of species is shown in
Figure 5. The rates of species production at next time step is calculated using
the oxygen concentration at current time step, and the concentration of oxygen
and other species at next time step can be predicted with the calculated rates of
species production.

6. COMPARISONS BETWEEN PREDICTION AND EXPERIMENT
6.1 Experiments

Small scale compartment fire experiments were conducted to obtain the data for CO
concentration in transient period of fire for examining the validity of the model.

The compartment measuring 86cm X 86cmX 73cm(height) which has an opening
measuring 15cmX 15cm in one of the wall, as shown in Figure 6, is used as the fire
room. The walls are made of perlite-board.

The fire source in each test is methanol pool in one of the circular steel pans
with four different diameters : 15, 20, 25 and 30cm. Methanol is used as the fuel
to examine the applicability of the model to oxygen containing fuels. The burning

rate of methanol in each pan was measured
i in free space prior to the compartment
I ZONE FIRE MODEL | fire tests, which are indicated in
Table 1. Although the burning rates may
[ Predicted 0 Concentration : Yoo | change in the compartment, we could not
] succeed to make reliable weight loss
® = £{Yoo) measurements.
from Eas. (16) and (1n
t=t+At
Py = g (D) TABLE 1. Condition of experiments
from Eq. (17)
1 Experiment No. No.1 | Mo.2 [ No.3 | Mo.d
T Wg =hg (Py,Pz, ++,Pu) ] Fire room  (cm) 86X 86X 73"
from E‘q. (9) Opening P TEx 15"
Diameter of
alcohol pan (cm) 15 20 25 30
[”‘“?‘] ter in Ea. (17} (i ) Burning rate (kW) (in free space)
fab: fction Re DS PP ~60 sec. 10.6 | 15.0 | 19.8
60~  sec. 12.9 | 19.6 | 26.0

FIGURE 5. Algorithm of calculating the
rate of production of species
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Plan A-A" Cross section

FIGURE 6. Schematic of test compartment

6.2 Prediction

The conditions of the tests concerning the fire compartment and the fire source
were inputted into BRI2V model, which is a modified version of BRI2 incorporating
the species yield model.

The surface areas of fuel pan are inputted as the fire source area, although it
was observed that flame did not cover all the surface of the pan under oxygen
lean conditions. This may affect the prediction because the area is an important
factor to govern the entrainment rate in near region of the source.

The following value are used as the convective heat transfer coefficient:

10 { T <300K)
a .« W/m/K) ={0.04T—2 { 300K<T < 800K) (18)
30 { 800K<T )

where T is the average temperature of the layer and the wall surfaces.
6.3 Comparisons between The Predictions and The Experiments

Comparisons for 0z, C02 and CO concentration are shown in Figure 7. The direct
goal of this study is to predict concentrations of species, but the layer
temperature is always the most important item in the prediction of fire behavior,
so comparisons for temperature are also shown in Figure 7.

(1) Concentrations of chemical species

The 02, €0z and CO concentrations in the figures are the values after the H.0
has been removed both in the tests and predictions. Predicted and experimental
concentrations tend to agree fairly well. In experiment No.l and 3, the predicted
results are reasonable, however, some differences can been seen in experiment
No.2 after 600 seconds and in experiment No.4 between 120 and 900 seconds.

(2) Temperature of the layer

As can be seen in these figures, general tendency of temperature curves is in
fair agreement between the tests and the predictions, although, quantitatively,
the predicted temperatures are slightly higher than those of the tests, despite
the fact that the convective heat transfer coefficient is set at a larger value
than that in the previous BRI2.
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A couple of causes are suspected for the difference : we could not succeed to
make reliable measurements for the burning rates of fuel in the tests, so the
input data for prediction may not have been so accurate, the convective heat
transfer coefficient for such a small scale compartment may be different from
that of full scale fire, and the wall thermal properties may not be the same
between the predictions and the tests.

~ 15 T T T
€ w0 (Cal) o 02 (Ex) | 5
s wee €0, (Cal) --- CO2(Exp)] £
3L~ —wee |
I ; 2
« Pt
g 2
G &
[Exp. No. 1]
: ] : : :
00 300 500 900 1200 0 300 600 900 1200
Time (sec) Time (sec)
25 , . . 500 . . .
= ‘ ‘ —~ Upper Layer {Cal)
- 8 400+ f JRRR ST SR SRR
5 ;
2 et
g £ a0} _ o]
& F MMM
© 3 200 |- eI ren i
o =
= 100 bt " g T
Lower Layer {(Cal){ [Exp. No.2]
] : )
z + 0 ; i i
00 300 500 900 1200 0 300 500 900 1200

Time (sec) Time (sec)

£
= 4 B anof
S ~
§ g a0
o s
=
%) =] § 200 k- :
= e 100 : [T S .
; sz : Lower Layer (Cal) [Exp. No. 3]
H - :
0 0 il

0 360 500 900 1200 0 300 600 300 1200

Time (sec) Tine (sec)
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a® : :
e : ~ Upper Layer (Cal)
= 20 TR S— S T S .
2 : : ~
?‘:f 15 JE S p— g 300k
o H : E
g1 R S 200 f
: R
5 - Wi 100 L Prsa i TR . 4
s T Lower Layer (Cal)| [Exp. No. 4]
= H H HENE
00 300 60 900 1200 00 300 600 900 1200
Time (sec) Time (sec)

FIGURE 7. Comparisons of volume fraction and temperature between prediction
and experiment
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7. CONCLUDING REMARKS

Some discrepancies between the predicted and experimental values still remain.
In some other cases, the error is not reasonable, particularly in cases when
oscillation behavior was observed in the tests. However, the tendency of the
predicted and experimental values are similar, so this methodology seems to be a
convenient and viable way of predicting carbon monoxide yields in transient state.

NOMENCLATURE Subscripts

me : mass burning rate (ke/s) F,f : fuel

mg : mass rate of species £ (kg/s) a :air

Mg : molecular weight of species@ (kg/mol) e : exhaust

T : temperature (K) £ :chemical species

Wg : the rate of production of species€ (kg/s)

W : normalized yield of speciesf£
Xg : mass fraction of element £ in the fuel (ke/kg)

Yo*,Y9®,Ys :mass fraction of species£ in fuel, air and in the layer, respectively

(ke/ke)
Yoz® : mass fraction of oxygen in the air (kg/ke)
® : equivalence ratio, normalized fuel/air ratio

®s : stoichiometric fuel/air ratio

a. : convective heat transfer coefficient (W/m/K)

vy : mole number of element £ in unit mass of the volatile leaving the fuel
{mol/kg)

vg' : stoichiometric coefficient of species€ in reactant system

vg" : stoichiometric coefficient of species£ in product system
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