Chapter 7
Combustion Products from Fires

Abstract Knowledge of the different species produced during fires is of great
importance for estimating the toxicity of the fire gases. In this chapter the main
combustion products from different types of fires are presented. This includes car-
bon monoxide (CO), carbon dioxide (CO,), hydrogen chloride (HCI), sulphur diox-
ide (S0O,), volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons
(PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs),
total amount of hydrocarbons (THC) and soot/smoke, but yields also for some other
species are presented. Results from measurement during fire tests in vehicles and
tunnels are summarized and discussed. The importance of the ventilation conditions
(equivalence ratio) on the productions of different species is described and relations
for different yields and ratios are given and discussed.

Keywords Combustion products - Carbon monoxide * Carbon dioxide * Smoke -
Ventilation conditions * Equivalence ratio - Yield + Species

7.1 Introduction

The reason for fatalities in fires is most often due to inhalation of fire gases. In sev-
eral of the catastrophic fires presented in Chap. 1, people were found dead in their
cars. Increased temperature can, however, affect both the physical health and the
capacity to escape. Among the fire effluents, carbon monoxide (CO) is seen to be
the most important component responsible for causing fatalities, even if the effect
of hydrogen cyanide (HCN) has been much discussed during recent years [1—4]. In
a comprehensive review, Nelson showed that even if high blood concentrations of
HCN were found in fire victims, most fatalities can be explained by the CO concen-
tration [5]. Furthermore, carbon dioxide (CO,) has an important effect on tenability,
not only by being toxic at high levels, but mostly by increasing the uptake of other
fire gases, for example, CO, due to increasing the breathing rate.

Even if fire gases do not always lead to fatalities, sublethal effects, for example,
incapacitation, reduced egress speed, reduced motor capability, decreased mental
acuity, and visual obscuration are also important [6]. Further, many effluents can
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cause long-term or chronic effects, which is of particular importance for firefighters
and rescue personal.

Another issue becoming increasingly important in the context of fire emissions
is the effect on the environment and emissions which may pose potentially long-
term hazards to health. Even if they have not typically been considered to be central
issues for fires in tunnels, this is an issue related to all fires. More detailed aspects
of toxicity and tenability are presented and discussed in Chap. 15.

In the design of tunnel ventilation, even the ventilation of gases in a nonfire situ-
ation is an important issue. That is in most cases the main reason why ventilation
systems are installed in tunnels in the first place. Traditionally, the concentration of
CO exhausted from the vehicles has been used to design the ventilation systems,
but because of the development of new vehicles and new fuels, the emissions of CO
has decreased significantly [7]. For this reason, concentrations of other species, for
examples, NO, (most often with a guideline concentration for NO,) have also been
included in the design of the ventilation system.

This chapter discusses what species are produced during a fire and how different
parameters and conditions, that is, the ventilation conditions and temperature, affect
the production. Not only acute toxic species are included in the discussions, but also
the production of species interesting for other reasons.

7.2 Combustion and Fire Chemistry

Fire is a field of combustion, often referred to as uncontrolled combustion. Com-
bustion involves a large number of elementary (intermediate) reactions. These dif-
ferent reactions (steps) can be grouped depending on whether or not free radicals
are formed or consumed in the reactions. Free radicals are atoms, molecules, or
ions that have unpaired valence electrons or an open electron shell and, therefore,
in most situations are highly reactive. The following types of reaction can be identi-
fied, here exemplified with reactions in the hydrogen—oxygen system [8, 9]:

1. Chain initiating step:

The reaction chain starts with an initiating step where free radicals are formed.
Free radicals (in the reactions marked with a dot) are produced from stable spe-
cies, for example:

H,+ 0, = 20H: (7.1)

2. Chain propagating (or carrying) steps
A radical reacts with stable species to form a new free radical, for example:

OH- + H, = H,0 + H- (7.2)
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3. Chain branching step:

A free radical reacts with a stable species forming two free radicals, that is, the
number of free radicals increases, for example:

H + 0, = OH + O (7.3)

4. Chain terminating step

Free radicals react to form stable species, that is, free radicals are “consumed”, for
example,

2H=H, (7.4)

Even for relatively simple fuels, there are a large number of elementary reactions,
often combined in complex reaction schemes. It is not the aim of this chapter to in
detail discuss these elementary reactions. Instead the simplified “global” reaction
will be discussed and how this reaction is affected by the fire conditions and how
these conditions influences what species are produced during a fire.

If a hydrocarbon fuel, with or without oxygen, is involved in the fire and com-
plete combustion is assumed the following global reaction can be written:

C,H,0, +(a +§—§)(02 +3.76N,) — aCO, +§H20+(a +§—§J3.76N2

(7.5)

In a combustion reaction energy is also released and from the global reaction the
heat of combustion can be derived (for example, by assuming all H,O being re-
leased in gas phase). The fuel can also contain other elements (N, S, CI, Br, etc.). In
those cases it must either be known or assumed what species are formed.

In Sect. 7.5, the effect of ventilation conditions on the production of different
species is presented. For this often the equivalence ratio, ¢, is used. To calculate this
parameter, the ideal reaction stoichiometric air to fuel ratio for complete combus-
tion, r, can be used. This parameter is defined by:

1kg fuel + rkg air — (1+r) kg products (7.6)

For complete combustion it is assumed that there is exactly enough air for the fuel
to completely (ideally) react and produce CO, and H,O as described by Eq. (7.5).
These conditions are called stoichiometric and the stoichiometric coefficient, », can
be calculated (using the notation in Eq. (7.5)) as':

(1+3.76) M, [a+(b/4)=(c/2)] 137.9[a+(b/4)~(c/2)] 77
Mqo-a+M, -b+M,-c  12-a+b+16-c

=

! See also Eq. (2.13).
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Table 7.1 Molecular weight of selected species and concentration of main components in air

Species Molecular weight Concentration in air | Reference
(vol-%)
Carbon dioxide, CO, | 44.010 0.04 [10, 11]
Carbon monoxide, CO | 28.010 - [10]
Carbon, C 12.011 - [10]
Oxygen, O, 31.999 20.946 [10, 12]
Nitrogen, N, 28.013 78.084 [10, 12]
Argon, Ar 39.948 0.934 [12,13]
Air (dry)? 28.967

2 Based on the concentrations and molecular weights given in the table

where the molecular weight, M,, for air and different atoms are given in Table 7.1.
Note that » in some literature is defined as the stoichiometric fuel to air ratio.
The equivalence ratio, ¢, which is the quotient between the actual fuel/air ratio

and the stoichiometric fuel/air ratio, is here defined as?:

iy / m, v
= ( =

— : (7.8)
mf /ma )stoich. Ma

where
¢=1 stoichiometric combustion
¢< 1 well-ventilated combustion
¢> 1 under ventilated combustion

where 71, is the mass loss rate of the fuel (kg/s) and 7, is the mass flow rate of air
(kg/s) and the subscript “stoich” refers to these values under stoichiometric condi-
tions. Note that to calculate ¢, also the quotient of the actual fuel/oxygen ratio and
the stoichiometric fuel/oxygen ratio could be used.

As discussed in Chap. 2, there are different terms used for different ventila-
tion conditions. The situation when more air (oxygen) is available than is needed
for stoichiometric combustion, is referred to as overventilated, well-ventilated, fuel
lean, or fuel controlled. If insufficient air is available for stoichiometric combustion
the situation is termed under ventilated, vitiated, fuel rich, or ventilation controlled.
Note that in some publications the words do not mean exactly the same thing. In this
chapter, the terms well-ventilated (fuel controlled) and under ventilated (ventila-
tion controlled), respectively, are mainly used and are related to the whole system.
Even under well-ventilated conditions, the geometric conditions and flow pattern
can be such that fresh air does not reach the combustion zone. Such a situation is
here referred to as locally under ventilated. In Sect. 7.5, the effect of the ventilation
conditions on the production of different species are further discussed.

2 see also Eq. (2.14).
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To be able to relate the produced amount of a certain species to the consumed
mass of fuel, it is of interest to know the net heat of combustion, AH (kJ/kg), which
is defined as the enthalpy change for a complete reaction where 1 kg fuel reacts with
0, to yield CO, and H,O at a given temperature and pressure (298 K and 1 atm,
respectively), that is, the difference between the total enthalpy of formation of the
products and the total enthalpy of formation of the reactants. By default, the heat
of combustion used here corresponds to product of water in vapour form (often
referred to as net heat of combustion). To find AH_ the following expression is used:

AH, = Y AH, - Y AH, (7.9)

products reactants

where AH_ is the enthalpy of formation (kJ/kg).

If energy is released from the reaction, AH, will be negative, but note that in
many tables for different fuels, heat of combustion is given as a positive value. If
now the heat of combustion is known (or assumed to be an average value) and the
heat release is measured, the mass loss of fuel, n'if , can be calculated as

rit, = 0 (7.10)
XAH,

where Q is the heat release rate (HRR) (kW) and y is the combustion efficiency.
Through substitution of Eq. (7.10) into Eq. (7.8), one obtains:

__9r (7.11)
m, - AH -y

Hugget showed that AH /r is approximately 3000 kJ/kg, consumed air for most
carbon-based materials [14]. This leads to the equation?

0

- £ 7.12
¢ i, -3000- (7.12)

if the HRR is given in kW.

7.3 Yields

To compare the emissions from different materials, yields, Y, (kg/kg), are introduced
and widely used (in most of the tables in this chapter they are given as g/kg). This
means the ratio between the mass m, (kg) of a compound i generated by the combus-
tion of a certain mass of material (fuel):

3 See also Eq. (2.17).
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Table 7.2 Yields of CO (g/kg) for different experimental set-up and varied combustion conditions

Material Large-scale tests® [16] Small-scale method® [17]
Wood 58 5S¢

Paper 58

Textiles 51

PVC 116 63

PUR 160 20-504

Polystyrene 220 60

Polyethene 60 24

 Values taken from a summary of yields during large-scale fire tests. Ventilation conditions
might have been different between the different tests performed in large-scale and small-scale

b ASTM E2058 fire propagation apparatus

¢ Pine

4 Rigid PUR

Y= or ¥ =-—i (7.13)

1

m Amf

where 1, is the production rate of compound 7 (kg/s) and 72, is the mass loss rate
of fuel (kg/s), Am, is the total fuel mass loss (kg) during the studied test period.
Equation (7.13) shows that one can use either mass flow rates, 7, , or total mass,
m., of the produced species to calculate the yield. However, one must realize that
the latter method gives some overall average results and that different materials
might be consumed at different times during the fire (or experiment). Therefore, the
results obtained might be more useful if these differences could be resolved. In this
section, examples of yields of different products from some common materials are
presented. Much of the yields below were summarized by Lonnermark et al. [15].

Yields of CO from some common materials used in fire experiments in different
scales are presented in Table 7.2. The yields in the table, as well as most of the other
tables in this chapter are given with the unit g/kg. Note that the yields in large-scale
tests generally are higher than the yields in the small-scale tests. These differences
could be due to scaling effects, geometrical differences or differences in ventilation
and combustion conditions. It should, however, be noted that the large-scale values
in Table 7.2, are based not only on experimental values but also on considerations
of chemical composition and experimental conditions.

Hertzberg et al. tested in the cone calorimeter (ISO 5660-1 [18]) a large number
of different materials [19]. The yield of particles can be found in Table 7.3.

Butler and Mulholland [20] made a summary of smoke yields (can probably be
described as soot yield, but the wording of the authors has been used here) from dif-
ferent plastic materials. A selection of their data is presented in Table 7.4. Yields of
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tTrz(‘)bnlle nZz.iier‘i:lzldte(s)tfegairrtllctlﬁz Material Particle yield (g/kg)
cone calorimeter [19] FR4, brominated laminate 139
Polystyrene (EPS) 126
Teflon-cable 102
Carbon fibre laminate 83
PVC (floor) 57
Polyethene-cable 51
50% PVC+50% Teflon cables 42
PVC-cable 39
Bitumen 38
Polyethene pellets 35
Stone wool 30
Optic cable 29
Glass wool 28
Polyurethane (PUR), rigid 26
Teflon pellets 25
Nitrile rubber 25
Wool (92 % wool, 8% polyamide) 22
Melamine 18
Particle board 3.9
Wood 2.4
Table 7.4 Yield of smoke from different plastic materials [20]
Material Fuel surface (m?) Smoke yield (g/kg)
PMMA 0.006 15-18
Polystyrene 0.006 41
PVC 0.006 105185
Rigid PVC 0.006 12
Polypropene 0.006 42
Rigid PUR 0.006 91
Flexible PUR 0.0225 34
HDPE 0.006 18-23

CO, CO,, total hydrocarbons, and smoke from different plastic materials, based on
small-scale experiments, are summarized in Table 7.5.

Tewarson [17] presents yields for CO, total hydrocarbons and smoke for a large
number of materials based on small-scale tests. The yields for some liquid fuels are

given in Table 7.6.
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Table 7.5 Yield of CO, CO,, total amount of hydrocarbons (THC) and smoke for some common
plastic materials (g/kg) [17]

Material CcO CO, THC Smoke
ABS 105
PMMA 10 2120 1 22
Polyethene 24 2760 7 60
Polypropene 24 2790 6 59
Polystyrene 60 2330 14 164
Nylon 38 2060 16 75
PVC 63 460 23 172
EPS 54 1900

Table 7.6 Yield of CO, hydrocarbons and smoke from some common liquid fuels (g/kg). The
values come from small-scale tests [17]

Material CcO Hydrocarbons (HC) Smoke
Methanol 1 - -
Ethanol 1 1 8
Isopropyl alcohol 3 1 15
Acetone 1 14
Heptane 10 4 37
Kerosene 12 4 42
Benzene 67 18 181
Mineral oil 41 12 97

7.4 Emissions from Fires in Vehicles and Tunnels

There are a number of reports and papers on the issue of fires and the environment.
Some of them present summaries of emissions from common materials or common
types of fires [16, 21, 22], while others focus on emissions from fires in a more
general sense or present results from single fires that have had a large impact on the
environment [23-25].

The analysis of the smoke gases from an automobile fire (passenger car) shows
that emissions with a potentially negative impact on the environment, or humans,
are produced in significant concentrations [26]. Three separate, full scale fire tests
were performed under SP’s large-scale (“industry”) calorimeter: a fire ignited and
developed in the engine compartment; a fire ignited inside the vehicle that was ex-
tinguished in the early stages; and a similar fire ignited inside the vehicle that was
allowed to spread until the entire vehicle was involved in the fire. Both fire gases
and run-off water were analysed.

The emissions included HCI, SO,, volatile organic compounds (VOCs; for ex-
ample, benzene), polycyclic aromatic hydrocarbons (PAHs), and polychlorinated
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Table 7.7 Emissions of PCDD/F and PAH from vehicle fires in a tunnel and PCDD/F found in the
fire residue [28]. The values are divided by the energy content

Vehicle (O Fire residue PCDD/F Tunnel PCDD/F Tunnel PAH
GJ mg [-TEQ | mg I-TEQ/GJ | mg I-TEQ | mg [-TEQ/GJ | g 2/GJ
Old car 6 0.012 0.002 0.032 0.0053 13 22
New car |9 0.008 0.00089 0.044 0.0049 27 3.0
Subway | 41 0.54 0.013 2.0 0.049 NA |NA
carriage
ICE- 77 1.1 0.014 9.2 0.12 NA NA
wagon

dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs). The definition of VOC of-
ten depends on the sampling/analysis method, but typically include species with
molecular masses between 75 and 200 g/mol. Sources of chlorine in the vehicle for
production of HCI and PCDDs/PCDFs included, most probably: upholstering ma-
terials, dash board components, and electrical wirings, as indicated from the small-
scale experiments conducted on selected materials from an automobile similar to
that used for the full scale automobile fire.

Aldehydes and isocyanates were also found in the smoke gases, both com-
pounds with well-documented short-term and long-term effects on humans. Other
toxic compounds included: HCN and SO,. These compounds have a direct effect
on people and are of concern for rescue personal and others exposed to smoke from
vehicle fires. The health effects, especially time to incapacitating dose for some of
the gases, are further discussed in Chap. 15.

The particles emitted from the fire had a particle size distribution with a high
number of particles with a diameter below 1 um. Such small particles can be trans-
ported far from the location of the fire and are respirable, implying that the body’s
defence system against particles (in the nose and throat) cannot provide adequate
protection. Analysis of the content of the fire-generated particles revealed that these
contained high concentrations of zinc, lead, and chlorine.

Analysis of extinguishing water showed that this was severely contaminated,
containing elevated levels of both organic compounds and metals. Comparison with
data from other vehicle fires found in the literature showed that contamination of
lead, copper, zinc, and antimony appear to be significant in water run-off from these
types of fires.

Within the EUREKA EU499 project [27] the release of PCDD/Fs and PAHs
were analysed in connection with some of the tests: an old car (1974), a new car
(1988), a German subway carriage, and a Deutsche Bahn wagon with a steel body
and a modern InterCityExpress (ICE) interior [28], see further Chap. 3, Sect. 3.3.7.
The release into the tunnel was estimated by using 1 m? passive collectors (cotton
and steel, respectively) and active sampling at different positions along the tunnel.
In addition, the fire residue was analysed. In Table 7.7 the releases of PCDD/F
and PAH into the tunnel from the different vehicle fires are summarized. To better
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compare the results with results from other tests, the values have been normalized
relative to the energy content of each vehicle. The results show that the PCDD/F
from the subway carriage and the ICE-wagon are similar and that these results are
approximately one order of magnitude larger than those from the passenger cars.
Corresponding values obtained in the passenger car fires described above [26] were
0.023 mg I-TEQ/GJ (0.0868 mg I-TEQ in total) for PCDD/F and 31.3 g/GJ (119 g
in total) for PAH, that is, almost an order of magnitude higher than for the cars
reported by Wichmann. Apart from actual differences in production between the
tests, there are two other possible explanations for the differences. There might be
higher collection efficiency in the tests performed beneath the industry calorimeter.
There is also a difference in how the total energy was calculated. In the case of the
EUREKA 499 tests, the energy content was estimated from the composition of the
fuel load, while in the test presented by Lonnermark and Blomqvist [26] the total
energy was calculated from the heat release measurements. This latter difference
is, however, relatively small. A comparison with the integrated values available for
the subway carriage and the ICE-wagon [29], show that the estimated total energy
content is approximately 10 % higher than the integrated HRR value for the subway
carriage and approximately 30 % higher for the ICE-wagon.

Loénnermark and Blomqvist [26] present yield result from fire tests with a car and
materials from a car. The emissions of the main combustion products from selected
materials are listed in Table 7.8. The materials were selected to represent the most
abundant combustible materials in the car. There was no information available on
the amount of respective material in the car. However, in the work done by Persson
et al. [22] one assessed that, for example, 9% of the plastic material of an automo-
bile was PVC and 17 % was PUR.

The test set-up used for the small-scale fire tests was the closed 0.5 m* chamber
described in ISO 5659. The 75 x 75 mm horizontally mounted sample was exposed
to two different levels of external radiation in consecutive tests. A lower radiation
level of 25 kW/m? was applied to generate pyrolytic conditions, and a higher level
of 50 kW/m? was applied to give conditions of flaming combustion.

The yields of the inorganic gas components from the full scale tests with a car
are presented in Table 7.9.

Much referred to is the work by Lemieux et al. [30-33]. During tests with pieces
of car tyres, measurements were made of VOC, semi-VOC, particles, PAH, and
some metals. In the tests either “chunk”, (1/4—1/6 tires) or “shred” (5.1x5.1 cm)
tires were combusted in a “burn pit” [32]. In total 13.6 kg (approximately two tires)
were placed on a scale. Between 4.5 and 9.0 kg was combusted. In Table 7.10, se-
lected results from the VOC analyses are presented.

Conesa et al. [34] performed pyrolysis experiments in laboratory scale with
pieces of car tyres. The pieces had a diameter of approximately 4 mm. The flow
of fuel was 0.5 g/min. By controlling and varying a flow with a mixture of O, and
N,, yields under different conditions (pure N, or 10% O,) could be calculated. Also
the temperature was varied: 450, 750, and 1000 °C. The main species found were
CO,, CO, H,, methane, ethane, propane, propene, isoprene, benzene, and toluene.
The results are presented in Table 7.11. There is a clear function of the temperature,
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Table 7.8 Yields of compounds generated by the combustion of materials found in cars. Results
from small-scale tests [26]

Car component Test CO, CO HCN | NO NH, HC1 SO,
condition | (g/kg) | (g/kg) | (g/kg) | (gkg) | (g/kg) | (gkg) | (g/kg)
Door panel Pyrolytic | 410 43 2.1 - - 120 -
Flaming 1500 |72 2.9 7.4 - 160 -
Component from | Pyrolytic | — 360 - - - - -
ventilation system Flaming 2100 27 B B B B -
(polymer)
Floor material Pyrolytic | — 49 4.9 - - - -
(carpet) Flaming | 2400 |43 09 |95 |- - -
Dashboard Pyrolytic | 260 25 3.8 - - - -
Flaming 1800 |23 1.2 6.4 - - -
Upholster material | Pyrolytic | 250 43 1.7 - - 51 -
from driver’s seat | plaming | 1800 | 78 24 |57 04 |66 9.9
Upholster material | Pyrolytic | — 26 3.9 - - - -
fromback seat | Flaming | 1700 | 88 53 |75 035 |81 10
Lacquered plate Pyrolytic | — 21 - - - - -
from car body Flaming | 610 | 96 27 |- - - -
Electrical wirings | Pyrolytic | 260 32 - - - 340 -
Flaming | 1100 | 86 - - - 390 -
Tyre Pyrolytic | — 81 - - - - 21
Flaming | 1400 | 30 - - 2.3 - 11

Table 7.9 Yield for inorganic gas components during full scale tests with a car [26]

Species Total amount (kg) Yield (g/kg)
CO, 265 2400

CcO 6.9 63

HCN 0.17 1.6

HCl 1.4 13

SO, 0.54 5.0

Table 7.10 Yields of selected VOC species from pieces of car tyres during small-scale tests,

sampled with two different methods: VOST (Tenax-GC) and XAD-2, respectively [32]

Species ‘ Yield (Chunk) (g/kg) ‘ Yield (Shred) (g/kg)
VOST (Tenax-GC)

Benzene 2.16 2.20

Phenol 0.0005 0.014

Total 11.2 13.1

XAD-2

Biphenyl 0.21 0.33

Phenol 0.37 0.70

Total 8.37 16.3
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Table 7.11 Yields of selected species in gas phase from pyrolysis tests in laboratory scale with
pieces of car tyres (g/kg) [34]. Two different atmospheres were used: 100% N, and a mixture of
90% N, and 10% O,. Values are average of two tests if not else stated

Species 450°C 750°C 1000°C

0% O, 10% O, 0% O, 10% O, 0% O, 10% O,
Co, 34 85 41 100 18 45
CcO - 47 122 36 13 89
H, 0.5 2.9 3.5 4.0 10 13.8
Methane 6.5 11 46 48 79 38
Ethane 24 1.3 11 11 1.1 0.4
Ethene 3.9 1.7 24 28 7.1 3.1
Propane 0.9 0.8 1.4 1.4 0.022 -
Propene 2.2 1.0 11 16 0.34 0.06
Isoprene 29 3.6 7.2 3.0 0.15% -
Benzene - - 43 45 87 77
Toluene 0.03 15 25 21 - 0.03

2 Detected only in one test

especially for the last three species. They were, however, analyzed only in the gas
phase and the total emissions could have been higher.

Vianello et al. [35] developed a scale-model car (scale 1:30) to perform fire tests
in a scale tunnel (total length 5.0 m, radius 0.15 m, height from the floor to the apex
0.21 m, and width 0.30 m). The tunnel was naturally ventilated. The main purpose
of the test series was to study the temperature profiles in the tunnel and compare
with real scale. During the tests, however, samples for gas analyses were also ex-
tracted. Four different types of adsorber/filter were used: Tenax, XAD-2, Silica gel,
and PTFE/glass fibre. The results are presented in Table 7.12.

Lemieux et al. [33] presented average values to represent yields from cars, boats,
and trains for the following species: CO (62.4 g/kg), particles (50.0 g/kg) and NO
(2.0 g/kg).

In the Runehamar tunnel large-scale tests, mixtures of cellulose and plastic mate-
rials were used as fuels [36—38]. The test data clearly show that the production rate
of CO, increases linearly with the HRR (see Fig. 7.1). The relation can be expressed
as [36]:

titg, = 0.0870 (7.14)

where the HRR is given in MW.

Note that different materials were used in the Runehamar tunnel fire tests, in-
cluding wood pallets, PE materials, PUR mattresses, furniture, and paper cartons
with polystyrene cups. It seems that for these types of materials the production
rates of CO, are independent of the materials and only dependent on the HRR. The
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Compound Concentration
Tenax adsorber [mg/m?]
Benzene 0.415
Toluene 0.380
Ethyl benzene 0.015
p-zilene 0.056
m-xilene 0.053
o-xilene 0.027
XAD-2 adsorber [mg/m?]
Naphtalene 0.607
Acenaphtylene 0.136
Silica gel adsorber [ng/m’]
HF 0.087
HCl 0.165
HNO, 0.707
H,S0, 0.790
PTFE filter and glass fibre [mg/m?]
Anthracene 0.576
Fenanthrene 0.587
Fluoranthene 0.536
Pyrene 0.437
Benzo[a]anthracene 0.172
Crisene 0.191
Benzo[a]pyrene 0.128
Benzo[b]fluoranthene 0.169
Benzo[k]fluoranthene 0.136
Indeno[1, 2, 3-cd]pyrene 0.114
Benzo[g, h, i]perylene 0.095

reason could probably be that the main fire load consisted of the cellulose materials
and that the combustion efficiency was high during large portions of the tests.
However, there was no simple correlation between the production rate of CO and
the HRR (see Fig. 7.2). The production rate of CO strongly depends on the type and
geometry of the fuels, which influence the access of air and local ventilation and
burning conditions. Most of the CO was produced at the beginning of each test in
the Runehamar tunnel fire tests when the combustion seems to have been less ef-
ficient and in the rest of each test the combustion appears to have been very good,
with the possible exception of the test T2, which involved PUR. The short period
of less efficient combustion was, however, enough to have significant influence on

the CO results.
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Fig. 7.1 The production rate of CO, as a function of the HRR from large-scale tests in the Rune-
hamar tunnel [36]
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Fig. 7.2 The production rate of CO as a function of the HRR from large-scale tests in the Rune-
hamar tunnel [36]
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7.5 Effect of Ventilation Condition

The ventilation conditions are important for the chemical production and the haz-
ards (see Chap. 15). In an under ventilated fire situation the yield of major toxicants
(for example, carbon monoxide and hydrogen cyanide) is greater, compared to well-
ventilated conditions. Furthermore, the total volume of effluents is greater [39].

The ventilation is an important means to affect, and hopefully improve, the con-
ditions in a tunnel. Longitudinal ventilation can improve the conditions upstream
of the fire significantly, making it possible for the rescue service to reach the fire.
It is, however, important to remember that the situation downstream of the fire can
be exacerbated by the ventilation. In Norway, at least at some places, the ventila-
tion is used as a part of the firefighting tactics where in case of fire the ventilation
is used in a predefined direction [40]. Two reasons in particular are given for this
methodology: first, the firefighters know in advance the ventilation direction in the
tunnel and thereby what portal to attack the fire from, and second, the conditions
downstream of the fire are assumed to be of no danger to people being in this part
of the tunnel, due to dilution of the fire gases. This strategy is partly based on the
results from the experiments with two passenger cars in the Byfjord tunnel in 1998
and the Bemlafjord tunnel in 2000. These results showed that downstream of the car
fires, the concentrations of CO and NO_ were not life threatening [41].

In a Swedish study concerning the HRRs from tunnel fires, the ability of the
rescue service to rescue people from the tunnel and to attack the fire, and the pos-
sibility for people to escape from a tunnel fire showed that the two main effects of
longitudinal ventilation on the conditions during a tunnel fire is an increase of the
growth rate of the fire and an increased dilution of the gases [42].

The ventilation conditions can be described by the equivalence ratio as defined
in Sect. 7.2 and Eq. (7.8). The local ventilation conditions can be very important
for the combustion process, but in cases where the spatial variation either can be
assumed to be small or when it is difficult to resolve the variations, the overall com-
bustion process is often studied instead. In such cases ¢ can be defined in a more
general sense using the equivalence ratio for the total combustion process. This is
usually referred to as the global equivalence ratio (GER). Originally, the GER was
defined as the ratio of the mass of gas in the upper layer in an enclosure derived
from the fuel divided by that introduced from air, normalized by the stoichiometric
ratio [43]. Beyler, who was the first to correlate the species concentrations in the
upper layer with the equivalence ratio, used a variant called the plume equivalence
ratio defined as the ratio of the fuel volatilization rate to the air entrainment rate,
normalized by the stoichiometric fuel to air ratio [44—46]. In the work presented
by Blomqvist and Lonnermark [47], the definition of the GER is the ratio between
the mass loss rate of the fuel and the mass flow of oxygen entering the combustion
room normalized by the stoichiometric ratio.

In order to measure the GER in the two different test rooms used by Blomqvist
and Lonnermark, a device called “the phi meter” [48, 49], was constructed. The
essential parts of the phi meter are the combustor, into which the fire gases and
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additional pure oxygen are introduced, and the O, analyser. Complete combustion
of the fire gases is achieved in the combustor by the high temperature (1000 °C
was used in these specific tests) and by using a platinum catalyst and additional
oxygen. The readings on the O, analyser are compared with background measure-
ments without fire gases through the phi meter. A simple computation gives the
equivalence ratio [47].

There are not many cases reported on measured under ventilated conditions in
fires in tunnels. Most cases reported can probably be said to be either fuel controlled
or ventilation controlled (for example, see [50]). The latter correspond to a case
where limited ventilation leads to a decrease (or control) in the fire size, but if the
temperature is high, a continuous mass loss can lead to under ventilated combus-
tion. Among the large-scale fire test series, the one in the Ofenegg tunnel is an
obvious example of the effect of the ventilation (see Chap. 3), but that case was also
rather special due to the blockage at one end of the tunnel.

Ingason [51, 52] performed fire tests in a model tunnel (1.08 x 1.2 x10.96 m?) to
study the effect of the ventilation on the fire behaviour. Under ventilated conditions
were of special interest and both naturally ventilated and forced ventilated scenarios
were studied. In the first series of tests with naturally ventilated scenarios the fire
size and the size of the inlet opening were varied, while in the second series of tests
with forced ventilated scenarios the fire size and the flow rate of incoming air were
varied. The author described the difficulty in achieving under ventilated condition.
The transition to such conditions is highly dependent on the temperature and the
thermal feedback to the fuel. This was also seen in the test series described by Lon-
nermark et al. [53], where a case with 0.5 m? chlorobenzene (test CB3) gave a very
slow developing fire inside a room. The fire reached high temperatures and under
ventilated conditions first after approximately 35 min. Increasing the pool size to
0.8 m? (test CB4) gave a significantly different fire development with much higher
temperatures and under ventilated conditions after approximately 6 min. This illus-
trates the importance of the fire size. In a tunnel with forced ventilation, the flame
tilt also influences the thermal feedback and thereby the fuel mass loss rate.

In the test series presented by Ingason [51, 52] some of the tests, however, be-
came under ventilated. Gas compositions (CO, CO,, and O,) were analysed at three
different heights (0.15, 0.5, and 0.9 m below the ceiling), 4.5 m downstream of the
centre of the fire, which was situated 1.5 m from the tunnel entrance. The results
were presented as ACO/ACO, ratios, which is the ratio between the increase in CO
volume concentration and increase in CO, volume concentration. Note that in some
of the work referred below instead the ratio between the actual CO volume con-
centration and the actual CO, volume concentration (CO/CO, ratio) was used. The
version used in the original publication has also been used in this chapter.

In most of the tests presented by Ingason, the ACO/ACO, ratios were rather
similar at the different sampling heights. The ratio was, however, often somewhat
higher in the highest position (0.15 m below the ceiling) during some period of the
tests. In a few cases the ACO/ACO, ratio was highest in the lowest position (for
example, in test 2 and test 8). In Fig. 7.3 the ACO/ACO, ratios for heptane pool
fires are presented as a function of the equivalence ratio. The values were chosen
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Fig. 7.3 ACO/ACQO, ratio as function of equivalence ratio for heptane pool fires performed by
Ingason [51, 52]. The results are given both for natural ventilation and for forced ventilation.
Included for illustration is an exponential curve fit of the natural ventilation data [54]. It is, how-
ever, based on only six data points

to be representative values for the position with the highest ACO/ACO, ratio at the
selected time. Note that Ingason used an equivalence ratio based on the air to fuel
ratio, while throughout this book all equivalence ratios (including those presented
in Fig. 7.3) are based on fuel to air ratios. Two different cases are represented in
the figure: natural ventilation and forced ventilation. The values of the ACO/ACO,
ratios were determined at the time when the mass loss rate was at its maximum for
each test. For the natural ventilation an exponential curve fit is included [54]. It fits
the data points very well, but due to the limited number of points it should only be
seen as an illustration.

The points for the forced ventilation show a pattern very different from that in
the natural ventilation cases. All cases are well-ventilated, but the point at $=0.89
shows features of under ventilated fires. This could have two possible explanations.
There are studies that indicate that the CO production starts to increase well below
¢=1, at ¢ =0.6 (see for example, [44, 43]).

Another explanation could be the flow pattern around the fire during forced ven-
tilation. The experimental results, especially the O, measurements, show a signifi-
cant gradient with height, which indicates that even if the tunnel is well-ventilated
it could be locally under ventilated in the combustion zone. The three-dimensional
flow typically found close to the fire in a tunnel was illustrated by Ingason, showing
the main ways for the flows of different density [55].



196 7 Combustion Products from Fires

Table 7.13 ACO/ACO, ratio as function of equivalence ratio for xylene and methanol pool fires
performed by Ingason [51, 52]

Fuel Ventilation Fire size [m*] | Opening [m?] | ¢ ACO/ACO,
Xylene Natural 0.3x0.3 0.3x0.3 0.37 0.20 (0.38)°
Xylene Natural 0.3x0.3 0.15%x0.15 1.01 0.30 (0.41)*
Xylene Natural 0.3x0.3 0.1x0.1 1.94 0.36 (0.43)?
Xylene Natural 0.3x0.3 0.2x0.2 0.70 0.23 (0.31)?
Xylene Forced 0.3x0.3 0.2 (9=0.5m) |0.15 0.15 (0.26)*
Methanol Natural 0.4x0.4 0.6x0.6 0.04 0.003-0.035°
Methanol Forced 0.4x0.4 0.2 (6=0.5m) |0.02 —-0.01-0.02°

* The ACO/ACO, ratio was highest in the beginning of the result period reported and then

decreased; the maximum value (within parenthesis) is not used (see discussion of Fig. 7.2) but

instead something closer to a steady state value

;T'hi A)CO/ACO2 ratio is varying significantly; therefore a range is given (including all the three
cights

Results from the experiments with xylene and methanol are summarized in
Table 7.13. Compared to the experiments with heptane pool fires presented in
Fig. 7.3, xylene results in high values and methanol in low values of ACO/ACO,
ratios. This is in line with the results of Beyler [44] showing that oxygenated hy-
drocarbons produce small amounts of CO (expressed as yield) at low equivalence
ratios. Aromatics (Beyler used toluene) on the other hand, produce a rather constant
CO yield independent of the equivalence ratio; only a small increase was reported.
This means that aromatics at low equivalence ratios produce relatively high CO
yields and at high equivalence ratios produce relatively low CO yields. The varia-
tion in ACO/ACO, ratio with equivalence ratio presented in Table 7.13 might be
explained by a decrease in CO, production.

Lonnermark et al. [53] performed under ventilated fire experiments in an en-
closure (the ISO 5705 room: 2.4x3.6x2.4 m?), where the size of the opening was
varied. Five different fuels were used: Polypropene, Nylon 66, Tetramethylthiuram
monosulfide, 3-Chloro-4 nitro-benzoic acid, and Chlorobenzene. In the paper by
Blomgqvist and Lonnermark [47] results are given for CO and other components
in the fire gases, and their dependence on the equivalence ratio. For comparison
with the results from model scale tunnel tests presented in Fig. 7.3, CO/CO, ratios
have been calculated from tests in the enclosure fires [53]. Note that here absolute
concentrations have been used, and not changes from background values as in the
case presented by Ingason.

In Fig. 7.4, CO/CO, ratios for polypropene, Nylon 66, and chlorobenzene pool
fires (polypropene and Nylon 66 were solid polymers in form of pellets) are pre-
sented as function of the equivalence ratio. For all three materials, results are pre-
sented for measurements both in the opening from the enclosure and in the exhaust
duct connected to the hood collecting the fire gases. For illustration, an exponential
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Fig. 7.4 CO/CO, ratio as function of equivalence ratio for polypropene, Nylon 66, and chloroben-
zene. For all three materials, results are given for measurements in the opening of the enclosure
and in the exhaust duct connected to the hood collecting the fire gases. An exponential curve fit is
included for polypropene (opening) [54]

curve-fit for the results from the opening for polypropene is included. This fit seems
to be qualitatively representative for the other cases also, even if there are differ-
ences between the materials.

The effect of combustion outside the opening during under ventilated conditions
can be seen for Nylon 66. This effect is also obvious for chlorobenzene. For heptane
the CO/CO, ratio are rather similar in the opening and the duct for most values of
the equivalence ratios reported. From the figure it can be seen that when passing
from well-ventilated to under ventilated conditions (passing the point ¢ =1), the
CO/CO, ratios increases above approximately 0.05. This is comparable to the natu-
ral ventilated tests with heptane in the model scale tunnel performed by Ingason
(see Fig. 7.3). For the cases with forced ventilation the differences are larger. The
explanations for this, besides differences between materials, were discussed earlier.

Grant and Drysdale [56] presented analyses of CO and CO, for the EUREKA
EU499 project. The calculated CO/CO, ratios show that high values (maximum
0.2, 30 m downstream of the fire and 0.13, 100 m downstream of the fire) are
obtained during the initial phase before the HRR starts to increase rapidly, that is,
when the fire spreads to the trailer. During the most intense part of the fire, the CO/
CO, ratios 100 m downstream stay below 0.02. At 30 m downstream of the fire
the CO/CO, ratio are also approximately 0.02 or lower, but a clear increase during
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Fig. 7.5 CO/CO, ratio as function of time for the Runehamar tests. The gas analyses were per-
formed at 458 m from the centre of the fire, 2.9 m above the road surface [54]

the period when the ventilation was switched off can be seen. The maximum value
given is 0.05, but the peak value during this time period could be higher since val-
ues are missing for a few minutes. Comparing these results with those presented
in Figs. 7.3 and 7.4 indicates under-ventilated combustion during this time period,
which is understandable due to low ventilation during a period of high temperatures
and probably high mass loss rates.

Similar results were found in the four Runehamar tests, that is, high CO/CO, ra-
tios during the initial phase of the fire and low values during the intense fire and the
decay period (see Fig. 7.5). The gas analyses (CO and CO,) were performed at two
different heights (2.9 and 5.1 m respectively above the road surface), 458 m from
the centre of the fire. Analyses of O, were also performed in these positions and at
the height 0.7 m (see the work by Ingason et al. [36, 37] for detailed description of
the measurement setup and analysers). It can be seen from Fig. 7.5 (in comparison
to Fig. 7.4) that all the tests are well-ventilated [54]. The high values at the begin-
ning of the tests can be explained by incomplete combustion. The temperature in the
combustion zone may have affected the results. It is known from fire experiments
in compartments that both the residence time and the temperature in the upper layer
are important factors for the production of CO [57]. Even for well-ventilated condi-
tions, high CO concentrations can be measured if the temperature is below approxi-
mately 800 K. The situation looks similar to the one called preflaming combustion
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described by Tsuchiya and discussed below [58]. The highest values (not shown in
the figure) are also dependent on the absolute relationship between the CO and CO,
analyses. A small difference in response time or time to reach a concentration above
the detection limit, significantly affects the initial values. To be able to compare the
CO/CO, ratios better with the HRR and the temperature measurements near the fire,
the time scales in Fig. 7.5 were corrected for the transport time between the fire and
the measurement station. This transport time varies with the HRR and the procedure
to calculate this is described by Ingason and Lonnermark [37]. The estimated trans-
port time varies between 1.5 and 2.5 min depending on the HRR.

The results from the Runehamar tests look similar to those reported by Bettis
et al. [59] where the tests were well-ventilated, apart from a short period during one
of the tests. The CO/CO, ratios ranged, in most cases, from 0.005 to 0.025. In a few
cases there was a higher value (0.05—>0.1) in the beginning of the test followed by
a continuous decrease. A steady state value as high as 0.05-0.06 was reported in
only one test (Test 6). The fire was partly sheltered due to the setup and this may
have affected the local ventilation conditions.

During ventilated conditions in a tunnel, the situation at the fuel can be ventila-
tion controlled or locally under ventilated if the fuel setup is such that the air flow
does not reach the vaporized or pyrolized fuel. This was mentioned in relation to the
initial period of fires discussed above.

Tewarson [17] performed an extensive work on collecting data on yield of CO
and CO,, respectively, for different materials, and on how these yields depend on
the equivalence ratio. From the result he developed relationships of the ratio of
actual yield to well-ventilated yield as function of equivalence ratio. For CO Tew-
arson suggested the following relation:

YCO,uv —1+ o (7.15)
YCO,W 62‘5(/)’5

where the values of correlation parameters for some selected fuels are presented
in Table 7.14. Combining his results for CO and CO, gives the following equation

[54]:
B
alt+— 2y,
_& CO,wv
Xeo exp(2.5¢7)
Xcoz |

2 l_exp((¢>/2.15)1‘2)

(7.16)

CO, ,wv

where Y is the yield [kg/kg], f and & are correlation coefficients, X is the volume
concentration and the index wv corresponds to well-ventilated conditions. The val-
ues of the different parameters are given for four selected materials in Table 7.14.
The CO/CO, ratio as a function of ¢ based on Eq. (7.16) is given for three materials
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Table 7.14 Yields of CO and CO, during well-ventilated conditions and values of correlation
coefficients in Eq. (7.16) given for four materials [17]

Material Yo [kg/kg] Yeo, w [kg/kg] | @ s 14
Polyethene (PE) | 0.024 2.76 10 10 2.8
Polypropene (PP) | 0.024 2.79 10 10 2.8
Polystyrene (PS) | 0.060 2.33 2 2 2.5
Wood 0.005 1.33 44 44 35
Fig. 7.6 CO/CO, ratio for 0.4 ,
polyethene, polystyrene, /
and wood as a function of ¢, 0.35 Polyathene / 4
based on the work by Tewar- 03 | Polystyrene ’
son (Eq. (7.16)) [17] ' —— Wood ,/
~ 0.25 /
@] /
Q o2 K
Q /
O 0.15 / v
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’oE
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0
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in Fig. 7.6. Polypropene was not included since it is almost identical to polyethene.
The curves diverge from each other, but for all three fuels the CO/CO, ratio at ¢=1
is between 0.03 and 0.05.

Different fuels utilize available oxygen at high equivalence ratios to very dif-
ferent extents. Beyler [44] reported residual oxygen in exhaust gases from a hood
system simulating the upper layer in a two-layer situation at ¢ >1.2 for different
types of fuels. These results are summarized in Table 7.15. There is a wide range in
residual oxygen for the different fuels, from 0.1 % (methanol and ethanol) to 8.0 %
(toluene). These values can be compared to the minimum oxygen concentration
measured in each test in the Runehamar tunnel: 6.4, 8.6, 11.7, and 15.9% for T1,
T2, T3, and T4, respectively (values corrected for estimated H,O concentration)
[54].

The CO/CO, ratio depends on the mode of combustion. For combustion of
wood, which is the most common fuel used in large-scale testing in tunnels today,
the combustion can be divided into three stages: (1) preflaming pyrolysis, (2) flam-
ing combustion, and (3) char combustion or glowing [58]. Tsuchiya [58] presented
mean values of CO/CO, ratios for the three phases of combustion for plywood: 0.9
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Table 7.15 Residual oxygen for combustion of different fuels at ¢>1.2 [44]

Fuel Chemical formula Residual O, [%]
Propane C,H, 0.5
Propene C,H, 2.0
Hexanes CH, 3.0
Toluene C.Hy 8.0
Methanol CH,OH 0.1
Ethanol C,H,OH 0.1
Isopropanol C,H,OH 2.0
Acetone C,HO 0.7

Table 7.16 CO/CO, ratios for selected liquids and noncharforming plastics combusted in normal
air in the cone calorimeter [58]

Material Radiation [kW/m?] Co/CO,
Methanol 5 0.0002
Ethanol 5 0.0004
n-Heptane 5 0.010
Benzene 5 0.065
Xylene 5 0.056
Polypropene 30 0.024
Polypropene 50 0.025
Polystyrene 25 0.046
Polystyrene 40 0.051

(pyrolysis), 0.0035 (flaming combustion), and 0.25 (glowing), respectively. In the
discussion above, the mode of combustion has been considered to be flaming in all
cases. There is an abrupt transition from preflaming pyrolysis to flaming combus-
tion. Tsuchiya showed that this transition occurred when the O, concentration was
higher than a certain value that depends on the incident heat flux according to:

Co, =19.4-0.19¢” (7.17)

where C,, isthe concentration of 0,(in%)and ¢” isthe incident heat flux (inkW/m?).

Modes other than flaming combustion will not be discussed further here. Tsuchiya
[58] also presented CO/CO, ratios for liquids and noncharring plastics under dif-
ferent levels of incident radiation in the cone calorimeter. Some selected materials
of particular interest for the discussion in this section are presented in Table 7.16.

There are large differences between the different types of fuels. When ranking
fuels according to their produced CO/CO, ratio (from low to high) they can be
listed as alcohols and oxygen containing fuels, hydrocarbons, and finally aromatics.
This order is valid for well-ventilated conditions. For under ventilated condition the
ranking is reversed [60, 44].
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Fig. 7.7 CO/CO, ratio at different heights in the tunnel, 100 m downstream of the fire, during test
3 with a commuter train carriage [61]

Lonnermark et al. [61] performed full- scale fire tests with commuter train car-
riages in a 276 m long tunnel. The concentrations of O,, CO, and CO, were mea-
sured at different heights, both in the carriage and in the tunnel. In Fig. 7.7 the CO/
CO, ratios in the tunnel 100 m downstream of the fire are presented. As can be seen
in the figure, the CO/CO, ratios clearly exceed the limits discussed above correlat-
ing to under ventilated conditions. It was not possible to calculate equivalence ratio
in this situation, but this indicates that even if the overall conditions in the tunnel
were well-ventilated, the combustion conditions inside the carriage were locally
under ventilated. This again illustrates the importance of ventilation conditions on
the combustion. The issue of using the CO/CO, ratio for determining the ventilation
condition is also discussed in Chap. 2.

Example 7.1 A metro carriage is burning in a tunnel. Assume that the fire is locally
underventilated with a representative equivalence ratio of ¢=1.6. What would the
yields of CO be if the fire could be represented by (1) wood or (2) plastics, for
example, polyethene?

Solution:

(1) According to Table 7.14 for wood y ., .= 0.005 kg/kg, a =44 and {=3.5. Using
Eq. (7.15):

44

25167
e

Yco.wood (9 =1.6) = 0.005~[1 + ) =0.14 kg/kg
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(2) In a similar way for polyethene y,, , =0.024 kg/kg, a =10 and ¢=2.8 and
10
Yeo,pe(9=1.6)=0.024 1+ ———7 [=0.38 kg/kg
25

To find out the production and concentration of CO both the burning rate (or HRR
and combustion efficiency) and air flow in the tunnel need to be known or estimated.

Example 7.2 In a 1.2 km long tunnel, with a width of 9 m and a height of 6 m,
an HGV loaded with polypropene is burning in the middle of the tunnel. The fire
develops following the “Ultra fast” curve, including a combustion efficiency of 0.9.
Estimate the CO/CO, ratio after 15 min if the air velocity is 2 m/s and the ambient
temperature is 15 °C.

Solution: First the equivalence ratio needs to be calculated. This can be estimated
from the HRR according to Eq. (7.12). The fire development can be described
as (ultra fast): O =0.194> =0.19-(1560)> =153900 kW. The mass flow rate
can be calculated from:m, = p,u-A= %-2'9'6 =132.4kg/s. Now Eq. (7.12)

gives: ¢ = Y = 153900 =0.43. The fire is well ventilated. Now,

3000y ©132.43000:0.9

studying Fig. 7.4 and1.6, the CO/CO, ratio can be estimated to be approximately
0.02. This correlates well also with Table 7.16.

7.6 Summary

Knowledge of the different species produced during fires is of great importance
for estimating the toxicity of the fire smoke. In this chapter the main combustion
products from different types of fires are presented. The presentation focuses on
CO and the CO/CO, ratio, but a large number of species or groups of species are
also included, for example, hydrogen chloride (HCI), sulphur dioxide (SO,), vola-
tile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs), total amount
of hydrocarbons (THC) and soot/smoke. The combustion conditions (access of air,
temperature, etc.) can vary between different fires in tunnels. Results from measure-
ment during fire tests in vehicles and tunnels are presented in the chapter showing
that the ventilation conditions can vary also during the same test leading to very
different production rates and yields. The importance of the ventilation conditions
on the productions of different species is described and relations for different yields
and ratios are given. Especially the relation between the CO/CO, ratio and the
equivalence ratio is presented and discussed. How to calculate the toxicity when the
concentration of a species is known is presented in Chap. 15 on tenability.
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