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Abstract

A chemical kinetics model for calculation of the formation of hydrogen cyanide (HCN)
has been made. The combustion of two mixtures with different ratios of methylamine and
ethylene has been modelled using the laminar flamelet concept. The flamelet calculations
are based on several thousand elementary reaction steps to describe the chemical kinetics
of HCN in combustion. The flamelets for both cold (293 K) and hot (1000 K) combustion
product recycling have been calculated. The effect of strain is also included in the calcu-
lations. Scalar dissipation rates from 0.01s to extinction values have been varied.

Separate flamelet sets for various levels of radiation, from adiabatic up to 30 % radiation
losses, incremented by 1%, have been made. In the flow field calculation the flamelet
options may be used either as adiabatic, constant radiation or an interpolation between
flamelet sets of different radiation.

The chemical kinetics model incorporated into CFD code has been used to simulate two
laboratory fire tests of the combustion of nylon. Changing the size of the opening in the
test room varied the ventilation. The calculated flamelet sets for the mixture of
methylamine and ethylene, with nitrogen content close to that of nylon, were used in
these simulations. The simulations were made with and without recycling the combustion
products back to the fire.

The calculations show that recycling of the combustion products to the fire increases the
formation of HCN and CO. Similarly, the lowered ventilation rate increases the forma-
tion of these species. The calculated temperatures and main species concentrations,
including HCN, agree well with the laboratory measurements.
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Sammanfattning

En berdkningsmodell for bildning av vétecyanid (HCN) har tagits fram. Forbranning av
tva blandningar av metylamin och etylen har modellerats med en s.k. laminar flamelet
modell. Ett omfattande kemisk kinetiskt reaktionsschema bestaende av flera tusen reak-
tioner har anvénts for att berdkna HCN kinetiken. Flamelet berdkningarna har utforts for
atercirkulation av bade kalla (293 K) och varma (1000 K) rokgaser tillbaka till branden.
Inverkan av flamtojning (eng. strain rate) och stralning fran tunna flamfragment har ocksé
inkluderats.

Separata flameletuppstéllningar for olika strdlningsvérden fran adiabatiska upp till 30 %
stralningsforluster med 1 % steg mellan stralningsnivderna har berdknats. Flamelet-
strdlning kan utnyttjas i CFD pa flera olika sétt: som adiabatisk (strdlningen férsummat),
fix stralning eller interpolation mellan flameletuppstéllningar med olika stralning.

Modellen har anvénts for att simulera tvé laboratorieprovningar av férbrianning av nylon.
Simuleringarna har utforts med tva olika ventilationsforhallanden och med och utan éter-
cirkulation av rokgaser till branden.

Berdkningarna visar att tercirkulation av forbranningsprodukter tillbaka till branden okar
bildning av bdde HCN och CO. Légre ventilationsgrad medfor ocksé 6kning av dessa
amnen. Berdknade temperaturer och koncentrationer av huvudreaktionsprodukter samt
HCN stammer relativt bra med laboratorietester.



Nomenclature

A Area of opening

G, Heat capacity

Col,Cy2 Empirical constants in k-€ model
Cel,Ce> Empirical constants in k-€ model
D Diffusion coefficient

H Height of opening

h; Enthalpy of specie i

k Turbulent kinetic energy

Le Lewis number

m Mass flow rate of air

M; Molecular weight of specie i

N Number of species

n
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Favre averaged pfd of mixture fraction

Heat release rate

Radiation loss

Fuel to oxidiser ratio

Time

Favre averaged velocity component in x; direction

Fluctuating component of velocity in x; direction
Temperature

Mass fraction of fuel

Mass fraction of specie i

Mass fraction of fuel in fuel stream

Mass fraction of oxygen in oxidiser stream

Coefficient in heat release rate equation
Exponent in Beta function

Exponent in Beta function

Gamma function

Dissipation of turbulent kinetic energy
Scalar in flamelet model

Global equivalence ratio

Density

Mean density (Reynolds averaged)

Chemical production rate of specie i
Mixture fraction
Favre averaged mixture fraction

Mixture fraction variance

Stoichiometric oxidiser-to-fuel ratio

Prandtl/Schmidt number

Viscosity

Scalar dissipation rate

Vitiation fraction

Stoichiometric coefficient of specie i appearing as reactant

Stoichiometric coefficient of specie i appearing as product



Subscripts

lam
tur
1

2

Laminar

Turbulent

Fuel stream (stream1)
Oxidiser stream (stream 2)






1 Introduction

1.1 Background

Hydrogen cyanide (HCN) is formed in combustion of any nitrogen-containing materials.
Emission of HCN from combustion of common materials used in our home environment
has been measured in a previous BRANDFORSK project [1]. It was seen from this pro-
ject that HCN was produced from all tested materials, preferably from pyrolysis and
under conditions of restricted availability of oxygen.

HCN is about 35 times more toxic than carbon monoxide (CO). Further the influence of
HCN on humans is quite difference to that of CO. HCN is carried rapidly to the brain by
the blood, making the victim quickly incapacitated. The uptake rate is directly related to
the concentration of HCN in the air the victim is breathing. As low as 20 ppm HCN in the
air shows symptoms in victims after longer times exposure. Concentrations of 120-150
may be life-threatening after a half an hour and the concentrations of 3000 ppm (0.3 % by
volume) may directly lead to death. Because of its high toxicity HCN is important in
designing the evacuation routes from fires. The more detailed description of HCN on
human is presented in reference [1].

To be able to investigate the production and spread of HCN with fire-induced flows in
multi-room buildings CFD models should be used. Large scale fire tests are very expen-
sive and it is almost impossible to make detailed measurements of HCN in as many
points as necessary to estimate the pattern good enough to understand the spread of HCN.

For use in CFD validations the fuel must have well known burning properties and the
combustion of it should be easy to control. To have such properties the fuel should be in
the gas phase. It is difficult to find nitrogen-containing fuel that is in gas phase in room
temperature. Therefore, we have decided to simulate burning nylon using a fictitious
mixture of two fuels: ethylene and methylamine.

1.2 Combustion models

Combustion engineers in recent decades have been investigating the chemistry in several
combustion systems, such as internal combustion engines, furnaces and jet engines. To
calculate only the rate of heat release a simple chemical model can be used. In the
simplest models the chemistry is assumed to occur as a one-step reaction in which the
fuel is directly converted to combustion products. In many cases this is a reasonable
approximation. However, in reality, thousands of chemical reactions are involved in the
combustion and the combustion is not fully complete in any of the real combustion
systems. It is well known that many combustion systems pollute our environment,
emitting CO, NOx, etc. Thus, there has been a need to understand combustion in more
detail to be able to reduce the formation of unwanted pollutants and assist in the design of
more efficient combustion. This has lead to development of several combustion models
for different applications.

There are two main combustion models that have become widely used in combustion
simulations: eddy break-up [2] and the laminar flamelet models [3]. These two models
have also become those most commonly used in the CFD models employed by fire safety
engineers. The Eddy beak-up model is most commonly used in fire applications. The
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laminar flamelet model has only been used for these applications for about the past 10 to
15 years, although it has been used in combustion science much longer.

1.3 Combustion in vitiated air

In room fires the oxygen content in the air that is entrained into the fire is usually lower
than in fresh air. The air in the fire location usually also contains the products of combus-
tion, i.e., the air is vitiated. This reduces the combustion efficiency and yields more
products of incomplete combustion. Thus, to model the chemistry correctly the boundary
conditions for flamelets must be modified to take the effect of vitiation on the chemistry
into account. As the re-circulation varies as the fire grows so does the contents of com-
bustion products in the air. There is, therefore, a need to calculate the flamelets for
varying degrees of vitiation.

Depending on the ventilation conditions, fire size compared to room size and other
burning conditions the recycled combustion products may be either hot or cold [4].
Therefore the flamelets should also be calculated using boundary conditions on the
oxidant side for both cold and hot vitiation.

The flamelets calculated in a vitiated atmosphere have not been used very much to date.
The first work of calculated flamelets in vitiated air was made in 1991 [4-6]. That work
was conducted prior to connection of the flamelet model to CFD. The reaction mecha-
nism was a simple 13-step scheme for methane as a fuel. A few years later these methane-
air flamelets were implemented in the CFD model SOFIE [7,8].

The model was then further developed to include a more complex fuel, heptane. The
reaction scheme consisted of about 2000 elementary reaction steps [9,10]. The chemistry
of heptane consists of a large number of intermediate combustion products that better
represent the situation in room fires.

The work presented in this project is a further development of the model to take the
formation of hydrogen cyanide into account. The current model consist of several
thousands chemical reactions and is based on two mixtures of methylamine and ethylene.
The flamelet calculations carried out in this study used the so-called ‘Arc length
Continuation Method’ [11], which solves a set of differential equations, including the
inverse of scalar dissipation rate as a variable.

The increase of the chemical reaction scheme demands an increase in computer storage
and computing time, of which the computing time is the limiting factor. Thus, the
chemistry calculations are not convenient to perform at the same time as the flow field
calculations. Even though we have fast computers today, the calculation of the chemistry
at every node (control volume) at each time step, would take unrealistically long time.
Thus, the modellers must find a way to reduce the calculation time. In this work the
chemical kinetic calculations, due to the huge chemical reaction scheme involved to be
calculated in several physical conditions such as varying vitiation, were removed from the
flow field calculations. The pre-calculated flamelet state relationships were stored in so
called flamelet libraries for use in flow field calculations with CFD.
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2 CFD model SOFIE

SOFIE (Simulation Of Fires In Enclosures) has been available for fire researchers for the
last decade. SOFIE has been developed at Cranfield University in UK with sponsorship
from several leading fire laboratories in Europe including SP Swedish National Testing
and Research Institute.

SOFIE employs most basic features needed for computation of fluid dynamics problems
and several additional sub-models specifically related to fire and combustion simulations,
such as combustion, turbulence, radiation, heat transfer and soot formation. The basic
code includes several optional solvers.

Two widely used combustion models are: the Eddy break-up [2], modified by Magnussen
[12], and the laminar flamelet model [3]. The k — € turbulence model with buoyancy
production modification term is used for calculation of turbulence. For calculation of the
radiation exchange between fluid and solid walls of the enclosure, a discrete transfer
model (DTRM) [13] is available. Soot formation (nucleation, coagulation and surface
growth) and oxidation can be modelled using Magnussen (Tesner) model or the Two-
Scalar Transport model (flamelet source terms). Although it is a relatively new code, it
has been successfully used to simulate fires in several types of enclosures [14-16].

In this project the laminar flamelet model has been developed further to calculate the
formation of hazardous hydrogen cyanide (HCN) in flames, which is formed from
nitrogen-containing fuels, especially during vitiated conditions.
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3 Laminar flamelet model for multi-
component chemistry

The laminar flamelet model has been a widely used combustion model in studying the
combustion in various types of combustion systems, such as internal combustion engines,
gas turbines and jet engines. It is now becoming established in the simulation of fires with
CFD models. One “disadvantage” with the flamelet model when simulating fires is that it
requires a very fine mesh in order to make accurate calculations in combustion regions.
When simulating very large fire scenarios it needs a large number of cells, and hence
large computer memory, which could be time consuming. This is a result of the very
large number of chemical species that need additional memory in order to calculate their
concentrations simultaneously.

However, one “advantage” with the laminar flamelet model is a special technique that is
used to implement the chemical kinetics in CFD models: all the chemical components
have been treated as derived variables, i.e. they are calculated as a fraction of one well
known parameter, the mean density. Thus, it is not necessary to include all the
components in the flow field calculation. This saves a lot of computer memory and
calculation time, without loosing any important information.

Another advantage with the laminar flamelet model is that it appears to be a reliable
model when taking chemical kinetics with very large number of components into
account. It has been successfully used in a previous investigation of vitiated fires in
which an approximately 2000-step chemical reaction mechanism containing
approximately 100 species was considered [9].

3.1 The laminar flamelet concept

A laminar diffusion flame provides unique relationships for chemical species, tempera-
ture, and enthalpy and even for viscosity and soot concentration, in terms of a so-called
conserved scalar [3]. A laminar diffusion flame also provides a good opportunity for
measuring these relationships, using, for example, a counter-flow diffusion flame [17] or
co-flow diffusion flame [3].

All the atoms in the chemically reacting flows, such as in diffusion flames or fires are
conserved scalars, because they cannot be created or destroyed when taking part in the
chemical reactions. Any of them could be used as a major parameter for describing the
mixing of the fuel and oxidant streams. However, the most suitable choice of the con-
served scalar in mixing of two flow streams (with or without combustion) is the mixture
fraction.

One advantage of using the mixture fraction as a conserved scalar is that it is a simple
function of the fuel always having value between zero (pure air) and unity (pure fuel). All
species are very simple to express as a function of the mixture fraction rather than as a
function of, for example, a carbon atom.

The mixture fraction states what fraction of the mixture originates from the fuel at any
given point in the laminar flame sheet. In other words, there are unique state relationships
for all thermochemical parameters in terms of the mixture fraction across a laminar flame.
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Assuming that a turbulent diffusion flame consists of microscopic elements having a
structure of an undisturbed laminar diffusion flame these state relationships for thermo-
chemical parameters from laminar diffusion flames can be averaged for turbulent diffu-
sion flames using an appropriate shape of the probability density function (pdf). Since the
flamelet is very thin, it can be described using a one- dimensional set of transport
equations.

Further assuming that chemical reactions occur only in these thin flame sheets (flamelets)
and the chemical time scale is short compared to the diffusion and turbulent transport
time scales the statistical uncertainties in a turbulent flow field can be decoupled from the
complex multi-component reaction chemistry. As the reaction time is assumed to be short
compared to mixing time, the instantaneous species concentrations, thermochemical
parameters and temperature are functions of the mixture fraction only, i.e.,

»= U3 (3.1)

where @denotes any scalar variable. Here, a formal coordinate transformation has been
made, using a conserved property of the turbulent reacting flow as an independent
variable, which leads to a universal description of the flamelet properties. Introducing a
Lagrangian co-ordinate system attached to a maximum-reaction rate surface, with the
mixture fraction taken as an independent variable, performs the coordinate trans-
formation. The mixture fraction is then defined as

£= VYF_YO2 0,2

+
Ve, + X,

(3.2)

where V is a stoichiometric oxidiser-to-fuel ratio, ¥; denotes the mass fraction of species i.
The fuel is denoted by index F' while O, denotes oxygen. The indices 1 and 2 denote
initial fuel and initial oxidiser streams, respectively. The stoichiometric mixture fraction
& can be expressed as

!

Vo, M, Y,
gst: 1+M (3.3)
VFMFY()2,2

where V'O2 and V. are the stoichiometric coefficients for oxygen and fuel, respectively,
and M o, and M. are molecular masses for oxygen and fuel, respectively. Using the

expression for the oxidiser to fuel ratio 7, equation (3.3) becomes

$ =1+ (3.4)
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3.2 Effect of strain, scalar dissipation

The turbulence affects the flame sheets by stretching them and hence making them
thinner, which affects the chemical reaction rate. Thus, the local hydrodynamic strain
field influences the flamelet profiles. To take strain rate into account the flamelet profiles
must be supplemented by information about the local strain field, i.e.,

=@sX 3.5)

where Y denotes the scalar dissipation defined as

p % 9%

3.6
Ox, ok, G-6)

X=

where D is the diffusion coefficient. The scalar dissipation is proportional to the inverse
of the strain field. The value of Y can also be used as a measure of the instantaneous rate
of molecular heat and mass transfer from the flamelet.

Including the scalar dissipation into the flamelet profiles tremendously increases the size
of the flamelet database, because the flamelet state relationships as a function of the con-
served scalar and the scalar dissipation are to be stored. However, the detailed chemical
kinetics, including the effect on strain, can be incorporated into CFD models without an
inordinate increase in computer time.

3.3 Radiation losses

The flamelets lose energy due to radiation to cooler surrounding gas. As in the reaction
zone the temperature is about 2000 K or more, depending of the fuel, and as the radiation
is proportional to the fourth power of the temperature, the radiation losses are
considerable. The radiation losses tend to reduce the temperature of the flame sheet,
which in turn affects the chemistry reducing the reaction rates.

3.4 Flamelet balance equations

Assuming a thin reaction zone and fast chemistry, it was shown by Peters [18] that in a
steady state situation, temperature and species are determined by the balance between
diffusion and chemical reactions as

pl

5y —th dn (3.7)

pll

and



16

L=—a, i=1,2...,N (3.8)

where pis the mass density, &; is the chemical production rate of specie i, A; is the
enthalpy of specie i, C, is the heat capacity, Y; is mass fraction of specie i, Le; is the Lewis
number and ¢, is the radiation loss term. The Lewis number, denoting the ratio of

energy- and mass-transport rates, is assumed to be unity. The equations (3.7) and (3.8) are
solved numerically for various scalar dissipation rates and equivalence ratios.
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4 Calculated flamelets

The flamelets are calculated for two different mixtures of methylamine and ethylene in
pure air and the mixture of pure air and main combustion products. The effects of radia-
tion and strain rate are included into flamelets.

The two fuel mixtures are chosen to vary the nitrogen content in the fuel, which yields
different levels of HCN in the combustion. The following proportions of the two fuels are
used in each mixture:

- Mixture 1: ethylene/methylamine ratio 3
- Mixture 2: ethylene/methylamine ratio 12

In mixture 1 the nitrogen content is about that of nylon (12.2 % by weight), which will
yield high concentration of HCN in combustion. In mixture 2 the nitrogen content is
lower, approximately the same level as in particleboard (3.8 % by weight).

4.1 Flamelet boundary conditions

The flamelets are calculated for various degrees of vitiation, i.e. fire gas re-circulation,
which means that the oxidiser stream is mixed by a fraction of re-circulated combustion
products. Only the main products of combustion (H,O and CO,) are re-circulated. The
flamelet sets for both cold and hot vitiations are calculated. In cold vitiation the tempera-
tures of both fuel and air streams are held at 293 K. In the hot vitiation the fire gases are
assumed to have temperature of 1000 K. The temperature of vitiated air is calculated as
the arithmetic mean values of hot gas at 1000 K and air at 293 K (equal heat capacities
for hot gas and air assumed). The temperatures of oxidizer streams for different degrees
of hot vitiation are shown in table 4.1.

Table 4.1 Oxidiser stream temperatures at various vitiation fractions for hot vitiation.
The vitiation gas consists of stoichiometric proportions of the main
combustion products, H,O and CO,, at 1000 K mixed with pure air at 293 K.

Vitiation Oxidiser

fraction temperature
[K]

0 293

0.05 328

0.10 364

0.15 399

0.20 434

0.30 505

0.40 576

0.50 647

0.60 717

Species concentrations in the oxidiser stream vary due to vitiation. This affects the
chemistry reducing the combustion efficiency, which leads to the generation of more
products of incomplete combustion such as CO and HCN. The mole fractions of species
in the oxidiser stream at various vitiation fractions are shown in tables 4.2 and 4.3.
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Table 4.2  Mole fractions of species in oxidiser stream at various vitiation fractions for

Mixture 1
Vitigtion )(02 )(N2 X002 XHZO
fraction
0 0.21 0.79 0 0
0.05 0.1995 0.7872 0.0060 0.0073
0.10 0.1890 0.7844 0.0120 0.0146
0.15 0.1785 0.7816 0.0180 0.0219
0.20 0.168 0.7788 0.0240 0.0292
0.30 0.147 0.7733 0.0360 0.0437
0.40 0.126 0.7677 0.0480 0.0583
0.50 0.105 0.7621 0.0600 0.0729
0.60 0.084 0.7565 0.0720 0.0875

Table 4.3  Mole fractions of species in oxidiser stream at various vitiation fractions for

Mixture 2
Vitia.tion X 0, X N, X co, X 1,0
fraction
0 0.21 0.79 0 0
0.05 0.1995 0.7873 0.0064 0.0068
0.10 0.1890 0.7847 0.0128 0.0135
0.15 0.1785 0.7820 0.0192 0.0203
0.20 0.168 0.7794 0.0255 0.0271
0.30 0.147 0.7741 0.0383 0.0406
0.40 0.126 0.7688 0.0511 0.0541
0.50 0.105 0.7635 0.0638 0.0677
0.60 0.084 0.7582 0.0766 0.0812

4.2 The flamelet library

The flamelets for HCN generating fuels have been added to the existing flamelet library
in SOFIE. The flamelet calculations were performed by Lund University, the Division of
Combustion Physics. The method used is the so-called Arch length Continuation Method
that solves the differential equations including the inverse of scalar dissipation rate as a
variable. The scalar dissipation rate is calculated from low values, 0.04 s, to extinction
values. The number of flamelet sets in the flamelet library is therefore very large.

The flamelets are calculated for a non-vitiated oxidiser stream and for 8 levels of both
cold and hot vitiation in the oxidiser stream (see tables 4.2 and 4.3) for two mixtures of
fuel, i.e. totally 34 configurations. Each of these configurations includes a separate sub-
library of flamelets consisting of 30 values of strain rate (scalar dissipation) and for every
strain rate 30 sets of flamelets for varying radiation. Thus, the total number of flamelet
sets is 34 %30 %30 = 30 600.
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4.3 Implementation in CFD

Coupling the calculated laminar flamelet data to a turbulent flow field requires infor-
mation of the statistical distribution of the mixture fraction and the scalar dissipation.
These parameters are to be calculated. Due to turbulence and the non-linear relationship
between thermo-chemical parameters and the mixture fraction, information about the
statistical fluctuation in the mixture fraction is required. The statistical fluctuation infor-
mation is supplied in the form of a probability density function (pdf). In SOFIE the pdfis
prescribed in the form of beta function,

£10-9 _r@r@)
ra+p)

P& =
Jera-orag

0

(4.1)

where tilde, “~”, denotes the Favre-averaged quantities, [ is a gamma function and
variables a and Sare calculated from the first two moments of the mixture fraction distri-

~

. . . . . T .
bution, the Favre-averaged mixture fraction mean, ¢ , and its variance, ¢ ~ according to:

HEa-8)
a=¢& "= "-1 (4.2)
S
and
p=91-¢) 43)

¢

The moments are determined through solving the transport equations for both the mixture
fraction mean and the variance:

908+ 0 (pi,B)= a%[‘%m-+’%’}af} 44
ot Ox,

a‘xk a-f,lam U{,tur axk

and

pE? 0 = ) 9"
[)‘r_'_ax(pukf 2)= {|: ﬂlam + ﬂtur :| E }_'_
k

axk O-E,lam o-f,tur axk

~\ 2
oé (& )z
Cgl/’[tur(axk] _chp(];jE ? (45)



20

where 0 is the mean density, #, and & "2 are the Favre-averaged components of the

velocity in the x;-direction and the mixture fraction fluctuation around its mean value,
respectively, L., and L4, are laminar and turbulent viscosities, and Oy j,, and O 4, are
the effective Prandtl/Schmidt numbers, respectively. The empirical constants, c¢,; and c,»,

have values of 2.8 and 2.0, respectively. The parameters k and & are the Favre-averaged
turbulent kinetic energy and viscous dissipation terms, given by their balance equations

.~ 0k _ 0 |0k | e O opop
L — -7 ﬂ+ lLItur il _pl/li uk u; _ Itﬁl;r ££ _pg (46)
ox, Ox, T ) OX, ox, p° Ox, Ox,

and

f - Y
Ox, Ox, O ur Ox,

. 0 _ 0 | O
i 36 = 2 e |

f(w;,n 0, , M, 0P 0p

_g?
; e P (47

where u”; and u ” are fluctuating parts of the velocities in the x; and x;— directions, and
O...am and O, are the effective Prandtl/Schmidt numbers for £ and &, respectively.

To be accessible for CFD (SOFIE) the flamelet lookup tables are pre-computed from the
instantaneous state relationships by integrating for each property throughout the mixture
fraction and mixture fraction variance space. The mixture fraction mean has been discre-
tised in 101 divisions and the mixture fraction variance in 51 divisions. The minimum
and maximum values of mixture fraction variance of 0.001 and 0.1, respectively, have
been employed. A block scheme of the current version of the flamelet model for use in
SOFIE is shown in Figure 4.1. As the turbulence intensity of fires in atmospheric condi-
tions is relatively low compared with other combustion processes such as internal
combustion engines, only low strain rates are taken into account. The flamelets are,
however, calculated up to extinction values of strain rate. When simulating fire with very
high turbulent intensity, the flamelets for higher strain rate should be chosen into
calculations.

For every vitiation fraction 30 different flamelet sets, each with their own radiation heat
loss level (from zero to 30% heat loss) incremented by 1 % for every individual species,
are included in the library. This model is still to be run with a single value for vitiation in
the whole calculation domain at a given time, and not with an individual vitiation for each
cell. Such a method would require an additional dimension in the lookup table, which
would need much more computer storage and much greater running times.
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Figure 4.1 Flamelet library structure for vitiated and non-vitiated air used in SOFIE.
For each vitiation fraction there are 30 different sets of flamelets for each
radiation increment and for each radiation level there are 30 individual sets
of flamelets for varying strain rate.
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5 Full scale validation data and design fires

5.1 Fire tests used for initial validation of the model

The flamelet model has been validated against laboratory measurements performed pre-
viously at SP fire laboratory [19]. The fire tests were conducted in a room with dimen-
sions according to the ISO 9705 Room corner test. The room has one door opening of
size 0.8 m x 2.0 m (see Figure 5.1). Changing the size of the door opening varied the
ventilation rate to the fire in the tests. For post-flashover (ventilation controlled) com-
partment fires the inflow rate of air is given by [20]

m=05H0/H (5.1)
where 4 is the area of the opening in m* and H is the height of the opening in m.

Gas analysis for HRR
measurements (CO,,CO), NO, and THC
smoke obscuration (soot) measurements

’/ - Gas sampling:
FTIR, FID,NO,,
Temperature adsorbents, phi meter

measurements
™ \
v

AR

LE 8 8

V77772ZZZZZZ3
Load cell

Sideview Frontview

Figure 5.1. The test arrangement used in laboratory measurements [19]. The size of the
opening was varied between tests to adjust the ventilation rate. The fire
source was placed on the floor in the room centreline at a distance 1/3 of the
room length from the back wall. A fuel pan of size 1.44 m’ (1.2m x 1.2m) was
loaded with nylon. HCN was measured with FTIR in the door opening.

In the fire tests used for validation purposes here, nylon was used as a fuel. To reduce the
door opening area the lower part of the opening was blocked. Tests with opening heights
0f 0.89 m and 0.56 m were used for validation. The test with an opening height of 0.89 m
gave a steady state fuel mass flow of 20 g/s corresponding to 500 kW after the initial fire
growth period. The fire stayed rather constant at this burning level until the end of the
experiment where the burning rate raised somewhat and the test was manually extin-
guished. The test with an opening height of 0.56 m yielded, as expected, initially a lower
mass flow rate of fuel, about 15 g/s, corresponding to 350 kW RHR. This test had how-
ever a shorter steady-state period, after where the burning rate enhanced to reach a RHR
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above 500 kW. This test reached flashover conditions before it was manually
extinguished.

Gas temperatures were measured using 0.5 mm type K thermocouples inside the room
and in the door opening. Inside the room the thermocouples were placed on a vertical
thermocouple tree 30 cm from the two walls in the front left corner. In the opening the
thermocouples were placed in a smaller vertical tree 10 cm from the right hand side of the
opening (see Fig. 5.1) [19].

The probe for the measurement of gas species (FTIR was used for the measurement of
HCN [21]) and the probe for the measurement of the PHI-value (the PHI-value is a
measure of the global equivalence ratio [20]) were placed diagonally from the top left
(seen from outside) corner to the middle of the other side of the opening and varied in
length depending on the size of the opening. The suction end of the probes was in the top
corner. This arrangement was supposed to achieve representative sampling over the
opening because of larger suction in the part of the opening with the lowest density of the
smoke gases. The probes were made of stainless steel tubing with 6 mm inner diameter
and had holes with a diameter of 3 mm, at distances of 10 cm in between, the number of
holes depending on the length of the probe.

5.2 Description of the design fires

The nitrogen content of nylon is close to that of the computer model fuel mixture 1
(ethylene/methylamine ratio 3). However, the mass loss rate at a given heat release rate is
about 30% less for the mixture 1 fuel compared to nylon (i.e. the model fuel has a higher
effective heat of combustion). As the level of HRR decides the demand of the oxygen in
combustion, the same HRR, and thus the same degree of vitiation, as in the tests was
assumed for the simulations. The concentrations of certain products of combustion, such
as HCN and CO, can thus be lower, provided that the bounding of the nitrogen in the fuel
has no major influence, see section 7.6. This needs to be discussed further together with
other aspects concerning the flame temperature in nylon combustion compared to the
chosen fuel in the calculations. However, for a real fuel, such as nylon, the mass loss is
expected to be larger compared to the idealised situation in the model, because all the fuel
released in a real fire does not take part in the combustion in certain situations.

For the scenario with an opening height of 0.89 m, the rate of heat release was assumed to
growas Q = at®, with a= 8.68 W/s” up to value of 500 kW during the pre-burn time

period (first four minutes), after which the RHR was held constant at that level. This #’-
approximation was chosen to help the computation of the initial flow field. Similarly for
the scenario with an opening height of 0.56 m, the RHR was assumed to grow as # with

time up to 350 kW.

In the computer model a fire source was placed in the room with area and position corre-
sponding to the fire tests. The simulated walls were assumed to consist of lightweight
concrete. The upper half of the walls and the ceiling was covered with a 5 cm layer of
high-density mineral wool to avoid damage to the walls in real tests. To simulate the
same physical environment as closely as possible the mineral wool covering was
modelled similarly in the computer model. Figure A4 in Appedix A, shows the computer
model of the room with an opening height of 0.89 m.
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An open atmosphere in the front of the opening was included in the simulations. The
calculation domain was extended outside the room about the length of the room and twice
the height of the room. The outermost face of the atmosphere opposite to the door was
assigned a static pressure boundary, through which the air freely passes in and out of the
calculation domain. To save computing time, the region above the ceiling of the room
was treated as an inactive blockage, where no transport equations were solved.



26



27

6 CFD simulations

The calculation domain was divided in 233 100 small control volumes (42 x 75 x 74 in x,
y and z directions, respectively). This corresponds to an average cell size of about 10 cm.
The space was divided finest in the combustion region, where the largest gradients in
field parameters are expected. In the fire plume and a vicinity of it, a typical cell size
between 2 and 5 cm was used. Especially, in vertical direction (y-coordinate) the space
was divided finely, to be able to resolve the chemistry in the plume flow. In the other
regions inside the room a typical cell size of 10 cm, and outside the room 15 to 25 cm,
were used.

The convergence of the solution was controlled keeping all solved variable’s residuals
(normalised) as low as possible, usually below 0.001. The under-relaxation parameters
for momentum were set to 0.12 at the beginning of the simulation and were reduced
further to about the half value of that later in simulation to avoid the oscillating behaviour
in solution.

The simulations were made using the transient mode of SOFIE. The length of the time
step was chosen, depending the actual situation occurring during the fire history. In the
beginning and during most of the simulation time a time step of one second was used.
Approaching the under-ventilated situation the time step was shortened. In the most
under-ventilated situation, i.e. when using the smallest opening, as short as 0.25 s time
step was necessary to establish a converged solution.

Although the flamelet lookup tables for use in SOFIE are made for varying radiation, the
model can be used in several different ways: as adiabatic flamelets, non-adiabatic flame-
lets with fixed radiation and non-adiabatic flamelets with varying radiation. In this work
the flamelet sets were pre-calculated with up to 30% radiation losses incremented by 1%,
i.e. all species, temperature, density and enthalpy have their own columns for each
radiation level.

Using the adiabatic mode, only the first columns (with no radiation losses) of each
flamelet set are taken into account. Using the non-adiabatic flamelets with varied
radiation one has to choose either of the three sub-commands: upper, lower, or
interpolated bounding flamelet. In the first two cases SOFIE then chooses the nearest
upper or lower radiation columns from the flamelet tables. Using the non-adiabatic
flamelet option with interpolated radiation SOFIE selects automatically the right radiation
levels through interpolation between adjacent levels in the flamelet tables.

All the simulations presented in this report were made using the non-adiabatic flamelet
mode with interpolated radiation.

It is however worth to mention that the radiation options in SOFIE can also be used to
manipulate the radiation heat losses from the flamelets by specifying the adiabatic set
other than the first column in the lookup tables. This is physically not exactly correct
because the thermo-chemical parameters for the appropriate flamelet sets do not match
those calculated in adiabatic conditions. However, in some cases this is useful, when one
wants to attenuate or strengthen the radiation from flames.

The discrete transfer radiation model (DTRM) assuming 16 rays (default value) was used
in the simulations. No soot model was used, and hence the radiation from soot was not
included. It was not possible to use a lager number of rays in these simulations, because
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the chemical model reserved so much computer memory, that the computations could not
have been performed in a reasonable time.

6.1 Comparison with measurements

The simulations were run with non-vitiated and vitiated flamelet options. In vitiated cases
the vitiation fraction was manually switched to higher levels when the oxygen concentra-
tion in the entrainment region to the flame was reduced to the level corresponding with
that vitiation. The following cases were run with fuel mixture 1 (corresponding to
approximately the same nitrogen contents as nylon):

Case 1: No vitiation, opening height 0.89 m
Case 2: Vitiation, opening height 0.89 m
Case 3: Vitiation, opening height 0.56 m

In vitiated cases the degree of vitiation was manually changed based on the oxygen con-
tents of the air entrained to the fire. The first 160 s in case 2 were run as non-vitiated. At
160 s the vitiation fraction 0.05 was chosen. At 180 s the vitiation fraction was increased
to 0.15, at 200 s to 0.20 and after 240 s the vitiation fraction was held at 0.30. In case 3
the vitiation fraction was increased more rapidly, so that the vitiation fraction of 0.30 was
reached at 180 s. The actual vitiation increased to near the 0.40 level after 240 s, but the
low oxygen contents (12.6 %) in the air using this vitiation level made that solution non-
convergent. It seemed that the low oxygen concentration was not able to sustain combus-
tion in the model. Thus, the vitiation fraction 0.30 was used during the rest of the
simulation.

6.1.1 Gas temperatures

Tables 6.1 through 6.3 summarise the calculated and measured gas temperatures for case
1 through 3. In all cases Ty, T, and T; are temperatures at heights 2 m, 1.4 m, and 0.95m
in the front left corner of the room, respectively (selected temperature points from the
corner thermocouple tree, see previous chapter and Fig. 5.1). Topening 15 the temperature of
out-flowing gas from the door opening, 10 cm below the soffit for cases 1 and 2, and

8 cm below the soffit for case 3. The correction calculations of the thermocouple tem-
peratures were made, which showed no noticeable errors (maximum error approximately
20 K) in recorded temperatures located both inside the room and in the opening.

The results are compared after the so-called pre-burn period, when the heat release rate
(HRR) has been stabilised at a constant level. In the computer simulations that pre-burn
time was four minutes during which the HRR increased as t* (see previous chapter). In
the tests the pre-burn time was longer and the HRR history more undefined due to the
ignition behaviour of the fuel.

In the non-vitiated case (Table 6.1) the gas temperatures in the corner location are
generally 10-20 % lower than the measured temperatures. In the vitiated case (Table 6.2)
these temperatures are closer to the measured values, discrepancy about 5 -15 %. At the
opening the difference between the measured and calculated temperature are negligible;
less than 2 % in both vitiated and non-vitiated cases.
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Table 6.1. Calculated values of gas temperatures (°C) compared with measured values.
Case 1: opening height 0.89 m. Non-vitiated flamelet option used.

Time Calculated Measured

[mln] Tl T2 T3 Topening Tl T2 T3 Topening

after pre-

burn
0 570 536 459 551 637 600 509 532
1 578 541 468 553 695 649 550 557
2 582 547 474 564 716 670 575 567

Table 6.2  Calculated values of gas temperatures (°C) compared with measured
values. Case 2: opening height 0.89 m. Vitiated flamelet option used.

Time Calculated Measured
[mln] T1 TZ T3 Topening Tl TZ T3 Topening
after pre-
burn
0 601 562 481 537 637 600 509 532
1 621 582 501 555 695 649 550 557
622 582 501 558 716 670 575 567

The scenario with smaller opening (Table 6.3) was simulated with vitiation only. Once
again the calculated temperatures inside the room are lower than those measured. The
temperature discrepancy is of the same order as in the vitiated case for the larger opening
(Case 2). The simulated temperatures at the opening agree well with the measured
temperatures, although the difference is slightly larger than in scenario with larger
opening.

The temperature fields at room centreline for the three cases are shown in Appendix A

Table 6.3 Calculated values of gas temperatures ( °C) compared with measured values.
Case 3. opening height 0.56 m. Vitiated flamelet option used.

Time Calculated Measured
[mll’l] Tl T2 T3 Topening Tl T2 T3 Topening
after pre-
burn
0 575 537 467 518 610 576 519 535
1 590 545 469 525 626 593 535 536
2 605 549 467 525 667 631 563 559
6.1.2 Species concentrations

The main species concentrations are summarised in tables 6.4 — 6.6. Both calculated HCN
and CO concentrations are much lower than measured values when the non-vitiated
flamelet option is used (Table 6.4). This indicates that in room fires the vitiated scenario
is the real one, because the fire gases are recycled back to fire in reality. In a vitiated case
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(Table 6.5) the HCN levels are about 7-8 times higher than in the non-vitiated case, even
though they are lower compared to measured values. The calculated CO concentrations in
the non-vitiated case are about a half of the measured concentrations. In the vitiated case
the calculated CO concentrations are, on the other hand, higher than the measured values,
especially later in the experiment.

The CO, concentrations are generally higher than the measured values, calculated using
the non-vitiated option, and lower using vitiation. This indicates that the combustion is
more complete with a non-vitiated case than with a vitiated case. The real fire is vitiated
and hence the combustion is less complete. Hence, the vitiation option gives more CO
and HCN and generally less CO, than the non-vitiated option. Generally, of these two
options the best agreement with measurement is the vitiated option, see table 6.5.

Table 6.4 Calculated species concentrations and global equivalence ratio in the
opening compared with measured values. Case 1: opening height 0.89 m.
Non-vitiated flamelet option used.

Time Calculated Measured

[min] HCN |CO CO,[%] |HCN CcO CO,

after pre- | [ppm] | [ppm] [ppm] | [ppm] |[%]

burn

0 2.2 193 4.89 30.2 293 4.30 0.55
1 33 214 5.30 35.8 448 4.16 0.55
2 3.4 219 5.39 34.6 456 4.23 0.55

Table 6.5 Calculated species concentrations and global equivalence ratio in the
opening compared with measured values. Case 2: opening height 0.89 m.
Vitiated flamelet option used.

Time Calculated Measured

[min] HCN |CO CO,[%] |HCN CcO CO, (0]

after pre- | [ppm] | [ppm] [ppm] | [ppm] |[%]

burn

0 15.4 279 3.42 30.2 293 4.30 0.55
1 23.3 629 4.45 35.8 448 4.16 0.55
2 27.1 736 5.50 34.6 456 4.23 0.55

When reducing the opening size the measured concentrations of HCN are increased by a
factor 6-10 in the initial steady-state period (Table 6.6). This trend is also seen with the
calculated results, but the increase is stronger, generally more than a factor 10. The
vitiation of the air in the room increases faster in the case with the smaller opening which
is reflected in the higher Phi-values measured in Case 3. The higher vitiation lowers the
gas temperature and thus influences the gas chemistry and causes a significantly higher
production of HCN (see e.g. Figure B1-c). Also the CO concentrations are higher in the
scenario with smaller opening. In particular the calculated values increase strongly, by a
factor 5. The measured CO concentrations increase by a factor of about 2 when the
opening size is reduced.
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Table 6.6  Calculated species concentrations and global equivalence ratio in the
opening compared with measured values. Case 3: opening height 0.56 m.
Vitiated flamelet option used.

Time Calculated Measured

[min] HCN [CO CO,[%] |HCN [cO CO, 0

after pre- | [ppm] | [ppm] [ppm] | [ppm] | [%]

burn
0 246 2202 8.20 291 1018 9.02 0.70
1 384 3582 8.31 220 791 8.63 0.70
2 431 3582 8.41 218 784 8.37 0.75

Species concentration fields at the room centreline are shown in Appendix A
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7 Representation of the chemical Kinetics

The complete methylamine oxidation mechanism used in this study consists of 350
elementary reaction steps according to Kantak et al [22], including the following
pathways:

- H-atom abstraction

- C-N bond scission

- Formation of HCN and NH;

- Recombination reactions of species H,CN and CH;NH

The structure formula of methylamine is schematically shown in Figure 7.1.

Pathways leading to formation of HCN are usually subsequent H-abstractions starting
from CH;NH,.

CH;NH, - intermediate — smaller intermediate — HCN (R1)
The products after C-N bond scission reactions play usually a minor roll in formation of

HCN. However, some recombination reactions connecting carbon and nitrogen again are
possible in some circumstances.

i
H—C—NT_

| H

H
Methylamine

Figure 7.1  Structure formula of methylamine.

7.1 H-atom abstraction

There are two possibilities for the first H-atom abstraction from a CH;NH, molecule. It
can occur either at the C-atom centre or at the N-atom centre as:

CH;NH, + X —» CH,NH, + XH (R2)
and
CH;NH, +.X —» CH;NH + XH, (R3)

where X is an arbitrary radical. H-atom abstraction by O-atoms (i.e. X = O) at C- and N-
atom centres, respectively, are:

CH;NH, + O - CH,NH, + OH (R4)
CH;NH, + O — CH;NH + OH (R5)

Similarly H-atom abstraction by OH radical to form H,O occur with reactions:
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CH;NH, + OH — CH,NH, + H,0 (R6)
CH;NH, + OH — CH;NH + H,0 (R7)

Corresponding reactions with H radical to form H, are:

CH;NH, + H - CH,NH, + H, (R8)
CH;NH, + H - CH;NH + H, (R9)

There are differences in opinion between investigators whether the C-H or N-H branching
is the most probable. According to some speculations C-H to N-H ratio is about 10 at
1600 K [22], but the experimental data to support these speculations is lacking.

Based on the study of Kantak ef al [22] the overall effect of C-H/N-H branching ratio is
about 60/40. According to their investigation the preference of C-H and N-H abstraction
could be close to 50/50, because the bond energies for both bound types differ by less
than 5%, and the energies of CH,NH, and CH;NH are of the same order. Therefore,
assuming further that the CH;NH, attacked by the collider atom similarly at both N- or C-
centres, the H-atom availability of 3/2 at C- and N-centres of the CH;NH, molecule
recommends to use of a 60/40 branching ratio.

7.2 C-N bond scission

The C-N bond scission of methylamine occurs via third body reaction, which leads to
formation of methyl radical and amine:

CH;NH, +M - CH; + NH, +M (R10)
and by reaction with H radical forming the methyl radical and ammonia:

CH;NH, + H - CH; + NH; (R11)
Also the intermediate species CH;NH and CH,NH, formed as results from the first H
abstraction undergo C-N bond scission by O, OH, H and O, radical attacks. The N

containing parts of the dissociation products are NH, NH, and HNO. The CH;NH
reactions are:

CH;NH + O - CH;0 + NH (R12)
CH;NH + OH — CH, + HNO (R13)
CH;NH +H - CH; + NH, (R14)
CH;NH + 0, - CH;0 + HNO (R15)

The CH,NH, is dissociated with C-N bond scission similarly:

CH,NH, + O - CH;O + NH (R16)
CH,NH, + OH - CH, + HNO (R17)
CH,NH, + H - CH; + NH, (R18)

CH,NH, + O, — CH;0 + HNO (R19)
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Species CH3NH and CH,NH,; can alternatively react first with H or any other radical in a
H-abstraction reaction resulting HCNH, which then dissociates similarly by C-N bond
scission to form formaldehyde, NH and NH,:

H,CNH + O - CH,O + NH (R20)
H,CNH + OH - CH,O + NH, (R21)

Carbon containing products of C-N scission generally will oxidise further to the stable
products CO and CO,, while nitrogen-containing products will oxidise to NOx, N,O and
N». The intermediate H,CNH seems to be a potential source of HCN.

7.3 Formation of HCN

The most probable pathways leading to the formation of HCN are subsequent H-
abstraction reactions starting from fuel. After breaking of the C-N bond the component
containing N oxidises further to NOx or stable molecules, N,O and N,. A small fraction
of N-containing component may recombine with C-containing components to form
species with C-N bonds.

Because, HCN is a result of series of H-abstraction reactions that CH;NH, intermediates
undergo during the fuel pyrolysis process, the main part of the HCN is formed in the
combustion zone. As a result from the second H-abstraction from the CH;NH, molecule
an important HCN precursor, H,CNH, is formed via intermediate species CH,NH,
(reactions R4, R6 and R8) and CH;NH (reactions R5, R7 and R9):

CH,NH,+ X - H,CNH + XH (R22)
and

CH;NH + X -~ H,CNH + XH (R23)

The H,CNH then decomposes via two main paths to HCN; either via H,CN or via
HCNH:

k HCNH p (R24, R25)
H,CNH HCN
H H,CN K (R26, R27)

Which of the two paths that are favoured to form HCN depends on the combustion
environment. According to Hjuler et al conditions [23] the HCN was formed via H,CN
— HCN by a factor 5 more than via HCNH — HCN. Under Basevich’s conditions [24]
HCN was formed mainly via HCNH — HCN (93-95%). Whatever the path is, the study
presented by Kantak et a/ shows that the most of HCN is formed via H,CNH.

The magnitudes of HCN formation under Both Hjuler’s and Basevich’s conditions are
valid for the same temperature, 1160 K. The Basevich’s conditions were at low pressure
(0.01atm), at equivalence ratios between 0.23 and 1.7, and 2.5 ms residence time. The
Hjuler’s conditions were those similar of the post-flame conditions in industrial
incinerators, i.e. near atmospheric conditions.
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This study shows that the major part of the HCN is formed by decomposition of fuel
through a series of H-atom abstraction. This indicates that the most of the HCN is formed
in the pyrolysis process. This effect was also seen in the results from CFD simulations. A
high concentration of HCN was seen within a thin region just above the fuel bed, even at
well-ventilated conditions (see Figure Al-a). Under more vitiated conditions the HCN
concentration becomes higher and HCN is spreading far away from the fire

(Figure A3-a).

7.4 Main reaction paths to HCN formation

The possible reaction pathways from fuel to HCN are enormous in reality. To construct
the main pathway map several simplifications must be made. The authors in ref [22] have
performed integrated reaction-path analysis to construct a molecular roadway maps for
oxidation of CH3NH, at 1160 K in several conditions. The pathway map is shown in

Figure 7.1.
» N2

v N.O
HNO
(@]
-
=5
CH,NH 2
2 2
CH;NH, L —V H,CNH §
CH;NH o,
(1]
(/2]
CH,
A
CH,0
v v
CH, CH,0
CH, » HCO » Cco —» CO,

Figure 7.1. The integrated main reaction paths for methylamine at fire temperatures
[22]. The species that contain a C-N bond follow the pathway marked by
thick arrows. A series of H-atom abstraction reactions lead to formation of
HCN via this pathway. The C-N bond scission reactions lead to formation of
carbon (upper paths) and nitrogen (lower paths) containing species.

The reaction paths are similar in a wide range of equivalence ratios but the relative
magnitudes differ with the equivalence ratio (and pressure and temperature). At
Basevich’s conditions, 7= 1160 K, and p = 0.01 atm the ratios of H-abstraction to C-N
scission are 86/14, 89/11 and 90/10 for = 0.23, 1.0 and 1.7, respectively. This means
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that the H-abstractions dominate the reaction paths, even though the C-N bond breaking
is quite large. Especially, the initial C-N bond scission reaction is large under these con-
ditions. The C-N bond scission decreases in magnitude with increasing equivalence ratio.
This means that pathways coloured by blue in the Figure 7.1 are more dominating in the
rich mixtures, and hence the larger amount of HCN is formed.

The conditions of Hjuler et al [23] represent conditions corresponding to post-flame
regions of an industrial incinerator. These conditions represent better the conditions that
occur in fires. According to their study the initial C-N bond scission in destruction of
CH;3NHj; is very low, about 2 % of the total destruction rate, and the remaining 98 % is
due to H-atom abstraction. This means that paths leading to formation of HCN dominate,
see Figure 7.1. The interesting is the difference in the magnitudes of the final part of the
pathway ending with HCN, i.e. the last H-abstraction (in the ‘blue’ pathway in Figure
7.1) from intermediate species HCNH and H,CN. At low pressure the HCN was formed
mainly via HCNH — HCN rather than via H,CN — HCN. At atmospheric post-flame
conditions the latter path was favoured by factor 5 over the former path.

When looking the pathway map in Figure 7.1, it is obvious that most of HCN is formed
from molecules, or molecule fragments that already contain a C-N bond. Other ways,
except than decomposition of Nitrogen-Hydrogen containing fuel to formation of HCN,
are recombination of carbon- and nitrogen containing radicals, in which new C-N bonds
are build. The resultant species may pass trough a series of H abstraction reactions ending
with HCN. At sufficiently high temperatures the nitrogen, which is naturally in air, may
react with carbon containing radicals, CH, and CH, directly forming HCN [22]

CH+N, » HCN+N (R28)
CH, + N, — HCN + NH (R29)
CH,+N - HCN+H (R30)

Similarly HCN may be formed from NO via reaction with carbon containing radicals or
with CH; :

CH+NO - HCN +0 (R31)
CH, +NO - HCNO +H (R32)
HCNO + H — HCN + OH (R33)
CH; +NO — HCN + H,0 (R34)

The reactions R28 through R34 may occur also in combustion of non-nitrogen containing
fuels. Formation of HCN from ambient nitrogen requires higher temperature compared to
HCN formation from fuel-based nitrogen. The reactions R28 through R34 occur in the
reaction zone in the flame sheet. The pathways of these reactions are not shown in Figure
7.1, because they are assumed to give minor contribution to total HCN formation. The
less important pathways are omitted or are included in the box ‘Other species’.

However, the major part of the fuels in our study was ethylene (C,H,4), which may
increase the important of the HCN formation via other paths than from the fuel at higher
temperatures. The reactions R28 through R34 may also play larger roll in fully developed
room fires, just after flashover, when the temperature is high and the oxygen concentra-
tion is rapidly lowered due to increased heat release rate, resulting in large amounts of C-
containing radicals in the gas layer.



38

The CFD simulations showed that when the ventilation rate was lowered, the formation
of HCN was increased. When using the vitiated flamelets (which better describes the
environment in the room tests) in the calculations, the HCN concentration was increased,
which indicates that at fuel-rich and vitiated conditions the oxidation of the species in the
two pathways for the carbon- (the red pathways in the Figure 7.1) and the nitrogen-
containing (the green pathways) species is lowered. This means that the reactions leading
to HCN formation increase relatively (the blue pathways).

7.5 Destruction of HCN

Later in the flow stream, depending on the concentration of oxygen, and certain radicals
(as H, O and OH), HCN may be oxidised to eventually form NOx. One of the reasons for
higher concentrations of HCN in under-ventilated conditions might be that the rate of
oxidation of HCN to NOx is reduced (or interrupted), so that more HCN is left in the gas
stream. The destruction of HCN was described by the following reactions (R 35 — R41):

OH + HCN - HOCN +H (R35)
OH + HCN - HNCO + OH (R36)
OH + HCN - NH, + CO (R37)
HCN +0 - NCO +H (R38)
HCN +0 - NH+CO (R39)
HCN + 0O - CN +OH (R40)
CN+HCN - CN, +H (R41)

No analysis of the relative importance of these destruction reactions has been made in this
work, it is however obvious that the oxygen concentration is important in the destruction
process.

7.6 Some aspects of nylon combustion

The interest in studies of the nitrogen chemistry in combustion has arisen from the need
to understand the mechanisms behind NOx formation. Earlier research by Fenimore [25]
indicated that the conversion of organic nitrogen compounds to NOx was nearly inde-
pendent of the parent molecule, and that local combustion conditions and the initial con-
centration of the nitrogen species were the dominant factors. Fenimore further speculated
that an intermediate product was formed that could react to either NO or N, depending on
the combustion conditions. Bowman [26] later proposed that for simple nitrogen con-
taining fuels, a reasonable prediction of NOx formation could be achieved by using a
global reaction step of fuel-nitrogen — HCN combined with the detailed HCN chemistry.
Regarding the conversion of a nitrogen-containing fuel to gaseous pyrolysis products, it
can further be found in Glassman [27] that HCN is one of the domination intermediates in
the conversion of fuel nitrogen to NO.

In this work a kinetic scheme of the conversion of the fuel methylamine to combustion
products has been applied. The detailed reaction mechanism for the C-N intermediates to
form HCN is included. The simulations discussed in this report was however of fire tests
with nylon as a fuel. To quantitatively compare the results of the experiments with those
of the simulation one has to make the presumption that the pyrolysis chemistry of nylon
gives the same types and proportions of breakdown products as those described by the
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reaction mechanism for methylamine. Such a presumption would perhaps not be entirely
true, but based on the more qualitative knowledge discussed above that “the conversion
of organic nitrogen compounds to NOx (where HCN is the major intermediate product) is
nearly independent of the parent molecule” semi-quantitatively results with some signifi-
cance would be attainable with the present approach.

The results (see Section 6) of these first simulations with methylamine as a model fuel
representing an arbitrary nitrogen containing fuel (nylon in this case) indicate however
that our approach has some success.

With more knowledge of the pyrolysis chemistry of nylon one would be able to make a
better assessment of the justification of using methylamine as a model fuel in this case.
Studying the structure of the polymer chain of Nylon-6,6 (Figure 7.2) one can foresee that
during thermal decomposition the initial products would be a mixture of low-molecular-
weight fragments, some containing nitrogen.

I I
_(_C_CHZ_CHZ_CHz_CHz_C_NH_CHz_CH2_CH2_CH2_CH2_CH2_NH_)_n
Nylon-6,6
Figure 7.2 Structure formula of nylon-6,6.

It has been shown that the thermal decomposition of various nylons begin with a primary

scission of an -NH-CH,— bond to form amides and is followed by a complex series of
secondary reactions [28]. Nitriles can, e.g., be subsequently formed from these amides
through high temperature dehydration [29]. Other researchers [30] has postulated that in
the pyrolysis of nylon-6,6, substituted cyclopentanone groups are formed by NH-CO
bond scission and ring closure. This last decomposition route would thus lead to the for-
mation of NH-R fragments that would fit in the reaction scheme of methylamine (where
HNCH, is important). One can conclude that the thermal decomposition and subsequent
reaction chemistry of nylon is complex and it has not been possible to fully investigate it
in this project.
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8 Discussion and Conclusion

A mathematical simulation model of the production of HCN from fires based on chemical
kinetics has, to the knowledge of the authors of this report, not been presented before. It
is however well known that HCN can be produced in hazardous amount from fires with
nitrogen-containing materials, especially under vitiated combustion conditions, such that
occur in room fires.

Actually, very little work has been reported in the literature concerning the calculation of
fires in vitiated air. The flamelet models have, in the last 10 years, been more commonly
applied in CFD models. However, most models use flamelets calculated in pure air. In
most situations that occur in a room fire, this does not represent the right picture for the
chemical species calculation. Due to ventilation restrictions the combustion products
vitiate the air in the compartment. As fires naturally need air for the combustion, the
entrained air in a closed room or a room with small openings is vitiated.

The chemistry of combustion, especially in oxygen poor conditions is a very complicated
process. The vitiation reduces the chemical reaction rates and increases the formation of
products of incomplete combustion, such as CO. If the fuel contains nitrogen, HCN is
also formed, which is demonstrated in the present work.

The results from the simulations with the nitrogen-containing model-fuel presented in this
report show that that the present flamelet model is able to semi-quantitatively predict the
production of HCN in a room fire with nylon as the fuel. Both the production during well
ventilated, and the increased production during under-ventilated conditions, was captured
by the model. The presented simulations with the model should however be regarded as
an initial test only of the models capability to simulate the gas-phase chemistry of fires
with an arbitrary nitrogen-containing fuel.

There are some obvious weaknesses of the present application of the model. The model-
fuel is based on the chemistry of gas-phase methylamine mixed with ethylene, and does
not describe the pyrolysis and subsequent gas-phase reactions of nylon. Further, the mass-
loss rate of the model-fuel in the simulations was lower compared to the actual mass-loss
of nylon in the experiments. This was necessary to achieve the same total HRR from the
fuel in the simulation as in the experiments. There are further some additional, not as
obvious, limitations of the model.

The flamelet model assumes fast chemistry and therefore describes the flaming region
best. As such, it is important to model the flame region carefully. Generally the flamelet
model needs a finer mesh compared to the other more commonly used combustion model,
the eddy break-up model, in order resolve the single chemical species formation in space
and time. Thus, especially in the fire region and in the vicinity of it, the grid cell size of a
few centimetres gives very different results in chemical species concentrations to that of
cell sizes of a few decimetres.

The fast chemistry approach that the flamelet model is based on is not possibly the best in
describing the formation of some species with slower kinetics, such as NOx and soot. The
faster the chemistry the more valid is the flamelet concept.

As one route of the HCN formation is via NOX, the fast chemistry approach might not be
entirely correct in describing the HCN kinetics. This might thus affect the calculated
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concentrations of HCN in this study. For calculation of slow kinetics the flamelet model
could possible in the future be modified to take account of the residence time of species.

Preparatory calculations in this study showed that a cell size of two centimetres in the fire
region was necessary to obtain reasonable resolution of the species. The chemical
reactions also occur in other regions in the compartment, such as in the hot gas layer. In
this study, somewhat larger cells were used in the hot gas layer region. This may have
influenced the results if the combustion has in reality been occurring in the gas layer. This
could explain the somewhat lower temperatures in the gas layer.

The results of this work show that there is large difference in the calculated species con-
centrations when using different flamelet options. The non-vitiated case produced low
concentrations of both CO and HCN, compared to vitiated case. In particular, the HCN
concentration at the opening flow was nearly 10 times lower when calculated using the
non-vitiated option than using the vitiated option. The vitiated option proved to be more
correct relative to the measurements. Therefore, when simulating a certain scenario, one
should take into account whether the air in the entrainment region to fire is vitiated or not.

During the first minutes after the fire ignition, the air near the fire location is non-vitiated.
The length of the time to vitiation depends on the room and fire size in relation to the
ventilation. Once air in the entrainment region has become vitiated the vitiated flamelets
should be used. The flamelet option from non-vitiated to vitiated must be switched
manually in the current version of SOFIE. The current model includes eight levels of
vitiation, i.e. totally 17 sets of flamelets for each species including 30 radiation levels.
Thus, the flamelet lookup tables are so large that one value of vitiation allocates about
500 Mb of computer memory. Having all the vitiation levels in the computer memory at
same time would need nearly 10 Gb of memory.

Although this study shows some weaknesses in the application of the model-fuel for a
solid fuel and further in some assumptions of the model, the results of the simulations are
encouraging, and prove that the model is capable of qualitative prediction and that the
model approach should be validated further for other scenarios and fuels.
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9 Future work

As the results show that the formation of HCN can be approximately predicted using the
laminar flamelet model of the nitrogen-containing model fuel connected to a CFD model,
a question arises: is this method usable to calculate the formation of other nitrogen
species in fires? The answer is both yes and no. All species, including all intermediate
products of combustion involved in the chemical reaction mechanism used, could be
connected in the CFD flow field calculations. The user must do some programming to
connect the new species into his CFD.

There is no practical interest to have intermediate species in the CFD flow field presen-
tations. Their influence of the total chemistry and enthalpy are however included in the
calculation. For example, the user has no interest in the distribution of OH, O and H radi-
cals, even though they are necessary for combustion. Further, all the calculated para-
meters that the CFD model displays, such as chemical species, temperature, enthalpy,
pressure, etc. are given as mean values of the actual time step chosen. The OH, O and H
radicals, exist only in isolated regions, in the flame sheets, so their total concentrations
are very low compared to the main species. Thus, to display these species would not give
the user any valid information about distribution pattern in the space. To be able to
display these species distribution the control volumes and times steps would have to be
very small, in the order of one-tenth of a millimetre and a millisecond, respectively.

Other nitrogen containing species from fires that would be of interest to study are NH3,
NO and NO; as all of these species give a contribution to the total toxicity of the fire
gases. It would further be of interest to study the factors governing the production of
isocyanate acid (HNCO), as this species has recently been found from the combustion of
many nitrogen-containing materials, e.g. particleboard and melamine [31].

To implement these species into SOFIE the flamelet state relationships from the flamelet
calculation conducted in this project can be used. The only work needed is the coding in
the computer program to put the new species in its “own place” in the program, thus no
calculation of a new set of flamelets is necessary.

There are however other species that could be interesting to implement into CFD, such as
hydrogen chloride, HCI. This species is not only toxic for humans to inhale, but it is also
corrosive, i.e. it destroys metallic components in our environment. HCI is formed e.g. in
combustion of poly vinyl chloride (PVC), for example in fires of electrical cables. The
modelling technique to implement the formation of HCI should possibly be other than
flamelet modelling, due to its production behaviour. One alternative is to implement HCI
as a mass source that emits HCI corresponding to the mass flow of the fuel. The levels of
HCl yield could be taken from laboratory measurements, e.g. from cone calorimeter
measurements. Thus, the chemical reaction mechanism of the formation of it would not
be necessary. However, it would probably be necessary to include some correction term
for loss of HCI due to deposition on surfaces etc.

In order to have all pre-calculated vitiation data available for the flow field calculations,
the flamelet model should be modified by including an additional dimension (vitiation
fraction). However, the computer memory demand would be so large that we must wait
for the next generation’s PC in lieu of large supercomputers available. Another approach
is to use the flamelet calculations interactively at the same time as flow field calculations,
using so called representative interactive flamelets.
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In the calculated flamelet sets re-circulation with both cold and hot combustion gases was
taken into account. However, in the preparatory CFD simulations presented in this report
only vitiation with cold combustion gases were investigated. Simulations with hot com-
bustion gases should be investigated in a full validation of the model. Likewise, the effect
of higher strain rates should be investigated.

Fuel 1 that was used in the CFD simulations of a nylon fire in this work showed
promising results regarding predictions of trends in HCN formation. To investigate the
generality of the model, Fuel 2 (with a lower nitrogen content) should be tested in a
simulation of e.g. a fire including particleboard. It would further be interesting to com-
bine the flamelet-model developed here with a flame-spread model for an assessment of
the CFD tools capability to capture all aspects of a room fire, i.e., fire growth, fire spread
and toxicity.
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Appendix A

Figures A1 to A3 show the calculated temperature field and concentrations of HCN, CO
and CO, at the room centreline. Figure A4 shows the computer model of the room used in

simulations.

b) CO concentration in ppm
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¢) CO; concentration in mole fractions

d) Gas temperature

Figure Al. Calculated species concentration of a) HCN, b) CO and ¢) CO,. d) Calculated
temperature. Non-vitiated flamelets used. Opening height 0.89 m.
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b) CO concentration in ppm

d) Gas temperature in °C

¢) CO;, concentration in mole fractions

Figure A2. Calculated species concentration of a) HCN, b) CO and c) CO,. d) Calculated
temperature. Vitiated flamelets used. Opening height 0.89 m.
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a) HCN concentration in ppm b) CO concentration in ppm
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¢) CO, concentration in mole fractions d) Gas temperature in °C

Figure A3. Calculated species concentration of a) HCN, b) CO and c) CO,. d) Calculated
temperature. Vitiated flamelets used. Opening height 0.56 m.
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Figure A4. A sketch of the computer model of the room used in the simulations. The
arrows show the direction of gas flow on the iso-surface for temperature
600 °C. Opening height is 0.89 m.
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Figures B1 to B3 show flamelet concentration data for HCN and temperature (a) — (b)
respective (c) — (d), CO (e) and CO, (f) for some selected combustion conditions. Figure
B 4 shows flamelet data for HCN and temperature for hot and cold vitiation compared for
different degrees of radiation losses.
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Figure Bl. Flamelet data for varying degrees of (cold) vitiation, no radiation losses.
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55

0.0035 1
0003 [ fi NG| T rac 05 | -
/ x- - rad-10
< 0.0025 P
-(,,—3 &— rad-25
S 0.002 / o rad30f |
2 .;< X,
g 0.0015 E/x\ %
7 AN .
8 0001 [ fha T
I ‘\ - A -
0.0005 [t 2ne o
0
0 0.2 0.4 0.6 0.8 1
Mixture fraction
(a)
0.003 } 0
rad-00 1
0.0025 {1111 24%0 |-
--%--rad-15 z
c -+- - rad-20 2
2 0.002 || &—rad-25 |- 9
|5} -~ rad-30 S
£ 3
@ 0.0015 |
g 1
Z 0.001 s
0.0005 S
1
0 1
0.05 0.06 0.07 0.08 0.09 0.1
Mixture fraction
(c)
0.06 1
r‘ad-OO
005 / s |
-X--rad-15 |
5 0.04 P
° / ~® - rad-30
©
E 0.03
[=}
; /
o 0.02
(&} JESTEEEE PP S .
0 01 /’.X- X- =%
N
0 0.05 0.1 0.15 0.2 0.25

Mixture fraction

(e)

Temperature (K)

Temperature (K)

CO_ mole fraction

2

2500
2000
1500
1000
500
0 0.2 0.4 0.6 0.8 1
Mixture fraction
(b)
2400 i
1
2200 ! rad-00 |-
E e rad-05
1 X- - rad-10
2000 T %--rad-15 |--- =
! —~ rmeas
1800 g -~ rad-30 |-
£
1600 - x o g
1400 [+ -
I
g - .
1200 e >
1
1000 ! =
0.05 0.06 0.07 0.08 0.09 0.1
Mixture fraction
(d)
--@ - rad-30 :
0 0.05 0.1 0.15 0.2 0.25

Mixture fraction

®

Figure B3. Flamelet data for varying degrees of radiation losses, (cold) vitiation 20 %.
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Figure B4. Flamelet data for HCN and temperature. Comparison of hot and cold

vitiation with varying degrees of radiation losses.
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