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ARTICLE INFO ABSTRACT

Fire safety engineering plays a vital role in safeguarding lives, property, and the environment by preventing
and mitigating fire hazards in buildings, materials, and systems. Phosphorus-based flame retardants, such as
dimethyl methylphosphonate (DMMP), are studied for their effectiveness in inhibiting combustion processes.
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EEglMd Kineti del This study investigates the impact of flame retardants on Flame-Wall Interactions by adding varying amounts of
DTVll\l;IC; Inetic modets DMMP to a premixed methane/air Head-On Quenching flame, where the flame propagates towards a cold wall

and extinguishes. Reduced kinetic models for these systems with different DMMP concentrations are developed
using the Reaction-Diffusion Manifold (REDIM) method. The REDIM is constructed and validated by comparing
results of detailed and reduced kinetics. In this way, the quality of the REDIM reduced kinetics can be verified
for the different phenomena resulting due to the inhibiting character of flame retardants. It is shown that the
reduced kinetics reproduce the results of the Flame-Wall Interactions under the influence of flame retardants
very accurately. The inhibiting character of the flame retardants with respect to the chemical kinetics is well
captured, even though it challenges the generation of the reduced kinetics as the amount of added DMMP is
very low and in the magnitude of minor species. Additionally, the sensitivity of the simulation with reduced
kinetics on the gradient estimate is investigated, showing little to no sensitivity. This model offers significant
potential for fire safety engineering, as the drastic reduction in the number of equations enables the analysis
of realistic scenarios facilitating the design of safer systems.

that lead to high stiffness of the partial differential equation system [14,
15]. One way to overcome this problem is the use of reduced kinetic

1. Introduction

Flame retardants are very important in fire safety engineering,
as they reduce the risk of ignition, cause quenching, and slow the
spread of fire in materials and products [1-3]. Their influence on
flame propagation is, therefore, investigated both numerically [4-8]
and experimentally [5,7-9] and models to describe combustion systems
under the influence of flame retardants have been developed.

In order to numerically investigate systems including flame retar-
dants, detailed mechanisms have been developed that accurately de-
scribe the influence of inhibiting compounds in flames [4,9-11]. These
mechanisms can be used to investigate the influence of flame retardants
in different configurations, e.g. extinction processes close to cold walls.
These so-called Flame-Wall Interactions (FWI) have been investigated
in a number of works without flame retardants (e.g. [12,13]) and
recently also with the addition of flame retardants [8,11]. However,
complex chemical kinetics lead to very time-consuming simulations due
to the large number of species and the vast differences in time scales
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models [14,15]. Manifold-based models are often used due to their low
dimensionality and high accuracy compared to the simulations with
detailed kinetics (detailed chemical mechanism). Different reduced
kinetic models have been developed and implemented (e.g. [16-20],
an overview is given in [14,21]) varying in their level of complexity
and accuracy. There are reduced kinetic models accounting only for
the chemical kinetics (e.g. Intrinsic Low Dimensional Manifold [19],
Method of Invariant Manifold [22], Global Quasi Linearization [23]
or Quasi Equilibrium Manifold [24]) or accounting for chemical kinet-
ics and molecular transport processes (e.g. Flamelet Generated Man-
ifold [16,17] and Reaction Diffusion Manifold (REDIM) [20]). Due to
consideration of molecular transport processes, the latter reduced mod-
els are more accurate and are able to better predict crucial processes,
e.g. the extinction in presence of flame retardants or in turbulent com-
bustion regimes [25]. Previous studies examined wall extinction [12,
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26], but to the authors’ knowledge no reduced kinetic models exist for
flame-retardant effects.

This work investigates FWI under the influence of phosphorus-
containing flame retardants and derives a reduced kinetic model for
extinction processes including flame retardants. Flame retardants in-
hibit the chemical kinetics, resulting in a different extinction behavior,
which challenges the generation of the reduced kinetics, which should
reproduce the detailed kinetics with as high accuracy as possible. For
the generation of the reduced kinetic model, the REDIM method is used,
which incorporates both chemical kinetics and transport processes, al-
lowing it to handle phenomena such as extinction. A detailed transport
model including thermal diffusion is used to model the transport pro-
cesses [27]. In this work a detailed chemical kinetic mechanism is used
that includes flame-inhibiting species and reactions, and appropriate
reduced kinetic models are generated for different amounts of DMMP.
These reduced kinetic models will be implemented and validated to
demonstrate the accuracy of REDIM reduced kinetics.

2. Definition of the model system

In order to analyze FWI with flame retardants and demonstrate
REDIM for extinction with inhibiting compounds, a model system
consisting of a premixed methane/air flame that travels towards a cold
wall, where heat losses cause quenching, is used. This configuration
is refereed to as Head-On Quenching (HOQ). In order to study the
influence of flame retardants, Dimethyl methylphosphonate (DMMP)
is added to the premixed gas mixture. The mole fraction of DMMP in
the unburned mixture, ranges from xpypp = 0 to 0.0125, resulting
in different extinction behaviors. This range was chosen because the
effectiveness of DMMP is reduced with increasing volume fraction and
the change in system behavior becomes very small [5,6,28]. Due to the
symmetry and the assumption that a large diameter burner is modeled,
only one spatial coordinate — the coordinate perpendicular to the wall
- is needed to describe the system numerically. Therefore, the one-
dimensional reacting flow solver INSFLA [29] can be used for the
numerical integration.

The model system consists of a one-dimensional flame traveling
towards a cold wall, located at r = 0 m in the computational domain,
which has a constant temperature of Ty, = 500 K.! Therefore, a
Dirichlet boundary condition is applied for the temperature. For the
species diffusion fluxes at both boundaries as well as the temperature
at the boundary away from the wall, zero gradients are applied. The
temperature of the unburnt gas is T = 500 K and the pressure is
considered to be constant at p = 1 bar. A schematic of the system can
be found in the supplemental material.

In order to model the chemical kinetics, a mechanism provided by
Jayaweera et al. [10] is used. The mechanism has been shown to have
a good agreement in the range used, without being too complex. The
method can, however be applied to other mechanisms. For the descrip-
tion of the diffusion processes, a detailed transport model based on
the Curtiss-Hirschfelder approximation [30] is used. Depending on the
added amount of DMMP, different evolutions and extinction behaviors
of the detailed description are observed. The following methodol-
ogy demonstrates how the REDIM method can model these different
extinction processes.

1 This temperature reflects the conditions relevant to a flame retardant
project within a collaborative research center, where a temperature of 500 K
is used as benchmark because a polymer matrix with flame retardants, which
are released during polymer melting, is used.
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3. FWI with flame retardants
3.1. Reaction-diffusion manifolds

In order to calculate the evolution of a reacting system, the system
of evolution equations for reacting flows Eq. (1) needs to be solved

Wn,

where the state vector reads y = (&, p, % e with enthalpy 4,
pressure p, mass fractions w, and molar masses M, of all n species.
Moreover, v represents the velocity field, F the source term, p the
density and D the matrix of the transport coefficients. ¢(y) represents

the vector field.

aa—llt’ =F —vgrady + %div (D - grady) = ¢(y) (€D)]

The REDIM method is a reduced kinetic model that accounts for
both chemical reaction and molecular transport. Since the system in-
volves drastically different time scales both the chemical source term
and the transport term cause the existence of low-dimensional mani-
folds. The REDIM method assumes that only a few reactive and dif-
fusive processes couple [31]. The fast and very slow chemical time
scales can be decoupled and the slow scales are coupled to the transport
processes. The states during combustion processes are constrained to a
low dimensional manifold. These manifolds can be parameterized by a
small number of variables, m, represented by the vector 6 = (6, ...,6,,)
of generalized coordinates, which represent the local coordinates on
the manifold. The state vector can be expressed as a function of these
generalized coordinates, where m < n+2 and is given as y = y(0). As a
result, the number of dimensions of the manifold defines the number of
coordinates that are needed to determine the state vector. It is assumed
that the system solution is close to or belongs to the invariant manifold
defined by y(6) — 0

M={y :y=yO),y: R" - R"}. (2)

For each point on the manifold the invariance condition (q/j(@))T .
¢(y) = 0 applies [20]. Here, y/é defines the normal space to the
manifold and ¢(y) the vector field. This invariance condition states that
the vector field for points on the manifold is normal to the manifold.
The low dimensional manifold is identified by applying a projection
operator P = I — yoy; to the evolution equation. Here w7} is the
Moore-Penrose Pseudo-Inverse of the derivative of y with respect to 6.
Due to this projection, the convective term cancels out and the REDIM
equation is given by [20]
X~ (-vow) (P (0 var), 1) ®
This equation is independent of parametrization 6. The gradient es-
timate y, which defines the molecular transport processes on the
REDIM and is part of the diffusion term of the REDIM equation, which
estimates both the size and the time scales of the physical processes
and thus reflects the coupling between chemical reaction and diffusion,
needs to be provided. In order to solve this equation, an initial guess
needs to be specified for every generated REDIM. This initial guess
serves as a starting solution of the REDIM integration process. After
integration of this equation the found REDIM is used in a reduced
computation to validate the reduced model.

3.2. Specification of the initial guess

The initial guess and especially its boundaries need to be con-
structed in a way that makes it possible to account for the heat loss as
well as for the chemical kinetics in the considered system. Therefore,
manifold based reduced kinetic models are usually parameterized by
two dimensions, with the specific enthalpy describing the heat loss
towards the wall and a progress variable for the species describing the
progress of chemical reaction [12,13]. In order to obtain the initial
guesses of the manifold, detailed sample solutions of the model system
are taken and grids for the different amounts of DMMP are generated.
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Fig. 1. REDIMs of the stoichiometric flame without flame retardants (red
mesh) and of the stoichiometric flame with added DMMP (mole fraction
Xpmmp = 0.0125, black mesh) in the state space. The species are given in mol/kg
and the specific enthalpy 4 in J/kg.

For a unique parametrization of these grids, the specific enthalpy
as well as the linear combination CO, + 0.5 - H,O + H, are used,
describing the heat loss to the wall and the progress of the chemical
kinetics. The parametrization variable is used merely for a suitable
parametrization of the manifold. The manifold itself does not depend
on the parametrization and is not influenced by the initial guess.

3.3. Specification of the gradient estimation

The gradient estimate y can be taken either from detailed sample
solutions or can be guessed. In this work, the gradient estimate of the
physical variables is obtained from detailed sample solutions of the
model system. The gradients are then transformed into gradients of
generalized coordinates via y = grad (6) = y/;’ grad (y).

The REDIM equation is solved starting from the initial guesses
using the provided gradient estimates. The stationary solution (r — o)
provides the REDIM. At this point the invariance condition is fulfilled
and (I -y ) ¢(yp) = 0 applies. The results are then stored in REDIM
tables that can be used in subsequent simulations [20]. Fig. 1 shows
as an example the REDIMs for the system without added DMMP and
for xpymp = 0.0125 in the state space. The addition of DMMP leads to
different assessed states due to the inhibiting character of phosphorous
compounds (see e.g. [32,33]). Note, that these states coincide with the
results of the detailed kinetics.

In order to investigate the sensitivity of the reduced calculation/
REDIM on the gradient estimate different gradient estimations are used
to generate various REDIMs. The gradient estimate determined from the
detailed sample solution is varied by a factor a.

grady = a - grady 4, 4

The REDIM evolution equation is then integrated for the different
gradient estimates resulting in different REDIMs, which are then used
for calculations with reduced kinetics.

3.4. Implementation of REDIM reduced kinetics

For the validation of the generated reduced kinetic models, the
integrated REDIMs are used for computations with the same initial
conditions as for the computations with detailed kinetics. Afterwards,
the results of reduced and detailed kinetics are compared to each
other in order to determine the accuracy of the reduced model. For
the implementation of the REDIMs, the reduced model equation in
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generalized coordinates is used. The advantage of this implementation
strategy is that the system dynamics is projected onto the tangential
subspace of the manifold, compensating small defects in the invariance
of the manifolds. The model equation for the temporal evolution of the
generalized coordinates is derived by multiplying both sides of eq. (1)
with g7 yielding

% _ w!F + vgradd + ll]IeriV (D - yygrado) . (5)
ot 0 p 0 0

v, F, w;(6) and D - y, are taken from the REDIM-tables [20]. The
boundary conditions at the wall for the species and temperature is anal-
ogous to the detailed kinetics given by ’;—i (0rw)) = 0 and T (O(ryy)) =
Ty. Here j is the vector of diffusion flux densities. On the right side of
the domain, zero gradients are applied for all state variables. Eq. (5)
is implemented in INSFLA and the partial differential equations are
solved for the different model systems (different amounts of DMMP)
for 6 = (6,.6,). Therefore, the dimension of the system is reduced and
the computational time is reduced to around 1/35 of the computational
time of the detailed kinetics.

4. Results

To study FWI under the influence of flame retardants, calculations of
the HOQ process are performed with different amounts of DMMP. Fig.
2 shows the time evolution of these calculations for the detailed and
reduced kinetics. The spatial profiles of the temperature and the specific
molar number of OH are shown. The flame moves towards the cold wall
and quenches there. It can be observed that the temperature of the flat
flame with less DMMP is higher and the width of the flame front is
smaller, resulting in a higher flame speed [32,34]. The inhibition effect
of DMMP on the laminar flame speed is mainly due to the reduction
of the OH concentration [6]. The phosphorus chemistry inhibits the
flame by recombining the important combustion radicals (e.g. H and
OH) with phosphorus-containing species, e.g. to PO,, HOPO and HOPO,
(see [32,33]). This can be observed by the different amounts of OH.

Both figures show good agreement of the reduced kinetics with
the detailed kinetics and that the inhibiting character of phosphorus
compounds can be modeled with the REDIM reduced kinetics for the
proposed HOQ process.

The heat flux density to the wall — an important quantity for the
extinction processes at walls — is investigated in order to compare the
results of the reduced kinetics with those of the detailed kinetics. The
heat flux density towards the wall g, = | — AgradT| and its temporal
evolution, as shown in Fig. 3, allow a comparison of the flame velocities
as well as a comparison of the maximum gradients of temperature and
heat transfer. Both the time of maximum heat flux density and the
magnitude of the maximum heat flux density are characteristic values
for the description of quenching processes at walls. The maximum of
the heat flux density to the wall indicates the heat transferred to the
wall, which is influenced by, among other things, the flame thickness,
which is also changed by the addition of DMMP. A good agreement of
the time of the maximum heat flux density of the detailed and reduced
kinetics indicates that the flame velocity is reproduced correctly by
the reduced kinetic model. Fig. 3 shows that both the amount of the
maximum heat flux density as well as the time of the maximum heat
flux density are reproduced very well by the reduced kinetics for all
different amounts of added DMMP. Therefore, the flame velocity as
well as the flame thickness are reproduced very well by the reduced
kinetics.

In order to investigate the extinction behavior in more detail, the
states at the time of quenching are examined. The time of quenching is
defined by the time of maximum heat flux density to the wall of each
calculation. Fig. 4 shows the spatial profiles of the temperature T as
well as the spatial profiles of the specific mole numbers of the species
H, CH, and CO for the mole fractions xpypp = 0 and xpyvp = 0.0107
at the time of quenching. The spatial temperature profile changes
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Fig. 2. Evolution of the spatial profiles (1, < 7, < 13 < 1, < t5) of the temperature (black) and the specific mole numbers of OH (red). Illustrated are the
computations with detailed kinetics (solid lines) and reduced kinetics (dashed lines) with different mole fractions xpyp of added flame retardant.
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Fig. 3. Heat flux density towards the wall (in W/mz) as a function of the time
t (in s) for the detailed kinetics (solid lines) and reduced kinetics (dashed lines)
with different mole fractions xpyyp of added flame retardant.

with increasing DMMP. The maximum flame temperature for the mole
fraction xpypp = 0.0036 is slightly higher than for the calculation
without added DMMP. The reason for this is the higher enthalpy of
formation of P — O bonds compared to C — O bonds, therefore DMMP
preferentially consumes O, resulting in a higher heat release and
temperature per amount of O, consumed [34,35]. For the calculation
with xpypp = 0.0107, the maximum temperature decreases as the flame
becomes increasingly inhibited. Furthermore, the spatial profiles of the
species differ significantly. As a result, the amount of the specific mole
number of H behind the flame front in the burned gas decreases for
the calculation without added DMMP, while it increases for all other
calculations shown. This means that the H concentration has already
reached its equilibrium values within the flame front due to catalytic
radical recombination [5]. Moreover, it can be observed that with an
increasing mole fraction of DMMP, the amount of remaining CH, at
the time of quenching increases, the flame front becomes wider and,
therefore, the temperature at certain positions in front of the wall at
the time of quenching decreases. As a result, less CH, is decomposed in
front of the wall. However, almost all CH, is converted in the burned
gas for all calculations. This is different for the spatial profile of the
specific mole number of CO. In the calculation without DMMP, the
amount of CO decreases constantly in the post-flame zone because
it is further oxidized to CO,. With an increasing amount of DMMP,
CO is not completely converted to CO, and the amount of remaining

CO increases. This observation can also be seen in Fig. 1. The reason
for this observation is that the radicals necessary to further oxidize
CO are already caught in phosphorous containing particles, e.g. PO,,
HOPO, and HOPO,. The figures show that the REDIM reduced kinetics
reproduce the detailed kinetics at the time of quenching very well
and there are only minor discrepancies between the results. It is again
demonstrated that the REDIM reacts on the small changes of added
DMMP and correctly reproduces the system dynamics.

For the purpose of comparing the actual quenching behavior in
more detail, the quenching distance is investigated. In this work, the
quenching distance is determined by measuring the maximum value of
CHj; at the time of quenching, which is defined by the time of maximum
heat flux density to the wall for the different calculations. The species
CH; is chosen for this investigation because it has a maximum within
the flame front for all investigated calculations. Fig. 5 shows the
quenching distance for the detailed as well as for the reduced kinetics.
An approximately linear relation between the molar ratio of DMMP and
the measured quenching distance can be observed. As a result of the
decreasing flame speed with increasing DMMP the spacial profiles of
the flame front become wider and as a result the quenching distance
increases. In addition, the spatial gradients of the state variables with
increasing amount of DMMP decrease and transport processes (e.g. heat
conduction and diffusion of radicals) become slower leading to larger
quenching distances. It can be seen that the reduced kinetics reproduce
the quenching distance of the detailed kinetics very well.

In order to further study the temporal evolution of the extinction
process, the states at the distance ryy, = 0.4 mm in front of the wall
are investigated. At this position, a significant influence of the wall
on the flame is given for all different computations. Fig. 6 shows the
comparison for different species as a function of the specific mole num-
ber of CO, - an indicator for the progress of combustion - is suitable
to demonstrate the processes of extinction. As can be observed, the
amount of produced CO, decreases constantly for increasing DMMP-
ratios. The maximum amount of produced CO strongly depends on
the amount of DMMP, as shown in the graph for CO. For little added
DMMP, less maximum CO is produced compared to the calculation
without DMMP but the CO is not completely consumed again after
the flame is quenched. This is caused by two competing processes:
the flame inhibition by the phosphorous compounds leading to less
produced CO, and no further oxidation of CO to CO,. Further increasing
the amount of DMMP increases the amount of produced CO and for
xpmmp = 0.0125, CO is not consumed at all after the quenching process.
The species C,H, is exemplarily illustrated for minor species. Here, the
produced C,H, is consumed after the flame front traveled by at ry
and the flame is extinguished. Moreover, it can be observed that the
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Fig. 4. Spatial profiles of the specific mole numbers of CO, H and CH,, (in mol/kg) as well as the temperature T at the time of quenching. Illustrated are the
computations with detailed kinetics (solid lines) and reduced kinetics (dashed lines) with different mole fractions xpyp of added flame retardant.
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Fig. 5. Location of the maximum value of CH; at the time of quenching
(indicated by the maximum heat flux density) (in m) as a function of the
molar ratio of DMMP.

produced C,H, increases with increasing amount of DMMP. Usually,
in an uninhibited flame, C,H, is consumed in reactions with e.g. O,
OH or H, which are, due to the phosphorous compounds, already
bond to other molecules. Therefore, less C,H, is consumed and the
amount increases with increasing mole fraction of added DMMP. The
evolution of a phosphorous compound is also shown. The maximum
amount of HPO, is observed for an intermediate amount of DMMP.
After the flame is quenched, HPO, is partially consumed and decreases.
Regarding the validation of the REDIM it can be seen that the reduced
kinetics reproduce the evolution of the detailed kinetics very well for
all different species with and without phosphor. This demonstrates that
the REDIM reduced kinetics are able to recapture the extinction process
very accurately, even under the influence of added flame retardants.
In order to show how the sensitivity of the detailed mechanism is re-
flected by the reduced calculation a sensitivity study investigating some
reactions from the DMMP sub-mechanism is shown in the supplemental
material.

For the sensitivity analysis, the reduced simulation in which the
gradient estimate is derived directly from the detailed calculation is
compared to the reduced simulation where the gradient estimate is
increased by a factor a. Fig. 7 shows the heat flux density towards the
wall for different variations of the gradient estimate for xpypp = 0.0018
and xpyvp = 0.0107. The heat flux density for xpyp = 0.0018 shows
good agreement for all a, as its deviation for the maximum heat flux
density does not exceed 10% compared to the heat flux density for
a = 1. A similar observation can be made for xpypp = 0.0107. While
the simulation for a = 0.5 fits the one for « = 1.0 very well, the one for
a = 1.5 is sightly higher and a = 2.0 shows an increase of approximately
8%. The fluctuations in the graph result from changes in the gradients
during the adaptive grid refinement. The fluctuations occur due to the

static grid adaption. Using more grid points or fixing the grid point
distance to the wall would lower these fluctuations. Furthermore, it can
be observed that the time of the maximum heat flux density changes
with a. This is more apparent for xpypp = 0.0107. As a increases, the
maximum heat density occurs earlier. For « = 0.5 the opposite is the
case. It also needs to be noted that this change in time is bigger for
increasing a. This is because the flame speed is higher for bigger «
resulting in earlier times of quenching. The increased flame speed for
larger « is evident from the initial flame propagation, as the flame is
already delayed at the beginning, far from the wall. The shift in time of
maximum heat flux is more significant at higher DMMP concentrations.
Hence, it can be concluded that the simulation is more sensitive with
respect to the gradient estimate for higher amounts of DMMP, though
the overall agreement remains good. The same applies to the flame
velocity and the flame thickness.

5. Conclusion

In the present work, Flame-Wall Interactions under the influence
of flame retardants were investigated. DMMP was added at different
amounts to a premixed flame quenching at a cold wall. For modeling
the chemical kinetics, a detailed mechanism including phosphorus
compounds was used to model the complex kinetics of the influence
of DMMP on the flame [10]. In addition, reduced kinetic models were
generated to allow time-efficient simulations of flame-wall interactions
with flame retardants. The REDIM method was used for model reduc-
tion and validated by comparing the results of detailed and reduced
kinetics. The sensitivity to gradient estimation was also investigated.

It is shown that the transient system behavior of the considered
model configuration can be reproduced very well. There is a good
agreement of the corresponding reduced and detailed kinetics for the
different amounts of DMMP added for the investigations in the state
space, heat flux density and quenching distance. The influence of
DMMP and the system dynamics can therefore be reproduced accu-
rately using the REDIM method. It is also shown, that the reduced
model is not sensitive on the gradient estimate. Additionally, the use
of REDIM reduced kinetics reduced the computational time by a factor
of 35 compared to detailed kinetics. As two-dimensional REDIM for
HOQ can be used in further studies to investigate Side-Wall Quench-
ing, without noticeable loss of accuracy the REDIM method provides
not only savings in computational time for HOQ but also for other
applications [36].
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Novelty and significance statement

Novelty and significance statement The novelty of this research is
the first application of the reaction diffusion manifold method (REDIM)
for model reduction for Flame-Wall Interaction (FWI) using phospho-
rous containing flame retardants. The inhibiting character of the flame
retardant with respect to the chemical kinetics is well captured, even
though it challenges the generation of the reduced kinetics due to the
complexity of the chemical system. It is shown that the REDIM method
can be used to accurately reproduce FWI with DMMP, as the transient
behavior and the dynamics due to inhibition, are captured well, while
also significantly reducing computation time. Therefore, this model
can be adopted for fire safety engineering because with this drastic
reduction in numbers of equations that need to be solved, realistic cases
with complex geometries can be addressed.
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