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Abstract 
 
There is much interest in the combustion mechanism of organophosphorus compounds (OPCs) 
due to their role as potential halon replacements in fire suppression.   A continuing investigation 
of the inhibition activity of organophosphorus compounds under a range of equivalence ratios 
was performed experimentally and computationally, as measured by the burning velocity.  
Updates to a previous mechanism were made by the addition and modification of reactions in the 
mechanism for a more complete description of the recombination reactions.  In this work, the 
laminar flame speed is measured experimentally and calculated numerically for a premixed 
propane/air flame, under a range of equivalence ratios, undoped and doped with dimethyl 
methylphosphonate (DMMP).  A detailed investigation of the catalytic cycles involved in the 
recombination of key flame radicals is made for two equivalence ratios, lean and rich.   From 
this, the importance of different catalytic cycles involved in the lean versus rich case is 
discussed.  Although the importance of certain cycles is different under different stoichiometries, 
the OPCs are similarly effective across the range, demonstrating the robustness of OPCs as flame 
suppressants.  In addition, it is shown that the phosphorus compounds are most active in the high 
temperature region of the flame.  This may, in part, explain their high level of inhibition 
effectiveness. 



1. Introduction 
 

For many years, halogenated hydrocarbons, such as CF3Br, were used as fire 

suppressants.  However, due to their high ozone depletion potential, they are no longer being 

manufactured, as stipulated in the 1990 Montreal Protocol.  The search for effective 

replacements has led to a family of organophosphorus compounds (OPCs) that have shown 

considerable promise as flame inhibitors [1-3].  Early work of Twarowski [4-6] demonstrated 

that phosphine (PH3) accelerated radical recombination in hydrogen oxidation, and subsequent 

work by Korobeinichev et al. began to explain how OPCs inhibited hydrogen flames [7] and 

hydrocarbon flames [8]. 

 Chemically active flame inhibitors alter flame chemistry by catalytic recombination of 

key flame radicals, especially H and O atoms and OH radicals.  H atoms are particularly 

important in flame propagation, since the principal chain branching reaction in hydrogen and 

hydrocarbon flames is H + O2  OH + O.  Fast elementary reactions interconnect these small 

radical species, and removal of any of them through recombination reduces concentrations of all 

of them correspondingly.  Therefore, radical recombination leads to fewer H atoms in the 

reaction zone, which leads to reduced chain branching and a lower burning velocity in a 

premixed flame.  This applies to familiar halogenated suppressants such as HBr and CF3Br [9, 

10] and OPCs such as dimethyl methylphosphonate (DMMP) [11].   

 Twarowski [4-6] established that catalytic recombination of radicals by phosphine (PH3) 

is accomplished by reactions of small P-containing species produced from the additive, 

particularly  



 H + PO2 + M  HOPO + M      (1a) 

 HOPO + H  H2 + PO2      (1b) 

 OH + PO2  (+ M )    HOPO2  (+ M )    (2a) 

 H + HOPO2    H2O + PO2      (2b) 

 

which consume highly reactive H atoms and OH radicals to produce stable H2 and H2O.  In 

most kinetic modeling studies of inhibition by OPC additives, an additional reaction between 

HOPO and OH to produce PO2 and water is also included.  Thus, the species of most interest in 

suppression are those phosphorus oxy-acids such as HOPO, PO2, and HOPO2.   

Most investigations of inhibition by OPCs have been carried out in flames under 

stoichiometric conditions or in static or flow reactors in which diffusional transport is not 

important.  The present study examines the effect of fuel/oxygen ratios on the chemical kinetics 

of inhibition by OPCs in laminar premixed flames and how that inhibition may change for 

different equivalence ratios.  In lean hydrocarbon flames, OH radicals and O atoms normally 

dominate the reacting radical pool while H atoms are most prevalent in rich conditions.  Since 

the species present will affect which catalytic recombination cycles take place to promote 

suppression, it is likely that the mechanism of suppression will be different under different 

stoichiometries.  In this study, a detailed investigation of the different suppression cycles for the 

rich and lean flames is performed. 

 In the current work, a detailed investigation of the reaction cycles for a range of 

equivalence ratios is performed numerically.  In doing this, it was determined that the original 

formulation of the mechanism used needed significant improvement.  The validation of the 



mechanism is done by comparing the laminar flame speed to that measured experimentally in a 

Mache-Hebra nozzle burner.   

 

2. Experimental Work 

The speed of premixed C3H8/air flames was measured using a Mache- Hebra nozzle 

burner [12, 13] and the total area method from an image of the flame. Experimental technique is 

described in detail elsewhere [8].  To evaluate the influence of a heat loss from the flame to the 

burner on the measured values the speed of undoped propane/air flames of various 

stoichiometries was measured for T0=298 K (the reactant temperature exiting the burner). The 

obtained result of 41.7 cm/sec for a stoichiometric flame is comparable with experimental data 

measured by different techniques [14-16].  This gives validity of the method used for 

measurement of flame burning velocities.   

In addition, the flame speed of DMMP-doped propane/air flames under a range of 

equivalence ratios was measured.  The fuel/air equivalence ratio was varied from 0.8-1.3 in 0.1 

increments.  In this case, to minimize condensation of DMMP on the burner surface, the reactant 

temperature was increased to 368 K.  The loadings tested were: 0, 300, and 600 ppm of DMMP.  

The results from these experiments are shown in Fig. 1.  Uncertainty in measured values is 

included in the figure for the undoped flame.  The same percentage error can be applied for the 

doped flames.  Additionally, the uncertainty in the dopant loading is +/- 40 PPM and the relative 

uncertainty in the equivalence ration is +/- 2 percent. 

 

3. Modeling Approach 

3.1. Phosphorus Mechanism 



 The chemical kinetic mechanism is based on a mechanism previously described by 

Korobeinichev [17].  As described there, this mechanism has important updates in the species 

thermochemistry and in the reaction mechanism.  The thermochemistry for the key phosphorus 

species, POxHy, was recalculated using a more accurate method (BAC-G2).  In addition, a more 

complete analysis of the reaction pathways was performed. 

A new reaction pathway by which HOPO2 can be converted to PO2 and H2O, 

augmenting the direct reaction 2b above, was developed.  Although the basics of these reactions 

are described in another paper [17], further details are given here.  Reaction 2b is treated as a 

multichannel reaction: 

 HOPO2 + H  ↔  HPO(OH)O  ↔  PO(OH)2    H2O + PO2 (2c) 

 HOPO2 + H  ↔  PO(OH)2    H2O + PO2    (2d) 

The potential energy surface (PES) for this set of reactions is given as Fig. 2.  It is very similar to 

that obtained by Mackie [18] but includes the additional pathway via HPO(OH)O, reaction 2c.  

The addition of a hydrogen atom to the phosphorus atom (reaction 2c) has no barrier and the 1,2 

hydrogen shift to PO(OH)2 is only 1.5 kcal/mole above the incoming reactants.  Consequently, 

reaction 2c is almost 10 times faster at 1500 K than reaction 2d which has a barrier of 8 

kcal/mole.  Since the contribution of reaction 2d is small, it was omitted from the reaction 

mechanism.   

The pressure dependence of the HOPO2 + H system was recomputed using the BAC-G2 

barrier heights.  Rate constants for the reaction paths in Fig. 2 were estimated using Quantum 

RRK analysis to obtain k(E) and master equation analysis [19] to evaluate pressure fall-off.  For 



the master equation analysis, an exponential-down energy-transfer model was used, with a 

collisional step-size down (∆Edown) = 142.9 (T/300)1.297 cm−1.  These values were based on the 

step-size down used by Tsang and Herron for NO2 + OH system [20]. The bath gas was air and 

Lennard-Jones parameters for the adduct are a cross section of 5.5 ˚A and ε/k of 250 K.  Our 

analysis shows much more stabilization to form the PO(OH)2 adduct that reported by Mackie et 

al [18]. We attribute this difference to our use of a much larger collisional step-size down.  

 A similar BAC-G2 analysis was also done for HOPO + H, reaction 1b given above, 

which is treated as a multichannel reaction: 

HOPO + H  PO2 + H2        (1c) 

HOPO + H ↔ PH(OH)O ↔ P(OH)2  PO + H2O     (1d) 

HOPO + H ↔ P(OH)2  PO + H2O       (1e) 

The potential energy surface for this reaction is given in Fig. 3.  Because of a high pre-

exponential factor, the abstraction path (1c) dominates and paths 1d and 1e play a minor role.  In 

this case, the addition of an H atom to the phosphorus atom (1d) did not give an overall barrier to 

products lower than the addition to the oxygen atom (path 1e) as was seen in the HOPO2 + H 

reaction pathway.  Also included on both these PESs are other reactions that go through the same 

intermediary species.  These reaction are HOPO + OH and HPO2 + OH on Fig 2 and HPO + OH 

on Fig. 3.  As one can see in this figure, the phosphorus can start in a variety of forms (HOPO, 

HOPO2, HPO, or HPO2), but will eventually end with the PO2 + H2O as products.  This 

demonstrates how PO2 is a central species in the inhibition cycles, regardless of the oxidation 

level of the POxHy species present.   



  Further modifications were made to various reaction rates, to bring them more aligned 

with ab initio calculations.  The complete mechanism is available electronically from the 

corresponding author.  

3.2. Computational Model 

 In this work, Premix, in the Chemkin 3.7.1 suite of programs [21], was used to calculate 

the laminar burning velocity.  A freely propagating premixed flame of C3H8/air, with and without 

dimethyl methylphosphonate (DMMP), was studied.  The equivalence ratio was varied from φ 

=0.8-1.3 in 0.1 increments and the DMMP loadings tested were 0 and 600 ppm, to match the 

experimental work.  For reference, Figs. 4a and 4b give the major species and temperature 

profiles for the doped lean (φ=0.8) and rich (φ=1.3) flames, respectively.  The reactants were at 

atmospheric pressure with an initial temperature of 368 K, again to match the experimental 

conditions.  In all calculations, the energy equation was solved, and mixture-averaged diffusion 

was used.  Windward differencing was used and the grid was refined down to a value of 

GRAD=0.1 CURV<0.2.  These values of GRAD and CURV supplied a sufficient refinement of 

the grid such that the flame speed was independent of number of grid points (~200-250). 

A recently refined high temperature propane oxidation mechanism [22] was used for the 

hydrocarbon species, with updated thermodynamics parameters.  At T=300 K, P=1 atm, this 

mechanism computes a laminar burning velocity of 41.1 cm/sec, in good agreement with our 

own experimental values above and other experimental studies.  Further validation has been 

performed comparing the mechanism with shock-tube studies [23]. 

 

4. Results and Discussion 



 The new mechanism was used to calculate the effect of 600 ppm of DMMP on a 

propane/air flame with varying equivalence ratio.   Two measures can be used to measure the 

effectiveness of an inhibitor on a premixed flame: change in radical concentration and change in 

laminar burning velocity.  Both shall be discussed here, focusing on the φ=0.8 and φ=1.3 flames. 

 As described above, a dopant acts to inhibit a flame by radically recombining the key 

flame radicals, namely H and OH.  Thus, a plot of the concentrations of these two species across 

a flame with and without a dopant is a useful tool.  Given in Figs. 5a and 5b are the mole 

fractions of H and OH with and without 600 ppm of DMMP for the lean and rich flames, 

respectively.  The solid lines represent the undoped flame, while the dashed lines include the 

DMMP.  As is apparent in these figures, the DMMP is reducing the concentration of the flame 

radicals fairly significantly in the two flames.  It appears that in the rich flame, there is a greater 

reduction of the radicals, particularly of H, than in the lean flame.  This will be explored further 

below. 

Figure 6 gives the calculated flame speeds for the undoped and 600 ppm DMMP-doped 

flames.  The curve represents a second-order polynomial fit of the data.  As can be seen, the data 

fall well onto the line, although there is a small amount of numerical scatter.  It appears that there 

is little difference in the effectiveness of the lean and rich flame.  To further explore this, the 

measured and calculated flame speeds for the doped flame were normalized to the undoped 

value: (Suo-Su)/Suo.   The results of this are given in Fig. 7.  Two points can be made from this 

figure.  Firstly, the mechanism does a reasonable job at predicting the measured inhibition 

effectiveness of the DMMP across the range of equivalence ratios.  It should be noted that, as 

can be observed in Fig. 1, the uncertainty in the experimental measurements are relatively large 



in the rich flame, thus making it difficult to make a precise comparison between the experimental 

and computational results. 

Secondly, according to the calculations, the DMMP appears to be monotonically 

increasing in effectiveness with equivalence ratio.  This effect also appeared in comparing Figs. 

5a and 5b where the rich flame decreased the H concentration more so than the lean flame.  

However, this effect is not apparent in the experimental work, and so it may imply the 

mechanism needs more refinement.  There is still some future work that can be performed, 

particularly in the rich flame condition.  Most of the emphasis thus far in mechanism refinement 

has been focused on the activity of the H and OH radicals with the phosphorus oxy-acids.  

However, in a rich flame condition, the interaction of CH3 with those phosphorus compounds 

could play a large role and further investigation into their reactions should be performed.  

Nonetheless, there is only a relatively minor difference in the effectiveness of the rich 

and lean flames.  One might actually expect a larger difference in effectiveness in the two 

flames, as the radical species present in a lean, or highly oxidized flame, are different than in a 

rich flame.  To understand how the phosphorus compounds perform under different equivalence 

ratios, a detailed investigation of the inhibition cycles of two equivalence ratios (phi=0.8 and 1.3) 

was performed. 

To do this, an evaluation of key phosphorus species involved in the recombination of H 

and OH was evaluated using Premix.  Figure 8a plots the profiles of the key phosphorus-

containing reactions involved in the production/destruction of PO2 (using rate-of-production, 

ROP in moles/cc/sec, values from the post-processor of Premix) across the lean (φ=0.8) flame.  

The same plot for the rich flame (φ=1.3) is given in Fig. 8b.  For clarity, only the top few 

reactions are included.  As can be seen in the figure for both flames, the primary reaction for PO2 



production is HOPO + OH  PO2 + H2O.   This is expected for lean flames which usually have 

high OH levels.  For the rich flame, it is expected that HOPO + H  PO2 + H2 plays a 

significant role because H-atom concentrations are usually higher and OH concentrations lower 

in rich compared to lean flames.  However, this reaction does not play a role due to the higher 

activation energy of the reaction of HOPO with H (11 kcal/mole) compared to OH (-1.5 

kcal/mole).  Additionally, in the doped flames, the H-atom concentration is actually lower and 

the OH concentration higher in the rich flame than in the lean flame (Fig. 5 a,b).   

The same key reaction for PO2 consumption for both flames is PO2 + H +M  HOPO 

+M.  Together, it forms a catalytic cycle with HOPO + OH  PO2 + H2O where the net effect is 

that H and OH recombine to form H2O.  Although this reaction cycle is the most important one 

for both lean and rich case, a more detailed evaluation of the key reaction cycles in flame 

suppression can be made, as well as an estimate of the location in the flame at which they occur.   

A sensitivity analysis was performed on the effect of a change in reaction rate constants 

on H atom concentration.  Figures 9a and 9b plot these results, for the lean and rich flame, 

respectively, only including the effect of reactions involving POxHy species.  Note, the key 

radical propagation reaction, H+O2 OH+O is not included on these figures as its magnitude 

would overwhelm the other reactions.  Results for OH are similar so not plotted.  The maximum 

sensitivity to the various phosphorus reactions occurs in the primary reaction zone of the flame.  

However, the phosphorus reactions have their primary activity in the post-flame region, as seen 

in the rate-of-production plots.  As is apparent in these figures, the chief phosphorus reaction to 

which the H atom is sensitive is H+PO2  HOPO.  This is also seen in the rate-of-production 

plots given above.   



One curious aspect to note is that the H atom has a positive sensitivity to PO2+OH  

HOPO2 in the flame.  It is shown in the lean flame, and is also present in the rich flame, but at a 

level not significant for this plot.  One would think that H and OH would be negatively sensitive 

to any reaction involved in H/OH recombination, but this reaction has the opposite effect.  We 

believe that the change in sign is due to the HOPO  PO2 cycle being more efficient in 

recombination.  By introducing HOPO2, the phosphorus is effectively being taken away from the 

HOPO cycle and thus, less H and OH are being recombined.  This suggests that HOPO is a better 

catalyst for recombination than HOPO2.  In the lean flame, where HOPO2 is more prevalent than 

in the rich flame, one might expect phosphorus to be less effective in the lean flame.  However, 

as was shown in Fig. 7, the inhibition effectiveness is similar across the range of equivalence 

ratios studied.  This indicates that the difference of HOPO and HOPO2 in promoting radical 

recombination must be minimal. 

To aid in describing the key cycles involved in suppression, we chose to schematically 

draw the different reactions.  Given in Fig. 10a and b is a schematic describing the important 

reaction pathways needed for the OH and H recombination for the lean and rich flames, 

respectively.  Given in the figure are the reactions that have the greatest impact on the rate-of-

production/destruction of H and OH along with their fluxes.  That is, only cycles which have a 

flux greater than 2*10-6 moles/cc/sec are included.  The fluxes are those present at 0.107 cm in 

the flame, which is the point of the greatest ROP of PO2. 

There are several points to be made from these figures.  Firstly, one needs to compare the 

differences in inhibition due to the two equivalence ratios.  In both cases, the reaction pathways 

are more or less equivalent.  There are two main cycles:  

PO2 + H  HOPO   and   HOPO + OH  PO2 + H2O                                           (1) 



PO2 + OH  HOPO2   and   HOPO2 + H  PO2 + H2O                                        (2) 

As can be seen in both cycles, the phosphorus compounds are acting catalytically to recombine H 

and OH to form H2O.  It should be noted that H+H recombination between PO2 and HOPO, as 

seen by MacDonald [11] in a non-premixed flame, is also observed, but the H+OH and H+O 

recombination dominates.  Another reaction that is present, and part of the greater cycle, is 

HOPO + O  HOPO2.   Although these reactions are present in both cases of equivalence ratio, 

there are several differences in the two mechanisms, as well as differences in the relative 

importance of the different reactions. 

The key difference in a rich vs. lean flame environment is the oxidation state of the 

various species.  If one were to consider the phosphorus species of interest to hold the form 

POxHy, then it is expected, and has been shown [17] that in a lean flame, the more oxidized 

species, e.g. HOPO2, are in greater concentration than less oxidized species, e.g. HOPO.    The 

reverse is true in the rich flame, where the concentration of HOPO is greater than HOPO2.  The 

concentrations of these POxHy species, evaluated at the point of maximum PO2 rate-of-

production (x=0.107 cm) for the two flames are given in Table 1.  The HPO concentration is 

insignificant and does not play a role in these flames.   

As a result of the different concentrations, the relative importance of the two cycles 

varies, depending on the stoichiometry.  Although for both flames the most important cycle is 

(1), this cycle is approximately 30% more important in the rich flame, where HOPO is more 

prevalent, than in the lean flame.  Similarly in the rich flame, PO is playing a significant role, 

while for the lean flame, the corresponding species is PO3.  Also, in the lean flame, because of 

the relatively high concentration of HOPO2, the alternate route through PO(OH) 2 becomes 



important.  Again, all cycles are present in both flames, but the value of the flux may be below 

the threshold given and thus is not included in the figures. 

 It is interesting, considering the different emphasis on different cycles in the rich and 

lean flames, that the overall suppression effectiveness in the two cases is comparable.  It appears 

that the phosphorus will take the most efficient route to inhibit the flame even though different 

cycles are not necessarily equally effective for radical recombination.  The ability of phosphorus 

compounds to inhibit the flame is quite robust in this regard and potentially unique. 

Another point of interest is that the recombination reactions have their greatest activity in 

the fairly high temperature region of the flame, >1600K (corresponding to a position of ~0.09 

cm).  In fact, below about 1300 K, the net rate-of-production of all these key phosphorus radicals 

is negative.  This high temperature dependence is consistent to the initial decomposition of the 

parent species needing to occur prior to the production of the small phosphorus oxy-acids.  As a 

point of reference, at 1300 K, about half of the DMMP has been consumed.  In addition, 

PO(OH)3 is produced in the early part of the flame, which then decomposes to the key 

phosphorus compounds at higher temperatures.  Work by Rumminger et al. [24] has shown that 

an “ideal” inhibitor is most effective when active in the >1700 K region of a premixed flame.  

This can aid in explaining why the phosphorus compounds are significantly more effective than 

halons in inhibiting a flame [2, 25]. 

 

5. Conclusions 

 To further the understanding of the role of organophosphorus compounds in flame 

suppression, a more accurate mechanism was developed.  To test the new mechanism, a study of 

the flame suppression by one organophosphorus compound, namely dimethyl 



methylphosphonate (DMMP), under a range of equivalence ratios (0.8-1.3) was performed 

experimentally and numerically.  No significant bias of the ability for the DMMP to suppress the 

flame was observed experimentally for the rich versus lean cases.  However, when studied 

numerically, the mechanism by which the DMMP, or OPCs in general, act under different 

equivalence ratios can be explored.  Although the same key catalytic cycles are observed for both 

equivalence ratios, φ=0.8 and φ=1.3, the bias toward more highly oxidized species is seen in the 

lean case.  The ability for the OPCs to be similarly effective under a range of equivalence ratios 

demonstrates their robustness as flame inhibitors.  
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Table 1 

Mole fraction of key POxHy species in lean and rich flames.  Mole fractions at the location of the 

maximum rate-of-production for PO2 (x=0.107 cm) were used. 

Species Mole fraction 
(lean) 

Mole fraction 
(rich) 

 Species Mole fraction 
(lean) 

Mole fraction 
(rich) 

PO 8.60e-6 4.37e-5  HPO 1.75e-8 1.87e-7 

PO2 1.86e-4 1.22e-4  HOPO 1.08e-4 3.16e-4 

PO3 3.13e-6 1.83e-7  HOPO2 2.57e-4 4.60e-5 



Figure Captions 

1. Experimentally measured flame speed, over a range of equivalence ratio, for propane/air 

flames with various loadings of DMMP (0, 300 ppm and 600 ppm) and for an unburned 

reactant temperature of 368 K.  Error bars are shown on undoped data, but the same 

percentage uncertainty can be applied to the doped data, as well. 

2. Potential energy surface for the conversion of HOPO2+H to products.  Numbers given are 

the enthalpies for the compounds as well as the various transition states. 

3. Potential energy surface for HOPO + H to products.  Numbers given are the enthalpies 

for the compounds as well as the various transition states. 

4. a) Major species and temperature profiles in the lean (φ=0.8), doped flame. 

b) Major species and temperature profiles in the rich (φ =1.3), doped flame. 

A distance of zero is at the cold boundary of the flame. 

5. a) Comparison of OH and H profiles in the undoped (solid line) and doped (dashed line) 

in the lean flame. 

b) Comparison of OH and H profiles in the undoped (solid line) and doped (dashed line) 

in the rich flame. 

6. Flame speed, as a function of equivalence ratio, for the undoped and doped flames 

calculated using Premix.  The curves represent a fitted, second-degree polynomial. 

7. Normalized flame speed for the experimentally measured and numerically calculated 

propane/air flames doped with 600 ppm of DMMP over a range of equivalence ratios.  

The line is a linear fit of the numerical data. 

8. a) Rate-of-Production of PO2 due to various reactions in the lean flame. 

   b) Rate-of-Production of PO2 due to various reactions in the rich flame. 



9. a) Sensitivity of H concentration due to phosphorus species in lean flame.   

b) Sensitivity of H concentration due to phosphorus species in rich flame. 

10. a) Reaction pathway diagram for the key recombination pathways via phosphorus in a 

lean flame. 

b) Reaction pathway diagram for the key recombination pathways via phosphorus in a 

rich flame. 
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Fig 8a. 
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