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ABSTRACT 
 

The interaction of the gas-phase mechanisms of phosphorus flame retardants with the co-flow 

diffusion flame structure has been investigated computationally to complement the experimental 

research at NIST.  Time-dependent axisymmetric computation was performed for cup-burner flames 

of methane with full gas-phase chemistry and transport to reveal the flame structure and inhibition 

processes.  For the simulation of the effects of dimethyl methylphosphonate (DMMP) on the flames, a 

detailed chemical-kinetics model (77 species and 886 reactions) was constructed by combining the 

methane-oxygen combustion and phosphorus inhibition chemistry.  A simple model for radiation from 

CH4, CO, CO2, H2O, and soot based on the optically thin-media assumption was incorporated into the 

energy equation.  The calculated minimum extinguishing concentrations for a combination of DMMP 

added to the oxidizer or fuel flow and CO2 added to the oxidizer were in reasonable agreement with 

the measured values.  There were striking differences in the effectiveness of DMMP, depending on 

where the retardant was introduced:  the oxidizer or fuel.  DMMP in the fuel stream (in comparison to 

the oxidizer) was practically ineffective in gas-phase inhibition of co-flow diffusion flames because of 

(1) a small stoichiometric mixture fraction (0.055 for methane), (2) the flame location on the oxidizer 

side of the dividing streamline, and (3) low concentrations of active phosphorus intermediate species 

(HOPO2, HOPO, PO2) in the flame stabilizing region. 

 

INTRODUCTION 
 

Fire retardants (FRs) are used in polymers, textiles, and coatings to increase their ignition 

time and reduce their heat release rates when burning.  The FRs are often classified as acting either in 

the condensed-phase or in the gas phase 
1-3

.  Gas-phase active FRs have the advantage of working for 

a variety of polymers, and are very widely used.  The most common gas-phase active FR formulations 

are those containing bromine compounds, with antimony trioxide usually added as a synergist.  Due to 

environmental and health concerns, however, there is impending movement, on the part of polymer 

companies and fire retardant manufactures, away from the bromine-based fire retardants.  To maintain 

fire safety, alternatives to these compounds must be developed so that elimination of these fire 

retardants would not increase the contribution of polymers to fires.  The chemical systems of highest 

interest to industry, and the subject of the most intense recent investigations, are those containing 

phosphorus 
4,5

.   

 

A model for the gas-phase kinetics of phosphorus compounds has been developed 
6-11

 over the years.  

The basic gas-phase inhibition mechanism is believed to be dominated by two main radical 

recombination cycles:  

 

  



 H + PO2 + M  HOPO + M [1] 

 OH + HOPO  H2O + PO2 [2] 

 H + HOPO  H2 + PO2 [3] 

 O + HOPO  OH + PO2 [4] 
___________________________________ 

 Net:  H + H  H2 [5] 

 H + O  OH [6] 

 H + OH  H2O [7] 

 

and 

 

 OH + PO2 + M  HOPO2+ M [8] 

 H + HOPO2  H2O + PO2 [9] 
___________________________________ 

 Net: H + OH  H2O [10] 

 

This mechanism has been used 
12-16

 to model the inhibition of premixed and counterflow diffusion 

flames with reasonable results.  Nonetheless, no researchers have modeled or extensively studied co-

flow diffusion flames, for which poor performance has been observed
 17

. 

 

The effectiveness of compounds in gaseous flame inhibition is quite complex, depending upon the 

additive type as well as flame properties.  Different inhibitors can be more or less effective depending 

upon the flame type.  Dimethyl methylphosphonate (DMMP) is about 141 times as effective as CO2 in 

a premixed flame
 17

, 30 times as effective in a counter-flow diffusion flame
 18

 but only 3 times as 

effective in a cup-burner flame
 19

 (i.e., the phosphorus essentially has no chemical effect in cup-burner 

flames).  For phosphorus, this large variation in effectiveness with flame type has not been explained.  

Since phosphorous is and will be used as a gas-phase active FR, it would be of great value to 

understand the conditions for which it is expected to work. 

 

The effects of DMMP in methane-air co-flow diffusion flames, in the cup-burner configuration, have 

recently been investigated experimentally
 20

 at the National Institute of Standards and Technology 

(NIST).  The inhibitor effectiveness was measured as the minimum extinguishing concentrations 

(MECs) of CO2 (added to the oxidizer) as a function of the DMMP loading (added to the oxidizer or 

fuel stream), in a similar manner as reported
 21

 in the literature for n-heptane flames.  The particle 

formation in the flame with added DMMP was studied using the laser scattering technique.  In 

addition, premixed flame simulations were used to examine the flame chemistry at the measured 

extinguishing conditions
 20

. 

 

By using comprehensive numerical simulations, the authors
 22,23

 have studied the flame structure and 

inhibition (or combustion enhancement) processes in the cup-burner flames.  The properties of the 

flame itself profoundly affect the effectiveness of the chemical additive, and are themselves changed 

by the additive, which further changes the additive effectiveness.  The overall goal of the present 

work is to understand how the properties of flames interact with the gas-phase inhibition in support of 

the experimental research at NIST.  The knowledge of detailed flame structure (temperature, species 

concentration, flow field, etc.) that affects fire retardant effectiveness will help to understand the 

reasons for the variation of effectiveness for phosphorus with flame type when added as a gas-phase 

active fire retardant and to shed light on how fire retardants which act in the gas phase actually retard 

ignition or reduce heat release.  Ultimately, this work aims to aid in the development and application 

of new compounds that are likely to be used in flame-retarded high-volume thermoplastics to replace 

the widely used brominated retardants (and their antimony synergist). 

 

COMPUTATIONAL METHODS 
 

A time-dependent, axisymmetric numerical code (UNICORN)
 24,25

 is used for the simulation 

of diffusion flames stabilized on the cup burner.  The code solves the axial and radial (z and r) full 



Navier-Stokes momentum equations, continuity equation, and enthalpy- and species-conservation 

equations on a staggered-grid system.  A clustered mesh system is employed to trace the gradients in 

flow variables near the flame surface.  The thermo-physical properties such as enthalpy, viscosity, 

thermal conductivity, and binary molecular diffusion of all of the species are calculated from the 

polynomial curve fits developed for the temperature range 300 K to 5000 K.  Mixture viscosity and 

thermal conductivity are then estimated using the Wilke and Kee expressions, respectively.  

Molecular diffusion is assumed to be of the binary-diffusion type, and the diffusion velocity of a 

species is calculated using Fick's law and the effective-diffusion coefficient of that species in the 

mixture.  A simple radiation model based on the optically thin-media assumption is incorporated into 

the energy equation.  Radiation from CH4, CO, CO2, H2O and soot is considered in the present study.   

 

A comprehensive reaction mechanism (77 species and 886 elementary reactions) is assembled and 

integrated into the UNICORN code for the simulation of methane flames with DMMP added to either 

the fuel or air stream.  A chemical-kinetics model is compiled from a detailed reaction mechanism of 

GRI-V3.0
 26

 for methane-oxygen combustion and a phosphorus mechanism 
27

 (41 additional species 

and 448 reactions). 

 

The finite-difference forms of the momentum equations are obtained using an implicit QUICKEST 

scheme
 22

, and those of the species and energy equations are obtained using a hybrid scheme of 

upwind and central differencing.  At every time-step, the pressure field is accurately calculated by 

solving all the pressure Poisson equations simultaneously and using the LU (Lower and Upper 

diagonal) matrix-decomposition technique.   

 

Unsteady axisymmetric calculations for the cup-burner flames are made on a physical domain of 

120 mm by 47.5 mm using a 301 × 151 non-uniform grid system that yields 0.2 mm by 0.15 mm 

minimum grid spacing in the z and r directions, respectively, in the flame zone.  The computational 

domain is bounded by the axis of symmetry and a chimney wall boundary in the radial direction and 

by the inflow and outflow boundaries in the axial direction.  The outflow boundary in z direction is 

located sufficiently far from the burner exit (~9 fuel-cup radii) such that propagation of boundary-

induced disturbances into the region of interest is minimal.  Flat velocity profiles are imposed at the 

fuel and air inflow boundaries, while an extrapolation procedure with weighted zero- and first-order 

terms is used to estimate the flow variables at the outflow boundary.  The cup burner outer diameter is 

28 mm and the chimney inner diameter is 95 mm.  The burner wall (1-mm long and 1-mm thick tube) 

temperature is set at 600 K, and the wall surface is under the no-slip velocity condition.  The mean gas 

velocities and temperature are set at 1.24 cm/s and 15.5 cm/s, respectively, for the fuel (methane) and 

oxidizer streams and 374 K.  The low fuel velocity represents low momentum conditions typical of 

condensed material fires.  The air velocity is in the middle of the so-called “plateau region”
 22

, where 

the extinguishing agent concentration is independent of the oxidizer velocity. 

 

Validation of the UNICORN code has been performed for a variety of flame systems, fuels, and 

inhibitors with the kinetic model used.  The predicted global strain rates at extinction of methane-air 

opposing-jet flames at the reactant temperature of 100 C are 380 s
-1 

without the inhibitor, which is 

close to the measured value (360 s
-1

)
 17

, and those with DMMP added to the flames with different 

stretch rates are within a range of 10 % of the experiments. 

 

RESULTS AND DISCUSSION 
 

Minimum Extinguishing Concentrations (MECs) 
 

First, stable flames with DMMP were calculated by increasing incrementally (starting at 0) 

the loading of DMMP in the oxidizer or fuel stream.  Then, the flame extinguishing conditions were 

determined by increasing the CO2 volume fraction (XCO2) in the oxidizer (starting at 0; in increments 

of < 1 % of XCO2 as the limit approached) until the flame blew off.  The process was repeated at 

different DMMP loadings.  Figure 1 shows the calculated and measured
 20

 inhibitor effectiveness 

expressed as the MECs of CO2 added to the oxidizer as a function of the DMMP loading:  (a) added   



 
( a ) 

 
( b ) 

Figure 1.  Minimum extinguishing concentrations of agents in methane cup-burner flames:  (a) both 

CO2 and DMMP added to the oxidizer and (b) CO2 added to the oxidizer and DMMP to the fuel 

stream. 

 

 

to the oxidizer or (b) fuel stream.  The calculated MEC without DMMP was XCO2 = 0.1985, which 

was in reasonable agreement (7 %) with the measurement (0.185 at 100 C)
  20

.  With an addition of 

DMMP to the oxidizer (Fig. 1a) at very low volume fractions (XDMMP-O <0.003), both measured and 

calculated MECs of CO2 decreased rapidly as a result of efficient chemical inhibition.  The calculated 

MEC of CO2 became significantly larger than the measured value, probably because of particle 

formation just outside the actual flames with DMMP
  20

.  Since the calculation did not take into 

account particle formation, the actual flame temperature could be much lower than the calculation due 

to the radiative heat loss from the high-temperature particles, thus requiring much lower XCO2 at 



extinguishment.  As the DMMP volume fraction was increased further, the rate of decrease (slope) of 

the MEC curves decreased, particularly for the experiment, and thus the two curves crossed at 

XDMMP-O = 0.012. 

 

In the experiment
 20

, the marginal effectiveness of the DMMP diminished, and for XDMMP-O > 0.07, the 

additional DMMP was essentially ineffective.  The behavior for DMMP was very similar to that 

observed for metallic compounds added to cup-burner flames
 28

.  The loss of effectiveness for the 

metals was believed to be due to particle formation (which acted as a sink for the active gas-phase 

intermediate species that catalytically recombined radicals
 29

).  Premixed flame structure 

calculations
 20

 implied that DMMP addition reduced the concentrations of the chain-carrier radicals 

(H, O, and OH) to the equilibrium levels so that additional DMMP had little effect on the flame. 

 

The inhibitor effectiveness of DMMP was reduced markedly when added to the fuel stream (Fig. 1b).  

As the DMMP volume fraction was increased to XDMMP-F = 0.04, the calculated MEC of CO2 

decreased gradually from XCO2 = 0.1985 to 0.175 (only 12 % reduction).  In the experiment, the 

MEC of CO2 decreased from 0.185 to 0.15 (at XDMMP-F = 0 to 0.01) and remained nearly constant 

(i.e., ineffective) for XDMMP-F > 0.01.  The calculated MEC of CO2 for XDMMP-F > 0.01was 20 % larger 

than the measured value, presumably due to the afore-mentioned radiative cooling by particles. 

 

Interaction of DMMP in Oxidizer with Flame Structure 
 

The numerical simulations reported previously
 30,31

 show that the flame-base region supported 

a trailing flame and controlled the flame attachment, detachment, and oscillation processes.  Small 

variations in the agent volume fraction in the coflowing oxidizing stream resulted in profound 

changes near the extinguishment limit.  The calculated inner structure of the flame base region 

provided detailed physical and chemical insights into the flame stabilizing mechanism and inhibition 

processes.   

 

Figure 2 shows the calculated structure of an agent-free methane flame in air (Fig. 2a) and a near-limit 

flame in air with CO2 at XCO2 = 0.1965 (Fig. 2b).  The variables include the velocity vectors (v), 

isotherms (T), and heat-release rate (𝑞̇).  The base of the agent-free flame (Fig. 2a) was anchored at 

the burner rim at the height from the burner rim, zk = 0.8 mm.  The velocity vectors showed the 

longitudinal acceleration in the hot zone due to buoyancy.  As a result of the continuity of the fluid, 

surrounding air was entrained into the lower part of the flame.  The entrainment flow inclined 

inwardly as a result of the overall stream-tube (streamline spacing) shrinkage due to the significantly 

low velocity of the fuel compared to that of the oxidizer as well as the flow acceleration downstream.  

The heat-release rate contours showed a peak reactivity spot (i.e., the reaction kernel
 30

) at the flame 

base, where the chain-carrier radicals (H, O, and OH), as well as heat, diffused back against the 

oxygen-rich incoming buoyancy-induced flow, thus promoting chain-branching (H + O2  OH + O) 

and subsequent vigorous reactions to form the reaction kernel.  For the near-limit flame (Fig. 1b), the 

flame base detached and lifted above the burner rim (zk = 4.6 mm) in the nearly horizontal 

entrainment flow.  The maximum temperature in the trailing flame decreased to 1700 K, which was 

found
 22

 to be the critical temperature at which the blow-off extinguishment occurred for chemically 

passive fire-extinguishing agents (CO2, N2, He, Ar). 

 

Figure 3 shows the calculated structure of a methane flame in air with DMMP at XDMMP-O = 0.012 

(Fig. 3a) and a near-limit flame in air with DMMP at XDMMP-O = 0.012 and CO2 at XCO2 = 0.034 

(Fig. 3b).  As DMMP was added (Fig. 3a), the maximum flame temperature increased, compared to 

the neat flame (Fig. 2a), and the broadened reaction kernel moved up from the burner rim (at zk 

= 3.2 mm), although it was still thermally interacting with the burner rim.  The heat-release rate 

contour showed a weak branch on the oxidizer side extending downstream from the reaction kernel.  

This feature was similar to the two-zone flame structure for halon replacement fire-extinguishing 

agents with fuel components, as found previously
 23

.  As CO2 was added in addition to DMMP (Fig. 

3b), the flame lifted (zk = 5.0 mm) and disconnected thermally from the burner rim.  As a result of   



 

 
 

Figure 2.  Calculated structure of methane cup-burner flames in air:  (a) no agent, (b) CO2 added to 

the oxidizer at XCO2 = 0.1965. 

 

 

mixing of the fuel and oxidizer streams, the reaction kernel broadened further laterally, and the two-

zone flame structure became more evident. 

 

Figure 4 shows the maximum temperature in the trailing diffusion flame and the peak heat-release rate 

at the reaction kernel in the flame with pure DMMP or pure CO2 in the oxidizer.  As CO2 was added 

to the oxidizer, the maximum temperature decreased linearly to Tmax 1700 K when the flame blew 

off at XCO2 = 0.1985.  By contrast, as DMMP was added to the oxidizer even at an order-of-magnitude 

lower volume fraction, Tmax increased due to combustion enhancement by additional heat release, and 

the flame was still stable at XDMMP-O = 0.013.  Nonetheless, as DMMP or CO2 was added to the 

oxidizer, the reaction kernel weakened (lower heat-release rate).  



 
 

Figure 3.  Calculated structure of methane cup-burner flames with agents:  (a) DMMP added to the 

oxidizer at XDMMP-O = 0.012, (b) DMMP and CO2 added to the oxidizer at XDMMP-O = 0.012 and XCO2 = 

0.034, respectively. 

 

 

Figure 5 shows the radial variations of calculated temperature and the heat-release rate crossing the 

reaction kernel at zk = 5.0 mm and the trailing flame at z = 8.0 mm (zk + 3 mm) in the near-limit flame 

with DMMP at XDMMP-O = 0.012 and CO2 at XCO2 = 0.034 (see Fig. 3b).  At zk = 5.0 mm, the heat-

release rate peak resided slightly on the oxidizer side of the temperature peak, as the reaction kernel 

broadened laterally as a result of fuel-air mixing in the region between the flame base and the burner 

rim.  At z = 8.0 mm, the flame was characterized by “two-zone” structure
 23

 (inner and outer) as was 

evident from two heat-release rate peaks.  The inner zone (8.8 mm < r < 10.5 mm) was formed by the 

hydrocarbon-O2 combustion with the heat-release rate peak residing on the temperature peak.    



 
 

Figure 4.  Calculated maximum temperature and reaction-kernel heat-release rate in methane cup-

burner flames with DMMP or CO2 added to the oxidizer. 

 

 
 

Figure 5.  Calculated radial variations of the temperature and heat-release rate at z = 5 mm and 8 mm 

in a methane cup-burner flame with DMMP and CO2 added to the oxidizer at XDMMP-O = 0.012 and 

XCO2 = 0.034, respectively. 

 

 

The outer zone (10.5 mm < r < 12 mm) was formed by exothermic reactions of the retardant itself.   

 

Figure 6 shows the radial variations of the volume fractions (Xi) of phosphorus-containing species and 

the chain-carrier radicals (H, O, and OH) crossing the reaction kernel with DMMP added at XDMMP-O   



 
 

Figure 6.  Calculated radial variations of the volume fractions at z = 5 mm in a methane cup-

burner flame with DMMP and CO2 added to the oxidizer at XDMMP-O = 0.012 and XCO2 = 0.034, 

respectively. 

 

 

= 0.012 and CO2 at XCO2 = 0.034 at zk = 5.0 mm.  DMMP in the oxidizer stream reacted with O2 and 

the radicals, fragmented, and diminished in the region surrounding the reaction kernel.   

 

As a result, the concentration peaks of species such as PO(OH)3, CH3PO2, P(OH)3 were formed in this 

peripheral region.  Relatively high concentrations (Xi in the order of 10
-3

) of active phosphorus 

intermediates (HOPO2, HOPO, PO2) presented in the high-temperature central region, where the 

peaks of the chain-carrier radicals (H, O, and OH) were formed.  Consequently, the afore-mentioned 

phosphorus inhibition reactions of radical recombination cycles are taking place vigorously at the 

reaction kernel. 

 

Interaction of DMMP in Fuel with Flame Structure 
 

Figure 7 shows the calculated structure of a methane flame in air with DMMP added to the 

fuel stream at XDMMP-F = 0.04 (Fig. 7a) and a near-limit flame in air with DMMP at XDMMP-F = 0.04 and 

CO2 added to the oxidizer at XCO2 = 0.172 (Fig. 7b).  As DMMP was added to the fuel stream 

(Fig  7a), no obvious changes are evident in the overall flame structure (i.e., the location, velocity, 

temperature, and heat-release rate) compared to the neat flame (Fig. 2a).  As CO2 was added to the 

oxidizer in addition to DMMP in the fuel (Fig. 7b), the flame lifted (zk = 4.6 mm) and disconnected 

thermally from the burner rim.  As a result of mixing of the fuel and oxidizer streams, the reaction 

kernel broadened laterally as was the flame with CO2 added to the oxidizer (Fig. 2b). 

 

Figure 8 shows the maximum temperature in the trailing diffusion flame and the peak heat-release rate 

at the reaction kernel in the flame with DMMP added to the fuel stream.  As DMMP was added to the 

fuel stream up to XDMMP-F = 0.04, the maximum temperature and the reaction-kernel heat-release rate 

remained nearly constant at Tmax  2000 K and 𝑞𝑘̇  120 W/cm
3
, respectively, and the flame was 

stable.  Therefore, DMMP added to the fuel stream was ineffective in this range, and the flame blew 

off solely by the cooling effect of CO2 added to the oxidizer. 

  



 
 

Figure 7.  Calculated structure of methane cup-burner flames with agents:  (a) DMMP added to the 

fuel stream at XDMMP-F = 0.04, (b) DMMP added to the fuel stream at XDMMP-F = 0.04 and CO2 added to 

the oxidizer at XCO2 = 0.172. 

 

 

Figure 9 shows the radial variations of calculated temperature and the heat-release rate crossing the 

reaction kernel at zk = 4.6 mm and the trailing flame at z = 7.6 mm (zk + 3 mm) in the near-limit flame 

with DMMP added to the fuel stream at XDMMP-F = 0.04 and CO2 added to the oxidizer at XCO2 = 0.172 

(see Fig. 7b).  At zk = 4.6 mm, the heat-release rate shows double peaks as the reaction kernel 

broadened laterally and curved up toward the oxidixer side as a result of fuel-air mixing in the region 

above the burner rim.  The temperature was generally lower (due to the higher CO2 volume fraction) 

than the DMMP-in-oxidizer case (Fig. 5), but the reaction-kernel heat-release rate was twice larger.  

At z = 7.6 mm, although the heat-release rate showed a small outer hump due to the broadened 

reaction kernel upstream, it did not develop to the two-zone structure downstream as was the case for   



 
 

Figure 8.  Calculated maximum temperature and reaction-kernel heat-release rate in methane cup-

burner flames with DMMP added to the fuel stream. 

 

 
 

Figure 9.  Calculated radial variations of the temperature and heat-release rate at z = 4.6 mm and 7.6 

mm in a methane cup-burner flame with DMMP added to the fuel stream at XDMMP-F = 0.04 and CO2 

added to the oxidizer at XCO2 = 0.172. 

 

 

DMMP added to the oxidizer (see Fig. 5). 

 

Figure 10 shows the radial variations of the volume fractions (Xi) of phosphorus-containing species 

and the chain-carrier radicals (H, O, and OH) crossing the reaction kernel at zk = 4.6 mm.  Since 

DMMP needed to diffuse through the oxidizer stream to reach the reaction kernel, its concentration   



 
 

Figure 10.  Calculated radial variations of the volume fractions at z = 4.6 mm and 7.6 mm in a 

methane cup-burner flame with DMMP added to the fuel stream at XDMMP-F = 0.04 and CO2 added to 

the oxidizer at XCO2 = 0.172. 

 

 

was orders-of-magnitude lower, particularly on the oxidizer side, compared to the DMMP-in-the-

oxidizer case.  As a result, the concentrations (Xi in the order of 10
-4

 or less) of active phosphorus 

intermediates (HOPO2, HOPO, PO2) were one or two-orders-of-magnitude lower--even less than 

those of the chain-carrier radicals (H, O, and OH), which remained at high levels (Xi  10
-3

). 

 

A diffusion flame zone is generally formed where a stoichiometric ratio of the fuel and oxygen is 

obtained.  The stoichiometric mixture fraction, determined by the element mass fractions of carbon, 

hydrogen, and oxygen
 32

, for a methane-air flame is 0.055.  Therefore, the flame zone is formed where 

the fuel-stream fluid was reduced by the mixing to the mass fraction of 0.055, whereas the oxidizer 

fluid is reduce only to 0.945.  This fact implies that a chemical additive to the fuel stream is 17 times 

less effective, on a mass basis, compared to that to the oxidizer.  In addition to this intrinsic nature of 

hydrocarbon-air flames, the small stoichiometric mixture fraction dictates that the flame zone is 

formed on the oxidizer side of the dividing streamline between the fuel and oxidizer streams.  As a 

result, the oxidizer stream (including the additive) flows into the flame zone, and thus the convective 

fluxes of the oxygen and additive (in addition to the diffusive fluxes) to the flame zone are significant.  

By contrast, the fuel and the additive must diffuse into the oxidizer stream to reach the flame zone as 

described above.  Consequently, the active phosphorus intermediates concentrations are low and, in 

turn, the inhibiting radical-recombination cycles are weak, thus resulting in ineffectiveness of DMMP 

in the fuel stream. 

 

CONCLUSIONS 
 

The physical and chemical effects of the phosphorus flame retardant (DMMP), acting in the 

gas phase, on the structure and inhibition of methane-air co-flow diffusion flames, in the cup-burner 

configuration, were studied computationally.  The minimum extinguishing concentrations for a 

combination of DMMP and CO2 were predicted in reasonable agreement with the measured values, 

but particle formation in the actual flames probably resulted in complications due to the radiative heat 

loss.  The effectiveness of DMMP added to the oxidizer was outstanding.  Although DMMP in the 

oxidizer increased the maximum flame temperature in the trailing diffusion flame, it weakened the 



flame attachment point (reaction kernel) at the flame base, thereby inducing the detachment, lifting, 

and blowout extinguishment.  The two-zone flame structure was predicted with the DMMP addition 

to the oxidizer due to the reactions of the retardant itself.  DMMP in the fuel stream was practically 

ineffective in gas-phase inhibition of co-flow diffusion flames primarily because of three potential 

reasons:  (1) a small stoichiometric mixture fraction (0.055 for methane), which required more 

retardant to affect the flame, (2) the flame location on the oxidizer side of the dividing streamline, 

which required the retardant diffusion (instead of convection) to the flame, and (3) low concentrations 

of active phosphorus intermediate species (HOPO2, HOPO, PO2) in the flame stabilizing region, so 

that the catalytic reactions to recombine the chain-carrier radicals (H, O, and OH) were relatively 

slow. 
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