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Numerical Simulation and Prediction of Polymer 
Flammability in Non-Standard Conditions 
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(Received October 18, 1996) 

Fire safety of plastics is commonly characterized in terms of Oxygen Index (OI), or the limit 

oxygen concentration in oxidizing atmosphere that supports combustion. Ol is determined in 

normal conditions (atmospheric pressure, room temperature, etc.) according to the procedure 

prescribing the ambient conditions, number of samples, their dimensions. However, polymer 

materials and products where they are used meet the variety of ambient conditions :; low and 

high temperatures, pressures, flow velocities, accelerations, and etc. The methods of prediction 

of polymer flammability and OI in the wide range of operating conditions have not been 

available until now. |n this study, a mathematical model is worked out and the theory of limits 

of polymer combustion is developed to predict O1 and other critical values in non-standard 

conditions: pressure 0.1-100 atm ; initial temperature of polymer 250-550 K ; gravity force 

acceleration 0.1-50 g ; velocity of oxidizing O2/N2 stream 0-50 m/sec ; different thickness of 

polymer layers covering the cold base and their simultaneous action. The model involves two 

dimensional numerical simulation of the diffusion combustion of a polymer in the presence of 

heat losses. The main factor to be taken into account is the decrease of flame temperature due 

to the cooling effect of different agents. Therefore, the extinction criterion and Ol are expressed 

in terms of the relationship between Damk~hler and Peclet numbers. Two critical conditions, 

observed earlier in the experiments on polymer extinction limits, are explained. The predictions 

of the model were tested for PMMA and were found to be in good agreement with experimental 

data available. 
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-/]}-non-adiabatic combustion tempera- 

ture for the infinitely fast reaction (correct- 

ed for heat losses) 

Pe : Md/xp-Pecle t  number 

Os : O ( TD ,  7 = R T ~ d / E ,  O ; = B B E / r R T ~ ,  

p=  ( p u ) o d / p k  

1. Introduction 

Numerical simulation of plastics flammability 

is a powerful research tool to complement or 

replace t ime-consuming experiments, which 

require a great deal of effort in measuring the 

temperature, the velocity and the concentration of 

species in combustion gases. Therefore, the devel- 



682 S. M. Lee, Y. S. Jeong J. 

opment of the adequate models of plastics com- 

bustion has attracted much attention. However, 

the present state of the combustion theory does 

not allow to bring about the comprehensive calcu- 

lation of combustion phenomena, even if super- 

computers are employed. 

Polymer flammability is commonly character- 

ized by Lower Oxygen Index (LOI) and other 

standard tests. LOI is defined as the limit oxygen 

concentration in oxidizing atmosphere that sup- 

ports combust ion(Encyclopedia  of Polyner Sci- 

ence and Eng., 1987). In volumetric (or mole) 

fractions: 

y*  = [ % ] / ( [ % ]  + [N~]) (~) 
LOI- -  Y * *  100 % 

If oxygen concentration is lower than the criti- 

cal one Y < Y * ,  combustion is extinguished even 

after stimulated ignition. The dependence of 

flame propagation velocity v over a surface of a 

polymer sample upon Y. With the decrease of Y 

there is an abrupt extinction limit Y = Y * .  This 

critical limit occurs due to the strong non-l inear  

dependence of chemical reaction rate on tempera- 

ture. The standard Ol is determined in normal 

conditions (atmospheric pressure, room tempera- 

ture etc.) according to the procedure prescribing 

the ambient conditions, number of samples, their 

dimensions. Various standards are supported in 

different countries. Widely used is the procedure 

ASTM D 2863-87 (Annual  Book of ASTM Stan- 

dards; Troitzsch J. 1983) for denoting Ol in 

standard conditions. This standard Ol is referred 

to the most widespread practical circumstances 

and characterizes the polymer flammability in 

normal atmospheric conditions, when the velocity 

of  passing air flow is low. Since the major part of 

the fires are initiated by small ignition sources, 

this Ol test proved to be useful. However, some 

disadvantages of this test were pointed out (Ency- 

clopedia of Polyner Science and Eng., 1987) : 

among them the lack of the energy feedback to the 

specimen ; much combustion heat is carried away 

from the specimen by convection or radiation. 

Evidently, the heat loss is the critical factor, 

which competes to the heat release in course of 

polymer burning and finally determines the 
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extinction conditions. The polymer with a high 

standard Ol may burn vigorously in a fire, where 

it can be preheated by other burning objects, so 

its initial temperature is higher than that in stan- 

dard LOI test, or it may indicate tendency toward 

easy burning in other unusual conditions. 

Generally the criticality in polymer combustion 

and limit oxygen concentration in atmosphere are 

dependent both on polymer composition and on 

atmospheric pressure P, initial temperature To, 

polymer sample size (diameter d, length 1 or the 

like), acceleration force g, velocity of by-passing 

gas flow u, sample orientation (flame propaga- 

tion "up" or "down") and so on. Therefore in 

nonstandard conditions oxygen index of  a poly- 

mer which physics-chemical properties are char- 

acterized by a number of parameters al, a2, .-. is 

a function of all above parameters: 

Y * - - Y * ( P ,  To, d, l, g, u, al, a2 , - " )  (2) 
or, in symmetrical form: 

F ( Y * ,  P,  To, d, l, g, u, al, a2, " " ) : 0  (3) 

When polymer materials are used in the wide 

range of  ambient conditions, in low and high 

temperatures, pressures, accelerations, in zero 

gravity (space flight) etc., the prediction of  poly- 

mer flammability must be done also for these 

conditions. The characteristic sizes of polymer 

specimens can also vary a lot, from thin films and 

grains to large blocks. As mentioned above, stan- 

dard Ol is referred to normal conditions, when 

major part of the parameters in Eq. (2) is fixed. 

One can also resolve Eq. (3) to obtain the critical 

diameter d* (Y, P, To, . . .) ,  critical velocity u* (Y, 

P, To, . . .).  But it seems impossible to acquire 

experimentally the comprehensive data array 

required to derive the relationship Eq. (3) in the 

whole range of parameters variation, since 5-10 

samples are needed to verify one experimental 
point. Even with the simultaneous variation of 

pressure, temperature and flow velocity, several 

thousands tests would be done for each material. 

Herein adopted is an alternative approach to 

prediction of Ol in the wide range of parameters 

based upon the minimal number of test experi- 

ments. A mathematical model has been worked 

out to study the critical phenomena of polymer 
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combustion. The theory has been developed to 

obtain the main functional relationships between 

parameters and to predict Ol and/or  other critical 

values in nonstandard conditions. 

The theory is described in the following chap- 

ters of the report. Firstly, the fundamentals of 

diffusion combustion of polymers are discussed 

(Chapter 2). Then, a model of extinction of 

diffusion flame of a burning polymer in the 

presence of heat losses is developed (Chapter 3). 

The approach how to develop the procedure of 

O1 calculation and prediction is briefly discussed 

in Chapter 4 and will be described in subsequent 

researches. 

ered to occur infinitely fast, so that the chemical 

rate kinetics is no longer a factor. The 

hydrodynamic and mass transfer equations no 

longer include chemical reaction term ; and the 

flame is considered as a thin reaction zone, an 

interface surface. 

This approach, being correct far from quench- 

ing limits, is not applicable for the treatment of 

the critical phenomena, such as OI or critical 

diameter. These effects are caused by coupling of 

the chemical kinetics and the mass and heat trans- 

fer. The more accurate model of chemical kinetics 

is required to account for the criticalities in 

diffusion combustion. 

2. Fundamentals  of Diffusion 
Combustion of Polymers 

2.1 Thin reaction zone, or diffusion 

approach 

In general, polymer combustion involves a lot 

of different physical and chemicaJ processes: 

energy, momentum and species transport, chemi- 

cal reactions, homogeneous and heterogeneous, 

gasification of solid and so on. At present, there 

is no comprehensive model accounting for all of 

the chemical and physical effects which occur 

during the combustion of polymers. Even the 

detailed chemical reactions scheme of degradation 

and further high-temperature oxidation in the 

flame zone can't be fully represented except the 

simplest cases. It is well known, that the reaction 

scheme for methane burning in air includes more 

than 100 elementary steps(Combustion Chemis- 

try, 1984). 

The direct modeling of the chemical kinetics of 

the diffusion combustion of polymers and their 

mixtures would involve much more reaction steps 

and intermediate products and it seems unrealistic 

in recent days. Moreover, the interpretation of the 

results of such modeling would be impossible, 

being a function of hundreds of parameters. 

Some of the diffusion flame properties can be 

obtained in simplified models. The shape of 

flame, the flame temperature can be calculated via 

diffusion approach(Williams, 1985; Kuo, 1986), 

when chemical reactions in gas phase are consid- 

2.2 Extinction limits of diffusion flame 

In studies of extinction limits of diffusion flame 

the reaction zone itself and the finite rate of 

chemical reactions are to be taken into account. 

Several extinction limits of diffusion gas flame are 

considered in the modern combustion theory. 

a) The kinetic limit of extinction. 

in the work by Zel'dovich(Zel'dovich, 1949; 

Zel'dovich et al., 1985), the kinetic limit of extinc- 

tion was considered. The kinetic extinction takes 

place when the mass fluxes of fuel and oxidizer 

into the reaction zone are intensified to such 

extent that the chemical reaction rate is insuffi- 

cient to consume all the substances. The reaction 

zone is diluted by the cold reactants and the flame 

comes to extinction. The kinetic limit is the inher- 

ent property of the diffusion gas flame. It always 

exists, even in the absence of heat losses and is 

attributed to the finite rate of the chemical reac- 

tion. The DamkShler number Da, the dimension- 

less parameter pertaining to the kinetic limit, is 

the ratio of a characteristic mass transfer time to 

a chemical reaction time. It is usually considered 

that the extinction corresponds to a minimum 

critical value of the DamkShler number which 

involves the overall kinetic parameters of the fuel 

combustion. That is the case for the commonly 

considered kinetic limit. However, it was found 

that in the presence of heat losses the diffusion- 

kinetic limit appears so the Peclet number is also 

to be taken into account. 

The most essential result which was established 
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in previous theoretical studies is that at the extinc- 

tion limit the intensity of non-premixed combus- 

tion approaches to its maximal value in extinction 

limit and that is proportional to the intensity of 

stoichiometric combustion in premixed gases. 

b) The diffusion-kinetic limit. 

In the presence of heat losses the maximal 

temperature in the reaction zone is lowered. For 

the extinction to occur, the chemical reaction rate 

must be reduced enough to be of the order of the 

diffusion rate, i. e. the chemical reaction must be 

transferred from diffusion regime into diffusion 

kinetic regime. Further increase of heat losses 

would result in the flame extinction. These quali- 

tative considerations are developed in the Chapter 

3, where the mathematical model of polymer 

combustion near extinction limits is formulated, 

and the extinction limits are obtained in terms of 

the main dimensionless parameters : Damk~3hler 

and Peclet numbers. The principal conclusion of 

the modern theory for the limits of extinction of 

diffusion gas flame can be summarized as fol- 

l o w s : t h e  maximal combustion rate of non 

premixed gases Mmax is proportional (with a 

proportionality coefficient of the order of 1) to 

the combustion rate of stoichiometric mixture of 

fuel and oxidizer. This result, originally stated by 

Zel'dovich(Zel'dovich, 1949; Zel'dovich et al., 

1985) and Spalding(Spalding, 1954), had been 

validated for "symmetrical" case, when the chemi- 

cal reaction rate w is proportional to the one and 

the same(generally first) order of the fuel [a] and 

oxidizer Ib] concentrations 

w--  Ia] [ b T e x p ( E / R T )  

In the research (Margolin and Krupkin, 1981a), 

that this result remains valid for non-symmetrical 

case also, when the chemical reaction rate is 

proportional to the different powers of fuel and 

oxidizer concentrations : 

w-- [a]n ib ] mex p (--E/RT) 

n:Vm, as well as for different initial concentra- 

tions of fuel and oxidizer, [a0] = [b01. 

At the extinction limit of the non-premixed 

flame, the characteristic thickness S of the bound- 

ary layer between fuel and oxidizer is propor- 

tional to the width of the premixed flame reaction 

z o n e  

SCpU (T) / ,~  =const  

Here u (T) is the premixed combustion velocity of 

stoichiometric mixture. 

This condition can be satisfied in two main 

cases : 

a) If S decreases and approaches its critical 

value S*, the diffusion flame velocity will 

increase; when S becomes lower than S* the 

combustion comes to extinction (the kinetic 

limit) ; 

b) If S=const  but the heat losses from the 

reaction zone increase, the maximal temper- 

ature and chemical reaction rate are lower- 

ed. When the temperature reduces so that 

the characteristic combustion zone length 1 

of the stoichiometric equivalent mixture 1= 

,~/(cpu (T)) (which increases with the tem- 

perature reduction) becomes equal to S, the 

critical condition will be achieved. Further 

increase of heat losses results in the flame 

extinction (the diffusion-kinetic limit). 

In the first mechanism, the extinction occurs in 

the region of the most thin boundary layer(the 

front edge of the flame), in the second case this 

process may begin at the region the flame zone far 

from the front edge. This result was also proved 

by experiments(Margolin et al., 1984). 

The above considerations concerning the 

extinction limits of gas diffusion flame are also 

valid for polymer combustion. In this case the 

maximum combustion rate Mma x must be under- 

stood as the combustion rate of the stoichiometric 

mixture of the products of polymer gasification 

with oxidizing atmosphere. The value of Mma x is 

referred to as the equivalent premixed combustion 

rate and can be estimated numerically or mea- 

sured experimentally. 

As shown later, the value of maximal combus- 

tion rate Mmax could be the characteristic parame- 

ter for constructing a theory of extinction limits 

for polymers. In general, Mma x is a function of the 

full set of system parameters : 

M .... =M0max+ •(RTad/E, Tad/To, 

Dik/Zlk,''') 
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where a is a small correction pertaining to the 

dependencies of pre-exponents on temperature, 

heat diffusivities x~k and diffusion coefficients D~k 

on temperature and so on. But for practical 

purposes we can restrict ourselves to consider 

only the first term, so Mmax=M0 max for a specific 

gaseous mixture. 

3. Mathemat ica l  Model of  Polymer 

Combustion near Extinction Limits 

3.1 Combustion in a boundary layer 

The combustion of solid fuels in the oxidizing 

gas flow may be treated within the framework of 

a boundary-layer theory. Let us consider a steady 

two-dimensional flow over a fiat plane of a 

polymer material (Fig. 1). 

In general, however, there are two boundary 

layers, hydrodynamic and thermal, appearing in 

the flow. Their thickness lh and It are considered 

to he much smaller than the length of the plate, 

L : that is I/L<<I. The equations of the stalionary 

boundary-layer reacting laminar flow can be 

written in Schwab-Zel'dovich approximation as 

follows(Willams, 1985) : 

(continuity) 

3pu 4- 3Or = 0  (4) 
3x ay 

(momentum) 

(energy and species) 

U o 

> 

> 

Ed~ of 
boua~vj hqr 

YO , T o  

/ / / / / / / / ,  

Fig. 1 Combustion of a polymer material plate in 
boundary layer 

= J  (6) 

where p-density ; u, v-flow velocity components 

along the axes x and y of the Cartesian coordinate 

system ;/z-viscosity ; D-diffusion coefficient. The 

equations of energy and species conse, rvation are 

written in the unified form, when the chemical 

reaction is described by one-stage irreversible 

process, where A,. stands for species i : 

N N 
Z n~.A,.--" ~ n"A~ 
i--1 i = l  

in Schwab-Zel'dovich approximation the value of 

J 

J = W , / ( M ~ ( n T - M ) )  i = I " ' N  (7) 

is the same for all of the species. Here N is the 

total number of species ; Wz-the mass reaction 

rate of the formation of species i, M,-it 's molecu- 

lar weight. 

The value o f j  is as follows : 

For the energy equation : 

j =  .= hfM, ( n ; -  " (8) 

where cp-specific heat capacity ; h~ stan- 

dard formation enthalpy of species i :: 

For the species conservation equations: 

j =  Y, . / (M,(nT- n~) (9) 

where y,.-mass fractions for species i ; 

The boundary conditions for the equations at 

the gas-solid interface are as follows : 

For the continuity and momentum equations, 

the nonslip conditions : 

y = 0  : u=0 ,  v = 0  (10) 

The boundary conditions for the energy equa- 

tion, energy-flux balance: 

y = 0  : /~grad T = M ( L  FQ) (11) 

where M-mass combustion rate of the polymer ; L 

specific heat of gasification ; 

Q-specific heat losses from the unity of surface 

per unity of mass of gasified fuel. 

The boundary conditions for the species conser- 

vation equations, mass flux balance : 

y = 0  : pD grad yi--M,. (11) 
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where Mi- the mass rate of  generation of species i 
at the surface. 

At the edge of the boundary layer the condi- 

tions are as follows : 

y = l  : u=-U0 ; T = T 0  ; Yi=Yl0 i = l . . . N  
(12) 

Diffusion combustion in boundary layers was 
studied by many authors(Fendell ,  1965; De Ris, 

1969; Sirigrano, 1972; Fernandez-Pel lo  and Wil- 

liams, 1977; Freyand Tien, 1979; Krishamurthy et 

al., 1976; Tien et al., 1978). 

The conditions for existence of automodel com- 

bustion regimes are among the principal prob- 

lems. This is of particular concern as regards the 

limit conditions of  combustion. 

In case when the gravity force is significant, the 

relevant term should be added into the Eq. (5). 

Since the full equation system is very complicated, 

at the first stage we have developed the mathemat- 

ical model, al lowing to treat the system in 1-D 

approximation and to obtain the qualitative 

dependencies between the dimensionless parame- 
ters. 

The analysis of  the equation system shows that 

in common used assumptions the problem 

becomes automodel when (u=0 ,  g = 0 )  or (u=0 ,  

g = 0 ) .  So the problem is simplified to give one-  

dimensional equations treated in the Sec. 3.3. 

However, some comments must be added to the 

common assumptions as stated above. 

In general, the boundary- layer  approximation 

is not good in the region of  the formation of the 

boundary layer. But the extinction often occurs 

namely in this region, and this contradiction is 

intrinsic to all the researches done by now. To 

provide more accurate consideration, the full 

system of Navier-Stokes equations together with 

the diffusion and energy equations must have 

been studied. Such consideration would yield the 

"exact" extinction conditions as concerns the 

hydrodynamics of the reacting flows. 

But we doubt that this "exact" consideration 

would give more accurately the oxygen index, due 

to the uncertainties of  chemical kinetics that can 

not be overcome. At least at the first stage, it is 

expedient to develop the simplified models with 

the minimal number of  empirical parameters 

obtained from test experiments. 

3.2 The mechanism and kinetics of combus- 
tion of polymers containing C, H, O, N. 
the combustion rate of the equivalent 
gaseous mixture 

During the polymer combustion in an oxidizing 

atmosphere, the products of polymer destruction 

and gasification are consumed in the exothermic 

reaction occurring in gas phase. The concept of 

the equivalent gas mixture for the products of 

polymer decomposition is not so easy to be 

introduced. However, for C - H - O - N  polymers, 

the problem of the complexity of the chemical 

kinetics may be solved due to the peculiarities of 

the key step of combustion. It is know n(F ra nk -  

Kamenstski, 1987), that during the combustion of 

gaseous hydrocarbons in oxygen nitrogen atmo- 

sphere, the process of oxidation can be approxi- 

mately accounted for by the reduced mechanism. 

The first stage involves numerous reactions of 

preliminary oxidation of CxHy into CO and H20. 

Unless all CH and CHz free radicals are con- 

sumed, CO can not be oxidized further to COz. 

These preliminary reactions are relatively fast and 

result in the accumulation of CO in the reacting 

mixture. 

The subsequent oxidation of CO to CO2 is the 

rate-controll ing stage (the key steps a r e : C O  

+OH---~ CO2+H and C O 2 + H - - * C O + O H ,  the 

forward and the reverse reactions). Therefore, as 

far as the combustion velocity is concerned, all 

hydrocarbons behave themselves as similar way. 

The experimental data on the combustion veloc- 

ities in the oxygen nitrogen stoichiometric mix- 

tures with hydrocarbons show that the overall 

chemical kinetics of the hydrocarbons oxidation 

can be summarized by one effectively bimolecular 

equation for the reaction rate : 

w = Z [ a ]  n [b] m e x p ( - E / R T ) ,  

with a universal effective activation energy E 

approximately equal to 20-25 Kcal/mole,  and the 

order of  reaction r = n + m = l . 5 .  The pre- 

exponential factor Z is different for different 

substances and can be determined from one exper- 
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Fig. 2 Combustion velocity upon oxygen index for 
propane/O2/N2 mixtures 

imental point. The calculated dependence of the 

combustion velocity upon oxygen index for stoi- 

chiometric propane/O~/N2 mixtures is shown on 

Fig. 2. Plotted also are the experimental points by 

using data from reference(Metgalchi and Keck, 

1982). 

Less experimental data are available on poly- 

mers combustion kinetics. Sohrab and Williams 

(Sohrab and Williams, 1981) indicated that their 

experiments on diffusion flame extinction could 

be a means of evaluating the kinetic parameters of 

gas-phase stage of polymer combustion, though 

the extracting of numerical values of activation 

energy for polymers proved to be an ambitious 

task. The reported value of the effective activation 

energy for polymethylmetacrylate(PMMA) (Kri- 

shmamurthy, 1975), based on the experimental 

results for extinction of diffusion flames in the 

stagnation=point boundary layer, is equal to 21 

Kcal/mole, in accordance with our considera- 

tions. However, this is not a common point of 

view. 

The authors(Sohrab and Williams, 1981) 

noted that the values of the effective activation 

energies obtained depend greatly on the way of 

taking into account the radiant losses, melting 

and dripping, so they may vary, according to 

literature, from 20 to 50 Kcal/mole. The composi- 

tion of the gasification products of C H-O N 

polymers on the final stages of the oxidation is 

obviously containing the same species as during 

the oxidation of gaseous hydrocarbons. 

This concept results in the overall equation of 

the combustion rate of the equivalent gaseous 

mixture of the products of polymer oxidation 

with the ambient oxidizing atmosphere, similar to 

that for gaseous hydrocarbons, with the universal 

activation energy E and specified parameter Z for 

each polymer or the mixture of polymers. 

Two of the three parameters, characterizing the 

overall chemical kinetics, for C - H - O - N  contain- 

ing polymers can be adopted in the first approxi- 

mation to be universal : r = m + n =  1.5, E=20-25  

Kcal/mol. Only one individual parameter Z 

remains to be determined from the' test experi- 

ments. In the high-order approximations n + m  

and E could also be obtained from experimental 

data. That would involve more than one experi- 

mental point to be required. We consider that it 

would be unnecessary. For the purposes of the 

present work, that is for Ol or critiical diameter 

calculation, we can easily adopt the simplified 

procedure. According to our experience, the accu- 

racy of the first approximation is sufficient. Later 

we shall compare the predictions of O1 as pro- 

vided by the approach developed with the experi- 

mental data on extinction of" polymers in various 

conditions. One must note that for polymers of 

different composition, e.g., Cl-containing, the 

overall chemical kinetics is not accounted for by 

two-stage scheme and the values of n + m  and E 

are different. 

3.3 L i m i t s  o f  d i f fus ion  combus t ion  in the  

p r e s e n c e  o f  h e a t  l o s s e s  

In this section, the diffusion combustion of 

polymers near extinction limits is considered. It is 

shown that two extinction limits exist : the first 

one is the kinetic limit as it is the case in gas 

diffusion flame (see 2.2) ; the second one is 

accounted for the heat losses from the reaction 

zone due to external cooling agent. Let us con- 

sider the diffusion flame formed during the com- 

bustion of a polymer slab of thickness d in an 

oxidizing atmosphere. The polymer slab is cooled 

by a cold base of a constant low temperature To. 

The reaction between fuel A and oxidizer B is 

assumed to be described by the following equa- 

tion : 
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nAA + nBB ---+ products (13) 

where nA and nB the relevant stoichiometric co- 

efficients. 

The components, as it is for diffusion flame, are 

supplied to the reaction zone in the stoichiometric 

ratio. The relationships of the mass flux of oxi- 

dizer to the reaction zone (pU)ak, the mass com- 

bustion rate of the polymer (pu) and the total 

rate of reactants consumption in the chemical 

reaction M =  (pu)0 are expressed in terms of the 

coefficients n A and nB as follows : 

( p U ) o - - ( p U )  ~!J'=(pU)okl.iJ'/(l.ff  l ) ,  

where g =  al3Bo/ (a+ ~B0) 

; B0-oxygen concentration in the ambient atmo- 

sphere, 

OZ (nAMA + nuMB) /nAMA ; 

~ =  (naMA+nBMB)/nBMB ; (14) 

The equations for temperature and species 

concentration distributions can be written as 

Follows : 

d 2 ( r T )  D i ( d ( r T )  F 
dx 2 u dx -- 

d 2 ( a A )  d ( a A )  - F 
dx 2 D l U (*Ix 

d(~B) d 2 ( ~ B )  D Xu - F 
dx 2 dx 

(15) 

where A and B-mass concentrations of fuel and 

oxidizer, F = zABexp( -E/RT)- the  Arrhenius 

reaction rate ; z-pre-exponential factor ; E-effec- 

tive activation energy ; 

D and x-diffusion and heat diffusivity coeffi- 

cients ; z-= acMA/Q, Q-heat of reaction per mole 

of component A ; c-specific heat capacity of gas. 

The boundary conditions for the Eq. (15) is as 

follows : 

at x = 0  : 

A g d T / d x - - L p u  + 2 ~  ; 

pu  -- p u A  - p D d A / d x  ; 

O = u B - D  d B / d x  ; 

T =  Ts 

and at x - - I  : A = 0  ; B--B0, T =  To 

where co= (dT/dx)s-surface temperature gradient 

in solid phase, Ap and Ag-heat conductivity of the 

polymer and the gas, L heat of polymer gasifica- 

tion. 

in the limit case of stationary combustion of the 

infinitely thick polymer slab, there is a natural 

temperature gradient ~0--,ap(Ts-T0)/cpu in the 

solid phase. In the absence of heat losses, the 

temperature in reaction zone is equal to the 

adiabatic combustion temperature Tad of the 

mixture of the gaseous products of the polymer 

gasification and the oxidizing atmosphere. For a 

finite polymer thickness d the surface temperature 

gradient cy is more than cp0. This effect results in 

cooling of the reaction zone even when the reac- 

tion in gas phase is assumed to occur infinitely 

fast (the effect of cold base). 

There are different ways of presenting the 

kinetics of thermal destruction of a burning poly- 

mer. Here we consider the following case: the 

surface temperature is related with the mass com- 

bustion rate by the Arrhenius law of thermal 

destruction p u = z  exp ( - E 1 / 2 R T ) ,  where z is the 

pre-exponent, El-the effective activation energy 

of thermal destruction of the polymer. 

The Eq. (15) in case of the frequently used 

assumption of the unity Lewis number: L e = D / x  

= l can be reduced to the following equation: 

d2 Od~ 2 gc l l~d~ = Da[ Oo_  O _ ~ ( O m _  Oo ) 

(exp[p(~ e 1 ) / g Y ] - l )  ] *  [O0+ O~-  O 

_ gr (Om -- 6)0 -- 0~) (exp[p ( ~ -- 1) gel _ 1) ]" 

exp (O/ (1  + 70) ) (16) 

with the boundary conditions: 

~e=0 : O=Os ,  g r a d O = P ( O s +  (OF- l )  

(o0+ o;) /~F-  On) 
~e=] : O=O0. (17) 

where (pu)o/M = C  exp [E~/2E (Os/(1 + ZOs) )1 

The Eqs. (16) and (17) were solved by numerical 

iterative integration. 

Depending on the parameters Da and Pe, there 

exist two, or one or no solutions(Margolin and 

Knupkin, 1983). 

Only high-temperature solutions can represent 

real combustion regimes. 

The results of the calculations are presented on 

the Fig. 3. In the absence of heat losses (Pe>>l) 

with the increase of Da, the combustion tempera- 

ture tends to the adiabatic combustion tempera- 

ture of the equivalent gas mixture (Om--~0). 
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Fig. 4 The extinction curve Da(Pe) 

With the decrease of Da, the combustion tempera- 

ture decreases due to the over-intensification of 

the combustion, high- and low-temperature solu- 

tions approach each other and then merge at Da 

=Da*.  if Da<Da*,  no solutions exist. 

In the presence of heat losses, with the lower Pe 

numbers, the combustion temperature decreases 

with the increase of Da even for the infinitely fast 

reaction. Two critical Da numbers exist when Pe 

> Pc*. When Pc-- Pc*, the two Da's merge, that is 

the condition of the total extinction. 

In Da-Pe coordinates, the extinction curve F 

(Da, P e ) = 0  separates the regions of successful 

combustion and extinction (Fig. 4). The combus- 

tion can occur only inside the curve Da(Pe),  

which is similar to the relevant curve for the 

extinction of premixed flames in tubes. However, 

they are different; for premixed flames the com- 

bustion is related only with the upper branch of 

the curve, while for diffusion flames- with the 

region inside the curve. The critical condition of 

the total extinction is the same for both curves 

and corresponds to the condition D a = D a ( P e * ) .  

So, the extinction limits of the polymer diffu- 

sion flame are determined in terms of the dimen- 

sionless parameters Da and Pe. The equations to 

give the numerical values of Da* and Pc* are to 

be solved by an iterative procedure. 

4. Calcu la t ion  of  Oxygen  Index 

This project is intended to develop the model of 

polymer flammability in non-standard conditions 

and the prediction of Ol. One should note that all 

methods of theoretical prediction of some value 

are always based upon some theoretical insight. 

The quality of a model for describing some effect 

is assessed according to how much empirical 

parameters are involved into the model. 

The better understanding of the physics and 

chemical processes, the less parameters are 

required to account for the effects. In this project, 

we have attempted to satisfy all the requirements 

by minimal number of test experiments:one 

value- standard Oxygen Index is employed. 

The theoretical considerations in the previous 

sections now can be summarized to outline a 

procedure of calculation of OI based upon mini- 

mal number of test experiments for determining 

the empirical parameters involved into the equa- 

tions. 

The most stable flame zone in diffusion com- 

bustion of polymers is the front edge of the flame. 

At the extinction limit, the ratio of heat losses 

from the flame zone to the overall heat release is 

proportional to RTaJE.  This equalion in terms 

of the relationship between dimensionless param- 

eters-  Da and Pe numbers has been introduced 

previously. 

The general equation, involving Pe number, 

must be specified concretely for the heat losses 

due to various factors, including acceleration 

(which enhances natural convection), natural 

and tbrced convection, cold base of the polymer 

itself, cold walls, surrounding the flame zone, 

radiation etc. 

In any case, from the analysis of the diffusion 

combustion limits, we have seen that it is neces- 

sary to choose the characteristic combustion 
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velocity. As it was shown in Sec. 3.2, the combus- 

tion velocity of the equivalent stoichiometric gas 

mixture may be taken as the characteristic veloc- 

ity. 

The critical conditions of extinction of diffu- 

sion flame due to the simultaneous action of  the 

various factors were described by the system of 

equations, the heat losses due to the various 

cooling factors taken into account as follows 

(Margolin and Krupkin,  1981b): 

[ Z oS 3 gxg (PVI ( Y * , P ,  To) \Po l  ] 

F 
A- Kll_ @oZo2 f2 ( Y*, P, To) \ Po ] J 

( T ~ -  To) o~x~ 
+ Kz T~pgA~?Zof ( Y*, P, To) 

xg 
+ Ka h2Zo2f2( Y*, P, To) 

T3~ P 
+ K4 z2fz (  Y*, P, To) t9o (18) 

Each term in (18) represents the heat losses by 

five various factors : free and forced convection, 

cold base, cold walls, radiat ion respectively, KI 

�9 .. K4-are numerical coefficients, pertinent to the 

relative importance of each heat loss. In general, 

when critical conditions are calculated, only one 

or two terms from (18) are sufficient. 

Here ; g-acceleration 

; Xg, xs-heat diffusivities of gas and poly- 

mer 

; P-pressure 

; Po-atmospheric pressure 

; T0-initial temperature 

; v-gas flow velocity 

; Y*-oxygen mole fraction in the atmo- 

sphere, Y * =  [02]/([02] + [N2]) 
;&-characteristic size of a polymer sam- 

ple (if based upon a cold base of 

temperature To) 
; h-distance between flame zone and cold 

walls (if any) 

; Z0-numerical coefficient (of dimension 

cm/sec) ,  specific for each polymer, f 

( Y*, P ,  To) a function related to the 

dependence of  the combustion rate of 

the equivalent stoichiometric gas mix- 

ture in the form of Zel 'dovitch and 

O. Chae and G. N. Mokhin 

Frank-Kamenetsk i (Zel 'dovich  et al., 

1985), which is presented as follows 

(Margolin and Krupkiu,  1981b) 

f ( Y * , P ,  To) 

\Ao] \Po] \ Ta~--T-oo) t 2  

Y* \�89 [ E 19) 

where, Zo = [ Ao,uqZoPJR 
(rgcZEr+,) ]~ 

A specific for each polymer constant factor of 

the dimension of cm/sec, Y*-oxygen index, r 

- total  order of reaction (equal to 1.5 for hydro- 

carbon + oxygen + nitrogen mixtures, see 3.2), A0, 

p0-heat conductivity and density of  combustion 

products in air at P0= 1 atm. 

Adiabatic combustion temperature Taa also 

depends upon Y, P, To and is to be determined 

via calculations of thermodynamical equilibrium 

of  combustion products. 

The Eq. (18) relating the decrease of the 

adiabatic flame temperature due to heat losses 

and (19) together form the equation system to be 

solved numerically to give the oxygen index as a 

function of different parameters. The parameter Z0 

is the only one to be obtained from the experi- 

ments, since E and r may be assumed to be 

constant for C - H - O - N  containing polymers. 

The results of the calculation of oxygen index 

for polymers are presented in the wide range of 

nonstandard conditions : 

�9 pressure 0.1-10 atm; 

�9 initial temperature 250-500 K; 

�9 gravity force acceleration 1-50 g; 

�9 velocity of by-passing flow of oxidizing Oz/ 
N2 stream 0-50 m/s; 

�9 different oxygen mole fractions for polymer 

layers covering the cold base. 

The input parameters involve the chemical 

composition of  a polymer, its formation enthalpy 

and standard oxygen index. The overall chemical 

kinetics is represented by the parameter Zo, the 

one to be calculated from the input data 



Numerical Simulation and Prediction of Polymer Flammability in... 691 

5 .  R e s u l t s  

5.1 D e p e n d e n c e  o f  oxygen index on pressure 

The calculations showed that with the increase of 

pressure at lower subatmospheric pressures Ol is 

significantly decreased, while at the pressures 

more than 1 atm the dependence is rather weak. 

The boundary pressure, at which the character of 

dependence is changed, depends on the polymer 

type. For the majority of studied polymers, Ol 

becomes less dependent on pressure at the pres- 

sures greater than 0.2 0.3 atm. 

The theoretical curves, Figs. 5. and 6 were 

calculated as it was already noted, based upon the 

polymer composition, formation enthalpy and 

standard oxygen index. 

On the Fig. 6, the dependence is shown for 

PMMA and Polypropylene, on the Fig. 5-for two 

different grades of ABS plastic, which have differ- 

ent flame retardant admixtures and different stan- 

dard oxygen index. 

Q ~  

0 .40  

8 

[ . . . .  =al  

Pree~e [am] 

Fig. 5 Dependence of oxygen index on pressure for 
flame retardant and non-retardant polymer 

The dependence of O1 on pressure can be 

explained as follows. The existence of the critical 

oxygen concentration in this case is due to the 

presence of heat losses by natural convection and 

radiation. Relatively low effect of the heat losses 

to the solid phase is proved below, where the 

dependence of Ol on initial temperature is 

presented. With the increase of pressure the con- 

centration of oxygen (at the given oxygen mass 

fraction Y*) in the atmosphere is increased. 

Therefore, the flame is stabilized closer to the 

polymer surface, ensuring the intense heat transfer 

to the solid, less losses by natural convection, and 

therefore more vigorous gasification of the poly- 

mer. Thus, the region of stable combustion is 

expanded. In general, one can expect that the 

theoretical curve goes somewhat lower than the 

experimental one at pressures less than 0.3 atm. 

One can account this effect for the onset of 

radiation losses which at low pressures and 

higher combustion temperatures would become 

relatively more important. As it is seen, for P>0.  

4-0.5 atm, the law of dependence of OI on pres- 

sure can be approximately described as Y* =P-~ 

5.2 D e p e n d e n c e  of  oxygen index on in i t ia l  

t emperature  

The dependence of Ol upon initial temperature 

is presented in Figs. 7 and 8. The Figs, 7 and 8 

show the calculated theoretical curves. In Fig. 8 

the dependence is shown for PMMA and Poly- 

propylene and the Fig. 7 shows the two different 

grades of ABS plastic. With the increase of initial 

021) 

8 019 
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"~ 0,16 

Fig. 6 
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Dependence of oxygen index on pressure for 
PMMA and polypropylene 
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Dependence of oxygen index on initial tem- 
perature for flame retardant and non-retar- 
dant polymer 



692 S. M. Lee, Y. S. Jeong J. O. Chae and G. N. Mokhin 

018 

017 

0 . 1 8  

~ 0.15 

"~ 0.14 

0.t3 

0.12250 I I I J 
3 ~ O  3 ~ 3  4 0 0  ~ 5 0 0  

inrd~d tomperotum [K] 

Fig. 8 Dependence of oxygen index on initial tem- 
perature for PMMA and polypropylene 

temperature, Ol is slightly decreased. The depen- 

dence is almost linear and rather weak. From the 

effect, it is proved that the main factors for the 

existence of critical conditions are the heat losses 

from the gas phase. In general, the more the flame 

temperature at the extinction limit, the less depen- 

dent on initial temperature Ol is. 

5.3 D e p e n d e n c e  o f  oxygen index  on acce ler -  

at ion force  

The increase of acceleration force a with the 

reference to the gravity force acceleration g ( a / g  

>1, g=981  cm/s 2) results in the increase of 

oxygen index. The Figs. 9 and 10 show the calcu- 

lated theoretical curves. On the Fig. 10, the depen- 

dence is shown for PMMA and Polypropylene, 

on the Fig. 9 -  for two different grades of ABS 

plastic. 

In these cases, the dependence of oxygen index 

on acceleration force is due to the heat losses by 

natural convection. With the increase of gravity, 

the convective heat losses are increased, and the 

oxygen index is also increased. 

In the first approximation, O1 is proportional 

to the one third power as Y*- - (a /g )  ~/3. This 

relationship holds for the accelerations down to 

a/g=0.2-0.4.  !t3 microgravity conditions, a/g<< 1, 

which take place in space flight, for example, the 

relationship will be more complex, but here we 

did not consider this subject. 

Our model does not correspond to microgravity 

conditions, and we performed no calculations for 

that case. Since in microgravity the heat losses by 

natural convection are impossible, heat conduc- 

o7 1 AES EA I ~ J ' " f  / ~  

! 
�9 i . , . , . , . I , I i t * 

Fig. 9 

O 2 4 6 8 10 12 14 16 

( ~ ' y  E ~ .  ~o( o=9.81 m~) 

Dependence of oxygen index on gravity accel- 
eration for flame retardant and non-retar- 
dant polymer 
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(114 

Fig. 10 
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Dependence of oxygen index on gravity accel- 
eration for PMMA and polypropylene 

tion and radiation heat losses would become 

more significant. 

There are no principal obstacles to extend our 

model for microgravity conditions also, but this 

requires special study and one would take into 

account more empirical parameters in addition to 

01. 

5.4 D e p e n d e n c e  of  oxygen index on f low 

veloc i ty  

With the increase of the flow velocity of by 

-passing gas stream, Ol is increased. The effect of 

flow velocity depends greatly on the size of the 

sample, its orientation and the conditions of flow, 

since all of these parameters determine the bound- 

ary layer and hence the characteristics of forced 

convection. 

The Figs. 11 and 12 show the calculated theo- 

retical curves. On the Fig. 12, the dependence is 

shown for PMMA and Polypropylene, on the 
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Fig. 14 Dependence of critical thickness on oxygen 
mole fraction for flame retardant and non 
retardant polymer 

Fig. 1 1 for two different grades of ABS plastic. 

The increase of the oxygen index with the 

increase of velocity is due to the intensification of 

heat losses by forced convection. This effect is 

known as the blowout of the flame by the 

convective heat losses. 

5 . 5  D e p e n d e n c e  o f  t h e  p o l y m e r  t h i c k n e s s  

l a y e r  b a s e d  u p o n  c o o l  s u r f a c e  o n  o x y g e n  

m o l e  f r a c t i o n  

Polymer covers and layers are widely used in 

applications. This subject is of principal concern 

for the industrial applications of polymers, 

because the flammability of polymer products 

depends not only on the material properties itself, 

but also upon the construction design, where 

polymers are used together with metals and other 

materials. The thickness of polymer layer is as 

important as the peculiarities of its thermal inter- 

action with metal or stone elements of construc- 

tion. Despite its importance, this problem has not 

been fully studied yet. The Figs. 13 and 14 show 

the calculated theoretical curves. On the Fig. 13 

the dependence is shown for PMMA and Polypro 

-pylene, the Fig. 14 shows the two different 

grades of ABS plastic. The calculations showed 

that with the increase of O1 at atmospheric pres- 

sure critical thickness d* is decreased approxi- 

mately inversely proportional to Y ; the depen- 

dence being rather sharp when approaching Y* 

-standard oxygen index. It is evident, that the 

existence of such critical thickness is due to the 

competition between the heat loss to the solid 

phase and the heat release in combustion. The 

former in the studied case becomes the relatively 

important factor of heat losses. As the thickness 

of the polymer layer becomes very small, the heat 

losses to the solid phase are increased, and the 
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flame extinguishes. One can expect that the flame 

should become very unstable at the limit of extinc- 

tion and the mechanism of the polymer decompo- 

sition is changed. Therefore, the calculated curves 

are to be considered as qualitative trends rather 

than quantitative. However, there have been no 

estimations of this value in the literature before 

the present studies. 

6. Conclusions 

The theory of the combustion limit of polymers 

in an oxidizing atmosphere is developed. 

The mathematical model of the extinc[ibn 

limits of boundary- layer  polymer combustion in 

the presence of heat losses is developed. The heat 

transfer by conduction, convection of  forced and 

natural, radiation, the heat losses into cold base 

and due to acceleration forces are taken into 

account. One of the most crucial points of the 

model is the treatment of  the chemical kinetics of 

combustion. Since the detailed reaction kinetics is 

extremely complicated and as a rule not available, 

the overall reaction scheme is presented by a 

generalized physics-chemical characteristics: the 

mass combustion rate of the equivalent stoi- 

chiometric mixture of the polymer decomposition 

products and the oxidizing atmosphere. The 

equivalent mixture combustion rate is expressed 

in the form by Zel 'dovich and Frank-Kamenets-  

ki. The adiabat ic  combust ion temperatiare 

required for the above is determined via the 

calculations of the thermodynamic equilibrium. 

The empirical parameters involved in the model 

are concerned with the equivalent mixture com- 

bustion rate. For  C - H - O - N  containing polymers, 

only one parameter is required. It may be found, 

e.g., from the measured oxygen index in standard 

conditions or from the critical diameter. The 

procedure of calculation of  Lower Oxygen Index 

for C - H - O - N  containing polymers and their 

mixtures in non-s tandard conditions (as a fune- 

tion of pressure, initial temperature, gravity accel- 

eration, flow velocity) is developed and the calcu- 

lations of LOI for several plastics were made in 

the various conditions. 
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