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Abstract

This research is e, joint project between Sandia National Laboratories/California

and the Dow Chemical Company/Midland to examine the existing flame modeling

capability developed at Sandia to model experimental data for rich flammability limits.

The system studied is methanol/carbon monoxide/diluent mixtures, where the diluent

is either nitrogen or carbon dioxide at pressures of 1, 11, and 21 atm, respectively. The

critical oxygen concentration needed to sustaia a flame was experimentally determined

in a spheric_tl vessel with _t central ignition source for several mixtures and pressures.

Burning velocities of l-D, planar, freely propagating premixed flames were calculated to

determine the minimum oxygen concentration required for these flames to propagate.

This minimum 02 concentration was found to be consistently larger than that observed

in experiments; ilowever, the effects of pressure and diluent composition agreed well

with experimental data. In order to understand better all the phenomena involved,

attd.mpts were made to model the spherical vessel experiment directly, which resulted

in qualitative agreement with experimental data and steady flame predictions. In

addition, the rich flammability limit was calculated [br pure methanol-air flames to be
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at an equivalence ratio of ,,_ 2.1, and extinction occurs at Ke_ = 1670 sec-1 for the

opposed-flow, strained, stoichiometric methanol-air case.

Introduction

Flammability limits are employed in the chemi_l industry by process engineers as guide-

lines to design and operate chemical facilities safely that contain combustible material. By

considering these limits, the safest allowable approach to the flammable envelope for any

given chemical process can be established for corporate safety and loss prevention policy.

Typically, rich flammability limits where the oxidizer is restricted are difficult to estimate

and must be measured. Experimental tests, such as ASTM E 918-83, are used to determine

upper flammable limits for a specific composition, temperature, and pressure. However, a[

ter the process has begun operation, the chemical composition or process conditions may

change, which can require additional experiments. The testing process can involve many

months of work for even minor changes.

" Rich flammability consideration was initiated for_a new process being developed by the

Dow Chemical Company, which contains methanol and carbon monoxide in an oxidizing at-

mosphere. This production operated in the upper-end of the flammability envelope, and sipce

the development efforts were at an early stage, diluent gases of carbon dioxide and nitrogen

were considered along with a range of process conditions. The objective of this joint project is

to test the existing modeling capabilities at Sandia National Laboratories/California in pre-

dicting flammability limits for these mixtures, which will lessen the amount of experiments

required to develop the process fully.

The first part of our study involves developing a chcmical kinetic mechanism that can

properly predict rich flame conditions. To achieve this goal, we investigated the structure and

burning velocity profiles of freely propagating methanol-air premixed flames for a range of

equivalence ratios from 0.6 to 2.2, comparing theoretical predictions with experimental data.

We also established an extinction limit for the stoichiometric methanol-air case. Sensitivity

and reaction rate analyses were used to aid in recognizing the reactions to which the burning

velocity is most sensitive and the principal path of methanol oxidation. Once a kinetic

scheme was determined, we proceeded to establish the rich flammability limit for methanol-

air flames using two different criteria: (1) composition where the burning velocity is < 5

cm/s (a qualitative rule proposed by Westbrook [1]) and (2) a kinetic criterion proposed by
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Law and Egolfopoulos [2], which takes into consideration the competition between branching

and termination reactions. Since both definitions yield similar results-methanol-air mixtures

will not propagate beyond a composition corresponding to an equivalence ratio of 2.1, Law's

criterion is chosen to calculate the critical oxygen concentration (COC) for comparison with

experimental cases using Sandia's l-D, freely-propagating premixed flame code [3]. The

COC predictions from steady flame studies are much too high compared to experimental

data; therefore efforts were made to model the spherical experiment directly using an ignition

source code [4].

Experimental Set-up

The experiment was conducted in a 35-liter vessel. Methanol vapor is introduced into the

evacuated vessel, then carbon monoxide, nitrogen or carbon dioxide, and oxygen gases were

sequentially loaded. Once the mixture reached equilibrium temperature and pressure, igni-

tion was attempted with a fuse wire (,,_1Joule of energy), M-103 match, or chemical ignitors

attached to centrally located electrodes. The explosion pressure was recorded on the Nicolet

oscilloscope as well as into the data acquisition system through a high-speed card. The

post ignition gases were then diluted and purged out the vessel, which underwent several

evaluation cycles.

Table 1 shows nine experimental _ ,_s, of these five were compared with theoretical pre- Table 1

dictions of critical oxygen concentration. These five cases (# 3, 4, 5, 7, and 8) were performed

for a ratio of CI-I30H/CO equal to 2:1 in oxygen diluted with either carbon dioxide or ni-

trogen at T = 403 K. From Table 1, cases 3 and 4 of the experiments yield critical oxygen

concentrations (COC) of 10.4 ± 0.4 and 10.2 =t=0.4 for N2 and C02 as diluent, respectively.

The effect of heat capacity would normally increase the COC by ,,_ 1-2% 02 when the dilu-

ent is C02 compared to N2. Although the observed COC for C02 is 10.2, this value is still

within experimental accuracy range. Cases 4, 5, and 7 are identical except for pressures

being 1 atm, 11.4 atm, and 21.4 atm, respectively. The interesting feature of these three

cases is that the critical oxygen concentration at 11.4 atm of 5.9 is much lower than that of

8.4 at 21.4 atm. Lewis and yon Elbe [5] reported that this unusual pressure effect has been

noted in the past for fuel rich mixtures by Strauss and Edse [6] and Manton and Milliken

[7]. These researchers observed that burning velocity decreases with increasing pressure for

mixture whose burning velocity at atmospheric pressure is below approximately 50 cm/s,
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and increases for mixtures whose burning velocity at atmospheric pressure is higher than

this value. Strehlow [8] proposed that the change of pressure affects the dissociation equi-

librium in the burned gas and also the rate of destruction of free radicals in three-body

collisions. Furthermore, an increase of pressure promotes the chain-termination reaction

H + 02 + M -- H02 + M over the chain branching reaction H + 02 = OH + H. Mixtures

having burning velocities above approximately 50 em/sec have high flame temperatures that

are responsive to repression of dissociation by pressure increase. Therefore, as tile pressure

is increased, the temperature of the burned gas increases, resulting in a heightened temper-

ature profile of the combustion wave, increased reaction rate and consequent increase of the

burning velocity. Mixtures having burning velocities below approximately 50 cm/sec have

low flame temperatures that are much less affected by dissociation. Such mixtures, however,

are sensitive to the effect of pressure on the rates of ternary free radical reactions. Thus, an

increase of pressure decreases the concentration of free radicals in the reaction zone, result-

iIlg in a decrc_tse of burning velocity. The exact pressure range where the burning velocity

would be maximized, or the critical oxygen concentration minimized, was not given in the

literature or determined by the current set of experiments, ttow far the COC increases with
'

further pressure increase is unclear. At some pointl however, between 1 and 21.4 atm, the

critical oxygen concentration reaches a minimum value and then increases.

Case 7 is the same as 8 except that the diluent is C02 instead of N=. The effect of

heat capacity would normally increase the COC by ,-, 1-2% O2 when the diluent is carbon

dioxide compared to nitrogen; this effect is more evident in the higher pressure range than

atmospheric cases.

Formulation for the numerical problem

Chemical Kinetic Mechanism

The present kinetic scheme is derived mostly from Miller and Melius [9] with some improve-

ments. The main modifications are the following:
i i

1. The new rate used for the most important chain branching reaction OH + 0 = H +

O2 comes from Masten et al. [10}; this rate coefficient is consistent with Hessler's

measurements at very high temperature [ll] and also agrees with Miller's trajectory

calculations using Varandas's potential energy surface over a very wide temperature
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range. The rate expression k! = 2.02 x 1014T -°'4 cm3/mole-sec appears to represent

accurately the kinetic data available from below room temperature to above 5000 K

[12], where the subscript f indicates the forward direction of the reaction.

2. The methanol mechanism is derived principally from compilations by W. Tsang, the

National Institute of Standards and Technologies [13], and the European group (CEC)

!14].

3. Two different rate coefficients for CH30 + M = CH20 + H + M were tested- (1)

kI = 1.9 x 102_T-2"rexp(-306OO/RT) cm3/mole-sec estimated by Miller [12], and (2)

k! = 5.45 x 1013exp(-13497/RT) cm3/mole-sec measured by Choudhury et al. [15].

The kinetic scheme consists of 123 reactions involving 28 chemical species (it does not contain

any non-oxygen carrying C2 or C3 and higher species). Due to the length restriction, the

mcchanism is not listed here but can be obtained from the authors.

Governing Equations

Freely Propagating Premixed Flame

The mathematical formulation for a steady, planar, adiabatic deflagration at low Mach

number has been discussed extensively in literature [3] and will not be repeated here. The

mass flow rate M is an eigenvalue and must be determined as part of the solution; therefore,

in addition to the usual boundary conditions, the location of the flame is chosen to be fixed

by specifying the temperature at one point. This is sufficient to allow for the solution of the

flame speed cigenvalue. As an improvement over the previous formulation, thermal diffusion

and multicomponent transport [16] are included, and central differencing techniques are

used. This flame configuration is also employed to determine the rich flammability limit

of pure methanol-air flames and CH3OH/CO/diluent mixtures. The methods to calculate

flammability limits are discussed in the Results and Discussions section of the paper.

Strained, Opposed Premixed Flame

To complete the analysis of premixed methanol-air flames, it is our judgment that it would be

beneficial to establish the extinction limit for at least the stoichiornetric condition, although

experimental data are not available at this time. The configuration used in these calculations



is one of strained, opposed premixed flames; the detailed description can be found in Ref.

[17]. The mixture composition, temperature, and the inlet velocity are specified at the nozzle

exit and symmetry conditions are applied at the stagnation or symmetry plane. The nozzle

separation distance for the present calculations is 7mm. In this fixed-domain approach, inlet

velocity is purely axial at x = -L, and the radial pressure gradient eigenvalue is computed.

The extinction limit is calculated with the aid of _n arc length continuation method. Given

a solution at point 1, the goal is to calculate the solution at point 2 efficiently. Using the

normalized arc length continuation method, the relationship between the two points can be

written as:

=_(Tm..,u-Tma.,l 2 U1) 2.u, (1)

This procedure involves a change of variables, where the independent parameter (velocity)

becomes a dependent variable, and the arc length/ks becomes the parameter. Equation (1)

is then solved to_ether with the other governing equations for a spccificd v_l_le of As (which

decreases in value as the extinction limit is approached). The most important feature of

the continuation procedure is its behavior near the extinction limit-a turning point in the

: solution (where vertical tangency Occurs in the classic S curve). At this point, the Jacobian

of the original system is singular, whereas the Jacobian of the augmented system is well

behaved. Therefore, this method is a great tool in accurately predicting flame extinction

limits.

Ignition Modeling

The results from steady flame studies did not yield critical oxygen concentrations that were

in precise agreement with experimental data; therefore_ the Sandia's ignition code [4] was

used to model the experiment directly. The ignition model solves one-dimensional transport

equations in Lagrangian coordinates for a spherically symmetric chamber. The details of the

model development appeared in Raffel et al. [18]. To minimize the computational expense,

a shorter reaction mechanism was used in the ignition simulations. Comparison of steady

flame calculations using the full mechanism and the simplified one shpwed that the smallerm l
mechanism predicted the same flame speed accurately. In addition, rather than computing

the ignition process on the same domain as the experiments, we chose an outer radius of 4

cm. This choice is justified in light of the observation that the failure of flames to propagate

occurs soon after ignition, rather than after the flame has propagated away from the initial
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kernel. Furthermore, the ignition model does not consider heat loss to the surroundings, so

it cannot attempt to simulate quenching effects in the experimental apparatus.

Results and Discussions

Burning Velocity !

Figure 1 represents the sensitivity analysis for methanol-air premixed flames, and it re- Figure 1

veals that as the flame becomes richer, the importance of the methoxy dissociation reaction

increases. A comparison of theoretical predictions of burning velocity for methanol-air pre-

mixed flames with experimental measurements [19] can be found in Fig. 2 to exhibit good

agreement, especially at lean to stoichiometric conditions. At stoichiometry, the location of Figure 2

the theoretical compared to measured temperature peaks exhibits a slight shift-experimental

data show a temperat.llre maximum at q5--,1.1, whereas theoretical predictions yield a. rnaxi-
Pmum at ¢ --, 1.2. t urthermore, the theory gives a more robust rich flame than that observed

in the experiments; therefore, the theoretical burning, velocity for ¢ _ 1.3 is slightly higher
,,

than experimental measurements. The smooth line represents results using a rate coefficient

of kf = 1.9 x lO=6T-='rexp(-306OO/RT) cma/mole-sec for CHaO + M = CH=O + tI + M,

and the dashed line shows calculations using k! = 5.45 x lOlaexp(-13497/RT) cma/mole-sec

(Choudhury et al. [15]) for the same reaction. With this modification in the mechanism,

we see an average drop of 1-3 cm/s in burning velocity );elding a significant improvement

on the rich side of the flame, and although the lean to stoichiometric region shows a larger

discrepancy than before, the difference is still within experimental uncertainties. Therefore,

Choudhury's rate coefficient was incorporated into our mechanism to test the experimental

cases conducted by Dow Chemical/Midland.

Extinction Limit

For the opposed-flow, strained premixed flame computations, a stretch parameter K is de-

fined as the maximum axial velocity gradient sdu/ldx, as shown in Fig. 3. The velpcity
profile in Fig. 3 is initially that of a stagnation flow characterized by the specified negative Figure 3

slope. It reaches a minimum, then increases due to thermal expansion, and finally, when heat

release is complete, it decreases in accordance with the stagnation flow requirement. A plot

of m,'tximum temp(.,';_t,:ro :_xa fllnction of the reciprocal stretch rate, 1/K, for methanol-air
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flames are shown in Fig. 4. A vertical tangent can be drawn where the flame is extin- Figure 4

guished, and Fig. 4 give a value of K,, = 1780 sec -1 and T,,,,, = 1684 K for a stoichiometric

methanol-air flame using the original rate for CH30+ M _ CH20+ H + M and K,, = 1670

sec-1 and Tmax = 1686 K using Choudhury's rate coefficient. Given the better agreement

in the burning velocity comparison with experiments in the previous section, it is probable

that this lower extinction limit is the correct one¢ although there is no evidence to support

this conclusion due to lack of experimental data.

Flammability Limit

Although the definition of flammability limit is clear, i.e., the state at which steady propa-

gation of the one-dimensional, planar premixed flame in the doubly-infinite domain fails to

be possible [20], the theoretical determination of such limit remains problematical [21]. In

this work, we compare two limits based on different criteria:

1. the critical composition which produces a burning velocity of 5 cm/s (Because the

. model is adiabatic, it will continue to calculate:flame propagation at any equivalence

ratib, although the burning velocity will be small; Westbrook [1] reported a qualitative

rule that V, <5 cm/s corresponds to a nonflammable mixture.)

2. the critical composition where the rate of the primary chain-termination reaction

equates with that of the chain-branching reaction (Law and Egolfopoulos [2]).

Employing the above criteria, we observe from Fig. 2 (dashed line) that ¢ = 2.1 renders a

burning velocity of 5 cm/s. To use Law's criterion, a sensitivity analysis was conducted for a

rich condition (¢ =2.0) to establish the appropriate chain-branching and chain-termination

reactions. Figure 1 shows that these reactions are H+02 _ OH+O and HO2+H ---*02+H2,

respectively. Once the dominant branching and termination paths are identified, it is found

that their respective rate profiles approach each other at the flammability limit. In order

to establish a quantitative critical composition, a parameter a (termed the flammability

exponent) was proposed by Law and Egolfopoulos [2] to be a = O(lnwr)/O(lnw_), where

- I'mt _'ate, and 7' and B denote termination and branching, respectively. The critical

composition where c_= 1 represents the flammability limit, and from our calculations, a =

1 at ¢ = 2.2 for pure methanol-air flames. The Dow case #5 is chosen to illustrate these

phenomena. Fig. 5 presents the temperature at the maximum rate of the main termination Figure 5
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and branching reactions as a function of oxygen mole fraction, and it can be seen that the two

temperature profiles merge at the critical limit. Figure 6 contains the flammability exponent

as a function of oxygen mole fraction; the composition where a = 1 coincides with that in Figure 6

Fig. 5 where the two temperature profiles meet.

Since both definitions yield similar results for rich methanol-air flammability limit, Law's

criterion was employed to calculate the critical oxygen concentrations for comparison with

experiments. Sensitivity analyses were conducted for all cases to be compared with experi-

mental data to reveal that the main chain-branching and termination reactions are similar to

those of rich methanol-air flames, and they are H + 02 _ OH + 0 and H02 + H --+ 02 + tI2,

respectively. Cases 3 and 4,yield critical oxygen concentration predictions of 14.7% and

15.6% for N2 and GO2 as diluent, respectively. The effect of heat capacity was not evident

experimentally; however, this effect was captured in the model where the critical oxygen

concentration is higher (about 1%) when the diluent is C02 instead N2. Ca.ses 4, 5, and 7

arc' identical except for pressures being 1 atnl, 11.4 atrn, and 21.,1 atm, and the calculations

reveal that COC are 15.6%, 14.4%, and 15.2%, respectively. The unusual pressure effect

where the' intermediate pressure displays a lower COC than the high pressure is clearly ob-

served both in experiments and in the model. "Case 7 is tile same as 8 except that the diluent

is CO= instead of N2; case 8 yields a critical oxygen concentration of 13.4%. The effect of

heat capacity would normally increase the COC by ,-, 1-2% O= when the diluent is carbon

dioxide over that when it is nitrogen; in our model, this effect is more evident in the higher

pressure case (difference of 1.8%) than in the atmospheric case (0.9%).

Ignition Modeling

Since there seems to be a large quantitative difference between our theoretical predictions

and the experimental data, we have attempted to reconcile the differences by simulating

the experiments as closely as possible. We do this by utilizing the ignition code described

above. Figure 7 shows the computed pressure rise for a series of ignition computations in Figure 7

a 2 to 1 methanol/carbon monoxide mixture with various quantities of oxygen and diluted

with nitrogen. The initial conditions of the mixture were 403 K and 1 atm (case 3). To

approximate the experimental spark ignition, the source added 1 J of energy in a radius

of 0.8 cm at a constant rate during the first 0.1 sec of the simulation. The solid curve

represents the equilibrium pressure for adiabatic combustion at constant volume. The circles



show the results of the ignition modeling. The simulations predict a flammability limit of

roughly 13 percent oxygen (which is relatively close to the steady flame result of 14.7%),

while the experimental limit occurs around 10.4 percent. Thus, there seem to be some

legitimate differences between both models and experiments; these discrepancies warrant

further research.

/
¢

Concluding Remarks

In the present investigation, we have explored the possibility of applying existing flame mod- L

cling capability developed at Sandia National Laboratories to model industrial processes.

This joint project with Dow Chemical Company/Midland involves efforts in modeling and

predicting flammability limits for systems burning methanol/carbon monoxide in oxygen

with either nitrogen or carbon dioxide as diluent and comparing theoretical results with

experimental data. The theoretical critical oxygen concentration predictions agree qualita-

tively with experiments, although there are still quantitative differences; thus an attempt

was made.to model the spherical experiment. Case 3 (described above) was compared with
. ,

experimental results to yield better agreement than that produced by the freely-propagating

model, although quantitative discrepancies still exist. The rich flammability limit and ex-

tinction limit for the stoichiometric case were calculated for methanol-air flames to render

a flammability limit at ¢ = 2.1 and an extinction limit of K,_ = 1670 sec -1 for ¢ = 1.0 for

a nozzle separation distance of 7 mm. Experimental data are needed for comparison with

these predictions.
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Table 1" Experimental Results

Case P (atm) T(K) CH30H CO Diluent COC

1 1 333 0 30 N2 6.0 4- 0.2

1 1 333 30 . 0 N2 12.0 4- 0.5

3 1 403 20 10 N2 10.4 4- 0.4

4 1 403 20 10 C02 10.2 4- 0.4

5 11.4 403 20 10 C02 5.9 4- 0.2

6 21.4 403 10 20 C02 6.9 + 0.3

7 21.4 403 20 10 C02 8.4 4- 0.3

8 21.4 403 20 10 N2 6.6 4- 0.2

9 21.4 403 30 15 C02 10.9 4- 0.4
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Methanol-Air Premixed Flames
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Methanol-Air Premixed Flame
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