Laminar Premixed Flames
Part (1)



SIMPLIFIED ANALY SIS

Turns (2000) proposes simplified laminar flame
speed and thickness on one-dimensional flame.
Assumptions used:

=One-dimensional, constant-area, steady flow.
One-dimensional flat flame is shown In Figure
8.5.

=Kinetic and potential energies, viscous shear
work, and thermal radiation are all neglected.

=The small pressure difference across the flame is
neglected; thus, pressure Is constant.
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gure 8.5 (a) Adiabatic flat-flame burner. {b) Nonadiabatic flat-flame burner.




*The diffusion of heat and mass are governed by
Fourier's and Fick's laws respectively (laminar
flow).

=Binary diffusion Is assumed.

*The Lewis number, Le, which expresses the
ratio of thermal diffusivity, o, to mass diffusivity,
D, l.e., :
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This Is equivalent to assuming that individual
species specific heats are all equal and constant.

Fuel and oxidizer form products in a single-step
exothermic reaction. Reaction is

1 kg fuel + v kg oxidiser = (v + 1)kg products

The oxidizer Is present In stoichiometric or
excess proportions; thus fuel is completely
consumed at the flame.



=For this simplified system, S, and 6 found are
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where is m_" volumetric mass rate of fuel and
thermal diffusivity. Temperature profile is assumed

(8.20)

(8.21)

1S

linear from T, to T, over the small distance, as shown

In Fig. 8.9.
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Figure 8.9  Assumed temperature profile for laminar premixed flame analysis.

the energy release rate is by means of the heat of combustion
per unit mass of oxygen ... Is the energy that remains within the
control volume of the flame.



FACTORS INFLUENCING FLAME
SPEED (S,) AND FLAME THICKNESS

o)

=Temperature dependencies of S; and 6 can be
iInferred from Egns 8.20 and 8.21. Explicit

dependencies is proposed by as follows
"o oC k(T )_ . _ro_75 _I_u P_]_ (827)
P.C,o(T)

"where a Is thermal diffusivity, T, is unburned gas
temperature, T =0.5(T,+T,) ,T,is burned
gas temperature.
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where the exponent n is the overall reaction order, R,
universal gas constant (J/kmol-K), E, = activation
energy (J/kmol)

= Combining above scalings yields and applying EqQs
8.20 and 8.21

- SL o T O375T T —n/2 eXp(ZRE_'IA_ j P(n—Z)/Z (829)

_ =
'8 o T O.375—I—bn/2 exp[ ZRA_I_b j P—n/2 (830)




=For hydrocarbons, n~ 2 and E, ~ 1.67.108 J/kmol
(40 kcal/gmol). Eqn 8.29 predicts S, to increase b
factor of 3.64 when T, Is increased from 300 to
600K. Table 8.1 shows comparisons of S, and 6

=The empirical S; correlation of
[19] for stoichiometric methane-air flames,

S, (cm/s) =10 + 3.71.104T,(K)]*  (8.31)

which is shown in Fig. 8.13, along with data from
several experimenters.

=Using Egn. 8.31, an increase in T, from 300 K to
600 K results in S, increasing by a factor of 3.3,
which compares quite favourably with our estimate
of 3.64 (Table 8.1).
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Figure 8.13 Effect of unburned gas temperature on laminar flame speeds of stoichiometric
methane—air mixtures ot 1 atm. Various lines are data from various investigafors.
SOURCE: Reprinted with permission, Elsevier Science, Inc., from Ref. [19], © 1972, The Combustion
Institute.




=Table 8.1 Estimate of effects of T, and T, on S,
and o using Eqg 8.29 and 8.30

Case A (ref) B C

T, (K) 300 $10]0 300
T, (K) 2,000 2,300 1,700
SIS 4 |1 3.64 0.46
0/d 5 1 0.65 1.95

=Case A: reference

=Case C: T, changes due to heat transfer or
changing equivalent ratio, either lean or rich.

=Case B: T, changes due to preheating fuel



*From Eqg. 8.29, If, again,n = 2, S, = f (P).
*Experimental measurements generally show a
negative dependence of pressure. Andrews and
Bradley [19] found that
S, (cm/s) = 43[P (atm)] 0> (8.32)
fits their data for P > 5 atm for methane-air flames
(Fig. 8.14).
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Figure 8.14 Effect of pressure on laminar flame speeds of stoichiometric methane-air
mixtures for T, = 16-27°C.
SOURCE: Reprinted with permission, Elsevier Science, Inc., from Ref. [19], © 1972, The Combustion
Institute.




= Except for very rich mixtures, the primary effect
of ® on S, for similar fuels is a result of how
this parameter affects flame temperatures;
thus, we would expect S | .., at a slightly rich
mixture and fall off on either side as shown in
~1g. 8.15 for behaviour of methane.

= Flame thickness () shows the inverse trend,
naving a minimum near stoichiometric (Fig.
8.16).




*Fig. 8.17 shows S, for C,-C, paraffins (single
bonds), olefins (double bonds), and acetylenes
(triple bonds). Also shown is H,. S, of C;Hg IS
used as a reference.

= Roughly speaking the C,;-C, hydrocarbons all
follow the same trend as a function of flame
temperature. C,H, and C,H," S, > the C;-C,
group, while CH,'S, lies somewhat below.
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Effect of equivalence ratio on the laminar flame speed of methane—air mixdures at atmospheric pressure.

| SOURCE: Reprinted with permission, Elsevier Science, Inc., from Ref. [19], £ 1972, The Combustion Institute.
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Figure 8.16 Flame thickness for laminar methane—air flames at atmospheric pressure.

Also shown is the quenching distance.
SOURCE: Reprinted with permission, Elsevier Science, Inc., from Ref. [19], © 1972, The Combustion

institute.
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Figure 8.17 Relative flame speeds for C,—C,; hydrocarbon fuels. The reference flame
speed is based on propane using the tube method [21].




H,'s S| hax IS many times > that of C;H,. Several
factors combine to give H, its high flame Speed:

the thermal diffusivity (o) of pure H, Is many
times > the hydrocarbon fuels;

the mass diffusivity (D) of H, likewise is much >
the hydrocarbons;

the reaction kinetics for H, are very rapid since
the relatively slow CO QCO2 step that is a
major factor in hydrocarbon combustion Is
absent.



- presents a
compilation of laminar
flame-speed data for
various pure fuels and
mixtures shown in
Table 8.2.

=Table 8.2 S, for various
pure fuels burning in air
for® = 1.0 and at 1 atm

Fuel SREWS)
CH, 40

C,H, 136

C,H, 67

C,H; 43

C;Hg 44

H, 210




FLAME SPEED CORRELATIONS |

FOR SELECTED FUELS

= Metghalchi and Keck [11] experimentally
determined S, for various fuel-air mixtures over a
range of temperatures and pressures typical of
conditions associated with reciprocating internal
combustion engines and gas turbine combustors.

*Eqgn 8.33 similar to Egn. 8.29 is proposed

T P

u,ref ref

SL = Sy ref ( LF I( i jﬂ (1-2.1Yy) (8.33)

for T, >~ 350 K.



