Lecture 6

Asymptotic Structure for Four-Step Premixed
Stoichiometric Methane Flames
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Previous lecture:

Asymptotic description of premixed flames based on an assumed one-step reaction.

— basic understanding of the flame structure when a large sensitivity to

temperature was built into the model.

There i1s no chemical basis for such a one-step assumption.
— results must be regarded with caution when conclusions are drawn about the
dependence of the burning velocity on pressure and reactant concentrations, as

well as flammability and extinction limits.

While numerical calculations based on full and reduced mechanisms are able to
predict these properties, they contribute little to the understanding of the

fundamental parameters that influence flame behavior.
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Therefore there is a need to fill the gap between the numerical calculations based
on mechanisms with elementary kinetics and asymptotic analysis based on assumed

chemistry models.

The asymptotic description of stoichiometric methane-air flames based on a four

step reduced mechanism, shall be presented in this lecture.

Since the basic chemical parameters were retained, this mechanism has been quite
successful in describing the dependence of the burning velocity on pressure and

preheat temperature.
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A similar asymptotic analysis was also carried out for lean methane flames
(Seshadri 1991).

This description may, with some modifications, also serve as a model for other

hydrocarbon flames.

This will be shown by using analytical approximation formulas (Gottgens 1992)
that are based on the asymptotic description of methane flames for flames of
C,H,, C,H,, C,H, and C;H; 1n air.
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The Four-Step Model for Methane-Air Flames

The four-step model for methane flames is

I CHs+2H4+H,O < CO+4H,
II CO + H,O = CO5+ Hs
I H4+H+ M =  Ho+ M

W Oy + 3H5 = 2H 4 2H,0
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The principle rates governing these global reactions are

Wl = w11, Wi = W9

WIII =— W5, Wiy — W1

They correspond to the elementary reactions

11 CHs4+4+H — CHz+H»

1

9 CO+ OH CO» + H

5 H+ O+ M — HOs+ M

1

1 H+0, OH+ O

|
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We neglect the influence of the other reactions here in order to make the algebraic

description more tractable.

Since OH and O appear in this formulation as reactants we need to express them
in terms of the species in the four-step mechanism by using the partial equilibrium

assumption for the reaction such that

2 O4H, = OH+H

3 OH4+Hy = HO+H

o) = MRl
INDITID]
(MOl [H]
O = o)

where K, and K are the equilibrium constants of reactions 2 and 3, respectively.
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This leads to the following reaction rates of the global steps I-IV:

K3 [H2] Kip
ks[HI[O2) (M)
b1t (1051 Hol® — 2 [HIP1H201°)

which 1s explicit in terms of the concentrations of species appearing in the four-

step mechanism.

|
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The equilibrium constants in these rates are given by

KA — 0.216 exp(7658/T)
L0 L Ui AV
Ky = 0.035 exp(3652/T)
Kpn = 1.48 exp(6133/T).

We now want to go one step further and assume steady state of the radical H.

Adding reaction IV to I and III leads to the three steps

1/ L ey —_— O LN
1 Crig T U2 — U T r a7 rpu
I CO+HO = CO5 + Ho
I’ Os+2H, = 2H-,O

with the first three rates given at the previous slide.
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[H] must now be determined from the steady state equation for H

wi + wir = wiv

ks[M] kll[CH4]\1/2
k1 k1[O2] /

This may be written as [H] = [Heq] ( 1-—

where [H,, ] based on partial equilibrium of reaction IV

1/2[02]1/2[H,]3/2
[Heq] — KI\; 2 H202 .
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The equation

1/2
[H] = [Hog) (1 — ¥s[MI _ F11[CHaN Y/
\ K1 kK1Oo| /

shows an interesting structure:

At temperatures of 1400 K and above the second term in the brackets is small while

the ratio k,,/k, is much larger than unity.

It follows that [CH,]/[O,] must be much smaller than unity, if [H] is to remain real.

This will be used to develop an asymptotic description of the inner layer below
but also shows that the equation cannot be valid in the preheat zone upstream of

the inner layer where CH, 1s entirely consumed.
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The structure of the flame

<«— oxidation layer —
O(e)

<«— preheat zone ——
O(1)

CH
4 o

inner layer
O(6)

0 x,/ff.' —

, k ran'l k
From [H] = [Heq](l ETAL

\

it follows that [H] vanishes in the preheat zone which 1s therefore chemically inert.
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A further approximation that will reduce the three step mechanism

I' CHy+Os = CO+ Ho+ HyO
I CO+HO = CO»5 + H»
' O, +2H, = 2H,O

effectively to a two-step mechanism is the assumption of partial equilibrium of II.

Assuming [H,O] and [CO,] to be known
this leads to a coupling between [CO] and [H,] of the form

o = [CO2] K (T)
[HoO]
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By introducing partial equilibrium of reaction II one assumes that the effective

rate coefficient ky /K5 in

bor IHI ( [CO][H OJ—ilCO 1[H2]
K3[H2]K 2 Ky 2 2)

tends to infinity while the term in parenthesis tends to zero and m, remains

finite.

Since o 1s undefined, the rate m; must be eliminated from the balance equations.
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In order to show this the balance equations for the three-step mechanism are written

in operator form

Species

L;(Y;) =

In terms of the variable I'; = Y/, the balance equations for the concentrations are

written

L, (MeHy,)
Lo, (Mo,)

Ly, (TH,)

wy + w

wi + wir — 2wi11

Lco(Mco)
Ly,o(MH,0)

Lco,(Mco,)

W] — WII
Wy — wi1 + 2w

WII-
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The rate ®; may be eliminated from

LCH4(I_CH4) — —WI Lco(rco) = W — Wwj]

wp — wir + 2wig1-

Lo,(To,) = wi+twm Ln,0(MH,0)

Lu,(Thy) = wi+ win— 2w Lco,(Tco,) = wi.

by combining the balance equations of H,, H,O, and CO, with that of CO

Ly, (MH,) + Lco(Tco) = 2w —2wm
Li,0(TH,0) — Lco(lTco) = 2w
Lco,(Fco,) + Lco(Tco) = wr
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We will anticipate that in the thin reaction layers to be considered below, the
diffusive terms dominate for the same reason as in the thin reaction zone for the

one-step model.

Therefore we will neglect the convective terms in

!/
T ~Ariac (YA WA\ — 1 d /)\d}/?,\ I & ¥ EI\
Species Li(Y)) = pusiad ~Cedalgdn) = Wi 2 viw
dr  d [ AdT) p I
Temperature Lp(T) = pusf_,%—%(\@%) = &% Qi
=1

for the thin reaction zones and consider only the diffusive terms.

This suggests that the concentrations should be scaled with the Lewis numbers.
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We introduce the non-dimensional variables

YiWcH, X;

. : x . : ’l
v YCH41/_,W11 ’ v I—ei,

T
T* — T-Ty . ot = pusLI%dx’
U

o Tb_EJ,
¥ — AWcH, Wi OF = QIYCH 4u
l CPYCH4u(p”)?2¢ ’ l CP(\Tb_ﬂl')WCHL@

and redefine the parameter o'
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With x5 = o xy, one obtains the following balance equations of the two-step

mechanism (the asterisks will be removed from here on)

dz2

2
d O,
dz?

2
d $H2
dz?

__deCQ

dz2

dz2

dx2

2
d xCH4

d?zH,0

2
d“zco,

—Wwr,

—W[ — WIII,

2
155 (w1 — wim),

2
T (Wl — wi),

L+aaq_+jL+awHL

l—«
Traw + fawi

|
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The stoichiometric coefficients are those of the two global reactions

I CHg 4 Oz = =5 (H2 + aCO) + ffaH O + {3%COy,

I OQ —I— 1_|_ (HQ —|— aCO) — HQO + COQ
Here the combination H, + o CO appears as an intermediate which is formed in I*
and consumed 1n III".

The rates of these reactions are still the same as of I and III in the four-step

mechanism.
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If the balance equations

i’

9} \ Lo 2 1 ~
T L 1 M PR < /L1 | ~ 7 Y)Y | < Ly M | 11— M
1 riag r+— 9o — = L1 1T (Y\_\J ) 1T~ = Mo\ 1T =— /D,
M4 T U U112 V) T g Mo T o VUD,
14 14 4o
(9] - N
TTT/ @ | 4 /11 | ~ M\
111 \UJ»H —+ = (Mo +— U]
< ' lganN <2

N

are used to determine xcy, and xy,, all other concentrations and the temperature can

be determined deriving the following coupling equations in addition using the
corresponding temperature equation

A2 R -
duxQ I.(l + O{):CHQ + 4mCH4 T 23302] — 07
-2
du,xQ [$H2 + 2xCH4 + xHQQ] — 07
P
deQ [CEHQ + 'CUCH4 + ZUCQ2] — O?
qéf)[(\QI—l,-\ + agco)zx
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Here the reduced heats of reaction are

“w —0.3116

N

QHQ -

Q
(%QH(I;QH) — 0.3479,

where Q is the heat of reaction of the global step

CHy4 + 205 = CO» + 2H50.

In the following we approximate both g, and g by g = 0.33 for simplicity.
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The Asymptotic Structure of Stoichiometric Methane-Air Flames

<«— oxidation layer —
Flame structure of the O(g)

<« preheat zone ——
O(1)

two-step mechanism

CH
4 _

inner layer
0(@)
: 5L

It contains three layers — >

1. achemically inert preheat zone Hy

of order 1 upstream, 0 x/tp —=
2. an thin inner layer of order 6 in which the fuel 1s consumed and the
intermediates H, and CO are formed according to the global step 1",
3. athin oxidation layer of order € downstream where H, and CO are oxidized

according, to the global step III".
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At first the inner layer shall be analyzed.

<«— oxidation layer —
O(e)

<« preheat zone ——
O(1)

CH
4 _

inner layer

ST )

H,

(I) X /Ef,' ——
We will denote quantities at the inner layer with a subscript 0 but the inner layer
temperature as 7°.
In this layer all concentrations except that of the fuel, which 1s depleted may be

assumed constant to leading order.
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Introducing
[H] = [Heq]

Into
wy = k11[CHg4][H]
leads to
/ Mo~ s\ 1/2
o~ [, TCHg\™
Wy = DA[LCH, |1 — —— |
4\ S5 J

Where the Damkohler number is

- 1/
3 1t/ <
p% YCH4u A0 (KIVXOQXHQ)O

-
p25% WcH, ¢po XH,0

70y
L)

oy

| o ~. . o
=~CHgv1l1

a; =
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The small parameter 60 was defined as

_ k1(T9) Xo,.0
k11(T9)Lecp,

It denotes the ratio of the rate coefficients of reaction I and I1

Thereby it describes the competition of these two reactions in producing and

consuming H-radicals according to the global steps IV and I.

Since it happens that the reaction rate k, 1s typically smaller than &,
and since also X, in the inner layer X,, <1, 6~ 0.1 and sufficiently small for

an asymptotic expansion.
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If o 1s small, since m, must be real it follows from

. kl(TO)XOQ7 0

5 7 7NN\
k11(L*~)LecH,

xCH4>1/2

wp = DaIa:CH4<1 — 5

the term in paranthesis that xy, must not exceed the value of 6.

The flame structure shows that the fuel 1s of order 1 in the preheat zone but

decreases rapidly towards the inner layer.
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In the inner x¢y, 1s then of order 6 and one may introduce the scaling

__ FCHy
)

and the stretched variable

Introducing these into —

it leads to the differential equation that governs the structure of the inner layer

d2y

dcz = (#7Dapy( =2
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The downstream boundary condition of this equation is

y=0 as (— +x

since reaction I is irreversible.

The matching with the preheat zone should, as for the one-step asymptotic problem,

provide the second boundary condition.

The solution for the fuel concentration in the preheat zone i1s

T = 1 —exp(le~u )

which leads to the expansion x¢y, = - x around x = 0.
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It 1s shown in (Peters 1987), however, that the inner layer and the preheat zone are

separated by an additional thin layer, the radical consumption layer.

y=0 as (— 40

In this layer the steady state approximation for the H-radical breaks down.

This layer occurs at y =1, = -1 in terms of the inner layer variables.

Since the fuel is not consumed 1n this radical layer the slope of the fuel concentration

1s continuous and matching across this layer leads to

dy

dc_—l at ¢ =-—1.

y =1,
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With the boundary conditions

and

the equation
d2 .

= (6°Dapy(1 —y) /2.

(@)
Iy
)

can be integrated once to obtain the eigenvalue

15
52Da1 = —
3
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With

15
52Da1 = —
8

one could now determine the burning velocity s, if the temperature 7° and all other

properties at the inner layer were known.

In order to determine these, the structure of the oxidation layer also must be resolved.

In the oxidation layer x.y, = 0$ and therefore w; = 0.

The temperature varies only slowly in this layer and since the activation

energy of k. 1s small, temperature variations may be neglected.
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Since most of the chemical activity takes place in the vicinity of the inner layer, all

properties shall be evaluated at x = 0.

Choosing xy, as the dependent variable in the oxidation layer and scaling it in

terms of a new variable z as

£Z
TH, = —
T (14 a)g
one may use the coupling relations
dQ dQ
— 1+ )y, +42cy, — 2201 =0, — Ny +22cu, + 2.0l =0,
dmz [N Vaad u ly) Cig ol ’ dﬂjz (Rad i [p} g ol ’
d2 d2
J[%—lg + LCH4 + xCOQ] =0, J[(QHQ + QQCO)$H2 + LCHa +7]1=0

to show that the downstream boundary conditions are satisfied by

ro, =¢€z/2q, T=1-—¢z
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In these expansions ¢1s the small parameter related to the thickness of the

oxidation layer.

. EZ
Introducing  TH, = Tt and  wiq = 2¢Dae323
1nto
wim = ks[H][O2][M]
leads to

_ 3 3
wirr = 2gDae”z,

where the Damkohler number of reaction III is defined as

P% YCH4u Ao (KIVLeézLeﬁg\l/Q ks[M]

Day =

P53%WCH4CpO\ 2°(14+ )3 Jo ¢*Xp,0
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The concentration of the third body in reaction 5 may be determined
approximately by using the third body efficiencies evaluated at the burnt

gas conditions.

This leads to

which introduces a pressure dependence of Daj;; and will finally determine

the pressure dependence of the burning velocity.
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Introduction of a stretched coordinate

_ 2qx

n
3

then leads with o, =0 from

dQZCH 2
2° = Tag(wr—wm),

to the governing equation of the oxidation layer

d2z
d—nQ = (¢*Dam)2>.
This suggests the definition
— Do 1/4
e = Dayyg

It turns out that for p > 1 atm ¢ is smaller than unity but typically larger than o.
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Even though 0 1s not very small, we will consider it as small enough to justify an

asymptotic description of the oxidation layer.

2qx
n — —5
The downstream boundary condition of equation

d?z 4 3
—— = (" Dagp) 2.
dn? ( 1)

1S =0 for n— oo

since reaction III is irreversible.

The upstream boundary condition must be determined from jump conditions across

the inner layer.
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Since the fuel is depleted and H, 1s formed in the inner layer following reaction I",
the stoichiometry of this reaction also determines the change of slopes of the H, in

comparison of those of the fuel.

This 1s written as

1 7z

dfCH4i dfCH4i 1+«
2

Since the thickness of the preheat zone is of order 1 and that of the oxidation layer
of order ¢ the upstream slope of the H, concentration can be neglected compared to

the downstream slope

dxH2 deQ

<<
dxz lo+ dz lo—
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£z 2qx

It then follows with H, = —— and — 1
2 (1 + CV)q "l €
" d2z 4 3
that the upstream boundary condition of 5= (¢"Darq)=
/’74
reads
d
2 =_1 at np=o0. 1.50 4
dn
1.25 1
o 1.00 - 1
Then the solution is :
o1/2 £ 0757 +
2ty 0.50 T
Wlth 0.25 _ 1
_ 14 _ 0.00 f——
2o=2%Y% at p=0 0 5 10 15 20 25
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The profile shows a very slow decrease of z towards n — oo.

T e

| _
1.25 1 V2 +

- 21/4 4 n
0.75 +
0.50 |

0.25 -

0.00 o fee e

This may explain why in numerically and experimentally obtained concentration
and temperature profiles the downstream conditions are approached only very far
behind the flame.
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An Analytic Expression for the Burning Velocity
The result zo=2Y% at np=o0.

may now be used in s

M2 T 1 a)g

and

_ 3.3
wrrr = 2gDarez

to determine the quantities required in

p% YeH,u Mo (BIvXo,Xi, )
p2s% WeH, Cpo XH,0

NAa
/A

d] =

and thereby the burning velocity s, .
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By dividing (\ref{7.23})

3 y1/2
Dar — ,D% YCH4u Ag (KIVXOQXHQ 0 Le k (TO)
: 0252 Wewn, o0 X0 CHa™11 .
UL ~i4 TPV 2
by _ 2qx

n =
g

one can eliminate s, and obtain a relation of the form

k2(TO) Lech

~— 1 l4

k11(TO)ks(T0)/(R/TO) — P Leo,

Here the universal gas constant must be used as R = 82.05 atm cm?/mol/K in order to

be consistent with the units of the reaction rates and the pressure.
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The equation

k2 (TO) _ . Lecn
k11(TO)ks(T0)/(R/T?) 7 Leg,

Shows that with the rate coefficients fixed, the inner layer temperature 1s function

of the pressure only.

It does not depend on the preheat temperature, the dilution of the fuel

concentration in the unburnt mixture and thereby the adiabatic flame temperature.
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After some algebraic manipulations the expression for the burning velocity reads

T04

> 8 k2 1 Ych,uho/Led, Le?,sz<T0>\1/2 2y —
SL — ¢ 1. A~ A7 . 1 A r\5/ i, 2 (T
1I9R114 AH,O VWCHy4 Cpo \ECCH <7 (L O‘O} / 1o Up —
where  zp=2Y% at n=0 and wy = 2¢Daye32>

were used to relate € to the difference between 7, and 7°

T, — 1O
EZ) = ————
T T,
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. . > 8 k2 1 Ycp,uho Led,Led, Knv(TON1/272 (T, — 70)4
Bumlng V610C1ty SL — 1 -1, A4~ A7 . ( 1 A N5 \ 3 m m \4
19K11947"AH,0 WCHy4 Cpo \L€CH,27(1 T ag)~/ Iy —1y)”
1.2 r0OY A
p (1) _ 15, CCH,
ressure k11(TO)ks(TO)/(R/TO) — " 7" Leg,
70 | | | = 100
. 60 - \
For an undiluted flame < S
: : 50 - L
with 7, = 300 K as a function - - 10
. 40 - s
of 7TV choosing p =1 atm one Sz : P
. . . / 3
obtains a laminar burning Lem/s] 30 5 [atm]
] =1
velocity of 54 cm/s for 20 - / :
stoichiometric methane flames. 10 -
0 +———— S 10,1
1000 1400 1800 2200 2600
T°[K]
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This value is satisfactory in view of the many approximations that were made

and the few kinetic rates that were retained.

In fact, it 1s seen from

o 1.2 . 5 Le3 K /TO\ 1/22 ¢ O\4
and 52 = 8 k% 1 YCH4u/\o/ €O, R, BV TN T/2TE (T, — T7)
15k11 ¢*Xn,0 Wech, cpo \Lech,2°(1 + ag)3/ 2 (T, — Tyy)*

that only the rates of reactions 1, 5, and 11 influence the burning velocity in

this approximation.
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A further consequence of equation

o 8k 1 Ycouuuho(led Le?.ZKT\KT ")\ 1/21 2( — 70)*
SL — 11, A~ X7 . 1 A ~N5r1 /m m \4
15k114¢*XH,0 WeH, cpo \Lech,2°(1 + ag)3/ 8 (T — Tu)
is that the burning velocity vanishes as 7° reaches 7).
04— 100
60 -
With T, = 2320 K the wl 5,
. ] P .
pressure is larger than 40 A - 10
: S B [
approximately 20 atm. L ] S
[em/s] 30 - - [atm]
E < -1
20 - / 5
10 - -
T T
1000 1400 1800 2200 2600

T [K]
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Different values of 7, would been obtained for a diluted or preheated flame.

The fact that at a fixed pressure 7° is fixed by the rate of rate coefficients points
towards the possibility to explain flammability limits at least in terms of

dilution for stoichiometric flames:

If the amount of fuel is so low that in the unburnt mixture the corresponding

adiabatic flame temperature 1s lower than 7|, a premixed flame cannot be
established.
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Relation to the Activation Energy of the One-step Model

Using the burning velocity expression from the preceding lecture

,‘2 Bpf)\szT;,. exp( B \S‘
\ (T — Tw)2E2 " RT;)

pusE, = e
F _y ~ i
s - VCH4Y02,b_|_VOQYCH4,b_I_ZVOQVCH4CPI 1y
Mo, Mcn, (—AH)E

one may plot the burning velocity in an Arrhenius diagram over 1/7,.
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Then 1n the limit of a large activation energy the slope in this diagram 1s given

dins? E dins? E

a1/Ty) =~ dinT,  RT,

Applying this form to
2_ 8k 1 Ycuudo LeO,LeR KvITTNYRTE (T, — TO)
2 =
15kq11 (1'4)(;_;20 WecH. Cpo \\LeCH425(1 -+ a0)3,) Tg (T, —
with 7° fixed leads to

de%Z 4Tb B 4Tb
dinTy, T,—-T9 T,—Ty

T 4

_../U//

|

nstitut fir

echnische
erbrennung

6.-50



Since the second of the terms 1s much smaller then the first, one obtains with

T, —T°
when 7Y approaches 7, and ¢ is small

EzZQ —

E 4T, 1
RTb_Tb—TuEZO

Therefore the Zeldovich number
BT, —Tu)

mr—rv’)
=

<1 b

Ze

introduced in the previous lecture may be expressed as

E(Ty,—Tu) _ 4

Ze =
RTbQ €20

|
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In the one-step model the thickness of the reaction zone was of the order of the

inverse of the Zeldovich number.

This corresponds for the two-step model for methane flames to the thickness of the

oxidation layer.

Therefore the oxidation layer seems to play a similar role in hydrocarbon flames as

the reaction zone in one-step asymptotics.
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Values of the Zeldovich number for 40—
40 atm

lean to stoichiometric methane 35% +
) ) F 20 atm 1
flames, obtained by asymptotic 30-- \%

analysis in Seshadri 1991.

The Zeldovich number measures

the sensitivity of the burning velocity

to perturbations of the maximum

temperature. 0.5 0.6 0.7 0.8 0.9 i
This sensitivity increases when the mixture becomes leaner and the pressure increases.

The flame will then become very sensitive to heat loss and flame stretch effects.
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Analytic Approximations of Burning Velocities for Lean CH,, C,H,, C,H,,
C,H,, and C;Hg Flames

The burning velocity expression

Q 1.2 1 V.. ' R
o Rr] 1 Y'CHyg,u A0

2 =

k%(TO) Lecuy,

N~ 4

k11 (TO)hs(T0)/(R/TO) — P Leo,

presented may be generalized by writing an approximation formula for burning

velocities as

s T r‘nO\ n
v

_ N
s =YOAT 5 —g)  and p =P

where the functions 4(7°) and P(7°) are determined by fitting numerical or
experimental data and the values m = 1/2 and n = 2 would correspond to the

previous expressions for premixed methane flames.

Dnstitut fir

echnische
T erbrennung 6'54



p = P(T°) assumes that the inner layer temperature is a function of pressure only,

and it does not depend, for instance, on the equivalence ratio.

.. . 24004+
This 1s a fairly crude : T, (p = 40 atm)

2200+ T,(p=1atm)

approximation as may be seen
when inner layer temperatures 2000+
obtained from asymptotic analysis

(Seshadri 1991) are plotted
together with the adiabatic

(K] 18005

1600

temperatures as a function of the 1400+

equivalence ratio. 12001 / I T

*::
I
2
=
.I.
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If the structure op = P(7°) hydrocarbon fuel is similar to that of methane, these

exponents should not differ very much from these numbers.

Since A(7°) and B(7') contain essentially the temperature dependence due to rate

coefficients, we express them in Arrhenius form

A(T®) = Fexp(—G/T°) P(T°) = Bexp(—E/TY)

— 7/ - T /

This concept was tested by Gottgens 1992.

The basis of the approximation was a data set of 197, 223, 252, 248, and 215
premixed flames for CH,, C,H,, C,H,, C,H, and C;Hg,
in the range between p = 1 atm and 40 atm, 7, between 298 K and 800 K, and the

fuel-air equivalence ratio between ¢ = 0.4 and 1.0.
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A nonlinear approximation procedure was employed, yielding the following values

for the coefficients:

fuel B [bar] E [K] F [cm/s] G [K] m n

CHg | 3.1557e8 | 23873.0 | 22.176 | -6444.27 | 0.565175 | 2.5158
CoHo | 56834.0 | 11344.4 | 37746.6 | 1032.36 | 0.907619 | 2.5874
CoHy4 | 3.7036e5 | 14368.7 | 9978.9 263.23 | 0.771333 | 2.3998
CoHg | 4.3203e6 | 18859.0 | 1900.41 | -506.973 | 0.431345 | 2.1804
CaHg | 2.2502e6 | 17223.5 | 1274.89 | -1324.78 | 0.582214 | 2.3970

The approximation was surprisingly the best for C,H,, yielding a standard
deviation for s, of 2.3%, followed by C,H, with 3.2%, C,H, and C;H, with 6.2%,
and CH, with 7.4%.
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These deviations may be considered extremely small in view of the fact that such a
large range of equivalence ratios, pressures and preheat temperatures has been

covered with an approximation formula containing only six coefficients.

A closer look at the exponents m and n shows that m is close to 1/2 for CH, and
C;Hg, but close to unity for C,H, and C,H,.

This suggests that the asymptotic model for these flames should differ from the

one for CH, in some important details.

The exponent m lies around 2.5 and thereby sufficiently close to 2 for all fuels.
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Burning velocities for methane calculated from

Tu (Tb — To)n

— 0
SL - YI?;LLA(T )TO Tb . Tu

are plotted as a function of
equivalence ratio for different
pressures at 7, = 298 K and
compared with the values obtained

from the numerical computations.

Generally the largest derivations
from the numerical computations

occur around ¢ = 1.

and

SL
[cm/s]

p = P(T°)

50+

404
30

20
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Burning velocities for methane calculated from

Tu [Ty, — TO\™
sp = YR A(TP ( ) = p(79
L =Yp, A(T") 5 T, T, and p=P(T")

300 ————ri ————

The pressure and unburnt € |
.. 250+ O : +

temperature variation of s, at ; fuel: C5Hg ;
stoichiometric mixture are s : ’ +

[cm/s]

plotted for propane.
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Example

From the approximation m

calculate in comparison with

Bp2 M\ R2T4 E
puSp = JQ Py b b exp (—) S

those activation energy, which describes the change of the reaction rate as
function of the change in T},

Thereby 7, and 7° should be considered constant.

|
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Solution

If one writes

approximately as

pus) = Bp2\yR2T}
uSp =
cp(Tyy — Tu)?E2

exp —i S
R,

/ / / 2

/
v, YE
O b
2 I

5 = T (—AH)E

Mo,

7

(puSL)Q = const exp(—FE/RT})

and logarithmizes this expression

&

e n e alk
IX 1Ly

one can determine the activation energy by differentiation with respect to 1/7), .

|
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|

This leads to

Using this in

sT =Y A’T ) b
for p, = const, 1t follows
d onT, onT
2T%)2 (ln(PuSL)\ = b _ b

Therefore one obtains for the Zeldovich number Ze
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Here, following

p = P(T°)

7° is only dependent on pressure, while 7, following

N , anf F.1
T(2) = Tu(Z)+CFly 2 <z,
CDVI: F
me7ZN — T (7 L QrefY 02,2/1_ N\ 7N 7
Ltp\«) — Lu\«) 1T \+ 4 ) 4 Zigt
cpz/o Wo,

depends both on 7, and on the fuel-air ratio ¢ = 1/A.

If the difference T,-7|, 1s small compared with 7,-T , the second term in the

parenthesis can be neglected..
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