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Abstract

An asymptotic theory based on the large activation energy assumption of one-step overall gas-phase reaction was
formulated for the extinction of a premixed rotating-disk flame under low pressure which renders the flow weakly
rarefied. A similarity solution was obtained for such a flow sothat the theory can be unified with previous theories
of flame extinction in stagnation and boundary layer flows. Extinction criteria based on the critical Damköhler num-
ber were obtained through the S-curve concept to elucidate the effects of the CVD operating conditions that flame
extinction is delayed with decreasing the spin rate of the disk and/or increasing the disk temperature. Furthermore,
while decreasing pressure and therefore the reactivity of the mixture tends to extinguish the flame, the trend can be
substantially weakened by taking into account of the influence of the Knudsen layer, which renders flame extinction
harder by reducing the heat loss to the cold disk and the flow stretch rate at the flame.

1. Introduction

Flame-assisted chemical vapor deposition (FACVD)
has been widely used for material synthesis (e.g. Ko-
maki 1993; Kim & Cappelli 1994; Glumac & Goodwin
1996; Goodwin, Glumac & Shin 1996). In such a reac-
tor, say for the deposition of diamond films, a premixed
flame is stabilized over a heated substrate impinged by
a fuel-rich ethylene-oxygen mixture flow, within which
the reaction products from the flame are brought toward
and subsequently deposited on the substrate through
surface reactions. In order to obtain desirable proper-
ties of the film, studies have been conducted to identify
optimum operating conditions of FACVD, such as the
fuel type, the equivalence ratio, the substrate temper-
ature, the flow type and the system pressure. For ex-
ample, it was experimentally observed that large area
coverage and high uniformity of the diamond deposi-
tion can be achieved by reducing the system pressure
and/or spinning the substrate to stretch the flame (e.g.
Tzeng 1991). Since the operation of FACVD requires a
steady flame, which however could be extinguished by
increasing the spin rate of the rotating substrate and/or
decreasing the system pressure, an analysis yielding the
parametric influence on the state of flame extinction is
of obvious practical interest.
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The problem that we shall analyze is as follows: an
infinite disk rotates about its symmetry axis in a sta-
tionary fluid composed of a chemically reacting pre-
mixture. The fluid near the disk is thrown outwardly
by the viscosity and a compensating flow is accordingly
induced to impinge the disk. Due to the self-similarity
of the rotating-disk flow (e.g. Kármán 1921, Schlichting
1968), the axial velocity, temperature and species con-
centration only depend on the axial distance from the
disk, and a flat rotating flame can be stabilized over the
disk. Consequently, such a flow configuration has ad-
vantages in synthesizing deposition films with high uni-
formity and large area coverage. It is noted that, while
the self-similar characteristics of the rotating-disk flow
exists only for a disk with infinite radius, it is also a good
approximation for a finite disk over a large fraction of
the radial direction when the spin rate of the rotating
disk is sufficiently large (Coltrin, Kee & Evans 1989;
Kee, Coltrin & Glarborg 2003).

Low-pressure FACVD has been experimentally
demonstrated to be able to further promote the uni-
formity and area coverage of diamond film deposition
with a reduced growth rate, because reducing the op-
eration pressure tends to improve the purity of deposi-
tion film by restraining unwanted gas-phase reactions
and enhance the controllability of the substrate temper-
ature (e.g. Goodwin, Glumac & Shin 1996). How-
ever, in the prevalent pressure range, rarefied gas effects
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could be important and as such need to be considered
in the analysis. Mechanistically, we recognize that the
rotating-disk flow has a boundary-layer-like flow struc-
ture, whose characteristic length is about 1.0mm in at-
mospheric pressure for characteristic spin rates of 1000
rpm, and is inversely proportional to the square root
of the pressure, while the mean free path of the gas
mixture is about 10−4mm in one atmosphere and is in-
versely proportional to the pressure. As a consequence
of decreasing the pressure. the Knudsen number,Kn,
which is a measure of the gas rarefaction and is de-
fined as the ratio of the mean free path to the charac-
teristic length, could be in the range ofO(10−3 − 10−1)
in the prevalent operating conditions of FACVD, and
as such renders the flow to be weakly rarefied. Phys-
ically, the weakly rarefied rotating-disk flow consists
of a continuum boundary-layer flow with the Knudsen
layer next to the disk, in which the distribution function
of gas molecules is generally non-Maxwellian, or non-
equilibrium, and the continuum description is not valid.
To account for effects of the Knudsen layer, weakly rar-
efied flows are conventionally studied in the framework
of the continuum mechanics but with appropriate slip
boundary conditions (e.g. Kogan 1969), indicating the
concept that the physical properties (e.g. velocity, tem-
perature and concentration) of the flow at the disk, as
perceived by the flow, are not the same as those of the
disk but instead possess a certain amount of slip. It is
expected that the presence of slip properties will change
the flow field and hence influence the flame extinction.

Asymptotic analysis of flame extinction based on the
large activation energy assumption of a one-step over-
all reaction is well established in combustion theory
and has been performed for stagnation and boundary
layer flows (e.g. Chung, Kim & Law 1986; Chung
1988; Law 2006). Consequently, the present analysis
can be considered as an extension of the existing the-
ories to rotating-disk flows and will be performed fol-
lowing the standard procedure. Through such an anal-
ysis, information about the extinction characteristics of
a reactive system can be obtained by analyzing the S-
curve, which describes the response of the flame inten-
sity to the Damköler number,Da, defined as the ratio
of the characteristic flow time to the characteristic re-
action time. A steady flame cannot be sustained when
Da becomes smaller than a critical value - the extinc-
tion Damköler number, which is identified as the turning
point of the upper-half of the S-curve. Thus, the major
objective of the present study is to obtain the S-curve of
the rotating-disk flame, identify the corresponding ex-
tinction Damköler number, and elucidate their depen-
dence on the flow conditions, especially on the pressure.

Formulation of the present problem will be presented in
the next section, followed by the extinction analysis and
results in§3.

2. Formulation

2.1. Governing equations

We consider a steady axisymmetric rotating-disk flow
for a chemically reacting premixture with variable prop-
erties. A cylindrical coordinate system (r, φ, z) is so es-
tablished that the disk is located on the planez = 0 and
rotates about thez-axis with an angular velocityΩ; the
flow velocity components are denoted by (u, v,w) corre-
sponding to (r, φ, z), respectively. The governing equa-
tions for the flow are given by the continuity equation,
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the energy equation,
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and the ideal gas law,

p = ρRoT/W̄, (7)

whereρ is the density,p the pressure,T the temper-
ature, µ the viscosity,D the mass diffusivity, λ the
thermal diffusivity, andRo the universal gas constant.
The average molecular weight of the mixturēW, the
specific heat capacitycp and the heat of combustion
qc are assumed to be constants. In deriving (5) and
(6), we have assumed that the mixture is sufficiently
off-stoichiometric that the reaction is governed by the
mass fractionY of the deficient reactant, which cor-
responds to the oxidizer in the fuel-rich hydrocarbon-
oxygen mixture, and hence a one-reactant, one-step
overall reaction, Reactant→ Products, is used in the
present formulation. Consequently, the reaction rateω
can be expressed byω = BρnYe−Ea/RoT , where the over-
all reaction ordern is close to 2 at low pressures; the ac-
tivation energyEa and the collision rate factorB can be
treated as constants. It is noted that we have neglected
the expansion work by the pressure and the viscous dis-
sipation in (6) since they are negligibly small compared
to the chemical heat release.

Equations (1)-(7) are to solved subject to the bound-
ary conditions at infinity,

u = v = 0; T = T∞; Y = Y∞, (8)

where the subscript∞ denotes the physical quantities
at z = ∞, and the slip boundary conditions at the disk
(Shidlovskiy 1967, Gupta 1985),

u =
2− αV

αV
lm
∂u
∂z
, v = Ωr+

2− αV

αV
lm
∂v
∂z
, w = 0,(9)

T = Tw +
2− αT

αT

2γ
1+ γ

1
Pr

lm
∂T
∂z

;
∂Y
∂z
= 0, (10)

wherelm is the mean free path of gas molecules,αV the
accommodation coefficient for velocity,αT the accom-
modation coefficient for temperature,γ the heat capac-
ity ratio, andPr the Prandtl number. In deriving (9) and
(10), we have neglected the chemical deposition of gas
species at the disk since the deposition rate is usually so
small that the induced axial velocity at the disk surface
and the concomitant heat release have negligible influ-
ence on the flow.

2.2. Similarity formulation

Following the approach of von Kármám (1921) and
Ostrach & Thornton (1958), we seek a similarity solu-
tion of (1)-(7) in the form

u(r, z) = ΩrF (ζ),

v(r, z) = ΩrG(ζ),

w(r, z) = (ρ∞/ρ)
√

Ων∞H(ζ); (11)

T(r, z) = (Y∞qc/cp)T̃(ζ);

Y(r, z) = Y∞Ỹ(ζ);

p(r, z) = ρ∞ν∞ΩP(z), (12)

whereζ =
√
Ω/ν∞

∫ z

0
ρ(η)/ρ∞dη is a nondimensional

coordinate andν = µ/ρ the kinematic viscosity. Not-
ing that the pressure variation along thez-axis has been
shown to be of the order ofO(ρ∞ν∞Ω) (e.g. Cochran
1934), which is much smaller than the inflow pres-
surep∞ of interest, we can therefore neglect the pres-
sure variation in the axial direction by replacing (4) by
∂p/∂z= 0. Furthermore, we assume thatµ(z) obeys the
linear viscosity-temperature lawµ(z)/T(z) = µ∞/T∞,
which, together with the constant pressure assumption,
results in the Chapman-Rubeson assumptionρ(z)µ(z) =
ρ∞µ∞. Furthermore,D(z) andλ(z) are assumed to vary
in the way that the Schmidt numberSc= µ/ρD and the
Prandtl numberPr = µcp/λ are constant.

Substituting (11) and (12) into the governing equa-
tions (1)-(6) and the boundary conditions (8)-(10), we
have the following ODE system:

2F + H′ = 0, (13)

F2 + HF′ −G2 = F′′, (14)

2FG+ HG′ = G′′, (15)

P′ = 0, (16)

HỸ′ − Ỹ′′/Sc= −ω/ρY∞Ω, (17)

HT̃′ − T̃′′/Pr = ω/ρY∞Ω, (18)

which are subject to the boundary conditions atζ = ∞,

F = G = 0; T̃ = T̃∞; Ỹ = 1, (19)

and the slip boundary conditions atζ = 0,

F = KnVF′, H = 0, G = 1+ KnVG′, (20)

T̃ = T̃w + KnTT̃′; Ỹ′ = 0, (21)

where the superscript prime represents derivatives with
respect to the coordinateζ; T̃∞ = T∞cp/Y∞qc and
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T̃w = Twcp/Y∞qc; the Knudsen numberKnV andKnT

are defined by

KnV = lm
2− αV

αV

(
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ν∞

)1/2
ρ

ρ∞
,

KnT = lm
2− αT

αT

2γ
1+ γ

1
Pr

(

Ω

ν∞

)1/2
ρ

ρ∞
, (22)

which are considered to satisfyO(KnV) = O(KnS) ≪ 1
in the present study.

2.3. Series solution
To solve the ODE system derived in§2.2, we first

note that (13)-(15) subject to (19) and (20) can be solved
independently from (17) and (18). The series solutions
up toO(Kn) is given by (Shidlovskiy 1967)

F = F0 + KnVF′0,

G = G0 + KnVG′0,

H = H0 + KnVH′0, (23)

where the leading-order solutionsF0, G0 andH0 satisfy
(13)-(15) subject to

F0(0) = G0(0) = 0;

F0(∞) = 0, G0(∞) = 1, H0(∞) = 0. (24)

Noting that (13)-(15) and (24) are exactly the same
equations derived by von Kármán (1921) for an incom-
pressible rotating disk flow with constant properties, we
can hence use the corresponding series solutions given
by Cochran (1934):

H0(ζ ≤ ζ0) =

−aζ2 + ζ3/3+ bζ4/6+ b2ζ5/30+ aζ6/180,

H0(ζ > ζ0) =

− c+
2A
c

e−cζ −
A2 + B2

2c3
e−2cζ +

A(A2 + B2)
6c5

e−3cζ

−
(A2 + B2)(17A2 + B2)

288c7
e−4cζ , (25)

wherea = 0.510, b = −0.616, c = 0.886,A = 0.934 and
B = 1.208;ζ0 = 0.9828 is determined by matching the
asymptotic solutions at a point whereH0 is continuous.

By further introducing a new flow-related coordinate
(e.g. Law 2006)

ξ = S(ζ)/S(∞),

S(ζ) =

∫ ζ

0
exp

{∫ ζ′

0
H(ζ′′)dζ′′

}

dζ′, (26)

and assumingSc = Pr = 1, we can rewrite (17)-(19)
and (21) as

d2

dξ2
(T̃ + Ỹ) = 0, (27)

d2T̃
dξ2
= −

[

S(∞)
S′(ζ)

]2

DaỸe−T̃a/T̃ , (28)

ξ = 1 : T̃ = T̃∞; Ỹ = 1, (29)

ξ = 0 : T̃ = T̃w + KnSdT̃/dξ; dỸ/dξ = 0, (30)

whereDa = Bρn−1/Ω is the Damköhler number, which
represents the ratio of the characteristic flow time to the
characteristic reaction time,KnS = S′(0)/S(∞)KnT the
flow-modifiedKnT , andT̃a = Eacp/RoY∞qc the nondi-
mensional activation energy.

Equation (27) can be readily solved, yielding

Ỹ = 1+ T̃∞ − (1− ξ)(dT̃/dξ)ξ=0 − T̃, (31)

which is valid in the entire flow field. Consequently,
(28) can be rewritten as

d2T̃
dξ2
= −

[

S(∞)
S′(ζ)

]2

Da ·
[

1+ T̃∞ − (1− ξ)(dT̃/dξ)ξ=0 − T̃
]

e−T̃a/T̃ , (32)

which will be used in the following derivation.

3. Extinction analysis and results

3.1. Structure equation

In the limit of infinite activation energy,̃Ta → ∞,
the chemical reaction of the premixture is assumed to
be concentrated at a reaction sheet, which is located at
ξ f and has the temperaturẽT f . For large but finiteT̃a,
the reaction spreads out in a thin zone located around
ξ f , within which the flow attains its maximum value
T̃ f . Outside the reaction zone, the flow is assumed to
be chemically frozen to all orders. Hence, solving (32)
subject toT̃(ξ f ) = T̃ f as well as (29) and (30), respec-
tively, we have the outer solutions of the temperature:

T̃−out = T̃−0 + ǫaT̃−1 +O(ǫ2a)

= T̃∞ +
1− ξ
1− ξ f

(

T̃ f − T̃∞
)

+ ǫac− (1− ξ) +O(ǫ2a), (33)

T̃+out = T̃+0 + ǫaT̃+1 +O(ǫ2a)

= T̃w +
KnS + ξ

KnS + ξ f

(

T̃ f − T̃w

)

+ ǫac+(KnS + ξ) +O(ǫ2a), (34)

where the superscripts− and+ denotes the unburned
and burned sides of the reaction region, respectively;c−

andc+ are undetermined constants; and the perturbation
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parameterǫa will be identified shortly. Consequently, by
substituting (33) and (34) into (31), we have the outer
solution ofY up toO(ǫa):

Ỹ−out = Ỹ−0 + ǫaỸ−1

= 1− (1− ξ)
[

T̃ f − T̃∞
1− ξ f

+
T̃ f − T̃w

KnS + ξ f

]

− ǫa(c− + c+)(1− ξ), (35)

Ỹ+out = Ỹ+0 + ǫaỸ+1

= 1+ T̃∞ − T̃w −
KnS + 1
KnS + ξ f

(T̃ f − T̃w)

− ǫa(1+ KnS)c+. (36)

It is noted that the leading-order solution ofỸ must van-
ish at the flame, namely,̃Y±0 (ξ = ξ f ) = 0, which deter-
mines the reaction sheet location,

ξ f =
T̃ f − T̃w

1+ T̃∞ − T̃w
− KnS

1+ T̃∞ − T̃ f

1+ T̃∞ − T̃w
. (37)

In the reaction zone, we assume

T̃in = T̃ f − ǫaθ(χ) +O(ǫ2a), (38)

where the inner coordinate is defined asχ = −(ξ −
ξ f )/ǫa, indicatingχ < 0 the unburned side andχ > 0
the burned side. Substituting (38) into (32), we have the
structure equation of the flame

d2θ

dχ2
=
∆

2

[

θ −
T̃ f − T̃w

KnS + ξ f
χ − c+(1− ξ f )

]

e−θ, (39)

in which ∆ is the reduced Damköhler number defined
by

∆ = 2

[

S(∞)
S′(ζ)

]2

Daǫ2ae−T̃a/T̃ f , (40)

and the perturbation parameterǫa = T̃2
f /T̃a ≪ 1 based

on the large activation energy assumption.
By matching (38) with (33) and (34), we have

[

θ(χ) +
T̃ f − T̃∞
1− ξ f

χ

]

χ→−∞
= −c−(1− ξ f ), (41)

[

θ(χ) −
T̃ f − T̃w

KnS + ξ f
χ

]

χ→∞
= −c+(KnS + ξ f ), (42)

and therefore the boundary conditions
(

dθ
dχ

)

χ→−∞
= −

T̃ f − T̃∞
1− ξ f

,

(

dθ
dχ

)

χ→∞
=

T̃ f − T̃w

KnS + ξ f
. (43)

It is noted that (39)-(43) can be further transformed
into Liňán’s canonical equation for the premixed flame
regime (1974):

2
d2θ̃

dη2
= θ̃e−(θ̃+µη), (44)

(

θ̃ + η
)

η→−∞
= −(KnS + 1)c+ − p/µ,

(

θ̃
)

η→∞
= −(KnS + 1)c+, (45)

(

dθ̃/dη
)

η→−∞
= −1,

(

dθ̃/dη
)

η→∞
= 0, (46)

where

θ̃ = θ − µη + ln













M2
0

∆













, η = M0χ −
p
µ
,

M0 =
T̃ f − T̃w

KnS + ξ f
+

T̃ f − T̃∞
1− ξ f

, (47)

µ = M−1
0

T̃ f − T̃w

KnS + ξ f
, p = − ln













M2
0

∆













−c+(1−ξ f ).(48)

There should be no confusion in the parametersµ and
p with those of§2. In deriving (45), the delta-function
closureT̃+1 (ξ f ) = T̃−1 (ξ f ) (Law 2006) has been used and
c−(1− ξ f ) = c+(KnS + ξ f ) is therefore obtained.

The matching values in (45) have been given as nu-
merically fitting functions ofµ (Chung, Kim & Law
1986; Law 2006):

µ(θ̃ + η)−∞
= − ln(1− 1.344µ + 0.6307µ2), (µ < 0),

= 1.344µ− 4µ2(1− µ)
1− 2µ

+ 1.2µ2 − ln(1− 4µ2), (µ > 0), (49)

(θ̃)∞ =
0.000246
(0.5− µ)4

− 0.01001
(0.5− µ)3

+
0.1545

(0.5− µ)2

− 0.62026
0.5− µ

+ 0.72168, (0.15< µ < 0.5),

= 0, (µ < 0.15). (50)

3.2. S-curve and extinction Damköhler number

In the present study, we consider the situations ofµ >

0, or equivalentlyT̃w < T̃ f , which implies that flame
extinction occurs before the flame contacts the cold disk
due to the heat loss to the disk. Similar to (49) and (50),
we express̃T f as a function ofµ:

T̃ f = T̃∞+1−µ, µ = (1−ξ f )(1−β)/(1+KnS),(51)
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whereβ = T̃w − T̃∞ is the heat transfer parameter. Fur-
thermore, by using (45) and (47)-(48), we have the re-
duced Damköhler number,

∆ =

(

1− β
KnS + 1

)2 1
µ2
·

exp

[

−µ β
1− β

(θ̃)∞ − µ(θ̃ + η)−∞
]

. (52)

By noting thatT̃ f andξ f will be affected by the Knud-
sen layer and therefore the definition of the reduced
Damköhler number (40) is not independent of the Knud-
sen numbers, we redefine

∆0 = 2

[

S0(∞)
S′0(ζ)

]2

Daǫ2a0e−T̃a/T̃ f 0

= 2

[

S0(∞)
S′0(ζ)

]2

DaT̃4
f0/T̃

2
ae−T̃a/T̃ f 0 (53)

whereT̃ f0 = T̃∞ + 1 − µ andξ f0 = 1 − µ/(1 − β) are
respectively the reaction sheet temperature and location
in the absence of the rarefied gas effect. Consequently,
we have

∆0 =

(

1− β
µ

)2

exp

[

−µ β
1− β

(θ̃)∞ − µ(θ̃ + η)−∞
]

·

[1 + 2KnVH0(ζ)](1 − 2KnS) ·
(

T̃ f0

T̃ f

)4

exp

[

−T̃a

(

1

T̃ f0
− 1

T̃ f

)]

. (54)

Results from Appendix A have been used in deriving
(54).

Model calculation was performed for the typical val-
ues of T̃∞ = 0.1 and T̃a = 11.0. Figure 1 and Fig-
ure 2 respectively shows the response of the normalized
reaction-sheet temperatureT̃ f /(1+T̃∞) and the reaction-
sheet locationξ f to the reduced Damköhler number∆0.
The characteristic turning point behavior, denoting the
occurrence of the flame extinction, is clearly captured in
the S-curves. It is seen that with increasingβ, namely
the disk temperature, the S-curve extends toward the
bottom-left of the parameter spaces in Figures 1-2, in-
dicating the flame extinction becomes harder due to the
reduced heat loss to the disk. Furthermore, increasingβ

and hence decreasing the heat loss makes the flame to
be of lower temperature and is closer to the disk when
the extinction occurs. The effect of the spin rate of the
rotating disk on flame extinction is contained in the re-
lation of∆0 ∼ 1/Ω, which means that the flame tends to
extinguish when the increasing spin rate reduces∆0.

It is noted that, with decreasing pressure, the flame
is expected to extinguish more readily due to the re-
duced reactivity of the mixture, since∆0 ∼ Da ∼ p

at low pressures, as shown in§2. This trend however
is weakened by taking into account of the effects of the
Knudsen layer, which influence the flame by reducing
the heat loss to the disk and hence increasing the flame
temperature, and reducing the flow stretch rate at the
flame. The first influence can be further clarified by
noting that, since the temperature gradient at the disk
surface is positive due tõT f > T̃w, the effect of the tem-
perature slip is equivalent to increasing the effective disk
temperature, as denoted by (30), and hence reducing the
heat loss to the disk. The reduced heat loss in turn in-
creases the flame temperature by an amount ofO(KnS),
which however results in a change of∆0 by O(Kn/ǫa)
by

∆0 ∼ exp

[

−T̃a

(

1

T̃ f0
− 1

T̃ f

)]

∼ exp

[

− T̃a

T̃ f0
KnS

]

∼ 1− T̃ f0
KnS

ǫa
. (55)

As a consequence, the substantial displacement of the
S-curves due toKnS can be seen in Figures 1-2 and
more clearly in Figures 3-4. By observing (54), we note
that the effects of the temperature slip also appear in the
other terms (̃T f0/T̃ f )4 ∼ (1−4KnS) and 1−2KnS, which
reduce∆0 by an amount ofO(KnS) and therefore can be
neglected compared to the term in (55). The other in-
fluence of the Knusden layer is to affect the flow stretch
rate at the flame through the term 1+2KnVH0(ζ), which
is physically associated with the velocity slip. SinceH0

is negative and is always larger than−0.886, as indi-
cated in (25), the change of∆0 due to this term is ex-
pected to be ofO(KnV) and also can be neglected com-
pared to that in (55).

The extinction Damköhler number can be obtained
by identifying the turning point on the S-curve, cor-
responding to∂T̃ f/∂∆0 = 0 or ∂ξ f /∂∆0 = 0. Fig-
ure 3 shows that the extinction Damköhler number de-
creases almost linearly with increasingβ. The Knud-
sen layer, especially the temperature slip, substantially
extends the extinction limits by a factor as large as 3
whenKnS = 0.1. It is again noted that, the influence of
the velocity slip is always much smaller than that of the
temperature slip, and it vanishes at higher disk temper-
atures as the result ofH0(ξ f ) approaching to zero when
the flame is close to the disk. A direct presentation of
the extension of the extinction limits byKnS is shown
in Figure 4 for different disk temperatures.

4. Concluding remarks

An asymptotic analysis of flame extinction in a
weakly rarefied rotating-disk flow was performed for
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a one-step overall gas-phase reaction with large activa-
tion energy. Due to the self-similar characteristics of the
rotating-disk flow, the analysis can be unified with pre-
vious theories and results in Liňán’s canonical structure
equation for the premixed flame. By using the concept
of S-curve, we demonstrated the extension of extinction
limits due to rarefied gas effects, especially the temper-
ature slip, which reduces the heat loss to the cold disk
and consequently increases the flame temperature.

Appendix A.
To determine the flow-related factorS′(ζ f )/S(∞), we

apply (23) in (26), keep the terms up toO(KnV), and
then have

S(ζ) = S0(ζ) + KnVS′0(ζ),

S0(ζ) =

∫ ζ

0
exp

{∫ ζ′

0
H0(ζ′′)dζ′′

}

dζ′. (56)

Consequently, we have

S(∞)
S′(ζ)

=
S0(∞)

S′0(ζ) + KnVS′′0 (ζ)

=
S0(∞)
S′0(ζ)

[

1− KnVH0(ζ)
]

, (57)

where we have used the resultS′0(∞) = 0. In additon,
we have the numerical integrationS0(∞) = 2.4941 and
S′0(0) = 1, which yieldsKnS ≈ 0.4KnT .
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