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Radiation-Affected Laminar Flame Quenching

VEDAT S. ARPACI
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1. INTRODUCTION

and

RODNEY J. TABACZYNSKI
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Under the influence of radiation, the increase in Peclet number characterizing the flame quench distance A,

adiabatic flame enthalpy flow

pucpsu Tb ¢
Pe=

CATA

conduction
and the decrease in flame temperature are shown in terms of an original radiation number

77(1 —€,/2)B,° total radiation

B 14+37%2/es—1)/(1—w)  adiabatic flame ethalphy flow

where p is the density, ¢, the specific heat at constant pressure, S, the laminar flame speed, T, the flame
temperature, subscript u the unburned gas and superscript O the adiabatic gas, \ the thermal conductivity,
n=(xp/xg)"* the weighted nongrayness, xp and xz being the Planck mean and the Rosseland mean of the
absorption coefficient, ¢, the wall emissitivity, 7= ky/ the optical thickness, xy = (xpkg) '’? being the mean
absorption coefficient and / a characteric length (related to geometry or quench distance), w the albedo of single
scattering, and B, the adiabatic flame Boltzmann number.

4E,.° emission
B,°= -~ s
puCpS,°T,®  adiabatic flame enthalpy flow

where E), is the blackbody emissive power.

It is qualitatively shown that the contribution of radiation to the heat transfer and the laminar flame quenching
in small diesel engines can be as much as 35%.

and scattering effects of radiation far from
boundaries. The study then utilizes this flux for

A recent study by Arpaci and Tabaczynski [1],
hereafter called P1, introduces a radiative heat
flux which includes the emission, absorption,
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the effect of radiation on combustion by consid-
ering, in particular, laminar flame propagation.
The present study generalizes P1 by including
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the effect of a boundary on the radiative heat
flux. Thus, it incorporates into a dimensionless
radiation number the effect of wall emissivity in
addition to the emission, absorption, and scatter-
ing aspects of radiation. The objective of the
present study is to show, in terms of the radiation
number, the effect of radiation on combustion
near a wall which may be important for actual
problems. The particular problem considered is
the quenching of a laminar flame near a wall.

The outline of the study consists of five sec-
tions. Following this introductory section, Sec-
tion II discusses, on dimensional grounds, the
thin gas and thick gas limits of the radiative heat
flux, and, by inspection, deduces from these
limits the flux for an arbitrary optical thickness.
Section III investigates the effect of radiation on
the quenching of a laminar flame near a wall by
simply adding this effect to previous studies by
Ferguson [2] and Ferguson and Keck [3, 4].
Section IV shows the effect of radiation on the
laminar flame quenching in small diesel engines.
Section V concludes the study with a qualitative
discussion of the radiation affected flame tem-
perature and quenching.

II. RADIATIVE HEAT FLUX

The primary effect of thermal radiation of high
temperature problems is in the modification of
the heat flux. The secondary effects of radiation,
that is, the contribution of radiative (internal)
energy and radiative (Maxwell) stress, are
known to be negligible (see, for example, Samp-
son [5]). The thin gas and thick gas limits of the
one-dimensional radiation flux near a wall are,
respectively,

dq.®
= 2kp[2(Ep — Epeo)
— €w(Epw ~ Eyo)e ~ CrpbR) ] )
and
. 4 [ < €w
gR=—-——11-{(1 ——)
N
. 7 dE
e | o
dx

where x is the distance normal to the wall, E} is
the blackbody emissive power, subscripts w and
oo denote the wall and far from wall values of the
emissive power, «p is the Planck mean of the
absorption coefficient, B is the Rosseland mean
of the extinction coefficient, and e, is the emis-
sivity of the wall. The details of the development
leading to the limit of Eq. (1) for exp[-—
(3xpBg) “x]—1 may be found in Cess [6], and
those leading to expressions similar to Eq. (2),
but with neglected scattering, may be found in
Arpaci [7] and Arpaci and Larsen [8] (see also
Lord and Arpaci [9], Arpaci [10], Arpaci and
Goziim [11], Arpaci and Bayazitoglu [12], Phil-
lips and Arpaci [13], and Arpaci et al. {14]). On
the wall, the foregoing radiation fluxes reduce to

dq,*®
dx

— 4k <1 -%> (Eyw — Eoe) 3)

for thin gas, and

R| — E_w> <_i ‘LEb >

for thick gas. The part of Egs. (3) and (4) in
brackets shows the wall effect on the radiation
fluxes discussed in P1. Now, split the extinction
coefficient so that 8g = kg + og, where «g and oy
are the Rosseland mean of the absorption and
scattering coefficients, respectively, and intro-
duce the Rosseland albedo of single scattering w
= or/Bg. Also, define the mean absorption coef-
ficient as kmy = (kpkr)", the weighted nongray-
ness as 7 = kp/kg)*, and the optical thickness as 7
= xml/, where [ is a characteristic length (related
to geometry or quench distance). Then in terms
of these definitions, and on dimensional
grounds, Egs. (3) and (4) may be replaced by the
qualitative heat fluxes

€w
gR~n7r <1——2-> 4AFE,, 70, %)
R (1 )<6w> 4AE[,
g ~n(l-w){ — ) 700, 6
2 3r ©

Inspection of Egs. (5) and (6) reveals the radia-
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tive heat flux for an arbitrary optical thickness,

4n7(1 — €, /2)AE,
q ~ »
14+3722/e,,— 1)/(1 —w)

which reduces to the radiative flux for thin gas
and thick gas as 7 = 0 and 7 = o, respectively.
The same result may be obtained directly from a
formal approach for an arbitrary optical thick-
ness involving the assumption of isotropic radia-
tive stress. However, formal considerations, in
view of the qualitative nature of the present
study, appear to be unwarranted.

Effects of the emission, absorption, and scat-
tering on the radiation heat flux, in the absence of
any boundary, were discussed in P1. Figures 1
and 2, borrowed from P1 for completeness of the
present discussion, show these effects. Accord-
ing to these figures, the effects of emission and
scattering are monotonic, while the effect of
absorption diminishes for the thin gas and thick
gas limits, and it assumes the maximum gR*/nAE,
= 4/ at about 7 = 1//3. Also the radiation
heat flux of Eq. (7) for a black wall is Y2 of the
flux which excludes any boundary effect (De-
issler [15]).

The effect of wall emissivity on the maximum
of the radiation flux,

\/§ maxR 2[1 €w i €w> 172 8
'r]AEb~ (—w);< _E:I , (8)

Q)

Hot Gas “hick Gas

EMISSION ABSORPTION

Cold Gas 7 Thin Gas

Fig. 1. Effect of emission and absorption on the radiation
flux (Arpaci and Tabaczynski [1]).
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Scattering

Fig. 2. Effect of scattering and absorption on the radiation
flux (Arpaci and Tabaczynski [1]).

obtained for optical thickness

[ l-w 172
~ , 9
! 3(2/ew—l)] ®

is monotonic, as shown in Fig. 3 for various w.
The same effect is also shown in Fig. 4 for an
arbitrary optical thickness and negligible scatter-
ing. The foregoing considerations on the wall
affected radiation heat flux are applied below to
the quenching of a laminar flame.

III. FLAME QUENCHING

The developments in this section follow qualita-
tively Ferguson [2] and Ferguson and Keck [3,
4], with the augmentation of the heat flux by

|
172 3/4 1
€w

L
0 174

Fig. 3. Effect of wall emissivity on the maximum of radia-
tion flux for various cases of scattering.
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2
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Fig. 4. Effect of wall emissivity and absorption on radiation
flux.

€w

radiation. Before proceeding, however, a brief
review of the adiabatic flame temperature is
useful.

Consider the steady flame stabilized near a
porous flat flame burner, as shown in Fig. 5. The
first law of thermodynamics applied to the con-
trol volume whose thickness is determined by an
arbitrarily selected ignition distance gives, in the
absence of any heat loss,

.Sy c.(CpTu + Q) - pPuSy OCprO =0, 10

where subscript u denotes the properties of the
unburned gas, superscript O the properties of the
adiabatic flame, S, the laminar flame speed, and
Q the heat of reaction. The specific heat is
assumed independent of temperature. Equation

.

—Adiabatic flome

[

Arbitrary ignition distance

Control volume

| K

l l

| L -
| | puSSCe Ty

Fig. 5. Adiabatic flame temperature.

PuSHC,Tu+ Q)

(10) readily yields the adiabatic flame tempera-
ture,

T,°=T,+ Q/c,. (11)

In the actual case involving heat losses by
conduction and radiation, the flame temperature
falls below the adiabatic flame temperature. For
this case, the first law of thermodynamics ap-
plied to the control volume bounded by the
burner surface and the flame gives (Fig. 6),

puSu(CpTu + Q) - puSuCpr - (q K+ q R) =0, (12)

where gX and gR® indicate, respectively, the
contribution of conduction and radiation to the
heat loss. By Eq. (11), Eq. (12) may be ex-
pressed in terms of the adiabatic flame tempera-
ture,

puSuCp(Tbo_Tb)_(qK+qR)=0- (13)

Also by introducing the Arrhenius relation be-
tween the flame speed and temperature (see, for
example, Mayer [16])

S, [ E (1 1 >]
—=exp| ~——(=——) ], 14
50 Pl T2r\T, o 19

E being the activation energy and R the gas
constant, Eq. (13) may be further rearranged as

S0 (mo E/1 1

003 'c (T, — T) ex [—— (—————)]

Pl TSR] TR\ T
-(g*+g®=0. (15)

In the literature, Eq. (14) is often attributed to
Kaskan [17], and assumed to be an empirical

Control

Flame
¥/ Volume f

Downstream
heat loss

|
\ Upstream
|

Tu

Fig. 6. Quench distance.
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relation correlating the flame speed on flat plate
burners. The same result is available also from
the original Mallard and Le Chatelier thermal
flame model (see, for example, Williams [18] or
Glassman [19]).

Finally, by employing the Fourier law of con-
duction for g¥ and Eq. (7) for g®, and by noting
that E, = oT*, Eq. (15) may be rearranged as

E/1 1
2.S.°CT,°— T) ex [—-— <———>]
A At YAV X

To~T, 497(1 =€, /2)a(T* - T,H

A 143l -D/1-w)
(16)

where A is the quench distance including the
effect of both radiation and conduction. In view
of the qualitative nature of this investigation, the
radiation flux may be linearized without much
concern. However, since Eq. (16) would require
a numerical computation, this linearization need
not be considered.

Now, by dividing each side of Eq. (16) by T
—~ T,, introducing the dimensionless tempera-
tures 8, = T,/ T,%and 8, = T,/ T,°, and incorpo-
rating the quench distance into a Peclet number
based on the adiabatic flame, Eq. (16) may be
rearranged as

1-6, E /1
(i) oo [ ()]
6,— 6, 2RT,°\ 8,

~\

1 0,4 —0,*
Sy < : ) an
Pe ob - 0u
Here
pusu 0cprO
CAT,%A
adiabatic flame enthalpy flow as)
- conduction ’
and
77(1 — €,/2)B,,°
(19)

" T 14+372Q2/ e - 1)/(1 - w)
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is a radiation number describing, in the neigh-
borhood of a wall, all (emission, absorption, and
scattering) effects of radiation relative to the
adiabatic flame enthalpy flow and B, is the
adiabatic flame Boltzmann number,

4E,°
Bb O —
puSu Ocp Tb 0
emission

~ ) (20
adiabatic flame enthalpy flow

E,° being the blackbody emissive power at the
adiabatic flame temperature. The characteristic
length to be used in the optical thickness is
related to geometry (when 7 = 0) or to conduc-
tive quench distance D (when 7 — o0). This
distance is readily obtained from Eq. (17) by
letting ®,, — 0. The result in terms of the Peclet
number,

puSOcpD
A
TX-T, E/1 1
SEEAMETE)
T,0- TiX 2R\T® T¥/1 >

2D

has been plotted against the flame temperature T,
for E/RT,°=10 and 6,=0.2) see Fig. 2 of
Ferguson and Keck [3]). The effect of radiation
on this figure, now plotted against the dimen-
sionless flame temperature 6y, is shown in Fig. 7
for various values of the radiation number ®,,.
Under the influence of radiation, the Peclet
number continues to remain as a U-shaped func-
tion of temperature. That is, for sufficiently
large quench distances, there exists a high-tem-
perature solution and a low-temperature solu-
tion, and both solutions converge to one solu-
tion, corresponding to the minimum quench
distance. The physics behind this behavior is
explained in Ferguson and Keck [3] and need not
be repeated here. The added effect of radiation
does quantitatively, but not conceptually, alter
this behavior. The minimum quench distance is
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Fig. 7. Effect of radiation on the quench distance.
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available from the usual extrema condition,

3
— (Pe)=0. (22)
96,

The critical temperature corresponding to the
minimum quench distance, obtained from the
insertion of Eq. (17) into Eq. (22), satisfies

[0.,—1 E < 1 1 )
+ —_—
6,—6, 2RT, \6,> 6,

E 1
Xexp[—- <——l>] .
2RT,° \ 6,

~ R (0~ 0,)(30:7 + 20,8, + 6.%). 23)

Figure 8 shows the computational results for this
temperature. Also shown in the same figure is the
effect of linearized radiation. Since the lineariza-
tion approximates the effect of radiation on the
quench distance by a term directly proportional
to the flame temperature, 3(Pe)/d6, = 0 becomes

T T T
E/RTp=10, 6,02

(gb)Min

o8F W

Nonlinear radiation effect

1 i 1 1
08 02 04,06 08 10

z.
Fig. 8. Effect of radiation on the critical flame temperature.

independent of 6,, and the linearized radiation
does not affect the critical flame temperature.
Clearly, the flame temperature resulting from
the heat loss by conduction and radiation is lower
than that resulting from the heat loss by conduc-
tion alone. Since any heat loss lowers the flame
temperature below its adiabatic value, radiation
added to conduction increases the heat loss and,
consequently, drops the flame temperature be-
low that resulting from conduction alone.
Consider Eq. (13) for conduction alone,

PuSucy(T’ = T¥) - g* =0, 24

T, K being the flame temperature for this case.
Now, subtract Eq. (24) from Eq. (13). Thus,

puSucp( T, - TbK) -q R=0, (25)

Insert Egs. (7) and (14) into Eq. (25), and, in
addition to the already defined 8, and 6y, intro-
duce 6,X = T,X/T,°. The result is

8,% — 6, E /1
— exp [— <——1>]=mw. (26)
B, —0,* 2RT,® \ 8,

Figure 9 shows 8, versus 6, for ®, = 0, 0.04,
0.08, and for E/RT,° = 10and §, = 0.2. Fora
given 6,X, an increase in ®, reduces 6,, as
expected. In the next section, the foregoing gen-
eral considerations are applied to diesel engines.

1V. QUENCHING IN DIESEL ENGINES

The contributions of radiation to heat transfer
and quench distance in gasoline engines are
known to be negligible. Also, the heat transfer in

T i T
E/RTg =10, 6,:02

Fig. 9. Effect of radiation on the flame temperature.
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large scale (forest, residential, and commercial
buildings) fires and industrial furnaces (includ-
ing conventional power plants) is known to be
controlled by radiation. Between these two limit-
ing cases there exists an intermediate case related
to diesel engines in which the quench distance is
appreciably affected by radiation. The purpose
of this section is to give a qualitative estimate for
this case.

It has recently been shown that the soot (which
results from incomplete combustion) is the major
contributor to the radiative properties of flames,
smoke, and combustion products (see, for exam-
ple, Tien and Lee [20] for the properties of
luminous and nonluminous flames and Siegla and
Smith [21] for that of particulate emissions from
diesel engines). Accordingly, the contribution of
gas absorption to these properties is neglected.

In the literature it is generally accepted that the
soot particles range in size and shape from single
spheres of about 0.01 um diameter to clusters,
often chain-like, extending over 1 pum in length.
In view of the fact that the major contribution of
thermal (infrared) radiation is at wavelengths in
the neighborhood of A* = 10 um,

d/N*=10"1-10"3,

d being a characteristic length for these particles.
Accordingly, the contribution of geometry to
qualitative calculations is negligible. Further-
more, because of these values of d/A\*, the scat-
tering from soot particies has been shown to be
negligible (see, for example, Felske and Tien
[22p.

Hubbard and Tien [23] have demonstrated that
at high temperatures «p and xg differ by at most
17%. Thus, p ~ 1 and ky ~ kp ~ kg, and it is
reasonable to employ the gray-gas approxima-
tion in the qualitative numbers sought here.
Also, the experiments by Roessler et al. [24] on
single- and multicylinder diesel engines have
shown that the mass concentration of soot re-
mains in the range of 0 < M < 1.6 g/m? and the
mass absorption coefficient in the neighborhood
of A* = 10 pm remains in the range of 0.5 < &
< 1.5 m?/g for air/fuel ratios 15 < ¢ < 80. The
effect of rpm does not appear to be too important.

175

Thus,
km=Mk=1.6x1.5,

and

km=2.4 m~!

may be used as an upper bound for the absorption
coefficient in diesel engines. Assuming / = 15
cm as a characteristic length for combustion
geometry of small diesel engines, one has for the
optical thickness

7=<0.36. 27

Actually, for large (ship or power plant) diesels
this number is an order of magnitude larger.
Note that the contributions of the quench dis-
tance and the flame thickness to optical thickness
are negligible. The hot soot which fills almost the
entire geometry dictates the characteristic length
for the optical thickness in the case of thin gas.
By assuming that the walls are black (e, =1)
and noting that y ~ 1, w ~ 0, and T, » T,, the
right-hand side of Eq. (16) may be rearranged as

Tb—Tu 1 T
)\< )[l+—< )(Pb:l , (28)
A 2 \1+372

where the dimensionless term in brackets shows
the contribution of radiation relative to conduc-
tion, and

40T} emission

b= ~ , (29)
NMTy/4A)  conduction

is the Planck number based on the temperature of
combustion products. Assume that the quench
distance is controlled by conduction and the
radiation effect is of second order, and as a first
approximation, let

A~D. 30)

The quench distance D on flat burners has been
experimentally shown not to be appreciably in-
fluenced by the type of fuel (see Fig. 5 of
Ferguson and Keck [3]). Assume that this fact is
also a feature of quenching in engines. The
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quench distances measured by Daniel [25] in a
propane fueled engine may then approximately
be applied to isooctane fueled engines. Thus, as a
mean value, let

D~0.1 mm. 31
For these engines, T, ~ 2,000°K and A ~ 0.12

W/m K for a gas at this temperature. Accord-
ingly,

®p=15. (32

Insertion of Egs. (27) and (32) into Eq. (28)
yields

Tb’" Tu
A ( A > (1+0.27), 33)

which shows the effect of radiation relative to
conduction to be 27%. In terms of this result, a
better approximation for the quench distance
including the effect of both conduction and radia-
tion is

A~1.27D~0.127 mm, (34)
and that for Eq. (29) is
®p~1.93. 35)
Now, Eq. (28) yields

I,-T,
A ( A > (1+0.35), (36)

which increases the effect of radiation to 35%. In
the literature, the effect of radiation on the heat
transfer in small diesel engines is shown to be
30% or even more as determined by experi-
ments, as well as by lumped radiation models
(see, for example, Kunimoto et al. [26], Flynn et
al. [27], and the references cited in these artic-
les). With the recent and rapidly increasing inter-
est in the uncooled (commonly called adiabatic)
diesel engines, a greater contribution from radia-
tion to total heat transfer is expected because of
higher levels of temperature.

V. CONCLUSIONS

A radiation number describing all (emission,
absorption, and scattering) effects of radiation

near a wall has been introduced. This number
incorporates the wall (emissivity) effect on the
dimensionless number developed in P1. Under
the influence of radiation, as well as that of
conduction, the quenching of a laminar flame
near a wall is investigated in terms of this num-
ber. The dimensionless quench distance (Peclet
number) is shown to depend on

Pe =f(OU’ obr E/RTbO, (RW)’

where 6, = T/T,°, 6, = T,/T,° T, being the
unburned gas temperature, T, the flame tempera-
ture, T;,° the adiabatic flame temperature, E the
activation energy, R the gas constant, and ®,, the
radiation number,

(Rw =f(7’, 7, W, €y, Bbo)’

where 7 is the weighted nongrayness, 7 the
optical thickness, w the albedo, ¢, the wall emis-
sivity, and B,° the adiabatic flame Boltzmann
number,

By’ ~4Fp,Sycp T,

emission

—~

adiabatic flame enthalpy flow '

E,° being the blackbody emissive power at the
adiabatic flame temperature and S, the flame
speed. Also shown, under the influence of radia-
tion, is the flame temperature

0b =f(0u’ 0bK9 E/RTbO’ (Rw)’

where 6,X = T,X%/T,% T,* being the flame
temperature resulting from conduction alone.

It is found that radiation increases the quench
distance and lowers the flame temperature. Since
the contributions of conduction and radiation to
the heat flux are cumulative, these results are
expected. The decrease in flame temperature and
the increase in quench distance under the influ-
ence of radiation are shown qualitatively in Fig.
10.

Following some dimensional arguments in
terms of spectrally average properties of radia-
tion, a conceptual understanding of the qualita-
tive effects of radiation on the flame temperature
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[ [ S ,,,,.J

Fig. 10. Effect of radiation on the flame temperature and the
quench distance.

and the quench distance has been achieved. This
understanding has been applied to small diesel
engines, and it has been shown that the radiation
can contribute as much as 35% to the heat trans-
fer and the quench distance to these engines.

NOMENCLATURE

¢,  specific heat at constant pressure

d  acharacteristic length for soot

D quench distance affected by conduction

alone
E  activation energy
Ey, blackbody emissive power
Ey ., blackbody emissive power on a boundary
E, » blackbody emissive power far from a
boundary
AE, difference in blackbody emissive powers
mass absorption coefficient
a characteristic length
mass concentration of soot
conduction heat flux
radiation heat flux
radiation heat flux in x
heat of reaction
gas constant
unburned gas laminar flame speed
unburned gas laminar adiabatic flame
speed
temperature
burned gas temperature
burned gas adiabatic temperature
unburned gas temperature
variable

.\
zto;sx-az-nz kel

(=]

U »n
<

5

X NNSN
<
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Greek Letters

Br  Rosseland mean of extinction coefficient

A quenchdistance affected by conduction and
radiation

€, wall emissivity

] weighted nongrayness

6, burned gas temperature (dimensionless)

6,% burned gas temperature (dimensionless) af-
fected by conduction alone

6,° burned gas adiabatic temperature (dimen-
sionless)

6, unburned gas temperature (dimensionless)

K absorption coefficient

kv  mean absorption coefficient

kp  Planck mean of absorption coefficient

kg Rosseland mean of absorption coefficient

A thermal conductivity

A*  electromagnetic wavelength

P density

g Stefan-Boltzmann constant

or  Rosseland mean of scattering coefficient

T optical thickness
Rosseland albedo of single scattering

Dimensionless Numbers

adiabatic flame
Boltzmann number
Peclet number
burned gas Planck
number

BbO = 4Eb/puCpSu0Tb0

Pe = p,c,S,°A/\
®,=40T NTy/A)

R, =n7(1 — €,/2)B,"%
[1+37%2/€y—1)/(1 —w)] radiation number
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