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Flame heat transfer blockage occurs as fuel vapors, soot and products of combustion near a burning fuel surface block much of
the heat feedbacks (including external radiative heat flux) to the fuel surface of a burning object. Blockage clearly affects
burning rates and heat release rates of fires. This needs to be included when calculating flame heat transfer in fire growth mod-
els. An understanding of burning of materials in small scale fires is of broad and vital importance for predicting their burning
performance in large scale fires. The blockage phenomenon was clearly observed and quantitatively measured in experiments
that took advantage of the unique capability of the Fire Propagation Apparatus (FPA) of being able to vary the ambient oxygen
concentrations. An indirect measurement approach was established which provides an experimental understanding of the con-
cept of the blockage. The measurements were further explained by a one-dimensional steady-state model of a diffusion flame,
which focuses on the radiant absorption and emission by the gas-soot mixture of flames. The theoretical model provides a
greater understanding of the fundamental knowledge of the blockage. The overall heat transfer blockage factor can be up to 0.3
—0.4 for PMMA and POM. The factor and its components are nearly independent of the external radiation, but increase as the
ambient oxygen concentration rises. A comparison between experimental data and model prediction shows a good agreement.
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1 Introduction above the fuel surface is “transparent” for the radiative heat
feedbacks. It is known that soot and some gases absorb and
scatter radiative energy so that radiant heat fluxes are atten-
uated as they penetrate flames. On the other hand, emission
and forward scattering from the gas-soot mixture enhance
the thermal radiation as a result of the absorption of external
radiation. Which, among the two effects, i.e. attenuation
and enhancement, is stronger? or are they always equally
powerful? In addition, how are the effects further enhanced
by mass transfer of cool pyrolysis gases leaving a burning
fuel surface and convecting heat away from the surface?
Flame heat feedbacks are critical in predicting fire burn-
ing rates and heat release rates, which are the key parame-
ters in determining how fast fires would grow and propagate.
*Corresponding author (email: jiang.fenghui @fmglobal.com) In order to accurately model fire growth and propagation,

Flame heat transfer blockage is a fundamental phenomenon
in combustion of fires. For a burning object in fires, both
external heat sources and the flames provide heat feedbacks
to the burning surface for vaporizing. Released fuel vapors
therefore mix with air and burn above the surface with
flames consisting of gas-soot mixtures including unburned
fuel vapors and combustion products. In most cases of fires,
the primary heat feedbacks from external heat sources and
the flames to the fuel surface are transferred by radiation.
Therefore, the question is whether the gas-soot mixture
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understanding and prediction of flame heat transfer need to
be improved by including the blockage effect [1-3]. Lack of
knowledge of flame heat transfer blockage affects the accu-
racy of fire growth models. Therefore, conceptual and
quantitative answers to the above questions are of broad
importance in improving the understanding of flame heat
transfers, increasing accuracy of theoretical fire models, as
well as developing material flammability/combustibility test
and approval techniques.

In most previous and present researches on fire growth
models and relevant developments, the flame heat transfer
blockage effects were ignored [4-6]. At present, research on
this fundamental problem has become a “bottleneck™ [7]
with increased demands for material flammability testing
technique and rapid development of theoretical fire growth
models. Therefore, it is necessary and crucial to conduct a
fundamental research specifically for this key problem in
order to extend the knowledge for developing material
flammability testing technique and methodology.

Flame heat transfer blockage is a relatively new area of
attention in the field of flame radiation researches. To date,
knowledge development regarding this phenomenon has
experienced two main phases, the first phase was phenom-
enon observations and the second is preliminary studies. In
1970s and 1980s, heat transfer blockage was observed in a
lot of combustion phenomena related to fire hazard, such as
compartment fires [8], pool fires [9] and soot mantle [10]
etc. In the second phase, more progresses had been shown
in experiments and theoretical analysis within the recent
two decades, it was found that as much as 40% of the radia-
tion directed toward a fuel surface could be blocked by the
cool sooty gases near the fuel surface [11, 12]. However,
currently understanding of the flame heat transfer blockage
effects is still quite limited, the underlying knowledge is
scattered rather widely in literature. Some recent repre-
sentative research includes:

(1) Experimental studies and data accumulations, such as
an experimental study of radiative heat feedback and block-
age on vertical wall fires [13], measurements on absorptiv-
ity and emissivity of fuel vapors [14, 15], various models on
soot formation, transfer and consumption within flames as
well as soot radiation [16-20], measurements of heat of
gasification/vaporization for small scale polymer samples
[21, 22] and experimental simulation and measurement on
radiative heat feedbacks using gas flames [23] etc.

(2) Simplified theoretical models, such as a one-dimen-
sional model on radiative blockage by soot layer within a
flame [24], a compartment fire model that includes the ef-
fects of radiation blockage [25] and a dimensionless model
on the blockage of flame heat transfer by a cool soot layer
surrounding a cold object immersed in a large flame volume
[26, 27] etc. Although these simplified theoretical models
are considered preliminary focusing only on isolated prob-
lems, they were quite helpful to extending knowledge and
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creating continuous interest in the heat transfer blockage
phenomena.

(3) Numerical and analytical studies, such as Baek et al.
[28] and Chen et al. [29] solved one-dimensional equations
of energy conservation and radiative heat fluxes with con-
stant properties, under the assumption that soot particles
dominate the absorbing-emitting process, the influence of
temperature and optical thickness profiles on flame heat
transfer blockages was evaluated; Bedir et al. [30] com-
pleted a numerical study on PMMA diffusion flames with
flame radiation in a stagnation-point geometry, a nar-
row-band radiation model was used to evaluate the ab-
sorption and emission from CO,, water vapor and MMA
(fuel) vapor, and the net radiative heat flux was given as a
function of the flame stretch rate, contributions from these
three species to the emission at different stretch rates were
investigated and compared. Overall the above numerical
studies had made great contributions in revealing and ex-
plaining the physical nature and internal link of the phe-
nomena, although they lacked of experimental support and
might have space for further improvement in integrity and
systematicness.

With the great progresses in the two phases, a certain
knowledge of heat transfer blockages, such as that about
the causes, mechanism and magnitude, has been obtained
and accumulated. However, some deficits may still exist in
the previous researches. In terms of content, previous re-
searches concentrated more on soot absorption and emis-
sion, with ignoring gases as participating species. A main
reason for this was that gas radiation is more difficult to
handle. In terms of approach, theoretical and experimental
studies are somehow isolated, because direct measurements
of heat transfer blockage are difficult, so that not many
commonly accepted experimental methods are available at
present and development of experimental methodology and
measurement technique still need to be strengthened. In
terms of integrity of knowledge, understanding of the flame
heat transfer blockage phenomenon is still incomplete and
limited.

As a fundamental research, the purpose of this study is to
experimentally and theoretically extend the conceptual and
quantitative understanding of the flame heat transfer block-
age phenomenon. In the experimental study, taking ad-
vantage of the unique capabilities of the Fire Propagation
Apparatus (FPA), an experimental approach of indirect
measurement of heat transfer blockage was developed, and
accurate experimental data was obtained. In the physical
model study, based on the theories of combustion and heat
transfers, a one-dimensional steady-state model of diffusion
flame was developed focusing on absorption and emission
by the gas-soot mixture above the fuel surface as demon-
strated in the experiments. The processes of heat and mass
transfers within the flames were analyzed in detail for un-
derstanding the mechanism and effects of the heat transfer
blockage. In the mathematical model study, simultaneous
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equations for energy conservation, radiance and radiative
heat fluxes were numerically solved. A mathematical tech-
nique for conveniently solving flame heat transfer problems
was established. Specific accomplishments of this study are
summarized as follows:

(1) Establishing an “approximate band model” for fuel
vapors and inserting it into RADCAL to compute radiances
from inhomogeneous flames;

(2) Extending the concept of a one-dimensional model of
diffusion flames to variable properties, as well as the ab-
sorption and emission by gas-soot mixture;

(3) Extending application of one-dimensional flame
model to conical flames and studying effects of the external
heat flux and ambient oxygen concentration on flame heat
transfer and burning rate.

Combination of experimental and theoretical efforts is an
additional unique feature of this study. In previous re-
searches, examples having both experiments and theoretical
model that provide identical and complementary results
were still rare. The approaches of this study were to prove
and study the phenomena and collect the accurately meas-
ured data by experiments, develop an independent theoreti-
cal model and verify it by various experimental data, and
finally use the verified model to carry out more detailed and
extensive researches.

2 Definition and measurement of flame heat
transfer blockage

The experimental study was performed in FPA in the
Flammability Laboratory of FM Global Research, Norwood,
MA, USA. FPA is the widely utilized research equipment in
evaluating and characterizing material fire properties as
related to fire hazards under simulated full-scale fire condi-
tions, and ASTM E-2058 was adopted.

Two different black polymers, polymethylmethacrylate
(PMMA) and polyoxymethylene (POM) were selected as
burning samples in this study. Mass loss rates were meas-
ured when samples were pyrolyzed in a pure nitrogen at-
mosphere and also burnt in air with 18%, 30% and 40%
ambient oxygen-nitrogen, respectively, while being sub-
jected to various external radiant fluxes. Some of the ex-
perimental results were already reported in the previous
paper [31].

It was observed in the experiments that: (1) With the ex-
ternal radiant fluxes ranging from 0 to 60 kW/m?, typically,
mass loss rates have a linear dependence on the external
radiant heat fluxes. (2) For PMMA samples, a certain
amount of soot exists within flames, and soot generation is
sensitive to variations of the ambient oxygen concentration;
while for POM samples, there is no visible soot within
flames, flames are completely transparent. This indicates
that a portion or the whole of flame radiation is emitted
from gases, therefore gas radiation should not be neglected
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in flame radiation evaluations. Based on this observation, in
the subsequent theoretical model, more efforts focus on
absorption and emission by gases, especially the fuel va-
pors.

2.1 Heat of gasification

Determination of an accurate heat of gasification for the
burning samples is important in experimentally evaluating
heat transfer blockage. As a sample is pyrolyzed in a pure
nitrogen atmosphere, energy balance on the surface can be
written as

q:xt - q.l,(')ss = m],;AHg (1)

where m; is the pyrolysis mass loss rate (pyrolysis rate);
AH, is the heat of gasification (kJ/g); ¢, is the external
radiant heat flux, and ¢, is a surface heat loss (mainly
surface re-radiation). Using AH, as a divisor on both sides
of eq. (1), it is derived that

s 1 < ql’(’)ss
mp = AH qexI_AH : (2)

g g

This linear function was obtained in experiments, measuring
the pyrolysis rate i while varying the external radiant

flux. The inverse of the slope k, is the heat of gasification,
ie.
AH, =1/k, . 3)

The linear function further confirmed that the heat of gasi-
fication is a material property, independent of external heat
fluxes.

2.2 Heat transfer blockage factors

On a burning surface, when an incident radiant heat flux
qr, penetrates the flame, it is attenuated by the mixture of

gases and soot within flames due to the absorption and
scattering effect, with a residue heat flux ¢ arriving at

the surface. Thus f.y, is defined as a blockage factor for the
external radiation. i.e.

cn en oy
ﬁex( _ qexl.;qes =1 _f],% , 4)
QSxt Qext
which is the fraction of external radiation that is absorbed
by the flames and does not reach the surface as it penetrates
the flames.

Meantime, due to the involvement of the external radia-
tion, the gas-soot mixture within flames is heated as a result
of thermal absorption, flame heat feedback to the surface
therefore varies in contrast to the circumstance without the
external radiation. Thus S, is defined as a blockage factor
for flame heat feedback itself, i.e.
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q-rr _ C.]”

f—net |o f—net

B = o)
Gext

is the net “free burn” heat feedback from the

-
Here Gt onet 0

flames to the surface with g, = 0. It includes the radiative

and convective heat transfer from the flames minus the sur-
face heat loss. While g7, is the net flame heat feedback

in the presence of the external radiation. A fraction of ex-
ternal radiation absorbed by the flames heats the flames
causing them to emit additional radiation. Therefore, ¢,

includes (1) the increased radiative heat transfer from the
flames, (2) the convective heat transfer which is now re-
duced because of the increased mass transfer, and (3) minus
the surface heat loss.

With the assumption that all net heat fluxes arriving at
the fuel surface are absorbed by the fuel for gasification, the
following heat balance exists at the burning surface:

Gos TG o ="AH, . (6)

Solving eqs. (4) and (5) for ¢! and g, respectively,
and substituting them into eq. (6), the mass burning rate can
be derived as

q’f”—nel |0

" (l_ﬂex _ﬂin)'" . n "
2 =Tflﬂt+v=kqu+mb- )

g
In the linear relationship between m" and ¢!,

represents a “free burning” rate in any ambient oxygen
concentration without external radiation. With eq. (3), the
overall heat transfer blockage factor f can be derived by
equating the slopes (k) of the above linear function, i.e.

o o
0 (qes + qf—net)
- n

qexl

" -n
_ qexl + qf—net

ﬂ :IBext +ﬂim -

=1k, /k,.(8)

Here in the numerator ¢, +4; |, represents the total heat

flux “paid” to the burning surface including the external
radiant flux; while ¢ +4; ., represents the “residue” heat

feedbacks “received” by the burning surface under the same
circumstance. The difference between “paid” and ‘re-
ceived” is the loss of energy. Therefore, S represents the
fraction of total heat feedback energy loss related to exter-
nal radiation.

Eq. (8) not only defines the blockage factor of heat feed-
backs to the burning surface f, but also establishes a
“bridge” between theoretical predictions and experimental
measurements. On the right hand side, the ratio of the slopes,
i.e. the slope of “burning lines” of various ambient oxygen

concentrations k, and the slope of the “pyrolysis line” of
zero ambient oxygen concentration k,, can be determined

by experiments. On the left hand side, the various heat
fluxes can be computed by a theoretical model. This simple
equation inherently as well as experimentally describes heat
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transfer blockage, and lays a foundation for comparisons

between model predictions and experimental measurements.
Additionally, in eq. (8), the net flame heat feedbacks to

the burning surface have radiative and convective compo-

nents, i.e.

Without external radition:

" - " -
Dt —net 0 = Graas 0 + Geons 0o Gioss - (9)
With external radiation
-0 i - n - n
qf—nel = qrads + qcuns - qluss . (10)

Here the subscripts, rad, con and s, mean radiative,
convective and surface respectively. Assuming the burning
surfaces are nearly a black surface, ¢, is almost

independent of external radiative intensities. Substituting
egs. (9) and (10) into eq. (8), the overall blockage factor can
be written as

" "

_ (qexl - q;,s) + (qrads

-n

0 cons
lé rad lc con

- -
0 - qrads) + ( qcons

ﬁ -1
qext
(1)
giving:
ﬂmd — (qcxl - qcs) +.(”qrads 0 - qmds) , (12)
ext
(Geons |y = Géons)
Beow = *- 13)
ext

Egs. (11)-(13) demonstrate that the overall heat transfer
blockage factor also has its radiative and convective com-
ponents, defined as the radiative blockage factor and con-
vective blockage factor respectively. The former represents
a sum of attenuation of external radiation and reinforcement

o ); the

of net flame radiative heat feedback (4., >4’
latter represents the reduced flame convective heat feedback
(q.(:,DHS < q.(:'OﬂS

the burning surface. B, =0 would imply that flames are

o ) as a result of the increased mass transfer at

almost “transparent” for thermal radiation.

The overall heat transfer blockage factor can be meas-
ured from experiments based on eq. (8), however, its com-
ponents Pexi, Sint, Praa and Peon can only be obtained from a
theoretical model at present. This displays the unique ad-
vantage in the approach of this study to extend understand-
ings and quantify heat transfer blockage by both experi-
ments and an experimentally verified theoretical model.

3 Theoretical model

3.1 One-dimensional steady-state diffusion flame mod-
el description and assumption

Focusing on absorption and emission by the gas-soot mix-
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ture within flames above the fuel surface, a one-dimensional
steady-state model of diffusion flame is developed as illus-
trated in Figure 1.

An infinite fuel surface at temperature 75 is located at x =
0. As a result of fuel gasification driven by heat feedback to
the fuel surface, fuel vapor is released at a constant mass
flux, m". On the opposite side, the ambient temperature
T,.., and oxygen concentration Y, are maintained at a

screen x = d. Oxygen and fuel vapors diffuse toward a
flame located between the fuel surface and screen. The infi-
nitely thin flame sheet, having temperature, 7, divides the

entire space into two zones: fuel zone and oxidant zone. The
fuel-rich zone contains a mixture of fuel vapor, nitrogen and
combustion products (CO,, H,O, soot) that diffuse but do

not make reaction due to lack of oxygen. The chemical re-
actions are sufficiently fast to consume all oxygen and most
of the fuel at the infinitely thin flame sheet. Owing to in-
complete combustion, a very small amount of unburned fuel
gas bypasses the flame, performing as an “inert” gas, dif-
fuses through the oxidant zone and is released at the screen.
Soot particles are generated at the flame and transported
into the oxidant zone where they are partially oxidized. The
amount of soot eventually released at the screen is set equal
to the experimentally measured smoke yield. For simplicity,
it is assumed that the soot retains the same chemical com-
position of the original fuel. In summary, the oxidant zone
contains a mixture of oxygen, nitrogen, combustion prod-
ucts (CO,, H,O, soot) and “inert” fuel gas. Oxidization

of soot is the only chemical reaction occurring within the
oxidant zone. The screen carries away all the heat and
combustion products generated by the flame, as well as any
unburned “inert” fuel gas and “residual” soot.

The external (incident) radiant flux, ¢/, is attenuated
due to the gradual absorption and scattering by gas-soot
mixture within the flames as it passes through the flame,
with a “residual” heat flux ¢, arriving at the fuel surface.

Ambient Incident flux

“air” Yo

— ——

Hea Screen T,
— s * s

Mixture of oxygen & products |

(Soot oxidization) Get out |

Diffusion flame T, Qe

I

I ..

d lqe 1 w I q.
Qc,cﬂ |
X, I
|

Mixture of fuel gas & products (no reaction)

q;; c‘ﬁ:ss

o 5
Qeors Graas

Burning surface T,

Figure 1 One-dimensional steady-state diffusion flame model.
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The flames both emit and absorb radiation. Thermal ab-
sorption and emission from the gas-soot mixture within
flames are treated separately from the external radiation.

The net flame radiation ¢’ =4 -4’  has both inward (to
fuel surface) ¢'° and outward (to ambient interface)

q"~ components. The inward flame radiation incident on the

s "+

surface is ¢, =¢""(0). The outward radiant flux emitted

by the fuel surface is ¢, =4’ (0) including surface
re-radiation and reflection of incident heat fluxes. Therefore,
the net (non-external) radiative heat flux at the surface is
qr. —4n. assuming the fuel surface is Lambertian with

unit emissivity (& =1). The flame radiation released to the
ambient interface is ¢, =¢. (d).

The highest temperature occurs at the flame sheet. As a
result of nonuniform profiles of temperature and properties,
heat is conducted away from the flame both inward toward
the fuel surface and outward toward the ambient interface,
eventually reaching the fuel surface with a flux, ¢,  and

the screen with a flux, ¢! ,, respectively. Simultaneously

the mass transfer coming from the surface convects heat
away from the surface toward the ambient interface.

In the experiment, yields of carbon monoxide (CO) and
carbon dioxide (CO,) released from flames were measured.
While in this theoretical model, no CO generation in the
chemical reactions is assumed for simplicity of the chemis-
try and mathematics. Actually, the experiment and previous
studies have found that generation of CO is much less
comparing with generation of CO, in most combustion re-
actions, especially when the ambient oxygen concentration
is high. This finding makes this assumption acceptable.
Additionally, ideal gas performance is assumed for the gas
mixtures involved.

3.2 Model equations

The one-dimensional steady-state diffusion flame model
established involves chemical reactions and physical pro-
cesses of heat and mass transfers. Focusing on the coupled
external radiation and flame radiation, its primary objective
is to determine the profiles of temperature, species and op-
tical thicknesses etc. in the entire space across the flame.
Radiant heat fluxes depend on distributions of the tempera-
ture and optical thicknesses. Therefore, the basic mathe-
matical model describing the physics problem is actually to
solve the temperature profile from the one-dimensional
simultaneous equations of radiance, radiant heat fluxes and
energy conservation.

3.2.1 Energy conservation

The transfer of energy from and within a burning environ-
ment is controlled by diffusive, convective and radiative
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processes. The convection and conduction are coupled to
the heating of the flame by radiation, so that a one-dimen-
sional steady-state energy conservation equation can be
written as follows for the entire space across the flame:

i 3 :i{L%}d&, 14
dr  dx{c, dx dx

where k and ¢, are respectively the thermal conductivity and
specific heat of the gas mixture. They both vary as a func-
tion of temperature and location. The total enthalpy varies
smoothly across the flame where sensible enthalpy A is
generated by the release of chemical enthalpy 4°. The total
enthalpy is expressed as the sum of the sensible enthalpy
and chemical enthalpy, i.e.

hye (x,T) = h(x,T) +h° (x) . (15)

It remains to evaluate the total radiative heat flux ¢y

and its spatial derivative which gives a source of heat in the
equation. Having all fluxes defined as positive towards the
fuel surface and negative towards the ambient interface, the
total radiative heat flux is the sum of the external radiant
flux ¢! and flame radiant flux 4, i.e.

qr(x,T) = ¢/(x,T)+¢;(x.T). (16)

Evaluation of ¢ is here included in a typical one-

dimensional steady-state theoretical model of diffusion
flames which contains the effects of variable thermal prop-
erties. Two transformation variables are introduced such as
(1) Z defined as the fraction of original (or supplied) fuel in

X X C
the mixture and (2) 7(x) = " f % = " f “Cdx defined as
p
0 0

a dimensionless mass transfer variable, which simplifies the
mathematics. As a result, one-dimensional distributions of
species concentrations and thermal properties can easily be
solved from the species conservation equations based on the
chemical reaction equations established.

3.2.2  Absorptivity and emissivity of flames

The absorptivity and emissivity of flames are critical for
evaluating the radiative heat flux ¢y (x,7) in the energy

conservation eq. (14). Flames are treated as mixtures of
gases and soot. Accurate evaluation on gas absorption and
emission is the key as well as the difficult point in this
model development, especially for fuel vapors. As the pro-
phase work of this theoretical model, previous paper [31]
provides details of the study and prediction of the absorptiv-
ity and emissivity of gas-soot mixtures. For properly han-
dling wavelength dependence of the fuel vapor, an approx-
imate band model was developed and inserted into the
RADCAL program, which is based on the statistical narrow
band model, to compute radiances from mixtures of the
gases. Finally, Curtis-Godson approximation was used to

Sci China Tech Sci

September (2011) Vol.54 No.9

extend the Goody statistical model and evaluate the overall
optical thicknesses for inhomogeneous mixtures of gases.
For absorption and emission from soot, optical thicknesses
were also obtained based on the experimental data of other
studies [32] under the grey-body assumption.

3.2.3 Radiances and radiant heat fluxes

(1) Outward radiant heat flux

For a volume of gas-soot mixture with given temperature
profile T (x) and optical thickness profile &(x), the outward
radiance can be described by the following universal equa-
tion and boundary conditions [33]:

ar* . oT!
Y7 +1" =

g n (17)
1" (x=0, ) = Lo

Here u=cos@, and @ is the angle between the ray and the
normal. The fuel surface is assumed to be a Lambert surface.
gn.s 1is the radiant heat flux leaving the fuel surface.
Gn. /™ is the radiance in the direction of @ at the fuel sur-

face. The temperature profile T (x) is finally solved from the
energy conservation equation, and the optical thickness pro-
file can be computed from eq. (27) of ref. [31].

Solving this differential equation with the boundary con-
dition, the outward radiance is derived as

- Sl 4 ’
1 (&) = o ity f °r. -<:—¢'>md[£]. (18)
T , T H

The radiance in the direction of § at position &/u con-

sists of two terms. The first term means the residual radi-
ance at &/ u as a result of attenuation of the “incident”

"
loss

initial radiance ¢,  /m as the ray passes an optical thick-
ness of &/ u along the @ direction. The second term ex-
presses the accumulated residual radiance at &/u as a
result of attenuation of each radiance emitted at &/ u
from gas-soot mixture of optically thick (£—¢&")/ u as the
ray passes an optical thickness of &/ u along the 6 direc-
tion, within the entire optical thickness of &/ in the di-

rection of 6. Therefore, the outward radiant flux can be ob-
tained by integrating the radiance of all rays as 6 from —n/2
to m/2, i.e.

1
qr"_out (é) = —2TEII+ (f? /J),Udy
0

1 ¢ 1
=24/, [ ne " du=2o 1* [ [ e““’*’du}é' (19
0 0

0

As the inward direction (toward the fuel surface) is de-
fined as positive, the heat flux in the outward direction
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(leaving the fuel surface) is therefore negative. So it is de-
rived that

5
Gl (&) = =241 (EL(&) =2 |0 TH(ENE,(E-ENE" (20)

0
Here E, and Ej; are the second and third exponential integral
functions respectively. The exponential kernel approxima-
tion is commonly used for simplicity in radiative transfer

problems involving the exponential integral functions.

At the fuel surface, x = 0 and &0) = 0, therefore
q’ . (0)=—gr . where ¢y is the radiative heat flux leav-

ing the fuel surface and can be written as
q'l'(’)ss = sG Ts4 + (1 < s)(qr,;ds + qe”s) : (21)

Here the first term on the right side is the re-radiation from
the fuel surface. (4., +4.) is the incident radiant heat

rads
fluxes at the fuel surface from the external radiator and the
gas-soot mixture within the flames. If ;= 1, ¢, becomes

only the re-radiation from the fuel surface while ignoring
any surface reflection of incident radiant fluxes. In this
study, an assumption of & = 1 is employed for simplicity,
which is supported by the consistency of the experimental
data ¢, andT,.

At the screen (x = d) the outward radiative heat release
rate is obtained by setting & =&,

q.;;dd = q:_out (fd)
S
=241 E(E)+2 [0 THEEE, -E)de (22)
0

(2) Inward radiant heat flux

Let y = d —x, similarly, the inward radiance can be de-
scribed by the following universal equation and boundary
condition:

£+[’ = O-T4
e on (23)
I'(y=0,10=0

Here the inward optical thickness profile {(y) can be com-
puted from eq. (28) of ref. [31]. Therefore, the inward radi-
ance can be solved as

¢lu

4 2
I (& p) = 9T c-tring [QJ . (24)
T
0

7,

This equation reveals that the radiance at position ¢/ u

along the @ direction is generated only by emission from
gas-soot mixture within flames, which is the accumulated
residual radiance at ¢ / ¢ as a result of attenuation of each

radiance emitted at ¢'/ gy from the gas-soot mixture of
optically thick ({—¢")/ ¢ as the ray passes an optical

thickness of ¢’/ u along the 6 direction, within the entire
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optical thickness of ¢/ u in the direction of . Similarly,

the inward heat flux can be derived as follows by integrat-
ing the radiance of all rays (as 6 from —m/2 to w/2):

§0,0(€)=2n [ (G
0

< 1 ¢
=2lo T* Ue'“{')’”dﬂ}dg’ =2[c T*({E, (¢ —<¢NdS . (25)
0 0 0

Furthermore, the incident radiant heat fluxes at the fuel
surface from the gas-soot mixture can be obtained by letting

{={,ineq. (25),i.e.
Ca
q;;ds = qr_in (gd) = 2".0 T4(§,)E2 (gd - é”)dé" . (26)
0

Consequently, the one-dimensional profile of the net
flame radiant flux is derived by combining eqgs. (20) and
(25):

4/(0) =47, () =47 4, (&) . @7

At the screen, x =d (y=0), {(y =0) =0 and &(x = d) = &,
With eq. (22) the radiative heat released to the ambient
interface at the screen can be obtained as

qr"(x =d)= _q;;dd . (28)

While at the fuel surface, x = 0 (y = d), {(y = d) = {; and &(x
= 0) = 0, thus the net heat feedback to the fuel surface from
the flame interior is derived as

4;(x=0) = Grogs ~ dioss (29)

(3) Externally imposed radiant heat flux

When the external radiation penetrates the gas-soot mix-
ture until it reaches the fuel surface, the radiative intensity is
attenuated due to absorption of thermal energy by the
soot-gas mixture. This attenuation of the radiation intensity
can simply be described by the Bouguer’s Law as follows:

4L =4l =gle . (30)

Here ¢, is the externally incident radiant heat flux.

At the screen, y = 0 (x = d) and {(y = 0) = 0, thus
q'(x=d)=q(y=0)=4,. While at the fuel surface, y = d
(x=0) and {(y = d) = {,, thus the “residue” external radiant

flux that actually reaches the fuel surface can simply be
obtained as

-n -n 74

e =Gex® * €2
As the final result, substituting eqs. (27) and (30) into eq.

(16), the net total radiative heat flux towards the fuel sur-

face ¢r(x) can be derived. It is the universal source term

of radiative energy in the energy conservation eq. (14), as a

function of the temperature profile as well as optical thick-
ness profiles which in turn depend on the temperature pro-
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file and species distributions. Therefore, the whole problem
can be solved by derivation of a numerical solution of the
temperature profile from the energy conservation equation.

3.3 Extension of one-dimensional flame model to a
small conical flame

In this study, the one-dimensional diffusion flame model is
employed for evaluating heat transfer within the gas-soot
mixture above the fuel surface and extending the under-
standing of heat transfer blockage occurring in small scale
flames. Flame heat transfers are actually significantly af-
fected by the geometrical features, especially radiative heat
transfers. One-dimensional models provide the simplest
geometry. In contrast, the flames in the FPA experiments
are actually buoyant turbulent diffusion flames, which, for
simplicity, are assumed and treated as cones of various
heights having a fixed base. In order to reasonably compare
analytical results with experimental data, it is necessary to
build a “bridge” between the different flame geometries for
reflecting inherent effect of flame geometry on the radiative
heat transfer—extending application of the one-dimensional
analysis to the conical flames.

For ideal conical flames having a same base, the flame
height is the only key parameter to determine the flame

geometry as the sample diameter is fixed in the experiments.

For a buoyant turbulent diffusion flame, vertical gas veloci-
ties along the flame central line can be estimated as

vocfeL, (32)

where L is the vertical distance above the fuel surface, g is
the acceleration of gravity (9.8 m/s). Then the horizontal
entrainment velocity of fresh “air” can be approximated as

UerOU:UO‘,gL’ 33)
where the coefficient v, is almost a constant. For an as-

sumed conical flame, an element of flame surface area
along L can be expressed as

d4, L
—=g(Y o |1-——|, 34
i $(Y,.) I (34)
where A; is the flame side surface area, L is the flame
height, J is the fuel surface diameter. ¢ =¢(¥, ) isa flame

shape parameter defined as the ratio of side areas of actual
flames to conical flames, i.e.
Af actual
¢=¢(Ym)=A’—”~ (35)

f_conical

The flame shape parameter ¢ denotes a deviation of
actual flame shape from the assumed conical flame, as af-
fected by ambient oxygen concentrations. ¢ = 1 indicates a
cone-shaped flame.

According to eqs. (33) and (34) the volumetric entrain-
ment of “air” can be derived as
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My tzfit
Ve—[ue —LdL=n0p ¢<nw>&£ﬁ(l ijdL

4 3/2 4 3/2
=% D #(Y, Wel =% 5 #(Y, Weli?.  (36)

With the definition of oxygen to fuel stoichiometric mass
ratio as

M,
_:Voz ,
m M,

(37)

here M is the molecular weight of various species, v,

represents mole number of oxygen needed for complete
combustion of one mole fuel. For example f = 1.92 for
PMMA. 1t is understood that the actual entrainment of oxy-
gen would be up to 10 times of the stoichiometric mass ratio,
ie.

forn Vp Y.
fof = Vo 3
m ) y
szxAm

Here the coefficient f; is a constant around 10. Also y, is

the fraction of fuel that actually burns. Replacing V, in eq.
(38) with eq. (36) and solving the flame height yield

2/3
15 o
Lf — fOfXA m!!2/3 . (39)
160,\/2p, ¥, 4(%,..)
This is the relationship between the flame height and mass

loss rate. The coefficient is a function of the ambient oxy-
gen mass fraction Y . In case that experimental data of

both flame heights and fuel mass loss rates are available in
this study, the coefficient can be determined by simplifying
it as

2/3
15f, fx\0 _ a 40)
1608 p. Y, p(Y,,))  (+bY,,)"
Therefore the flame height can be derived as
am/r2/3
T by ) @b

where a and b are constants determined by the experimental
data of flame height and mass loss rate for best fitting.

For conical flames of a given height, the flame mean
beam length and the view factor of radiative heat feedback
from cone flame to the burning surface can easily be com-
puted. Using these two important parameters that character-
ize the radiative features, application of the one-dimensional
flame model is extended to the conical flames with follow-
ing relationships:

X 14
1) —cone . _come (42)
X

one-dim one-dim

where x is the one-dimensional coordinates specifying posi-
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tions and ¢ is the mean beam length of flames [8]. Sub-
scripts cone and one-dim represent conical or one-
dimensional flame respectively.

@ A, = Fuag + Gions + des = Gioss - 43)

This universal equation reveals the heat balance at the fuel
surface, in which F is the newly introduced view factor. For
one-dimensional flames, F = 1; for ideal cone-shaped
flames, Feone < 1. All heat fluxes ¢" in this equation are

computed from the one-dimensional model, the mass loss
rate m" is then determined based on the different F. Defi-

1

and in Tables 1-4.2 and 1-4.1 of ref. [8] respectively.

For conical flames, based on the feature of volumetric
absorption and emission of gas-soot mixtures, eq. (42) im-
proves the optical and physical thicknesses of the conical
volume from the one-dimensional volume, so that the radia-
tive heat blockage and relevant parameters computed from
the model are in an identical magnitude of cone-shaped
volumes of gas-soot mixtures. While eq. (43) physically
characterizes the radiative heat feedback of flames and the
consequent mass loss rate based on the flame geometry.
Therefore, the revised one-dimensional model is capable of
analyzing the small scale FPA flames. Although these two
equations are quite simple, detailed model studies have ver-
ified that the analytical results correspond well with the
experimental data.

nitions of ¢ and F,. are given by eq. (33)

cone ? one—dim

4 Result comparison and discussion

As stated above, eq. (8) has established a “bridge” for com-
parisons between theoretical predictions and experimental
measurements. Figure 2 shows a comparison of the overall
heat transfer blockage factor, plotting the model analytical
results on the left hand side of the equation versus the ex-
perimental data on the right hand side of the equation. Each
point in the figure represents an individual experiment un-

06
L ©18% O, A209%0, 0O30%0, 040%O0,
=
s os5f
S q., =10 — 60 kWm=
=]
8 04 o © o
] 3 =] ]
3 (o]
g 03¢
+ 027
b Solid symbols: PMMA
I |
= 0.1 Vacant symbols: POM
0.0 " R " R . " " . "
0.0 0.1 0.2 0.3 0.4 0.5 06

B = 1-kJk, (Experiment)

Figure 2 Comparisons between experimental and analytical heat transfer
blockage factors.

Sci China Tech Sci

September (2011) Vol.54 No.9 2465
der a given external radiant heat flux and ambient oxygen
concentration.

In Figure 2, firstly, all the data points are located on or
near the symmetric line, indicating a good agreement be-
tween the analytical and experimental results. Secondly, the
higher the ambient oxygen concentration is, the larger the
heat transfer blockage factors become. Thirdly, the heat
transfer blockage factors for PMMA are slightly larger than
those for POM under the same conditions. Additionally, all
the analytical data of identical ambient oxygen concentra-
tions under various external radiant heat fluxes between 10
and 60 kW/m? lies approximately along a horizontal line,
implying that the predicted heat transfer blockage factors
are independent of the external radiation. However, the
same type of experimental data has a certain range of varia-
tion, this does not necessarily mean that the experimental
heat transfer blockage factors vary as external radiation dif-
fers. The variation actually reflects errors in the linear slope
measurements since a slight movement of an individual data
point even within an acceptable accuracy would affect the
overall linear slope.

Figure 3 shows the heat transfer blockage factor and its
components fe and i, of PMMA and POM flames as a
function of the ambient oxygen concentrations. The exper-
imental data is also given for comparison. The heat transfer
blockage factor and its components increase as the ambient
oxygen concentration rises.
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Figure 3 Effect of ambient oxygen concentration on blockage factors. (a)
PMMA; (b) POM
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Due to the different capability in absorption and emission,
the two types of burning samples perform differently.
PMMA flames are optically thicker, the blockage factor for
the external radiation is the majority of the overall blockage
factor. POM flames, on the contrary, are optically thinner
having less thermal absorptions of the external radiation, as
a result, the blockage factor for flame heat feedback pi
becomes the majority of the overall blockage factor. Be-
cause of the relatively weak radiation, convection is ex-
pected to be dominant in fy,.

Figure 4 illustrates the overall heat transfer blockage
factor and its radiative and convective components (f,,q and
LSeon) of PMMA and POM flames, respectively. Superposi-
tion of the predicted data points of various external radia-
tion further verifies that the blockage factor and its radiative
and convective components are all independent of the ex-
ternal radiation. However, they increase as the ambient ox-
ygen concentration rises.

Fundamentally, increase of the heat transfer blockage
factors with the ambient oxygen fractions is due to the ef-
fect of both convective and radiative heat transfers. Both
types of burning samples perform identically in the convec-
tive heat transfer blockage, as the ambient oxygen fraction
rises, flame sheet temperature becomes higher, mass trans-
fer at the fuel surface increases, cool fuel vapors lower the
temperature near the surface, causing a more significant
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Figure 4 Heat transfer blockage factors as function of ambient oxygen
fraction. (a) PMMA; (b) POM
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decrease of the convective heat feedback. However, both
types of burning samples perform differently in the radiative
heat transfer blockage, as the ambient oxygen fraction rises,
PMMA flames have more soot and higher flame sheet tem-
perature, so that become optically thicker absorbing more
thermal energy. In contrast, POM flames have no soot, their
optical thickness and radiative blockage factor are small and
almost independent of the ambient oxygen fraction. There-
fore, soot generation is considered as the primary driving
force of the increased radiative blockage factor as the am-
bient oxygen fraction rises.

Additionally, there is an obvious difference between
PMMA and POM flames. For PMMA flames, radiative
blockage is the majority of the overall heat transfer block-
age; while for POM flames, the overall heat transfer block-
age originates almost entirely from the convective blockage,
the radiative blockage is nearly zero, implying that the in-
visibly light blue POM flames are nearly “transparent” to
thermal radiation, i.e. as a result of absorption of thermal
energy from the external radiation by the flame the in-
creased flame radiative heat feedback can nearly compen-
sate the attenuation of the external radiant heat flux.
Therefore, a certain convective blockage always exists in
flames, since relatively cool fuel vapor convects heat away
from the fuel surface. However, magnitude of the radiative
blockage may vary significantly depending on flame ab-
sorptivity and emissivity. The radiative blockage factor f,.4
defined in this study can be used to characterize the “trans-
parency” of flames to thermal radiation, i.e. flames can be
categorized as nearly transparent flame and non-transparent
flame. According to the analytical results, PMMA has
non-transparent flames, while POM has nearly transparent
flames, in small scale combustion.

5 Conclusions

(1) Flame heat transfer blockage is a fundamental phenom-
enon in combustion of fires. However, it is difficult to carry
out direct measurements, so few forceful experimental
measurements are available at present. In this study, efforts
have been made to develop an accurate measurement ap-
proach. With indirect measurement, eq. (8) not only defines
the blockage factor of heat feedbacks to burning surface, but
also provides an experimental understanding of the concept
and quantity of the heat transfer blockage. In addition, it
establishes a “bridge” for comparisons between analytical
predictions and experimental measurements.

(2) It has been found from both the experimental and
theoretical studies that the overall heat transfer blockage
factors for PMMA and POM flames can be up to 0.4 and
0.3 respectively, and PMMA flames have somewhat larger
blockage factors than POM. Furthermore, flame optical
thicknesses and heat transfer blockage factors are almost
independent of external radiation, but increase as the ambi-
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ent oxygen concentration rises.

(3) In small scale combustion, gas absorption and emis-
sion are very important for evaluating flame radiation, es-
pecially for large amount of unburned fuel vapors near the
burning surface that are sometimes strong absorbers and
emitters. The PMMA and POM flames in the FPA experi-
ment have demonstrated that gas radiation from small fires
tends to be more prominent than soot radiation. Soot be-
comes increasingly important and soot generation is the
primary driving force of the increased radiative blockage as
the ambient oxygen concentration rises.

(4) Heat transfer blockage factors not only quantify mag-
nitude of the heat transfer blockage, but also characterize
the “transparency” of flames to thermal radiation. The new-
ly defined radiative blockage factor has verified that PMMA
flames are non-transparent while POM flames are nearly
“transparent” in small scale combustion.

(5) The analytical results from the theoretical model are
in a good agreement with the experimental data. The model
studies have extended the conceptual and quantitative under-
standings of the flame heat transfer blockage phenomena.
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