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Flame propagation process over the surface of a solid or liquid fuel (or oxidizer) in contact
with a gaseous oxidizer (or fuel) is studied.

Flame propagation velocity is calculated by assuming that flame reaches a certain location
when temperature at the fuel surface at that location reaches an ignition temperature. This
assumption is correct when the time consumed for the heating process is large as compared
with the time required for vaporization of the fuel, mixing, and combustion of the oxidizer-
fuel vapors mixture.

Heating of the fuel ahead of the flame is studied by considering radiation and convection
heat-transfer mechanisms flame to fuel, and bidimensional heat conduction within the fuel.

The problem lies in solving a heat-balance partial-differential equation in the solid or liquid
fuel for which heat fluxes from the flame are the fundamental boundary conditions. An ana-
Llytical solution is obtained by means of a boundary-layer approximation, and general results
are given.

An experimental and theoretical application of the general study is performed for the case

of liquid hydrocarbon fuels burning in air.

1. Introduction

There are many important problems related
to the general process of flame propagation along
the interface between & gaseous oxidizer (or
gaseous fuel) and a liquid or solid fuel (or
oxidizer) .

The problem covers a very large field, includ-
ing processes such as flame spreading in firves,
flame propagation over the surface of liquid fuels
burning in air, or flame spreading over the surface
of thermoplastic fuels during the ignition process
in hybrid rocket motors.

The problem of flame spreading in fires has
been studied mostly experimentally, although
some theoretical studies have also been per-
formed.!

Flame spreading over the surface of liquid
fuels burning in air have been studied by us,?
and some results will be given in the present work.

The problem of flame propagation over the
surface of solid propellants during the ignition
process in rocket motors is recelving considerably
attention. However, practically all these studies
refer to the case of composite or double-base
monopropellants®® This is a problem of a dif-
ferent nature, because the monopropellant
does not need a gaseous oxidizer to support a
flame, However, some conclusions of the present
work might be applied to the study of the afore-
mentioned process.

There is very little information on the problem

of flame spreading over the surface of solid
propellants in a gaseous oxidizer environment in
connection with the ignition process in hybrid
rockets. Horowith,! performed several measure-
ments on flame-spreading velocities over the
surface of solid composite-propellant constitu-
ents (thermoplastic fuels in an oxidizing atmos-
phere and a solid oxidizer in a gaseous fuel en-
vironment), but these studies were performed
as part of a regearch program on flame spreading
over the surface of composite propellants,

The process of flame propagation is essentially
the same in all the aforementioned processes. If
it is assumed that no reactant atmosphere exists
far ahead of the flame, the propagation process
takes place through the following sequence of
events; heating of the fuel ahead of the flame,
vaporization of this fuel and mixing with the
oxidizer, and finally, ignition and combustion
of this gaseous mixture,

This over-all process is very complicated. The
flame propagation speed will be controlled by the
over-all time needed for all these processes to
take place. However, if the time required for any
one of the partial processes is large as compared
with the time needed for the other processes, this
partial process would control the propagation
speed and then, the study of the over-all process
might be essentially simplified.

Heating of the fuel ahead of the flame as it
progresses is the first and most essential process
of the flame propagation mechanism,
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Therefore, it is very important to know the
flame propagation mechanism from flame to fuel
and to study the time consumed for the heating
process since it may control propagation speed
in many cases. Nevertheless, there is little in-
formation on these problems.

It has been recognized, for example, that for
large flames, as those existing in forest or urban
fires, heat transfer through radiation is pre-
dominant. On the other hand, since flame emis-
sivity decreases exponentially with its size, it is
believed that convection must be the pre-
dominant heat-transfer mechanisms in most
flame-spreading processes over the surface of
igniting solid propellants. However, a general
analytical study of this heat-transfer problem in
connection with flame spreading has not yet
been performed.

In the present work, we study the heating
process of the fuel ahead of the flame until a
certain ignition temperature is reached. This
study considers both radiation and convection
heat-transfer mechanisms, and the relative
importance of these two heat-transfer models
are analytically studied and discussed. Flame-
propagation speeds are calculated by assuming
that the flame reaches a certain location when
the temperature at the surface of the liquid or
solid fuel reaches a given ignition temperature.

Propagation speeds caleulated in this way
would be correct if the time required for vapor-
ization, mixing, and combustion is small as
compared with the time needed to heat the fuel
up to the ignition temperature. It is also required
that the heat consumed by the evaporation of the
fuel and by the ignition of the gaseous mixture
be small as compared to the heat consumed to
raise the temperature of the fuel up to ignition
conditions,

Hicks,S used a similar assumption to study
ignition in solid monopropellants. On the other
hand, other investigators” have assumed that
ignition of some types of solid monopropellants
oceurs through a gas-phase reaction which con-
trols the process.

For our case of g bipropellant combination, we
have verified the assumption for the case of
flame spreading over the surface of liquid fuels
burning in air. It is also expected that heating of
the fuel will control the propagation process
over the surface of some thermoplastic fuels
burning in oxygen, when they have high ignition
temperatures.

In all cases, the present work is intended to
be & contribution to the study of the heating
process of the fuel ahead of the flame, establish-
ing & method to study the relative influence of
radiation and convection heat-transfer mechan-
isms,
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2. Fundamental Assumptions

Theoretical model of the process will be baged
upon the following assumptions (Fig. 1):

1. Stationary conditions with respect to a
coordinate system moving at the same speed as
the flamefront.

2. The gaseous oxidizer will be supposed to be
at rest ahead of the flame, and this flame will be
assimilated to a surface of discontinuity for the
veloeity., (The present study has been restricted
to the case of flame propagation in a quiescent
atmosphere. However, the study can be ex-
tended, as it is actually being done, to the case
of a gas in motion.)

3. Heat transfer from flame to fuel ahead of
the flame will be supposed to take place through
radiation exclusively. Heat transfer from flame
to fuel behind the flamefront will be assumed to
take place through both convection and radi-
ation,

Therefore, heat conduction from flame to fuel
ahead of the flame is disregarded as compared to
the heat transmitted through the solid or liquid
fuel, since thermal conductivity of the fuel is
much higher than thermal conductivity of the
gas.

4. Flame velocity is given by condition that
the flame reaches a certain location when the
temperature of the fuel surface at that location
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Fig. 1. Flame-propagation model.



FLAME PROPAGATION

reaches a given ignition temperature. It will also
be assumed that, after ignition, fuel-surface
temperature keeps increasing until a constant
combustion temperature is reached.

5. The problem will be initially studied as-
suming an infinite thickness of the fuel, al-
though this assumption will be removed after-
wards.

Under these assumptions the problem con-
sists of solving & heat-transfer problem within
the liquid or solid fuel, in which the heat fluxes
reaching the fuel surface are the fundamental
boundary conditions of the process.”

3. Fundamental Equations and Boundary
Conditions

Considering bidimensional conditions* within
the fuel, the equation of energy with respect to a
coordinate system of reference moving with the
flame i

M(BET/822) + N(O*T/9y?) — peu(dT/oz) = 0,
(1

in which % is the flame-propagation velocity.

A boundary-layer solution of this equation
will be sought. Therefore, it will be expressed in
integral form

\(8/02) / ® (9T/dw) dy — pou(d/d2)
X [TTa+ () =0, (@)
0

in which @ ¢(z) is the heat flux received by the
fuel surface and transmitted through conduction
within the fuel.

Introducing the dimensionless variables

v = Q/pcTo 3)
&= Mpww (4)
= (T~ To)/To (5)
£=a/s (6)
n=y/s, (7

* The problem is presently being studied with
axial symmetry.
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Eq. (2) is written in the form
@8y ["oin— (/) (@/09)
0

xf“edn+¢(é> =0, (8)
0

Boundary Condilions
a) Region0 2> 2> —

Let ¢(¢) = ¢(£) be the dimensionless heat
flux received by the fuel surface ahead of the
flame, in which the influence of fuel reflectivity
may be included. Assuming that this heat flux
is absorbed at the fuel surface, and disregarding
the radiant heat flux emitted by the fuel (the
fuel surface temperature is low ahead of flame),
the following boundary conditions result:

7= 0:

o8

P — q(§)

E= — o0, 0=0=0 (9)
17——)00:

6=0=0 (10)

If the flame is assumed to have a rectangular
shape, function g(£) can be very well approxi-
mated by means of an exponential expression of
£, as shown in Ref. 2.

Regim 0 = ¢ =

Let ¢ (&) = x(£) be the net heat flux reaching
the fuel surface and transmitted through con-
duction within the fuel. This heat flux results
from the following balance:

x(&) = Ye(§) +¥r(t) — vrs(§ 6.) — ma,
(11)

in which Ye(£) and Y&(§) are the heat trans-
ferred from the gas through convection and
radiation, respectively: Yrs (€, 6:) is the radiant
heat emitted by the fuel surface; the term Mg
represents the heat consumed by the vaporization
of the fuel (77 = evaporation rate, 1 = latent
heat of vaporization).

Convective heat transfer $¢(¢) may be ap-
proximated by assuming that behind the flame



536

there is an uniform flow of gas at flame temper-
ature moving at a speed u, = py/pout. Assuming
laminar flow conditions, it may be taken ap-
proximately:

Qe (§) = 0'33X0P701/2 (pott/ pogredE) 2. (12)
Radiant heat transfer Y5 (£) can be taken as con-
stant and equal to ¢(0) in a region close to the
flamefront, Yrg(£) is easily calculated once the
fuel surface temperature and fuel emissivity are
known.

The term thg is very difficult to calculate
because it corresponds to transient combustion
conditions following ignition. Its value has been
approximately calculated for liquids burning in
air,® but no information exists for the case of
thermoplastic fuels burning in air or oxygen.

According to this and according to the funda-
mental agsumptions, behind the flamefront the
following boundary conditions exist

7= 0:
89/0n = —x(£)
=& O0=46
(08/08) g=t, = O (18)
N ®:
E<E, 0=6=0 (14)

Finally, condition § = #; for £ = 0 gives the
propagation velocity w«, which is an eigenvalue
of the differential equation.

4. Solution of the Equation

The present flame propagation process is
especially suitable to be studied by means of a
boundary-layer approximation, since only in a
thin layer of the fuel will temperatures be modi-
fied by the propagation process, then a thermal
boundary layer exists as will be verified.

This boundary-layer solution is obtained by
approximating temperature profiles within the
fuel by means of the exponential expression:

0 = 6, exp {"‘ [¢(E)/¢s]’7}- (15)

o+t 6) |10g 2L 3 = ooy = o,

X
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Taking this expression into (8), the following
ordinary differential equation results:

#P o dd
Zig—z”*;ag*‘f‘(ﬁ(g):o (16)
in which
P = 0./(£). (17

Tquation (16) is readily integrated once the
expression of ¢(£) is known, giving directly
surface temperature 6, (). Introducing condition
6,{0) = 6y, an expression giving the dimension-
less propagation speed u/v is obtained.

This method of solution is valid for any ex-
pression of ¢{(£). In particular, the problem will
be solved by taking

o(&) = q(§) = exp (BE)
(0>t> — o) (18)
x(§) = x = cle

(0<¢< &) (19)

These values correspond, respectively, to an
approximated expression for the radiant heat
flux ahead of the flame, and to an average con-
vective heat transfer behind the flame added to
a constant radiant-heat flux.

Validity of the boundary-layer approximation
is doubtful in a region far ahead of the flame in
which the heat flux ¢(£) is small, since in Egs.
(8) or (16) the first two terms will be pre-
dominant and, therefore, solution of the equation
will tend to that of the one-dimensional case.
This problem is solved by applying the boundary-
layer solution only till a coordinate & = §&
ahead of the flame at which ¢ (%) is small and
solving Eq. (16) for ¢(£) = 0 from £ = & to
£ = — o, At point £ = &, both solutions are
matched by equating temperatures and deriva-
tives.

On the other hand, Eq. (16) is solved separ-
ately for regions 0 > § > &, in which ¢(£) =
exp (Bf), and region 0 < ¢ < &, in which
#(&) = x = cte. At £ = 0, both solutions are
also matched.

Tinal result of all these calculations is given
by the expressions

(20)
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in which

o [0 1808 — () 20608 — (/)] e (58)
Y= ”“){ T— = (/) TP — (20/) T exp L(w/0) 5]

B — (/) 2 exp (8%) 2 ’
X [E_—(T/V)ﬁe){p [(w/»)&]— 8 — (u/V)] 5= Ru) + 5= ) + x (v/u)}. (21)

These expressions give the value of dimensionless propagation velocity w/» as a function of the
principal variables and parameters of the process.

Expression (21) can be simplified by considering that exp (8&) = ¢ (&) is small. Furthermore,
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Fia. 2. Flame-propagation velocities as a function of ignition temperature,
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this boundary-layer approximation is only valid when the characteristic length of Eq. (1)

1= Mpcu

(22)

is small as compared with any typical linear dimension of the process. Since

(u/v)& = @/ (N peu),

(23)

it is concluded that (u/»)%& must be large and then, exp [ (w/v) & is small (since & < 0).
Introducing these simplifications into (21) results in

¥ = 5 (/) [E:%;/—)- +2¢ 0) = (04 gy =Ny + (u/u)]], (24)

which does not depend on &, meaning that flame-propagation speed does not depend on condition

existing far ahead of the flame.

Figure 2 shows the values of /v as a function of the ignition temperature 8; for several values of ..
It may be seen that for small values of 8;, u/» is large, combustion temperature 6. does not influence
the process, and the influence of convection is negligible. Results for u/» 3> 1 tend to those directly
obtained from Eqgs. (20) and (24), when condition x = 0 is introduced, giving

=ty (4 =) + ] - -0 =

(25)

in which uz is the propagation velocity when radiant heat transfer is predominant.
On the other hand, if convective heat transfer is large as compared with radiant heat transfer, that

i, x >> 1, there is obtained

2 (2 uc)x®
2 Y g ot YO
X o8 W ut)xt — 0;

the expressions which gives directly the value of
the propagation velocity ug, when heat convee-
tion is the predominant heat transfer mechanism
of the process.

5. Flame Spreading over the Surface of
A Liquid Fuel

A theoretical and experimental application of
the present study has been conducted for the case
of flame spreading over the surface of hydro-
carbon fuels burning in air.

Ignition temperature of the fuel 7; was in
this case the flashpoint temperature. Therefore,
fue] initial temperatures were taken equal to or
smaller than the flashpoint temperature, in
order to have the flame-propagation mechanism
studied in the present work.

This study was intended for rather large flames
in which radiation heat transfer is predominant,
even for steady combustion.® For the case of
flame propagation, a first study showed that the

—82=0

(26)

influence of convection was negligible, except
perhaps, for very small propagation velocities.

Furthermore, since ignition temperature is not
large as compared with initial temperature 7%
of the fuel, temperature gradients parallel to the
fuel surface cannot be very large, and they were
disregarded as compared with the high temper-
ature gradients existing in a direction per-
pendicular to the fuel surface. For this con-
dition, Eq. (9) reduces to

AOoT/dy?) — peu(dT/dy) = 0  (27)

an equation which has an exact analytical
solution.

The fuel layer was supposed to be of finite
thickness v (or n0), lying over a medium of
thickness zo (or #d’). It was assumed that
y' was large enough to be (87/0y)y—y; = 0
throughout the propagation process,

Initial temperatures of fuel and supporting
medium were taken both equal to T%.

Radiant heat flux from the flame reaching the
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fuel surface, is given by expression

Qog(2) = eaT#*F = EF, (28)

in which the total emissive power F was ex-
perinentally determined.

By assimilating the shape of the flame to a
rectangular surface of height 5 and width b,
geometrical factor F was approximated by
means of the expression?

F = K exp [B(z/8)], (29)
in which K can be taken as constant and B
depends® on the ratio A/b.

Under the preceding assumption, integration
of Eq. (27) gives the following implicit ex-
pression for the flame-propagation velocity:

[B(u/v) T2 coth {nol B (u/v) ]2 + 11}

—0:=10, (30)

in which function II is given by

tanhIl = wtanh {— g[8 (w/r]2}, (31)
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where
w = (Np'd/Apc)2. (32)
This solution is walid, provided that the
parameter
A = |wtanh {— pdw[B(w/») P} | < 1. (33)
On the other hand, if A > 1, the following solu-
tion appears

[8(w/») T tanh {n[8 (w/») J* + 11}

—0;=0, (34)

being

cothll = wtanh {— e[ B{u/7) ]2 (35)

Flame-propagation velocities are shown in
Fig. 3 as function of fuel thickness np. As it might
be expected, above a certain value of 7o, fame-
propagation velocity does not depend on it.
On the other hand, flame-propagation velocity
increases as the fuel thickness augments it if
w > 1, and conversely.

Temperature profiles arc represented in Fig.
4. They were obtained with the expression

_ sinh (/) [8 (1/v) J* + T1} explB(ut/8)]
r="1 (1 t T8 (u/v) 1 coshi (yo/8) (B (/) 2 + 10 ) (36)

in which # is given by (35)

It may be observed that temperature gradients
are very strong in the vieinity of the fuel surface,
confirming the assumption previously made.

6. Experimental Results

The first part of the experimental work was
devoted to the study of the possibility of having
a steady flame-propagation process in a channel,
as well as to the study of the influence of both
channel width and flame length on the process.

This program was accomplished with the re-
search facility shown in Fig. 5.

Flame size was controlled by means of a fold-
ing screen or sheet-metal train moving behind
the flamefront and at the same speed. This
screen quenches the flame as it progresses, keep-
ing hoth flame size and propagation velocity
constant,

It was observed that flame propagation speed
does not depend on channel width above a
certain vajue, and that this speed increases as
the flame depth augments it until a maximum
value is reached.

If the folding screen was not used, a reasonable
constant propagation velocity was obtained, if
such speed was measured after the fame had
propagated through one-third of the channel
length.

According to these results, and in order to
study the influence of fuel depth and fuel initial
temperature, a new larger channel was prepared,
16 feet in length and 20 in. width. The channel
was filled with water heated to the desired initial
temperature, and then the fuel was spread over
the water.

Ignition was achieved with the help of small
amount of gasoline, and propagation velocities
were measured by means of a movie camera or
by using & chronometer.
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Some typical experimental results are shown in
Fig. 6.

By measuring the flame emissive power by
means of radiometers it was possible to cal-
culate the flame-propagation speed using ex-
pressions (34) and (35). (These measurements
were carried out in a steady flame of equal size.)

In Fig. 6 a comparison between theoretical and
experimental results is also included. It may be
seen that they agree reasonahly well.

For high propagation velocities, when fuel
initial temperature is close to ignition temper-
ature, theoretical values are higher than those
experimentally obtained. This result could be
expected, since for T T; the theoretical
propagation velocity given by this model is

infinite. Actually, at temperatures equal or
higher than flashpoint temperature, flame propa-
gates through the combustible gaseous mixture
already existing over the fuel surface.

On the other hand, at low propagation veloci-
tles, theoretical results are smaller than ex-
perimental values, which is probably due to the
influence of conveetive heat transfer, which may
exert some influence in the region of very low
propagation velocities.

Nomenclature

specific heat
emissive power

Q2
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geometrical factor.

characteristic length

parameter

evaporation rate

Prandt] Number

latent heat of vaporization

time

temperature

flame propagation velocity

parameter

characteristic length

flame emissivity

dimensionless coordinate perpendicu-
lar to the fuel surface

dimensionless thickness

dimensionless temperature

thermal conductivity

characteristic velocity, also kinematic
viscosity

dimensionless coordinate parallel to
fuel surface

function

funetion

funetion

density

Stefan-Boltzmann constant
parameter

heat flux through the fuel surface
heat flux through the fuel surface
ahead of the flame

heat flux through the fuel surface
behind the flame

TFO3 S e oTE gt BINTN

QA Higg o

Qs (®)
Qoq (E)

Qox (&)

Subscripts

combustion

gas phase
ignition

initial conditions,

o Py o
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Superscripts

supporting medium
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COMMENTS

Dr. A. F. Roberts (Safety in Mines Research
Establishment, Buxton): In a series of experiments
in which the gpread of flame across the surface of
iso-amyl alcohol was studied, I measured the
surface temperature at the base of the spreading
flame and obtained the same result as Dr. Tarifa,
namely that this temperature was close to the
liquid’s flash point. Being an aleohol flame, how-
ever, no significant radiative heat transfer took
place. By using a transpavent vessel and schlieren
techniques for visualizing flow patterns in the
liquid, T was able to observe a current of hot liquid
of depth <«0.1 mm, spreading over the surface of
the liquid ahead of the flame. The distance between
the tip of this current and the flame remained
substantially constant and heat transfer to the
liquid was most intense at the base of the flame.

Using this information, I developed a mathe-
matical model of the process in which the flame
was represented by a strip source of heat moving
across the surface of the liquid, in a direction per-
pendicular to its length, and heat transfer within
the liquid was represented by the laws of heat
eonduction, using “effective thermal conduetivi-
ties” which were different for the horizontal and
vertical directions. The experimentally observed
criterion for the flame spreading to a particular
region was used in this model.

Using a single set of values for the effective
thermal econductivities gave good agreement be-
tween caleculated and observed rates of spread,
and between caleulated and observed temperature
variations over a wide range of conditions.
(Roberts, A. F.: Ph.D. thesis, University of Lon-~
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don, 1966, “The Spread of Flame across Liquid
Surfaces.”)

Professor Spalding raised the question of the
extent to which a “critical temperature” criterion
was useful in this sort of work as the concept of
laminar-flame theory.

The “critical temperature” for the spread of
flame across a liquid surface is the flash point of
the liquid. The flash point of a liquid, as deter-
mined in a stirred closed system, has been shown
experimentally to be that temperature at which
the equilibrium vapor pressure of the liquid is such
that the resulting vapor/air mixture has the same
composition as a mixture at the lower inflam-
mability limit, as measured in the ordinary way.
This being so, when a liquid’s surface temperature
is raised loeally to its flash point, a layer of vapor/air
mixture is produced adjacent to the surface which
is within the inflammability limits of the vapor,
The thickness of this layer will depend on mass-
transfer consideration in the vapor phase,

Therefore, the critical temperature used in this
work for liquid is not directly comparable to a
chemically controlled ignition temperature. It is
more closely related to the concept of limits of
inflammability.

Dr. C. Sanchez Tarifa: In the paper we explained
in what way the fuel-ignition temperature has to
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be considered. The fuel heated by the flame vapor-
izes, and these vapors mix with the gaseous oxidizer
until & combustible mixture forms ahead of the
flamefront, through which the flame-spreading
process takes place.

Fuel-vapor mixing is controlled by the diffusion
equations in which the fuel mass flow evaporated
per unit time enters both as a convective term and
in the boundary conditions of the problem. This
mass flow is a very sensitive function of the fuel-
surface temperature and, for liquids (under boiling
temperature), it can be expressed as an exponential
function of that temperature.

Flame spreading is conditioned to the existence
of a minimum concentration of fuel vapors ahead
of the flame, and this minimum concentration can
be directly related to the fuel-surface temperature
through the diffusion equations. Therefore, there
exists a local fuel-surface temperature for which
flame spreading occurs, and this temperature has
to be considered as the “‘ignition temperature” of
the process.

The problem would have been quite different if
foreced convection of the gaseous oxidizer would
have been considered, because, in this case, fuel-
vapor concentration ahead of the flamefront would
depend not only on fuel-surface temperature but
also on the aerodynamic field.



