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Reaction during Ignition of
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J. PaxtorLicEx* anp F. LéBRT
Unaversity of Chemical Technology, Pardubice,

Czechoslovakia
Nomenclature
¢ = specific heat of propellant
k= X/p-¢ = thermal diffusivity of propellant
p = critical negative gradient of temperature on the surface
inside propellant
¢in = total heat of ignition
¢g. = heat accumulated in the condensed phase of propellant at
stable burning
Tin = ignition temperature
T, = surface temperature of propellant
Ty = temperature of propellant before ignition
% = burningrate
z = distance from the propellant surface
A = thermal conductivity
¢ = absorbed energy flux
px = critical energy flux
7 = ignition exposure time
rx = critical ignition exposure time
p = density of propellant

N an interesting Technical Note,! Fishman presents results
of experimental observations on solid-propellant igni-
tion using the arc-image furnace technique. In our work
based on ignition by hot wire? similar results were found.
(o no-go experiments and determination of the 509, limit of
ignition were used in both the works for the determination of
the exposure time as a function of the ignition energy flux (or
total heat of ignition).

Results published by Fishman can be explained assuming
that the ignition takes place when minimal surface tempera-
ture T, is attained with inherent heating of the solid propel-
lant to certain minimal depth.%® At a certain surface tem-
perature of the solid propellant, the depth of the heating is
the greater, the smaller is the temperature gradient inside the
solid propellant. In order to achieve the minimal depth
of heating, the negative temperature gradient in the solid
propellant on its surface must be smaller than the critical
value p = 1/lg o (Figs. 1 and 2). Then it can be supposed
that p is in agreement with the negative temperature gradient
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on its surface at steady burning. That means that it must, at
the same time, comply with

T, = T M
and
~(0T/ox), <p )
For relatively small ignition fluxes, i.e., for?
< Mp = ox 3)
T > (w/4k) (T — To)*/p* = 7x @

the condition (2) is always satisfied whenever the surface
temperature T4, is achieved. The ignition depends then only
on the surface temperature. The exposure time is then? the
time necessary to achieve the surface temperature 7'.;

T = (r-N/4k) (T — T0)*/¢"] ®)

In this case, characterized as an extended ignition, the
slope logr = f(loge) equals —2 and the ignition time does not
depend upon pressure. Extended ignition is in agreement
with the theory of Hicks.%?

At higher ignition energy fluxes, so that

¢ > ¢x (6)
T < Tx 7

we speak about minimal ignition. At the moment when the
ignition temperature is attained on the surface of the propel-
lant, the temperature gradient

= (@T/dx), > p ®)

At minimal ignition the propellant is heated to an insuf-
ficient depth (Fig. 2). If the energy flux were interrupted
when T, is reached, the propellant would not be ignited. For
a successful ignition, the time must be extended and the surface
termperature must exceed 75.. The onset of exothermie reac-
tion is a result of the increase of the surface temperature over
T

It is further supposed? that the total heat of ignition is the
heat that is necessary for a simultaneous achievement, on the
surface of the propellant, of both the temperature 7', and the
temperature gradient —p, i.e.,
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Fig. 2 Temperature profile at minimal ignition.
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Fig. 3 Ignition charae-
teristics of propellant.
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there must be, at minimal ignition,
T = Gin/¢ (10)

In the region of minimal ignition, the slope of the line logr
= f(logy) must, therefore, equal —1. Because at minimal
ignition the temperature of the surface is higher than 7.,
surface exotherm must appear.

Up to the present time, we have supposed that the energy
flux supplied to the propellant surface is thoroughly used for
heating up the solid phase of the propellant and that no
liquid interlayer is produced, the formation and heating of
which would require certain energy. In case of the formation
of the liquid layer, a part of the energy is used for its forma-
tion and heating. This fact, however, does not change basic
conclusions and results only in the fact that the slopes of the
function logr = f (logy) will not be exactly —2 and —1, but
will somewhat differ from these values. Besides that, the
values of ¢x and 7x will change as well. If the thickness of
the liquid layer is dependent upon pressure, extended ignition
also depends upon pressure to the degree to which heat, ac-
cumulated in the liquid layer, is a function of pressure.

It is further supposed that at minimal ignition the total
heat needed for ignition ¢i» equals the enthalpy of the wave of
combustion in the condensed phase at a stable flame;

gin = NWTs — Ty) + ¢ (11)

The first member represents the enthalpy of the solid phase
and the second the heat accumulated in the liquid phase of the
burning propellant. Minimal ignition heat is dependent on
the rate of burning in the steady state. .As the velocity of
burning of propellant usually depends upon pressure, the
exposure time, also, will depend upon pressure as far as
minimal ignition is concerned.

The dependence of exposure time as a function of heat flux
consists of two different parts (Fig. 3), and in logarithmic
coordinates it can be represented using a straight line ¢ and a
set of lines by, bs . . . by, depending upon the rate of steady
burning. Slope —2 is in correspondence with extended
ignition and the straight line ¢ is common to all pregsures if ex-
cess enthalpy does not depend on pressure. Straights by, be
.« . by correspond to minimal ignition with the —1 glope. To
each pressure belongs other straight b;, b2 . . . b,, depending
upon the rate of stable burning of propellants. As with in-
creaging pressure the rate of stable burning increases as well,
the straights b are shifted, in agreement with increasing pres-
sure, towards the left.

On the previous assumption, it is then easy to explain the
dependences observed. At the same time, it is shown that the
indication of ignition by means of appearing flame (or in-
creaged conductivity or pressure) is not very reliable. Flame
can only serve as a proof of surface decomposition which,
however, need not be stable in the case of a propellant not
warmed up to a sufficient depth.
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Reply by Author to ]J. Pantoﬂi/éek
and F. Lébr

NormaN FisamMan®
Stanford Research Institute, Menlo Park, Calif.

T is gratifying that the work reported by Pantoflicek and
Lébr confirms my previous observations. Their explana-
tion of the results involving the surface temperature gradient
and the relationships between “extended ignition” (pressure-
independent regime) and “minimal ignition” (pressure-de-
pendent regime) are consistent with my views of an ignition
model. Furthermore, essentially the same model has been
suggested by von Elbe.?

However, I question the validity of the authors’ suggestion
that the logr-loge relationship in the region of minimal igni-
tion is expressed by a line of slope equal to —1. Although
much of my data do approximate such a relationship, some
data appear to tend toward a zero slope relationship as the
incident flux becomes increasingly larger than the critical
flux. Perhaps such deviation from the behavior predicted by
the authors can be accounted for by adequate treatment of
the surface-coupled exotherm and the ablative-type en-
dothermic reactions which might also be involved at the
higher energy fluxes.
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Comment on “Forces on Spheres
inside Diffusers”

FrED W. ScaMIDT* AND GEORGE S. SPRINGERT
University of Michigan, Ann Avbor, Mich.

N Ref. 1, the authors presented a relationship between the
force coefficient and the Reynolds number for spheres
placed inside diffusers. This relationship was obtained by
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