Fundamental Studies on Combustion of Solid Propellants

Part 1L

Burning Velocities of Multi-component Fuel

Masao Nagao* and Tsutomu Hikita**

1. Introduction

In combustion of composite propellants,
many sorts of the gas-phase reactions among
pyrolysis products of fuel and oxidizer compo-
nents occur. Both fuel and oxidizer gases
consist of a number of components. In such
a system, different phenomena will be expec-
ted to take place from those in systems which
consist of a single component of fuel and
oxidizer respectively.

Especially in an ammonium perchlorate
oxidized propellant, ammonia is liberated into
pyrolysis products, which produces nitrogen
oxides during combustion. Consequently am-
monia will affect burning velocities of hydro-
carbon air systems.

McD. Cummings? investigated perchloric
acid flames with methane, ethane and so on.
This seems the first report concerning burning
velocities in a system of pyrolysis products
of composite propellants. With regard to
combustion in multi-component systems, J.
W. Armitage and P. Gray® reported an in-
vestigation dealing with ternary mixtures of
ammonia with hydrogen, nitric oxide, nitrous
oxide or oxygen. As to systems including
hydrocarbons, many investigations have been
reported of inflammability limits but those of
burning velocities are very few except inves-
tigations regarding effects of a small amount

of additives on burning velocities. In a study
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by Simon® on the effect of additives on a
propane-air flame, carbon disulfide was used
as one of the additives and it was found that,
despite the burning velocity of carbon disulfide
in saturated air being higher than that of
propane in air, the addition of carbon disul-
fide to the propane flame reduced the burning
velocity over the wide range of fuel/air ratio
studied. This reduction continued progres—
sively until forty percent of the fuel was car-
bon disulfide,
terminated.

when the investigation was
In this program, an investigation was
conducted of burning velocities of combustible
gases, the components of which were deter-
mined after pyrolysis study of polymeric bin-
der of a composite propellant, which were
determined after pyrolysis study of polymeric
binder of a composite propellant, which was
reported previously.® This studyl may offer
a better understanding of the mechanism not
only of flame propagation but also of comp-~
osite propellant combustion.

Of a number of method of measuring
burning velocity, a tuve method was emplo-
yed. This method is very simple in operations
A difficult problem exists
only in that calculation of flame front area

of the apparatus.

is complex when hemispheric shapes of flames
are not obtained. And although limitation
exists that burning velocities are reduced in
a tude by cooling effect of the tube wall, this
method has been utilised by various investi-
gators. =10,

II. Experimental Apparatus and Procedure
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A flame-speed measuring apparatus consi-
sted of a Pyrex tube, 1,220 mm long, with
an internal diameter lof 26 mm open at the
ignition end and closed at the other end.
The apparatus assembles for the introduction
of a fuel-air mixture are shown in Figure 1.
Two tungsten electrodes, which were located
in the tube at 30 mm from the open end,
were used to ignite the mixture.

3-way cock . Vac.
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L
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Fig. 1. Apparatus for Measuring
~* Burning Velocity

As fuels, butadiene-1,3, ethylene and am-
monia were selected for reasons described
above.

Gaseous mixtures of each fuel with air were
made up in 20-liter carboys and were allowed .
to become completely homogeneous by stan-.
ding 24 hours before samples were withdrawn.
Besides, 8-liter flask with a circulation pump
was designed after H. M. Papée et al,'? and
utilized for mixing combustible gases. The
combustion tube was evacuated to a pressure
of at least 0.1 milimeter of mercury and the
sample was introduced and brought up to
atmospheric pressure. At least five minutes

were allowed for the mixture to become
quiescent, the stopper was carefully removed,
and the mixture was ignited (1.01 micro-farad,
45kV). Flame propagation was photograp-
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hed by a framing camera (16 mm film, 64
frames per second), and a rotating drum
camera. The film speed and exposure time
of 16 mm moving camera were calibrated by
photographing a luminous point swept at a
known speed on an oscilloscope screen. For
each fuel-air mixture three records were taken
to obtain the values of flame velocity.

II1. Results

The mode of flame propagation consists of

three regions, i.e., the initial phase, uniform
movement Out, See copy. Framing photog-
raphs and drum camera records of flame
propagation in a tube are shown in Fig. 2.
Propagation velocities of flames were measured
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High-speed Photographs (Left) and
Rotating Drum-camera Record(Right)
of Flame Propagation in a Tube(open
at the ignition end and closed at the
other end. Horizontal tube.)

Mixture: !.3-Butadiene (7.5%)-Air
Initial Pressure: Atmospheric
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from successive photographs. The burning
velocity, or fundamental flame velocity, can
be calculated from the following equation;

— A
Su= yy 14 @

where Sy is the burning velocity, A the
cross area of the tube, A, the flame front
area, and V the propagation velocity of the
flame. The area of flame surface is calculated

on the assumptioni based on the flame shape.
Shapes of flames which propagate steadily in
a tube, can be classified into two; a he-
mispheric and a tilted flame. For the latter,
Coward and Hartwell'® proposed a semi-elli-
psoid approximation. On this assumption the
flame front area is approximately equal to
that of a semi-ellipsoid, which is calculated
by Equation (3). (See Table 1). The auth-

Table 1. Epuations of Flame Front Areas

Approximation Equation

Hemisphere Ar=2zr* @

Semi-ellipsoid As=zb(a®—)KEk, $)+zbct(a— )" K F(k, )+ =t )
(b’

Paraboloid A,=%[ {42 (R—=b)2+1} % — 1].,. 722_ J’

(_z— cE| -e-os-'[%ﬁ(éz-;—fzﬁ)]de O)

2
1=8)
2

Table 2, Calculation of Ay and Sy

Run No. (cm V/sec) Approximation Ay (cm?) A/Ar (cm Sy/sec)

EN-51 (Right) 77.0 Hemispheric 10.6 1/2 38.5

EN-53 (Left) 91.0 Parabolic 1.2 L2012 o 43.0
Ellipsoidal 10. 1 : 1/1.91 47.7

ors, on the other hand, presented a parabo-
loid approximation according to the shape of
a flame photographed. By letting a formula
of a paraboloid be

z=a(2*+y?),

a flame front area is expressed by Equation
@.

An explanation Out, see copy (3) and
derivation of Equation (4) are described in
Appendix of this paper. The numerical
integration of Eq. (4) is made possible by
using Simpson’s “a third power law”. An
example of calculation is illustrated in Table
2. and Figurs 3. In a stoichiometric mixture
of ethylene (1)-ammonia (0.4)-air, hemis-
pheric flames were obtained in two measure-
ments and in the third measurement [tilted
flames were photographed. Burning velocities
were calculated according to approximations

Vol. 27, No. 5. 1966 (297)
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Fig. 3. Hemispheric and Tilted Flames
in the Same Combustibles.
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mentioned above and they were compared with
each other (Table 2). The value obtained for
the third by the paraboloid approximation gave
a better agreement with those obtained for the
first two on the hemispheric assunption, of
errors could be regarded as the least of those
which resulting from the three approximations.
Against mixture composition are plotted

burning velocities of ethylene air in Fig. 4,
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Fig. 4. Propagation and Burning Velocities of
Flames in Ethylene-Air Mixtures.
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Fig. 5. Propagation and Burning velocities
of Flames in Butadiene-Air Mixtures.
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of butadiene-air in Fig. 5, of ethylene-buta-
diene-air in Fig. 6, of butadiene-ammonia-air
and ethylene-ammonia-air in Fig. 7. The
stoichiometric mixture of ammonia and air
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Fig. 6. Berning Velocities in stoichio-
' metric Mixtures of Ethylene-
Butadiene-Air.
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Fig. 7 Burning Velocities in Stoichiometric
Mixtures of Ethylene-Ammonia-Air
(-O-) and Butadiene-Ammonia-Air

-
could not be ignited with the ignition device
and energy employed here. And burning
velocity of the mixture cannot be found in
any literature although many investigations
have been reported regarding combustion of
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Effects of buta-
diene on burning velocities of ethylene-air,

gases including ammonia.

and of ammonia on those of ethylene-air and
of butadiene-air were very remarkable. The
burning velocity of the stoichiometric ethyle-
ne-air mixture was reduced to its seventy-three
percent when twenty percent of ethylene was
However that of the
stoichiometric mixture of butadiene-air was

replaced by butadiene.

not almost changed even if forty percent of
butadiene was replaced by ethylene. The
effect of ammonia on burning velocities of
ethylene-air is larger than that on those of
butadiene-air. The extents of these effects
are compared in terms of slopes of burning
velocity versus fuel composition curves; the
slope of the curve of ethylene-ammonia-air is
minus 0.28 cm/sec. per percent of ammonia
in fuel component, and that of butadiene-am~
monia air minus 0.09 cm/sec. per percent of
ammonia in fuel component.
1V. Discussion

In Figures 4 and 5, flame propagation
velocities are plotted which were obtained by
Reynolds and Gerstein®, The difference is
very large between our and their data. We
plotted those values which were obtained in
the “Uniform Movement” region by reading
The data, however,
of Reynolds and Gerstein were those which

successive photographs.

were taken by using two photoelectric cells
located at points 10 and 40 centimeters from
the ignition spark gaps. (Other conditions,
(i.e., a tube diameter, the initial pressure,
a tube open at the ignition end and closed at
the other end, etc.) were almost the same).
Consequently their values correspond to mean
values between those in the “Initial Phase”

and those in the “Uniform Movement” or
“Vibratory Burning” region. In fact, such
mean values calulated from the authors’ data
are almost near to the values presented by
Reynolds and Gerstein.

Burning velocities of ethylene-air and of
butadiene-air are cited in Table 3 from lite-
ratures''®_.  The values obtained in this
program are a little smaller than those obtai-
ned by burner and other methods. This
resulted from the fact that part of energy of
a flame was absorbed by the wall of the tube
when a tube method was employed. A pro-
blem also exists in calculation of flame front
areas. When hemispheric flames were obtai-
ned values of their surface areas are evaluated
without difficulty.

‘When tilted flames were observed, however,
the evaluation will easily introduce errors even
by using the paraboloid approximation.
Fortunately in our experiments, hemispheric
flames were observed in most cases.

Table 3-1. Burning Velocities of Ethylene-Air Mixtures
. Pickering & Strehlaw & C !
Investigator Linnm,.‘,‘ Smml: L‘::,n:;tgf gﬁ:‘;ﬁ»
Soap Bubl. Improved Burner Burner
Mecthod (Schlirn. ) Soap Bubl. (Schlirn. ) (Shadow)
5 41.8 43.0 38.5
~ 56.6 55.6 52. 1
L ! 6.5 - 62.4 -
N/
@ 7 65.6 66.2 65.5 66.7
;‘i 7.5 - 68.6 67.8 68.8
s 8 67.2 65.8 67.5 67.7
9 55. 1 56.9 58.7
10 38.5 39.9 29.0
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Table 3-2. Burning Velocities of 1, 3-Butadiene

Composition of

Burning Velocity

Investigator Method Mixture Gases cm/sec
Fenn & calcote'” ? Butadiene-Air (Stoich. ) 49.6
Badin & Stuart'® ? Butadiene-(He+0,) (Stoich.) 145
Badin & Stuart!® ? Butadiene-(N;+0;) (Stoich.) 40
Many investigations have been reported of s,
| A

effects of additives on burning velocities of
combustible gases of which fuel consists of a
single component. Since hydrocarbons em-
ployed as additives would also act as a fuel
component, it will be reasonable to regard
fuels including additives as multi-component.
Effect of an inhibitor as an additive, for
example, is explained qualitatively in terms
of its rapid reactions with reactive radicals
such as oxygen, hydrogen, and hydroxyl.
But these elementary reaction kinetics have
not been developed enough to express over-all
burning velocity. An attempt was made by
van Tiggelen et al'” to estimate burning
velocity from elementary reaction kinetics
theoretically. On the other hand, burning
velocity curves obtained for multi-component
fuels in this research suggest us a probabiilty
that these curves will be explained in a man-
ner analogous to kinetics of copolymerization
or co-oxidation. Unfortunately, since elem-
entary reactions remain to be worked out,
further discussions are difficult at present.
Nevertheless, this research gave a direction
for further study in this field. And if the
relationship between elementary reactions and
over-all combustion were solved, the pressure
dependence of burning velocities®®2"2# would
necessarily be explained and this in turn would
offer directions for formulations of solid rocket
propellants.
V. Appendix
Semi-ellipsoid approximation

According to Coward and Hartwell, the
flame front area of a tilted flame was appr-
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Fig. A-1. A Picture of a Tilted Flame

oximately equal to the area of a semi-ellipsoid,
the axes of which were equal to (1) a line
joining the points where the flame touched
the top dan bottom of the tube, (2) twice
the perpendicular distance between that line
and the point most remote from it on the
photograph of the flame front, and (3) the
diameter of the tube, The area of the half-
surface of the ellipsoid was calculated by the
following formula:

Ar=nb(a®*—c2)"KE(k, ¢)
+xbc(at—c*)-KF(k, ¢)+rct €))

where a, b, ¢ are the semi-axes, a>b>¢;
k=c'fe; p=sin"le; e and ¢ are the eccentri-
cities of the ellipses in the blane of the ayes
a and ¢, and b and ¢, respectively. The
values of E(k,¢) and F(k,¢), the elliptic
functions of the second and first kind respe-
ctively, are obtained from standard mathem-
atical tables.
Paraboloid approximation

The authors regarded a tilted flame as a
paraboloid enclosed in a tube with a parallel
but detached center line (Figure A-1). Put
coordinate axes as illustrated in the figure,
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and let a formula of a paraboloid be
Z=a(x*+y*)

Then, the flame front area can be expressed
as a sum of S, and S, as follows;

A;=6—";?[{4 a(R—b): +1) —1]

(hh'
2

]
'_g'j crss® VAE 11080 cos™
at J asp

(o5 (EFr+e)e @

+

where 8 is equal to ab, r=aR, and £*=axz.
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