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Experimental Study on Oscillatory Combustion
in Solid-Propellant Motors
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Univeristy of Tokyo, Tokyo, Japan

The relationship between the longitudinal mode oscillatory combustion phenomena in solid-propellant motors
and the motor configuration is experimentally examined using small test motors with various grain con-
figurations. The test results show that the establishment of longitudinal oscillation closely relates to a change of
the port area along the motor axis, the internal gas flow conditions, and the motor slenderness. The effects of
these parameters on the motor design criterion are qualitatively discussed in relation to the propellant response
function and the agglomerative burning of aluminum particles. The test results of an effective mechanical sup-
pression device applied to an actual sounding rocket motor are also presented.

Introduction

THE University of Tokyo has developed a single-stage
sounding rocket S-310 equipped with a motor having a

dual-thrust solid-propellant grain, as shown in Fig. la. This
propellant consists of 19% poly butadiene, 64% ammonium
perchlorate, 11% aluminum, and 2% additives. In the first
static firing test of the motor, the authors observed a
longitudinal pressure oscillation with an amplitude of about 2
kg/cm2 and a frequency of 110 Hz from 4.5 sec after ignition.
The pressure- and thrust-time histories are shown in Fig. Ib.

The shape of the igniter is shown in Fig. Ic. The igniter case
is made of fiber reinforced plastics (FRP) and the main charge
consists of pellets which contain boron and potassium nitrate.
The pressure-time history in the igniter case and the initial
combustion pressure in the rocket motor are shown as a dot-
ted line and a solid line, respectively, in Fig. Id.

In the first launching, corresponding to the longitudinal
oscillation, an axial acceleration with an amplitude of 15 g
was observed as predicted from the static firing test. This
unacceptable value of acceleration forced the authors to in-
vestigate the mechanism and conditions which initiated the
pressure oscillation.

Some investigators have presented stable-unstable criteria
which were based on the sum of the growth and decay rates of
the pressure oscillation.!'2'3 The experimental verification of
these criteria, however, was not necessarily sufficient. Few ex-
perimental studies on the ballistic characteristics influencing
the longitudinal pressure oscillation have been reported.
Among the number of ballistic and acoustic parameters which
govern combustion instability, the grain configuration and
suppression devices such as the baffle were examined ex-
tensively.
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Experimental Design
Small test motors (shown in Fig. 2) were used in order to

study the relation between the grain configurayion and
pressure oscillation. In this figure, Df, Da, L, and Dt denote
the forward-end port diameter, aft-end port diameter, grain
or chamber length, and nozzle-throat diameter, respectively.
Forty test motors with various grain configurations were used
in the experiments. They are shown in Tables 1-7. The
propellant composition was 23% polyurethane, 67% am-
monium perchlorate, and 10% aluminum. Its burning rate
and pressure exponent were 6.5 mm/sec at 50 kg/cm2 and
0.1, respectively. The authors adopted this formulation,
which was more unstable than that of the sounding rocket S-
310, which did not show any pressure oscillation in the tests
using the small motors.

The igniter was made of granular charges enclosed in a thin
polyethylene sheet, and was set in. the forward end port of the
propellant grain. The'main contents of the charge were boron
and potassium nitrate. The pressure peaks at the ignition were
too small, however, to excite the oscillation in the test motors.

The pressure measurements were conducted using a strain-
gage type transducer. On the other hand, for the oscillation
measurements, a piezo type transducer and a high-pass filter
with a cut-off frequency of 200 Hz, were used. The maximum
frequency response of this instrument system was about
10,000 Hz.

Results and Discussion
Several examples of pressure-time histories and pressure

oscillations are shown in Figs. 3a-d. It was found that the ob-
served oscillations are of two types of appearance. The first
type has only a small amplitude without any change in predic-
ted pressure-time histories, as shown in Fig. 3a. In this case,
once the oscillation occurs, it continues until the grain burns
out, and its amplitude is found to assume a constant value of
2 kg/cm2 reproducibility of experiments being assumed. This
may be the so-called pressure-coupled instability.

The second type is defined as the oscillation with a large
ampliltude, which takes place succeeding the first type of
oscillation, and is accompanied by a sudden pressure increase,
as shown in Fig. 3b. Its occurrence is found not to be
reproducible and is considered to be caused by an accidental
ejection of the aft-end restrictor fragments, due to the fact
that it is never observed in the propellant grains with no aft-
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5200mm Table 1 Effect of step and edge

No. GRAIN CONFIGURATION s(mm) (mm) (mm) (mm) (aec)

20 40 30 1300 1.25 55
1.30 52
1.30 52

20 40 30 1300 1.25 50

20 40 32 1300 2.05 48
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Fig. 1 a) Motor of sounding rocket S-310, b) Pressure and thrust-time
histories, c) Structure of igniter, d) Relation between pressure in an
igniter and in a motor.
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Fig. 2 Small test motor.
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20 40 32 1300 1.75 50

20 40 30 1300 (NO) -

20 40 30 1300 1.35 52
1.10 49

25 45 30 1300 (NO) -

25 45 30 1300 0.75 54
0.90 54

end restrictors in the other auxiliary tests. This may be due to
the so-called velocity-coupled instability factor. The present
investigation deals exclusively with the first type of
oscillation.

In Tables 1-7, Tg denotes the time required for the initiation
of the first type oscillation after ignition. In the columns of Tg
"NO" underates that oscillation did not occur at all and
"(NO)"' indicated that oscillation did not occur except at the
tail of the pressure-time history, as shown in Fig. 3c.

An oscillation similar to the second type was observed only
occasionally at the tail of the pressure-time history, as shown
in Fig. 3d. The particular oscillations shown in Figs. 3c and d
are assumed to occur from the ejection of the insulator char.

Pc in the tables denotes the combustion pressure at the time
Tg. Two or three data points of Tg and Pg in an identical
motor configuration number were obtained from two or three
experiments which were made to check their reproducibility.

Relation between Oscillation
and Grain Configuration

Effects of Step and Edge on the Burning Surface
In Table 1, the initial diameters of the forward- and aft-end

ports are unchanged except for Nos. 8, 24, and 9. Numbers 2-
6 show an oscillation of about 2 kg/cm2 amplitude. On the
other hand, in No.7 (which has no edge on its burning sur-
face) the oscillation was not observed. In comparing the struc-
tures of No. 7 with No. 11 and No. 8 with No. 24, Nos. 7 and
8 have port configurations widening smoothly, while Nos. 11
and 24 have those widening stepwise. The oscillation occurs
only in Nos. 11 and 24. These results suggest that steps or
edges on the burning surface, from which small eddy currents
may propagate, excite the oscillations. These eddy currents
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Table 2 Effect of port divergence Table 4 Effect of grain length

No. GRAIN CONFIGURATION
(am) (ma) (mm) (mm) (sec)

mm,//////////////7?

19

Y/s//////////////.

TfT-Avz

1 II .
35

25

Trmrrrs/);/M/77/7/77;

20 40 30 1300 1.35 52
1.10 49

30 40 30 1300 (NO)

30 30 30 1300 (NO)

40 40 30 1300 (NO)

50 40 30 1300 NO

60 40 30 1300 NO

50 30 30 1300 NO

30 50 30 1300 0.5 57

20 30 30 1300 1.30 48

Table 3 Effect of nozzle throat diameter

No. GRAIN CONFIGURATION
- ,. Lf a \

(mm) (mm) (mm) (mm)

'//////////A

26.5 1300 0.90 64
0.95 65

20 40 30 1300 1.25 55
1.30 52
1.30 52

33 1300 1.75 48
1.70 45

26.5 1300 0.65 65

z
20 40 30 1300 1.35

1.10

33 1300 NO

52
49

are generally considered to act as both an exciting and a sup-
pressing force, but the former seems stronger than the latter in
this experiment.

Effect of Port Divergence

From the comparison of No. 11 with No. 19 in Table 2, it
was found that, even with many edges, a gradually widening
port configuration was likely to be more effective in sup-
pressing the oscillation. The results obtained in these ex-

No. GRAIN CONFIGURATION Df Da Dt L Tg k *
(mm) (mm) (mm) (mm) (sec)(Jm2)

11

13

14

15

16

17

18

30 1300 1.35 52
1.10 49

30 1200 1.60 46

30 1100 (NO)

Y//S/77ffl&//;Y//ys~_ X, 20 40 30 1000 (NO) _

30 600 NO _

26.5 1000 (NO)

20.4 600 (NO)

Table 5 Effect of induction time in rocket motors
Df EL D* T T p«y

Ko. GRAIN CONFIGURATION ,\ a * , « « >
(mm) (mm) (mm) (mm) (sec) (J£m2)
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20 40 30 1300 1.35 52
1.10 49

25 45 30 1300 0.75 54
0.90 54

30 50 30 1300 0.50 57

35 55 30 1300 (NO) -

40 60 30 1300 (NO) _

periments show that the oscillation occurs in port con-
figurations that widen stepwise above a certain angle. Straight
and convergent port configurations such as Nos. 20-23 and 35
suppress the oscillation. Configuration No. 25, whose for-
ward- and aft-end ports are reversed as compared with No.
35, supresses the oscillation. Therefore, in the convergent
port, the oscillation was suppressed. However, No. 19, whose
port area decreased at the aft-end and increased stepwise near
the middle point of the grain, exhibited oscillation.

Compared to the straight, convergent port and the port
widening below a certain angle, it is relatively difficult for the
eddy current to be generated with the port sharply widening
stepwise. Therefore, these results suggest that this port
divergence effect actually amplifies the effect of the step and
edge on the burning surface.

Effect of Nozzle Throat Diameter

The rocket motors of Nos. 1-3 in Table 3 have the same
grain configuration with different throat diameters. It was
found that the initiation time Ts increases with the nozzle
throat diameter. Tg "will closely relate to the particular shape
of the port when the oscillation begins. The aft-end port
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Table 6 Comparison of experimental and predicted initiation times

No.

5

6

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Experimental Tg (sec) Predicted Tg (sec)

2.05 1.5

1.75 1.55

0.65 0.2 ~»

1.35 1.10 1.0

NO 2.0

1.60 1.6

NO 2.6

NO NO

NO NO

NO NO

NO NO

NO 1.45 -»

NO 2.0 -^

NO 1.5 ->

NO 2. 0 -*

NO NO

0. 75 0. 90 0. 75

0. 50 0. 55

NO 0.35 -»

NO 0. 1 — >

NO

NO

NO

NO

NO

NO

NO

Table? Effect of suppression devices
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Fig. 3 Typical pressure-time histories and pressure oscillations a), b)
Configuration No. 2; c) Configuration No. 20; d) Configuration No.
13.

diameters at the initiation time Dag, which can be calculated
from the ballistic parameters, and the ratios J of nozzle throat
area to aft-end port area are shown as follows:

No.l

No. 2

No.3

) =58 mm

Dag — 64 mm

Dag ^ 71 mm

.7 = 0.21

.7 = 0.22

7 = 0.22

Note that Tg and Dag increase with the throat diameter and /
is almost unchanged. The experiments of Nos. 10 and 11
present a similar tendency, as follows:

No. 10

No. 11

=51 mm

Dag~6l mm

7=0.26

7=0.24

These results suggest that oscillation begins at a specified
value of J and they permit the possibility of the existence of a
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critical gas velocity at the aft-end port. The motor of No. 12
does not show any oscillation, because steps in the port
probably were too small to excite the oscillation at the end of
the burning time.

Effect of Gain Length

The rocket motors of Nos. 11, and 13-16 in Table 4 have
gains and chambers of various lengths and nozzles of identical
throat diameter. In Nos. 11, 17, and 18, Kn and therefore the
chamber pressure are equal to each other. Among these
motors, Nos. 14-18 did not show oscillations. These motors
have gains less than 1,100 mm, that is, the L AD is less than 14.
Comparing No. 11 with No. 13, it was found that Tg in-
creased as L decreased.

The mean pressure of No. 13, which showed oscillations,
was 46 kg/cm2 while the mean pressures of Nos. 14 and 16,
which did not show oscillations, were below 42 kg/cm2.
These results would suggest an incipient pressure level below
which pressure oscillations did not start. These results,
however, are not conclusive. More detailed discussion about
the physical meaning of the effects of grain length and nozzle
throat diameter on Tg will be conducted at the end of this sec-
tion.

Time Required for Initiation of Oscillation

From the previous discussion, Tg is considered to depend
upon both / and LID under the existence of small steps and
edges. However, Tg may depend not only on such parameters
but also on the induction time required for exciting the
oscillation. The authors tried to estimate the induction time in
Nos. 11 and 24-27, where the web thickness becomes thinner
by 2.5 mm from top to bottom (shown in Table 5). In Nos. 11,
24, and 25, oscillation was established at about 1.3 sec, 0.8
sec, and 0.5 sec, respectively. The port diameters at the for-
ward end at the onset of oscillations are about 36—37 mm.
Oscillations, did not, however, occur in No. 26, in which the
shape of the grain was close to that of Nos. 11, 24, and 25 at
the time Tg. Furthermore, oscillation did not occur in No. 27,
contrary to the authors' expectation. These results suggest
that oscillation does not occur under the initial condition
when the growth rate is close to or larger than the decay rate,
although it generally occurs when the growth rate overcomes
the decay rate. Therefore, it follows that initiation of
oscillation requires an induction time of less than 0.5 sec. On
the other hand, oscillation, once it occurs, continues until the
grain burns out, even though a remarkable pressure change is
provided as shown in the pressure-time histories of S-310 or
No. 2 in Fig. 3a. These interesting phenomena must be solved
by further experimentation. As the grain configurations in
Nos. 24-27 do not always precisely simulate the instantaneous
burning configuration of No. 11, these phenomena must be
examined in more detail. This can be done by means of an ex-
periment on extinction and reignition of a test motor.

Stable-Unstable Criterion

The existence of oscillation in a motor is generally
estimated from a sign of the sum of the growth rate due to
combustion (ab) and a decay rate which consists of the con-
tributions associated with the nozzle («„) ; particles in the
combustion gas (Q:^ ) and the chamber wall (o? c); and so on.
R. L. Coates and M. D. Horton proposed a stable-unstable
criterion related to the oscillation using the following ex-
pressions about GLb> otn, ctp, and ac

 M

No. 20

ab=*f(L/2) (PA/PV)2(A/V) (1)

PA
2=(1/A){

JA

2dA

No. 12

13

0 1 2
Time,sec

Fig. 4 Some kb changes with burn time.

Xf

ac~0 (in an internal burning grain)

(2)

(3)

(4)

where/= frequency, L-chamber length, A-burning area,
V= chamber volume, p — amplitude of oscillating pressure,
abT = growth constant obtained from a T-burner test with
end-burning propellant, and X- weight fraction of solids in
the exhaust. The relation ab + an +ap +a c<0 holds in the
stable condition, so that Eqs. (1-4), yield the following
inequality

k<2-(2J+0.34X) ) 2 ( VIAL) (5)

This inequality shows that the initiation of oscillation is dif-
ficult as J and VIAL increase, the latter being inversely
proportional to LID in a cylindrically perforated grain. This
prediction agrees with the results obtained in the authors' ex-
periments. Denoting the right-hand side of Eq. (5) by kb, the
equality k — kb holds true at the instant oscillation begins. The
kb time histories of several motors used in the authors' in-
vestigations are shown in Fig. 4. The dots on the lines indicate
the initiation time as was obtained experimentally. This figure
shows that every oscillation occurred at a time when kb was in
the range 0.009-0.012. Assuming the k of this propellant to
be 0.011, Tg can be predicted and confirmed with the ex-
perimental results as shown in Table 6. Among these results,
Nos. 19-22, 26, and 27 do not show oscillation ex-
perimentally, although they are predicted to initiate
oscillation. These disagreements may be explained, however,
from the port divergence effect and the insufficient induction
time. Hence, from an engineering standpoint, most of the
predicted Tg's agree with the experimental results. Therefore,
the previously mentioned stable-unstable criterion associated
with a few results obtained in the authors' investigation would
be more useful in motor designing.

Suppression Devices

Single Orifice Baffle

Although oscillation occurs at 1.3 sec after ignition in No. 2
(as shown in Table 1), it does not occur in Nos. 28 and 29 (in
Table 7), which have single orifice baffles made of 5-mm
thickness FRP (manufactured from glass and phenolic resin).
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Fig. 5 a) Sounding rocket S-310 with a baffle, b) Pressure and
thrust-time histories, c) Relation between pressure in an igniter and in
a motor.

These two have inner diameters of 20 mm and 30 mm, respec-
tively. The port diameters at the vicinity of the baffles in these
motors are calculated as 41 mm at 1.3 sec after ignition. These
20 and 30 mm i.d. baffles will narrow the gas flow port to
24% and 54%, respectively, at 1.3 sec. In the case of No. 30,
where the baffle inner diameter is 45 mm, oscillation occurs as
well as in No. 2 at 1.3 sec after ignition, when the baffle is not
yet exposed to the burning surface. However, oscillation
disappears at 2.5 sec, when the calculated port diameter of the
grain at the vicinity of the baffle is 60 mm and the baffle
narrows the gas flow port to 56%. These results suggest that
oscillation can be suppressed if a baffle located at the mid-
point of the motor narrows the gas flow port to about 50%.
However, this figure will depend upon various parameters
such as grain configuration and propellant composition.5'6

Grooves

Narrow grooves of 4 mm width are provided on the cir-
cumference of the grain port as shown in Nos. 32-34. The
combustion gases ejected from the grooves may disturb the
main flow and suppress oscillation. However, oscillation oc-
curs in every motor so that grooves are not useful to suppress
oscillation; but Ts tends to be increased in a motor of which
grooves are close to both ends of the grain.

Applications to S-310 Rockets
Some investigators have suggested that the number of

oscillations decreases as the amount of aluminum
agglomeration on the propellant burning surface decreases.7'8
Therefore, a propellant with less agglomeration was applied
to the sounding rocket S-310 in the second firing test, which

consisted of 17% polybutadiene, 64% ammonium per-
chlorate, 14% aluminum, and 4% additives. In this test,
however, oscillation occurred in much the same manner as in
the first firing, indicating that the longitudinal pressure
oscillation does not depend upon an aluminum agglomeration
on the burning surface.

The third S-310 test motor was provided with a baffle at the
midpoint of the grain, since this proved to be very effective in
simulation motor No. 31. The results of the test were that the
first mode oscillation did not occur, but the second mode
longitudinal oscillation with an amplitude of 0.2-0.3 kg/cm2

and with frequency of about 240 Hz began at 0.5 sec after
ignition, as shown in Fig. 5. In this case, the thrust oscillation
amplitude was very small, due not only to the decreased
pressure amplitude, but also probably because the pressure
waves at both ends of the chamber always had the same sign,
that of the second mode longitudinal oscillation which,
therefore, resulted in the canceling of thrust argumentation.
The cross sections of the forward- and aft-end propellant
grain and the shape of the igniter are similar to those shown in
Fig. la. The only difference is that the amount of the igniter
charge increased in this case. Figure 5c shows the relation bet-
ween the pressure in the igniter (dotted line) and in the rocket
motor (solid line).

Conclusions
These experimental results lead to the following conclusions

concerning the relation between first-mode longitudinal
oscillations and grain configurations or suppression devices.
1) Small steps or edges in a grain have a tendency to cause
longitudinal pressure oscillation. Port configurations
widening stepwise above a certain angle have an especially
great influence. 2) The time required for initiation of
oscillation increases with increasing nozzle throat diameter or
decreasing grain slenderness. 3) The initiation of oscillation
requires an induction time of less than 0.5 sec. 4) Oscillation,
once occurring, continues until the propellant grain burns out.
5) The baffle is a very effective device for suppressing a
longitudinal pressure oscillation, but it will make a higher
mode oscillation under some conditions. The groove is not as
effective. 6) The stable-unstable criterion for the longitudinal
pressure oscillation proposed by R. L. Coates and M. D. Hor-
ton is very useful when the results mentioned in 1) and 3) are
added.
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