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Studies of High Frequency Combustion Oscillations
in a Gaseous Propellant Rocket Motor
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Hiroshi Tsuji and Tadao TAKENO

Summary. The experimental studies were conducted in a research rocket motor burning
premixed gases as propellants for investigating the effects of several variables upon the high
frequency combustion oscillations in a rocket motor in detail and making clear the driving
mechanism of these oscillations. The effects of the combustion chamber length, the propel-
lant equivalence ratio, the mean chamber pressure and the shape of the nozzle upon the
longitudinal-mode pressure oscillations were examined. The research rocket motor had a
rectangular combustion chamber of 5cm x8cm cross section and the propellants used were
the premixed city gas and air.

Three modes of the longitudinal pressure oscillations, namely, the fundamental-, the second
harmonic- and the third harmonic-mode oscillations were observed in the combustion cham-
ber and the measured periods of each mode oscillation were found to satisfy the relation of
acoustic-mode oscillations. Therefore the high frequency combustion pressure oscillations
may be treated essentially as the standing waves of the longitudinal mode, though the

propagating shock-type pressure waves appeared as the feed energy to the oscillation was
increased.

The fundamental- and the higher harmonic-mode pressure oscillations occurred only for
certain conditions of the chamber length, the propellant equivalence ratio and the chamber
pressure. With increasing the chamber length and the chamber pressure, the instability
regions of each mode oscillation were increased. It was confirmed from the experimental
results of the instability regions that the combustion oscillations are initiated and sustained
only when the period of the oscillation is larger than some combustion time lag determined
by the chamber pressure, the fuel compositions, the mixture ratio, the injection velocity of
propellant, etc.

I. INTRODUCTION

The combustion in a liquid-propellont rocket motor is never perfectly smooth
and is usually accompanied with the pressure fluctuations. In certain cases, these
fluctuations may become organized oscillations with well-defined frequencies, being
driven by some mechanism which is closely related to the combustion process in
the motor. The problem of combustion oscillations is a very serious one, because
the pressure oscillations may cause not only a large increase in the heat transfer
to the combustion chamber wall but also severe structural damages to the rocket
motor.

As is well known, the combustion oscillations can be classified into two ranges
of frequencies, low frequencies and high frequencies. Many theoretical analyses
and experimental works have been carried out to investigate the low frequency
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combustion oscillations and this type of oscillations has been found to be closely V-
associated with the dynamic characteristics of the propellant feed system. On
the other hand, the high frequency combustion oscillations have also been exten-
sively analyzed but have proved to be more complex in phenomena than the low
frequency combustion oscillations. Mechanisms and theoretical formulations based
on these mechanisms have been proposed to explain the phenomena of high fre-
quency combustion oscillations.

The important experimental works on the high frequency combustion oscilla-
tion in a liquid-propellant rocket motor were carried out by K. Berman, S. E.
Logan and S. H. Cheney, Jr. [/] [2] [3], and independently by H. Ellis and his
group [4]. In their experiments, a cylindrical combustion chamber with a slit
window was used, and the detailed photographic investigations of the combustion
process and the simultaneous pressure measurements were made. They all were
concerned with the longitudinal-mode oscillations. The main characteristics of
the oscillations observed in their experiments can be summarized as follows: 1. B)
The pressure waves propagate back and forth in the combustion chamber. 2.
These pressure waves may be sinusoidal-type waves of small amplitudes, or may
In certain conditions become shock-type waves of large amplitudes. 3. The
observed frequencies of the pressure oscillations are closely associated with the
fundamental acoustic mode in the combustion chamber with both ends closed. 4.
There is a lower critical chamber length below which no high frequency oscillat-
ions appear, and with increase of the chamber length, the oscillations become
more severe. K. Berman and S. H. Cheney, Jr. suggested a mechanism to explain

some of the phenomena they observed [2] [3], but their suggestion seems to be
inadequate.

Recently, experimental studies of the transverse acoustic modes of the combus-
tion oscillations in a rocket motor were made by P. B. Lawhead with a two-
dimensional research thrust chamber which was designed to make extensive use of
photographic techniques for observing the combustion and fluid dynamic pro-
cesses inside the operating thrust chamber [5]. Although the amplitude of the
pressure oscillations was large, the observed frequency of the transverse pressure

oscillation was found to be just the frequency which is predicted from the clas- )
sical small-amplitude theory. ~

L. Crocco and S. I. Cheng studied the combustion instability in liquid-propellant
rocket motors theoretically. They introduced an idea of time lag which was
defined as the time elapsed between the injection of a propellant element and its
sudden conversion into hot gases. In their analysis, they substituted this time lag
for the complex combustion phenomenon and thus simplified the problem. With
this approximation, they developed a linear theory of combustion oscillations
through the method of small perturbations [6]. Based on Crocco’s sensitive com-
bustion time lag theory, L. Crocco, J. Grey and D. T. Harrje made a theoretical
formulation of the longitudinal high frequency rocket instability criteria by a
considerably simpler but somewhat less rigorous derivation and compared the
theoretical instability limit with their experimental results [7]. Another theo-
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retical analysis on the instability of high frequency pressure oscillations in rocket
combustion chambers was made recently by F. E. C. Culick [8]. By emphasizing
the energy addition by combustion, he developed an analysis for the stability of
stationary pressure waves in combustion chambers. The formulation was for the
three-dimensional case and the computations were carried out in detail for a
cylindrical chamber in which the mean velocity is parallel to the axis and varies
only with axial position. It is noteworthy, however, that, because of our meagre
knowledge concerning the physico-chemical processes of combustion in a liquid-

propellant rocket motor, any analytical approach to the combustion oscillations
must start with some hypothetical simple model.

Many studies on the high frequency combustion oscillations have also been made
to understand the screech phenomenon observed in turbojet engine afterburners
and ramjet combustors [9]. This oscillation was found to be closely associated
with acoustic mode in the chamber, but it is clearly evident that the driving
mechanism for the screech will differ markedly from those for the oscillations in
the rocket motor [5] [9]. On the other hand, independently of the combustion
oscillations in a rocket motor and a jet engine, the phenomenon of flame-driven
oscillations of gas flows has been known for a long time as singing flame. About
this problem, there are excellent experimental works by A. A. Putnam and W. R.
Dennis [/0]~[/4] and a series of detailed theoretical analyses by M. J. Merk
[157~[19].

Recently, a series of experimental investigations of some of the factors affecting
the high frequency combustion pressure oscillations has been carried out by M. J.
Zucrow, J. R. Osborn, et al. with a cylindrical rocket motor burning premixed
gases as the propellants [20]~[24]. By employing such a relatively simple
combustion system of premixed gases, the experimental work is simplified, and
the effects of several of the variables which enter into the combustion process for
a liquid-propellant rocket motor, such as mixing, atomization, vaporization, etc.
are eliminated. These experimental results afford interesting comparison with
those observed with liquid propellants. The main characteristics of the combustion
oscillations observed in the gaseous propellant rocket motor are as follows: 1.
The longitudinal-mode pressure oscillations or/and the transverse-mode pressure
oscillations are observed in the combustion chamber. 2. These pressure waves
may be sinusoidal-type waves of small amplitudes, or may in certain conditions
become shock-type waves of large amplitudes. 3. The instability regions for the
transverse-mode oscillations progress steadily toward higher chamber pressure
with increasing chamber length, and the amplitudes of these oscillations decrease
as the chamber length increases at a fixed chamber pressure. 4. The amplitudes
of the longitudinal-mode oscillations decrease with decreasing chamber length,
and there exists a lower critical combustion chamber length below which no high
frequency combustion pressure oscillations of a longitudinal mode occur. The

observed frequencies of these oscillations are inversely proportional to the
chamber length.

It is easily understood from these experimental results that the high frequency
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combustion oscillation observed in a rocket motor burning premixed gases as
propellants have much the same character as when the propellants are initially in
liquid form. Therefore it is suggested that the essential features of the combustion
oscillations can be studied in the simplified conditions by using the premixed
gaseous propellants instead of the liquid propellants. Both of the oscillations occur-
red in the liquid-propellant motor and in the gaseous propellant moto- are heat-
driven oscillations, and excitation of oscillations may be attributed to the response
of the heat source to the disturbances to the gas flow.

Independently of the experiments conducted at the Purdue University, an
experimental study on the high frequency combustion oscillations has also been
conducted at our Institute by using premixed gaseous propellants. with the object
of investigating the effects of the several variables upon the combustion oscillations
in a rocket motor in detail and of making clear the driving mechanism of these
oscillations.  The experiment which is described in this paper was carried out
with a rocket motor of rectangular cross section. Premixed city gas and air were
used as propellants.  The effects of the length of the combustion chamber, the J
propellant equivalence ratio, the mean chamber pressure and the shape of the
nozzle upon the combustion oscillations were examined. In this paper, the ex-
perimental results of the longitudinal-mode combustion pressure oscillations are
presented and a mechanism of initiating the combustion oscillations is proposed to
explain some of the results obtained in the present experiment.

FiGUure I.  Photograph of resecarch rocket motor.
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FiGure 2. Research rocket motor.

This document is provided by JAXA.



Studies of High Frequency Combustion Oscillations in a Gaseous Propellant Rocket Motor 195

II. EXPERIMENTAL APPARATUS

The present experiment was conducted utilizing the research rocket motor shown
in Figure 1. Figure 2 presents a cross-sectional drawing of the motor. The motor
had a rectangular combustion chamber of 5cm X 8 cm internal cross section and it
was composed of a mixing chamber, five water-cooled combustion chamber sections,
three uncooled spacers and a nozzle. The lengths of these chamber sections were
320cm, 15.0cm, 15.0cm, 4.5cm and 4.8cm for chamber sections No. I, No. II,
No. III, No. IV and No. V, respectively. The sides of chamber sections No. I and
No. II were fitted with 10 mm thick quartz windows to permit viewing and photo-
graphing the combustion process in the chamber. The thickness of the spacer was
lcmor 2cm. The length of the combustion chamber was varied from 15.0cm
to 75.3 cm by combining these chamber sections and spacers.

The propellants used were the premixed city gas and air and introduced continu-
ously into the combustion chamber through the supplying system shown in Figure
3 [25] [26]. The air was supplied from a two-stage rotary compressor through
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FIGURE 3. Schematic diagram of supplying system.

coolers, purifiers, an orifice and a control valve to the mixing chamber. The city
gas was fed by a reciprocating compressor through a cooler, a settling tank, an
orifice and a control valve to the mixing chamber. The flow rates of the air and
the gas were metered separately by calibrated orifices and controlled by the pneu-
matic control valves installed in the respective feed lines. The average composition
of the city gas was about CO,, 9.0; O,, 2.8; CO, 6.2; H,, 37.0; CH,, 24.0; C,H,,
4.0; C,H,, 4.0; N,, 13.0 per cent. The stoichiometric gas-air ratio of the city gas
was found as 1:4.33 and the equivalence ratio of the mixtures was calculated on
this basis.

The city gas and the air were introduced into the mixing chamber, impinging
on each other, and then mixed thoroughly. The premixed gas entered into the
injection section of the mixing chamber through a choked orifice. This choked
orifice was installed so as to suppress any low frequency combustion pressure
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oscillation to occur and also to prevent the upstream propagating flame in the case
of flash back. A cross-sectional drawing of the mixing chamber and the choked
orifice is illustrated in Figure 4. The premixed gas was injected into the com-
bustion chamber through a injector which had 20 small holes drilled parallel to
the motor axis. The distribution of the injection holes is also shown in Figure 4.

Two types of converging nozzles were used in the present experiment (F iguré
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5). The nozzle of Type I was water-cooled and had a conventional converging
profiles with the throat of Smm X 15 mm cross section. The nozzle of Type 11
was an uncooled flat plate of 20 mm thickness with a circular throat of 9.5 mm
diameter. Most of the experiments were carried out with the nozzle of Type 11
in order to avoid the complex reflection of the pressure waves at the entrance
section of the nozzle end.

The mean pressures in the mixing chamber and in the combustion chamber
were measured with Bourdon gauges. The temperatures of the combustion gas in
the combustion chamber were measured with Pt-Pt.Rh thermocouples jutti'ng 17
mm into the chamber from the upper wall. The pressure oscillations in the
combustion chamber were measured with water-cooled strain-gauge type pressure
transducers (KYOWA MUSEN PHF-3D; natural frequency is 40 kcps) mounted
flush with the chamber wall and their associated electrical equipments (KYOWA
MUSEN PM-10N Monitor). The transducers were calibrated statically and their
dynamic frequency characteristics were examined by the shock tube test. The
noise of the exhaust gas from the motor was picked up by a ribbon microphone
(AIWA VM-18; frequency range, 6 cps-10 kcps) placed at about one meter down-
stream of the nozzle. The electrical outputs of the transducers and the microphone
were fed into a synchroscope (IWASAKI SS-5032) and recorded on films.

III. EXPERIMENTAL RESULTS

Most of the measurements were made with a transducer mounted at a position
of 7.5cm from the injector face and a thermocouple fixed at a positon of 12cm
from the injector face as shown in Figure 2. For various lengths of the combustion
chamber, the instability regions for the combustion pressure oscillations were
determined by varying the propellant equivalence ratio ¢ and the mean chmber
pressure P.. In the case in which the oscillations occurred, it was found that the
oscillating pressure in the combustion chamber and the noise of the exhaust gas
had the identical oscillation period although they had different wave forms and
phases. Therefore the instability boundaries were determined by hearing the
noise of the exhaust gas and confirmed by the pressure traces on the synchroscope.
The amplitude and the period of the pressure oscillations were measuied from the
pressure traces recorded on films.

III-1. CLASSIFICATION OF THE PRESSURE OSCILLATION

In the present experiment three modes of the longitudinal pressure oscillations
were observed. They are the fundamental-, the second harmonic- and the third
harmonic-modes. Their tyical wave forms are illustrated in Figures 6 and 7.
Each mode of the pressure oscillation occurred only in certain conditions of the
chamber length, the propellant equivalence ratio and the chamber pressure.

The combustion pressure oscillations of the longitudinal mode have been clas-
sified into two principal categories called for convenience the “sinusoidal” type
and the “shock™ type [/0]. Also in the present experiment, these two types of
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FIGURE 6. Pressure traces of sinusoidal-type oscillations: L.= 75.3cm.
(a) Fundamental-mode, P.=2.20kg/cm? abs. 500/:sec/div.
(b) Second harmonic-mode, P.=2.20kg/cm? abs. 500;tsec/div.

FigURg 7. Typical pressure traces of shock-type oscillations : L.==75.3cm.
(@) Fundamental-mode, P,=2.35kg/cm* abs. 5007t sec/div.
(b) Second harmonic-mode, P.==2.30kg/cm?® abs. 500/sec/div.
{¢) Third harmonic-mode, P.=3.20kg/cm? abs. 500/t sec,/ div.
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pressure oscillations were observed. In the case of lower chamber pressure, the
smooth sinusoidal wave forms of the oscillations with small amplitudes were
observed as shown in Figure 6, and therefore these waves seem to be the standing
waves.

As the chamber pressure and the combustion gas temperature were increased,
the amplitudes of the pressure oscillations increased and finally the shock-type
pressure oscillations appeared as shown in Figure 7. The extreme rapid rise in
pressure at the beginning of each cycle of this oscillation is quite similar to that
for a normal shock wave. It can be seen that the overall pressure rise comprised
two rapid increases in pressure. The first pressure rise occurred when a longitudi-
nal pressure wave propagating toward the injector passed the pressure transducer
and the second pressure rise was due to the same pressure wave passing the pressure
transducer after being reflected from the injector face. It was found that, for a
given chamber length, the time elapsed between these two rapid pressure rises
appeared in each cycle of the oscillation was approximately equal for the funda-
mental-, the second harmonic- and the third harmonic-mode oscillation in the
case in which the combustion gas temperature was about the same.

11I-2. E¥rrect OF THE CHAMBER LENGTH

(A) Longitudinal-mode instability regions
Figures 8 ~15 present some of the results on the instability regions determined
for each chamber length in the case in which the chamber length L, was varied
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from [5.0cm to 75.3cm [27]. The instability rezions were confirmed to exist

always for any chamber length longer than 18.0cm. In the case in which L, was
[5.0cm, no organized oscillations appeared in the range of the chamber pressure
observed in the present experiment, and only the steady combustion with turbulent
In this

case the pressure in the combustion chamber and the noise of the exhaust gas

flames stabilized at about 3~5cm from the injector face was observed.

showed merely random fluctuations of small amplitudes as shown in Fieure 16.

Pressure and noise traces of steady combustion :

FIGURE 6.
L.=15.0cm, P.==2.55kg/cm? abs.
upper: noise trace.
lower: pressure trace.

If the propellant equivalence ratio was decreased or increased at constant chamber
pressure, the lames became to blow off at a certain value of ¢ and the combustion
was not maintained over these limits.
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In the case in which L, was 19.5cm, the fundamental-mode oscillations were
observed near the stoichiometric mixture ratio of the propellant as shown in Figure
8, in which the instability boundary is presented by a solid line. For the chamber
pressure of 3 kg/cm® abs, the length of about 18.0 cm may be considered to be the
lower critical chamber length below which no high frequency combustion pres-
sure oscillations of a longitudinal mode occur. If the oscillation occurred, the
pressure trace and the noise trace showed the well-defined periodicity of same
frequency as shown in Figure 17. With increasing the chamber length, the in-

\ ; ! i
: ‘
|

S B B .

= AN N st e BN ”"‘W‘ﬂ“MWWM A

i

Ficure 17. Pressure and noise traces of fundamental-mode
oscillation:  L.=19.5¢cm, P.--3.50kg/cm? abs,
upper: noise trace.
lower: pressure trace.

stability region of the fundamental-mode oscillations progressed steadily toward
lower chamber pressure, extending its boundary both in rich and lean sides (Figures
9 and 10). The expansion of the instability boundary in rich side was larger than
that in lean side. In these figures the blow-off limits are also presented by a dot-
ted line. It seemed that the blow-off curve varied scarcely with increasing the
chamber length and it was nearly parallel to P -axis at higher chamber pressure.

In the case in which L. was 39.3cm, the second harmonic-mode oscillations
were observed inside the instability region of the fundamental-mode oscillations
as shown in Figure Il. The instability region of the second harmonic-mode
oscillations began to occur near the stoichiometric mixture ratio of the pro-
pellant just like that of the fundamental-mode oscillations (Figures 8 and 11).
For the chamber pressure of 3 kg/cm® abs, the length of about 38.0cm may be
considered to be the lower critical chamber length for the second harmonic-mode
oscillations. Asthe chamber length was increased further, the instability boundary
of the fundamental-mode oscillations expanded still more and at the same time
the instability region of the second harmonic-mode oscillations progressed steadily
toward lower chamber pressure, extending its boundary both in rich and lean sides
(Figures 11 and 12) just like that of the fundamental-mode oscillations already
observed in the shorter combustion chambers (Figures 8, 9 and 10). If L. was
increased to 47.0 cm, however, the instability boundary of the fundamental-mode
oscillations almost coincided with the blow-off curve of the flame both in rich and
lean sides as shown in Figure 12. In the combustion chamber longer than this
length, the steady combustion withut organized oscillation was scarcely observed
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and the instability boundary of the fundamental-mode osciilations remained un-
changed, being restricted by the blow-off curve, and only the instability region of
the second harmonic-mode oscillations became larger as shown in Figure 13. As
the result, the instability region of the fundamental-mode oscillations became
smaller.

If L, was increased to 66.0 cm, the third harmonic-mode oscillations were obser-
ved inside the instability region of the second harmonic-mode oscillations. Also
the instability region of the third harmonic-mode oscillations began to occur near
the stoichiometric mixture ratio of the propellant and progressed steadily toward
lower chamber pressure, extending its boundary both in rich and lean sides as the
chamber length was increased (Figures 14 and 15).

(B) Oscillation frequency

The frequency of each mode oscillation varied with the chamber length. Figure
18 shows the change of the observed periods of the oscillations as the chamber
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FIGURE 18. Period of pressure oscillations vs. combustion
chamber length: 7T.=1,600°K.

length was varied from 19.5cm to 75.3cm. In this paper the period is used
instead of the frequency, because the period is found to be more essential parameter
for the combustion oscillations. As will be discussed later, the period r varies
scarcely with the chamber pressure P,, but considerably with the combustion gas
temperature T,. In Figure 18, the period r observed for a constant gas tempera-
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ture of 1,600°K is plotted against the chamber length.
As is well known, if the pressure oscillation is the acoustic mode in the com-
bustion chamber with both ends closed, r is given by the equation

o 2(Lq;—(+J—CAL) (1)

in which 4L, C, and n are the end correction length of the nozzle, the effective
sound velocity of the combustion gas and the positive integer giving the mode -
number of the oscillation, respectively. It is found that the observed results well
satisfy the relation given by Equation (1) and the end correction length of the
nozzle of Type II is very small.

IIT1-3. EFFECT OF THE CHAMBER PRESSURE

In order to examine the effect of the mean combustion chamber pressure upon
the longitudinal-mode pressure oscillations, the amplitudes and the periods of the
pressure oscillations were plotted against the chamber pressure. Figure 19 presents
the amplitudes of the pressure oscillations for the chamber length of 75.3 cm.
Each group shows the observed amplitudes at a fixed combustion gas temperature
(within #10°K). The increase in amplitude with the chamber pressure is found
to be almost linear within the observed pressure range of the present experiment.
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FiGURE 19. Amplitude of pressure oscillations vs. combustion
chamber pressure: L.=75.3cm.
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Although the accuracy of measurement on the absolute value of the amplitude was
not so well, no remarkable effects of gas temperature upon the amplitude of the
pressure oscillation were observed. The increase in amplitude with the chamber
pressure can be attributed to the large amount of the feed energy to the oscillation
in the case of the higher chamber pressure.
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FIGURE 20. Period of pressure oscillations vs. combustion
chamber pressure: L.=75.3cm.

Figure 20 illustrates the periods of the pressure oscillations as functions of the
chamber pressure for the chamber length of 75.3 cm, the combustion gas tempera-
ture being the parameter. Although the periods of the oscillations show the
tendency of a slight decrease with increasing chamber pressure, it may be considered '
that the period of the each mode oscillation is approximately constant independent
of the chamber pressure in the case of constant gas temperature. K. Berman and
S. H. Cheney, Jr. pointed out that the effect of the shock-type pressure oscillation
was a slight increase in frequency, namely a slight decrease in period [2]. Also
M. J. Zucrow and J. R. Osborn concluded from their experimental data that increas-
ing the combustion chamber pressure increased the frequency of the combustion
oscillations [20]. Within the pressure range observed in the present experiment
however, this effect was not so remarkable.
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111-4. EFFECT OF THE COMBUSTION GAS TEMPERATURE

(A) Relation between propellant equivalence ratio and combustion gas temperature

If the combustion chamber was thermally insulated, the combustion gas temper-
ature would be uniform in the combustion chamber and be the function of the
propellant equivalence ratio ¢ only, independent of the flow rate of the mixture
gas or the chamber pressure. In the present experiment, however, the water-
cooled chamber was used, so that the temperature of the combustion gas stream
had some distribution in the chamber, and the gas temperature T, measured at a
fixed location in the chamber was the function of ¢ and the chamber pressure.

Figure 21 presents the combustion gas temperature distributions along the z-axis
of the chamber for three different values of ¢ in the case of a constant flow rate*.

Te ,°C P:096
1,600 [ / 0.84
O~ 070"
1,400 /3 O\O\O\O // /_
; F 4 oo~ ~0 0
; /O O~o_o JOZ(;)_/Q-O\O_ 0=0—gy_
o o- ~o¢0do 0—C—0—0-
200k 0 O\O‘O‘0~o~o£6 o (o)‘o-o_o‘o‘o—c-o-O—o_
’ —O-O-O~o_o_o_o_o_o_
1000
30 1 L i !
800 5 ) 15 20
X , cm

FIGURE 21. Combustion gas temperature distributions along the z-axis in the
combustion chamber at atmospheric chamber pressure: L,=22.5cm.

These distributions were measured without the motor nozzle, that is, at atmospheric
chamber pressure, but keeping the propellant injection velocity the same value as
that in case when the nozzle was choked**. It is found that there exist considerable
temperature gradients in the x-direction and that the reaction zone is located at
about 3cm from the injector face. Figure 22 shows an example of equitemperature
lines in P,—¢ diagram. It is found that T, was affected appreciably also by the
chamber pressure in the present experiment.

(B) Oscillation frequency
If the pressure oscillation is the acoustic mode, the oscillation period r is given by

2(L.+AL) _ 2L,
nC, nC,

T=

: (2)

because the end correction length of the nozzle has already been found to be very
small for the nozzle of Type II. For a particular chamber length, the frequency
or the period of the oscillation depends on the sound velocity of the combustion
gas, namely, on the gas temperature.

* The z-, y- and z-axes of the combustion chamber are illustrated in Figure 2.
** The propellant injection velocity was constant independent of the chamber pressure in the case
when the nozzle was choked and was found to be about 120 m/sec.
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FiGure 22. Equitemperature lines in P.-¢ diagram: L,=75.3cm.

As already pointed out, the combustion gas temperature was never uniform and
had some distributions in the combustion chamber as shown in Figure 21. Con-
sequently the sound velocity of the combustion gas is not constant in the chamber
but decreases along the z-axis. Even in such a case, however, the effective average
temperature 7, which will determine the period of the oscillation may be con-

sidered.

If it is assumed that the average temperature T, is proportional to the

combustion gas temperature 7, measured at the fixed location in the chamber, the
effective average sound velocity C, of the combustion gas is given by the equation

in which

C.= ngRTe = kgRaT, ,

a: proportional constant=7T,/T,,

«: mean specific heat ratio of the combustion gas,

R: mean gas constant of the combustion gas, kg-m/kg-°K,

g: acceleration due to gravity, m/sec®.

Substituting Equation (3) into Equation (2), we obtain

or

2L,

= 7y argRT,

log,, r=1og,,

ny argR

2L,

1

- —“10310 Tc .

2

(3)

L

(4)
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In Equation (3), x and R vary with ¢, and « is also the function of the gas temper-
ature. However, these effects may be considered to be small, so that the first term
in the right hand side of Equation (4) is regarded as a constant for a particular
chamber length.

The observed periods of each mode oscillation are plotted against T, in the
logarithmic scales in Figure 23 for the chamber length of 75.3cm. It is easily
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FIGURE 23. Period of pressure oscillations »s. combustion
gas temperature: L,=75.3cm.

found that the observed periods of each mode oscillation well satisfy the relation
given by Equation (4). Moreover, this result was also confirmed for any other
chamber length. Therefore the values of the constant term of Equation (4) can
be determined from the experimental results for each chamber length. Now we
express the constant term of Equation (4) as log;, 4, then

2
log,, A=log, Lc+log107’; - —;—10810 (axgR) . (5)

The values of log;, A determined from the experimental result are plotted against
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FIGURE 24. Parameter A vs. combustion chamber length.
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logo L. in Figure 24. It is confirmed that log,, A increases linearly with log,, L,
as given by Equation (5). The values of argR can be calculated from Equation
(5) and it is found that

argRR=364.8 kg-m*/kg-sec>-°’K for n=1,
argR=346.7 ” for n=2,
axgR=329.6 ” for n=3.

If we use the numerical values of 30.60 kg-m/kg°K for R (at ¢=1.0) and 1.253
for r (at ¢=1.0 and T'=1,700°K), we find that

a=0971 for n=1,
a=0.923 for n=2,
2=0.877 for n=3.

ITI-5. EFFECT OF NOZZLE SHAPE

Some measurements were made with the nozzle of Type I in order to examine
the effect of the nozzle shape upon the pressure oscillations. The observed periods
of the pressure oscillations with this nozzle are plotted against the chamber length
in Figure 18 as compared with that observed with nozzle of Type II. For a
particular chamber length, the period of the oscillation with the nozzle of Type I
is considerably larger than that with the nozzle of Type II. As easily understood,
the difference may be attributed to the larger end correction length for the nozzle
of Type I. Moreover, the wave forms of the pressure traces observed with this
nozzle showed complex reflection at the entrance section of the nozzle.

IV. DiscussioN OF RESULTS

IV-1. THE CHARACTERISTICS OF PRESSURE OSCILLATIONS

As already pointed out, in the case of lower chamber pressure, the smooth
sinusoidal wave forms of the pressure oscillations with small amplitudes were
observed. This indicates that the pressure oscillation is due to the standing wave
of longitudinal mode. As the chamber pressure and the combustion gas tempera-
ture were increased, however, the amplitudes of the pressure oscillations were
increased and finally the unique shock-type propagating pressure waves appeared.
In the experiments of high frequency combustion oscillations in the liquid- and
gaseous-propellant rocket motors, the presence of this shock-type propagating
pressure wave has always been pointed out. In these experiments, however, the
higher harmonic-mode longitudinal pressure oscillations have been scarcely ob-
served except in some experiments in liquid-propellant rocket motors. It should
be noteworthy that the propagating shock-type pressure waves of higher harmonic
mode such as the second harmonic- and the third harmonic-modes were also ob-
served in the present experiment.

In order to examine how the highr harmonic-mode pressure oscillations occurred
in the combustion chamber, the pressure oscillations were measured at the same

This document is provided by JAXA.



Studies of High Frequency Combustion Oscillations in a Gaseous Propellant Rocket Motor 209

time at three positions (¢ =7.5cm, 31.0cm and 41.0 cm) of the combustion chamber
of 75.3cm length. Figure 25 shows these pressure traces of each mode oscillation.
For the synchroscope used in the present experiment, three pressure traces could
not be recorded simultaneously. Therefore three diflerent combinations of two
simultaneous pressure traces are presented respectively for each mode oscillation
in Figure 25. Small amplitudes of these pressure traces shown in this figure are
due to the circumstances that the amplification of the signals in the synchroscope
is comparatively low in the case when two signals are fed into it simultaneously.
However, the actual amplitudes and the wave forms of the presure oscillations are
the same as those presented in Figure 7. It was found from these pressure records
that two and three shock-type pressure waves were propagating at the same time
for the second harmonic- and the third harmonic-mode oscillations, respectively,
and that these propagating waves were reflected respectively at the velocity nodes

!\)

FIGURE 25. (A) Pressure traces of fundamental-mode, propagating shock-type waves
observed simultaneously at two locations in the chamber.

1. upper: «= 7.5¢cm, lower: x:31.0c¢m.
2, upper: x=41.0cm, lower: w==31.0cm.
3. upper: a= 7.5cm, lower: z=4[.0cm.
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1.
¢

2.

3.
FIGURE 25. (B) Pressure traces of second harmonic-mode, propagating shock-type (]

waves observed simultancously at two locations in the chamber.

1. upper: xz= 7.5¢cm, lower: x=31.0cm.
2. upper: xz=41.0cm, lower: x-=-31.0cm.
3. upper: z= 7.5¢cm, fower: wx=41.0cm.
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FIGURE 25. (C) Pressure traces of third harmonic-mode, propagating shock-type
waves observed simultaneously at two locations in the chamber,

I. upper: x= 7.5cm, lower: «x=31.0cm.
2. upper: xz=41.0cm, lower: w=31.0cm.
3. upper: xz= 7.5¢m, lower: x=41.0cm.

of the higher harmonic standing waves in the combustion chamber. That is, for
these propagating shock-type pressure waves, the phase relations shown in z-t
(time) diagram in Figure 26 were confirmed.

It may be concluded from the above-mentioned characteristics of the pressure
oscillations and the measured periods of oscillations that the pressure oscillations
in the combustion chamber may be treated essentially as the standing waves of the
longitudinal mode, though the shock-type pressure waves are propagating. If the
pressure oscillation is due to the propagating shock wave, the wave propagating
speed is not the sound velocity and Equation (1) does not hold precisely for such
a type of pressure oscillation.  However, if the shock propagating speed V. is
used in Equation (1) instead of the sound velocity C,, the period of the oscillation
may be considered to be given by Equation (1). In this case, the shock propa-
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FIGURE 26. Phase relations of propagating shock-type pressure waves.

gating speed V, is the product of the sound velocity C, and the Mach number M
of the shock wave, and M is determined by the shock strength P,/P,, in which P,
and P, are the pressures before and behind the shock wave, respectively. The
shock strength is the order of 1.1 in the present experiment and it may be the
order of 1.5 at most even in actual rocket motor in which the mean chamber
pressure is high enough and the observed amplitudes of the pressure oscillations
are very large. According to the shock wave theory, Mach number of shock
wave is about 1.04 and about 1.20 for the shock strength of 1.1 and 1.5, respectively.
Therefore the effect of the shock strength, namely the amplitude of the shock-type )
pressure oscillation, upon the shock propagating speed is very small especially in
the observed pressure range of the present experiment. In fact, as already pointed
out in Figure 20, the observed periods of each mode oscillation show only a slight
decrease with increasing the chamber pressure for constant gas temperature.

On the contrary, the combustion gas temperature has a considerable effect upon
the oscillation period through the variation of the propagating speed of the pres-
sure wave. As easily understood from the experimental results shown in Figure
23, however, it was confirmed that the effect of the combustion gas temperature
upon Mach number of the shock-type pressure wave is very small and the com-
bustion gas temperature has influence upon the oscillation frequency mainly
through the variation of the sound velocity.
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IV-2. INSTABILITY REGIONS

For the longitudinal-mode oscillations, the presence of the critical lower cham-
ber length below which no organized oscillations appeared has always been pointed
out in many experiments [2] [4] [20] [23]. In order to examine how the in-
stability regions vary with the chamber length, the instability boundaries were
replotted in L.-¢ diagram for a fixed chamber pressure. Figure 27 presents the
instability boundaries in the case of P,=3kg/cm? abs. In this case, the lower
critical chamber lengths are found to be about 18.0 cm, 38.0cm and 66.0 cm for
the fundamental-, the second harmonic- and the third harmonic-mode oscillations,
respectively. The periods of oscillations of each mode corresponding to these
critical chamber lengths are about the same value and are approximately 500 # sec.
This suggests that the initiation of combustion oscillations may be governed essen-
tially by the period of oscillation rather than the chamber length. Therefore the

@ instability boundaries shown in Figure 27 are replotted in r—¢ diagram as shown
in Figure 28, in which z is the period of oscillation. It is found that the instability
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FIGURE 27. Instability regions: P,=3kg/cm? abs.
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FIGURE 28. Instability regions: P,=3kg/cm? abs.

boundaries for the fundamental-, the second harmonic- and the third harmonic-

mode oscillations are all expressed as one curve for a given injector and a fixed
chamber pressure.

The important results of the instability regions are that the organized oscillation
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of smaller period than the critical value did not occur in the combustion chamber
and that the critical value which is the function of ¢ was about the same for each
mode oscillation in the case of constant chamber pressure. From these experi-
mental results, the initiation of the combustion oscillations of the fundamental-
and the higher harminic-modes may be explained qualitatively by the following
consideration. It is assumed that there is a combustion time lag or a response
time which may be thought to be the total time required to produce an increase
in heat release rate in the reaction zone through some mechanical and chemical
processes and to feed the additional energy to the pressure wave necessary to
sustain the oscillation after the injected propellants are affected by the pressure
wave propagating to the injector face. This time lag is determined in general by
the fuel composition, the chamber pressure, the equivalence ratio and the injection
velocity of the propellant, etc., and it is considered to be composed of the mecha-
nical time lag and the chemical time lag. In the case of constant injection velocity,
this time lag is the function of ¢ and P,. If the oscillation period determined by g
the chamber length and the combustion gas temperature, etc. is smaller than the
assumed combustion time lag, the pressure wave propagating to the injector face

can not receive the additional energy induced by the preceeding pressure wave.

As the result, the pressure wave will decay and the combustion oscillations will

not be sustained. Therefore it may be reasonable to consider that the critical

values of the oscillation periods shown in Figure 28 indicate the combustion time

lag itself and that the period of oscillation must be larger than this critical com-

bustion time lag r,, in order the combustion oscillations to be sustained, namely

the combustion can occur only when the criterion,

T>7,, (6)
is satisfied.

In the first place, let us consider the case in which P, is constant and the chamber
length L, is varied. The critical combustion time lag 7., for a given value of the
chamber pressure is assumed to be given asa function of ¢, being restricted by the
blow-off limits, as shown in Figure 29. On the other hand, the period r of the
pressure oscillation which can occur in the combustion chamber of length L. is

FIGURE 29. Combustion time lag: P¢=conét.
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determined by the relation,

o= 2L,
nMC,

(7)

7 increases with L, according to this relation. In the case of a short chamber
length L., the period r, corresponding to this chamber length is also small and the
criterion (6) is not satisfied for any values of ¢. Consequently any combustion
oscillation does not occur. If the chamber length is increased to L., and the
period of the fundamental-mode oscillation becomes z,, the criterion (6) is satisfied
at ¢,, so that the fundamental-mode oscillation may occur only for this equivalence
ratio ¢,. Namely, L, corresponds to the so-called critical lower chamber length
for a given chamber pressure. For a larger chamber length L, the period z; of
the fundamental-mode oscillation corresponding to this chamber length satisfies
the criterion (6) in the range of ¢ between ¢,, and ¢,, and therefore the
fundamental-mode oscillation will occur in this range of ¢. As the chamber
length is increased and then the period of the fundamental-mode oscillation in-
creases, the instability range of ¢ becomes larger. However, if the period of the
fundamental-mode oscillation becomes larger than 2r,,, the period of the second
harmonic-mode oscillation also becomes to satisfy the criterion (6). For example,
if the period of the fundamental-mode oscillation is z,, the fundamental-mode
oscillation is possible to occur in the range of ¢ between ¢,, and ¢,,, and at the
same time the second harmonic-mode oscillation is possible to occur in the range
of ¢ between ¢/, and ¢{,. Namely, both the fundamental- and the second harmonic-
mode oscillations are possible to occur in the range of ¢ between ¢/, and ¢},. In
such a case, however, the higher harmonic-mode oscillation, namely the oscillation
of the mode of smaller period is considered to be ready to occur. Similarly, if
the chamber length is large enough and the period of the fundamental-mode
oscillation becomes larger than 3z,,, the third harmonic-mode oscillation may be
considered to occur. Therefore it is easily understood that the period of the com-
bustion oscillation which may occur actually in the combustion chamber is limited
to the range of r between 7., (¢) and 27,,(¢).

In the next place, let us consider the case in which L, is constant and P, is
varied. In this case, the periods of the fundamental- and the higher harmonic-
mode pressure oscillations which will occur in the combustion chamber are deter-
mined by the relation (7) as the function of ¢ as shown in Figure 30, in which
z./, 7,/ and ;" are the periods of the fundamental-, the second harmonic- and the
third harmonic-mode oscillations, respectively. Also in this case, the critical
combustion time lag ., is assumed to be given as a function of ¢, being restricted
by the blow-off limits, as shown in Figure 30, and moreover, this time lag is
assumed to become smaller with increasing the chamber pressure as shown in
Figure 30.

In the case of a low chamber pressure P, the critical combustion time lag z.,
corresponding to this chamber pressure is large and the criterion (6) is not satisfied
for any value of ¢. Consequently any combustion oscillation does not occur in
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FIGURE 30. Combustion time lag: L.=const.

this chamber pressure. If the chamber pressure is increased to P,,, the criterion
(6) is satisfied at ¢, for the fundamental-mode oscillation, so that the fundamental-
mode oscillation may occur only for this equivalence ratio ¢,. For a higher
chamber pressure P.;, the period of the fundamental-mode oscillation becomes
larger than 7., in the range of ¢ between ¢,, and ¢,,, and therefore the fundamental
mode oscillation will occur in this range of ¢. As the chamber pressure is
increased, the instability region becomes larger. At the same time, however, the
period of the second harmonic-mode oscillation becomes also to satisfy the criterion
(6). For example, if the chamber pressure becomes P,,, the fundamental-mode
oscillation is possible to occur in the range of ¢ between ¢,, and ¢,,, and at the
same time the second harmonic-mode oscillation is possible to occur in the range
of ¢ between ¢’,, and ¢’,,. Namely, both the fundamental- and the secon harmonic-
mode oscillations are possible in the range of ¢ between ¢’,, and ¢’,,. In such a
case, however, the higher harmonic-mode oscillation is considered to be ready to
occur. Similarly, if the chamber pressure becomes high enough and the critical
combustion time lag becomes smaller than r”’’,, the third harmonic-mode oscil-
lation may be considered to occur.

It is found that the considerations mentioned above can explain the experimental
results of the instability boundaries shown in Figures 8 ~15 without contradiction.
However, the essential features of the critical combustion time lag assumed in the
above considerations are not yet elucidated at the present experimental situation
and it is emphasized that the further study of this combustion time lag is necessary
in order the mechanism of the high frequency combustion oscillations to be made
clear.

V. CONCLUSIONS

The experimental investigations of the high frequency combustion oscillations
in a rocket motor burning premixed gases as propellants have led to the following
conclusions.

(1) Although the propagating shock-type pressure wave appears as the feed
energy to the oscillation is increased, the high frequency pressure oscillations in
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the combustion chamber may be treated essentially as the standing wave of the
longitudinal mode, because the second harmonic- and the third harmonic-mode
pressure oscillations were obsrved in the combustion chamber, i.e., two and three
shock-type pressure waves were propagating at the same time for the second
harmonic- and the third harmonic-mode oscillations, respectively, and moreover
the measured periods of each mode oscillation satisfy the relation for the acoustic-
mode oscillations.

(2) The effect of the chamber pressure upon the shock propagating speed is
very small in the observed pressure range and the period of the oscillation decreases
slightly with increasing the chamber pressure. On the other hand, however, the
combustion gas temperature has a considerable effect upon the period of the
oscillation through the variation of the sound velocity of the combustion gas.

(3) By assuming the existence of some critical combustion time lag for the
combustion oscillations, the experimental results on the limits of initiation of each
mode pressure oscillation could be explained without contradiction.

By the present experiment, the essential features of the high frequency com-
bustion pressure oscillations occurred actually in the combustion chamber could
be well elucidated, and these experimental results are thought to be very useful
for the theoretical analysis of the high frequency combustion oscillations. On
the other hand, however, the sustaining mechanism of the combustion oscillations
is not yet fully understood and the further experiments are now being conducted,
and the detailed discussion on the sustaining mechanism will be presented in the
following paper.

The authors would like to express their sincere thanks to Messers. T. Okano, M.
Hori and I. Yamaoka for their active cooperation in conducting the experiments.
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