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This paper deals with an experimental investigation into the stability behavior of a hybrid rocket where gaseous

oxygen is fed with either an axial conical subsonic nozzle or a radial injector. The influence of the oxidizer-injection

configurations on the motor stability is thoroughly examined. These distinct oxidizer-injection techniques allowed

unveiling key and so far unreported features of the hybrid rocket combustion stability, especially emphasizing the

role of vortex sheddingwhich occurs in both the pre- andpostcombustion chamber. Axial and radial injectors caused

completely stable and unstable combustor operations, respectively, and this fact has been attributed to the fluid

dynamics and unsteady heat release at the entrance of the fuel grain port. In particular, the unstable combustion in

the radial-flow injector motor was dominated by low-frequency pressure oscillations, around 10–20 Hz. These low-

frequency pressure oscillations were always accompanied by longitudinal acoustic modes. In some cases, the

pressure oscillations abruptly increased, reaching peak-to-peak amplitude close to 70% of the mean chamber

pressure, which is somewhat unusual for hybrid engines. Vortex shedding in the aft-mixing chamber is considered as

the main driving mechanism of this latter behavior.

Nomenclature

c = average speed of sound in the combustion chamber,�����������������
��RT�av

p
c� = characteristic exhaust velocity
D = fuel port diameter
�D = time–space-averaged fuel port diameter
Dt = exhaust nozzle throat diameter
f = frequency
�Gox = time–space-averaged oxidizer mass flux
L = combustion chamber length
Lf = fuel grain length
l = exhaust nozzle length
_m = mass flow rate
O=F = oxidizer to fuel mixture ratio
p = combustion chamber pressure
R = gas constant
�_r = time–space-averaged regression rate
Sr = Strouhal number
s = fuel grain thickness
T = gas temperature
U = average gas velocity
V = combustion port volume
� = specific heat ratio
� = combustion efficiency
� = ultrasound time of flight
� = function of specific heat ratio

Subscripts

H = Helmholtz mode
hy = intrinsic hybrid instability
j = gas jet
ox = oxidizer

s = sampling
th = theoretical
VS-aft = vortex shedding in the postchamber
VS-pre = vortex shedding in the prechamber
1L = first longitudinal acoustic mode

I. Introduction

P ROPULSION systems such as solid and liquid propellant
rockets and airbreathing engines, like ramjets, are known to

have a tendency toward unstable operation, that is, toward what is
commonly referred to as combustion instability [1,2]. From a general
point of view, strong instabilities in combustors have to be avoided
because they can cause excessive mechanical vibrations on the
engine and thevehicle structure, which can damage delicate payloads
and control systems, or even lead to structural failure. Mild insta-
bilities, on the other hand, may even improve combustion efficiency
by promoting fuel–oxidizer mixing as, for example, in pulse com-
bustors [3] and hybrid rockets [4]. The latter, like the afore-
mentioned propulsion systems, suffer fromcombustion instability. In
fact, the open literature [5,6] reports that hybrid rockets typically
show finite amplitude, up to 20% rms of the mean, low-frequency
chamber pressure oscillations. These pressure oscillations have a
predominant frequency in the range of tens of hertz, and they often
take place together with acoustic frequency oscillations. Here, as
acoustic oscillations are intended, the chamber pressure oscillations
having a frequency close to that of the chamber longitudinal acoustic
modes.

The low-frequency instability is intrinsic of hybrid engines; it has
been described by means of a linear model [7,8] that combines the
thermal lag in the solid grain, the gas-phase combustion, and the gas
dynamics in the combustion chamber, yielding a universal scaling
formula for the primary hybrid oscillation frequency
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where �bl is the so-called boundary-layer delay time [7], that is, the
characteristic response time to disturbances in the boundary layer
over the grain surface.

However, although this theoretical model can predict the pressure
oscillation dominant frequency, it is unable to explain if and when
these low-frequency instabilities will develop in the combustor.
Actually, there are hybrid motors where pressure-time trace is very
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smooth and motors, with the same propellants, size, and operating
parameters where that is not so [9]. In particular, changing the
oxidizer-injection configuration from axial to radial flow has been
demonstrated to generate instabilities [5,10]. In that case, the
occurrence of pressure oscillations has been attributed to a flame-
holding inefficiency (typical of solid-fuel ramjets) ensuing from the
different fluid-dynamic conditions at the head end of the grain when
switching from the former to the latter injection configuration. In
general, it has been found that any injector design producing a strong
recirculation zone gave rise to a stable combustion. Boardman et al.
[5] conducted a systematic research into the influence of the gaseous
oxidizer injector on the motor stability. By varying the head-end
motor configuration with different injectors, radial, axial and hollow
cone, and the fore grain surface (combustion inhibited or not) they
observed two primary oscillation frequencies when the radial
injector was used: a low-frequency, nonacoustic mode in the range of
8–20 Hz, and the combustion chamber first longitudinal acoustic
mode. They concluded that, due to the inherently unstable diffusion-
controlled hybrid combustion, when efficient flame holding was not
accomplished by means of proper gas recirculation, the first acoustic
mode, activated by the grain leading-edge diffusion flame oscilla-
tions, drove the increase in the fuel regression rate which, in turn,
resulted in increased chamber pressure. However, their deduction
can be questionable [11] and it was not supported by any data on the
instantaneous regression rate.

The main feature emerging fromwhat is cited herein is that hybrid
engines generally exhibit low-frequency instability, which seems
preferably excited when no sufficient propellant mixing is promoted
at the entrance of the fuel grain. In the context of the current in-
vestigation, this condition is achieved by means of a radial injector,
whereas an axial injector is employed to generate larger recirculation
and mixing [9].

Interaction between vortex shedding and chamber acoustics is a
well-known cause for significant increase in acoustic pressure
amplitude, which can lead to combustion instability in solid rocket
motors [12–14]. This phenomenon can be observed especially when
slotted grains are employed [15] or, in general, if a sudden change of
cross-sectional area of the combustion chamber exists. Nevertheless,
no adequate attention has been paid to vortex shedding in hybrid
rockets, as also noted in [16]. In thesemotors, precombustion and aft-
mixing chambers are usually mated to the fuel grain ends; in this

arrangement, large-scale vortex structures can develop, detach, and
impinge on a solid surface at a suitable distance downstream of the
shear layer origin, that being a potentially important mechanism for
the onset of large pressure oscillations.

This paper highlights the central role of vortex shedding, at least in
the amplification of instability, with the presentation of the static
engine firing results obtained from a laboratory-scale hybrid rocket
where gaseous oxygen was supplied into cylindrical, polyethylene,
or hydroxil-terminated polybutadiene (HTPB) fuel grains. The
motor stability is analyzed by comparing the influence of an axial
subsonic nozzle and a radial injector on the fluctuations of chamber
pressure and instantaneous fuel-regression rate. Real-time regression
rate was measured with the ultrasound pulse-echo technique. As far
as the author knows, applications of this technique in unsteady
conditions have been directed to solid propellant motors [17,18], but
this is the first time ultrasounds are used for frequency response
analyses in a hybrid rocket. However, it has to be specified that no
corrections from the unsteady thermal effect on the ultrasound
measurements have beenmade, so that regression rate results have to
be considered as preliminary.

Most of the firing tests were conducted on the radial-injection
motor because the axial injector has been the subject of past research
[9,19]. Tests will be shown where pressure oscillations amplitude
reaches the remarkable value of 65%, peak to peak, of the mean
chamber pressure. This behavior, verified with the radial injector in
certain conditions, was not encountered with the axial injector,
whatever were the port diameter and the chamber pressure, in the
ranges of 16–75mmand 10–20 atm, respectively. Vortex shedding in
the aft-mixing chamber will be demonstrated to be responsible for
this issue.

II. Experimental Setup and Motor Configuration

In this section, the lab motor and the test apparatus are described.
For an exhaustive account on this subject, also refer to the papers
of [9,19].

A. General Layout

A scheme of the test facility is shown in Fig. 1. Gaseous oxygen is
supplied by a reservoir of 8 cylinders; in this experimental campaign,
oxygen flow rates were in the range of 0:055–0:16 kg=s.

Fig. 1 Test facility.
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The oxygen mass flow rate is evaluated by measuring the gas
temperature (with a copper-constantan thermocouple) and pressure
at a section upstream of the throat of a home-designed choked venturi
tube. Installing this device was mandatory for decoupling the
combustion chamber dynamics from the one of the rocket feed
system. Furthermore, to minimize the capacitance of the gas delivery
line, after a number of tests, the venturi was moved from the initial
position on the line to a position much closer to the injector (labeled
with 1 and 2 in Fig. 1, respectively), reducing the volume of the line
downstream of the venturi throat by about 90%. Thus, constant
oxidizer mass flow was considered, independently of pressure
oscillations in the motor. The effectiveness of this system will be
discussed later.

High-density polyethylene (HDPE) and HTPB fuel grains with
one circular port and slightly different lengths (on the order of 580
and 535 mm, depending on the particular injector assembly) were
tested. Several initial inner diameters (16, 25, 50, and 75 mm) were
chosen to explore a wide range of mass fluxes, and purely geo-
metrical and fluid-dynamic effects.

Upstream and downstream of the fuel grain, a dump plenum and
an aft-mixing chamber were set up, respectively. A water-cooled
converging-diverging nozzle with 16 mm throat diameter, 82 mm
length, and 2.44 area ratio, made of copper alloy, ensures long
duration firings with no throat erosion.

Low-frequency chamber pressurewasmeasured by two capacitive
transducers (which will be referred to as PTL for further reference),
Setra model 280E, set up in the prechamber and in the aft-mixing
chamber. High-frequency pressure oscillations were obtained in the
dump plenum using a PCB helium-bleed dynamic pressure gauge
model 123A (whichwill be referred to as PTH), flushmounted on the
motor forward closure (see Figs. 1 and 2).

The motor is suspended from the test bench by four load cells,
which allows computing of the thrust as the sum of the loads
measured by each cell. Motor ignition was accomplished by means
of a pyrotechnic cartridge electrically primed.

The analog signals coming from thermocouples, pressure trans-
ducers, and load cells were sampled at 10 kHz, digitally converted,
processed, and recorded on the hard disk by a National Instruments
(NI) SCXI system interconnected with PC1 in Fig. 1 via a NI 6034
EPCI boardwith 16 bit resolution.No antialiasing analogfilterswere
used. With this equipment and using a dedicated software developed
in LabView 7, the motor is ignited and the firing test is completely
automated. All the signals were saved in a binary format for post-
processing and in text format, after averaging down the data to
100 Hz (“boxcar averaging”).

The instantaneous regression rate was measured by means of the
ultrasound pulse-echo technique. One ultrasonic transducer, placed
around the middle of the chamber (Fig. 1), was employed to acquire
the local grain thickness variation over time. The ultrasonic
transducer is a Panametrics Videoscan V114-SB of 3

4
in nominal

diameter and 1 MHz central frequency. The waves emitted by the

transducer are electrically generated and then received and amplified
by a pulser/receiver unit (Panametrics model 5072PR) with 1 kHz
pulse repetition frequency (PRF). A cross-correlation-based tech-
niquewas applied to process the ultrasoundwaveforms, as discussed
in a forthcoming section.

B. Oxygen Injectors

Axial- and radial-injector configurations were employed to
generate completely different conditions for the oxidizer at the
entrance of the fuel port. With the former, oxygen is axially injected
into the combustion chamber through a converging nozzlewhose exit
diameter is 8 mm. The exit Mach number was at most 0.35. The
radial-injection system is made by a radial-injector cap, shown in
Fig. 2, which, when assembled on the injection flange, produces a
radial flow in a dump plenum (in stainless steel and slightly longer
than the prechamber used with the axial-injector setup), via 16
equally spaced 2.5-mm-diam orifices around the periphery of the
cap. The radial injector equivalent exit area is thus 56% larger than
the axial injector one. This design has been aimed at trying to
maintain almost the same gas velocity through both injectors. The
reasonwhy this implies a larger area of the radial injectorwill be clear
in the following.

The main features of the flowfield in the motor forward end
ensuing from the two injector arrangements can be deduced from the
steady-state streamlines reported in Fig. 3 (here, the fuel grain has
50 mm port diameter, the oxygen mass flow rate is 0:1 kg=s, and the
pressure at the exit plane is 12 atm).

The commercial code Fluent 6.2 was used to solve the nonreactive
flowfield in the motor for different port diameters [20]. The exhaust
nozzle was not included in the computational domain. The gas was
oxygen at room temperature, themass flow rate at the inlet and the aft
chamber exit pressure were set equal to those experimentally
measured. No blowing from the side wall was considered, the flow
characteristics at the motor head end being the main subject of
investigation. The flow was supposed compressible and turbulent;
the “k-" realizable” turbulence model was employed. For the axial
injector, an axially symmetric flowfield was solved, whereas, for the
radial-injector motor, the flowfield was studied in one-sixteenth of
the cylindrical geometry (corresponding to the slice containing one
hole of the injector cap), assigning rotational periodicity on the axial
planes. The basic results are briefly summarized here. First, the
pattern of the streamlines inside the radial-injector cap (Fig. 3b)
indicates that the gas accelerates through the peripheral holes due to
the gas turning, which produces a contraction of the hole effective
exit section and, accordingly, a velocity increase. This effect has been
reduced by enlarging the radial-injector equivalent area with respect
to the axial injector, as previously mentioned.

Fig. 2 Axial injector/radial injector and dump plenum at the head end

of the motor.

Fig. 3 Streamlines at the head end of the motor: a) axial injector,

b) radial injector (D0 � 50 mm).
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With the axial injector, a main counterclockwise-rotating vortex is
established in the inlet region of the grain (Fig. 3a). This broad vortex
is bounded, on the front side, by the zone of oxygen impingement on
the grain surface, which moves more downstream along the grain
with larger port diameters. In the precombustion chamber, another
large vortex, clockwise rotating, is formed delimiting the main one
on the backside. The oxygen jet impingement on the surface entails a
nonuniform convective heat transfer distribution such that the wall
heat flux and thus the regression rate rise from the grain inlet,
attaining a maximum in the jet impingement region and, farther
downstream, gradually decrease along the combustor axis. As was
shown in an earlier paper [19], this configuration results in increased
regression rates (up to 3 times larger, for very low-massfluxes), lower
dependence of regression rate itself on mass flux (smaller mass flux
exponent, n� 0:37), and sensibly higher combustion efficiency,
about 98%, depending on the recirculation zone extent [9].

With the radial injector, the recirculation zone in the port entry is
much narrower than with the axial injector, and it has a substantially
different nature. Indeed, vorticity is generated due to the fluid vena
contracta at the sudden reduction of the chamber cross section; the
flow turning, then, produces a separated region, which may be likely
a source of periodic shedding of vortices. A large clockwise-rotating
vortex, which reduces the velocity at the inlet of the grain, is formed
in the dump plenum. In this case as well, when the port diameter is
increased, the reattaching distance moves downstream along the
grain. However, this configuration generates lower andmore uniform
(along the grain axis) regression rates and a higher dependence on the
mass flux (mass flux power exponent n� 0:77) in comparison to the
axial injection [21].

III. Experimental Data Processing Techniques

A. Ultrasound Signals Analysis

The ultrasoundwaveforms, emitted and acquiredwith a PRF equal
to 1 kHz, were sampled with 10MHz rate by a NI 5112 PCI digitizer
having 32MBonboardmemory and 8 bit resolution, and recorded by
PC2, while PC1 was deputed to the acquisition of other experimental
data and to the test control (see Fig. 1). A digital trigger was used for
synchronizing the two separate acquisitions. With this sampling
frequency, the fuel thickness is determined with an accuracy of about
0.11mm for HDPE and 0.075mm for HTPBwhose speeds of sound,
at reference conditions, are around 2300 and 1500 m=s, respectively.
This accuracy is actually increased, because an interpolation method
was used.

The signals were analyzed by a cross-correlation technique to
compute the time delay from the echo corresponding to the interface
between the coupling insert and the outer surface of the grain to the
backwall echo related to the grain inside surface (Fig. 4).

This measurement mode does not require one to compensate the
measure for the increment caused by the transit time through the
transducer wear plate and the coupling fluid, nor for the cable delay,
or any other offset due to rise time or frequency content of the
detected echo. With the cross-correlation method, the time of flight
through the propellant is estimated by searching for the maximum of
the coefficient of correlation between the first and second interface

echoes in Fig. 4. Because the true location of the correlation function
maximum is, of course, not constrained to discrete increments, but it
may fall between the discrete sampling points, a parabolic fit was
used to improve the estimation accuracy of the time of flight and then
of the fuel instantaneous thickness [22]. Note that, with PRF�
1 kHz, an interpolation method is necessary for the regression rate
calculation because, even with regression rates on the order of
1 mm=s, the time-of-flight variation over a time step�t� PRF�1 is
on the order of 10�3 �s, which is 100 times less than the basic
accuracy of the thickness measurement. This technique is less prone
to bias compared to the methods, often used, which rely on the
determination of some signal zero crossing [23]. In fact, for media
that exhibit frequency-dependent attenuation like propellants and
dispersion (that is, the frequency dependence of phase velocity), the
pulse shape may change with thickness, thereby altering the zero-
crossing locations and affecting the time-of-flight estimates [24].

The grain thickness swas calculated from the waves’ propagation
time, assuming the wave speed in the fuel to be constant [25,26],
namely,

s� s0
�

�0
(2)

where �0 and s0 are the prefiring transit time and fuel thickness,
respectively. The thickness data were low-pass filtered (30 Hz cutoff
frequency), then a numerical central formula was applied to take the
thickness derivative for the regression rate calculation.

B. Spectral Analysis of Pressure and Regression Rate

Sampled data were processed with two slightly different proce-
dures depending on the operation to be performed, that is, a global
spectral analysis or a joint time-frequency analysis.

Pressure data output by the PTH transducer were symmetrically
zero padded to the next power of 2 andwindowed through aHanning
window with the purpose of minimizing the spectral leakage, for the
calculation of the overall (i.e., over the entire firing) spectra.
Discontinuities between the original pressure signal and the added
zeroes were eliminated by subtracting from each sample the pressure
offset. Then, fast Fourier transform (FFT) was performed to display
the overall spectrum. Regression rate data were treated in the same
way.Additionally, to remove the power line interference at 50Hz and
its higher harmonics from the PTH signals, the points of the
amplitude spectrum at the line interference harmonics were sub-
stituted with an average of the nearby points in the spectrum, hence
the inverse FFTwas computed to give back the filtered signal in the
time domain.

Regression rate and pressure data acquired by PTH (the latter
once filtered from the spurious power line harmonics) were both
bandpass filtered in the range 1–60 Hz and high-pass filtered above
the latter cutoff frequency, with the twofold aim of, respectively,
eliminating the dc signal and taking apart the slower varying (low-
frequency) components from the higher-frequency ones. This, in
particular, would allow one to separate nonacoustic from acoustic
pressure fluctuations. Phase shift resulting from all the filtering pro-
cesses was eliminated as follows: the signal was first filtered with
increasing time and then filtered back from the last point with
decreasing time [27].

The resulting data were analyzed with the short-time-Fourier-
transform technique to map the oscillation amplitude over the joint
frequency-time domain. The short-time Fourier transform (STFT) of
the generic signal x�t� is defined by the following relationship [28]:

STFT �t0; f� �
Z �1
�1

x�t�w�t� t0�e�j2�ft dt (3)

in which the function w�t� is commonly referred to as the analysis
window and j is the imaginary unit. STFT is, then, a function of the
frequency f and of the time instant t0 inwhich thewindow function is
centered, and represents the Fourier transform of the given signal
around t0. As a consequence, it provides information about when and
at what frequency a given signal event occurs.Fig. 4 Ultrasound waveform and relevant echoes (HDPE).
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Both the low- and high-frequency components, derived through
the filtering operation just described, were transformed to yield the
so-called spectrogram (i.e., the squared magnitude of STFT); the
following discrete Gaussian window was used

w�k� � � exp
�
� 1

2

�
2:5

k � fs
fs

�
2
�
; 0 � k � 2fs (4)

where � is a normalizing factor and fs is the signal sampling rate. In
Eq. (4) the window period was set to 2 s (that is, the window length
was 2fs points); the time increment was 1 s, resulting in 50% over-
lapped data.

IV. Results and Discussion

This section will proceed following the logical path which has led
to the formulation of the conclusions drawn later; this starts with the
observation of pressure-time traces.

The test table, containing themotor operating conditions and some
average parameters derived from them, is reported in Table 1. The
label appearing in the first column will identify every test. The time–
space-averaged regression rate was simply calculated from the fuel
mass loss, and the average oxidizer mass flux was defined based on
the average port diameter, which was calculated from the final grain
mass [19].

Note that the fuel grains used with the radial injector are generally
shorter because the prechamber is longer in this configuration (see
Fig. 3). Slightly different lengths (at most 2%) are only due to parti-
cular manufacturing requirements. When short grains (Lf�
532 mm) were used with the axial injector, this was due only to
their immediate availability. Grain length changes were accom-
modated with several thermal insulations having proper thickness.

A. Time Domain and Overall Spectra

A striking feature immediately appearing from a comparison
between chamber pressure in the radial- and axial-injectionmotors is
that, with the same propellants, initial fuel port diameter, and average
chamber pressure, the radial injection produces very high-amplitude
pressure fluctuations. This is shown in Figs. 5–7, where down-
sampled chamber pressure obtained with the slow-response trans-
ducer (PTL) in the prechamber is plotted versus time for six tests
performed in similar conditions, three with the radial injector and
threewith the axial injector. Thefirst two tests (test 11-R and test 4-A)
used HTPB fuel, whereas the others used HDPE. Whereas Fig. 5
displays the entiremotor ignition, operation, and shutdownsequence,

Figs. 6 and 7 represent only the operation phase with the aim of
emphasizing the pressure oscillations amplitude characteristics.

According to Fig. 5a, relating to a test with 25 mm port initial
diameter, three distinct regimes of operation can be observed during
the firing. Within the first of these, over the time period between 10–
20 s, chamber pressure slightly shifts upward and falls 2 times
(around 10–13 s and 15–20 s). At the same time, the mean regression

Table 1 Tests matrix

Test Fuel D0, mm Lf , mm _mox, kg=s p, atm �Gox, kg=m
2s O=F �_r, mm=s �D, mm fc, Hz

1-Ra HDPE 25 533 0.149 13.3 78.0 5.03 0.376 49.2 13.7
2-R HDPE 25 532 0.145 13.5 103.1 4.82 0.445 59.6 13.7
3-R HDPE 75 532 0.141 11.2 28.9 6.26 0.178 78.8 6.9
4-R HDPE 52 532 0.145 12.9 54.4 5.07 0.306 58.2 12.5
5-R HTPB 50 538 0.161 15.3 52.1 3.75 0.436 62.8 9.5
6-R HTPB 50 535 0.157 16.5 47.1 3.09 0.492 65.1 9.9
7-R HTPB 50 542 0.152 14.0 44.6 3.62 0.403 65.9 15.7
8-R HTPB 25 542 0.139 14.2 57.4 3.16 0.500 55.4 13.8
9-R HTPB 50 545 0.160 16.2 45.6 3.57 0.422 66.8 13.6
10-R HTPB 25 538 0.055 6.7 29.4 1.74 0.411 48.8 9.0
11-R HTPB 25 545 0.141 14.7 65.6 2.86 0.589 52.4 15.2
12-R HDPE 16 532 0.154 16.4 119.1 3.82 0.626 40.6 12.0
13-R HDPE 40 533 0.142 13.0 59.0 5.08 0.319 55.4 17.7
14-R HDPE 70 533 0.138 11.7 31.1 5.45 0.212 75.2 11.5
15-R HDPE 40 533 0.158 14.4 63.2 5.33 0.333 56.4 15.0
16-R HDPE 50 533 0.118 11.7 44.9 4.92 0.260 57.8 6.0
1-Ab HDPE 25 578 0.110 13.8 64.6 2.66 0.535 37.9 ——

2-A HDPE 50 532 0.094 11.6 30.0 2.72 0.409 63.4 ——

3-A HDPE 75 532 0.092 12.1 17.0 1.99 0.346 82.1 ——

4-A HTPB 25 574 0.133 16.2 94.0 1.94 0.931 42.4 ——

aR refers to tests with the radial injector.
bA refers to tests with the axial injector.
cDominant frequency measured over the test.

Fig. 5 Chamber pressure versus time: a) radial injector, b) axial
injector.

1326 CARMICINO



rate also shifts upward, aswill be discussed in detail later in the paper.
This phenomenon has been commonly referred to as “dc shift” and
has been studied extensively in the field of solid rocket combustion
instability [29]. An attempt to explain the mechanism leading to the
dc shift in hybrids has been made by considering the nonlinear
characteristics of the thermal lag model previously mentioned [30].
However, the conclusion has been that the regression rate shift cannot
be caused by these nonlinear effects.

During this phase, the oscillation peak-to-peak amplitude is
around 11% of the pressure baseline value. After that, a second re-
gime can be identified between 21–30 s, in which pressure oscil-
lations arise with much larger amplitude (45–50% of the mean
pressure peak to peak). A similar behavior is noted in Fig. 6; starting
from about 13 s, pressure fluctuations in the radial-injector motor are
even more severe, reaching a peak-to-peak amplitude of 65% of
average pressure (here, the fuel grain has 52 mm initial diameter).
Also, in this case, dc shift is present. Finally, in the third regime,mean
pressure continuously decreases (no dc shift is detectable), main-
taining the same level of oscillation as in the early stage of firing and
the first regime.

These tests are somewhat unique, because the literature on hybrid
rockets, unlike solid propellant motors, seldom reports similar cases
[11]. Sharp pressure spikes, actually, were observed in large motors
[31] and their occurrencewas attributed to inadequatevaporization of
liquid oxygen and flame holding at the leading edge of the boundary
layer developing on the grain surface. However, Fig. 7 shows a case
resembling those found in most of the literature: here, the fuel port
diameter is 75 mm, and the chamber pressure in the radial-injector
motor oscillates with almost the same amplitude (around 17%) all
over the test. As opposed to radial injection, tests on the axial-
injectionmotor demonstrate its absolutely stable operation. Note that
the increasing pressure during the run is a consequence of the oxygen
jet dynamics inside the fuel port, whichmakes regression rateweakly

dependent onmassflux and fuelmassflow rate increase over the burn
[19]. Hereafter, attention will be paid to address the aspects that have
emerged in these cases.

First of all, a coupling between the chamber and the oxygen feed-
system dynamics was excluded as a possible cause for the observed
worsening of pressure oscillations. In fact, as can be noted from
Fig. 8, pressure disturbances travel back from the combustion
chamber up to a section downstream of the venturi throat where the
pressure transducer is placed (Fig. 1). Pressure upstream of the throat
does not show any fluctuations, demonstrating that the venturi is
choked and the oxygen mass flow rate is not affected by the chamber
pressure. Note that changing the venturi position on the feed line
from 1 to 2 in Fig. 1 did not affect the pressure behavior at all.

The pressure oscillations’ frequency can be estimated from the
amplitude spectrum derived with the Fourier transform technique.
The restrictions to 1 kHz of the overall spectra of pressure signals
acquired with PTH over the tests previously shown are reported in
Fig. 9. All the spectra from the radial-injector tests show broadband
peaks at low frequency, that is, below 50 Hz, which is typical of the
intrinsic hybrid instability. The very low-frequency components in
the spectra of the axial-injector tests are notmeaningful, because they
do not show any preferred frequencies. In tests 11-R and 4-A,
significant peaks can be noted also around 150–200 Hz. Other peaks
appear close to 500 Hz and, at higher frequency, around 950 Hz.
However, in all of the cases, pressure spectra yield almost similar
behaviors in both axial- and radial-injector motors, except for the
peaks’ amplitude, which is much lower when the axial injector is
used.

Central peaks in the neighborhood of 500 Hz correspond to the
first longitudinal acoustic mode of the chamber, for which the
frequency can be estimatedwith thewell-known relationship (having
supposed an acoustically closed–closed chamber)

f1L �
c

2L
�

�����������������
��RT�av

p
2L

(5)

inwhichL is the combustion chamber length (�0:72 m), and c is the
average speed of sound in the chamber. The latter can be calculated at
the average thermodynamic properties in the combustion chamber
[7]; in particular, assuming an average �RT�av of 6 	 105 m2=s2 and
� � 1:25, an average speed of sound in the chamber equal to
870 m=s and a frequency of 600 Hz are estimated, which is about
20% higher than the value shown by the pressure spectra. This
mismatch can be caused by the geometry of the chamber that is
composed of three cylindrical tubes (prechamber, fuel grain, and aft
chamber) of different internal diameters. In this case, according to
Culick [32], the longitudinal acoustic mode has a frequency lower
than that calculated for a constant cross section pipe through Eq. (5).

However, a very good agreement with the measured acoustic
frequency is achieved when a model for one-dimensional longi-
tudinal waves, obtained starting from the balance equations of mass,
momentum, and energy, is employed [33].

Fig. 6 Chamber pressure versus time, radial injector and axial

injector.

Fig. 7 Chamber pressure versus time, radial injector and axial

injector.

Fig. 8 Pressure upstream and downstream of the venturi throat, and

chamber pressure.
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The peaks at lower frequency, at about 150Hz, particularly evident
in tests 11-R and 4-A are, instead, due to the Helmholtz mode, whose
oscillation frequency is approximately given by [34]

fH �
c

2�

�������������������������������
�

4

D2
t

V�l� 0:8Dt�

s
(6)

Here, V is the combustion port total volume, that is, the sum of the
prechamber, fuel port, and aft chamber volumes.

This equation predicts, for tests 11-R and 4-A, respectively, a bulk
mode frequency that ranges from 29% (at the test startup) to 17% (at
the test end), and from 31 to 21%of the longitudinal mode frequency,
that is, on the average, around 120–150 Hz, in agreement with the
frequency of the secondary peaks shown in Figs. 9a and 9d. Thus, by
summarizing, the chamber bulk mode and the first longitudinal
acoustic mode appear more or less clearly in all of the tests
mentioned, with both the axial and radial injection, whereas the low-
frequency instability is typical of the radial-injectionmotor operation
only. Two questions, then, have to be raised: 1) why, in the radial-
injector motor, low-frequency instability occurs and acoustic modes
are much amplified compared to the axial injector, and 2) why, in
certain conditions, the oscillations’ amplitude is drastically aug-
mented. The second question will be investigated first.

Low- and high-frequency pressure signals are superimposed for
comparison onto the low-frequency regression rate of test 11-R
(Fig. 10), over the first and second operating regimes. Note that the
regression rate values are definitely higher than could be expected.
This is believed to be due to the combination of fuelweb compression
and thermal effect, which makes the effective speed of sound in the
fuel lower than the one in reference conditions. The speed of sound
reduction thus induces a higher ultrasound round-trip time (what is
actually measured) yielding a nonphysically higher regression rate.
Nevertheless, some information may be deduced from the noncor-
rected regression rate signals.

Figure 10b shows that, during the second regime of intense
fluctuations (Fig. 5a), the amplitude of the high-frequency oscilla-
tions increases and falls repeatedly in the form of well-defined pac-
kets for which the frequency matches the one of the low-frequency
pressure fluctuations; the latter frequency is the same as that of the
regression rate. Both pressure and regression rate have very similar
waveforms of quasi-sinusoidal shape, in particular, fuel regression
appears to drive low-frequency pressure oscillations. Hence, a sort of
modulation is present between low- and high-frequency signals,

which has also been noted in the literature [5,11]. High- and low-
frequency oscillation enhancements are also remarkably correlated
during the high-fluctuation regime of test 4-R. Moreover, although
this modulation appears evident in the second regime, it does not in
the low-amplitude oscillation regime (Fig. 10a), in which, although

Fig. 9 Pressure amplitude spectra: a–c) radial injector, d–f) axial injector.

Fig. 10 Time-expanded windows of low- and high-frequency signals,

test 11-R: a) first regime, b) second regime.
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both low- and high-frequency oscillations are present, they do not
seem in phase; additionally, low-frequency pressure and regression
rate have different waveforms that do not follow a limit cycle. Test
3-R presents comparable uncorrelation.

This suggests that the simultaneous occurrence of high- and low-
frequency oscillations should be the cause for the onset of the
highest-amplitude pressure oscillations shown in Figs. 5a and 6.

B. Joint Time-Frequency Domain

An analysis of pressure spectrograms follows to gain more insight
into the phenomenon. Figure 11 shows high-frequency pressure
spectrograms of tests 11-R and 4-A, each normalized with respect to
the corresponding maximum amplitude.

From the pressure spectrogram of the radial-injector motor
test (test 11-R, Fig. 11a), it can be noted that the amplitude of the
Helmholtz mode is almost constant all over the firing, as demon-
strated by the peaks between 150–200 Hz; whereas, only in the early
phase of the run, that is, over the first operating regime, the second
longitudinal acoustic mode, whose frequency is about 950 Hz, is
strongly excited. Its amplitude abruptly increases around 10 s,
whereas the first longitudinal acoustic mode, expected around 450–
500 Hz, cannot be easily detected. At about 23 s, that is, at the
beginning of the second regime, the first longitudinal acoustic mode
is then excited, achieving the maximum amplitude in the high-
frequency spectrogram.

Test 4-A, in comparison with test 11-R, shows wider band peaks
around the first longitudinal acoustic mode, whose frequency shifts
from around 400 Hz to around 630 Hz over the burning; the
frequency of the second longitudinal mode increases as well. This is
evident from the beginning of the test. In this case, the representation
of the spectrogram has been restricted to the range 
200; 1200� Hz 	

4; 24� s to eliminate the peaks linked to the Helmholtz mode (for
which the amplitude is the largest over the test; see also Fig. 9d) and
those due to ignition, which would otherwise overshadow the
acoustic modes.

This frequency upward shift, shown by the axial-injection tests, is
significantly higher than that revealed by the radial-injection firings,
most likely because of both the shift in the mixture ratio and the

widening of the recirculation region at the entrance of the grain
consequent on the port diameter enlargement. The latter causes the
bulk temperature in the prechamber to increase for the improved
mixing and the higher regression rate, thus resulting in a higher sound
speed.

Furthermore, along the very first stage of the run, between 8–11 s,
high-frequency oscillations are present around 1120 Hz, which
departs from the second longitudinal acoustic mode. Note that a
slight increase of the average pressure is yielded during this period
(Fig. 5b), as in test 11-R. Around 18 s, the amplitude of the first
acoustic mode sharply amplifies.

Therefore, a conclusion is that, regardless of the injection tech-
nique, longitudinal acoustic modes exist but they are well damped in
the axial-injector motor.

Pressure and regression rate low-frequency spectrograms of
test 11-R (Fig. 12) reveal that the peaks of both pressure and
regression rate occur approximately at the same frequency with the
same relative amplitude. High fluctuations, with a frequency be-
tween 15 and 25 Hz, happen in the second regime, when the first
longitudinal acoustic mode is triggered. Note that, at the time of
maximum activity of this acoustic mode, around 26 s (Fig. 11a),
pressure and regression rate oscillation frequency attains the
maximum value around 25 Hz. This unveils the nature of coupling
between high- and low-frequencyfluctuating pressure and regression
rate previously observed in Fig. 10. In fact, it is now clear that the
second longitudinal acoustic mode of the chamber is triggered first,
which manifests itself with a small increase of the average chamber
pressure, but the combustion instability intensity remains low; later
into the firing, the first longitudinal acoustic mode is amplified and is
accompanied by high-amplitude oscillations of the low-frequency
pressure and regression rate.

C. Vortex Shedding

The observed order of excitation of the second and first longi-
tudinal modes, respectively, implies that a triggering mechanism has

Fig. 11 High-frequency normalized spectrograms of pressure:

a) test 11-R, b) test 4-A.

Fig. 12 Low-frequency normalized spectrograms: a) pressure,

b) regression rate (test 11-R).
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to exist that depends on frequency, such that the latter decreases with
the burning time. Actually, combustion instabilities with typical
frequency locking-in and decreasing trend with time have often been
recognized to be caused by the interaction between vortex shedding,
originating from an unstable flow separation in the motor, and
chamber acoustics. This phenomenon has been studied especially in
solid propellant rockets, but it pertains, in general, to every config-
uration with an abrupt change in the cross-sectional area of the
combustion chamber. Accordingly, vortex shedding from the rear-
ward facing step in the postcombustion chamber was considered as a
likely cause for this behavior.

Vortex shedding is a phenomenon of a fluid-dynamic instability
nature that occurs in the shear layer present between high- and low-
speed streams, for instance, at a sudden expansion. A comprehensive
account on the subject is given in [35,36]. Only rarely has vortex
shedding been examined as a source of combustion instability in
hybrid rockets [16]. Nevertheless, it is believed to play a central role
here. Vortices are formed when the instabilities in the shear layer,
developing from the edge of the grain at the passage to the aft-mixing
chamber (Fig. 13), roll up into coherent structures.

The frequency of this initial roll up mostly depends on the fluid-
dynamic characteristics of the velocity profile at the step. However,
studies of free and ducted nonreacting jets have established that the
preferred mode Strouhal number of the velocity fluctuations at the
end of the jet core varies in the range of 0:25 � Srj � 0:5, where Srj
is defined as follows

Srj �
fjD

U
(7)

In this formula, D and U are, respectively, the jet exit diameter and
velocity, and fj is the preferredmode frequency, which is typically in
the second or third subharmonic range of the initial shear layer
instability [36]. The shed vortices translate downstream through the
chamber at a velocity proportional to, and generally lower than, the
one of the mean flow, and significant energy can be transferred into
the acoustic field when vortical structures impinge on a solid surface,
such as the nozzle entrance, if the point of separation and the point of
impingement are located at a suitable distance [12].

At constant Strouhal number, Eq. (7) leads to decreasing shedding
frequency as the fuel burns, diameter increases, and gas velocity
decreases. Moreover, there are a lot of experimental and numerical
results which prove that, if the shedding frequency of vortices equals
the frequency of one of the acoustic modes, significant driving of the
acoustic oscillation can be generated. Hence, both the observed
growth and decay of the oscillations and the time sequence of acou-
stic modes excitation are consistent with the fact that periodically
shed vorticesmay provide additional acoustic energy. To support this
hypothesis, the vortex-shedding frequency was estimated as a func-
tion of time and superimposed on the frequency-time plane of the
waterfall plots in Fig. 11, where the dotted curves represent the
normalized pressure amplitude at the given shedding frequency. The

latter was calculated starting from Eq. (7) and introducing the
definitions of the theoretical exhaust characteristic velocity and
combustion efficiency as follows:

c�th �
��������������
�RT�th

p
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�
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s
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and the subscript th refers to the ideal case. Expressing the average
velocity at the grain exit as

U� 4

�

_m

D2

RT

p
(10)

assuming that the function� does not change from the ideal to actual
case, and combining Eq. (7) (which is now adjusted to describe the
phenomenon at the exit of the grain duct) with Eqs. (8) and (10), the
following relationship is yielded:

fVS-aft � �c�th�2
thSr

D2
t

D3
(11)

which shows a strong dependence of the vortex-shedding frequency
fVS-aft on the grain diameter and, to a much lower extent, on the
mixture ratio, mainly through the characteristic exhaust velocity.
This implies that the grain diameter is the main factor influencing the
phenomenon. The parameters appearing in the last equation were
calculated bymeans of a ballistic procedure explained in [9]; 0.5 was
assigned to the Strouhal number, this being the value associated with
a cutoff frequency [12].

From Fig. 11, it can be immediately deduced that, when the
shedding frequency of vortices originating at the grain outlet lip
approaches the frequency of either the second or thefirst longitudinal
mode, the oscillation amplitude grows with both the radial and axial
injector. Based on this idea, one should expect that, in test 4-R
(Fig. 6), matching between the vortex-shedding and acoustic fre-
quency has to be verified at approximately 13 s, and, in test 3-R
(Fig. 7), it should be totally absent. In fact, Fig. 14 (where normalized
pressure spectrograms and chamber pressure are plotted on the same
time scales) exactly confirms what was supposed, revealing that, in
test 4-R, the vortex-shedding frequency is lower than the second
longitudinal mode frequency all over the test, and it approaches the
first longitudinal mode one between 10 and 15 s, that is, when the
pressure fluctuation is the largest in the firing. Whereas, in test 3-R,
the shedding frequency is always smaller than the first acoustic mode
one, so that no interactions can take place and the pressure oscillation
amplitude remains almost constant.

Coupling between the acoustic field and periodic vortex shedding
occurs if the frequencies of both phenomena are nearly equal and if
there is a proper impingement point. Indeed, when the shed vortices,
consisting initially of unmixed oxygen, vaporized fuel, and hot
combustion products, impinge on the nozzle surface, they can burn
vigorously due to fine-scale, intense mixing. The impulsive heat
release creates a pressure wave; if the latter has the appropriate
frequency and phase (which depends on the impingement distance),
it can drive acoustic modes, inducing velocity perturbations at the
grain edge where separation takes place. Note that the standoff
distance from the vortex generation point and the impact surface has
to contain at least one vortex [14]. This condition translates into
achieving a sufficiently low Mach number in the fuel port, which is
usually satisfied in practical situations. The acoustic component of
the velocity influences the process of vortex formation, modulating
its frequency and completing a feedback loop in the system.

To definitely confirm that coupling between vortex shedding and
acoustics is responsible for the steep increase of pressure fluc-
tuations, two tests were carried out, one with a HTPB grain and the
other with a HDPE grain, both having 50 mm initial port diameter.Fig. 13 Motor aft end configuration.
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This diameter has been selected to make a comparison with test 4-R.
A diaphragm made by thermal insulation was inserted at the end of
the grain, between the grain itself and the aft-mixing chamber, in
both tests (see Fig. 13). One diaphragm with 50 mm inner diameter
was used in test 9-R, while the other, with 25mm diameter, was used
in test 16-R, with the purpose of restricting the vortex-shedding
frequency variation in a small range. The diaphragms were not
consumed, as was verified after the run. The pressure-time traces
and the high-frequency spectrograms of these tests are reported in
Fig. 15.

The fundamental aspect is that, in both cases, no combustion
instability amplification occurs. In the first case (test 9-R), the
estimated vortex-shedding frequency is constantly around 620 Hz,
which lies between the first and the second acoustic mode. The
second longitudinal mode is the most amplified over the test; this
does not seem clear and is probably due to the inaccuracywith which
the vortex-shedding frequency is evaluated. In effect, this frequency
cannot characterize the phenomenon entirely, because this is indeed
much more complex. The vortices, developed in the shear layer
inside the mixing chamber, presumably grow and merge as they are
convected downstream. Because of merging and entrainment, the
shear layer spreads and a sensible change of the characteristic fre-
quency can be yielded. Also in the second case (test 16-R), no
instability intensification is shown; the vortex-shedding frequency is
definitely out of the acoustic range, around 6 kHz. In fact, no specific
acoustic mode is amplified, even though the first and second
longitudinal modes are distinguishable along with the chamber bulk
mode.

Therefore, the strong pressure oscillations, which develop in
tests 11-R and 4-R, are originated by driving the first longitudinal
acoustic mode when the frequency of vortex shedding approaches

that of the acoustic mode itself. Coupling of vortex sheddingwith the
second acoustic mode does not produce the same destabilizing
effects but only a dc shift, most probably because damping at higher
frequency is larger [37]. This phenomenon can be seen in test 11-R,
but it is particularly noteworthy in test 15-R. Pressure, regression
rate, and temperature of the nozzle cooling water are reported as a
function of time in Fig. 16; this shows that, by analogywith test 11-R,
distinct operating regimes can be clearly defined based on the
different chamber pressure behaviors and oscillation magnitudes.
The first regime, here, settles between 10 and 17 s, when the second
longitudinal mode is driven; the second regime covers the interval
22–32 s, over which the first longitudinal mode is instead amplified.
The main difference with test 11-R is that, in this case, the third

Fig. 14 High-frequency spectrograms and chamber pressure vs time:

a) test 4-R, b) test 3-R.
Fig. 15 High-frequency spectrograms and chamber pressure vs time:
a) test 9-R, b) test 16-R.

Fig. 16 Pressure, regression rate, and water temperature vs time

(test 15-R).
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regime, from 40 s to the end of the test, is characterized by the largest
oscillation amplitude, which corresponds to a reexcitation of the first
longitudinal mode, maybe as a consequence of an increase of the
number of vortices along the standoff distance. However, it is
noticeable that, as also analyzed in the literature [30], when one of the
acoustic modes becomes unstable, the increase of the average
pressure is accompanied by a corresponding growth of the average
regression rate. Test 15-R has also been chosen for discussion
because it allows one to faithfully capture this behavior; indeed, fuel
is HDPE, which is stiffer than HTPB [38], so that ultrasonic
measurement of regression rate is considerably less influenced by the
pressure effect.

The fact that solid-fuel pyrolysis rate is raised in the presence of a
resonant acoustic mode is due to the effect of acoustic velocity on
both convective heat transfer and mixing [39,40]. Note that the
cooling water temperature follows the average pressure trend,
demonstrating an effective increase of heat transfer. Coming back to
Fig. 10b, it can then be hypothesized that the periodic rise of the
regression rate is driven by the augmentation of the heat flux toward
the solid-fuel surface when the acoustic mode is triggered by vortex
shedding. The fuel vaporized in excess and unreacted is transported
downstream and, once it has reached the aft-mixing chamber, it can
be efficiently entrained in the vortices, mixed with oxygen, and
burned through the vortices’ impingement on the nozzle wall. The
acoustic mode is thus further driven by the heat released locally by
combustion. Low-frequency pressure spikes occur as a consequence
of regression rate oscillations, as can be deduced again fromFig. 10b,
in which the pressure signal appears to lag the regression rate. It is
interesting to observe that, in test 15-R, during the second and third
regime, when the high-frequency oscillations are predominantly due
to the first longitudinal mode amplification, different behaviors are
displayed. In fact, in the second regime, a significant dc shift arises
but the pressure fluctuation amplitude remains bounded to around
10% peak to peak; whereas, in the third regime, the average pressure
does not shift up remarkably, but large pressure spikes appear with
peak-to-peak amplitude around 40%. This may be caused by dif-
ferent amounts of heat released by vortices’ combustion. Indeed, the
hybrid motor operates over this test with average oxidizer-to-fuel
ratio varying with time in the range 4.2–6.2, but, in the third regime,
due to the regression rate net increase, from about 0.2 to 0:4 mm=s
(Fig. 16), the effective mixture ratio decreases of about 50%, getting
close to the stoichiometric value (�2:7), at which the heat released is
expected to be maximum.

D. Low-Frequency Oscillations

Regression rate fluctuations seem to drive low-frequency pressure
oscillations in highly unstable operating conditions (Fig. 10b).
Remember that, as already discussed in Secs. IV.A and IV.B, low-
frequency spectrograms of chamber pressure and regression rate
show peaks in the same regions of the time-frequency domain
(Fig. 12). By detecting these peaks, it is possible to compare the
dominant frequencies as a function of time for a given test. Figure 17
depicts the trends of both the regression rate and pressure frequency
for test 11-R.

These trends further highlight what was previously observed from
the low-frequency spectrograms and time signals. The regression
rate oscillation frequency is, on the average, higher than the pressure
frequency; between 25–27 s, when the oscillation amplitude is the
largest over the burn, the frequencies exactly overlap. Thus, at least
during highly unstable operations, the low-frequency mode is
inherently connected with the fuel mass generation fluctuations,
which are primarily driven by the heat flux augmentation through
acoustic modes, as argued earlier. The same idea is advanced in [5].
This mechanism is also in general agreement with what is stated in
[8,41]; in this latter article, based on a linear simplifiedmodel derived
from the L� theory for solid propellants, it is shown that combustion
oscillations lead pressure oscillations for all the values of the mixture
ratio. The dominant frequency of these oscillations is therefore
expected to be described by Eq. (1), whose output (calculated by
means of the ballistic procedure mentioned before) is plotted in

Fig. 17 for comparison. The measured frequencies appear definitely
overestimated by Eq. (1); however, it has to be remarked that the
growth of the oscillation frequency, observed during strong
instability (25–27 s), shifts the values toward the theoretical curve. A
similar comparison is drawn between the results predicted by Eq. (1)
(now evaluated at the average parameters in the burn) and the
dominant frequencies in the overall spectra of pressure (Table 1) and
regression rate. Figure 18 displays themeasured dominant frequency
versus the predicted frequency; all the data refer to the radial-injector
tests because in no cases has a low-frequency instability been
observed with the axial injector.

This figure confirms that the observations concerning test 11-R
hold true for all the tests: regression rate and pressure have almost the
same oscillation frequency, except in some cases where the
regression rate frequency is larger; Eq. (1) predicts significantly
higher oscillation frequency; the secondary dominant frequency of
pressure, determined not as the global spectrum peak frequency but
as the local peak frequency during periods of highly unstable
operation (whenever these are present) is rather close to the predicted
frequency (as demonstrated by the square points in Fig. 18).

This probably means that, only in the radial-injector motor, some
phenomena characterized by a frequency lower than the hybrid low-
frequency instability, should occur dominating the overall pressure
spectrum. Some information to disclose this question can be gathered
from two particular tests performed with the radial injector. These
tests (test 6-R and test 12-R) were expected to show the same
behavior as the other ones, that is, an instability amplification when
the acoustic modes and vortex-shedding frequencies were close to
each other. Instead, at the same conditions of other radial-injector
tests, they displayed a smooth operation (Fig. 19) such as that of the
axial-injection motor.

Fig. 17 Pressure and regression rate dominant frequencies vs time;

comparison with the hybrid rocket dominant frequency and head-end

vortex-shedding frequency (test 11-R).

Fig. 18 Comparison between the hybrid rocket dominant frequency,

measured frequency, and head-end vortex-shedding frequency.
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Both tests were affected by some leakage at the fuel port interface
with the prechamber, as was demonstrated by a larger fuel consump-
tion at the port entry and by the characteristic carbon black color of
the grain forward face and external surface. The leakage was caused
by a wrong mating of the prechamber with the fuel grain for the
uneven front surface of the grain itself.

In test 6-R, the vortex-shedding frequency matched the first
longitudinal acoustic mode frequency at the firing initial phase, as in
test 4-R (Fig. 14a), but no noticeable instability happened. In test
12-R, intersection of the shedding frequency and acoustic modes
frequency occurs at around 18 and 26 s with the second and first
longitudinal mode, respectively. As a result, pressure trace shows an
upward shift due to the heat transfer enhancement exactly as in test
4-A. In both tests, the low-frequency instability does not appear.
Then, the main driving source for combustion instability should be
linked with the thermo-fluid dynamics in the precombustion
chamber. This could be, in general, an unsteady heat release due to
the flame holding at the grain entry [5], and/or, maybe also in this
case, vortex shedding from the lip of the grain could provide the
supposed unsteadiness. Regarding the vortex shedding at the inlet of

the grain, a rough estimation of its frequency was performed through
Eqs. (7) and (10), using the oxygen mass flow rate and density:

fVS-pre � Sr
4

�

_mox

D3

RoxTox
p

(12)

This relation implies that, even in this very different configuration
compared to the aft chamber, the port diameter is assumed as the
characteristic length of the phenomenon, but referring to the flow
reattaching distance or the step height (Fig. 3b) might be more
realistic; however, this uncertainty can be taken into account through
the Strouhal number value. Vortex-shedding frequencies are plotted
both in Fig. 17 (ballistically calculated values) and Fig. 18 (values
calculated at the average parameters) for theminimumandmaximum
Sr limits. It is clear that themeasured low frequencies are in the range
of the shedding frequencies. Therefore, it may be supposed that the
shedding of vortices in the passage from the prechamber to the fuel
grain could take place, promoting local combustion perturbations. In
fact, at the grain inlet, fuel vapor evolving from the grain surface and
oxygen are poorly mixed, and the flame is rather likely near the lean
limit [5]. In this condition, small perturbations of the mixture ratio
will produce very large fluctuations in the local reaction rate and in
the energy released in the combustion process [42]. Isolated pressure
spikes occurring from the beginning of tests 4-R and 9-R would
occur when fuel vapor becomes sufficiently premixed with oxidizer
to efficiently ignite the mixture.

Vortices’ dynamics could periodically provoke heat release
fluctuations of the flame by changing the conditions for local tur-
bulent mixing of the combustible mixture with the hot combustion
gases, so that pressure oscillations, with frequency close to the vortex
shedding one but lower than the hybrid intrinsic instability, could be
the result of this phenomenon. Regression rate would be conse-
quently affected by the influence of the combustion waves on the
convective heat transfer. No resonance with the acoustic modes can
establish because the frequencies of the involved phenomena are
very different. However, the acoustic component of velocity can
certainly contribute, on a different time scale, to the mixing process
and unsteady heat release in this zone; note that the prechamber

Fig. 19 Chamber pressure vs time: test 6-R and test 12-R.

Fig. 20 Interaction of acoustics, vortex shedding, and low-frequency instability during a resonant cycle in dependence on the oxidizer-injection

technique.
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length is exactly one-eighth of the total chamber length and, based on
the Rayleigh criterion, this position is preferred for driving both the
first and second longitudinal acoustic modes [43].

Hence, the flow pattern generated by the radial injector (Fig. 3a) is
responsible, on the one hand, for the low-frequency activity, prob-
ably due to the vortex shedding induced perturbations, and, on the
other, of the lean flame structure particularly sensitive to acoustics-
driven variations. The wide recirculation extending in the port with
the axial injection (Fig. 3b) promotes more efficient mixing of
reactants ahead of the combustor port, raises the local regression rate
and gas temperature, and shifts the mixture ratio far from the lean
range, avoiding both flow separation and propellants unmixedness.
This hypothesis needs to be verified, of course. However, leakage
observed in tests 6-R and 12-R could have changed the velocity
profile and the gas temperature at the inlet of the grain, thus changing
the local vortex-shedding frequency and/or the flame structure,
resulting in conditions more similar to those of the axial injection.

An attempt to elucidate the actual mechanism in the precom-
bustion chamber leading to instability will be made by performing
unsteady, reactive numerical simulations as future developments.

V. Conclusions

The focus of this paper was the assessment of the oxidizer-
injection effects upon the hybrid rocket combustion stability. Two
different configurations were employed which generated, on the one
hand, a large recirculation at the motor head end bymeans of an axial
conical nozzle feeding oxygen and, on the other, more uniform flow
through a radial injector. The latter, by radially feeding the oxygen in
the forward dump plenum, avoids the formation of a jetlike pattern
inside the fuel port.

Although most likely a liquid oxidizer will be used in actual
motors, and a properly designed injector will be arranged (probably
different from purely radial or axial), the purpose of this work was to
study basic features of the hybrid engine operation, despite themeans
bywhich they are in fact achieved. Thefiring tests conductedwith the
axial injector did not show any significant pressure oscillations (i.e.,
instability); in particular, longitudinal acoustic modes can be noted
but they are unconditionally well damped. No low-frequency insta-
bility was detected. Whereas the radial injector caused oscillations,
the amplitude of which drastically increased when the frequency of
the vortex shedding approached the frequency of the first longi-
tudinal acoustic mode. Pressure spectra evidenced the presence of
low-frequency activity in the range of 6–18 Hz, which is lower than
the typical hybrid-instability frequency. Fuel egression rate oscillates
with the same frequency as pressure, and it seems to lead the low-
frequency pressure fluctuations in the highly unstable phases, that is,
when coupling between acoustics and vortex shedding establishes. In
this situation, the frequency of these pressure oscillations increases
and shifts toward the intrinsic hybrid instability. Coupling with
vortex shedding, actually takes place in the axial-injector hybrid
engine as well, but pressure oscillations remain bounded in all
conditions. The reason why vortex shedding in the aft chamber does
not have the same effect on the motor stability with the two different
injectors was attributed to the amplification of the acoustic modes by
an additional distinct mechanism. In fact, with the radial injector,
unsteady heat release most likely takes place at the entrance of the
grain, due to local vortex shedding and/or inadequate flame holding,
which is, instead, removed by means of the axial injector. Thus, the
primary source of instability lies in the thermo-fluid dynamics in the
prechamber.

The complex chain of phenomena is schematically represented in
Fig. 20; a flowchart explains what happens in the motor equipped
with the two injectors in a resonant cycle, that is, when the
fundamental acoustic mode is destabilized by the interactionwith the
vortex shedding. If the radial injector is used, periodic heat release
takes place in the prechamber (due to local vortex shedding, for
instance, but not necessarily) and acoustic modes are triggered
(Fig. 20a). Pressure oscillations of low amplitude (around 10–15%of
the mean pressure) are observed, with acoustic and nonacoustic
frequency. The nonacoustic fluctuations have a frequency mostly

lower than the hybrid instability dominant frequency and could
represent the sign of the unsteady heat release in the prechamber. In
this condition, if the frequency of the vortex shedding (in the aft
chamber) is close to that of one of the acoustic modes, driving arises.
Coupling with the first longitudinal mode strongly raises the
oscillation amplitude, which attains its maximum value. In fact, the
enhanced periodic heat flux to the fuel surface brings the regression
rate up and triggers the low-frequency hybrid instability. The
dominant frequency measured over these phases is fairly predicted
by the thermal lag-combustion coupled model. Note that acoustic
modes are here hypothesized to drive the hybrid low-frequency
instability and not viceversa (as supposed to in [11]) because the low-
frequency instability occurs only when the first longitudinal mode is
driven by the vortex shedding in the postchamber. Otherwise, one
should expect that low- and high-frequency instability coexist in
other phases of the firing when acoustic modes are unstable. The fuel
vaporized in excess burns with unreacted oxygen (note that the
radial-injector motor generally operates with oxidizer rich mixture;
see Table 1) through the vortex impingement on the nozzle surface,
generating sudden heat release and closing a resonant loop.

If the primary cause of acoustic modes excitation, that is, unsteady
heat release in the prechamber, is suppressed, with the axial injector
(Fig. 20b), for instance, longitudinal acoustic modes are efficiently
damped, the heat transfer augmentation is poor, and the hybrid
instability is not triggered, so that coupling with the vortex shedding
in the aft-mixing chamber has a minor effect.

In conclusion, an effectiveway of suppressing instability in hybrid
rockets seems to develop engine configurations which, first, do not
produce unsteady heat release at the motor head end (such as the one
induced by vortex shedding), that is, a sufficient condition for
instability, and, possibly, result in aft vortex-shedding frequency far
from the chamber first longitudinal mode.
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