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Abstract: To investigate a hypothesis of the orifice flow-induced instability in rocket engine thrust
chambers, a single liquid oxygen (LOX) injector with an optically accessible orifice module was used
for experiments, with water as a simulant for LOX. The unsteady pressure downstream of the orifice
was measured using high-speed piezoelectric sensors under cavitating and non-cavitating intra-
injector flow conditions. The cavitating orifice flows were directly visualized via backlight imaging
with a high-speed camera through the optically accessible orifice module. Cavitation initiated at
the cavitation number of 2.05, and the downstream bubble cloud formation started below 1.91.
The unsteady pressure spectrum arising from cavitation comprises multiple peaks over a broad
frequency range, which can cause low- and high-frequency instabilities. The dominant frequencies
from cavitation decrease with increasing pressure drop, while the frequencies during non-cavitating
flow increase. The non-cavitating orifice flow excites the second longitudinal acoustic mode of the
injector tube. The acoustic mode excited by the non-cavitating flow becomes stronger when the
pressure peak in the range of whistling phenomenon is close to the first longitudinal acoustic mode.
In conclusion, the excitation mechanisms of the orifice-induced instability for the cavitating and
non-cavitating flows were well identified, despite the limitations of water as a simulant for LOX.

Keywords: combustion instability; rocket injector; flow visualization; cavitation; whistling

1. Introduction

Combustion instabilities in liquid rocket engines have been studied for a long time,
but they are still one of the most critical design issues due to the variety of potential driving
mechanisms [1]. In previous studies, the flow dynamics inside injector elements with
orifices have been reported as the excitation source of the combustion instability under
certain conditions. High-frequency (HF) instabilities of liquid oxygen/hydrogen (LOX/H2)
combustion were observed when the resonance mode of the LOX-post matched the first
transverse acoustic mode (1T) in the combustion chamber of the research thrust chamber
model ‘D’ (or “BKD”) [2–4] as shown in Figure 1. Armbruster et al. [3] concluded that
the orifice whistling phenomenon at a Strouhal number of approximately 0.35 caused
the excitation of the acoustic eigenmodes in the LOX injectors, which modulated the
heat release rate, leading to an excitation of the 1T mode of the combustion chamber.
However, because it was not possible to access the intra-injector flow during hot-fire
tests with 42 injector elements, the conclusion was deduced via indirect observations,
and confirmation of whistling in the LOX post is outstanding. A numerical study by Tsohas
and Heister [5] suggested that hydrodynamic processes in the injector could potentially
interact with and intensify acoustic oscillations, or result in modulated injection rates,
influencing high-frequency combustion instabilities.
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Figure 1. Spectrogram of unsteady pressure records and sequence diagram of BKD campaign; a gray
region denotes the unstable condition. Modified and reprinted with permission from [3] © 2019 by
Wolfgang Armbruster, Justin S. Hardi, Dmitry Suslov, and Michael Oschwald.

In addition, low-frequency (LF) instabilities were observed during tests with the same
thrust chamber utilising liquid oxygen and liquefied natural gas (LOX/LNG) [6], which also
seem to be related to the intra-injector flow. Strong LF instabilities arose during the start-up
transient, as shown in Figure 2, corresponding to the time when the LOX flow across
the injector orifice experienced a phase change with dropping LOX injection temperature
and increasing pressure. Klein et al. [7] have also reported combustion instability of a
LOX/GCH4 combustor during the start-up related to the two-phase flow in the LOX orifice.
Coupling of injector and chamber acoustic frequencies could be established by adopting
the model of the speed of sound in a bubbly flow. However, these were again indirect
observations used to analyze the two-phase flow induced combustion instability due to the
lack of measurements within the injector.

From the previous hot-firing experiments, it can be deduced that the intra-injector
flow dynamics play a significant role in combustion instabilities, but direct observation
of the intra-injector flow is rare in the literature. Consequently, direct flow visualiza-
tion of the orifice-induced resonance in the LOX injector is essential. There have been
experimental [8–13] and numerical [14–16] studies focusing on the visualization of cavita-
tion bubbles at orifices.

Hitt et al. [8] experimentally investigated the cavitation-induced instability across
the orifice in the supply line of a cryogenic medium. They used liquid nitrogen as the
simulant for LOX. During the experiments, fluctuations from 153 to 275 Hz were observed,
and the researchers concluded that the cavitation at an orifice could potentially trigger LF
instabilities, also known as ’chugging’. Sato and Saito [9] visualized cavitation bubbles
in a circular orifice and classified unsteady behaviors of the cavitation during the growth,
coalescence, shedding and collapse phases. Sugimoto and Sato [10] tried to find periodical
characteristics with streak records of bubbles. Since the bubbles can visualize the flow,
cavitation bubbles have been analyzed both experimentally [11–13] and numerically [15,16]
using spectral analysis methods to detect periodic fluctuating characteristics. Esposito et al.
[11] obtained periodic modes from the images using the proper orthogonal decomposition
method, finding dominant modes at Strouhal numbers of 0.4 and 0.9 The Strouhal number
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(St) is defined as shown in Equation (1), where f is the frequency, δ is the orifice thickness
and Ud is the bulk velocity at the orifice.

St =
f δ

Ud
(1)

Figure 2. Spectrogram of unsteady pressure records and test sequence diagram of LUMEN campaign;
a gray region denotes the unstable condition. Modified and reprinted with permission from [6] ©
2020 by Justin S. Hardi, Jan Martin, Min Son, Wolfgang Armbruster, Jan Deeken, Dmitry Suslov, and
Michael Oschwald.

Flow-induced noise, known as ‘pipe-tone’ [17] or ‘whistling phenomenon’ [18], can
also cause the unstable response downstream of an orifice without cavitation. The whistling
across orifices is observed at Strouhal numbers in the range of 0.2 to 0.4 [18,19]. Numerical
simulations also have been conducted and have illustrated the periodical fluctuation from
the flow separation at the orifice wall [19,20]. In a recent study, Son et al. [21] showed evi-
dence of the flow-induced resonance of the LOX post by using large-eddy simulation (LES)
of the LOX post. Even though the simulation was conducted without any external modula-
tion, the longitudinal mode of the LOX post was excited by the orifice flow. In addition,
the pressure mode at the Strouhal number of 0.38 presented very strong 1L-like fluctuation,
and this Strouhal number is in the range of whistling. The orifice-induced flow-acoustic
resonance was also reproduced through acoustic analysis. Brokof et al. [22] developed a
modeling approach based on the linearization of the compressible Navier–Stokes equations
for the orifice length-to-diameter range of 1.5–3.0, demonstrating that medium-sized holes
whistle at higher Strouhal numbers than short holes, and highlighting the importance of
accurately modeling vorticity growth at the orifice in the semi-analytical model.

Even though several experimental studies on flow-induced fluctuation have been
conducted [8,11,17,18,23–26], resonance effects with the LOX post volume downstream of
the orifice have not been addressed. Moreover, even though numerical studies showed
evidence of the whistling-related flow excitation, experimental validation of intra-injector
flow dynamics is largely lacking.
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In this work, an experimental study is conducted with a single injector tube and water
as a simulant for LOX to directly observe the intra-injector flow dynamics. Using high-
speed imaging, periodical bubble behaviours were observed at high cavitation numbers.
Through spectral analyses of the high-speed images and the unsteady pressure records,
fluctuations are analyzed at various flow conditions to understand the modal characteristics
of the cavitating and non-cavitating flows in the injector tube.

2. Experimental Setup and Methods
2.1. Experimental Setup and Modular Injector Tube

The experimental setup is configured as shown in Figure 3. The modular injector con-
sists of three parts: the supply manifold, the optically accessible part, and the downstream
part with pressure taps and a nozzle which defines the pressure loss at the outlet of the
injector. Detailed geometries and dimensions are illustrated in Figure 4. Two different flow
conditions at the orifice are considered: Cavitating flow and non-cavitating flow. This is
achieved by using different nozzles at the end of the injector tube. The nozzle element N035
has a 3.5-mm hydraulic diameter, which is close to the 3.6-mm tube diameter, whereas
N015 has a 1.5-mm hydraulic diameter.

Figure 3. Experimental setup for flow visualization and data acquisition.

The transparent block which includes the orifice is manufactured from acrylic glass
(Polymethyl methacrylate; PMMA). The dimensions of the orifice are the same as in the
actual LOX post of the reference injector of the hot-fire experiment (BKD) [3], as shown
in Figure 4a. A BKD injector is a shear-coaxial type injector, which injects LOX through
the central cylindrical tube and H2 through the annular gap. The length of the LOX post
is 68 mm, and the inner diameter of the LOX posts is 3.6 mm. The injector is internally
recessed by 2-mm. The LOX injector features a plain orifice-shaped throttle with a 45-degree
chamfer at the inlet, which maintains an appropriate pressure drop to increase the instability
margin [1].

The LOX injector model in this study was designed as shown in Figure 4b, preserving
the original dimensions of the orifice and the diameter of the LOX tube. A chamfer on
the orifice inlet edge of 0.5 mm was realized at 45 degrees. The tube downstream of the
nozzle is 204 mm long, which is three times longer than the original LOX injector in BKD,
reducing the longitudinal mode frequency of the tube with water simulant, as shown in
Table 1. This scaling is required to simulate the orifice flow condition of the hot-firing test.
The nth-order longitudinal mode ( fL,n) can be calculated using Equation (2), assuming an
open–open tube [2]. c represents the speed of sound and Le f f is the effective length, which
contains the downstream tube length, the orifice thickness, and the end nozzle length.

fL,n =
nc

2Le f f
(2)
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(a)

(b)
Figure 4. Dimensions of original and model injectors. (a) BKD injector. Reprinted with permission
from [3] © 2019 by Wolfgang Armbruster, Justin S. Hardi, Dmitry Suslov, and Michael Oschwald.
(b) Model LOX injector tube and measurement positions.

Table 1. Comparison of longitudinal mode (L) frequencies for a LOX injector tube.

Campaign BKD [3] Present

Medium LOX Water
Temperature (K) 112 Room temperature
First longitudinal mode, 1 L (kHz) 5.2 3.5
Second longitudinal mode, 2 L (kHz) 10.4 7.0

The downstream unsteady pressure, Pdyn, was measured with 100 kS/s using a piezo-
electric sensor (Kistler A601) to detect the fluctuation from the flow after the orifice. Up-
stream and downstream static pressures—Pu and Pd, respectively—were measured using
static pressure sensors (Kistler 4043). The sensors were distantly mounted with 1 mm-
diameter measuring passages because the LOX tube was narrow compared to the sensor
tip diameter. The estimated Helmholtz frequency from the pressure tap is approximately
9.3 kHz. Because this frequency is far from the range of interest, the resonance effect
from the pressure tap was negligible, as described in the following sections. Water was
supplied by a pressurized tank, and the flow rate was measured using a turbine flow meter
(Vision 2006 2F66). The pressure signals were collected via a data acquisition system (NI
PXIe-1071).

A Photron UX100 camera and a diffusive flat LED panel were used for high-speed
backlight imaging of the cavitating flow. The camera was synchronized by the data ac-
quisition system. The frame rate of 40,000 f/s and the exposure time of 1 µs was used.
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The imaging was only performed for the cavitating flow, as the seeding method was not
used for the non-cavitating flow to prevent acoustic disturbance from seeding particles.

2.2. Experimental Conditions

In this study, two flow conditions were considered to simulate two types of the
injector-driven combustion instability scenarios; a cavitating flow for the LF combustion
instability and a non-cavitating flow for the HF combustion instability. Downstream
pressure was adapted using the two exit nozzle types (N015 or N035) to control the
cavitation inception. The occurrence of cavitation is estimated by the definition of the
cavitation number σ, as shown in Equation (3) [27], where Pu represents the upstream
pressure, Pd is the downstream pressure, and Pv is the saturation pressure. In this study,
a Pv of 2.34 kPa for the water at 293 K is used to calculate the cavitation number, and the
temperature sensitivity of the cavitation number is less than ±1% within ±5 K.

σ =
(Pu − Pv)

(Pu − Pd)
(3)

Cavitation inception is expected to occur at cavitation numbers from 1.8 to 2.2, accord-
ing to the diameter ratio of the orifice to the downstream tube [28]. When the N015 nozzle
is used, the global cavitation numbers at all pressure drop conditions are much higher than
2.0, as shown in Figure 5, whereas the global cavitation numbers with the N035 enter the
potentially cavitating ranges below 2.0.

Figure 5. Cavitation number vs. pressure drops.

3. Results and Discussion
3.1. Periodic Fluctuation of Cavitating Flow

When the pressure drop increases from zero bar with the N035 nozzle, the cavitation
is initiated quickly at 0.8–0.9 bar, and then the stable bubbly flow is maintained with a
1.0-bar pressure drop at the edge of the orifice inlet with small nucleation bubbles, as shown
in Figure 6. At a 1.0-bar pressure drop the cavitation number is 2.07, which is similar to
the cavitation limit of 2.05 in the study by Yan and Thorpe [28] for an orifice diameter
ratio of 0.56. The bubble length grows with the increasing pressure drop up to 1.2 bar,
corresponding to a cavitation number of 1.91, but the bubbles vanish before reaching the
orifice outlet. When the pressure drop is higher than 1.2 bar, the cavitation bubbles are
released into the injector tube across the orifice outlet, which generates the bubble clouds.

To analyze the periodicity of the bubbly flows, power spectral densities (PSD) of the
acoustic pressures in the injector tube were obtained from the unsteady pressure sensor,
and spectral modes of bubble clouds captured by the high-speed camera were analyzed by
a dynamic mode decomposition (DMD) [29,30]. Because the description of the DMD is only
briefly presented here, a more detailed description can be found in the references provided.
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Figure 6. Visualized cloud cavitation as increase of pressure drop.

In order to reconstruct the flow field at specific mode frequencies later, the collected
data X(t) have the mean data X̄ subtracted at first, and then the resulting fluctuation data
X′(t) are used for DMD analysis. The size of X is m× n, where m is the number of snapshot
pixels rearranged in a single column and n is the number of sequential images, which
represents temporal evolution t. The fluctuation data are divided into two datasets: The
current state X′n−1, which contains the snapshots from 1 to n− 1 time steps, and the future
state X′n from 2 to n time steps. From DMD analysis, it is assumed that X′n−1 and X′n have a
linear relation, as shown in Equation (4), where A is a linear dynamical system.

X′n = AX′n−1 (4)

X′n−1 can be decomposed using singular value decomposition (SVD), as follows:
X′n−1 = UΣV∗. However, the spatial resolution m is usually much larger than the number
of images n. Therefore, a reduced SVD can be applied [31], as shown in Equation (5), where
Σr is an n× n matrix.

X′n−1 = UrΣrV∗r (5)

From the relation of = AX′n−1X′n†, the pseudo-inverse of X′n can be calculated by SVD
as Equation (6).

X′n
† = VrΣrU∗r (6)

Then, the reduced linear dynamical system Ã can be calculated using Equation (7),
where Ã = U∗r AUr.

Ã = U∗r X′nVrΣ−1
r (7)

The spatial DMD mode, denoted as Φ, is calculated using Equation (8) and is based
on the eigenvalue decomposition, as presented in Equation (9). W corresponds to the set of
eigenvectors, while Λ represents the set of eigenvalues.

Φ = X′nVrΣ−1
r W (8)

ÃW = WΛ (9)

The original fluctuation data X′(t) can be reconstructed using Equation (10), where
Ω = log Λ, b is the mode amplitude, and the original dataset is X′(t) + X̄.

X′(t) = ΦeΩtb (10)
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For each DMD mode, the DMD mode frequency ( fDMD) in Hz and the amplitude (b)
can be derived as follows, where ν is the frame rate of the high-speed camera and Φ† is
pseudo-inverse of Φ.

fDMD =
|νΩ|
2φ

(11)

b = Φ†X′(1) (12)

By comparing mode frequencies and amplitudes, we can obtain the DMD spectra and
identify a specific mode µ with a high amplitude, which contains the dominant fluctuating
mode. Furthermore, X(t)µ can be obtained using Equation (13), which represents the re-
constructed sequential flow images with the fluctuation at the specific frequency. To clearly
observe the effect of the specific fluctuation on the mean flow, a weighting factor Cw can be
applied; the factor of 10 was applied in this study.

Xµ(t) = X̄ + CwΦµeΩµtbµ (13)

According to the DMD analysis, the peak frequencies can be captured from the flow,
which are compared with power spectral densities of pressure measured at the end of the
injector tube downstream. As shown in Figure 7a, strong peaks appear in the dynamics of
the visualized bubble field at near 1 to 2 kHz and weak harmonic peaks are also observed.
Similar peaks are observed in the pressure spectra in Figure 7b, with more harmonic peaks
appearing than in the DMD results. Therefore, it is clear that the cavitating flow generates
a strong pressure oscillation in the downstream part of the injector tube.

There are two meaningful characteristics to be observed in Figure 7. First, the major
peak frequency decreases as the pressure drop increases. This results from the increase in
the bubble-cloud length as the pressure drop increases. It can be identified by comparing
the trends of bubble length and peak frequencies according to the change in the pressure
drop. Based on the mean flow images, the pixel intensity along the axis can be obtained,
as shown in Figure 8. Because the bubble clouds emerge from the orifice when the pressure
drop is above 1.5 bar, the images at lower pressure drops were excluded. The bubble-cloud
length Lb was defined as the inflection point of the intensity profiles, marked with hollow
squares in Figure 8. The inflection points were derived from 5th-order polynomial fits.
Comparing the bubble-cloud lengths and the secondary peak frequencies from Figure 7b at
various pressure drops, it is clear that both are linearly related to the pressure drop, and the
length is inversely proportional to the frequency, as shown in Figure 9. Thus, this result
shows that the LOX-post excitation from the cavitation is related to the bubble length or
the bubble lifetime from the orifice.

Second, the pressure peaks have multiple harmonics. This characteristic can be also
observed from the hot-fire test records, as shown in Figure 2. The presence of multiple
harmonics over a wide range of frequencies increases the chances of coupling with reso-
nance of other components, such as combustion chamber acoustic modes. The red dashed
lines in Figure 7a are matched with the first two lines in Figure 7b. The secondary pressure
peak marked by the second red dashed line in Figure 7b is already excited at the pressure
drop of 1.2 bar, though the bubble clouds do not yet extend past the orifice outlet (Figure 6).
This means that the secondary peaks do not originate from the bubble clouds. In contrast,
the primary pressure peak arises later than the DMD peak when the pressure drop reaches
2.3 bar. This means that the primary peak is more likely related to the bubble clouds
exhausted from the orifice. This characteristic can be analyzed further using the DMD
spatial modes.
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(a) (b)

Figure 7. DMD and pressure spectra of cavitating flow at various pressure drops. The red dashed
lines indicate the trend of changing peak frequencies corresponding to variations in pressure drop.
(a) DMD spectra of bubble clouds. (b) Power spectra of unsteady pressures.

Figure 8. Intensities of mean flow images along the axis at various pressure drops and bubble-cloud
lengths (Lb).
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Figure 9. Comparison of bubble-cloud lengths and peak frequencies of unsteady pressures at
pressure drops.

From spatial modes of the cloud cavitation fluctuation, we can understand how the
fluctuation occurs at specific frequencies. The pressure and DMD spectra for the 3.0-bar
pressure drop, for example, are shown in Figure 10. The primary and secondary peaks from
both results are well matched, as previously mentioned. At this condition, the spatial modes
at these two frequencies, 880 and 1680 Hz, can be derived from the DMD, as shown in
Figure 11. Left-side figures denote the DMD spatial modes from Equation (8) and right-side
figures are the reconstructed flow images at corresponding frequencies via Equation (13).
Both are arranged as sequential phases φ in a single period.

The bubble clouds fluctuate in the longitudinal direction, which can deliver the pres-
sure oscillation downstream. The 880-Hz fluctuation is strongest, including the inner orifice
flow, as shown in Figure 11a. When we see the spatial mode in the orifice, the entire
flow resonates with the injected bubble clouds, and the position of the recirculation zone
at the step after the orifice is also modulated. Because of the early detached flow at the
orifice wall, lots of bubbles are generated inside the orifice, and they make the image
blur at Φ = 0. Afterwards, the bubbles are strongly injected into the shear layer of the
bubble jet, as the arrow designates. Then, the bubbles return back to the orifice side due to
the recirculation at φ = π/2, while the main bubble jet starts to stretch. Simultaneously,
the detached boundary layer inside the orifice becomes stable. At φ = π, the bubble clouds
still stretch and the boundary layer at the orifice wall becomes unstable from the orifice
outlet. The bubble cloud stretches to the maximum extent at φ = 3π/2, and begins the
collapsing phase due to the pressure recovery escaping the vena contracta as the boundary
layer detaches further. This mode has the lowest frequency because the flow resonates
along the whole length of the bubble clouds.

Figure 10. Spectra of unsteady pressure and DMD mode at dP = 3.0 bar.
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(a)

(b)

Figure 11. DMD results at dP = 3.0 bar; (left) spatial modes and (right) reconstructed flow fields at a
specific frequency. (a) Spatial modes at 880 Hz. The arrows designate the movements of cavitation
bubbles within the recirculation zone at the corner. (b) Spatial modes at 1680 Hz. The arrow designates
the location of the fluctuating bubble boundary layer at the orifice wall.

The mode of the secondary peak at 1680 Hz shows different behaviour. This mode
also shows the fluctuation originated from the boundary layer inside the orifice, but it is
more likely related to smaller fluctuations in the boundary layer. As the arrow in Figure 11b
designates, the thick boundary layer in the reconstructed flow is more clear to observe
than in the 880-Hz flow and it pumps out separated bubble lumps to downstream. In this
mode, the boundary layer is not fully detached but partially attached and it fluctuates
as wrinkling curtains. It has very small movements but strongly affects the downstream
flow. Because the wrinkling is faster than the pumping flow in the orifice at 880 Hz,
the frequency is higher and the wavelength of the bubble clouds is shorter. It is similar
to the flow fluctuation in the CFD results for the high-pressure LOX flow studied by Son
et al. [21], and we can hypothesize that the whistling mechanism works in a similar way.
However, note that the cavitating flow differs to non-cavitating flow because the pressure
waves delivered downstream affect the local growth and collapse of bubble clouds. This
allows strong multiple harmonics of pressure peaks, as shown in Figure 10. In addition,
since this mode is caused by the flapping boundary, this mode can appear earlier than the
primary mode, as shown in Figure 7a even though the bubble clouds downstream are not
yet formed.

3.2. Periodic Fluctuation of Non-Cavitating Flow

To observe the pure hydrodynamic effects from the unsteady pressure records, the N015
end nozzle was used to increase the downstream pressure and avoid cavitation. Spectra of
the unsteady pressure were analysed under various flow conditions, which are displayed
in Figure 12a. Two strong peaks appear; the primary peak below 3 kHz and the secondary
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peak near 7 kHz. Because the frequency of the primary peak increases with increasing
pressure drop, and thus flow velocity, it is likely that this primary peak is originating
from the orifice flow. However, the most noticeable difference between cavitating and
non-cavitating flows is in the trend of the primary peak frequencies. The peak frequen-
cies increase according to increasing pressure drop, as seen in Figure 12a, whereas the
peak frequencies of the cavitating flow decrease. This means that the dynamics of the
non-cavitating flow have a different mechanism to the cavitating flow.

(a) (b)

Figure 12. Spectra of unsteady pressures of non-cavitating flow. The red dashed lines indicate
the trend of changing peak frequencies within the whistling range. (a) Power spectral density
vs. frequency. (b) Power spectral density vs. Strouhal number.

Whereas the bubble cloud length affects the excitation frequency in the cavitating flow,
as described before, it seems the orifice flow velocity is the more relevant factor for the
excitation from the non-cavitating flow, as shown in Figure 13. The orifice flow velocity
is calculated based on the measured flow rates, the assumed water density, 1000 kg m−3,
and the orifice area. The primary peak frequency is directly proportional to the orifice flow
velocity. According to the CFD results presented by Son et al. [21], the boundary flow inside
the orifice exhibited flapping behavior under non-cavitating flow conditions. This indicates
that as the flow velocity through the orifice increases, the flapping speed of the boundary
flow at the orifice wall also increases. As shown in Figure 12b, this characteristic can be
normalized by the definition of the Strouhal number, which is defined as Equation (14),
where the frequency from Equation (1) is replaced by the flow spectral frequency f f low from
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the pressure spectra. As a result, the primary peaks are observed in the range of typical
whistling Strouhal numbers (0.2–0.4) [18,19].

St f =
f f lowδ

Ud
(14)

Figure 13. Relation between primary peak frequencies and orifice flow velocities.

The other significant observation is that the secondary peak near 7 kHz starts to appear
at 2.5-bar pressure drop, which is close to the second longitudinal mode (2L) of the LOX
post resonance of 7.2 kHz. This is an interesting phenomenon because the 2L injector mode
is excited while only the primary peak is in the range of whistling. This finding strongly
supports the claim made by Armbruster et al. [3] that the instability in BKD is caused by
whistling from the orifice, which excites the resonance mode in the injector tube.

We can define the frequency difference ∆ f between the 1L injector mode frequency
f1L,post and the primary peak frequency fp as ∆ f = f1L,post − fp. We can compare ∆ f
and the deviation of the filtered pressure signal in the range of 6.0–8.0 kHz, as shown in
Figure 14. The deviation indicates the oscillation amplitude of the injector 2L mode. When
the primary peak is close to the 1L mode frequency, the amplitude of the 2L mode becomes
stronger. It can be expected that the strongest 2L mode can be obtained when both peaks
are matched. This can explain why the BKD campaign had a strong 2L LOX injector mode;
BKD had a strong peak at the 1L LOX injector mode, and this peak was in the range of
whistling [3]. Based on the asymptotic assumption for the change in the 1L mode Strouhal
number, both peaks can be matched at a Strouhal number of 0.4, whereas the BKD had the
Strouhal number of 0.35.

Figure 14. Standard deviations of filtered pressures at 6.0–8.0 kHz according to differences between
1L mode frequencies and primary frequencies.
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In conclusion, we can determine the conditions required for the orifice-induced 2L
resonance of the injector tube, which can cause HF combustion instability when the 2L
injector mode matches the chamber mode. The injector should have an orifice that can
create a whistling effect. The pressure drop across the orifice should be appropriate to
generate a whistling pressure peak. Additionally, this peak should be close to the first
longitudinal resonance mode downstream. This will cause the second longitudinal mode
to occur, which could lead to the injector-induced combustion instability when the injector
mode is matched with the combustion chamber mode.

3.3. Discussion

Adopting cavitating flow characteristics in water to simulate tests with LOX has
limitations due to thermodynamic effects during bubble growth [32]. However, it seems that
this mainly affects the bubble lifetime and the frequency estimation. Therefore, the accuracy
can be affected but the mechanism will be valid.

Because water at room temperature has very low compressibility compared to LOX
at 110 K and high pressure, the behaviour of the boundary layer at the orifice may differ,
as will the acoustic damping of the medium. This might explain the Strouhal number of
0.4 for the maximum resonance observed in this work, which is higher than the value of
0.35 obtained in the original BKD experiments. Furthermore, the acoustic impedance of
inlet and outlet conditions cannot be same as the actual LOX injector. However, indirect
measurements of the LOX temperature and the injector tube pressure from the BKD could
also affect the accuracy of the experimental results.

The results in this study are consistent with the observations in BKD, particularly
the excitation of the 2L injector mode from whistling matched with the 1L injector mode.
However, it was not clearly revealed in this study why the 2L injector mode was excited
instead of the 1L mode. This could be explained by further studies, such as acoustic analysis.

4. Conclusions

In this study, we targeted mimicking two different combustion instability phenomena,
which are potentially caused by the liquid oxygen (LOX) injectors in liquid propellant rocket
combustors. Because only indirect measurements were possible in previous hot-fire tests,
this study focused on direct measurements in the injector tube. The results showed similar
behaviour as in the hot-fire tests and explained the mechanisms of the injector-related
combustion instability in hot-fire tests.

To investigate the intra-injector flow characteristics of LOX injectors, a simplified
modular injector with optical access was tested using water as a simulant under two
different conditions: cavitating and non-cavitating flow conditions. For the cavitating flow,
cavitation bubbles were captured using high-speed backlight imaging, and the captured
images were analyzed using a dynamic mode decomposition (DMD) method. Primary
and secondary frequency peaks from unsteady pressure spectra were observed in the
DMD results. The primary peak was related to the cavitation bubble clouds downstream,
whereas the secondary peak originated from flapping boundary layers inside the orifice.
The cavitating flow showed a decrease in peak frequency with increasing pressure drop
and multiple harmonics, which can easily match the resonance modes of other parts, such
as a combustion chamber. This can explain the low-frequency combustion instability with
multiple pressure peaks from the LUMEN campaign.

On the other hand, the non-cavitating flow showed an increase in peak frequency
along with the pressure drop, and the peaks were observed in the range of whistling
frequencies. The frequency increase was proportional to the flow velocity across the orifice.
This indicates a hydrodynamic origin of the first peak frequency for the non-cavitating flow.
The primary peak of the unsteady pressure from the non-cavitating flow was in the range
of the whistling phenomenon. It was concluded that the second injector acoustic mode
was excited when the whistling frequency peak was close to the first longitudinal acoustic
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injector mode. This finding is consistent with the hypothesized mechanism driving the
high-frequency combustion instability observed during the BKD hot-fire tests.

The use of water as a LOX-simulant limited the comparability to observed phenomena
during hot-run tests. Nevertheless, the results in this study successfully described the flow
conditions in which combustion instabilities can be caused by cavitation and whistling of
the LOX injector.
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