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The flame dynamics in the combustion chamber of a hybrid rocket motor were visualized using novel
chemiluminescence imaging. A multidirectional visualization system employing 3 X1 endoscopes generated
images based on methylidyne chemiluminescence (CH*), with one endoscope in the precombustion chamber and
two in the postcombustion chamber. Images were collected with a high-speed camera using a 1 ms exposure and a
1 kHz frame rate. Fuel grains having a helical or a conventional circular port structures were assessed, and
combustion trials were conducted using a laboratory-scale hybrid rocket motor with oxygen as the oxidizer at mass
flow rates from 10.43 to 18.51 g/s: equivalent to combustion chamber pressures ranging from 0.7 to 1.24 MPa.
Flame structures were observed during the ignition, combustion, and shutdown stages; and the helical grain
generated a larger, more intense flame zone. A proper orthogonal decomposition analysis showed that the helical
grains also produced a greater degree of turbulence and stronger oscillations. These results confirm that a helical
structure increases the flow turbulence and convective heat transfer in the combustion chamber. These effects lead
to higher regression rates and better mixing efficiency that may, in turn, provide greater combustion efficiency at
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optimized oxidizer/fuel ratios.

I. Introduction

YBRID rocket motors typically use liquid oxidizer together

with solid fuel as the propellant system and provide the
advantages of high reliability, a good margin of safety, and low cost
as compared with conventional liquid or solid propulsion systems.
As a result of these features, hybrid rocket motors are highly
attractive with regard to many applications, such as sounding rock-
ets, suborbital systems, and commercial aerospace vehicles [1].
However, the diffusive turbulent flames in these motors lead to
low fuel grain regression rates, which have hindered the further
development of hybrid rockets [2]. Various research has attempted
to mitigate this limitation via approaches including the use of
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multiport geometries [3], fuel additives [4—6], and paraffin-based
fuel grains [7,8].

Modulating the flowfield inside the combustion chamber by
employing complex grain port geometries is a useful means of
improving the regression rate [9-19], especially with the rapid devel-
opment of additive manufacturing (AM). AM enables the simple yet
rapid production of grains with complicated geometries that would be
infeasible for traditional manufacturing methods. As an example,
Whitmore et al. [15] greatly improved the regression rate of acryl-
onitrile-butadiene—styrene (ABS) fuel grains by manufacturing
grains with a helical port structure using AM. In addition, Bisin et al.
[11] embedded pure paraffin in a gyroid cellular structure fabricated
by three-dimensional printing, and thus increased the regression rates
by 15 to 35% as compared with pure paraftin. Wang et al. [16,17]
embedded paraffin-based fuels in ABS substrates having helical
structures, leading to a 20% increase in the regression rate.

Although the aforementioned studies all improved the regression
rate, the role of a complex port geometry in the combustion process is
still not understood. Some numerical studies [20,21] have indicated
that a helical structure increases the intensity of flow turbulence
inside the combustion chamber to enhance heat transfer, but exper-
imental verification of this phenomenon has not yet been provided.
Thus, it would be helpful to develop an effective in situ diagnostic
method to improve our understanding of flame dynamics.

In recent years, various optically based, nonintrusive flame imaging
methods have been applied to the study of flame dynamics, including
planar laser-induced fluorescence (PLIF), tomographic laser absorp-
tion spectroscopy (TAS), Rayleigh scattering (RS), and chemilumi-
nescence imaging. PLIF is a non-path-integral technique and features
high sensitivity, high spatial resolution, and species specificity. It uses a
selected narrow spectral width planar laser sheet to excite the chemical
species of interest (such as electronically excited hydroxyl (OH*)
radical) in the flowfield. The target chemical species then gets excited
from a specific rotational-vibrational level in its ground state to a
rotational—vibrational level in the excited electronic state. Next, it
undergoes a spontaneous transition back to the ground electronic state,
and the fluorescence is emitted. The emitted fluorescence signals then
getdetected by a camera to indicate the flame frontier. Nevertheless, the
field of view is often limited, and quantitative interpretation of the
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Fig. 1 Diagram of the laboratory-scale hybrid rocket motor system and the fuel grain configuration.

signal requires independent information concerning local quenching
rates, which greatly limit the applications in turbulent flames [22]. RS is
another well-established technique for the measurement of temper-
ature, but its signal depends on local gas composition, which is gen-
erally unknown in reactive flows [23]. TAS can effectively quantify the
time-resolved temperature and partial pressure of a target gas species
during combustion [24-27]. However, the tradeoff between spatial
resolution and the complex experimental design associated with this
technique makes it very difficult to apply to real-world propulsion
systems. In contrast, chemiluminescence imaging is a promising means
of addressing practical issues related to analyzing flame dynamic.
Chemiluminescence is the emission of light when the molecule in an
unstable excited state produced by the reaction decay to the more stable
ground state. This nonintrusive path-integral measurement method
provides a qualitative indication of heat release rates, local equivalence
ratios, and excited radical concentrations without the use of laser
equipment [28]. Additionally, it can be easily coupled with optical
fibers, significantly simplifying the experimental equipment. By virtue
of these advantages, chemiluminescence imaging has been used to
diagnose the combustion characteristics of numerous propulsion sys-
tems, such as gas turbines [29-32], scramjets [33-35], and pulse
detonation engines [36,37].

Chemiluminescence imaging has also been used to visualize the
combustion processes in hybrid rocket motors. Jens et al. [38]
employed OH* chemiluminescence imaging to observe the combus-
tion flame generated by a slab burner using both classical and paraffin
fuels at elevated pressures. The droplet entrainment of the paraffin
fuel grain was studied, and the position and thickness of the flame
zone inside the boundary layer were identified based on the resulting
images. Similarly, Petrarolo et al. [39] investigated Kelvin—Helm-
holtz instability during the combustion of liquefying hybrid rocket
fuels by applying OH* chemiluminescence imaging to a slab paraffin
burner. Using the images generated by this technique, the flame
topology and location were determined. Although these works pro-
vide information concerning hybrid rocket combustion mechanisms,
it should be noted that the slab burner’s chamber pressure and
chamber temperature may be much lower than that of the actual
motor. Additionally, the flame of a slab burner is one-dimensional,
which is the axial dimension. The flame structure on the radial and
tangential directions is unobservable. Choi et al. [40] visualized the
flame in the postcombustion chamber of a hybrid rocket using
methylidyne chemiluminescence (CH*) imaging as a means to study
the low-frequency instability. However, because the quartz window
through which images were acquired was contaminated soon after
ignition, the flame could only be observed in the initial stage of the
combustion process; and the images could not be used for the analysis
of the flame dynamics in the main combustion chamber. Yuasa et al.
[41] visualized the flame in the main combustion chamber of a hybrid
rocket motor via a large quartz window positioned in the precombus-
tion chamber. Even so, this prior work primarily focused on the swirl

structure of the flame and did not examine dynamical behavior. It
should also be noted that the imaging method used in such studies can
greatly affect the structure of the motor, such as the designs of the
swirl injector and ignitor.

In this work, the flame in the main-combustion chamber of a hybrid
rocket motor was visualized and studied using a novel chemilumines-
cence imaging technique. Specifically, multidirectional internal visu-
alization of the flame in the combustion chamber was performed based
on a custom-made 3 X 1 bundled optical fiber. One fiber was placed in
the precombustion chamber with its main optical axis positioned at an
angle of 30 deg relative to the axis of symmetry of the fuel grain,
whereas the remaining two fibers were situated in the postcombustion
chamber with their main optical axes perpendicular to the axis of
symmetry. A helical grain was selected for use in the firing tests, and
a conventional circular fuel grain was used for comparison. The firing
tests were conducted at oxygen mass flux values from 14.43 to
18.51 g/s and at combustion chamber pressures from 0.71 to
1.24 MPa. Raw images of the two grains were compared and analyzed
in detail, whereas a proper orthogonal decomposition (POD) analysis
was used to assess the flame oscillation behavior. Finally, the effect of a
helical structure on the flame dynamics was established based on the
regression rates and characteristic velocities.

II. Experimental Setup and Methodology
A. Laboratory-Scale Hybrid Rocket Motor and Fuel Grain

A diagram of the laboratory-scale hybrid rocket motor used in this
work is provided in Fig. 1. Further information regarding the appa-
ratus can be found in previous publications [16—18]. The motor used
gaseous oxygen as the oxidizer and a CH./O, torch ignitor activated
by a spark plug to ignite the fuel grain. The oxidizer injector and the
ignitor were both installed in the precombustion chamber of the
motor. The oxygen mass flow rate was controlled by a mass flow
controller (Bronkhost model F-203AV) with an accuracy of +(0.5%
+0.1% FS (full scale)). Nitrogen was used to purge the combustion
chamber after each trial. Two pressure transducers sampling at a
frequency of 1 kHz were positioned in the pre- and postcombustion
chambers of the motor. The timing sequence of each firing test is
presented in Table 1.

Table1l Timing sequence of the firing tests
Serial number Time, s Action
1 0.0 Data acquisition turned on
2 10.0 Oxygen supply turned on
3 17.0 Ignitor turned on
4 18.0 Ignitor turned off
5 20.0  Oxygen turned off/nitrogen turned on
6 25.0 Data acquisition turned off
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Polyethylene fuel grains having helical or circular geometries as
shown in Fig. 1 were employed. A helical grain was selected because
this shape is known to improve the regression rate and is considered to
be a typical kind of complex grain shape [21,42]. The helical grain was
80 mm in length, 20 mm in the inner diameter, and 60 mm in the outer
diameter. The thread pitch was 10 mm, the groove width was 5 mm, and
the groove height was 3 mm. As noted, a conventional circular fuel grain
was used for comparison, with an inner diameter of 20 mm and an outer
diameter and length that were the same as those of the helical grain.

Four groups of tests were conducted, and each group comprised
one helical grain firing and one circular grain firing at approximately
the same oxygen mass flow rate. It should be noted that some
variations in the oxygen mass flow rate unavoidably occurred as a
consequence of changes in experimental parameters, including the
different combustion chamber pressures and valve response times.
The average oxygen mass flow rate during these trials ranged from
10.43 to 18.51 g/s, corresponding to a mass flux of oxygen from
3.32t06.21 g/(cm?s). The test conditions are summarized in Table 2.

B. Optical Setup

The CH* chemiluminescence imaging system is shown in Fig. 2. A
specially customized 3 X 1 bundled optical fiber was used in the
imaging system, and gradient-index (GRIN) lenses were employed to
direct the optical images to the fiber inputs. Each lens had field-of-view
angles of 50 deg and a diameter of 2 mm. A specially designed sapphire
protection kit with a diameter of 5 mm was used to protect each lens
from the high-temperature gas in the combustion chamber. One lens was
placed in the precombustion chamber with its optical axis positioned at

Table 2 Firing test conditions

Type of  Average mass flow rate of ~ Average mass flux of O,,

Group  grain 0, g/s g/(cm?s)

1 Helical 17.83 5.48
Circular 18.51 6.21

2 Helical 15.22 4.84
Circular 14.70 4.68

3 Helical 11.89 3.67
Circular 12.26 3.90

4 Helical 10.64 3.38
Circular 10.43 3.32

an angle of 30 deg relative to grain. This allowed the majority of the
combustion chamber to be observed while not affecting the oxygen
injection process. Using this lens, three sections of the fuel grain’s front
face could be monitored, as shown in Fig. 2. Here, the region labeled
point I corresponds to the front face of the grain, whereas point II was
located between the front and end edges of the fuel grain. This was the
area within the main-combustion chamber in which the mixture of
oxygen and pyrolyzed fuel reacted and was the main region of interest
in the present work. Point III indicates the flame zone in the postcom-
bustion chamber. The other two lenses were placed in the postcombus-
tion chamber, with the main optical axis of each perpendicular to the fuel
grain’s axis of symmetry (designated as section II-II in Fig. 2). These
two view angles allowed the end edge of the fuel grain and the flame in
the postcombustion chamber to be clearly observed. The bundled fibers
were then connected to a fast-speed camera (Photron SA-Z). The frame
rate and exposure time for the camera were 1 kHz and 1 ms, respectively.
A center wavelength of 430 nm, a bandwidth of 10 nm, and a narrow-
band filter were used to image the CH* radicals.

C. Proper Orthogonal Decomposition Analysis

POD analysis is matrix factorization method. This process was used
to convert the original image series into a set of linearly uncorrelated
variables referred to as a mode to classify the dominant patter of the
flame and to provide a good characterization of the flame dynamics
and related time series of the imaging [43]. POD assumes that the
continuously changing series of flame images can be linearly super-
imposed using multiple orthogonal modes according to the equation

M
P 1) = do + ) _ a(D)hi(x) (1
i=1

where x is a spatial coordinate (in units of pixels), ¢ is the time
sequence, a; is the time coefficient of the temporal mode, ¢; is the
spatial distribution characteristic of the mode, ¢, is the mean value of
the image series, and M is the total number of modes.

In this analysis, an image containing W pixels in each row and L
pixels in each column forms a pixel matrix of m = L X W.The image
series can then be expressed as an m X n data matrix A, where n is the
total number of images. After the mean value of each row of A is
subtracted from A, this matrix can be decomposed into the product of
three matrices via singular value decomposition [44] to find the
orthogonal modes as
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Eyepiece Filter
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Fig. 2 Diagram of the imaging system.
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Apsen = UmeSanVIXn 2)

Here, T is the transpose of a matrix; and U, S, and V represent the
orthogonal modes of the flame series and their corresponding mode
energy and time coefficients. To solve the three matrices of U, S, and
V, asnapshot method [43,45] was used to simplify Eq. (2) as follows:

ATA =Vvs2yT 3)

Equation (3) was then multiplied on the right by V, and we
substitute S = «/Z to obtain

ATAV = V§* = V) @

V and S can be obtained by solving the eigenvalue problem of AT A.
Then, U can be obtained by US = AV. The ith column of matrix U is
the spatial distribution of mode i. The ith column of matrix V
multiplied by the ith value of matrix S gives the time coefficient o;
of mode i. If the eigenvalues A were sorted in a descending order, the
energy at the start of the sequence would be dominant in the flame
dynamic behavior. Subsequently, the normalized energy proportion
of each modei can be calculated by Eq (5):

i

Yo ©

III. Results and Discussion
A. Pressure and CH* Intensity Variations
Figure 3 plots the CH* intensity for both the precombustion and
postcombustion chambers along with the combustion chamber pres-
sure variation of firing test group 3. The CH* intensity used here is
the mean pixel value of the raw image, and the CH* intensity in
the postcombustion chamber is calculated by averaging the CH*

intensities of the two lenses. In the case of both helical and circular
grains, the CH* intensity in the postcombustion chamber decreases
soon after the pressure in the combustion chamber increases. This
phenomenon is primarily attributed to the carbon soot produced by
incomplete combustion. A similar experiment phenomenon was
previously reported in Ref. [40]. In contrast, the trend exhibited by
the CH* intensity in the precombustion chamber matches that of the
pressure.

It is apparent that the average chamber pressure and average CH*
intensity produced by the helical grain were both higher than those
generated during the circular trial. The chemiluminescence oscilla-
tions of the helical grain were more intense than those of the circular
grain. This effect likely occurred because the helical structure
increased the turbulence intensity of the flow in the chamber. As a
result, the mixing of the fuel and oxidizer is more sufficient, leading
to a more intense combustion.

B. Raw Image Analysis

Figures 4 and 5 present the flame images obtained during the
combustion of the helical and circular grains, respectively, at times
1 and 2, as specified in Fig. 3. At time 1, all three lenses were able to
provide clear images of the flames in both the main-combustion and
postcombustion chambers (top row of Fig. 4). Additionally, the three
sections specified in Fig. 2 can be clearly identified in Fig. 4a.
However, as the combustion proceeded, the lenses in the postcom-
bustion chamber were quickly contaminated and observations were
no longer possible, whereas the lens in the precombustion chamber
remained clear (Fig. 4d). This trend was consistent with the CH*
intensity variations seen in Fig. 3.

The images of the helical grain in Figs. 4b and 4c indicate that the
flame in the postcombustion chamber did not fill the entire field of
view and that the intensity distribution was quite uneven. One
possible reason for this observation is that the flame was not fully
developed during the startup stage.
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Fig.3 CH¥* intensity and pressure variations over time during combustion of a) a helical grain and b) a circular grain.
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Fig.4 Chemiluminescence images of the helical grain at time 1 (top row) and time 2 (bottom row), showing the flame in the main-combustion chamber

(Figs. 4a and 4d), and the postcombustion chamber (Figs. 4b, 4c, 4e, and 4f).
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Fig.5 Chemiluminescence images of the circular grain at time 1 (top row) and time 2 (bottom row), showing the flame in the main-combustion chamber

(Figs. 5a and 5d), and the postcombustion chamber (Figs. 5b, 5c, Se, and 5f) .

The data obtained from the circular grain exhibit similar features,
although the flame zones at time 2 in the precombustion chamber are
smaller than that generated in the helical grain trial. This difference
can be ascribed to the increased flow turbulence and wider flame zone
obtained with the helical grain.

C. Characteristics of the Chemiluminescence Image Obtained from
the Precombustion Chamber

Figures 6 and 7 show series of instantaneous images together with
time averages of these images acquired over specific durations in
trials with the helical and circular fuel grains following four time
points. The time interval for each frame is 5 ms, and the averages are
generated for a time span of 40 ms.

From Fig. 6, it is evident that the dynamic behavior of the flame
generated by the helical grain can be described by several stages. At
time 1, when the pressure in the combustion chamber began to
increase, the flame was primarily located in the postcombustion
chamber with very little in the main-combustion chamber. As the
combustion proceeded at time 2, the flame in the main-combustion
chamber was established in the boundary layer close to the surface
of the fuel grain. The flame in the postcombustion chamber also

continued to develop such that it occupied almost all the chamber, and
the chemiluminescence intensity increased rapidly. In the next phase
at time 3, the thickness of the flame zone in the main-combustion
chamber increased significantly, possibly as the mixing of the oxi-
dizer and pyrolyzed fuel was promoted and the gaseous reaction layer
in the combustion chamber increased in size. Filamentlike structures
also appeared in the main-combustion chamber, likely as a result of
the turbulence flow induced by the helical grain. However, at time 4,
there was a decrease in both the flame intensity and the flame zone
thickness in the main-combustion chamber. These effects can pos-
sibly be explained by the gradual erosion of the helical structure as
combustion proceeded such that turbulence in the main-combustion
chamber was reduced.

Similar stages are apparent in the images obtained in the trial using
the circular grain, as presented in Fig. 7. However, there were three
differences in the flame dynamics of the two fuel grains. First, the flame
generated by the helical fuel grain exhibited more intense turbulent
fluctuations and oscillations. This phenomenon was possibly a result of
the increased flow turbulence generated by the helical structure in the
main-combustion chamber. In the time-averaged figures, the intensity
of the flame produced by the helical grain in the main-combustion
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Fig. 6 Instantaneous and averaged images of the flame in the main-combustion chamber of the helical grain over short time spans beginning at a) time 1,

b) time 2, ¢) time 3, and d) time 4.
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Fig.7 Instantaneousand averaged images of the flame in the main-combustion chamber of the circular grain over short time spans beginning at a) time 1,

b) time 2, c) time 3, and d) time 4.

chamber is higher and the flame zone is thicker. These findings suggest
that the increased flow turbulence induced by the helical grain pro-
moted the mixing of the oxidizer and the pyrolyzed fuel gas, resulting
in a thicker flame region and increased gaseous reaction layer in the
combustion chamber. Furthermore, there was no decrease in the flame
zone thickness in the trial with the circular grain, likely because there
was no change in the port geometry throughout the combustion
process. Thus, the averaged flame structure remained stable.

D. POD Analysis of the Flame Structure

To further understand the flame dynamics inside the combustion
chamber, a POD analysis was used to investigate the oscillation
behavior of the flames. The first six modes of both the helical and

circular grains are shown in Fig. 8. Each mode represents the
overlying fluctuation, with the red and blue areas indicating regions
with significant variations in the gas phase reactions. It is evident that
detailed information concerning the flame dynamics in the boundary
layer within the combustion chamber was obtained for both grains. In
contrast, the flame oscillations in the postcombustion chamber were
relatively unclear, possibly as a result of its full development. In the
cases of almost all modes, the helical grain generated more intense
variations that were also distributed over wider areas. The number of
layers of intense variation regions produced by the helical grain were
also higher. Because the intense variation regions indicate the regions
where significant variations of the reaction intensity take place, the
more intense the variation regions in the POD mode, the more
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Fig. 8 The first six modes of the a) helical grain and b) circular grain.
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oscillating the flame is likely to be. These results suggest that, in the
case of the helical grain, the flame fluctuations were much stronger,
possibly because of the stronger flow turbulence caused by the helical
structure. This finding is in agreement with the raw image analysis. In
the images of the postcombustion chamber, there were flame fluctu-
ations for the circular case but none for the helical. The primary
reason is that the flame of the helical grain in the postcombustion
chamber was fully developed; as a result, no intense variation of
reaction intensity was observed. This suggests the helical structure
can enhance the mixing of the reactants to produce more complete
combustion in the postcombustion chamber.
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Fig. 9 Mode energy distributions for both grains.

The energy proportion of each mode indicates its relative impor-
tance of the corresponding mode, and so this parameter is important.
Figure 9 plots the normalized energy values of the first 50 modes and
demonstrates that the first mode counted for more than 0.3% of the
total energy. In both cases, the energy proportion decreased signifi-
cantly with the increase in the mode number, especially over the first
10 modes. Interestingly, the normalized eigenvalues of the first 50
modes for the helical grain were all smaller than those for the circular
grain. Because lower modes often contain fewer oscillations, this
finding suggests a more intense turbulent combustion occurred in the
helical grain, which is also in agreement with the previous analysis of
the raw images.

Figure 10 shows the variations of the time coefficients of the first
four modes for both the helical and circular grains. It can be seen that
the time coefficients of the first mode fluctuated around the value of
zero, and the value is less than 0.1 for both the helical and circular
grains. This result shows that the combustion process in the combus-
tion chamber was relatively stable and that there was no obvious
thermoacoustic coupling instability. Although the time coefficients
of the other first four modes all showed oscillations around zero, they
can be regarded as weights assigned to the first mode.

A fast Fourier transform was applied to the time coefficients of the
oscillation modes of the flame to determine whether a dominant
oscillation frequency was presented, with the results shown in Fig. 11.
Note that for the sake of simplicity, only the first three modes are
examined here. These frequency—amplitude plots confirm that the
time coefficients for the first three modes of both grains had no obvious
dominant frequency except for a minor spike at approximately 18 Hzin
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Fig. 10 Time coefficient variations during the combustion of the a) helical and b) circular grains.
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Fig. 11 Frequency-amplitude plots of the time coefficients of the a) helical and b) circular grains.
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Fig. 12 Comparison of the a) regression rates and b) characteristic velocity of the helical and circular grains.

the case of the circular grain. Therefore, there was no obvious
thermoacoustic coupling instability caused by the helical structure in
the combustion chamber. In fact, the helical fuel grains may even have
suppressed the combustion instability. Although similar instability is
not found in the pressure and CH* intensity variations, it may be
related to lens contamination during the firing test and the combustion
chamber configurations of this paper. The reasons for this anomalous
phenomenon are not fully understood, and more systematic studies
including theoretic work will be necessary.

E. Regression Rate and Characteristic Velocity

The regression rate and the combustion characteristic velocity are
the two most important parameters for a hybrid rocket motor because
they are closely related to the specific impulse, thrust, and combus-
tion efficiency. Thus, these two parameters were analyzed in the
present work to further assess the effects of the helical structure on
the flame dynamics in the combustion chamber.

The fuel grain regression rate refers to the speed at which the fuel
surface burns back, and it can be calculated as

. d;—d,
Tave = j2l‘ L (6)

where d, and d are the average inner diameter of the initial fuel grain
and the fuel grain after the firing test, respectively. In the case of a
helical fuel grain, the latter term is modified to account for the uneven
port geometry to

)
dr = | 077 7

Here, m g, and m are the masses of the fuel grain before and after
the firing test, whereas L is the length and p is the average density of
the fuel grain.

The characteristic velocity is another important parameter related
to combustion performance. A higher characteristic velocity at a
fixed oxidizer/fuel ratio means better combustion efficiency. The
characteristic velocity is usually defined as

Cc* = A P (8)
=P

where A, is the nozzle throat area, M, is the mass of the fuel and
oxidizer consumed, and P,. is the combustion chamber pressure.
Figure 12 plots the regression rates and the characteristic velocity
of each fuel grain as function of the oxidizer mass flow fluxes and
oxidizer/fuel ratio, respectively. As shown in Fig. 12a, for both the
helical and circular grains, the regression rate increased along with
the oxidizer flow flux and the regression rate of the helical grain was
always higher than that of the circular grain by roughly 20%. Because
the heat needed for the pyrolysis of the solid fuel grain is mostly
determined by convective heat transfer, as indicated by the classical

hybrid rocket combustion theory [1,46], this increased regression rate
confirms that there is a higher convective heat transfer in the helical
grain. This further proves that the helical structure can effectively
increase the flow turbulence in the combustion chamber, which is in
agreement with the aforementioned analysis of the flame dynamics.
In addition, the characteristic velocity of the helical grain was uni-
formly higher (Fig. 12b). Although the characteristic velocities are
not compared at the same oxygen/fuel (O/F) ratios here (because of
the different regression rates of the motors), it can be expected that the
combustion efficiency of a helical grain will be higher than that of a
circular grain under more suitable experimental conditions.

IV. Conclusions

The dynamic behaviors of the flames in the combustion chamber
of a hybrid rocket motor were successfully characterized and ana-
lyzed in this work using multiangle endoscopic CH* chemilumines-
cence imaging. Firing experiments were conducted on a laboratory-
scale hybrid rocket motor using oxygen as the oxidizer at mass flow
rates ranging from 10.43 to 18.51 g/s, corresponding to combustion
chamber pressures from 0.7 to 1.24 MPa. Raw image analysis
showed that the flame generated by the helical grain in the combus-
tion chamber exhibited stronger fluctuations and a thicker flame zone
as compared with the circular grain. These effects are attributed to the
greater flow turbulence in the combustion chamber in the former
case. A POD analysis showed that, for each mode of the flame in the
combustion chamber, the helical grain generated more layers of
intense gas phase reaction zones. This result indicates that the fluc-
tuation characteristics of the helical grain were stronger than those of
the circular grain. Additionally, spectrum analysis of the time coef-
ficients suggested that the helical grain suppressed the combustion
instability. The regression rates of the helical grain were approxi-
mately 20% higher than those obtained using the circular grains,
presumably because the greater turbulence in the former enhanced
heat transfer in the combustion chamber. The characteristic velocity
provided by the helical grain was also higher. Although the oxidizer/
fuel ratio differed greatly between the two grains, at optimized ratios,
a helical grain is expected to provide higher combustion efficiency
than a circular grain.
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