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Condensed phase particles (CCPs) of plume flows in solid rocket motors (SRMs) are one of
the major causes of smog and other signal characteristics, which leads to attenuation of
weapons guidance system signals. In order to study the dynamic combustion
characteristics of the exhaust plume in a high pressure solid rocket motor with highly-
aluminized propellanta digital in-line holographic (DIH) measurement system was used for
identification and analysis of CCPs of exhaust plume flows in a SRM under 10 MPa
pressure. During the SRM firing, the plume particles characteristic in the field of 9-11.5 cm
away from the non-expanding nozzle outlet plane was measured and analyzed. Further, in
order to improve the efficiency and accuracy of particle identification, a target recognition
method suitable for autonomous recognition of plume particles in a complex background
from digital holographic images was established. About 12,400 individual particles from
two thousand holographic images were recognized, and the 3D spatial information
(number and volume probability density function) and mean diameters were obtained
and analyzed. The results showed that digital in-line holography measurement technology
with target recognition method established in this paper can be applied well to real-time
measurement of the 3D dynamic characteristics of the plume particle field anywhere
outside of the nozzle outlet of an SRM with highly aluminized propellants. By identifying
each reconstructed particle, the 3D spatial distribution, CCPs size distribution and velocity
in the measurement area can be obtained.

Keywords: digital in-line holography, solid rocket motor, plume, condensed phase particles, deep learning

INTRODUCTION

Aluminum powder has been widely used as a metal additive in solid propellants for solid rocket
motors (SRMs). The addition of aluminum powder can improve the specific impulse and damping
high-frequency combustion instability [1, 2]. However, the aluminum powder leads to adverse effects
because of the condensed phase particles of exhaust plumes flowing in a solid rocket motor, which are
primary constituents of smoke and other infrared characteristic signals [3-5]. The size and
concentration of smoke particles affect the penetrating ability of various optical signals and the
diffusion speed of smoke, which leads to attenuation of the signal of the weapons guidance system.
Therefore, in order to suppress the plume characteristic signal of the SRM, it is necessary to
investigate the characteristics of the condensed combustion products (CCPs) of the plume flow in an
SRM with used a highly aluminized propellant, and so as to deeply understand the mid-infrared
radiation characteristics of the plume.
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FIGURE 1 | Experimental system for DIH measurement of solid rocket plume flow field.
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A lot of experimental research has been conducted on the
characteristics of CCPs in plumes, such as the mechanical
collection and optical measurement method [6-11]. The
traditional particle collection method can reveal the particle
size distribution of the condensed phase particles; however it
modifies the flow field structure and particle state, resulting in a
different actual plume state. Moreover, it does not provide
information about the particle size, 3D spatial distribution,
and dynamic process of the particles in the plume. In contrast
to the collection method, imaging techniques are useful to obtain
the CCP dynamic characteristics. However, the small focal depth,
high pressure, high temperature, high velocity, and strong
emission intensity of the traditional optical techniques limits
dynamic CCP measurement. Only a few effective plume particles
can be obtained in the focal plane, preventing accurate
distribution sizes of the particle in the plume unless lots of
experiments are performed.

To overcome these shortcomings, the digital in-line
holography technique was used for imaging CCPs in the SRM
plume in this study [12-15]. In this paper, holographic in-line
technology was used to measure the plume particle characteristics
in the field of the non-expanding 2D nozzle outlet plane and
reconstruct the holographic image, and a target recognition
method suitable for autonomous recognition of plume
particles in a complex background from digital holographic
images was established. About tens of thousands of individual
particles from two thousand holographic images were recognized,
and the 3D spatial information (number and volume probability
density function) and mean diameters were obtained and
analyzed. These results are expected to expand the knowledge
on plume particle distribution characteristics in the SRM and also
could provide a diagnostic technique for studying the plume
dynamic characteristics at different nozzle sections during the
SRM firing.

METHODS

Digital In-Line Holography System

The experimental system for the digital in-line holographic (DIH)
measurement of a solid rocket plume flow field constitutes four
components: an SRM, microscopic imaging system, pressure
recording device, and DIH system (Figure 1). An AP/RDX/
HTPB composite propellant sample containing 18% aluminum
was placed at both ends of the SRM chamber and ignited by
heating a wire. The nozzle without the divergent section placed at
the center of the chamber. In order to ensure that the particle
concentration of the plume field is not too high, the thickness of
the plume field perpendicular to the laser path direction needs to
be thin. Therefore, under the 10 MPa pressure condition in the
SRM, the thickness of 2D nozzle throat is 2 mm, as shown in
Figure 1. When the SRM fires, the product gas exhaust flow from
both ends of the motor converges at the middle, passed through
the convergence section, escapes from the nozzle throat, and
forms a plume flowfield outside the nozzle. A pressure measuring
device was used to collect the pressure data.

To obtain information pertaining to the plume flow field
particles, two high-speed cameras were used: Camera 1 (Micro
C110) for DIH system and Camera 2 for microscopic imaging.
Due to the radiation light, influence of the plume field was weak
near 532 nm, the wavelength of the incoming laser light. A
narrow optical bandpass 532 + 10 nm notch filter was used to
reduce the broadband emission from aluminum particles while
approximately capturing the entire laser light. The typically size
of particles in plumes ranges between 10°~10> microns, requiring
long-distance microscopic lenses to obtain the particle image.
However, the high-temperature radiation from the plume field
(approximately 2500 K) affects the imaging system. The position
of the camera should be sufficiently far from the measurement
area at approximately 1 M distance. Thus, a 0.5x (approximate)

Frontiers in Physics | www.frontiersin.org

February 2022 | Volume 9 | Article 819000


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Jin et al.

DIH for SRM Plume Particles

I Il

FIGURE 2 | Typical image results of SRM plume field.
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magnification system was used together with Camera 1, resulting
in an actual pixel size of approximately 30 x 30 pum, which
covered a large fraction of plume particles. The holographic
measurement area was approximately 26 x 26 mm?, and its
center was approximately 10 cm away from the nozzle outlet
plane. The camera was operated at 1,000 fps, with an exposure
time of 5 ps Camera 2 (EVO 640) was used to image the entire
plume flow field and obtain its dynamic characteristics. Camera 2
was operated at 2000 fps at an exposure time of 1 us When the
plume particles directly escaped from the throat, without
accelerated through the expansion section, the particles could
slowly down. According to the measured results, the observed
plume particles velocity is rang of 200-700 m/s, and there no
obvious motion blurring phenomenon in the results of two
cameras. The plume image results are show in Figure 2. The
holographic field is higher than the central area, the upper part of
the holographic field was less disturbed by the exhaust gas flow,
and a large amount of diffraction information of plume particles
can be obtained. However, the lower part of the holographic field
of view is strongly affected by high density exhaust gas flow and
the laser could not pass through it, so clear holographic
information of particles could not be obtained.

Numerical Reconstruction and Target
Recognition Method

The DIH measurement process consists of two steps: hologram
recording and reconstruction. In this study, a planar light wave
travelling across the plume flow field was recorded using a CCD,
which obtained the original holographic image of the plume field
particle. After denoising the original holographic image, and the
final holographic image was reconstructed through the angle
spectrum method. When the reconstructed and imaging
distances are equal, the complex light field amplitude of the
object can be obtained. Based on the spatial distribution range

and particle size distribution range of the plume flowfield, a
sufficient z-axis depth (Az) was set to approximately 25 pm. To
obtain a locally-focused hologram at different Z-axis positions
and 4,000 slices were reconstructed across a distance of
approximately 0 < z < 100 mm from the focal plane. By using
the depth-of-field extension method, all the particles in a series of
plane images were focalized in a single synthesis image thatisin a
single-frame hologram.

To obtain all plume information during motor operation, all
hologram images should be processed. The effective working time
of the SRM was about 2 s, and 2000 original DIH images were
obtained in the test. The depth of field range of holographic
measurement method is much larger than that of the microscopic
imaging method, so the number of reconstructed holographic
particles is much larger, corresponding to tens of thousands of
particles, and hundreds of particles respectively. Therefore, the
traditional target detection method of manual identification and
positioning is very time-consuming and inefficient to extract all
particle information from all holograms in the whole experiment
process, which greatly restricts the rapid and accurate application
of holographic technology. Therefore, to improve the post-
processing efficiency and accuracy of this process, this study
established a target recognition method suitable for autonomous
recognition of solid propellant aluminum combustion particles in
a complex background from digital holographic images [16].

First, 500 effectively reconstructed holographic images were
selected for plume particle labeling, and a total of 20,000
independent sample particles with particle size distribution
ranging from 65 to 900 microns were labeled, forming a
relatively rich plume particle information data set.

Second, the data set is divided into training, verification and
test sets in a 6:2:2 ratios. Considering that the object of target
recognition is a plume holographic particle, which has the
characteristics of large flow, fast speed, loud noise and
complex background, this paper selects the YOLO V3 model,
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FIGURE 3 | Raw, refocused holograms and target recognition of plume particles (i) Raw hologram. (i) Refocused hologram of particles at z, = O. (iii) target
recognition. (A-F) Refocused holograms for particles with diameters of 169, 65,103, 250,159, and 533 um, respectively.

which has good detection accuracy and detection speed in small
target recognition, and as the main frame. The YOLO V3 target
recognition model is trained with the data of the training set, and
a training model which can effectively recognize digital
holographic image particles is obtained.

Third, train the model with the training sets, and verify the
trained model with verification sets. The confidence threshold
was set to 0.6, and for single holographic images the prediction
process was about 65 ms. In Figure 3iii the discrete single particle
image shows good identification of particles (marked by the green
bounding box), with an average accuracy of about 0.85. The result
shows that the model training meets the needs of target detection
of holographic plume particles.

Finally, the model was used to detect the other unlabeled
holographic images, and about 12,000 effective particles were
identified. The granularity and coordinate information of all

identified particles were obtained by the watershed
segmentation algorithm, allowing information of all
holographic plume particles in the whole experiment

measurement to be obtained.

RESULTS

Typical Digital In-Line Holographic Results
Figure 3i shows typical holograms recorded in the SRM plume
flowfield. Because the shape of holographic field of view is limited
by the laser source, the central circular region is the holographic
diffraction region. The hologram was reconstructed and
refocused in the Z-direction to obtain the information about
the shape and granularity of the particles in the 3D plume flow

field. Approximately 25-30 particles in the entire 3D space were
projected onto the image at the z = 0 plane, as shown in
Figure 3ii. A large fraction of the particles were observed to
be spherical, whereas a small fraction showed irregular shapes.
None of the particles showed a visible flame configuration.
Therefore, it is believed that all the particles are condensed
combustion products (CCPs).

Figure 3iii shows a typical result of the target recognition of
the plume particles in the green bounding box from Figure 2. For
particles with small background interference and large particle
size, the recognition accuracy is higher with a mAP value above
0.9. In contrast, the accuracy of model recognition is lower for
particles with smaller particle size and larger background
influence, with a mAP value around 0.4. Of course, the model
also exhibits phenomena such as missing recognition and wrong
recognition. Therefore, in order to ensure the accuracy of analysis
results, particles with a confidence rate above 0.6 were counted as
effective particles.

Figure 3ii shows several typical fine particles in the plume
field. Figure 3ii,A shows a particle with a diameter D = 169 um
(approximately), and z = 24.5 mm. The particles are spherical,
large, and long distance from the focal plane. Therefore, the
diffraction aperture in the hologram image is clearly visible. There
is no flame edge surrounding the particle, indicating that the
particles are condensed combustion products (CCPs) and have
complete burning out.

Limited by the imaging magnification and pixel size of Camera
1, Figure 3ii,B shows the smallest viewable particle of diameter D
= 65 um (approximately) and z = 30.1 mm, which also is the
smallest particle obtained by visual real-time dynamic
measurement in the plume particle field. The particle sizes in
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FIGURE 4 | (A) Three-dimensional spatial distribution of the plume particle field (B) N-PDF and (C) V-PDF histograms of all the combustion particles.
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Figure 3ii,C are larger (about 103 um) than those in Figure 3ii,B,
based on obvious diffraction stripes, and the reconstructed
particle is approximately 13.6 mm away from the focal plane.
Many particles of this size were observed from the
reconstructed image.

Figure 3ii,D shows a large particle of diameter D = 250 um
(approximately). This size accounts for a large proportion of the
condensed combustion products and is common in condensate
product collection reports. During combustion in the SRM, as the
propellant combustion surface regresses, the embedded virgin
aluminum particles (diameter = 30 um) melt, accumulate, and
merge in the vicinity of the burning surface, finally forming
agglomerated particles of the order of 10> um. These particles
ignite and burn rapidly in the vicinity of the combustion surface,
move to the nozzle along the flow field, and finally escape from
the nozzle to form plume particles. Compared with the original
holographic image, the diffraction information of the particle is
weak and the particle edge is clear, so it can be considered that the
particles are near the focal plane. The reconstructed distance Z
value = 2.4 mm confirms this result.

The particle size in Figure 3iii,E is approximately equal to that
in Figure 3A (169 um). However, the spatial location was
different, resulting in different sizes of the original holographic
diffraction fringes. The diffraction fringe is large because the
distance between the specific focal plane and the particle was large
(50 mm approximately).

The particle size in Figure 3iii,F is large, approximately
533 um. Although the particle size is larger, it is close to the
defocus plane (z = 15mm), so the diffraction aperture in the
original hologram is smaller. It can be seen from the field of view
that the number of particles at this scale is relatively low, which is
consistent with the actual particle size distribution of CCPs
in SRMs.

Particles Distribution
The number and volume probability density function (N-PDF

and V-PDF, respectively) methods (based on the particle
diameter information) were used to analyze the particle size
distribution. The N-PDF and V-PDF can respectively be
expressed as follows [17, 18].

N
“SNxAd
N xd®
:Z(Nxd3)><Ad

N, (1)

4 ©)

The normal Gaussian distributions were fitted for the N-PDFs,
and lognormal Gaussian distributions were fitted for the V-PDFs,
as provided in Eqs 1, 2, respectively:

Zn: w - (D’l;n‘)z
f(D)Number = —le % (3)
S oiVn/2
n (1nD-p;)?
Ww; ey
f (D)Volume = 716 i (4)
; DO'i \/ﬁ

where w is the relative weight, ¢ is the standard deviation on the
natural log scale, y is the mean on the natural log scale, and i
denotes different aluminum particles.

Two thousand holograms were reconstructed, refused, and
identified through this analysis method. Almost 12,400 particles
in the holographic images were observed to be unique and non-
repeating, and the X, Y, Z, and D, of each particle were obtained.
Figure 4A shows the three-dimensional spatial distribution of the
plume particle field at 10 cm distance from the throat outlet plane
of the SRM. The plane projection on the Y-Z plane in Figure 4A
shows a large fraction of large particle (200-800 um)
concentration in the 0-3 mm region, which is the center of
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the plume field. The small particles were distributed throughout
the 0-10 mm region. The particle density along the Z-direction
decreases gradually with increasing distance, accompanied by a
small number of large particles.

The N-pdf and V-PDF analyses were performed on all
particles (Figure 4B,C). The particle size distribution showed
a single peak, and the fraction of particles between the size of
60-150 um was large (70%). The fraction of particles with a
diameter larger than 400 um was small. Based on the particle
diameter, the mean diameters of all the particles in the 3D plume
fields were obtained. The D32 = 188.4 um, and D43 = 280.4 um
(approximately). The mean diameter D50 = 241.1 um.

Limited by the imaging magnification (x0.1) and pixel size
(~10um) of Camera 2, the minimum discernible particle size in
plume photography results is about 200 um. Based on the XY
information of each particle their 2D velocity can be obtained. The
statistical results show that the particle size distribution for 200-900 um
particles with velocity of 200-700 m/s. This also explains why the
three-dimensional velocity results of particles cannot be obtained from
the hologram in this study under the limited sampling rate.

In the future, this method will be used to obtain the plume
characteristic under different pressure in the SRM, and more
research on the plume particles near the throat.

DISCUSSION

In this study, a digital holographic measurement system for the
identification of condensed-phase particles of an exhaust plume
flow in a solid rocket motor (SRM) was developed, which used an
aluminized AP/HTPB composite propellant. During the SRM
combustion at 10 MPa pressure, the plume particle characteristics
in the field of 9-11.5 cm away from the non-expanding 2D nozzle
outlet plane was measured and analyzed. In order to improve the
efficiency and accuracy of particle identification, a target
recognition method suitable for the autonomous recognition
of plume particles in a complex background from digital
holographic images were established for identification particle
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