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a b s t r a c t

By large-scale cold mold experiments, pressure pulsation signals within the jet influence zone of riser
reactor are processed by using Hilbert-Huang analysis (HHT) in this study. Effects of different jet forms
and operating conditions on the intrinsic mode function (IMF) energy and Hilbert-Huang spectrum are
compared. Results show that the IMF energy and Hilbert-Huang spectrum of pressure pulsation signals
show significant differences under the influence of upward and downward jets. Moreover, the change of
jet velocity will also lead to significant changes in IMF energy and Hilbert-Huang spectrum. Among them,
energy values and energy proportions corresponding to high-frequency pressure pulsations show a good
correlation with the jet velocity. On this basis, energy value and energy proportion data in the high
frequency range of the original pressure signal are clustered and analyzed by using the K-means clus-
tering algorithm. Based on clustering results, the jet influence zone of riser can be defined into three
regions. From partitioning results, it is found that the introduction of downward inclined jets could
effectively improve the gas-solid mixing in the feed injection zone of riser.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As a highly efficient reactor, riser is widely used in some energy
utilization processes such as fluidized catalytic cracking, crude oil
cracking to olefin, biopharmaceutical, and so on (Du et al., 2021,
2023; Gao et al., 2013; Kakku et al., 2024; Li et al., 2023, 2024; Q. Li
et al., 2024; Ma et al., 2022; Magrini et al., 2022; Ren et al., 2020;
Wang et al., 2022). For example, in the fluidized catalytic cracking
(FCC) process, riser reactor is an important place for the feedstock
to generate target products (Zhang et al., 2024). The feed oil typi-
cally enters the riser as high-speed jets, so as to contact, mix, and
react sufficiently with the pre-lift fluid which carries the catalyst
particle. By this way, target products such as gasoline, diesel, and
propylene are generated. In the above process, more than 70% of
the cracking reaction is finished in the feed injection zone (Chen
et al., 2021). Thus, the effect of gas-solid mixing in the jet
25@sina.com (C.-X. Lu).
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influence zone will directly affect the yield of target products. For
an ideal jet influence zone, the gas-solid phase should contact and
mix quickly by obtaining the full atomization of raw material
droplets (Rossbach et al., 2020; Singh et al., 2024; Wang et al.,
2020). In this regard, researchers have proposed a series of opti-
mization measures, including the optimization of the nozzle
structure, reducing the diameter of the feed section, and inserting
internal components (Barbieri et al., 2023; Quiroz-P�erez et al.,
2016; Zheng et al., 2019). Among them, the downward inclined
jet feed is believed to be effective in improving gas-solid mixing
(Mauleon and Sigaud, 1989). At the same time, it improves the
match between catalyst particles and feed injections (Yan et al.,
2016). The extent of the jet influence zone is also reduced consid-
erably. It can be seen that changing the jet to downward inclined is
one of effective measures available to improve gas-solid mixing
(Yan et al., 2023).

In recent years, some studies on the feed injection zone have
focused on the particle concentration distribution and the diffusion
process of jets (Nikku et al., 2023; Singh et al., 2024). There are few
relevant studies on the pressure pulsation distribution within the
feed injection zone. Pressure pulsation is one of the crucial
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Experimental setup.
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parameters in fluidized bed testing and could reflect the hydro-
dynamic behavior of fluidized beds effectively. Factors affecting the
pressure pulsation signal are complex. It is mainly affected by the
nature of the fluidized medium and particle properties. In addition,
the geometric characteristics of the fluidized bed and operating
conditions could have further effects (Jin et al., 2024; Lian et al.,
2022). With the characteristics of rich information, easy detec-
tion, and high data accuracy, pressure pulsation is of great signifi-
cance for the in-depth study of gas-solid two-phase flow. Therefore,
more and more analysis methods have been proposed and applied
to the analysis of fluidized bed pressure pulsation signals. In gen-
eral, analysis methods of fluidized bed pressure pulsation are in
three categories: time domain analysis, frequency domain analysis,
and chaos analysis. Among them, signal analysis methods such as
Fourier transform, wavelet analysis and power spectrum analysis
have been more mature, which have gained certain recognition in
the industry (Bai et al., 2022; Cheng et al., 2024; Gu et al., 2020;
Vaidheeswaran and Rowan, 2021; Varghese et al., 2024; Wu and
He, 2022; Zhang et al., 2020a, 2020b). For instance, the Fourier
spectral analysis is used to analyze pressure pulsations in the riser
and proposed that gas flow rate fluctuations and particle clustering
are main sources of pressure pulsations (John et al., 1999). The
wavelet analysis is used to identify and investigate kinetic prop-
erties of pressure-induced bubbles in a fluidized bed (Zhang et al.,
2020a, 2020b). Further, the connection between wavelet energy
and bubble size is established. By means of power spectrum anal-
ysis, the pressure pulsation signal is analyzed in a two-dimensional
spout-fluid bed (Zhong and Zhang, 2005). Results show that the
frequency of pressure pulsations is related to operating conditions.
The main frequency of pressure pulsation can be used to identify
the fluidized bed type. However, the abovemethods have their own
certain shortcomings. For example, both the Fourier transform and
its derived methods are limited by Heisenberg's immeasurability
principle. The resulting power spectrum is ambiguous in time if the
frequency is accurate, and ambiguous in frequency if the time is
accurate (Lu and Ren, 2023). Wavelet analysis requires pre-selected
basis functions and decomposition layers (Zhang et al., 2024). Po-
wer spectral analysis has disadvantages of poor variance perfor-
mance, low resolution, and side flap leakage (Singh et al., 2023).

Besides the above methods, the Hilbert-Huang Transform (HHT)
provides a new way for the fluidized bed pressure pulsation signal
analysis (Huang et al., 1998). With advantages of being fully adap-
tive and not subject to Heisenberg's inaccuracy principle, it has an
excellent ability to handle non-linear and non-stationary signals
(Mei et al., 2024). The HHT analysis can divide the original signal
into several Intrinsic Mode Functions (IMFs), according to the
characteristic of original signal. The adaptive decomposition pro-
cess is conducive to the analysis of complex nonlinear signals.
Obtained IMFs represent oscillation modes of the original signal
under a certain time scale. Each IMF has practical physical signifi-
cance. In addition, the Hilbert spectrum can provide high-
resolution time-frequency information. It can display the instan-
taneous frequency variation trajectories and energy distributions of
all IMFs (Barbosa de Souza et al., 2022; Indragandhi et al., 2024;
Matthew et al., 2024; Zhang et al., 2019). However, the HHTalso has
some unresolved disadvantages. For instance, there is data loss
caused by the end effect, and the computational efficiency is low.
Nevertheless, with the update of algorithms and the development
of computing power, the negative impact brought by above-
mentioned disadvantages has been somewhat alleviated (Arslan
and Karhan, 2022; Cui et al., 2023; Wei et al., 2021). As a result,
researchers have started to attempt to apply the HHT to the analysis
of fluidized beds (Lungu et al., 2019). In their study, standardization
of four fluidized bed flowpatterns is achieved using Hilbert spectral
analysis. Results from HHT analysis are in good agreement with the
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results obtained by other analyses. The pressure pulsation charac-
teristic is investigated in high-pressure fluidized beds (Lu et al.,
2013). Results obtained from the HHT analysis effectively reflect
the relationship between the energy characteristics of the pressure
signal and the flow pattern. The energy index is proposed as an
identification of the flow type in a high-pressure fluidized bed.

In the feed section of riser, the gas-solid mixing process is more
complicated due to the influence ofmultiple jets. Conventional signal
analysis methods are hardly applicable to analyze the composition of
pressure pulsations in this region. The HHT analysis method features
strong adaptability and high resolution. It has significant advantages
in the analysis of complex signals. Therefore, this paper applies the
Hilbert-Huang Transform to analyze pressure pulsation signals in the
jet influence zone of riser for the first time. Especially, it is used to
analyze the influence of different jet forms on the composition of
pressure pulsations. In addition, it is found that the high-frequency
pressure pulsation facilitates the promotion of gas-solid mixing
(Shah et al., 2017). According to the result of HHT analysis, it is ex-
pected to obtain the effect of jet form on the gas-solid mixing.
Furthermore, it is anticipated to obtain the relationship between the
gas-solid mixing effect and operating conditions. Therefore, this pa-
per focuses on the effect of different forms of jets on the pressure
pulsation characteristics in the jet influence zone by using HHT
analysis. Based on analysis results, it is proposed that the high-
frequency Intrinsic Mode Function is an important indicator for
characterizing the gas-solid mixing effect. High-frequency range en-
ergies of IMFs within the jet influence zone are clustered by the K-
means algorithm.Basedon clustering results, the enhancement effect
of different jet forms on the gas-solidmixing process is schematically
plotted. Compared with relatively complex testing techniques like
opticalfiber probes, conclusions of this paper canprovide an accurate
and convenientmethod for characterizing the gas-solidmixing effect.

2. Experiments

2.1. Experimental setup and measurements

To investigate the pressure pulsation characteristics in the
mixing process of jets with pre-lifting fluids in riser, a large-scale
cold mold experimental device was built, as shown in Fig. 1. The
riser is 0.194 m in inner diameter and 14 m in total height. The



Fig. 3. Sketch of axial measurement points for pressure pulsation (Unit: mm).
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feed injection zone is made of Q235 steel and the rest of the unit
is made of plexiglass. Two feeding sections of upward and
downward inclined jets used in this experiment are shown in
Fig. 2. For each structure, there are four nozzles distributed along
the circumference uniformly. For both upward and downward
nozzles, angles between the jet and the riser axis are 30�. The
fluidized gas used in the experiment is provided by Roots blower
1. The fluidizing gas is divided into four paths and then enters the
experimental device after passing through the gas distributor 3.
Among them, the first path and the second path enter the bottom
of riser 7 respectively and serve as the pre-lift gas and the
annular gap fluidized gas for the riser 7. The third path is divided
into four streams after secondary distribution to simulate jets.
The last path enters the bottom of storage tank and serves as the
fluidized gas. After particles enter the pre-lift section 5, the flu-
idized gas makes them move upward. Then, the pre-lift flow
contacts and mixes with jets in the feed injection zone. And the
multiphase fluid separates after reaching the end of riser 7. Most
of particles are recycled back to the storage tank 11. Particles
remaining in the fluidized gas return to the storage tank 11 after
being separated by the cyclone separator. Finally, particles return
from the storage tank to the pre-lift section 5, completing the
entire cycle process.

The measurement system consists of a computer, a data col-
lector, and a differential pressure transducer (CGYL-300B) with a
range of 0e20 kPa and a measurement accuracy of 0.001 kPa. The
sampling frequency in this experiment is 100 Hz and the sampling
time is 100 s. Each group of data was measured three times to
eliminate the impact of random errors on experimental results.
Positions of axial measurement points for pressure pulsation are set
up according to the development stage of jets, as shown in Fig. 3.
Set the nozzle inlet cross section as the height of H0 and set the
measurement cross section as the height of H. When the jet is in-
clined upward, the axial measurement cross sections are H e

H0 ¼ �0.194, 0.097, 0.194, 0.388, 0.679, 1.067 m. When the jet is
inclined downward, the axial measurement cross sections are H e

H0 ¼ �0.388, �0.194, �0.097, 0.097, 0.194, 0.388 m. Positions of
radial measurement points for pressure pulsation are shown in
Fig. 4. Set the distance between the radial measurement point and
the center of riser as r. And set the radius of riser as R. Six radial
Fig. 2. Sketch of the feeding section with different jet forms.
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measurement points are arranged on each measurement section as
dimensionless radial position r/R ¼ 0, 0.25, 0.5, 0.7, 0.8, 0.95.
Fig. 4. Sketch of radial measurement points for pressure pulsation.
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2.2. Materials and operating conditions

Particles used are FCC equilibrium catalysts. Physical properties
of particles are shown in Table 1. In real industrial production, the
raw oil will evaporate in a very short time (usually less than 0.2 s
(Yan et al., 2023)) after entering the riser, so room-temperature air
is used to simulate the pre-lifting gas and nozzle jets in the riser.

Corresponding operating conditions are selected using the FCC
process as an example. In the experiments, the pre-lift velocity Ur is
set to be 3.5 m/s, the jet velocity Uj at the nozzle exit ranges from
41.8 to 78.5 m/s, and the solid flux Gs is set to be 65 kg/(m2$s).
3. Analysis method

3.1. Hilbert-Huang transform

The HHT transform (HHT) can be used to deal with non-linear
and non-smooth signals. It consists of two main steps: the empir-
ical modal decomposition (EMD) and the Hilbert transform (HT)
(Zhang et al., 2023). The raw signal is decomposed by EMD to obtain
several IMFs and a residual. Then the Hilbert transform could be
applied to each IMF to obtain its instantaneous amplitude and
instantaneous phase. The instantaneous frequency of the original
signal is obtained by calculation. The integration of obtained results
yields the Hilbert-Huang spectrum.

The most remarkable feature of EMD is that it overcomes the
problem of lack of the basic functions adaptivity. IMFs after EMD
decomposition have the following characteristics:

(1) Within the data segment, the number of extreme points and
the number of points past zero must be equal or differ by at
most one.

(2) At any moment in time, the average of the upper envelope
formed by the local maxima and the lower envelope formed
by the local minima is zero. That is, the upper and lower
envelopes are locally symmetric concerning the time axis.

EMD decomposition processes the original signal x(t) into
several intrinsic mode functions (IMFs), ci(t) (i ¼ 1, 2, …, n), and a
residual, rn(t). The result is,

xðtÞ¼
Xn
i¼1

ciðtÞþ rnðtÞ (1)

where x(t) is the original signal, ci(t) is intrinsic mode functions,
rn(t) is residuals, n is the number of IMFs and t is the time.

Hilbert transform for each IMF, denoted yi(t),

yiðtÞ¼
P
p

ð∞
�∞

ciðt0Þ
t � t0

dt0 (2)

where yi(t) is the complex representation of the IMF and P is the
Cauchy principal value.

The analytic signal zi(t) is expressed as

ziðtÞ¼ ciðtÞ þ jyiðtÞ ¼ aiðtÞejfiðtÞ (3)
Table 1
The physical properties of particles.

Mean particle size, mm Particle size range, mm

70 30e90
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where ai(t) is the amplitude and fi(t) is the phase angle. They are
defined as,

aiðtÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2i ðtÞ þ y2i ðtÞ

q
(4)

fiðtÞ¼ arctan
�
yiðtÞ
ciðtÞ

�
(5)

The instantaneous frequency, fi(t), is the derivative of fi(t) con-
cerning time and it can be expressed as,

fiðtÞ¼
1
2p

dfiðtÞ
dt

(6)

Based on the frequency and amplitude of each IMF, the original
signal can be represented as,

xðtÞ¼Re

"Xn
i¼1

aiðtÞe
2pj

ð
fiðtÞdt

#
(7)

The energy value of each IMF is the mean square value of its
amplitude. However, because of the endpoint effect in the HHT
analysis, it is necessary to round off signals acquired in the first 10 s
and the last 10 s. So, the IMF energy value Ei can be expressed as,

Ei ¼

ð8000
0

jciðtÞj2dt

8000
(8)

The total energy E of the original signal can be expressed as,

E¼
Xn
i¼1

Ei (9)

The proportion of total energy accounted for by each part of the
IMF energy can be expressed as,

Pi ¼
Ei
E

(10)

It is worth mentioning that jets make the denoising work of
original signals extremely complicated. For the purpose of pro-
tecting data integrity, pressure signals were not subjected to
denoising processing. However, as can be seen from Section 4.1, the
energy proportion of the IMF1 frequency band where the noise is
located is close to 0. It can be concluded that the noise has not
affected the accuracy of the conclusions in this paper.
3.2. K-means cluster

The core objective of K-means is to divide a given dataset into K
clusters and give the centroid corresponding to determine their
centroids (Y. Li et al., 2024). The algorithm starts by randomly
selecting K elements from the original data as the center of each
subset. Distances from remaining elements to each center are
calculated separately and generalized to the nearest subset. Based
on clustering results, continue to iterate until results of the
Bulk density, kg/m3 Particle density, kg/m3

870 1440
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clustering no longer change (Miao et al., 2023). The process is as
follows:

(1) Divide the original data xi (i ¼ 1, 2, …, n) into k clusters.
(2) Select k initial clustering centers Ck.
(3) Assign the original data xi to the clustering center Cj (1 �

j � k) based on the shortest distance principle. The calcula-
tion process is as follows,��xi �Cj
��¼ min

1< l< k
kxi �Clk (11)
Fig. 5. IMFs component chart.
(4) The formula for regulating the center position of clusters is as
follows,

Cj ¼
�
Cj1;Cj2; :::;CjN

�T (12)

Cjp ¼
1
N

X
x2Sj

xðj¼1;2; :::; kÞ (13)

where p is the number of clusters; N is the amount of data in the jth
clustering domain Sj.

(5) If the position of the clustering center stops changing, the
calculation stops. Otherwise, continue with step (3).

4. Results and discussion

4.1. Influence of jet forms

The pressure pulsation data of a measurement point under
selected experimental conditions is chosen as an example. The
EMD decomposition of original signal is performed to obtain
multiple IMFs and residuals as shown in Fig. 5. Each IMF will then
be processed with the Hilbert transform. Due to endpoint effects,
the first 10 s and the last 10 s of processing results need to be
rounded off. The final Hilbert spectrogram obtained is shown in
Fig. 6. The cloud-scale indicates the amplitude of the original signal.

Similarly, Hilbert spectrograms of target measurement points
within the jet influence zone are obtained for an operating condi-
tion of Ur ¼ 3.5 m/s, Uj ¼ 41.8 m/s, Gs ¼ 65 kg/(m2$s).

Typical locations of the mixing process between the jet and the
pre-lift fluid are selected for discussion. When the jet is inclined
upward, the cross section ofHeH0¼ 0.679m is selected; when the
jet is inclined downward, the cross section of H e H0 ¼ �0.194 m is
selected. Both cross sections are in themainmixing region of the jet
influence zone.

Fig. 7 shows the energy proportion and HHT spectra of IMFs at
typical positions when the jet is inclined upward. It can be seen that
the distribution of the energy proportion of IMFs is similar at r/
R ¼ 0 and r/R ¼ 0.8 in Fig. 7(a). The IMF energy is mainly concen-
trated in the low-frequency region (bands 8 to 11). From Fig. 7(b)
and (c), it is seen that the overall magnitude of IMFs is relatively
low, with values less than 0.2. Peaks in amplitude occur mainly
within the range of 0e10 Hz. The overall amplitude in the sidewall
region (r/R ¼ 0.8) is much lower.

Fig. 8 shows the energy proportion and HHT spectra of IMFs at
typical positions when the jet is inclined downward. Energy dis-
tributions of IMFs at r/R¼ 0 and r/R¼ 0.8 are also similar in Fig. 8(a).
However, the IMF energy is mainly concentrated in the high-
frequency region (bands 1 to 4). Simultaneously, there are sec-
ondary peaks in the low-frequency region (bands 8 to 11). Fig. 8(b)
and (c) show that the overall amplitude of IMFs increases signifi-
cantly compared to the case of upward inclined jet, with a peak
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value of around 0.4 in some bands. Peaks in amplitude occurmainly
within the range of 5e20 Hz. In the region near the sidewall of the
riser, the IMF amplitude has no significant change compared with
the center region.

During the interaction between jets and the multiphase flow,
the stronger the intensity of pressure fluctuations generated, the
greater the vibration intensity within that region. The intense gas-
solid mixing process is conducive to the full contact between the
feed gas and catalyst particles. Thus, it could improve the chemical
reaction efficiency. In the classical physics theory, the vibration
intensity G is proportional to the square of the vibration frequency f
and the first power of the amplitude A,

Gf f 2$A (14)

It can be seen from Eq. (14) that the vibration intensity G is more
sensitive to the vibration frequency. The pressure fluctuation is a
manifestation of the vibration of multiphase fluids (Xiao et al.,



Fig. 6. Hilbert spectrogram.
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2024; Yang et al., 2024). Above results show that the gas-solid
mixing process is more intense when the jet is inclined down-
ward. This is reflected by larger overall energy values and a higher
percentage of total energy for IMFs in the high-frequency range.
Therefore, the energy value and the total energy proportion of IMFs
in the high-frequency range of the pressure pulsation signal
decomposed by the HHT can be used as a standard. In this way, it
could evaluate the enhancing effect of the jet on the gas-solid
mixing process. The higher the energy value of IMFs in the high-
frequency range, the more significant the enhancing effect of
pressure fluctuations on the gas-solid mixing process. The greater
the proportion of total energy they account for, the fewer low-
frequency pulsations are generated during the gas-solid mixing
process, indicating a more efficient enhancement.
Fig. 7. Energy proportion and HHT spectra of IMFs at typical locations. (a) IMFs energy
proportion chart; (b) HHT spectra at the position of r/R ¼ 0; (c) HHT spectra at the
position of r/R ¼ 0.8.
4.2. Influence of jet velocities

Fig. 9 shows the distribution of high-frequency energy values
and energy proportions in the jet influence zone for different jet
velocities when the jet is inclined upward. Three typical mea-
surement cross sections are selected according to the development
stage of jets. Among them, the cross section of H e H0 ¼ 0.194 m
corresponds to the initial stage of jet diffusion, the cross section of
H e H0 ¼ 0.679 m corresponds to the intermediate stage of jet
diffusion, and the cross section of H e H0 ¼ 1.067 m corresponds to
the final stage of jet diffusion. As the jet velocity increases, different
cross sections show different results. The value of high-frequency
energy decreases with increasing jet velocity in the cross section
of H e H0 ¼ 0.194 m. A similar trend is seen for the overall per-
centage of values. At the cross sections of H e H0 ¼ 0.679, 1.067 m,
the overall value of the high-frequency energy and the energy
proportion is significantly reduced compared to the H e

H0 ¼ 0.194 m cross section. With the increase of the jet velocity, the
value of the high-frequency energy and the energy proportion of
both cross sections increase. This trend is more pronounced at
radial locations of r/R ¼ 0.5e0.95. However, the trend of the high-
frequency energy proportion is different. The overall energy pro-
portion is lowest at Uj ¼ 41.8 m/s, increases to a maximum at
Uj ¼ 64.2 m/s, and decreases at Uj ¼ 78.5 m/s.
3061



Fig. 8. Energy proportion and HHT spectra of IMFs at typical locations. (a) IMFs energy
proportion chart; (b) HHT spectra at the position of r/R ¼ 0; (c) HHT spectra at the
position of r/R ¼ 0.8.
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The upward inclined jet will contact and mix with the pre-lift
fluid and move upward together after entering the riser. During
this process, the jet creates a "secondary flow" directed towards the
wall of the riser by the action of the pre-lift flow (Fan et al., 2009;
Liu et al., 2021). The secondary flow will entrain catalyst particles
and cause them to aggregate toward the sidewall area. Meanwhile,
the mainstream of the jet still spreads towards the center of the
riser. The above phenomenon leads to a mismatch of the concen-
tration distributions between gas and solids. That is, regions with
high jet concentrations have low particle concentrations. On the
contrary, regions with low jet concentrations have high particle
concentrations. As the jet velocity increases, it decreases the con-
tact efficiency between the jet and solid particles in the region near
the inlet cross section (Yan et al., 2018). The intensification of the
gas-solid mixing process by the jet is weakened. As a result, cor-
responding pressure pulsations behave at lower frequencies. This
has resulted in a decrease in both high-frequency energy values and
energy proportions in the region near the inlet cross section.

In summary, when the jet is tilted upward, the mixing process
between the jet and the multiphase flow is not ideal. The increase
of jet velocity cannot significantly increase the value of high-
frequency energy, but instead leads to a decrease in its percent-
age after the jet velocity reaches 64.2 m/s. It has a certain negative
impact on the gas-solid mixing process. Previous research results
have shown that the jet will reach the center region of the H e

H0¼ 0.679m cross section and complete the mixing process within
HeH0¼ 1.067m (Fan et al., 2002). Themixing process between the
jet and the pre-lift flow is still unsatisfactory in the region of H e

H0 ¼ 0.679 e 1.067 m (Yan et al., 2018). Within the jet influence
zone, time fractions of the cluster phase and the gas phase are quite
high. However, the time fraction of dispersed particle phase, which
is favorable for gas-solid reactions, is relatively low. Under such
conditions, the gas-solid mixing effect will be significantly reduced.
Besides, it is difficult to significantly promote the gas-solid mixing
in this region by increasing the jet velocity. Instead, it will further
lead to an increase in the time fraction of gas phase. The result of
ozone decomposition experiment shows that co-current jets will
lead to an uneven jet concentration distribution within the jet in-
fluence zone. The decomposition rate of ozone during the mixing
process is also lower (Yan et al., 2024). The experimental results
obtained in this study explain the above experimental conclusions
well.

Fig. 10 shows the distribution of high-frequency energy values
and energy proportions in the jet influence zone for different jet
velocities when the jet is inclined downward. Three typical mea-
surement cross sections are selected according to the development
stage of jets. Among them, the cross section of H e H0 ¼ �0.194 m
corresponds to the initial stage of jet diffusion, the cross section of
H e H0 ¼ 0.194 m corresponds to the intermediate stage of jet
diffusion, and the cross section of H e H0 ¼ 0.388 m corresponds to
the final stage of jet diffusion. The change in the jet form caused a
significant difference in the pressure pulsation within the jet in-
fluence zone. When the jet is set to be downward inclined, the
overall value of the high-frequency energy in the jet influence zone
increases significantly. As the jet velocity increases, the overall
value of the high-frequency energy in the jet influence zone in-
creases. In contrast, there is a more pronounced tendency for the
sidewall region to increase. The overall energy proportion shows a
relatively complex trend. However, the high-frequency energy
proportion of different cross sections all reached a maximum at
Uj ¼ 64.2 m/s.



Fig. 9. Distribution of high-frequency energy values and energy proportions in the jet influence zone when the jet is inclined upward. (a), (c), (e) The distribution of high-frequency
energy values in cross sections of H e H0 ¼ 1.067 m, H e H0 ¼ 0.679 m and H e H0 ¼ 0.194 m; (b), (d), (f) the distribution of high-frequency energy proportions in cross sections of H
e H0 ¼ 1.067 m, H e H0 ¼ 0.679 m and H e H0 ¼ 0.194 m.
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The downward inclined jet will bend upward under the action of
the pre-lift flow andmix with it as the jet enters the riser (Yan et al.,
2016). During this process, a secondary flow directed toward the
center of the riser will be generated. In contrast to the upward
inclined jet, the secondary flow will then entrain solid particles to
the center area of the riser. At this point, the secondary flow will
strengthen the role of jet in regulating the particle concentration
distribution in the riser. Increasing jet velocity will increase the
"stiffness" of the jet itself. As a result, the velocity of the jet bending
upwards decreases, thus expanding the area upstream of the jet
influence zone. In this case, more solid particles are entrained into
the center of the riser by the jet. The above process leads to a sig-
nificant increase in high-frequency energy in the center region of
the riser during the increase in jet velocity.

After the initial completion of mixing, the multiphase fluid will
diffuse towards the sidewall region after passing through the inlet
cross section. The jet will coil catalyst particles from the center
region to the sidewall region. The mixing of the jet with the pre-lift
flow is finally completed thoroughly. Subsequently, the multiphase
flow in the riser starts to recover to the typical flow. The increase in
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jet velocity will result in more catalyst particles being swept up to
the sidewall area (Yan et al., 2018). So, the value of the high-
frequency energy in the range of r/R ¼ 0.7e0.95 increases signifi-
cantly at the H e H0 ¼ 0.194 m cross section. The high-frequency
energy value in the range of r/R ¼ 0e0.7 decreases due to the
decrease of particle concentration in the center region. However,
with the further increase of the jet velocity, the overall effect of the
jet on themultiphase fluid within the jet influence zone dominates.
As a result, overall values of high-frequency energy in this cross
section are increased for jet velocities in the range of 64.2e78.5 m/
s. The mixing of the jet with particles is nearly complete after
reaching the H e H0 ¼ 0.388 m cross section. Within this cross
section, high-frequency energy values show a linear relationship
with the jet velocity. It indicates that the increase of the jet velocity
will be favorable to promote the gas-solid mixing at the end of the
jet influence zone. Judging from results of the optical fiber probe
and ozone decomposition, when the jet is inclined downward, the
time fraction of gas phase that is unfavorable for the reaction has
almost completely disappeared, and the time fraction of cluster
phase has also decreased significantly. Instead, the time fraction of



Fig. 10. Distribution of high-frequency energy values and energy proportions in the jet influence zone when the jet is inclined downward. (a), (c), (e) The distribution of high-
frequency energy values in cross sections of H e H0 ¼ 0.388 m, H e H0 ¼ 0.194 m and H e H0 ¼ �0.194 m; (b), (d), (f) the distribution of high-frequency energy proportions
in cross sections of H � H0 ¼ 0.388 m, H e H0 ¼ 0.194 m and H e H0 ¼ �0.194 m.
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dispersed particle phase, which is conducive to the reaction, has
increased significantly (Yan et al., 2018). The rate of ozone
decomposition increased significantly under the influence of above
factors (Yan et al., 2024). It can be seen that high-frequency pul-
sation has a significant enhancement effect on gas-solid mixing and
reaction processes.

From the distribution trend of the high-frequency energy pro-
portionwithin the jet influence zone, it can be seen that the overall
high-frequency energy proportion is the highest when the jet ve-
locity is 64.2 m/s. This result indicates that appropriately increasing
the jet velocity is beneficial to increase the proportion of high-
frequency pulsations. However, when the jet velocity is too high,
it could lead to the generation of more low and medium-frequency
pulsations.

Combining results discussed above, it is concluded that
increasing the jet velocity favors the generation of high-frequency
pulsations in the jet influence zone. Generally, it is favorable to
promote the gas-solid mixing. However, from the experimental
results, increasing the jet velocity from 64.2 to 78.5 m/s in most
areas does not significantly enhance the high-frequency energy
values. Conversely, the excessive jet velocity will significantly
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reduce the high-frequency energy proportion within the jet influ-
ence zone. Resulting pulsations are mostly low and medium-
frequency pulsations. It enlarges the region of jet influence zone.

In summary, when the jet is inclined upward, the promotion of
the gas-solid mixing within the jet influence zone by the jet is
relatively limited. Enhancing the jet velocity can strengthen the
gas-solid mixing to some extent just at the end of jet influence
zone. However, it can also cause some negative effects on the gas-
solid mixing in the region near the inlet cross section. When the jet
is inclined downward, the facilitation effect of jet on the gas-solid
mixing process within the jet influence zone is obviously
increased. It is especially significant in the sidewall region. In
addition, appropriately increasing the jet velocity is also beneficial
to further enhance the mixing effect. At the same time, the gener-
ation of excessive low and medium-frequency pulsations is
avoided.
4.3. Generalization of jet reinforcing effects

Multiple operating conditions are selected for the experiment.
There are a total of two jet forms for each set of operating
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conditions, and data are collected from 36 measurement points
each. Take the jet velocity of 64.2 m/s, which optimally promotes
the gas-solid mixing effect, as an example. Pressure pulsation sig-
nals are processed using HHT analysis to obtain high-frequency
energy values and energy proportions for each measurement
point. Subsequently, processed results of pressure pulsation signals
are clustered using the K-means clustering algorithm. Clustering
results show that data points can be successfully categorized into 3
groups as shown in Fig. 11. Data points contained in each group
have similar characteristics. For example, data points in Group 1
have lower high-frequency energy values and energy proportions.
Data points in Group 3, on the other hand, have higher high-
frequency energy values and energy proportions. Therefore, re-
sults summarized by the K-means clustering algorithm can better
reflect the enhanced effect of the jet on gas-solid mixing.

Based on clustering results, the jet influence zone corresponding
to data points in Group 1 can be defined as the "General contact
region". The jet influence zone corresponding to Group 2 is defined
Fig. 12. Schematic diagram of the enhancement effec

Fig. 11. Scatter plot of clustering results.
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as the "Enhanced mixing region". The jet influence zone corre-
sponding to Group 3 is defined as the "Efficient mixing region".
Thus, the enhancement effect of jet on the gas-solid mixing in the
feed injection zone of the riser can be visualized according to the
zonal division.

According to this method, schematic diagrams of the enhance-
ment effect of different jet forms on the gas-solid mixing process
are plotted, as shown in Fig. 12. It is shown that under same
operating conditions, when the jet is inclined upwards, the "Effi-
cient mixing region" is mainly concentrated near the downstream
of the jet inlet section. As the axial position increases, the enhanced
mixing effect of the jet gradually weakens. Generally, the "General
contact region" occupies much spacewithin the feed injection zone
where the reinforcement is relatively unsatisfactory. When the jet
is inclined downward, the space of the "Efficient mixing region" in
the jet influence zone accounts for a larger proportion. Meanwhile,
it uniformly distributes upstream and downstream of the nozzle
inlet. Correspondingly, the percentage of space in the "General
contact region" has declined significantly. To make a comparison, it
is seen that the downward inclined jet could significantly improve
the mixing effect between gas and solid in the riser. Thus, the
introduction of counter-current jets is expected to facilitate the
reaction performance, especially for reactions that require short
contact.
5. Conclusions

In this study, the composition of pressure pulsations within the
jet influence zone of riser is investigated using the HHT transform.
Results obtained from different jet forms and operating conditions
are compared by analyzing the resulting IMFs and HHT spectra. By
summarizing the information on values of high-frequency energy
and the energy proportion in the jet influence zone, the enhancing
effect of the jet on gas-solidmixing is divided into different regions.

Main conclusions of this study are as follows:
t of different jet forms on the gas-solid mixing.
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(1) Compared with the upward inclined jet, pressure signals
obtained in the riser with downward inclined jet have a
higher intensity of high-frequency pressure pulsations. The
axial radial distribution of high-frequency energy values and
energy proportions is also more uniform. The strengthening
effect of the jet on the gas-solid mixing process is more
obvious.

(2) When the jet is inclined upward, as the jet velocity increases,
the intensification of the gas-solid mixing process by the jet
in the region near the jet inlet cross section is weakened,
while in the end region of the jet influence zone, the
strengthening effect is enhanced. Generally, in the case of the
upward jet, its enhancement on the gas-solid mixing is not
satisfactory enough.

(3) When the jet is inclined downward, appropriately increasing
the jet velocity could avoid the generation of low and
medium-frequency pulsation. Thus, it is conducive to pro-
moting the gas-solid mixing in the jet influence zone.
However, excessively high jet velocity will also have a certain
negative impact on the mixing process.

(4) Based on the distribution of high-frequency energy values
and energy proportions, the jet influence zone is divided into
three regions, i.e., General contact region, Enhanced mixing
region, and Efficient mixing region. Comparison results show
that the percentage of the Efficient mixing region increases
significantly when the jet is inclined downward. This in-
dicates that the downward-sloping jet could effectively
enhance the gas-solid mixing effects and strengthen the gas-
solid contact efficiency. Therefore, for the gas-solid fast re-
action process, it is an appropriate method to introduce
downward jets for raw material feeding.
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