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Abstract:  The fluidized bed is widely used in many industrial processes because of its vigorous mixing and heat transfer
properties. However, when heat transfer is blocked, the particles are easily melted and agglomerated, and even cause the industrial
reactor to shut down. From the point of mechanism analysis, the process of explosive agglomeration is a typical meso-scale
problem in the fluidized bed, and there is a complex evolution process between particle fluidization and reactor shutdown.
Grasping the regulation of meso-scale structure is one of the major challenges faced by chemical engineering. Thus, in this
background, the fluidized bed acoustic emission detection technology, agglomeration fault self-repair technology, and a direct
scale-up technique of the fluidized bed mathematical model were invented. These technologies have provided strong reliability for

stable operation and have been successfully applied in 14 sets of industrial plants.
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1 Research background and technical
challenges

Of all the global synthetic resins, polyolefin
production has topped the list, and played an im-
portant role in national economic construction and
social development. In China, polyolefin plant ca-
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pacity was more than 25 million tons in 2014,
whereby the replacement of paper products is equiv-
alent to saving half of the forest area of Zhejiang
Province annually. Moreover, the polyolefin product
manufactured as agricultural film is an effective ex-
pansion of China’s effective arable land area, as much
as 6.67x10* km”. Polyolefin is an important founda-
tion of the national economic construction materials
and as it contains only carbon and hydrogen elements,
it is easy to recycle and benefits environmental pro-
tection. Polyolefin is a strong factor in easing the
tension between China’s population and maintaining
an ecological balance. However, at present the self-
sufficiency rate of China’s polyolefin is only 70%.
China’s polyolefin production capacity ranks second
in the world, and 40% of this is completed by the
fluidized bed polymerization reactor.
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When heat transfer is blocked, particles are eas-
ily melted and agglomerated, and may even cause the
industrial reactor to shut down. The economic loss, in
these cases, is particularly large, and mainly is a
consequence of bursting agglomeration. This has
become a major technical problem which has plagued
the stable operation and the scale-up of the reactor for
a long time. At present, ExxonMobil, Dow, Lyon-
dellbasell, Borstar, etc., are the major international
producers of polyolefins, through reorganization,
large-scale and high-efficiency production to reduce
production costs and improve competitiveness. In
mainland China, polyolefin production process
technology has been dependent on foreign imports.
Not only that, the lack of domestic technologies to
improve the operational reliability of the production
plant, scale-up design, process monitoring, and oper-
ation optimization technology result in a long-term
profitability lower than foreign competitors. With this
as background, this project invented the technology of
the polyolefin fluidized bed reactor based on acoustic
emission monitoring, and has successfully applied it
in the 300000 t/a ethylene polymerization fluidized
bed reactor in Tianjin, China, which is part of the state
“Eleventh Five-Year” key construction project. The
design and construction has expanded to 14 sets of
large-scale olefin polymerization plants, and achieved
the efficient production of polyolefins. This is also
recognized as an important symbol for the synthetic
resin industry in China and has been listed as the
national science and technology support project many
times.

In solving the problem of agglomeration in the
process of polymerization, there are three difficulties:
(1) the in-situ characterization of particles and ag-
glomerates in the fluidized bed is changeable and they
are difficult to detect; (2) the on-line intervening
mechanism of particle melting agglomeration is un-
clear and difficult to control; (3) strong coupling of
flow and heat transfer process and the reactor scale-up
law is unknown, making it difficult to scale up the
reactor. Through years of laboratory experiments and
industrial applications, we find that the key to solve
the three difficulties lies in a detection technology
breakthrough. Fortunately, we found that acoustic
emission signals generated by the collision of fluid-
ized particles and the reactor wall surface can be
possible to detect and reflect the changes in particle
characteristics. We try to solve these three difficulties

and the general idea of the invention is listed as
follows:

In response to the first difficulty, we developed
fluidized bed acoustic emission detection technology.

For the second difficulty, we invented the flu-
idized bed agglomeration fault self-repair technology.

Aiming at the third difficulty, a mathematical
model of direct scale-up technique of the fluidized
bed was invented.

The first invention, via acoustic emission, pro-
vides a new platform technology for fluidized bed
design and research. The second invention enhances
the stability of the plant from the operational level,
and the third invention provides reliability at the de-
sign level. With the support of a series of national key
projects, Zhejiang University and SINOPEC Qilu
Petrochemical Company of China combine the pro-
duction and research in close cooperation. After 22
years of unremitting efforts to overcome the three
major problems, the access to a series of innovative
inventions is achieved.

2 Technical innovation and details of the
inventions

2.1 Acoustic emission detection technology

In the complex flow of the fluidized bed envi-
ronment, given the lack of in-situ detection technol-
ogy and effective information extraction, we com-
pleted the following two tasks.

In the first task, a multi-scale analysis method of
acoustic emission signals was established. The acous-
tic emission signals were decomposed into micro-
scale, meso-scale, and macro-scale signals by wavelet
decomposition, rescaled range analysis (R/S) classifi-
cation in terms of Hurst’s rescaled range, and recon-
struction. Thus, the corresponding relationship be-
tween multi-scale of acoustic signals and multi-scale
of flow structure was established, which solves the
problem of effective information extraction.

Zhao and Yang (2003) applied the concept of
fractional Brownian motion to analyze the pressure
fluctuations in a gas solid fluidized bed, namely in
terms of Hurst’s rescaled range (R/S analysis) as a
criterion of the multiscale resolution of pressure
fluctuations. The Hurst analysis was recognized as a
tool for flow-regime identification and classification,
in which the Hurst exponent H was used as a
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descriptor to the scaling behavior of fractal curves,
called self-similarity (Maucci et al., 1999). After
dividing a time series of length N into m subseries
with length 7, for each subseries, (1) compute stand-
ard deviation Sy, (2) normalize the data x;; with sam-
pling data mean x;,—Ej for i=1, 2, ..., 7, where Ej is
the mean for each subseries, (3) the cumulative devi-

ation ) (x;, —E,) for i=1, 2, ..., 7 is obtained, (4)
J=1

look up the range for the difference between maxi-

1 2
mum and minimum of {Z(xj‘k -E,), Z(xzyk -E),
j=1

=1
ey Z(xj‘k -E, )}, namely Ry, and (5) finally rescale
j=1

the range R/Sy.

Coupled with R/S analysis, a wavelet transform
is developed for time frequency analysis to deal
with signal analysis and its processing (Zhao and
Yang, 2003; He et al., 2009). Compared with the
traditional Fourier method, there are some important
differences. Wavelet analysis is applied to transient
signal processing, whereas the Fourier transform fails
to reveal the local turbulence. We found that pressure
fluctuations caused by different factors can be re-
solved from measured signals by means of Hurst
analysis. For example, micro-scale interaction pres-
sure signals representing the dynamics of individual
particles can be obtained by synthesizing the detail
signals in levels 1 and 2 because of their similar
fractal feature. Pressure signals of meso-scale inter-
action representing the dynamics of the dense phase

and the bubbling phase can be obtained by synthe-
sizing the detail signals in levels 3-9 because of their
similar bifractal feature. Level-9 approximation sig-
nals, representing the global system of particle-fluid
suspension within its boundaries, are macro-scale
signals. An example of industrial signal rescale is
summarized in Fig. 1 (Zhao and Yang, 2003), where
dO is the original signal, d1-d7 are the detail functions,
and al-a7 are the approximation functions for each
level. The theory is not described here, and for details,
please refer to He Y.J. e al. (2009) and He L.L. et al.
(2016).

In the second task, a new technique for the
acoustic emission measurement of particle parameters
was developed, which included 14 parameters in-
cluding micro-scale particle size distribution,
mesoscopic granular agglomeration, and macroscopic
particle flow pattern. This has realized real-time
on-line measurement of the particle parameters of the
fluidized bed reactor (Yang et al., 2003).

In particular, acoustic emission detection of the
fluidized particle size distribution was achieved
on-line every 10 s, much faster than the traditional
sampling method of 2 h. The early warning method of
acoustic emission was also established. Compared
with the traditional temperature and pressure warning
methods, the early fault warning time of this tech-
nology was 2.5 h ahead of time and at least half an
hour ahead of the y-ray detection technology.

It is found that the evolution of the granular flow
in the reactor can be measured and analyzed by the
acoustic emission signals generated by the friction
and collision between the particles and the walls of
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Fig. 1 An example of acoustic emission signal rescale by applying wavelet and R/S analyses (Zhao and Yang, 2003)
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the reactor. This is the first time it has been possible to
correlate and calibrate the acoustic emission signals
in different frequency bands with the particle flow
parameters (Yang et al., 2003) in this project, as
shown in Fig. 2 (Zhao and Yang, 2003; He et al.,
2009). The on-line detection technology of particle
size and particle size distribution (PSD) was estab-
lished on the basis of the experimental data (Wang et
al., 2008) and other parameters. In detail, unique
on-line detection of particle agglomeration (Zhou et
al., 2011), particle fluctuation velocity (Wang et al.,
2010), and dew point temperature was developed.
Through the spatial distribution of energy parameters,
as detected in Fig. 3 (Wang et al., 2009b), produced
by acoustic emission of the wall, circulation flow
pattern related with particle size, wall sheeting of fine
powder, bias current flow, high electrostatic region
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positioning method and the resulting industrial flu-
idized bed electrostatic distribution control method
are also established (Yang et al, 2009). Moreover,
through acoustic emission monitoring, additional
parameters of more than 10 species are studied and
developed.

Industrial applications show that the acoustic
emission measurement method has high precision in
measuring solid particle motions (Jiang et al., 2007)
and particle size distribution in fluidized bed in Fig. 4
(Yang et al., 2005; Wang et al., 2010), agglomeration
with measurement error less than 10% (Yang et al.,
2003; Wang et al., 2009a), where d,,—d,,; are particles
with different sizes and @,—w; are the volume frac-
tions for each particle. Acoustic emission technology
not only changed the traditional artificial sampling
analysis, but also greatly reduced the blind area of the
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Fig. 2 Acoustic emission measurement system and signal multi-scale resolve analysis method (each particle size with a
characteristic energy spectrum; AE: acoustic emission; summarized from Zhao and Yang (2003) and He et al. (2009))
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gas phase polymerization process. This reactor oper-
ation monitoring technology has the character of
innovative, advanced functions, and applicability for
industrial application.

As stated above, the invention is based on the
measurement and analysis of the acoustic emission
information, and establishes a new means for effi-
ciently monitoring particle motions, which is different
from the traditional method of designing and scaling
up the reactor based on the temperature and pressure
variables (Wang et al., 2007; Ren et al., 2008). This
satisfies new requirements for process development
and operational optimization of fluidized bed reactors
considering its main function of solid processing. Not
only that, through the on-line and non-invasive
acoustic emission technology, the detection of particle
motion information is accomplished in industrial
plant. Thus, the corresponding relationship between a
theoretical model and industrial devices is achieved
(Wang et al., 2010), which accelerates the continuous
improvement and optimization of industrial technol-
ogy (Yang et al., 2008; Wu et al., 2013).

By acoustic emission and electrostatic detection,
all of the charge separation, the corresponding elec-
trostatic wall surface enrichment effect, and the elec-
trostatic distribution with the positive charge upwards
and negative charge downwards in the polyolefin
fluidized bed were found (Fig. 5) (Wang et al., 2008).
In Fig. 5, the equipotential line is the area with the
same electrostatic potential. What is more, the double
circulating flow pattern of solid particles has
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been recognized and a new platform has been de-
veloped for the design and optimization.

2.2 Reactor operation optimization technique

The present methods for the operational opti-
mization of the polyolefin fluidized bed reactor do not
provide for appropriate on-line intervention in ag-
glomeration. Moreover, the risk of on-line repair after
agglomeration is high, and precise quantitative mon-
itoring technology is lacking (Ren et al., 2011). Thus,
we propose a reactor operation optimization tech-
nique based on acoustic emission detection, which
has two aspects:

A soft measurement method of condensate
flowrate based on acoustic emission detection was
developed. We used acoustic emission detection to
get the dew point temperature of the circulating gas,
so as to do component correction, and to achieve the
condensate flowrate and accurately measure other key
parameters. The process parameters, thermodynamics,
polymerization kinetics, and computational fluid
dynamics (CFD) simulation were used to establish the
monitoring system for the production process, and
this effectively solved the problem of the lack of ac-
curate quantitative monitoring technology. The flow
diagram is shown in Fig. 6.

In the industrial process, the polymer powders
can block the distribution plate and the heat ex-
changer tube leading to device shutdown for mainte-
nance. This has been the key technical problems.
Combined with acoustic emission agglomeration
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Fig. 4 On-line particle size distribution detection technology (LLDPE: linear low density polyethylene) (Yang et al., 2005)
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Fig. 5 Electrostatic potential distribution in polyethylene fluidized bed (unit: V) (Wang et al., 2008)

Heavy component fraction | module

Agglomerate warning

«— Thermodynamic model

—

module

------------------- — |

Dew point calculation

Operation GUI

| Thermodynamic models |

module

Dew point detection

l 'Yy

Taew, cal

Tdew. AE

Condensate contents
calculation module

=]

module

| PSD detection module

OPC server/client

module

1
1
1
1
1
1
1
1
1
:
i Bed level detection
;
1
1
1
1
1
1
1
1
1

| Product discharge

!

I fe—>- Kinetic model

Pl

3

I l—> Measurement software
S

[}

)

5 le—>  Hardware system

g
- t

le—> AE detection system

Electrostatics detection
[—>

| Condensate contents | .
analysis module

Operation condition

DCS system

| 20 other functional

modules

«—  Soft measurement

—

Fig. 6 Monitoring system for the production process of the polymerization fluidized bed reactor combining acoustic
emission detection, thermodynamics, polymerization kinetics, and CFD simulation

Taewar: dew point temperature detected by acoustic emission; Tyewca: calculated dew point temperature; GUI: graphical user
interface; OPC: object linking and embedding for process control; DCS: distributed control system

early warning and production process monitoring, our
group invented a condensate on-line self-repair sys-
tem. With the help of the monitoring system, once the
distribution plate blockage and other faults give an
alarm, a specified amount of condensed liquid will be
introduced, and accurate control of the flushing
flowrate can be effected. By this means, the distribu-
tion plate will be washed out, agglomerate will fall off
and be discharged from the reactor and thus the re-
actor will not so easily shut down and on-line washing
and self-repair will have been achieved.

The invention is based on the method of detect-
ing the volume of condensate and the gas drift by
acoustic emission. The condensate of the process used
to clean the distribution plate and operation of the
heat exchanger by the circulating gas are also devel-
oped for the first time (Han et al., 2015). Industrial
applications show that the polymerization unit oper-
ates smoothly and can be automatically cleaned dur-
ing the production cycle as illustrated in Fig. 7. The
operating cycle can be extended to 38 months, an
increase of nearly 50%.



Wang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2017 18(4):245-255

251

- =

Pre-amplifier

] §
Fluidized l l
bed
“\ | N
T L L T ‘\ | | Compressor
i |
| [ -

[1 AE sensor

Computer

f——— |-/’\ - Heat
\_\ﬁ} exchanger
- -

| Product
# discharge
e -

T
- =
= Electrostatic

transducer

Electrostatic sensor
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Different from the conventional technique of
monitoring the condensed operation based on an
equilibrium thermodynamic model, the present in-
vention calculates the condensate compositions and
the condensate fraction in a non-equilibrium state
using a modified method of acoustic emission dew
point correction, creating a new monitoring process.
This improves the monitoring accuracy of the oper-
ating parameters of the condensing process. It is ap-
plied in six sets of large-scale polyethylene fluidized
bed units under the SINOPEC (Yang et al., 2006;
Wang et al., 2008a; Wang et al., 2011). The applica-
tion shows that the operation level of the equipment is
improved and the comprehensive performance index
is at a world leading level.

2.3 Reactor scale-up technique

This invention includes a new technology of
structural scale-up of the polyolefin fluidized bed
reactor. It aims to tackle the problem of strong cou-
pling of flow-heat transfer process and unclear
scale-up of the reactor. We propose a reactor scale-up
technique based on acoustic emission detection,
which has two aspects:

A direct scale-up method based on acoustic
emission detection was developed. We use the
acoustic emission technique to obtain the important
data of the critical space-time yield of different sizes.
The mathematical model of the space-time yield
(STY) is established with the scale-up law of equal
STY and operation law of unequal STY, achieving a

direct scale-up of the reactor. As shown in Fig. &,
under the condensing model, STY increases signifi-
cantly, and the designed STY and heat transfer coef-
ficient can be calculated by the following equation:

STY _ o
Te_Tf—ﬂ[(l U = Uy )ty ], (D

where T, and Tt are the emulsion phase temperature
and the reactor inlet temperature, respectively, K is
the heat transfer coefficient, # is the heat transfer
efficiency, and u and u,r are the superficial gas ve-
locity and minimum fluidization velocity, respec-
tively. Eq. (1) is obtained based on the heat balance in
the fluidized bed using a two-phase model. By inte-
grating the polymerization heat, heat transfer between
the emulsion and bubble phases, heat loss of gas in
emulsion and solid discharge, and condensate vapor-
ization heat, the relationship between STY and the
operation parameters can be estimated.

*

H,

K=t @
ubpgcpg
R - ()
(AHI' - Q’)Hbed

where H; is the critical heat transfer coefficient, u;,

is the bubble velocity, p, is the gas density, Cp, is the
gas specific heat capacity, Hpeq is the bed height, AH,
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is the polymerization heat, and Q' is the heat by add-
ing solid discharge heat loss, condensate vaporization
heat, and heat loss at the wall.
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The uniform distribution of the flow field tech-
nique in the reactor based on acoustic emission de-
tection was invented. On the one hand, we use the
acoustic emission technique to detect the particle drift
flow, design a multiple distributor with anti-particle
deposition, and reliably achieve the uniform distribu-
tion of gas-liquid-solid three phases. Thus, the flow
dead zone of the reactor is eliminated. On the other
hand, we also use the acoustic emission technique to
detect the particle double circulation flow pattern,
design the best installation position of the high active
catalyst injectors, and realize the efficient dispersion
and homogeneous mixing of the catalyst.

A new gas-liquid multi-homogenization tech-
nique for large-scale polymerization fluidized bed
reactor was invented and designed by the combina-
tion of CFD simulation and experiment (Fig. 9), in-
cluding the necking structure on the bottom inlet pipe
(Wang et al., 2012), a distribution plate (Yang et al.,
2004) that realized the planar purging function by
pressure drop redistribution, and acoustic emission
sensor for the distribution plate, achieving a real-time
monitoring system of agglomeration and the liquid
accumulation condition (Wang et al., 2008b). For
instance, the traditional fluid guiding director is a
straight stand structure, which results in the direct

fluid flow into the reactor and nonuniform fluid dis-
tribution. By improving the structure into gradient
slides, the uniform fluid distribution is guaranteed.
Moreover, the distribution plate is also improved into
a triangular form from the traditional opening hole
structure, which ensures that the fluid can effectively
clean the sediment particles and prevent agglomerate
from forming at the plate. The industrial application
shows that the new technology can fully guarantee the
uniform dispersion of gas and liquid, effectively
prevent the occurrence of biased flow in the reactor,
and greatly enhance the ability of the distribution
board. As a result of guaranteeing the heat transfer
and flow similarity, the risk of explosive agglomera-
tion in polymerization reactor was substantially de-
creased. Compared with the equipment adopting
imported technology, ethylene monomer consump-
tion was reduced by more than 0.84% and energy
consumption fell more than 24%. For the industrial
plant of the 300000 t/a ethylene polymerization flu-
idized bed reactor in Tianjin, the saved monomer can
be as much as about 2520 t/a, which is recognized as a
significant technical improvement for the industrial
applications.

Distribution plate

AE detection system

Fluid director

Necking throat

Fig. 9 Multi-homogenization technique for large-scale
polymerization fluidized bed reactor (Yang et al., 2004;
Wang et al., 2012)

3 Industrial applications and achievements

The newly invented technology has been suc-
cessfully used in the 300000 t/a ethylene polymeri-
zation fluidized bed reactor in Tianjin as the state key
project of “Eleventh Five-Year”.
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This indicates that China’s gas phase polyeth-
ylene industry, for the first time, has a complete set of
domestic technology. The results show that the main
technical and economic indices, such as total mono-
mer consumption, catalyst consumption, and com-
prehensive energy consumption, have reached an
internationally advanced level, implying the full sat-
isfaction of the long-term operational requirement
and a reliable auxiliary equipment for the downstream
ethylene process. The operating cycle can be ex-
tended to 38 months, an increase of nearly 100%,
given that the traditional process can smoothly oper-
ate for about 18 to 20 months (Fig. 10).

Process monitoring
system

1996 1997 1998 1999 2001 2003 2005 2007 2011
Year

Traditional process
1
L}

N w Y
=] =] (=]

Operation lifecycle (month)
s

o

Fig. 10 Operation lifecycle of gas phase ethylene
polymerization reactor (data from Tianjin Petrochemical
Engineering Co. Ltd, SINOPEC)

The design and construction has expanded to 14
sets of large-scale olefin polymerization plant, and
achieved the efficient production of polyolefins. This
is also recognized as an important symbol for the
synthetic resin industry in China and has been listed
as the national science and technology support project
many times.

The invention has been applied to the design or
modification of 14 sets of large-scale polyolefin
plants, and the polyethylene production capacity is up
to 2.63 million tons, accounting for more than 50% of
the production capacity of polyethylene in mainland
China. As stated before, compared with the equip-
ment adopting imported technology, ethylene mon-
omer consumption was reduced by more than 1.57%
(from 1.020 to 1.004 t/t) and energy consumption fell
more than 25.2% (from 138.86 to 103.08 kgEO/t, data
from the National Polyolefin Resin Industry Organi-
zation Secretariat, China).

The present invention solved the problem of
bursting agglomeration and the scale-up of the reactor,
so that the reliability of the device is remarkably im-
proved. This new technology has been widely used in
polyethylene, polypropylene fluidized bed production,
resulting in considerable economic and social
benefits.

The reactor design and operational optimization
technology, from the point of view of methods and
design principles, are fully applicable to a variety of
gas-phase polyethylene and polypropylene technol-
ogy. However, the extension to slurry polymerization
and solution polymerization process is still under way,
and research is still required on the metallocene cat-
alyst reactor.

The polymerization reactor design and optimi-
zation technology established in this project aims to
solve the problem of long-period operation and reli-
ability, and is appropriate for large-scale engineering
construction and scaling up.

Future work will look at polymer structure de-
sign and regulation, especially the research and de-
velopment of new detection methods that are
parameter-sensitive in the industrial application.
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