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57 ABSTRACT

Systems and methods useful in determining the superficial
gas velocity in fluidized bed reactors may utilize a pressure
drop across a portion of the system but not associated with
a flowmeter. For example, method may comprise: obtaining
a pressure for each of two different locations within a
fluidized bed reactor system that comprises a reactor capable
of containing a fluidized bed and a cycle gas loop, wherein
one or both of the two different locations is not at a
flowmeter; calculating a pressure drop based on the two
pressures; calculating a first superficial gas velocity (SGV,;,)

Int. CL for the fluidized bed based on the pressure drop; and
B01J 8/18 (2006.01) operating the fluidized bed reactor system based at least in
B01J 824 (2006.01) part on the SGV ,,.
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METHOD OF DETERMINING SUPERFICIAL
GAS VELOCITY IN FLUIDIZED BED
REACTORS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application 63/267,693 filed Feb. 8, 2022, entitled
“Method of Determining Superficial Gas Velocity in Fluid-
ized Bed Reactors”, the entirety of which is incorporated by
reference, herein.

FIELD OF INVENTION

[0002] The present application relates to systems and
methods for determining the superficial gas velocity in
fluidized bed reactors, for example, polyolefin reactors.

BACKGROUND

[0003] The superficial gas velocity in fluidized bed reac-
tors is monitored and regulated to maintain fluidization of
the bed and proper functionality of the reactor. The proper
superficial gas velocity provides a well-mixed bed and
removes the heat produced by reactions (e.g., polymeriza-
tion) occurring in the reactor. Superficial gas velocity is the
speed of the gas in the straight section of the reactor.
[0004] Current efforts to monitor the superficial gas veloc-
ity within a fluidized bed reactor use a Venturi flowmeter or
related instrument (e.g., a Pitot tube) to provide a gas
flowrate through the cycle gas pipe. The Venturi flow meter
readings need to be compensated for changes in gas density
for Venturi flow measurement to be accurate. From said gas
flow rate, the superficial gas velocity can be derived. How-
ever, such gas flow rate measurements may be hindered by
the accumulation of granular particles or polyolefin reactor
foulants that are in the cycle gas piping and in the cycle gas
purge used on the instrument pressure taps or on the throat
of'the Venturi flowmeter, which creates inaccuracy in the gas
flow rate measurements. These inaccuracies may be sudden
(e.g., from plugging of the Venturi flowmeter taps or throat),
may slowly accumulate over time, or may be somewhere
between. Inaccurate measurements of the gas flow rate may
lead to inefficient bed fluidization, mixing, and heat removal,
as well as increased particle entrainment into the cycle gas
line that could lead to severe cooler or plate fouling leading
to repeat reactor shutdowns and extended outage to clean
cooler and/or distributor plate.

[0005] Remedial actions exist for the correction of granu-
lar particles or polyolefin reactor foulants from accumulat-
ing in the instrument taps like use of automated high-flow
purge blowbacks. High-flow purge blowbacks may be per-
formed proactively (e.g., as often as hourly) to mitigate the
accumulation of granular particles or foulants that could
plug either the low- or high-pressure side taps on the Venturi
flowmeter. These instrument taps can also be drilled to clear
any obstruction that can’t be removed by purge blowbacks.
However, such actions taken may not address the fouling
within the Venturi flowmeter taps or cause an offset within
a pressure tap, thereby reducing the effectiveness of the
Venturi flowmeter and requiring a reactor shutdown to clean
or replace the Venturi flowmeter.

[0006] Further, general use and these proactive measures
to mitigate fouling of the taps or Venturi throat may cause
the measurements of the Venturi flowmeter to drift over
time. This slow drift is hard to detect until measurement
inaccuracies cause the operation of the fluidized bed to
clearly be outside appropriate operating parameters.
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[0007] Inaccurate measurements of superficial gas veloc-
ity can lead to significant efficiency and operating cost losses
in the reactor processes. For example, in polyolefin produc-
tion, the gas flowing through the fluidized bed removes heat
from the reactor. If the superficial velocity is too low there
will not be as much heat removal forcing lower production
rates, which can be costly. On the other hand, higher
superficial gas velocities can lead to increased particle
entrainment resulting in cooler and/or distributor plate foul-
ing that may force a shutdown for cleaning. Further, higher
superficial gas velocities require more energy. Accordingly,
minor errors in superficial gas velocity can either (1) reduce
polymer production (e.g., if the superficial gas velocity is
actually lower than measured) or (2) cause costly downtime
as a result of unplanned reactor shutdowns due to more
frequent cooler and/or plate fouling and cleanings (e.g., if
the superficial gas velocity is actually higher than mea-
sured). One or both of these may lead to millions to tens of
millions in revenue lost annually.

SUMMARY OF INVENTION

[0008] The present application relates to systems and
methods for determining the superficial gas velocity in
fluidized bed reactors, for example, polyolefin reactors.

[0009] A nonlimiting example method of the present dis-
closure comprises: obtaining a pressure for each of two
different locations within a fluidized bed reactor system that
comprises a reactor capable of containing a fluidized bed
and a cycle gas loop, wherein one or both of the two different
locations is not at a flowmeter; calculating a pressure drop
based on the two pressures; calculating a first superficial gas
velocity (SGV ;) for the fluidized bed based on the pressure
drop; obtaining a second superficial gas velocity (SGV,,)
for the fluidized bed using the flowmeter; comparing the
SGV,,, and the SGV, ; and operating the fluidized bed
reactor system based at least in part on said comparison of
the SGV,;, and the SGV,, (e.g., modifying an operating
parameter of the fluidized bed reactor system when the
comparison of the SGV ,;, and the SGV, fits a threshold
requirement).

[0010] Another nonlimiting example method of the pres-
ent disclosure comprises: measuring a pressure for each of
two different locations within a fluidized bed reactor system
that comprises a reactor capable of containing a fluidized
bed and a cycle gas loop, wherein one or both of the two
different locations is not at a flowmeter; calculating a
pressure drop based on the two pressures; calculating a
superficial gas velocity (SGV,;,) for the fluidized bed based
on the pressure drop; and operating the fluidized bed reactor
system based at least in part on the SGV ..

[0011] A nonlimiting example fluidized bed reactor sys-
tem of the present disclosure comprises: a reactor capable of
containing a fluidized bed; a cycle gas loop; two or more
pressure sensors located in different locations within the
fluidized bed reactor system, wherein one or both of the two
different locations is not at a flowmeter; and a computing
device configured to receive pressure data from the two or
more pressure sensors and comprising: a processor; a
memory coupled to the processor; and instructions provided
to the memory, wherein the instructions are executable by
the processor to perform a method comprising: calculate a
pressure drop based on the pressure data; and calculate a
superficial gas velocity (SGV,;,) for the fluidized bed based
on the pressure drop.

[0012] These and other features and attributes of the
disclosed methods and system of the present disclosure and
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their advantageous applications and/or uses will be apparent
from the detailed description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] To assist those of ordinary skill in the relevant art
in making and using the subject matter hereof, reference is
made to the appended drawings. The following figures are
included to illustrate certain aspects of the disclosure, and
should not be viewed as exclusive configurations. The
subject matter disclosed is capable of considerable modifi-
cations, alterations, combinations, and equivalents in form
and function, as will occur to those skilled in the art and
having the benefit of this disclosure.

[0014] FIG. 1 is a diagram of a nonlimiting portion of a
fluidized bed reactor system of the present disclosure.
[0015] FIG. 2 is a diagram of a nonlimiting portion of a
fluidized bed reactor system of the present disclosure
[0016] FIG. 3 illustrates a comparison between the super-
ficial gas velocities determined via the modified Ergun
equation and the Venturi flowmeter measurement for all
metallocene grades.

[0017] FIG. 4 illustrates a comparison between the super-
ficial gas velocities determined via the modified Ergun
equation and the Venturi flowmeter measurement for a
single metallocene grades.

[0018] FIG. 5 is plant data used for determining an empiri-
cal correlation for K., .;-

[0019] FIG. 6 is a graph of SGV,, vs. SGV,, for a
commercial polyolefin reactor over a 3.5 month period.

DETAILED DESCRIPTION

[0020] The present application relates to systems and
methods for determining the superficial gas velocity in
fluidized bed reactors, for example, polyolefin reactors.
More specifically, the methods and systems described herein
involve determining the superficial gas velocity in a fluid-
ized bed using one or more pressure drops within the
fluidized bed reactor system, including pressure drops in the
fluidized bed, sections of the cycle gas piping, or both, but
not pressure drops across a flowmeter (e.g., a Venturi
flowmeter, a Pitot tube, or the like) or related instrument.
[0021] As used herein, the abbreviation “SGV ,,” is used
generally to refer to a superficial gas velocity calculated or
otherwise obtained using a pressure drop within the fluidized
bed reactor system where said pressure drop is not derived
from a flowmeter (e.g., a Venturi flowmeter, a Pitot tube, or
the like). As used herein, the abbreviation “SGV,,” is used
generally to refer to a superficial gas velocity calculated or
otherwise obtained based on flowmeter measurements (e.g.,
a Venturi flowmeter, a Pitot tube, or the like) from within the
fluidized bed reactor system.

[0022] Using the pressure drop within the fluidized bed
reactor system, the superficial gas velocity (SGV ;) may be
calculated based on said pressure drop. The specific choice
of equation used to estimate the superficial gas velocity
depends on the two locations across which the pressure drop
is measured or otherwise obtained.

[0023] The pressure drop measurements for the SGV,
rely on pressure sensors (e.g., differential pressure sensors)
that are typically more robust and less prone to fouling, drift,
and other sources of inaccuracy as compared to the Venturi
flowmeters. Accordingly, the SGV _;, may be more accurate
and provide for a more confident monitoring of the fluidized
bed reactor as compared to the SGV,.

[0024] The methods and systems described herein provide
multiple avenues for implementing the SGV ,,, with or with-
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out the SGV . For example, the SGV,, and the SGV ;, may
be used together, where comparisons l{etween the superficial
gas velocities may identify drift in the SGV,. Identifying
drift, or other inaccuracies, early may mitigate either system
downtime or production losses caused by operating the
system based on the inaccurate superficial gas velocity.
Identification of SGV ,, drift may, for example, be achieved
by implementing deviation alarming between SGV,, and
SGV, in the plant’s process control system.

[0025] FIG. 1 is a diagram of a nonlimiting fluidized bed
reactor system 100 of the present disclosure. The fluidized
bed reactor system 100 includes a fluidized bed reactor 102
(or simply reactor 102) for containing a fluidized bed 104
above a distributor plate 106 located in the reactor 102. The
fluidized bed reactor system 100 also includes a cycle gas
loop 108 where gas effluent from the reactor 102 is com-
pressed via compressor 110 and cooled via heat exchanger
112. As illustrated, a line 114 is used for conveying the gas
effluent from the reactor 102 to the compressor 110, a line
116 is used for conveying the compressed gas effluent to the
heat exchanger 112, and a line 118 is used for conveying the
resultant recycle gas (the cooled and compressed gas efflu-
ent) to the reactor 102. The lines 114, 116, 118 provide
simple flow or conveyance illustrations and may, in reality,
be composed of multiple lines and have equipment (e.g.,
sensors, pumps, and the like) located along said lines 114,
116, 118.

[0026] In the illustrated fluidized bed reactor system 100,
feedstock is added to the cycle gas loop 108 via line 120
downstream of the heat exchanger 112 along line 118.
Further, a Venturi flowmeter 124 or similar hardware is
located upstream of the compressor 110 along line 114. The
fluidized bed reactor system 100 further includes a disc 122
within the reactor 102 for distributing as the feed coming
into the reactor 102 from line 118 at inlet 124.

[0027] The systems and methods of the present disclosure
herein use pressure drop values across two locations in the
system (e.g., a portion of the fluidized bed reactor where said
portion may be being defined between two locations within
the fluidized bed reactor system) for calculating SGV ,,, as
opposed to across a flowmeter as done with the Venturi 124.
The two locations across which the pressure drop is defined
(e.g., the portion of the fluidized bed reactor system from
which the pressure drop is obtained) dictates on the equation
used for calculating the SGV ..

[0028] Referring back to FIG. 1, six locations P1-P6 in the
fluidized bed reactor system 100 are illustrated as locations
that can be used to define the portion of the fluidized bed
reactor system from which the pressure drop is obtained.
That is, the pressure drop may be for a portion of the
fluidized bed reactor system defined between P1 and P2,
between P1 and P3, between P1 and P4, between P1 and P5,
between P1 and P6, between P2 and P3, between P2 and P4,
between P2 and P5, between P2 and P6, between P3 and P4,
between P3 and P5, between P3 and P6, between P4 and P5,
between P4 and P6, or between P5 and P6. The first location
P1 is the reactor pressure measured above the fluidized bed
104. The second location P2 is the reactor pressure between
the distributor plate 106 and disc 122. The third location P3
is in the reactor above the distributor plate 106 and within
the bottom 10 vol % of the fluidized bed portion 104 of the
reactor 102. The fourth location P4 is the middle 80 vol %
of the fluidized bed portion 104 of the reactor 102. The fifth
location P5 is the top 10 vol % of the fluidized bed portion
104 of the reactor 102. The sixth location P6 is in the line
118 after feedstock is added via line 120 and before an elbow
126 closest to the inlet 124 of the reactor 102.
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[0029] The pressure at each of these locations P1-P6 may
be measured using (a) individual pressure sensor at each
location or (b) a differential pressure sensor connected to the
two locations. In either instance, taps (not illustrated) may
be included in the fluidized bed reactor system 100 for
connecting either type of pressure sensors. Examples of
pressure sensors may include, but are not limited to, pressure
transducers, viscometers, thermocouples, the like, and any
combination thereof. The types of pressure sensors utilized
may include, but are not limited to, differential, acoustic,
electromagnetic, piezoelectric, optical, potentiometric, the
like, or any combination thereof. Examples of commercially
available pressure sensors may include, but are not limited
to, the DYTRAN 2006M1 acoustic pressure sensor, the
OMEGA PX3005 piezoelectric pressure sensor, the EMER-
SON ROSEMOUNT 3051 pressure sensors, and the HON-
EYWELL FP2000 potentiometric pressure sensor.

[0030] Table 1 provides a list of example equations for
calculating the SGV,, and the corresponding pressure drop
locations within a fluidized bed reactor system used as an
input for said equation. Each of the equations is described in
more detail herein.

TABLE 1

Examples of SGV_,, equations and corresponding pressure
drop locations within a fluidized bed reactor system

Equation Pressure Drop Location

SGV,,, Method A Across the fluidized bed (e.g., P3 minus P1 of

(modified Ergun model) FIG. 1)

SGV,,, Method B Across the fluidized bed (e.g., P3 minus P1 of

(Wen-Yu model) FIG. 1)

SGV,,, Method C Across the fluidized bed (e.g., P3 minus P1 of

(Beetstra model) FIG. 1)

SGV,,, Method D Across the fluidized bed (e.g., P3 minus P1 of

(Igei model) FIG. 1)

SGV,,, Method E Across the reactor inlet piping (e.g., P6 minus
P2 of FIG. 1)

SGV,,, Method F Across the distributor plate (e.g., P3 minus P2
of FIG. 1)

SGV,,, Method G Across the fluidized bed and distributor plate
(e.g., P1 minus P2 of FIG. 1)

SGV,,, Method H From the reactor inlet piping to above the

fluidized bed (e.g., P1 minus P6 of FIG. 1)

SGV,,, Method a (Modified Ergun Equation)

[0031] A firstexample SGV,;, method is a modified Ergun
equation presented in EQ. 1.

AP 18uU¢ (C ¢ o _Re ) EQ. 1
B Q-pd® \-g?  C-¢)

where AP is the pressure drop across the fluidized bed (P3
minus P1 of FIG. 1) (Pascals, Pa), h is the height between
the two locations across which the pressure drop is measured
(e.g., the height between the pressure taps used for measur-
ing the differential pressure between P3 and P1) (meters, m),
p is fluid viscosity in (Pa*sec), U is superficial gas velocity
(m/sec), 0 is solids volume fraction (dimensionless), d is
particle size (m), C, and C, are coefficients (dimensionless,
calculated per EQ. 2), Re is Reynolds number where
Re=pUd/y, and p is fluid density (kg/m?).

[0032] Values like gas density and viscosity may change
during operation and can be accurately predicted from
temperature, pressure, and composition data, which may
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each be measured or otherwise obtained in real time and/or
periodically. Alternatively, such values that change during
operation may be treated as constants, which reduces the
accuracy and cost of the method. A combination of the
foregoing may be implemented where some values are
constants and other are measured or otherwise obtained in
real time and/or periodically.

[0033] The coefficients C, and C, may have the form of
EQ. 2.

C,=a,e+c, EQ.2

where n is the number of the coefficient (e.g., 1 for C,), and
a,, b,, and c, are additional constants.

[0034] C, and C, of EQ. 1 and a, b, and ¢ of EQ. 2 may
be unique for each reactor size and type. The constants C,
and C, of EQ. 1 and/or a, b, and ¢ of EQ. 2 may be
determined using experimental superficial gas velocity data
obtained from a Venturi flowmeter or other suitable means.
Preferably, the data used to derive the constants has a high
accuracy (e.g., high certainty that the Venturi flowmeter was
not drifting or fouled). As additional data is collected during
the method and/or operation of the systems described herein,
the constants C, and C, of EQ. 1 and/or a, b, and ¢ of EQ.
2 may be updated using superficial gas velocity data
acquired independently from the modified Ergun equation.
In this way, the determination of the constants using the
Venturi flowmeter or other suitable means may be consid-
ered a feedback loop that allows for constant refining of the
modified Ergun equation to provide higher accuracy and
confidence in the superficial gas velocity data.

[0035] Once the constants are determined and/or provided
from a previous determination and the properties of the
fluidized bed (e.g., length, porosity, and density) determined,
EQ. 1 has two variables: pressure drop across the fluidized
bed and superficial gas velocity.

[0036] The systems described herein may include pressure
sensors for measuring the pressure drop across the fluidized
bed so that solving EQ. 1 (the modified Ergun equation)
yields the SGV,_,. The methods described herein may
include measuring the pressure drop across the fluidized bed
of a fluidized bed reactor system and solving EQ. 1 to yield
a SGV,,. Said SGV_, may be used, as described further
herein, for operating the fluidized bed reactor system alone
or in conjunction with the SGV,,.

SGV,_,, Method B

[0037] A second example SGV _, method is presented in
EQ. 3.

AP 18uUg

b (- g

EQ. 3

* ((1 _ ¢)—3.65 (Cl + C2R60'687))

where AP is the pressure drop across the fluidized bed (P3
minus P1 of FIG. 1) (Pa), h is the height between the two
locations across which the pressure drop is measured (e.g.,
the height between the pressure taps used for measuring the
differential pressure between P3 and P1) (m), p is fluid
viscosity in (Pa*sec), U is superficial gas velocity (m/sec),
0 is solids volume fraction (dimensionless), d is particle size
(m), C,; and C, are coefficients (dimensionless, calculated
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per EQ. 2), Re is Reynolds number where Re=pUd/p, and p
is fluid density (kg/m?).

SGV_,, Method C

[0038] A third example SGV ,,, method is presented in EQ.
4.

EQ. 4

AP 18uU¢ [C[ ¢

B Ta-gr

1
- oo +(1—¢)2(1+1.5¢7)]+

Re
Ta-gp

(1= @) +3¢(1 — ¢) + 84RO ]]

1+4¢)
1+10%Re™ 2

where AP is the pressure drop across the fluidized bed (P3
minus P1 of FIG. 1) (Pa), h is the height between the two
locations across which the pressure drop is measured (e.g.,
the height between the pressure taps used for measuring the
differential pressure between P3 and P1) (m), p is fluid
viscosity in (Pa*sec), U is superficial gas velocity (m/sec),
0 is solids volume fraction (dimensionless), d is particle size
(m), C, and C, are coefficients (dimensionless, calculated
per EQ. 2), Re is Reynolds number where Re=pUd/p, and p
is fluid density (kg/m?®).

SGV_,, Method D

[0039] A fourth example SGV ,, method is presented in
EQS. 5-7.

% - (11_8/;% * [(1 _¢)—3.65(C1 4 CzReo.687)] «(1 - fH) EQ. 5
Frl6 EQ. 6
270234, ¢ < 0.0012 EQ. 7

—0.019¢7%4% +0.963,
0.868e~0%¢ — 0.176¢71192¢,
4.59
T8
(¢ - 0.59)(-1501¢* + 220347 —
1054¢ + 162),
0, # =059

0.0012 < ¢ < 0.014
0.014 < ¢ < 0.25

2973 1 0.852¢702% .25 < ¢ < 0.455

0455 < ¢ < 0.59

where AP is the pressure drop across the fluidized bed (P3
minus P1 of FIG. 1) (Pa), h is the height between the two
locations across which the pressure drop is measured (e.g.,
the height between the pressure taps used for measuring the
differential pressure between P3 and P1) (m), p is fluid
viscosity in (Pa*sec), U is superficial gas velocity (m/sec),
0 is solids volume fraction (dimensionless), d is particle size
(m), C, and C, are coefficients (dimensionless, calculated
per EQ. 2), Re is Reynolds number where Re=pUd/p, p is
fluid density (kg/m?), Fr is Fronde number where Fr=v,%/
(gl), v, is single-particle terminal velocity (m/sec), g is
gravitational acceleration (m/s%), and L is resolution length
scale of the model (also known as reactor diameter) (m).

SGV,_,, Method E
[0040] A sixth example SGV_, method is presented in
EQS. 8-9.
dP=0.5pU°K per EQ. 8
K overatt=K cipontK it K s K staric EQ.9
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where dP is the pressure drop across the reactor inlet piping
(P6 minus P2 of FIG. 1) (Pa), p is the gas density at the
reactor inlet (kg/m’), U is the superficial gas velocity
(m/sec), and K,_,..,; or K factor is the sum of the pressure
drop loss coefficients (XK,) between where each of the
locations defining the pressure drop (e.g., between P6 and P2
of FIG. 1), which may include, but is not limited to, K, .,;,,,,
K. ipows Koxir Kaiser Kesaricneaqs a0d any combination thereof.
EQ. 9 for K,,,.,.; is a nonlimiting example equation that can
be changed to account for the configuration of the system.

[0041] The K factor depends on the configuration and
dimensions of the reactor inlet piping (horizontal and ver-
tical), number and type of pipefittings, or other internal
components that would result in a pressure drop in the
system between points P6 and P2. In summary, K ,_,.; is a
combination of the individual pressure drop correction fac-
tors needed to account for the pressure drop across the
reactor inlet piping line. FIG. 2 is a diagram of a nonlimiting
example reactor inlet piping AP instrument connections
illustrating where correction factors may be accounted for.
In the illustrated portion of a fluidized bed reactor system, a
line 206 provides gas feed (e.g., recycled gas optionally
augmented with fresh reactant gas) to a fluidized bed reactor
202 capable of containing a fluidized bed 204 above a
distributor plate 208, where the line 206 connects to the
reactor 202 (e.g., at an inlet) and within the reactor 202 is
illustrated a disc 210 that assists with distributing the gas and
liquid feed into the reactor 202 to prevent liquid pooling.
The system also includes tap 212 that connects the bottom
portion of the reactor 202 between the distributor plate 208
and disc 210 to a differential pressure meter 216 and tap 214
that connects the line 206 before the elbow to the differential
pressure meter 216.

[0042] For calculating SGV ,, according to EQ. 8 for the
illustrated configuration in FIG. 2 using a pressure drop of
P6 minus P2, correction factors for friction pressure drop in
the line 206 (K,_;,,) between P6 and the elbow, for the
elbow in the line 206 (K_,,..), for the connection between
line 206 and the reactor (K_,;,), for the disc 210 (K;,,.), and
for the vertical distance of the bypass line (K, ,,;cs.eq) Should
be considered. In this example, K, is the summation of
the five foregoing Ks. K,,..,..,, may be determined using plant
data to fit EQ. 8. Alternatively, K., .., may be calculated.

[0043] For two-phase flow, known as condense mode or
super-condense mode operation in a fluidized bed process,
where the wt % cond frac or wt % condensing at the reactor
inlet is >0 and less than 50%, but not limited to 50%, the
Ko veran Will vary as a function of wt % condensing. An
empirical correlation (EQ. 11) for K,_,.,, can be developed
using plant data (FIG. 5). The data used for the correlation
needs to be taken over a period of time when the Venturi
flow meter is not fouled or accuracy of the flow meter is not
in question. K, ,..;; as shown by EQ. 10 can be calculated
by re-arranging EQ. 11 and solving for K, ,.,. FIG. 6
shows SGV;, vs. SGV,_,, (top traces) for a commercial
polyolefin reactor over a 3.5 month period. The ratio of
SGV,, to SGV,,, (bottom trace) shows SGV ,, to be within
3% of the Venturi SGV.

X _ (Zg* 144*AP)[ 1 (piAi )]2) EQ. 10
overall = pi vo* (1 —wt% cond frac) * Podo

Koverait = @ + B+ Wt% Cond Fraction EQ. 11
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SGV,,, Method F

[0044] A fifth example SGV,, method is presented in
EQS. 12-13.

dP=0.5pU°K per EQ. 12

K,

overa[[:Kp[ate

EQ. 13

where dP is the pressure drop across the distributor plate (P3
minus P2 of FIG. 1) (Pa), p is the gas density at the reactor
inlet (kg/m?), U is the superficial gas velocity (m/sec), and
K, orar O K factor is the sum of the pressure drop loss
coefficients (XK,) between where each of the locations
defining the pressure drop (e.g., between P3 and P2 of FIG.
1), which may include, but is not limited to, K,,,,.. EQ. 13
for K, .,.; 1 @ nonlimiting example equation that can be
changed to account for the configuration of the system.
K, ae 18 determined as described for the K values described

in Method E.

SGV,,, Method G

[0045] A seventh example SGV,, method is presented in
EQS. 14-15.

dP = 0.5pU*K pyyany + h

18uU¢ [ & o Re ) EQ. 14
A-¢2 Ud—g?  T(-g?

Koverait = K ptare EQ. 15

where dP is the pressure drop across the fluidized bed and
distributor plate (P1 minus P2 of FIG. 1) (Pa), p is the gas
density at the reactor inlet (kg/m?), U is the superficial gas
velocity (m/sec), K,,.,., or K factor is the sum of the
pressure drop loss coefficients (XK,) between where each of
the locations defining the pressure drop (e.g., between P1
and P2 of FIG. 1), which may include, but is not limited to,
K, jaze» 1 15 the height from the top of the distributor plate to
P1 (m), p is fluid viscosity in (Pa*sec), U is superficial gas
velocity (m/sec), ¢ is solids volume fraction (dimension-
less), d is particle size (m), C, and C, are coefficients
(dimensionless, calculated per EQ. 2), Re is Reynolds num-
ber where Re=pUd/, and p is fluid density (kg/m®). EQ. 15
for K, .,.; 1 @ nonlimiting example equation that can be
changed to account for the configuration of the system.
K, e 18 determined as described for the K values described

in Method E.

SGV,,, Method H

[0046] An eighth example SGV,, method is presented in
EQS. 16-17.

dP = 0.5pU*K pyyany + h

18uUp [

P Re ) EQ. 16
A-p

C:
Ya-er  Ta-ep

Koveratt = Kpiate + Kepow + Kexit + Kaise + Kstatichead EQ. 17

where dP is the pressure drop across the fluidized bed and
distributor plate (P1 minus P6 of FIG. 1) (Pa), p is the gas
density at the reactor inlet (kg/m?), U is the superficial gas
velocity (m/sec), and K,,,.;, or K factor is the sum of the
pressure drop loss coefficients (XK,) between where each of
the locations defining the pressure drop (e.g., between P1
and P6 of FIG. 1), which may include, but is not limited to,
K K K K Kdisc’ Kstatichead’ and any

plate® Mriction? elbow? exir?
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combination thereof, h is the height from the top of the
distributor plate to P1 (m), p is fluid viscosity in (Pa*sec), U
is superficial gas velocity (m/sec), ¢ is solids volume frac-
tion (dimensionless), d is particle size (m), C, and C, are
coefficients (dimensionless, calculated per EQ. 2), Re is
Reynolds number where Re=pUd/p, and p is fluid density
(kg/m?). EQ. 17 for K overall is a nonlimiting example
equation that can be changed to account for the configura-
tion of the system. K, is determined as described for the

K values described in Method E.

Methods and Systems Implementing a SGV,,

[0047] The methods and systems described herein may use
a pressure drop within a portion of a fluidized bed reactor
system for determining SGV ,, and may optionally further
include a Venturi flowmeter for determining SGV,,. The
SGV,,, optionally in conjunction with the SGV,, may be
used during the operation of the fluidized bed reactor
system.

[0048] For example, a method of the present disclosure
may comprise: obtaining a pressure for each of two different
locations within a fluidized bed reactor system that com-
prises a reactor capable of containing a fluidized bed and a
cycle gas loop; calculating a pressure drop based on the two
pressures; calculating a superficial gas velocity (SGV,,,) for
the fluidized bed based on the pressure drop; and operating
the fluidized bed reactor system based at least in part on the
SGV,,,. Operating the fluidized bed reactor system may
include maintaining or changing one or more operating
parameters like reactor temperature, reactor pressure, reac-
tant feed rate, purge rate, reactor composition, the like, and
any combination thereof. For example, in reactor composi-
tion, the actual composition and/or concentrations of reac-
tants and/or induced condensing agents may be adjusted to
effect a change in the reactor composition.

[0049] In another example, a method of the present dis-
closure may comprise: obtaining a pressure for each of two
different locations within a fluidized bed reactor system that
comprises a reactor capable of containing a fluidized bed
and a cycle gas loop; calculating a pressure drop based on
the two pressures; calculating a first superficial gas velocity
(SGV_,,) for the fluidized bed based on the pressure drop;
obtaining a second superficial gas velocity (SGV,,) for the
fluidized bed using a Venturi flowmeter; comparing the
SGV,, and the SGV,; and operating the fluidized bed
reactor system based at least in part on the comparison of the
SGV,,, and the SGV;, (for instance, when the comparison
fits a threshold requirement, one or more operating param-
eters such as those just discussed may be changed, which
may help adjust to an unexpected or unacceptable deviation
between the SGV values). The method can further include
taking an action if the comparison of the SGV,_, and the
SGV,, is beyond the threshold value.

[0050] Example of such actions may include, but are not
limited to, triggering an alarm, performing remedial actions
on the Venturi flowmeter (e.g., performing a blowback
procedure on the Venturi flowmeter), modifying one or more
operating parameters of the fluidized bed reactor system, the
like, and any combination thereof. Another action could
include adding a flow bias or correction factor to the
indicated Venturi flow so that the reactor velocity can be
controlled in the correct operating window until the issue
with the Venturi flow deviation could be resolved by clean-
ing the leads or throat of the Venturi flow meter during a
planned reactor outage. It will be appreciated that these
“actions” as just discussed do not necessarily involve an
actual change to operating parameters, but instead may only



US 2023/0173447 Al

entail adjustments to control algorithms and/or to measure-
ments, thereby achieving higher confidence in control
parameters before problems in actual operation occur.
[0051] Regarding the threshold requirement, when using
the SGV;, in tandem with the SGV ,,,, a difference between
the two values as low as 0.05 ft/s may, for example, be cause
for an action to be taken (similarly, a difference as low as
0.10, 0.125, 0.15, 0.175, or 0.2 fi/s may be cause for an
action to be taken). Further, a difference of 0.20 {t/s or more,
such as 0.22 ft/s or more or 0.25 ft/s or more, between the
SGV,,, and the SGV ;, may, for example, indicate a partially
fouled Venturi flowmeter or another issue that may require
immediate attention. Of course, the skilled artisan with the
benefit of this disclosure could set any desired threshold
difference to trigger (or indicate the possible desirability of)
a given action, and/or a change in process conditions. And,
as just alluded to, it is contemplated that more than one
thresholds could be set, each linked to different action and/or
change in process conditions (following the example just
noted, a first threshold could be a difference greater than or
equal to 0.050 ft/s; and a second threshold could be a
difference greater than or equal to 0.200 ft/s; and each
threshold could be used to trigger a different action and/or
change of operating parameters). Again, any number of
thresholds at any difference levels may readily be employed
by the skilled artisan with the benefit of this disclosure; all
such threshold numbers and amounts would fall within the
scope of the present invention.

[0052] The fluidized bed reactor systems described herein
may be suitable for producing a polyolefin (e.g., polyethyl-
ene, polypropylene, polybutylene, and the like). For
example, methods described herein may further comprise
producing a polyolefin in the fluidized bed reactor system.

[0053] Various aspects of the systems and methods
described herein utilize computer systems. Such systems
and methods can include a non-transitory computer readable
medium containing instructions that, when implemented,
cause one or more processors to carry out the methods
described herein.

[0054] “Computer-readable medium” or “non-transitory,
computer-readable medium,” as used herein, refers to any
non-transitory storage and/or transmission medium that par-
ticipates in providing instructions to a processor for execu-
tion. Such a medium may include, but is not limited to,
non-volatile media and volatile media. Non-volatile media
includes, for example, NVRAM, or magnetic or optical
disks. Volatile media includes dynamic memory, such as
main memory. Common forms of computer-readable media
include, for example, a floppy disk, a flexible disk, a hard
disk, an array of hard disks, a magnetic tape, or any other
magnetic medium, magneto-optical medium, a CD-ROM, a
holographic medium, any other optical medium, a RAM, a
PROM, and EPROM, a FLASH-EPROM, a solid state
medium like a memory card, any other memory chip or
cartridge, or any other tangible medium from which a
computer can read data or instructions. When the computer-
readable media is configured as a database, it is to be
understood that the database may be any type of database,
such as relational, hierarchical, object-oriented, and/or the
like. Accordingly, exemplary embodiments of the present
systems and methods may be considered to include a tan-
gible storage medium or tangible distribution medium and
prior art-recognized equivalents and successor media, in
which the software implementations embodying the present
techniques are stored.

[0055] The methods described herein can be performed
using computing devices or processor-based devices that
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include a processor; a memory coupled to the processor; and
instructions provided to the memory, wherein the instruc-
tions are executable by the processor to perform the methods
described herein. The instructions can be a portion of code
on a non-transitory computer readable medium. Any suitable
processor-based device may be utilized for implementing all
or a portion of embodiments of the present techniques,
including without limitation personal computers, networks
of personal computers, laptop computers, computer work-
stations, mobile devices, multi-processor servers or work-
stations with (or without) shared memory, high performance
computers, and the like. Moreover, embodiments may be
implemented on application specific integrated circuits
(ASICs) or very large scale integrated (VLSI) circuits.

[0056] For example, a fluidized bed reactor system may
comprise: a reactor capable of containing a fluidized bed; a
cycle gas loop; two or more pressure sensors; and a com-
puting device configured to receive pressure data from the
two or more pressure sensors and comprising: a processor;
a memory coupled to the processor; and instructions pro-
vided to the memory, wherein the instructions are executable
by the processor to perform a method comprising: calculate
a pressure drop based on the pressure data; and calculate a
first superficial gas velocity (SGV ;) for the fluidized bed
based on the pressure drop. The method may also include
send a signal to a portion of the fluidized bed reactor system,
wherein the signal is a change in an operating parameter of
said portion of the fluidized bed reactor system.

[0057] In another example, a fluidized bed reactor system
may comprise: a reactor capable of containing a fluidized
bed; a cycle gas loop; two or more pressure sensors; a
Venturi flowmeter; and a computing device (a) configured to
receive pressure data from the two or more pressure sensors
and received data from the Venturi flowmeter; and (b)
comprising: a processor; a memory coupled to the processor;
and instructions provided to the memory, wherein the
instructions are executable by the processor to perform a
method comprising: calculate a pressure drop based on the
pressure data; calculate a first superficial gas velocity
(SGV,,;,) for the fluidized bed based on the pressure drop;
obtain a second superficial gas velocity (SGV,) based on
the data from the Venturi flowmeter; compare the SGV ,;, and
the SGV,,,,; and cause an action to occur if the comparison
of the SGV,,;, and the SGV, fits a threshold requirement
(e.g., by sending a signal to a portion of the fluidized bed
reactor system and/or outputting an alarm).

[0058] Unless otherwise indicated, all numbers expressing
quantities of ingredients, properties such as molecular
weight, reaction conditions, and so forth used in the present
specification and associated claims are to be understood as
being modified in all instances by the term “about.” Accord-
ingly, unless indicated to the contrary, the numerical param-
eters set forth in the following specification and attached
claims are approximations that may vary depending upon
the desired properties sought to be obtained by the incarna-
tions of the present inventions. At the very least, and not as
an attempt to limit the application of the doctrine of equiva-
lents to the scope of the claim, each numerical parameter
should at least be construed in light of the number of
reported significant digits and by applying ordinary round-
ing techniques.

[0059] One or more illustrative incarnations incorporating
one or more invention elements are presented herein. Not all
features of a physical implementation are described or
shown in this application for the sake of clarity. It is
understood that in the development of a physical embodi-
ment incorporating one or more elements of the present
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invention, numerous implementation-specific decisions
must be made to achieve the developer’s goals, such as
compliance with system-related, business-related, govern-
ment-related and other constraints, which vary by imple-
mentation and from time to time. While a developer’s efforts
might be time-consuming, such efforts would be, neverthe-
less, a routine undertaking for those of ordinary skill in the
art and having benefit of this disclosure.

[0060] While compositions and methods are described
herein in terms of “comprising” various components or
steps, the compositions and methods can also “consist
essentially of” or “consist of” the various components and
steps.

[0061] To facilitate a better understanding of the embodi-
ments of the present invention, the following examples of
preferred or representative embodiments are given. In no
way should the following examples be read to limit, or to
define, the scope of the invention.

Examples

[0062] Historical data was gathered from a fluidized bed
polyethylene reactor that was run for several months. The
data was gathered during operation for both the Venturi
flowmeter and the sensor measurements required to deter-
mine the superficial gas velocity via a modified Ergun
equation (EQ. 1). During this time, several metallocene
grades were generated, and the data was then able to be
analyzed across all metallocene grades. Across all metallo-
cene grades, as illustrated in FIG. 3, the superficial gas
velocity from the Ergun equation was in agreement with the
superficial gas velocity obtained from the Venturi flowmeter,
although the modified Ergun equation generated more noise
around the accurate reading. Additionally, the data was
analyzed for an individual metallocene grade to determine
the trend of an individual metallocene grade. When analyzed
on an individual level, as illustrated in FIG. 4, the noise was
reduced. It may be seen that the modified Ergun equation
generated a superficial gas velocity that was in agreement
with the superficial gas velocity obtained from the Venturi
flowmeter while having less noise around the accurate
reading. The modified Ergun equation may be seen to
generate the superficial gas velocity with a similar accuracy
to the Venturi flowmeter.

[0063] Therefore, the present invention is well adapted to
attain the ends and advantages mentioned as well as those
that are inherent therein. The particular examples and con-
figurations disclosed above are illustrative only, as the
present invention may be modified and practiced in different
but equivalent manners apparent to those skilled in the art
having the benefit of the teachings herein. Furthermore, no
limitations are intended to the details of construction or
design herein shown, other than as described in the claims
below. It is therefore evident that the particular illustrative
examples disclosed above may be altered, combined, or
modified and all such variations are considered within the
scope and spirit of the present invention. The invention
illustratively disclosed herein suitably may be practiced in
the absence of any element that is not specifically disclosed
herein and/or any optional element disclosed herein. While
compositions and methods are described in terms of “com-
prising,” “containing,” or “including” various components
or steps, the compositions and methods can also “consist
essentially of” or “consist of” the various components and
steps. All numbers and ranges disclosed above may vary by
some amount. Whenever a numerical range with a lower
limit and an upper limit is disclosed, any number and any
included range falling within the range is specifically dis-
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closed. In particular, every range of values (of the form,
“from about a to about b,” or, equivalently, “from approxi-
mately a to b,” or, equivalently, “from approximately a-b”)
disclosed herein is to be understood to set forth every
number and range encompassed within the broader range of
values. Also, the terms in the claims have their plain,
ordinary meaning unless otherwise explicitly and clearly
defined by the patentee. Moreover, the indefinite articles “a”
or “an,” as used in the claims, are defined herein to mean one
or more than one of the element that it introduces.
What is claimed is:
1. A method comprising:
obtaining a pressure measurement for each of two differ-
ent locations within a fluidized bed reactor system that
comprises a reactor capable of containing a fluidized
bed and a cycle gas loop, wherein one or both of the
two different locations is not at a flowmeter;

calculating a pressure drop based on the two obtained
pressure measurements;

calculating a first superficial gas velocity (SGV ;) for the

fluidized bed based on the pressure drop;

obtaining a second superficial gas velocity (SGVj,) for

the fluidized bed using the flowmeter;

comparing the SGV ,, and the SGV,; and

operating the fluidized bed reactor system based at least in

part on said comparing of the SGV ,,, and the SGV,,.

2. The method of claim 1, wherein operating the fluidized
bed reactor based at least in part on said comparing of the
SGV,,, and the SGV;, comprises:

modifying an operating parameter of the fluidized bed

reactor system when the comparison of the SGV ,, and
the SGV,,, fits a threshold requirement.

3. The method of claim 2, wherein the operating param-
eter comprises a reactor temperature, a reactor pressure, a
reactant feed rate, a purge rate, reactor composition, or any
combination thereof.

4. The method of claim 1, further comprising taking an
action if the comparison of the SGV ;, and the SGV, fits an
action threshold requirement.

5. The method of claim 4, wherein the action comprises
one or more of the following: performing remedial actions
on the flowmeter; triggering an alarm; and adding a flow bias
or correction factor to the determined SGV;, value so as to
control reactor velocity in a desired operating window.

6. The method of claim 1, wherein the comparison is an
absolute value of a difference between the SGV ,,, and the
SGV,,, and wherein the threshold requirement is the abso-
lute value of the difference between the SGV,,, and the
SGV,, being 0.05 feet per second or greater.

7. The method of claim 1, wherein the comparison is an
absolute value of a difference between the SGV ,, and the
SGV,,, and wherein the threshold requirement is the abso-
lute value of the difference between the SGV ,, and the
SGV,, being 0.20 feet per second.

8. The method of claim 1, further comprising:

producing a polyolefin in the fluidized bed reactor system.

9. The method of claim 1, wherein the flowmeter com-
prises a Venturi flowmeter.

10. The method of claim 1, wherein the flowmeter com-
prises a Pitot tube.

11. A method comprising:

measuring a pressure for each of two different locations

within a fluidized bed reactor system that comprises a
reactor capable of containing a fluidized bed and a
cycle gas loop, wherein one or both of the two different
locations is not at a flowmeter;

alt

alt
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calculating a pressure drop based on the two measured

pressures;

calculating a superficial gas velocity (SGV,,) for the

fluidized bed based on the pressure drop;

operating the fluidized bed reactor system based at least in

part on the SGV_,,; and

producing a polyolefin in the fluidized bed reactor system.

12. The method of claim 11, wherein the operating of the
fluidized bed reactor comprises:

modifying an operating parameter of the fluidized bed

reactor system.

13. The method of claim 12, wherein the operating
parameter comprises a reactor temperature, a reactor pres-
sure, a reactant feed rate, a purge rate, reactor composition,
or any combination thereof.

14. The method of claim 11, wherein (a) the flowmeter
comprises a Venturi flowmeter or (b) the flowmeter com-
prises a Pitot tube.

15. The method of claim 1, wherein the two different
locations within the fluidized bed reactor system comprise a
location (P1) at a top portion of the reactor and a location
(P3) along a bottom portion of the fluidized bed within the
reactor, such that obtaining the pressure measurement for
each of said two different locations comprises obtaining a
pressure drop across the fluidized bed; and further wherein
SGV,, is calculated using at least one of the following
methods:

(a) a modified Ergun equation having the form of EQ. 1

AP 18U ( 0 . _Re ) EQ. 1
- Uta—gr T a-e?

wherein AP is the pressure drop across the fluidized bed
(Pascals, Pa), h is the height between said two
different locations P1 and P3 from which the pres-
sure measurements are taken (meters, m), p is fluid
viscosity in (Pa*sec), U is superficial gas velocity
(m/sec), ¢ is solids volume fraction (dimensionless),
d is particle size (m), (dimensionless, calculated per
EQ. 2), Re is Reynolds number where Re=pUd/p, p
is fluid density (kg/m?), and C, and C, are dimen-
sionless coefficients calculated per EQ. 2

C,=a,el+c, EQ.2

where n is the number of the coefficient, and a,,, b,,.
and c, are additional constants associated with a
given reactor size and type, and may be deter-
mined using superficial gas velocity data obtained
from a flowmeter;

(b) an equation having the form of EQ. 3

AP 18uUg

b (- g

EQ. 3

* ((1 _ ¢)—3.65 (Cl + C2R60'687))

wherein each variable is as described in connection
with EQ. 1;
(c) an equation having the form of EQ. 4

EQ. 4

AP 18uUg [ [

= 1 ¢
(1-¢7?

1
T -y +(1_"’)2(1”'5“’7)]+
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-continued
c Re [(1-¢)™" +3¢(1 —¢) + 8.4Re™033 ]]
2 +
a-¢? 1+ 10%Re 72

wherein each variable is as described in connection
with EQ. 1; and
(d) an equation having the form of EQ. 5

AP 18uU¢
—_—=—x
o (1-¢)«d*

[(1 _¢)—3.65(C1 4 C2R60.687)] « (L= fH) EQ. 5

wherein AP, h, p, U, d, Re, C, and C, are each as described
in connection with EQ. 1, f is determined from EQ. 6

£l EQ. 6

Frilti04’

f=

wherein Fr is Froude number where Fr=v,*(gl), v, is
single-particle terminal velocity (m/sec), g is gravi-
tational acceleration (m/s?), and L is reactor diameter
(m), and
H is determined per EQ. 7

2_7¢0.234,
—0.019¢7%%% 1+ 0.963,

0.868¢703%¢ _(0.176¢ 1192

459

08

(¢ - 0.59)(~1501¢* + 2203¢* —

1054¢ + 162),
0, # =0.59

¢ < 0.0012 EQ. 7
0.0012 < ¢ < 0.014
0.014 < ¢ < 0.25

21973 1 0.852¢70%68 .25 < ¢ < 0.455

0.455 < ¢ < 0.59

16. The method of claim 1, wherein SGV ,, is calculated
using an equation having the form of EQ. 8

dP=0.5pUK,

overall

EQ. 8

where dP is the pressure drop between the two different
locations from which pressure measurements are obtained
(Pa), p is the gas density at the reactor inlet (kg/m?), U, is
the superficial gas velocity (m/sec), and K, _,..,, is a com-
bination of the individual pressure drop correction factors
needed to account for the pressure drop between said two
different locations from which pressure measurements are
obtained.

17. The method of claim 16, wherein K ,.,; is calculated
using an empirical correlation determined from data of past
operation of the reactor system over a time period during
which accuracy of the flow meter is not in question.

18. The method of claim 16, wherein obtaining the
pressure measurement for each of the two different locations
within the reactor system comprises obtaining a pressure
drop across reactor inlet piping of the reactor system; and
further wherein K, .., is determined as K, ., ..,=2K,
wherein each Ki is a pressure drop correction factor asso-
ciated with a location or feature along the reactor inlet piping
that causes pressure drop, and further wherein each K is
selected from the following: Ky, . K K Kices
K., oricheass and any combination thereof.

19. The method of claim 16, wherein obtaining the
pressure measurement for each of the two different locations
within the reactor system comprises obtaining a pressure

elbow? exir?
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drop across a distributor plate disposed in a bottom portion
of the reactor, and further wherein K_,,,; is determined as
the K value of the distributor plate.

20. The method of claim 1, wherein the two different
locations within the fluidized bed reactor system have a
distributor plate therebetween, and wherein SGV_, is cal-
culated using an equation having the form of EQ. 14

184U R FQ. 14
P = 0.5pU K poras + 15 —EL2 (c ¢ ° ) Q

% C;
C—od U—er  TU-er

where dP is the pressure drop between the two different
locations from which pressure measurements are
obtained (Pa), p is the gas density at the reactor inlet
(kg/m?), U is the superficial gas velocity (m/sec),
K, erqu 18 @ combination of the individual pressure drop
correction factors needed to account for the pressure
drop between said two different locations from which
pressure measurements are obtained, h is the height
from the top of the distributor the location of the two
locations that is downstream of the distributor plate, p
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is fluid viscosity in (Pa*sec), ¢ is solids volume fraction
(dimensionless), d is particle size (m), C, and C, are
coefficients (dimensionless, calculated per EQ. 2), Re is
Reynolds number where Re=pUd/p, and p is fluid
density (kg/m>)

C,=a,e’+c, EQ.2

where n is the number of the coefficient, and a,, b,,, and

c, are additional constants associated with a given
reactor size and type, and may be determined using
superficial gas velocity data obtained from a flowmeter;

and further wherein the two different locations within the

fluidized bed reactor system also have therebetween
one or both of: reactor inlet piping and a disc; and
further wherein K_,_,..,, is determined as K_,,..,=~K,,
wherein each Ki is a pressure drop correction factor
associated with a location or feature along the reactor
inlet piping that causes pressure drop, and further
wherein each K, is selected from the following: K ;...
Kiictions K K K,i» and any combination
thereof.
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