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Abstract

Solid concentration changes may affect the solid-liquid flow of the axial flow pump in the
polypropylene loop reactor, accompanied with unstable operations (e.g., axial power fluctuation). The
influencing factors and formation mechanisms of axial power fluctuation were analysed. After that, to
discuss the influences of energy allowance of the mixture media in the loop reactor, the internal flow
status of the pump under different solid volume fractions were compared. Then a head-correction
strategy of operating control with single invert was proposed, to smooth the axial power fluctuation of
the axial flow pump. Results demonstrate that viscosity of the mixture media is positively related,
whereas the head of the axial flow pump is negatively correlated with solid concentration. Besides,
head-correction curves can effectively regulate the off-design operation of pump under different solid
volume fractions, with the energy allowance and the axial power fluctuation reduced in the loop
reactor and the pump. Researches provide important references for the analysis of internal flow status
and the solution of axial power fluctuation of the axial flow pump in the polypropylene loop reactor.
(Received in April 2019, accepted in August 2019. This paper was with the authors 2 months for 1 revision.)
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1. INTRODUCTION

Axial flow pump is a cycle driving device in a polypropylene loop reactor. The loop reactor is
a common synthesis device of polypropylene. In the reactor, propylene produces
polypropylene particles under the effect of catalyst with particles suspended in liquid, thereby
forming the mixture dominated by liquid (propylene) and solid (polypropylene) phases.
Nevertheless, the existence of solid particles may affect the operating performance of the
pump [1]. The solid-liquid flows of the axial flow pump in the loop reactor must be
investigated to realize the high-efficiency performance of the pump. In addition, the axial
flow pump is designed on the basis of water media, which differ from the state of practical
flowing medium in the reactor [2]. Therefore, the performance changes of axial flow pump
must be analysed under different media and running conditions and changing working
conditions.

Existing studies on loop reactor focus on the mathematical modelling of residence time
distribution [3]. The characteristics of computational fluid dynamics (CFD) on internal solid-
liquid flow states in loop reactors, especially the core device in a loop reactor, namely, axial
flow pump, are hardly analysed. Additionally, influences of solid volume fraction in the solid-
liquid mixture in the reactor on liquid properties of the mixture are hardly considered. For
mixing fluid containing solid particles, fluid properties may change when the solid volume
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fraction increases to a certain numerical value, that is, the Newtonian fluid is converted into
Bingham fluid (non-Newtonian fluid). As a result, CFD analysis will make changes [4].
Consequently, studies on solid-liquid flows focus on the low concentration range. Moreover,
research concerning the operation instabilities of axial flow pump, such as axial power
fluctuation, mainly emphasizes fault diagnosis and engineering solutions. No theoretical
solution to the formation mechanism of operation instabilities has been developed at present.
In this study, key attention is given to disclose the variation law of internal flow of the axial
flow pump in the loop reactor under different media conditions and the internal relationship
with axial power fluctuation. Reasonable solutions are subsequently proposed.

2. STATE OF THE ART

Numerous studies on two-phase flow have recently been reported. However, the two-phase
flow has become an independent discipline after the International Journal of Multiphase Flow
was founded in the 1960s. Based on different dispersed phase hypotheses, numerical
computation methods of two-phase flows mainly include Eulerian-Eulerian and Eulerian-
Lagrangian methods [5]. The Eulerian-Eulerian method simplifies the dispersion phase into a
pseudo-fluid, wherein continuous phases penetrate mutually. The essence of this method is to
simulate the turbulence of dispersion phases imitated by a single-phase flow [6, 7]. The
Eulerian-Lagrangian method describes the dispersion phase as a discrete body in the
Lagrangian coordination system and presents the continuous phase in the Eulerian
coordination system [8, 9]. Most numerical calculations of solid-liquid flows in the pump
have applied the mixture model, which hypothesizes both phases as continuous media [1].
Nevertheless, the less-known particle model, which hypothesizes one phase as continuous and
the other phase as dispersion, has relatively high calculation accuracy [10].

Zhao et al. [1] conducted a numerical simulation of solid-liquid flows in a two-channel
pump on the basis of FLUENT software by using the mixture multiphase model. Influences of
different particle concentrations and sizes on the external characteristics of the pump and the
solid-phase distribution laws were analysed. However, the mixture model was extensively
applied to multiple groups of continuous media mixture, such as gas-liquid. The numerically
calculated head of solid-liquid two-phase flow significantly deviated from the test results. Shi
and Wei [11] increased the astringency of solid-liquid two-phase flow numerical calculation
in a centrifugal slurry pump with low specific speed by combining the dynamic under
relaxation factor adjustment, step method, and rotational velocity control. Shi et al. [12]
designed a new no-stirring test device for the PIV test of solid-liquid two-phase flows in the
same pump. They found that the speed distribution law on test images of the two-phase flow
based on water and rapeseed conforms to potential flow theory. However, Shi analysed
different concentrations of media by using the same analytical method but ignored the
property changes of high-concentration fluid, resulting in lack of rigor. Zhang et al. [13]
investigated the influences of solid-liquid flow in the transient operational processes (e.g.,
starting and stopping) of a centrifugal pump on the basis of FLUENT software. They
concluded that the pump pressure in starting and stopping processes under solid-liquid flows
fluctuates further violently, the axial reactive force of the impeller increased, and the time
taken to stabilize increased. Shi et al. [14] performed a numerical calculation on solid-liquid
two-phase flows in an axial flow pump based on ANSYS CFX software by using the particle
model. They analysed influences of impellers with different sweepbacks on the cavitation
performance and abrasion of the pump. However, the 30 % solid concentration was
insufficient to provide references compared with sediment contents in practical operation
conditions. Based on the Eulerian-Lagrangian method, Lei et al. [15] analysed the influences
of abrasion degree on the external properties of a centrifugal pump by using the SST k-w
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turbulence model. They found that with the increase in abrasion degree, the head and
efficiency of the pump increase under small flow speeds, but decrease under large flow
speeds. Numerous studies on solid-liquid two-phase flows in a loop reactor have been
reported. Based on the Eulerian-Eulerian method, Shi et al. [16] analysed the effects of
circulating flow speed in the pipeline and solid particle diameter on solid-phase retention
when the solid volume fraction is 0.35. Yan et al. [17] studied the influences of guide vane on
solid-liquid two-phase flows in a loop reactor under the same conditions by using the same
physical model and analysis method as Shi [16]. Li et al. [18] analysed the fluctuations of
speed, pressure, and solid volume fraction based on the transient Eulerian-Eulerian model
when the solid volume fraction is 0.23. However, the mixture of high-concentration solid-
phase polypropylene and liquid-phase propylene could not maintain the physical properties of
Newtonian fluid, but showed properties of Bingham fluid. The Eulerian-Eulerian model was
only applicable to low-concentration solid-liquid two-phase flows.

Operating control with single invert is a common operation method of pumps under off-
design operating conditions. The operating conditions of pumps can be changed effectively by
an inverter. Zhang et al. [19] adjusted the flow speed by using a variable speed driver and
deduced an energy-saving operating control of pumps based on POET framework. Luo et al.
[20, 21] constructed a mathematical model based on multi-type pump and pump system with
an inverter. They determined the optimal solution to the control strategy of the inverter by
combining the golden section and genetic algorithms, and they applied synchronous switch
control technique to optimize the adjustment of multiple types of pump systems. The optimal
solution was calculated on the basis of the minimum axial power scheduling module. In the
present study, based on the ternary theory of fluid mechanics, solid-liquid flow characteristics
of a polypropylene axial flow pump in a loop reactor were discussed by combining numerical
simulation and experiment. Key attention was paid to the variation laws of pump head and the
solid and turbulence energy distributions on the impeller surface under different solid volume
fractions. The causes of axial power fluctuation of the pump were discussed, and optimization
measures based on head correction were proposed on the basis of the operating control with
single invert. Relevant research results could provide references to the optimization of
frequency conversion control in a solid-liquid flow pump under off-design operating
conditions.

The reminder of this study is organized as follows. Section 3 describes the structure of
the axial flow pump in the loop reactor and constructs the hydraulic and test models for the
pump. Section 4 introduces a contrast analysis between the external characteristics and
internal flows of the model under different media conditions by using the numerical
simulation technique. Moreover, the operating control with single invert under off-design
operating conditions is proposed. Section 5 summarizes the conclusions.

3. PHYSICAL MODEL

3.1 Model of the axial flow pump in the loop reactor

Fig. 1a shows the simplified model of the polypropylene loop reactor. Inlet media of the
reactor were liquid propylene and catalyst, whereas the outlet exported the mixture. Pressure
of the media, including liquid propylene, catalyst, and polypropylene, is applied by an axial
flow pump. The mixture continuously circulated in the reactor until reaction equilibrium was
achieved. The reactor had no flow control valve, and the circulation rate of the mixture in the
reactor was controlled through inflow and outflow speeds. As only few components were
added in the catalysis period, the mixture was simplified into liquid-phase propylene and
solid-phase polypropylene.
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Figure 1: Loop reactor and numerical calculation models of axial flow pump: a) Loop reactor model,
b) Numerical calculation model of axial flow pump.

Fig. 1 b shows the numerical calculation domain of a polypropylene axial flow pump in a
loop reactor. The main geometric parameters are as follows: impeller diameter D, =554.3 mm,
hub diameter Dy =274.5 mm, number of blades in an impeller Z; =4, and number of guide
blades Z, = 4. The optimal running parameters are as follows: head Hges =19 m, flow
Ques = 7000 m*/h (converted into flow speed Vges = 7.48 m/s), and rotating speed n = 1480 r/min.

3.2 Calculation methods

To obtain the internal flow characteristics of an axial flow pump in a loop reactor, the second-
order upwind discrete differential equation was solved using a SIMPLE algorithm based on
the ANSYS CFX 16.0 working platform. Convergence precision of iterative computation was
10™. The continuously flowing SST k-w turbulence model [22], particle model for solid-liquid
flows, discrete phase equation model for discrete phase particles, and Gidaspow model for
interphase drag force [14] were applied in the numerical calculation. Boundary conditions
were set as the total pressure inlet, which hypothesizes the uniform distribution of solid phase,
normal speed outlet, wall surface with no liquid slippage and free solid sliding, and scalable
wall function. The media used in the numerical calculation of single- and two-phase flows
were single-phase clean water, liquid-phase propylene, and solid-phase polypropylene. Table
I lists the parameters of the media.

Table I: Main performance parameters.

pu(koim®) | pu(Pas) | p(kgim®) | m(Pass) | p(kg/m?) | Dy (mm) C.
997.0 8.9x10™ 417.7 6.0x107° 900.0 2.5 59%/10 %/15 %

In this study, the hexahedral meshing of inlet pipe, impeller, guide vane, and outlet
channel was accomplished using ANSYS ICEM 16.0. The value of the boundary layer y* of a
flow passage component met the requirements of the selected turbulence model. Fig. 2 shows
the number of grids and numerically calculated head for independence test. Hy, is the
numerically calculated head of meshing scheme Grid 2. The head decreased gradually with
the increase in the number of grids. The variation range of the pump head was smaller than
0.2 % when the total number of grids reached 7.15 million. Hence, Grid 2 was selected as an
appropriate meshing scheme. Fig. 3 shows the meshing diagram of the impeller.
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Figure 2: Grid independent examination. Figure 3: Meshing of the impeller domain under Grid 2.
3.3 Model test

As the inlet pressure could reach 4 MPa during practical running of the test object, an assisted
pump was added in the pump test device to obtain pressure at inlet. To verify the accuracy of
numerical simulation, the test device was built in accordance with the level 1 accuracy of
national standards (1SO9906-1999). The measuring equipment has high measurement
accuracy. Pressures at the inlet and outlet of the pump were measured via a
BOOST.PLD.0201 pressure sensor with a measurement accuracy of £0.05 %. Flow speed was
measured using the ENLAILLDG-DN600 electromagnetic flowmeter with a measurement
accuracy of +0.3 %. The axial power of motor was measured by the INSENSOR.JN-DN
rotational torque transducer with a measurement accuracy of 0.5 %. Uncertainty of the entire
test device was analysed and was within the allowance range of international standards.

Supporting
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Test Pump Auxiliary Pump

Figure 4: Testing device.

4. SIMULATION ANALYSIS AND DISCUSSION

4.1 Comparison of performances

Fig. 5 shows the comparison between the numerical calculation under single-phase water of
the pump and the test results on hydraulic performance. The variation trend of numerical
calculation results agrees with that of test results. Under the design operating conditions, the
head is 18.75 m in numerical calculation, which has an error of 2.6 % with the test head
(19.25 m). The axial power in the numerical calculation is 537.13 kW, which shows 0.1 %
difference from the test result (536.42 kW). The error between the numerical calculation and

468



Yan, Wang, Shi, Li, Zeng, Jaini: Solid-Liquid Flow of Axial Flow Pump in Loop Reactor ...

test results under other working conditions is smaller than 5 %, thereby meeting the
requirements.

Fig. 6 presents the numerical calculation results of the pump head under single-phase
propylene and propylene-polypropylene mixture with different solid volume fractions (5 %,
10 %, and 15 %). Variation laws of numerical calculation results under four media conditions
are the same. Under the design operating conditions, pump heads under 5%, 10 %, and 15 %
mixing media are 3.6 %, 8.6 %, and 12.9 % lower than that under single-phase propylene,
respectively. Moreover, physical properties of the mixing media change with the increase in
solid volume fraction. Density of the mixing media can be calculated as:

pn=Cy -, +(1-C, )- p (1)

Cy is the solid volume fraction, ps is the density of polypropylene, and p is the density of
propylene. Viscosity of the mixing media can be estimated using Thomas formula:

e [1+ 2.5C, +10.05C; +0.00273exp(16.6C, )] )

4 1S the viscosity of propylene. Fig. 6 shows the histogram of relation among mixture
density, viscosity, and head under the design operating conditions. The pump head is
negatively correlated with media density and viscosity.
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Figure 5. Comparison between numerical calculation and test results under single-phase water.
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Figure 6: Comparison between numerical calculation and test results under different solid volume
fractions.
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4.2 Analysis of solid volume and turbulence kinetic energy distribution

Under the design operating conditions, solid volume fractions were set as 5%, 10%, and 15 %.
The diameter of particles was set as 2.5 mm. Fig. 5 shows the solid volume distribution
diagrams on pressure and suction surfaces of blades of the mixture and single-phase
propylene under different solid volume fractions. Fig. 7 a presents the solid volume
distribution diagram on the pressure surface of blades. As the axial feeding solid particles
influence the radial rotating blade, few solid particles are in the region and low solid volume
fraction exists. Hence, solid particles are mainly distributed at the outlet of blades. Solid
volume fraction at the outlet increases with the increase in the setting value of solid volume
fraction. However, the solid distribution law on the pressure surface of blades remains under
different solid volume fractions, which was approximately 1/3 of the area higher than the
setting value.

Fig. 7 b displays the solid volume distribution diagram on the suction surface of blades.
Solid particles are mainly distributed at the outlet of blades, adjacent regions of the hub, and
blade-shaped linear arc 1/6 away from the blade inlet. These regions form an L-shaped region.
Solid volume fraction on the suction surface of blades decreases sharply compared with that
on the suction surface of blades. The solid volume fraction of the L-shaped region is
positively related with its setting value. However, the solid distribution law on the suction
surface of blades remains under different solid volume fractions, which is approximately 1/3
of the area higher than the setting value.

Fig. 8 a shows the histograms of the calculated results of turbulence kinetic energy under
different solid volume fractions (viscosity). Here, s p5: pno - pns=1:1.15:1.37:1.63 (ttp, pis,
Luo, and g5 are viscosity values) under four solid volume fractions (0%, 5%, 10%, and 15 %).
On the basis of the formulas of Reynolds number Re = pvd / 4 turbulence intensity
| =(0.16xRe)™®, and turbulence kinetic energy k=1.5(ul)?, kp:ks: kio: kis=1:1.04:1.08:1.13,
(where Ky, ks, kio, and kis are turbulence energies) under four solid volume fractions (0 %, 5 %,
10 %, and 15 %). With the increase of solid volume fraction in the mixing media, the media
viscosity, turbulence kinetic energy, and energy dissipation increase, thus the pump head
decreases.

Fig. 8 b presents the distribution cloud map of liquid-phase turbulence kinetic energy on
impeller sections of 0.25, 0.5, and 0.75 spans when the solid volume fraction is 15 %. Span is
defined as the dimensionless distance from the impeller hub to the rims, and it ranges (0, 1).
An evident region with high turbulence kinetic energy is formed at the impeller outlet.
Moreover, the area of this region with high turbulence kinetic energy increases continuously
with the increase in span section. Nevertheless, Fig. 8 b shows the liquid-phase turbulence
kinetic energy. As the mass fraction of liquid phase changes continuously with the solid
volume fraction, the liquid-phase turbulence Kkinetic energy must be corrected to obtain the
value of the suppositional turbulence kinetic energy of the mixture.

Fig. 8 ¢ exhibits the scatter diagram of suppositional turbulence kinetic energy on the
impeller under different solid volume fractions. The suppositional turbulence kinetic energy is
calculated from the formula kn=ki/ C = (ks -om) / [(1—Cv) -p]. In Fig. 8c, the red line is the
concentrated distribution line when the number of scatter points is higher than 95 %. With the
increase in solid volume fraction, the suppositional turbulence kinetic energy peak of scatter
points increases continuously and reaches the maximum at approximately 0.04 m away from
the impeller outlet. This result agrees with the location of the region with high turbulence
Kinetic energy in Fig. 6 b. The turbulence kinetic energy is estimated by the area enclosed by
the concentrated regional distribution line and the coordination axis. The ratio of
suppositional turbulence energies under different solid volume fractions is calculated as
Kmp : Kms : Km1o - km1s=1:1.04:1.08:1.15, which is close to the calculated result of the formula.
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Figure 7: Solid volume distributions on the pressure and suction surfaces of blades: a) pressure surface,
b) suction surface.
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Figure 8: Calculated and numerical calculation results of turbulence kinetic energy: a) Calculated
results of turbulence kinetic energy, b) Distribution of turbulence kinetic energy in the flow
channel of the impeller, ¢) Scatter diagram of suppositional turbulence kinetic energy on the
impeller.

4.3 Operating control with single invert

In practical operation, the head of the axial flow pump meets the requirement that the mixing
media complete one circulation in the loop reactor. Thus, the head of the axial flow pump in
the loop reactor is higher than or equal to the pipe and bend local head losses:

I 2 35 2
HZ 2 HI + Hle(Re:éj_pV—'i' 1.31+0.159 i ﬁv— (3)
r)d2g p. ) |902g
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A is the absolute roughness of the pipe wall, I, is the length of the circular tube, d is the
inner diameter, and r is the radius. V is the flow speed, pr is the curvature radius, and & is the
angle of the bending pipe. Eq. (3) shows that the head loss is positively related, but the pump
head of is negatively related with the flow speed. Therefore, a theoretical head Hy meets the
head loss. In Fig. 9, the actual head of the pump is slightly higher than the theoretical head.
Therefore, an energy allowance is available when the mixture enters the pump inlet after one
circulation, resulting in operation instabilities, such as axial power fluctuation. To improve
the operation stability of the axial flow pump in the loop reactor, the region with energy
allowance should be decreased as much as possible. Hence, practical head Hz is controlled
within a small range. On the basis of the comparison results in Section 4.1, the head of the
axial flow pump in the loop reactor changes with the solid volume fraction, which causes
energy allowance.

Fig. 10 exhibits the flow-head relation curves under different solid volume fractions and
speeds. Given the same flow speed, the pump head varies with the solid volume fraction.
Generally, regulating the openness of the valve is the most effective means of adjusting the
off-design operation of the pump [23]. However, the valve is not allowed in the loop reactor
and the flow speed of the mixture is controlled through inflow and outflow speeds. The
circulation speed in the reactor must meet certain requirements, and it cannot adjust the off-
design operation under different solid volume fractions by regulating flow speeds. In this
study, the rotating speed of the pump during practical operation is adjusted by an inverter. Fig.
10 shows that given the setting flow speed, the pump head when the solid volume fraction is
Cyv2 and the rotating speed of the pump reaches n; is equal to that when the solid volume
fraction is Cy; and the rotating speed of the pump is ny. In this manner, the pump head under
different solid volume fractions can be adjusted consistently and effectively without changing
the flow speed. As shown in Fig. 9, the actual head of the pump has a certain variation range
compared with the theoretical head. In Fig. 10, given the same solid volume fraction, the
rotating speed of the pump is adjusted within a certain range to assure that the head is within
the rated range.
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Figure 9: Flow-head relation curves of the pump Figure 10: Flow-head relation curves under different
and pipeline. solid volume fractions and speeds.

Fig. 11 shows the head correction contour maps of flow and rotating speeds under
different solid volume fractions. Q1, Q», and Q3 are converted into flow speeds (7.07, 7.27,
and 7.47 m/s, respectively). In the numerical calculation, the pump head (H;*3%) was in the
rated range, and the contour maps of flow speed when the rotating speed ranges between
1460 r/min and 1530 r/min are drawn. With the increase in solid volume fraction, the rotating
speed increases continuously under a fixed flow speed. The flow speed region within the

coverage of the head of Qs expands continuously. For a rated solid volume fraction, the value
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range of the rotating speed of the pump is positively related with the flow speed. The rotating
speed in the contour region under different flow speeds (7.07-7.47 m/s) is equal to the
operating control with single invert when the head is in the rated range under three operating
conditions.
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Figure 11:. Contour maps of flow and rotating speeds corrected by the head under different solid
volume fractions: a) Propylene, b) 5% Polypropylene, ¢) 10 % Polypropylene, d) 15 %
Polypropylene.

5. CONCLUSION AND FUTURE WORK

Based on a physical model, the head of an axial flow pump in a loop reactor and the solid-
phase and turbulence energy distributions on the blade surface under different solid volume
fractions were analysed by combining numerical simulation and experimental study. Analysis
results showed that influences of solid-phase concentration on the internal flow state of a
pump and the relationship between the solid-phase concentration and axial power fluctuation
were disclosed, and corresponding solutions were proposed. Moreover, the correction curve
of the pump head under different conditions was obtained on the basis of an operating control
with single invert. Several conclusions were drawn:

(1) With the increase in solid volume fraction, the viscosity and turbulence energy of the
mixture of liquid-phase propylene and solid-phase polypropylene are increased, thus
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increasing energy loss and decreasing the pump head. The viscosity and turbulence energy of
the mixing media are increased by 63 % and 13 %, respectively, when the solid volume
fraction reaches 15 %, whereas the head is decreased by 12.9 %. Variation laws of these three
parameters are consistent under low concentrations.

(2) The pump head may change under different solid volume fractions of the mixing
media, resulting in energy allowance in the loop reactor. This case is one of main causes of
the axial power fluctuation of the axial flow pump in the loop reactor.

(3) Operating control with single invert can effectively regulate the off-design operation
of the axial flow pump in the loop reactor under different states of media. The region of stable
operation of the axial flow pump is selected on the basis of three groups of numerical
calculation results of the rated head. Different head correction operating controls are proposed
under different solid volume fractions and flow speeds. The optimal correction curves of the
rotating speed of the pump are obtained.

In this study, the relationship among the viscosity, turbulence energy of mixing media,
and pump head are determined by combining experimental study and numerical calculation.
The results provide certain references for investigating the influences of media conditions on
pump performance. Measured data of the viscosity of mixture with different solid-phase
concentrations are lacking. Thus, numerical values of the viscosity of solid-liquid mixing
media should be corrected in future studies to obtain a further accurate relation between the
viscosity and pump head.
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