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Abstract: In the chemical and petroleum industry, the axial flow pump is widely used for the
circulation pipeline system, and most of the transportation mediums are the shear-thinning non-
Newtonian fluids. However, previous investigations on axial flow pumps are focused on water,
which leads to a considerable deviation between the actual application and the research finding. In
this work, shear-thinning non-Newtonian fluid (CMC solution) and viscous Newtonian fluid (the
viscosity equals the apparent viscosity of CMC solution as the flow index is 1) are selected as the
working medium. Based on the research output, lower apparent viscosity occurs in the near-wall and
rotor-stator interaction region due to the larger velocity gradient. The shear-thinning property results
in an increased tip leakage flow rate, and a sharp decline in friction loss. Compared to the viscous
Newtonian fluid, the head and efficiency of the pump improves substantially for the shear-thinning
fluid. The discrepancy is observed to increase with a higher flow rate. The comprehensive analysis of
flow field and energy performance reveals that friction loss is still the main part of the total loss in
the shear-thinning fluid.

Keywords: shear-thinning property; axial pump; energy performance; flow field

1. Introduction

The vane pump is the core component of the circulation pipeline system in the chem-
ical [1,2], petroleum [3,4], and food processing industries [5]. Therefore, the pump per-
formance has a great impact on the safety and operation efficiency of the transportation
pipeline system [6,7]. To improve the pump performance, numerous studies have been
conducted to understand the flow mechanism under pure water conditions. Based on
an in-depth understanding of the internal flow mechanism, the design of the axial flow
pump was improved and the pump efficiency was raised to 86% [8], which is close to the
theoretical efficiency limit.

In fact, most of the transportation mediums encountered in the chemical and petroleum
industries exhibit non-Newtonian characteristics, especially shear-thinning properties [9,10].
Previously, the investigations about the mechanism of shear-thinning fluid flow were
mainly carried out on simple structures, such as the bubble column [11,12], pipeline [13,14]
and so on. In recent years, more attention has been paid to the flow characteristics in
rotating machinery, but the majority of research is about stirred tanks [15,16]. Based on the
experimental and simulation methods, the energy consumption and velocity distribution
under shear-thinning conditions were presented [17,18]. However, the effect of shear-
thinning properties on the flow characteristics was not revealed in depth. Furthermore,
under Newtonian fluid (water and glycerin solution) and shear-thinning fluid conditions,
a comparative analysis of stirred tanks’ flow characteristics has been conducted [19,20].
The results showed that both rheological properties and apparent viscosity distribution
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can influence the flow pattern, the circulation intensity, and the turbulent kinetic energy
generation rate, and these will lead to a difference in the energy dissipation rate of vari-
ous solutions.

Notably, one particular issue in vane pumps that needs to be examined is the rotor—
stator interaction [21-23], and this does not exist in stirred tanks. In the interaction region,
the shear flow has a great impact on the distribution of apparent viscosity. In recent years,
some investigations have been conducted on centrifugal pumps. Aldi et al. [24] numerically
studied the pump’s performance under both shear-thinning non-Newtonian fluid and
Newtonian fluid (water) conditions, and the results showed that the pump’s head is reduced
by two thirds when transporting shear-thinning fluid in comparison to water. Donmez
et al. [25] also conducted a comparative study between the two conditions regarding the
pump’s performance and apparent viscosity variation. However, it is important to note
that the Newtonian fluid employed in the above investigations is water. Even if the fluid
viscosity is influenced by the shearing action, there is still a great difference between the
viscosities of water and shear-shinning fluid. It is well known that, compared with water
conditions, the performance of vane pumps is greatly reduced when transporting viscous
Newtonian fluids [26-28]. Therefore, it is difficult to decide whether the deterioration of
performance is caused by the shear-thinning property from the above comparison method.
Therefore, Valdés et al. [29] investigated centrifugal pumps’ performance using viscous
Newtonian and shear-thinning fluids, and the performance deterioration was explained by
the apparent viscosity variation. Nevertheless, an unreasonable aspect still exists, i.e., the
densities of the adopted mediums are different.

In this paper, the effect of shear-thinning properties on the transportation characteris-
tics in an axial pump is investigated. In our analysis, particular attention will be paid to the
rotor-stator interaction. The employed viscous Newtonian fluid has the same density with
the shear-thinning fluid, and its viscosity is equal to the apparent viscosity of shear-thinning
fluid with a flow index of 1. By this way, we aim to provide an in-depth and more objective
understanding of the effect of shear-thinning property, which may help to improve the
pump design in actual medium conditions.

2. Experimental Setup and Numerical Methods
2.1. Experimental Setup

In this work, the self-designed axial flow pump is used, which has also been used for
the analysis of Newtonian pure water flow and air-water two-phase flow [1,22,30]. This
way, a more comprehensive study will be performed in the near future. The design head
(H) and flow rate (Qq) of this pump are 15 m and 50 m3/h, respectively. Other design
parameters are displayed in Table 1. The impeller and the guide vane of the test pump are
shown in Figure 1.

Table 1. Parameters of the pump.

Parameter Value
Number of impeller blades 4
Number of guide vane blades 11
Specific speed g 166
Rotating speed 7 (r/min) 2950
Design head H (m) 15
Design flow rate Qq (m3/h) 50
Rotational frequency f; (Hz) 49.2

The experimental results presented in this paper were collected in the axial pump
testing rig shown in Figure 2. The test system primarily includes a pipeline circulation
system (water tank, inlet pipeline, outlet pipeline, return pipeline, inlet and outlet valves),
pump section (axial flow pump, coupling, variable frequency motor), and data acquisition
system (inlet and outlet pressure sensors, flow meter, speed and torque meter, data acqui-
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sition equipment). The detailed information of the above equipment is shown in Table 2.
Moreover, based on the random error analysis, the uncertainties for the test system are

+ 0.46%.

() (b)
Figure 1. Test pump: (a) impeller, (b) guide vane.

5. Torque and

speed senor jL\/cnlmg

Outlet valve = tank

Tested

¢
Flow direction
-

Inlet valve

|

- LN\ L S
| 1

Motor

)
(3]

3-4: Pressure

1. Data acquisition
equipment

6. Electromagnetic

senor flowmeter
Figure 2. Schematic diagram of testing rig.
Table 2. Main instruments installed in the testing rig.
Equipment Manufacturers Model Details
. Shandong Deep Design Pump Technology . .
Axial Pump Co., Ltd. Zibo, China. Self-designed Shown in Table 1
Want Tank - - Capacity: 1.2 m®
Shanghai Yaqi Motor .
Variable Frequency Motor Co., Ltd. YP-50-7.5-2 S Pogeg;ngOOKW
Shanghai, China. peed: pm
Nanjing Aire Sensor Pressure Range:
Pressure Sensor Technology Co., Ltd. AE-T —100~300 kPa
Nanjing, China Precision: + 0.1%
Shanghai Kent Flowrate Range:
Electromagnetic Flowmeter Instrument Co., Ltd. KEFA 0~300 m3/h
Shanghai, China. Precision: + 0.2%
Beijing AvIC Electrical Measurement and Speed Sﬁgog%rgu;Range:
Speed and Torque Sensor Control Technology Co., Ltd. ZH07-100 0~100 NI-Dm
Beijing, China. Precision: & 0.2%
Anton Paar Co., Ltd. Shear Rate Range:
Rheometer Graz, Austria. MCR 0.001~5000 51
Beijing Yiyang Vibration Testing Technology
Data Acquisition Equipment Co., Ltd. YSV8016 Frequency Range: 0~40 kHz

Beijing, China.
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At the beginning of the experiment, the inlet and outlet valves were completely
opened. Then, the outlet valve was adjusted to change the operational conditions so that
the data would be collected as a steady-state operation was attained. The pressure, torque,
speed, and flowrate were monitored and collected synchronously using the data acquisition
equipment. Finally, the energy performance curve was plotted based on the above data.
Notably, the above process was repeated three times to ensure the accuracy of the results.

The carboxymethyl cellulose (CMC) solution with shear-thinning properties was used
as the test medium. Compared to the general shear-thinning solution, the CMC solution
has the advantages of being easy to clean, non-toxic, harmless, and having negligible
viscoelasticity. Therefore, the CMC solution is a suitable choice to study the effect of shear-
thinning properties on the axial flow pump transport performance. The mass fraction of
the CMC solution used in the present work was 0.3%. Moreover, the rheological property
of the CMC solution sample was tested using the MCR series rheometer from Anton Paar,
which is shown in Figure 3.

(b)

Figure 3. Testing equipment of rheological properties: (a) rheometer, (b) software interface.

According to the rheological test results (Figure 4), the logarithmic coordinate curve of
the shear rate versus the apparent viscosity for the 0.3% CMC solution is found to be linear,
expressed by Equation (1).
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Figure 4. Rheological properties of 0.3% CMC solution.
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where y, is apparent viscosity, K, is consistency coefficient, 7y is shear rate, and n, is
flow index. The accuracy of the solution concentration is inevitably influenced by the
accumulated liquid and solid impurities, which are difficult to drain from the pipe system.
Moreover, the rheological properties of the solution could change with the solution flowing
through the pump. To better match the real experimental situation, an extracted sample
from the pipeline circulation system was used for the rheological test.

2.2. Numerical Method

The computational domain of the whole pump consists of four parts (inlet pipe, im-
peller, guide vane, outlet pipe domains), as shown in Figure 5a. Moreover, to improve the
stability of the numerical calculation, the length of the inlet and outlet pipes was extended
by four times the pipe diameter [30]. The impeller and guide vane domains were divided
into hexahedral structure mesh using ANSYS Turbo Grid 2020 R2. Moreover, the mesh in
the region near the tip clearance and the wall was refined to capture detailed flow character-
istics. The mesh of the impeller domain and guide vane domain are shown in Figure 5b,c,
respectively. The rotor-stator interfaces (Interface 1 and Interface 2) were employed to
couple the rotational and stationary domains, where the stationary domains were coupled
by the general connection interface (Interface 3). The detailed mesh independence was
given in our previous work [22].

Outlet pipe

Guide vane

Impeller

Inlet pipe

Interface3
Interface2

Interfacel

(a)

(b) (c)

Figure 5. Computational domain and mesh agreements: (a) computational domain, (b) mesh of
impeller, (c) mesh of guide vane.

To simulate the turbulence flow in the pump, unsteady Reynolds-averaged Navier—
Stokes (URANS) equations were solved using the commercial code ANSYS CFX 2020 R2.
To better describe the flow separation of the model pump, the SST k-w turbulence model
was adopted [31].

In the boundary condition setting, a total pressure was assigned for the domain inlet,
whereas the mass flow rate was given for the outlet. In addition, a counter-rotating speed
was applied for the casing of the impeller region in the relative coordinate system. To
analyze the non-Newtonian fluid flow, the fluid’s apparent viscosity in the material module
needed to be redefined. In ANSYS CFX 2020 R2, the suitable models to describe fluid
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shear-thinning properties include the Carreau model, the Cross model, and the Ostwald
de Waele model. Among them, the Ostwald de Waele model (expressed by Equation (1))
has been widely used due to its simple and clear physical concept [15,20,32]. With this
model, good agreement is shown with the rheological test results, which are presented
in Figure 4. Therefore, the Ostwald de Waele model was adopted to describe the shear-
thinning properties of the CMC solution. Moreover, according to the test results of the 0.3%
CMC solution, the values of K, and 1, were found to be 20.33 and 0.876, respectively.

3. Results and Discussion
3.1. Validation of Calculation

Figure 6 shows the comparison of the numerical simulation and experimental mea-
surement results of the 0.3% CMC solution at different flow rates. Both the numerical
simulation and the experimental outcome demonstrate that the head decreases with the
rise in flow rate, which is in good agreement with the results of the two methods. For
example, the head obtained by the experimental and simulation methods are 14.33 m and
14.96 m, respectively, and the error value is 4.40%. Moreover, the mean absolute percentage
error (MAPE) is 3.41%. The above results reveal that the numerical method in the present
work is reliable.

18

Il Experiment
Il Simulation

H'm

0.8 0.9 1.0 1.1 1.2
/04

Figure 6. Head comparison between experiment and numerical simulation.

3.2. Discussion on Flow Fields
3.2.1. Variation of Apparent Viscosity

To understand the variation of apparent viscosity inside the axial flow pump, the 0.3%
CMC solution is employed in this section. The investigation is conducted under the design
conditions.

As shown in Figure 7, the average apparent viscosity decreases sharply as the trans-
ported medium enters into the impeller passage. In this region, the flow direction changes
significantly [11], which results in a larger shear rate. Within the impeller passage, the
shear effect gradually fades away and the apparent viscosity value increases accordingly.
In the vaneless area between the impeller and the guide vane, the fluid is also significantly
affected by the rotor—stator interaction effect. Therefore, the shear rate enhances, leading to
a sharp decline in the average apparent viscosity value.
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Figure 7. Variation in average apparent viscosity along the mainstream flow direction.

Once the transportation medium enters into the guide vane passage, the average

apparent viscosity of the solution is further reduced in the passage inlet, because of the dual
effects of the rotor-stator interaction and flow separation. However, the fluid kinetic energy
gradually converts into pressure energy along the flow direction. The velocity difference
between the flow layer decreases, resulting in a weaker shear-thinning effect. In addition,
in the guide vane passage outlet, the average apparent viscosity decreases again due to the

influence of the trailing vortex.
To comprehensively analyze the apparent viscosity variation, the distribution of

apparent viscosity on the turbo-surfaces (Span = 0.05, 0.50, and 0.95) under the design flow
rate is represented in Figure 8a. The velocity distributions at the corresponding surfaces

are shown in Figure 8b.

uymPas

Span-0.50 Span—0.95

N\

Span—0.05

Span=0.95

Span=0.05 Span=0.50
7

11.0
H]H7
104

10.1

A A e s e

2220222230
ARNANNNRNAN
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Figure 8. Distributions of apparent viscosity and velocity on different turbo-surfaces: (a) apparent

viscosity, (b) velocity.
Figure 8a reveals that the fluid apparent viscosity in the impeller passage is signifi-

cantly lower than in the guide vane passage. The reason is the high-speed impeller rotation,
resulting in a remarkable increase of fluid shear force. As the fluid kinetic energy is con-
verted into pressure energy in the guide vane passage, the velocity difference between
the fluid layers reduces, and hence the shear rate weakens accordingly. In the impeller
passage, the higher velocity gradient near the wall (Span = 0.05, Span = 0.95) results in

a sharp decline of the fluid apparent viscosity due to the wall friction. However, at the
middle of the flow passages (Span = 0.50), the velocity remains relatively uniform, so the
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apparent viscosity increases. Moreover, the apparent viscosity remains remarkably low in
the impeller inlet (See the dashed box region in Figure 8a). In this region, the flow direction
changes sharply, which intensifies the velocity non-uniformity (See the dashed box region
in Figure 8b).

In the guide vane region, the low magnitude of the apparent viscosity is located
near the suction side (SS) in the middle of the passage. To portray the reason behind the
formation of this region, the distribution of the velocity vector on different turbo-surfaces in
the guide vane is shown in Figure 9. Comparing Figures 8a and 9, it can be understood that
the low apparent viscosity region appears at the junction position between the mainstream
region and the flow separation vortex region. The reason is attributed to the opposite
direction fluid flow near the junction of the above two regions, leading to the larger shear
force among the flow layers. Based on the velocity triangle analysis, the kinetic energy of the
transported medium increases from hub to shroud. Therefore, the fluid in the guide vane
inlet also increases accordingly, which leads to the shift in the flow separation position to
downstream (marked by the red dashed arrow in Figure 9, and together with the movement
of the low apparent viscosity as shown in Figure 8a). Moreover, due to the separation
vortex, the opposite flow directions in the tailing edge of the guide vane exists, as marked
by the red and black arrows in Figure 9. Therefore, a larger shear rate also exists in the
junction region, leading to a low apparent viscosity region at the corresponding position.

Vims™

12.0

Span=0.05 Span=0.95

Figure 9. Velocity vector on the different turbo-surfaces of the guide vane.

3.2.2. Influence of Shear-Thinning Properties

In this section, shear-thinning non-Newtonian fluid (0.3% CMC solution) and viscous
Newtonian fluid are employed as the working media. It is noteworthy to mention that
the two fluids have the same density. The viscosity of the viscous Newtonian fluid is
determined to be 20.33 mPa-s, which equals the apparent viscosity of 0.3% CMC solution
as the n, is 1. In the following work, the internal flow fields of these two fluids are
comprehensively analyzed.

The tip clearance plays an important role in the pump performance and the flow
field [33,34]. Part of the fluid could cross the tip clearance because of the pressure difference
between the pressure side (PS) and suction side (SS). This can lead to volume and energy
loss induced by the leakage flow and mainstream interaction. Therefore, as shown in
Figure 10, the monitoring surface is set in the tip clearance from the impeller’s leading edge
to the trailing edge.

The variation in the leakage flow rate with the rise of the flow rate under different
fluid conditions is shown in Figure 11. In comparison with viscous Newtonian fluid, the
tip leakage flow rate increases sharply with non-Newtonian fluid transportation. Under
the design flow rate, the leakage flow rate is determined to be 25.03% and 22.80% of the
total flow rate for the non-Newtonian fluid and viscous Newtonian fluid, respectively.
This phenomenon reveals that the leakage flow leads to a large volume loss, whereas the
shear-thinning properties could lead to the increased loss. As the fluid crosses the narrow
channel of the tip clearance, the flow resistance demonstrates a significant effect on the
leakage flow [35]. The high-speed rotation of the impeller results in a larger shear rate
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in this region. Moreover, the apparent viscosity of the non-Newtonian fluid and the flow
resistance decreased sharply due to the shear-thinning properties (Figure 8a).

Shroud

Monitoring
surface

/ Flow

direction

Figure 10. Schematic diagram of the monitoring surface.

0.26

—&— Non-Newtonian fluid
—&— Viscous Newtonian fluid

0.25

T T
0.8 0.9 1.0 1.1 1.2

0/0,
Figure 11. Tip leakage flow rate.

The variation in axial velocity (V) on the impeller and guide vane blade surfaces
along the blade chord (A) at 0.50 span is shown in Figure 12. From Figure 12a, it is found
that under non-Newtonian fluid conditions, the V, on the impeller surfaces is considerably
higher than for the viscous Newtonian fluid. The above phenomenon is related to the
large velocity gradient near the surfaces so that flow resistance is lower when transporting
non-Newtonian fluid. Moreover, the fluid kinetic energy gradually increases along the
mainstream flow direction, so the V, difference between the two solution conditions also
enlarges accordingly. Analogously, the V, on the SS is higher than the PS, leading to an
increased V, difference between these two conditions on the SS.

The fluid kinetic energy is gradually converted into pressure energy once the transport
medium enters into the guide vane. This phenomenon results in a weakened effect of
the shear-thinning properties (as demonstrated in Figure 8), followed by a decline in the
velocity discrepancy between the two conditions. The V, on the PS gradually increases
along the mainstream flow direction, but the variation on the SS demonstrates an opposite
trend. The V, on the SS downstream displays a negative value. The difference of V, on the
PS between the two solution conditions increases significantly, especially at the passage
downstream. The above phenomenon is primarily caused by the flow separation vortex.
According to the distribution of the velocity vector (Figure 9), the flow separation vortex
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occurs in the region near the SS at the passage downstream. Therefore, a large part of
the passage is occupied by the vortex structure, and the velocity of the fluid near the PS
increases accordingly. As shown in Figure 12b, compared to the viscous Newtonian fluid,
the separation point shifts towards the downstream when transporting shear-thinning
fluid. The reason could be attributed to two main factors, i.e., (i) after an acceleration in
the impeller, higher kinetic energy is obtained because of the lower friction loss under the
non-Newtonian fluid, and (ii) the flow resistance in the guide vane reduces remarkably;,
induced by shear-thinning properties.

5 8
= Non-Newtonian fluid-PS = Non-Newtonian fluid-PS
e Viscous Newtonian fluid-PS a ® Viscous Newtonian fluid-PS
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Figure 12. Axial velocity at 0.50 span: (a) impeller, (b) guide vane. (The red and black arrow denote
the separation point under the viscous Newtonian and non-Newtonian conditions, respectively).

The turbulent kinetic energy (TKE) is the main physical quantity that reflects the
turbulence intensity. The variation in the average TKE from the impeller inlet to the
guide vane outlet is shown in Figure 13. The average TKE of the non-Newtonian fluid
is higher than the viscous Newtonian fluid in the whole passage. A higher difference of
TKE between the two fluid conditions occurs in the impeller inlet, which is related to the
decreased apparent viscosity, as shown in Figure 7. Subsequently, the difference gradually
decreases with the increase in apparent viscosity along the streamwise. The difference in
the vaneless area is relatively small, which reveals that the flow instability in this region is
mainly influenced by the rotor-stator interaction. However, due to the decline in apparent
viscosity induced by the flow separation vortex, the difference sharply increases in the
guide vane passage along the streamwise.

22
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Figure 13. Variation in average TKE in the impeller and the guide vane.
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To investigate the effect of shear-thinning properties on the friction loss in the pump,
the variation in the average wall shear stress is shown in Figure 14. It is found that the shear
stress is higher for the viscous Newtonian fluid compared to the non-Newtonian fluid.
The reason is attributed to the decline in friction loss caused by the decreased apparent
viscosity for non-Newtonian fluid conditions. According to the distribution of the apparent
viscosity (Figure 8a), the higher shear rate in the impeller results in the lower apparent
viscosity, and therefore, an enhanced difference of the wall shear stress between the two
solution conditions in the impeller. In the vaneless region, the difference further increases.
However, in the guide vane passage, the shear-thinning properties of the non-Newtonian
fluid weaken, followed by the decline in the difference of the wall shear stress.

2000

—=&— Non-Newtonian tluid
—®— Viscous Newtonian fluid

1600
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400 H
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Figure 14. Variation in average wall shear stress in the impeller and the guide vane.

The variation of pressure can reflect the energy loss during transportation. The
variation in the average pressure resulting from the impeller inlet to the guide vane outlet
is shown in Figure 15. For the whole passage, the pressure under the non-Newtonian fluid
remains higher than the viscous Newtonian fluid, which indicates that the total energy loss
is higher for the viscous Newtonian fluid. According to the above investigation, there is a
higher reduction of friction loss in the impeller compared to the guide vane (Figure 14),
but the tip leakage flow in the impeller is serious, which leads to the large volume loss
and flow loss (Figure 13). In addition, compared to the guide vane, the pressure difference
between the two types of solution in the impeller is relatively small. The above analysis
points out that friction loss is the dominant part of the total loss in the axial flow pump,
which is the same as in the Newtonian fluid conditions demonstrated in [36].
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Figure 15. Comparison of pressure variation.
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3.2.3. Influence of Flow Rate

To investigate the influence of flow rate variation on the shear-thinning properties of
non-Newtonian fluid, the flow field characteristics under different flow rate conditions
(Q=0.8Qq, 1.0Q4, 1.2Q4) handling non-Newtonian fluid (0.3% CMC solution) are analyzed
in this section. The distributions of apparent viscosity, streamline, and TKE are depicted in
the following pictures.

Figure 16 displays the distributions of apparent viscosity and streamline on the turbo-
surface at 0.50 span under different flow rate conditions. While comparing the distributions
of apparent viscosity in the impeller, it is determined that the apparent viscosity in the
region near the PS is higher than the SS. Moreover, the difference becomes more visible with
the increase in flow rate. This phenomenon is related to the higher velocity gradient near
the PS, induced by the rotating effect of the impeller. The rise of the flow rate results in a
more obvious velocity gradient in the region near the PS, so the effect of the shear-thinning
properties is enhanced.

pimbPa-s

0.80, 1.00,

Figure 16. Distributions of apparent viscosity and streamline.

Considering the guide vane passage, the higher velocity gradient occurs in the leading
edge of the guide vane SS, which is caused by the fluid shock. Therefore, there exists a
low apparent viscosity region (Region 1). The rising flow rate will lead to higher kinetic
energy at the guide vane inlet, so the low apparent viscosity region is expanded accordingly.
From the distribution of the streamline, flow separation exists at the leading edge of the
PS, which is caused by the inconformity of the blade setting angle and the fluid flow
angle. In addition, a larger velocity gradient exists in the flow separation region, resulting
in enhanced shear-thinning properties and a low apparent viscosity region (Region 2).
Moreover, the flow separation becomes more obvious with the increase in flow rate, so
the low apparent viscosity region expands accordingly. It is also found that a larger low
apparent viscosity area exists in the middle of the guide vane passage near the SS (marked
by the red dashed circle), resulting from the interaction of the separation vortex and the
mainstream. The separation vortex shifts downstream with the rise in flow rate (marked by
the red arrows in Figure 16), leading to the downstream movement of the low apparent
viscosity region.

Figure 17 illustrates the distributions of TKE on the same turbo-surface as previously
shown in Figure 16 under different flow rates. While the degree of TKE in the impeller
upstream passage decreased with the increase in flow rate, the TKE shows an adverse trend
in the downstream passage. In addition, the high TKE region expands with the rise in
flow rate, once the fluid starts flowing into the guide vane passage. However, according
the previous investigation [35], the high TKE region shrinks as the flow rate rises under
viscous Newtonian fluid conditions. The above analysis reveals that the internal flow fields
of non-Newtonian fluid are quite different from the Newtonian fluid conditions, so some
attention should be paid to this phenomenon in the design process.
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Figure 17. Distribution of TKE on the turbo-surface (Span = 0.50).

Comparing the distributions of apparent viscosity (Figure 16) and TKE, it can be found
that there is good agreement between the distributions of the high TKE region and the low
apparent viscosity region. The reason could be attributed to the high TKE value, which
results in an increased velocity gradient together with stronger shear-thinning properties.
Moreover, the reduction in apparent viscosity results in a higher Reynolds number, and
higher TKE at the corresponding position.

3.3. Pump Performance

Figure 18 illustrates the pump efficiency and head under different flow rates while
handling the non-Newtonian as well as the viscous Newtonian fluids. The results show that
the pump performance for the non-Newtonian fluid is higher than the viscous Newtonian
fluid. For example, under the design flow rate, the head and efficiency of the pump
increased by 4.98% and 7.18%, respectively. According to the investigation in Section 3.2.2,
the reduction of apparent viscosity for the non-Newtonian fluid results in increased volume
loss (Figure 11) and flow loss induced by flow instability (Figure 13). However, the shear-
thinning property also results in the reduction of friction loss (Figure 14). Combining
the internal flow field and performance analysis with the two fluid conditions, it can be
understood that the fraction loss is the dominant part of the total loss in the axial flow
pump. Moreover, the efficiency difference increases with the rise in flow rate, which is
caused by the increased relative increment in the tip leakage flow rate (Figure 11) and
enhanced shear-thinning properties (Figure 16). It is noteworthy to mention that the pump
efficiency varies significantly in the range near the best efficiency point (BEP) for the non-
Newtonian fluid, which means that the flow rate range with high efficiency is relatively
small. The above phenomenon also reveals that the operation stability weakens with the
shear-thinning non-Newtonian fluid transportation.
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Figure 18. Performance curves of the pump handling different fluids.
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4. Conclusions

In the present work, the energy performance and internal flow field of an axial flow
pump under shear-thinning non-Newtonian fluid and viscous Newtonian fluid conditions
are studied numerically based on the experimental validation. The main conclusions are
as follows:

(1) For the shear-thinning non-Newtonian fluid, the reduction of apparent viscosity
occurs mainly in the region of the impeller and guide vane inlets, vaneless area,
guide vane outlet, and the near-wall region. In addition, a large velocity gradient is a
common feature in these regions.

(2) Shear-thinning properties lead to a higher flow loss and volume loss, but the friction
loss is significantly reduced. In addition, friction loss is the main part of the total loss
under shear-thinning solution conditions, which is the same with viscous Newtonian
fluid conditions.

(38) As the flow rate increases, the low apparent viscosity area near the leading edge of
the suction side gradually expands, which is caused by the intensified solution shock.
Due to the intensified flow separation, the low apparent viscosity area in the pressure
side also shows an increasing trend.

(4) Compared to the viscous Newtonian fluid, the pump head and efficiency could de-
crease sharply while the shear-thinning non-Newtonian fluid is handled. In addition,
the reduction of efficiency is more obvious as the flow rate increases. It is noteworthy
to mention that the shear-thinning properties lead to a relatively small flow rate range
with high efficiency.
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