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Mixed-flow waterjet pumps (M-FWPs) are core units of high-speed ship power propulsion. When operated under non-optimal
operating conditions, the unstable flow generated in the flow passage leads to a reduction in pump efficiency. This article
investigates the energy loss mechanism of M-FWPs under different operating conditions through entropy production theory
based on numerical simulations. The analyses of the simulation data show that the turbulence dissipation (EPTD) makes the
dominant contribution to the entropy production rate. By comparing the correlations of velocity gradient, vorticity, and
turbulent kinetic energy (TKE) with the EPTD, it is discovered that under non-optimal operating conditions, the inflow angle at
the impeller inlet does not match the blade inlet angle at the leading edge of the blade, resulting in unsteady flow structures
such as flow separation and large-scale vortices. The increase in vorticity and TKE caused by these unsteady structures
ultimately causes the generation of turbulent entropy. Further examination of the enstrophy transport equation indicates that the

relative vortex generation term plays a dominant role in the development of the unsteady flow in the flow passage.
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1. Introduction

Water jet propulsion is an advanced technology used in
military ships. Compared to other propulsion approaches, it
shows advantages in three aspects. First, water jet propul-
sion shows good anti-cavitation performance at high speeds
and its sound pressure level in water is relatively low in
comparison with propeller propulsion. Furthermore, in-
stalled in a flow passage with well-designed geometry, the
pump operates smoothly, and as such the hull vibration and
impeller operational damage can be reasonably reduced.
Finally, water jet propulsion shows strong adaptability in
fully utilizing power system efficiency in response to sud-
den changes in operation conditions. This feature helps
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extend the service life of ships with complex operation
conditions. Due to these advantages, mixed-flow waterjet
pumps (M-FWPs) are equipped on many high-speed and
high-performance ships [1,2].

Despite the advantages of M-FWPs, certain issues remain
in the operation process. In particular, when it is in opera-
tion, flow separation and large-scale vortices are generated
in the flow passages of the pump, which tend to reduce the
application value of the M-FWP. In this regard, it is useful to
study the energy loss generation mechanism of M-FWP and
its relation to flow structures.

Experiments and numerical simulations are currently the
dominant research approaches of fluid dynamics [3-5].
Among the experimental studies on M-FWPs, the particle
image velocimetry (PIV) technique is used by Wu et al. [6-
8] to investigate the mechanism of flow structure formation
and the associated flow field characteristics within the flow
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passages of the pump. It is found that the tip leakage vor-
tices (TLV) generated at the tip of the blade suction side
(BSS) are directed towards the adjacent blade pressure
surface (BPS). Miorini et al. [9] claimed that the TLV
generation and development mechanism lead to changes in
the characteristics of flow within the flow passage. Com-
pared to laboratory experiments, numerical simulations
show advantages in terms of acquiring flow field data at an
arbitrary location along the flow passage. Through numer-
ical simulations, Guo et al. [10] found that TLV generation
and associated cavitation suppressed the leakage flow at the
blade tip. They also pointed out that both TLV and cavitation
can amplify the pressure pulsation, particularly in the tip
region. Huang et al. [11,12] found that the cavitation en-
hanced the vorticity generation within the M-FWP, and
served as an important mechanism for boundary vorticity
diffusion. By analyzing the vorticity transport equation, they
further pointed out that the vortex stretching term was the
main trigger for the formation of large-scale vortices. Cao et
al. [13] investigated the effect of inflow conditions, and
discovered that the non-uniformity of the suction vortices
led to a significant pressure drop in the pump.

The aforementioned investigations mainly focused on
dynamics of the TLV and the associated cavitation formation
and development mechanisms. However, studies on the
energy loss mechanism within the M-FWPs are lacking. In
the present study, numerical simulations are performed to
investigate the energy loss properties of M-FWP.

In the literature, the differential pressure method is utilized
extensively to evaluate the energy losses of hydraulic ma-
chines. This method can calculate the integral hydraulic
losses of the pump, but is unable to identify the location
where the energy losses take place. From the point of view of
the second law of thermodynamics, the production of energy
loss is a process of entropy increase. By analyzing the pro-
duction of entropy, the energy loss in a specific area can be
evaluated. Herwig et al. [14] verified the entropy production
theory using experimental data of laminar and turbulent
channel flows. Guan et al. [15] used the entropy production
method to analyze the efficiency of the guide vane pair model
and performed the hydraulic optimization of a centrifugal
pump. Yang et al. [16] studied a high-speed pump and con-
cluded that the hydraulic losses were mainly caused by tur-
bulence dissipation around the impeller and guide vanes.

While many studies have already been conducted to in-
vestigate the internal flow energy losses in a variety of
hydraulic machineries, the investigations of the energy
losses of M-FWPs are lacking in the literature. Against this
background, we investigate the composition of the energy
losses within the M-FWP based on the entropy production
method under different flow-rate operation conditions. The
correlations of velocity gradient, vorticity, turbulence in-
tensity, and turbulence dissipation with energy loss are also
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analyzed. Finally, the enstrophy transport equation is studied
to reveal the relationship between the spatial evolution of
vortices and energy loss.

The remainder of this paper is organized as follows: The
numerical method, entropy production theory, and geometric
characteristics of the M-FWP model under investigation are
presented in Sect. 2. The results of this study, including the
M-FWP energy loss mechanism and M-FWP vortical flow
field characteristics, are analyzed in Sect. 3. Finally, con-
cluding remarks and further research recommendations are
given in Sect. 4.

2. Numerical methods

2.1 Governing equations and turbulence model

2.1.1  Governing equations

In this study, the Reynolds average Navier-Stokes (RANS)
equations are employed to simulate the internal flow field of
the waterjet pump. The corresponding continuity and mo-
mentum conservation equations are expressed as [17,18]

ou;
o 0, (D
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where ¢ is the time, p is the fluid density, p is the pressure, v
is the kinematic viscosity, x; and %; (i = 1, 2, 3) stand for the
Cartesian coordinates and corresponding time-averaged ve-
locity components, respectively, and 7; represents the Rey-
nolds stresses.

2.1.2  SST k-w turbulence model

The SST k-w turbulence model [19,20] has been adopted to
close the momentum equation in the present study. The
associated equation for &, namely the turbulent kinetic en-
ergy (TKE), is defined as
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where CD,,, is defined as
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In Eq. (3), the turbulence production rate P, is modeled as

_ . aﬁl aﬁl aﬁj *

The SST k-w turbulence model gives the following ap-
proximation of the eddy viscosity v;:

_ ak
Vi = Tnax(aye, SF5)’ ®)
2% 500w
F, = tanh [max[ For e ] ©)

where 1 = pv is the dynamic viscosity, S denotes the in-
variant measure of the strain rate, and y is the distance to the
nearest wall. The constants in this model are given as a; =
0.31, y1=15/9, y,=0.44,C =0.09, {=0.075, 0, = 0.85, 6, =
0.5, and o,,, = 0.856.

2.2 Waterjet pump model

The research object of this study is the AxWIJ-2 waterjet
pump model. As shown in Fig. 1, the model consists of an
inlet pipe, an impeller section, a guide vane section, and an
outlet pipe. In order to adapt the flow pattern to the real
situation, the inlet and outlet pipes of the original model are
extended by 1000 mm. The key parameters of the model are
listed in Table 1.

2.3 Meshing

ICEM-CFD and Turbo-Grid were used to generate a struc-
tured hexahedral mesh for the entire computational domain.
The impeller and guide vane regions were meshed with J

Inlet pipe

Rotating
direction

Figure 1 Three-dimensional model of the M-FWP.
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Table 1 Geometric and operation parameters of the M-FWP model

Parameters Values

Inlet pipe outer diameter D; (mm) 304.8

Inlet diameter d (mm) 91.44

Outlet pipe outer diameter D, (mm) 213.36
Number of impeller blades 6
Number of guide vane blades 8

Design flow Q (L/s) 802
Rotation speed » (r/min) 2000

and H topologies, respectively. To control the boundary
layer distribution near the wall of the pump section, the O-
shaped topology was used within the guide vane region and
the near-wall region of the pump impeller section [21]. The
grid refinement was adopted in these regions to capture the
flow details in the near-wall and adjacent zones. This led to
the global y" value of the first grid over the wall to be
smaller than 50. The locally refined grids around the im-
peller blades and guide vanes are shown in Fig. 2.

2.4 Boundary conditions

In the present study, simulations were performed using the
commercial software ANSYS-Fluent. The finite volume
method (FVM) was applied for spatial discretization of the
governing equations. The SIMPLEC algorithm was utilized
as the pressure-velocity coupling method. The inlet bound-
ary condition was specified as “the mass flow in”, while the
outlet boundary condition was specified as “the static
pressure out”. The impeller component was characterized as
the integrally rotating domain and the hub was specified to
be fixed. A no slip wall was specified for the wall boundary,
and the areas near the walls were treated by standard wall
functions. The calculation was deemed to converge when
the absolute residual falls below 107°.

Outlet pipe

Outlet

Guide vane
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Figure 2 Information of grids for performing the numerical simulation. a External local grids. b Internal local grids. ¢ Schematic representation of the grid
near the wall. d Contours of the y* value of the first grid near the impeller blade.

2.5 Grid independence verification

Grid independence was verified based on the Richardson
extrapolation method, and grid convergence index (GCI)
was used to analyze the error quantitatively [22-24]. Three
sets of grids with 4.05 million, 8.91 million, and 19.62
million cells were considered. The pump delivery head H
and efficiency # were selected for the grid error analysis.
The corresponding characteristic parameters are defined as

_P2" D
H=~—=— 1
pg (10)
_ pgOH M
n= Pt 5 Pt_ 955 (11)

where p; and p, denote the pressure at the inlet and outlet of
the pump unit, respectively, # is the pump efficiency, Q is
the flow rate, P, is the total input power, n is the revolving
speed, and M is the torque of the impeller blades.

Table 2 lists the GCI calculation results. As shown, using
head and efficiency as evaluation parameters, the fine-grid
convergence indices are 0.105% and 0.651%, respectively.
Considering the calculation accuracy and cost [25], the total
number of grids was finally chosen to be 8.91 million.

3. Results analyses

3.1 Validation against experimental results

In the present numerical simulation, eight flow rates ranging

Table 2 Verification of grid independence

Parameters p=H Q=7
N, 19625483
N, 8910748
N; 4055739
Mesh refinement factor, ry; 1.3
Mesh refinement factor, r3, 1.3
Numerical solution, ¢, 22.555 m 90.655%
Numerical solution, ¢, 22.536 m 90.601%
Numerical solution, ¢; 22498 m 90.516%
Extrapolated value, ¢y 22.574 m 90.713%
Extrapolation error, ey 0.08% 0.06%
Grid convergence index, GCly,e 0.105% 0.651%

from 500 kg/s to 1000 kg/s are selected to calculate the cor-
responding head and efficiency. Figure 3 depicts the com-
parison between simulation and experimental results in terms
of the pump delivery head H and efficiency #, under different
flow-rate operation conditions. As shown, the variations of
both H and # with respect to the flow rate Q predicted by the
simulation are in general consistent with experimental results,
particularly near the best efficiency operating point (Oggp).
The relative difference is smaller than 3% at all flow rates.

3.2  Energy loss

3.2.1  Entropy production theory
Hydraulic losses are usually accompanied by an increase in
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Figure 3 Comparison of pump delivery head H and efficiency 7 between
the experimental and simulation results. The left and right scales indicate
the values of H and 7, respectively.

entropy. According to the second law of thermodynamics, the
resulting hydraulic losses are irreversible, and the entire sys-
tem generates irreversible energy dissipation. Therefore, the
relationship between energy dissipation and entropy produc-
tion can be established, and the energy loss in the flow process
can be well predicted by the entropy production theory.

The entropy production equation in Cartesian coordinates
can be written as [26-28]

Q —sp=sp+85 (12)

where Q is the energy transfer rate, T is the temperature, S,
is the total entropy production rate (TEP), which can be
decomposed into S > and S, namely, the contributions from

the direct dissipation (EPDD) and turbulence dissipation
(EPTD), respectively, defined as
_\2 N2 _\2
s 2fom ) (0m)  (0m
b T 6x1 axz 8x3

2 2 2
i3 +6x2] +[6x1 tom) Hlam Tam) (1Y
S‘mvzzﬂeff %24_ %2+ %2
D T 6}61 6}62 8X3
2 2 2
T axl 6)62 axl 6)63 a-x3 axz i
(14)

In Eq. (14), u; (i = 1, 2, 3) represents the velocity fluc-
tuations, and y.g stands for the effective dynamic viscosity
of fluid, which is calculated as
Heff = 1T s (15)
where y, = pv, is the turbulence dynamic viscosity. Combined
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with the k- turbulence model given by Egs. (3) and (4), the
EPTD can be further expressed as a function of density p,
TKE £, and turbulent vortex frequency w as [14,29,30]

S (16)
where y = 0.99 is the constant of the SST model.

The bulk entropy production rates in the main flow region
caused by the mean and fluctuating velocities can be ob-
tained by integrating the EPDD and EPTD over the entire
computational domain as

Sy=|[Syar, (17)
Vv

Sy =[Syav. (18)
Vv

In addition to these two parts, there is a peak value of the
entropy production rate in the near-wall region with y* < 50,
which is not accurately captured in conventional RANS
methods. Duan et al. [31,32] proposed a wall function for
evaluating the near-wall entropy production rate as

Tw

. Uy,
Sy = [ aa, (19)
A4

where S, denotes the entropy production rate caused by
wall shear stress (EPWS), 7,, represents the wall shear stress,
and u,, is the velocity at the first grid over the wall.

The TEP is then expressed as

Stow = S5+Sy + Sy (20)

In Egs. (17)-(19), V and 4 represent the control volume
and control surface, respectively, for performing the in-
tegrations. Assuming that the temperature remains constant,

the irreversible energy loss rate Qi in the pump can be
evaluated as

Oia = TStotar (21

The energy loss rate can be also expressed in the form of
hydraulic loss as

— N Total

dm8 ’
where ¢, denotes the mass flow rate, and g is the gravita-
tional acceleration.

Hy (22)

3.2.2  Comparative analysis based on entropy production
and differential pressure methods

The entropy production in the entire domain is the integra-
tion of TEP (Eq. (20)) that quantifies the total energy loss.
To assess the accuracy of the energy loss given by the en-
tropy production theory, the hydraulic losses calculated ac-
cording to the entropy production method (H,,) are
compared with those calculated according to the differential
pressure method (Hjy,). Likewise, the pump efficiency cal-
culated using the entropy production method () is com-
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pared with that calculated using the differential pressure
method (74,). Both comparisons are shown in Fig. 4. It can
be seen that both the hydraulic losses and the pump effi-
ciency calculated using two different methods are in good
agreement. Figure 4a shows that as the flow rate increases,
the hydraulic loss first decreases and then increases to its
maximum value at the largest flow rate considered in the
present study. On the other hand, the efficiency (Fig. 4b)
first increases, reaching its peak value near QOpgp with small
hydraulic loss, and then decreases as the flow rate continues
to decrease. The relative differences in both H and # be-
tween two different calculation approaches are smaller than
5% under all flow-rate operation conditions. This indicates
that the entropy production method is reliable to predict the
performance of the M-FWP.

3.2.3  The varying law of entropy production
Figure 5 compares the magnitude of the entropy production

a 12

H/m

07 0.8 09 095 1 105 1.1 12 13

Q/QBEP

n/%

0.7 0.8 09 095 1
00

105 14 12, 18

Figure 4 Comparison of hydraulic loss and pump efficiency between
entropy production method and differential pressure method. a Hydraulic
loss. b Pump efficiency.
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loss under various flow-rate operation conditions. It is seen
that the hydraulic loss caused by turbulence dissipation (/1p)
makes the largest proportion of contribution, and its varia-
tion with respect to the flow rate dominates the total hy-
draulic loss. Specifically, the hydraulic loss caused by
turbulence dissipation also decreases first and then increases
as the flow rate increases. Of secondary importance is the
hydraulic loss corresponding to the wall dissipation (/ys),
which increases monotonically with the flow rate, since the
increase of flow rate tends to induce larger velocity gra-
dients at the wall. The hydraulic loss induced by the direct
dissipation (/pp) is relatively small in comparison with the
other two components, and remains almost unchanged at
different flow rates.

According to the above observation that the turbulence
dissipation dominates the hydraulic loss, we further compare
its distribution in different sections of the M-FWP in
Fig. 5b. It is seen that the variation trends of turbulence

07 08 09 09 1 105 1.1 12 13

/O
b 120 ‘
|_:I Inlet pipe ‘
105 _ Impeller+Guide vane |
=~ g Outlet pipe
M
E’ 75
(@)
E
= 60
45

30

15

07 0.8 09 095 1
O/0re,

1.05 11 12 13

Figure 5 Distribution law of entropy production and loss. a Hydraulic
loss of each entropy production term. b Turbulence dissipation of each
component.
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dissipation in the impeller/guide vane section and in the
outlet pipe section remain the same as the total hydraulic
loss. They all decrease first and then increase as the flow rate
increases. However, when the flow rate deviates from the
optimal condition, the turbulence dissipation in the impeller/
guide vane section becomes significantly larger than that in
the outlet pipe. In this sense, the turbulence dissipation in the
impeller/guide vane section is primarily responsible for the
increase of energy losses when the M-FWP is operated at
non-optimal conditions. Compared to the impeller/guide
vane section and the outlet pipe, the turbulence dissipation in
the inlet pipe is relatively small. This is because the turbu-
lence dissipation correlates with the fluctuating velocity in
the impeller/guide vane and outlet sections, while the tur-
bulence intensity in the inlet pipe is relatively weak.

323064-7

3.2.4  Generation mechanism of turbulence dissipation

To investigate the mechanism underlying the energy loss
induced by turbulence dissipation, Fig. 6-8 further show the
streamlines, contours of vorticity, TKE, and turbulence
dissipation under various flow-rate operation conditions.
Panels a-c in these figures show the results at different
spans. Specifically, panel a shows the results at span = 0.1,
which is near the blade root of the impeller and guide vanes.
Panel b shows span = 0.5 in the core region between the hub
and the pipe casing. Panel ¢ shows span = 0.9 near the tip of
the impeller and guide vanes. In this study, 0.1, 0.5 and 0.9
spans are selected as the typical areas, which can show the
flow characteristics near the tip, middle and root of the
blade, respectively. In the impeller section, considering the
impeller rotation, U, V, and W are used to denote the cir-
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B | | - . -
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TKE EPTD
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EPTD
10 6000 [Wm?K"] 10000
|

Figure 6 Streamlines, vorticity, TKE, and EPTD at different span sections under Q = 0.7 QOggp. a span = 0.1. b span = 0.5. ¢ span = 0.9.
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Figure 7 Streamlines, vorticity, TKE, and EPTD at different span sections under Q = 1.0Q0ggp. a span = 0.1. b span = 0.5. ¢ span = 0.9.

cumferential velocity, absolute velocity, and relative velo-
city of the water flow, respectively; while a and f are the
water inflow angle and the blade inlet angle, respectively.
Under the low flow-rate operation condition O = 0.7QOggp,
as shown in Fig. 6, in the impeller section, due to the small
entrance velocity, the angle of the water flow a is smaller
than the blade inlet angle £, which causes flow separation on
the suction side, forming a vortex sheet, and correspond-
ingly, strong TKE and dissipation. And the streamlines are
distorted in the guide vane section, particularly on the suc-
tion side, indicating the occurrence of flow separation there,
which is also evident from the detached vortices at the
leading edge of the blade. The separation bubble covers
almost the entire blade, resulting in large TKE and dis-
sipation on the suction side. In the span near the blade tip
(Fig. 6¢), some distorted streamlines extend to the pressure
side of the neighboring blade, leading to an enhancement of

TKE and dissipation there.

As the flow rate increases to the optimal operation con-
dition, the water incidence angle at blade leading edge is
almost identical to the blade inlet angle. The streamlines
closely follow the geometry of the blade surfaces in both
impeller and guide vane sections, except for a slight dis-
tortion from center to the trailing edge of the blade root in
the guide vane section at span = 0.1 (Fig. 7a). Accordingly,
TKE and dissipation are only active in a thin boundary layer
near the blade, while their magnitudes are relatively small in
the main body of the flow passage. As a result, the bulk
dissipation is low under the optimal flow-rate condition.

When the pump flow rate further increases to a larger
value, Fig. 8 shows that the water incidence angle is greater
than the blade inlet angle in the impeller section, such that
low-speed flow zone form on the BPS near the blade tip,
causing flow separation and strong turbulence dissipation.
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Figure 8 Streamlines, vorticity, TKE, and EPTD at different span sections under Q = 1.3Q0ggp. a span = 0.1. b span = 0.5. ¢ span = 0.9.

And the streamlines in the guide vane section near the blade
root become rather distorted, causing flow separation there,
and high TKE and dissipation region almost occupies the
entire flow passage between the blades.

In summary of the above analyses on different physical
quantities in the impeller and guide vane sections, it is
evident that the flow regions with large vortices and flow
separations are highly consistent with strong TKE and dis-
sipation. It can be therefore inferred that hydraulic phe-
nomena such as eddy currents and flow separations are
responsible for the enhancement of turbulence dissipation.
In addition, the flows in different passages are different, due
to the flow with high Reynolds number is actually unsteady.
And the phenomena can be found in many studies using
RANS to simulate and analyze the characteristics of the
main flow in rotating machinery [26,28,33]. Nonetheless,
the local unsteady flow does not affect the evaluation of the
time-averaged energy loss caused by the main flow. Due to

the flow separation, large velocity gradient zones occur in
the flow passage, leading to subsequent generation of shear
stresses on the fluid particles, causing them to rotate and
generating large vortices in the corresponding areas. These
unsteady flows cause the TKE to increase, resulting in
greater turbulence dissipation. When the pump is operated
under the optimal operation condition, the flow separation is
less significant, such that the turbulence dissipation in the
flow passage is minimized, and so is the hydraulic loss.

3.3 Transport equation of enstrophy

To further analyze the causes of turbulent dissipation and its
relationship with vortices, the transport equation of en-
strophy of time-averaged vorticity is examined in the guide
vane and impeller sections. Here, the enstrophy is defined as
Q =@,m,;/2, with @; (i = 1, 2, 3) being the time-averaged
vorticity. The transport equation of Q is expressed as
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The first term on the right hand side of Eq. (23) is the
relative vortex generation term, expressed as

(23)

e O(@@;/2)
Gw=cuiS,-j Iy 6xj . 24)

This term represents the generation of vorticity induced by
velocity gradients, with S = (817 / Ox; +ou;/ axj)/ 2 being
the time averaged strain-rate tensor. The second term is the

Reynolds stress dissipation term. According to the Boussi-
nesq hypothesis, it can be estimated as

27 0%w; 2
0w, 0% ] 2 0% 25)

R, =v @;+ O )
@ t axjaxj ! 6xj6x,» ! 3 l]kaxiax]‘ k>

which influences enstrophy in terms of turbulent dissipation,
with & being the alternating tensor. The third term is the
Coriolis force term, defined as

/

/
/
N
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_ |Ocmy) _ Ocy)
=-2 ax, w; o, @5,

O

(26)

which is related to the rotational motion of the impeller, with
¢ being the angular velocity. This term is trivial in the guide
vane section. The fourth term is the baroclinic torque:
1 _0p Op

B = —¢., 0 —="—
0] 2°ijk"i K >
p? VT Ox; Oxy

(27)
which accounts for the change in vortex volume due to the
nonparallelism of the pressure and density gradients. This
term is trivial in the present study because of the constant
density value. The last term is the viscous term, expressed as
9
= v%@, (28)
J9r
which represents the change in the vorticity due to the fluid
viscous effects.
To investigate the mechanism of vorticity dynamics, Fig.
9 shows the contours of the non-zero terms in Eq. (23) at
optimal flow-rate operation conditions. In Fig. 9, the relative
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Figure 9 Distribution of the relative vortex generation term, the Reynolds stress diffusion term, the Coriolis force term and the viscous term at different

span sections under Q = 1.00ggp.
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vortex generation term G, and the Reynolds stress dissipa-
tion term R, are the primary causes of the vorticity gen-
eration and dissipation. The regions with their large
amplitudes are mainly distributed at the trailing edge of the
blades, particularly near the hub with span = 0.1. The
Coriolis force terms C, are distributed in the impeller flow
domain. In the guide vane section, the value of C, is zero
because C, is related to the system rotation, but the guide
vanes are static. The magnitude of the viscous term V,, is
smaller than that of G, and R,,.

Since the relative vortex generation term is the primary
cause of the vorticity growth, Fig. 10 further compares the
contours of the vortex generation term at different flow-rate
operation conditions. From Fig. 10a, it is seen that under the
low flow-rate operation condition Q = 0.7Qggp, the magni-
tude of the relative vortex generation term G, is larger in
both the impeller and guide vane sections than under the

optimal flow-rate operation condition Q = 1.0Qggp at all
spans. In the impeller section, large G, almost covers the

G [s7]

i\

\
N

\

)
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blade leading edge and the adjacent portion of its suction
surface. In the guide vane section, the large magnitude of G,
is concentrated at the leading edge of the blade near the
suction surface and extends downstream. Figure 10c shows
that under the large flow-rate operation condition Q =
1.30gpp, the large magnitude of G, is confined to the near-
hub region with span = 0.1 of the guide vane section. There
are two dominant regions with large magnitude of G, in the
guide vane section. As shown in the lower left figure, the
first region originates from the leading edge of the guide
vane, extends obliquely downstream, and attaches to the
suction side of the adjacent blade. The second region occurs
around the trailing edge of the blade, almost filling the entire
flow passage between two blades.

4. Conclusion

In the present study, numerical simulations of the steady

NN

span=0.9

Figure 10 Distribution of the relative vortex generation term at low Q = 0.7Qggp, optimal Q = 1.0Qggp, and large O = 1.3Q0ggp flow-rate operation conditions.

a Q=0.70ep. b O=1.00pg. ¢ Q= 1.30ggp.
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flow across an M-FWP under different flow-rate operation
conditions are performed. Using the entropy production
theory, the energy loss mechanism within the pump flow
passages is investigated. Analyses of the transport equation
of the enstrophy provide a deeper understanding of the
process of vorticity generation. The main findings of the
present study are summarized as follows.

(1) The energy loss estimation based on the entropy pro-
duction theory provides additional information compared to
the traditional differential pressure method, especially about
the location of the energy loss. From a performed com-
parative analysis of different entropy production parts, it
emerges that the turbulence dissipation contributes most to
the energy loss within the impeller and guide vane sections,
followed by wall dissipation, and direct dissipation. The
overall turbulence dissipation of the pump is mainly con-
tributed by the impeller and the guide vanes section, fol-
lowed by the outlet pipe. It is also found that the energy loss
depends strongly on the operation condition. The turbulence
dissipation is smallest under the optimal conditions, and
increases when the flow rate deviates from the optimal op-
eration condition.

(2) By comparing the correlation of velocity gradient,
vorticity, turbulence intensity and turbulence dissipation
with the entropy production in the flow field, it is found that
unstable flow phenomena such as flow separation and large-
scale vortices are highly correlated to the turbulence dis-
sipation. Under the low flow-rate operation condition, the
water flow hits the inlet pressure surface of the impeller
blade, resulting in a significant flow separation on the back
of the blade at all spans. Under the large flow-rate operation
condition, streamlines are distorted near the blade root of the
guide vane section. Significant flow separation and large-
scale vortices lead to large magnitude of TKE, leading to
strong turbulence dissipation in the corresponding regions.

(3) By analyzing the transport equation of enstrophy of
time-averaged vorticity, it is found that the relative vortex
generation term plays a leading role in the generation of
enstrophy within the pump’s flow passages, with its effect
mainly balanced by the Reynolds stresses dissipation term.
The Coriolis force term and viscous term make relatively
small contributions to the balance of the enstrophy. Under
the optimal flow-rate operation condition, the relative vortex
generation term is only active in the vicinity of the blades of
the impeller and guide vane. Under the small flow-rate
operation condition, large relative vortex generation term
almost covers the blade leading edge and the adjacent por-
tion of its suction surface at all spans. Under the large flow-
rate operation condition, the large amplitude of the relative
vortex generation term occupies the flow passage between
two blades near the hub of the guide vane section.
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