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ABSTRACT

BACKGROUND: For centrifugal pumps, especially those with low specific speed coefficients, the volumetric efficiency is a very
important parameter that largely determines the overall efficiency of the pump. Meanwhile, the amount of leakage in the flow
part of the pump depends on the shape and size of the slot seals on the impeller. In this paper, the attempt to apply the well-
known operational principle of a hydrodiode is made in order to reduce volumetric losses in the pump through a reduction
in the flow rate coefficient of the slot seal, whose surface is profiled according to the principles of a hydrodiode.

AIM: Analysis of the possibility of utilizing the hydrodiode-like grooves on the surface of a slot seal in order to reduce the flow
rate of liquid through the seal based on the computational fluid dynamics methods.

METHODS: The computational fluid dynamics method based on the solving of discrete analogs of the basic hydrodynamic
equations is used in this paper.

RESULTS: The parameters of liquid flow in the slot seals with smooth surfaces, concentric grooves, and proposed profiled
hydrodiodes in various sizes and shapes have been calculated. The flow rate coefficients for each type of seal have been
determined, and comparative graphs have been built.

CONCLUSION: Based on the findings of this study, it can be stated that, overall, the use of hydrodiodes does not give significant
advantages over the concentric groove with significantly increased complexity in manufacturing.
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AHHOTALMA

06ocHoBaHMe. [Ins LIEHTPOOEIKHBIX HACOCOB, 0COBEHHO C HMU3KMMM KO3(MLMEHTaMM DbICTPOXOAHOCTM, OYEHb BaMKHbIM
napaMeTpoM, B 3HauMTeNbHOW Mepe onpenensiowmm obwwmii KINJ, Hacoca, sensetca senmuuHa obbémHoro KM, B cBoto
oyepefib, Be/IMUMHA NepeTeyeK B MPOTOYHOM YaCTM Hacoca 3aBUCKT OT GOpMBI M pa3MepoB LLENEBbIX YMIOTHEHUI Ha pabouem
Konece. B naHHom paboTe caenaHa nomnbiTka NPUMEHUTb M3BECTHBINM NPUHLMN paboTbl rMAPOAMOAA ANS CHUXKEHNUS 06 BEMHBIX
noTepb B HACOCE 33 CYET YMeHbLUEHUSA K03 dMLMEHTa pacxofia LLeneBbIX YNO0THEHWN, MOBEPXHOCTb KOTOPbIX Cripodmimupo-
BaHa Mo NpUHLMNY rMapoamoa.

Lienb pabotbl — NOATBEPAMUTL MM ONPOBEPTHYTb Ha OCHOBE METOAOB FMAPOLMHAMUYECKOr0 MOAENMPOBaHWS BO3MOX-
HOCTb MCMO/b30BaHWA M’MAPOAMOAHBIX KAHABOK Ha MOBEPXHOCTY LLENEBOr0 YMIOTHEHUA AN CHUXEHMSA PacX0Aa MUOKOCTH
uepes Hero.

MeTogpl. B naHHoW paboTe NpUMeHseTC MeTof, YUCTIEHHOrO MOAENMPOBAHUSA, OCHOBAHHbIA Ha PELUEHUM OUCKPETHBIX aHa-
noroB 6a30BbIX YpaBHEHUIA MMAPOANHAMMKY.

PesynbTatbl. PaccuntaHbl napameTpbl TEHEHUS XMAKOCTU B LUENEBbIX YNIOTHEHUAX C FNALKOW NOBEPXHOCTBI), C KOHLIEH-
TPUYECKUMM KaHaBKaMW, a TaKKe C NpeasoXeHHbIMU NpoduAMpoBaHHbIMU KaHaBKaMuK B GpopMe rMapoaM0S0B C PasfnyHbI-
MU pa3Mepamm u hopMoii. OnpegeneHbl KO3QOULMEHTI pacxofa 1A BCEX TUNOB YMIOTHEHWM, MOCTPOEHbI CPABHUTENbHBIE
3aBMCMMOCTM.

3aksioyeHne. Ha ocHoBaHUM pe3ynbTaToB CTaTbW MOXKHO YTBEPXAATh, YTO B LENIOM NpUMEHeHUe TMAPOAMOAHBIX KaHABOK
He [aéT CyLIecTBEHHOT0 MPEUMYLLECTBA Haf KOHLEHTPUYECKUMM KaHaBKaMK MPM CYLLECTBEHHO DOMbLUENA CNOXKHOCTU MX
M3rOTOBJIEHUA.

KnioyeBble cnoBa: LEHTPODEXHBIM HACcOC; 4uCNeHHOe MopenupoBaHue; 06beMHbI KI; wwenesble ynnoTHeHus;
ruaponmon.
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INTRODUCTION

Modern methods of hydrodynamic modeling are usually
used to optimize the flow paths of centrifugal pumps to
increase their energy efficiency. However, an important
element of the flow path, which is not always given
due attention, is the slot seals of the impeller and their
geometry. In centrifugal pumps with low speed factors,
volumetric losses in the slot seals have a significant
impact on the overall efficiency and energy efficiency of
the pump.

One method for increasing the volumetric efficiency
of the pump is reducing the flow coefficient of the slot
seal by making additional elements on its surface, such
as concentric grooves, screw threads (Fig. 1), and some
other configurations of gaps.

It was suggested that profiled grooves could
be used whose shape follows the Tesla hydrodiode
shape, on the seal surface [1] (Fig. 2). For testing this
assumption, hydrodynamic modeling of various types of
grooves in the slot seal was performed, whose initial
geometry was taken from a real pump with known test
results.

DESCRIPTION OF THE MATHEMATICAL
MODEL

There are various methods for determining the flow rate

through a slot seal of a centrifugal pump, one of which is
the method described in [2] and [3], the essence of which
is as follows:
1. Calculating the pressure drop on the slot seal H _;
2. Calculating the Reynolds number Re in the slot;
3. Calculating the friction resistance coefficient

of the slot A ;

=N/

[e]
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4. Calculating the slot discharge coefficient p_;
5. Calculating the leakage through the slot O, .

The given method is semiempirical and is used
together with the method of successive approximations,
since a certain value of the slot discharge coefficient
u, is specified first, and then steps 2-5 are repeated
until the leakage value Q, at the new iteration differs
from the value from the previous one by no more
than 1%.

However, due to the complex nature of the flow
in the side cavities of the pump and the slot seal,
whose geometry varies greatly depending on the
pump, the technique described does not always provide
results with acceptable accuracy. In this regard, a more
advanced method based on computational fluid dynamics
is required, which can be used not only to calculate
the leakage value more accurately but also to analyze
the flow nature.

MATHEMATICAL
APPARATUS APPLIED

Hydrodynamic modeling is based on solving discrete
analogs of the basic equations of hydrodynamics [3],
[6]. In the case of noncompressible fluid, the Navier-
Stokes equation is applied, which in vector form has
the following form:

P S
E+(V~V)v:—EVp+f+vAv, M

where v is the velocity vector; p is the pressure; f
is the vector of mass forces; ¢ is time; p is the fluid
density; v is the kinematic viscosity of the fluid; A is
the Hamilton operator; and V is the Laplace operator.

it

Fig. 1. The shape of the slot seal without additional elements (a), with concentric grooves (b

) and with screw thread (c

Puc. 1. ®opMa LueneBoro ynnoTHeHUs 6e3 AOMONHUTENbHBIX 3EMEHTOB (@), C KOHLEHTPUYECKUMIU KaHaBKaMmm (b) v ¢ BVIHTOBOVI Hapeskoi (c).

Fig. 2. The Tesla Hydrodiode.
Puc. 2. [uppoaumog, Tecna.
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The continuity equation can be expressed as follows:
V=0, )

Reynolds averaging is performed to obtain discrete
analogs of these equations [6]. As a result equations (1)
and (2) take the following form (all equations are written
using Einstein's method):

1. Navier-Stokes equations (Reynolds averaged):

p %+Ui% __op i(];(,v)—p<uiw>),
ot o, o, o,V ’
3)

where u, is the instantaneous value of the projection
of the vector velocity v onto the i th axis (i =1,2,3); U,
is the averaged value of the velocity ; over the averaging
period 7; P is the averaged value of pressure;
Ti](”) =2us, is the viscous stress tensor for an

1{oU, 0U,;
incompressible fluid; S, =—[—’+ ’J is the strain
ox; Ox

2

rate tensor; and p <u,u; > are Reynolds stresses.
2. Continuity equation can be expressed as follows:

U, _
o,

J

0. (4)

Reynolds averaging the Navier—Stokes equation makes
the system of equations “unclosed,” since in addition
to the four unknowns (u,, i=1,2,3 and p) another six
unknowns are added in the form of Reynolds stresses
p<uu;>.As aresult, a system of four equations with
10 unknowns can be obtained. Therefore, to close this
system of equations, additional equations of turbulence
models are introduced.

To solve the problem in this paper, a semiempirical
model, namely, the shear stress transport (SST) turbulence
model & — [9], was used, which introduces additional
equations.

1. The turbulence kinetic energy transfer can be
expressed in the following equation:

a—k+Ul.a—k=Pk —Bk(o+i (V+Gkv6)a—k .
ot ox; ox; ox;

J J J
()

2. The relative dissipation rate of this energy can be
expressed as follows:

a—COJrUia—wzocSz—Bconri (v+cmvT)a—(D -
ot Ox, Ox, ox;
+2(1_E)Gw2 l@_ka_(o
® Ox; Ox;

(6)
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where & is the kinetic energy of turbulence; £, is the sum
of the terms of turbulence energy generation taking into
account the nonlinearity; o,fB,y are the closure
coefficients; o is the relative dissipation rate; v is
the kinematic viscosity; o,,5, are the semiempirical
model coefficients of the SST turbulence model £ —®; v,
is the turbulent viscosity specified using the SST turbulence

model 4 —o (VT =li; F, is the sum of the terms
®

of generation of specific dissipation and cross-diffusion.
As a result, this study obtained a closed system
of equations.

METHODS OF MODELING
THE FLOW IN THE CLEARANCE
OF A SLOT SEAL

Considering the complex geometry of the flow part
of the pump, hydrodynamic modeling was first performed
in a full formulation. The slot seal in this case was
a conventional annular slot (Fig. 3).

Then, the computational mesh has the form presented
in Fig. 3, where it is evident that the slot seal is represented
by a prismatic directed mesh comprising four layers.
This calculation was performed for the pump feed rates
of 5, 20, 45, 70, 90, 110, 130, 150, 170, 190, and 210 m*/h.
The computational mesh consisted of 4.2 million cells.
The boundary conditions for this calculation setting were
the outlet pressure, which was set at the pump inlet, and
the mass flow rate at the inlet, which was set at the pump
outlet nozzle.

At the same time, due to the large number of calculation
points and a rather fine mesh, the calculation took
a long time (3.5 days) on a powerful computer (16 cores
or 32 threads). In this regard, a simplified model was
compiled, including only one slot seal, which, due to its
symmetrical geometry, can be represented as a sector
(Fig. 4). The essence of this method is that the values
between the interfaces (indicated by the red and green
dotted lines) are cyclically transmitted, resulting
in an axisymmetric solution.

The sector was chosen equal to 45°. This reduces
the number of calculation cells but also constructs a mesh
in the slot itself with higher quality (Fig. 5).

The comparative results of the leakage value for this
approach are presented in Fig. 6. The calculation
dependencies are presented in the form M:f(é),

0

where u is the slot flow coefficient, O =—— is
the dimensionless flow rate, O is the pump flow rate,
and Q, . is the nominal pump flow rate.

As can be seen, it follows from the given error values
that it does not exceed 5%, with the exception of two
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Fig. 3. The mesh for the calculation in full setup.
Puc. 3. CeTka npu pacuéTe B NONHO NOCTaHOBKe.

points located to the left of the point corresponding
to a relative flow rate of 0.2. This discrepancy
in the extreme right points of the energy characteristic
is caused by the complex vortex-like nature of the flow,
which complicates the calculation while using simplified
methods. However, given that the pump is rarely
operated at this point of the characteristic, the proposed
simplified method can be considered for calculating
the flow in the slot of the slot seal, since in the rest
of the feed range, the error remains within acceptable
values for hydrodynamic calculations.

DESCRIPTION
OF THE STUDIED GEOMETRY

To study the hydrodiode geometry, its 3D model
was constructed, while the liquid model is presented
in Fig. 7. The geometry is similar to that described
in [10]. The grooves were annular (Fig. 8) and formed
using two straight lines and a circle to which they are
tangent (Fig. 9). For evaluating such geometry, a typical
geometry of a slot seal with annular grooves (Fig. 10) was
chosen for comparison. In addition, taking into account
the influence of the hydrodiode groove size, an enlarged
version was created, and the dimensions of its geometry
are presented in Fig. 11.

This geometry, in addition to the changed dimensions,
also differs in the presence of a rounding at the entrance
to the annular groove, which was designed to prevent
the separation of the boundary layer. The combination

Tom 18, N2 3, 2024
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Fig. 4. The calculation method using the sector.
Puc. 4. Cnocob pacuéTta c ucnonb3oBaHUeM CeKkTopa.

Fig. 5. The mesh for the calculation of the sector.
Puc. 5. CeTka npu pacuéTe cekropa.

T
-
(=2

Relative error, %

T T T T T T T T
000 025 050 075 100 125 150 175 200 225

Q ,Relative feed

0,20

A — the coefficient of consumption in the calculation of the sector
e — the flow rate at full calculation
m — relative error

Fig. 6. Comparison of flow rate coefficients for the full calculation
and the sector calculation.

Puc. 6. CpaBHeHue KoadduLmMeHTOB pacxoaa Ans NoJHOMO pacyéTa
U pacyéTa ceKTopa.

Fixed wall

Movable wall

Fig. 7. A liquid model of a slot seal in the shape of a hydrodiode.

Puc. 7. Mofienb MAKOCTY LLIENEBOro YNOTHeHNA B hopMe rMapoamoaa.
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of the moving and fixed walls is the same as
in the geometry in Fig. 7. The influence of the location
of the grooves on the stator or rotor was studied using
the geometry presented in Fig. 12. The groove dimensions
in the study are the same as that in the case in Fig. 11.
Using a sector as calculation geometry significantly
improved the mesh quality. For the geometries presented
in Figs. 7 and 10-12, the corresponding calculation mesh
is presented in Figs. 13-16, respectively. The RANS

Fig. 8. The geometry of the grooves. turbulence model SST k- [7], [8], [9] was used
Puc. 8. [eoMeTpua KaHaBoK. for the calculations.
D050
1,50
0,50
”"/‘—_
I//-’.‘ -
P, ! \
/// & T
| L J

Fig. 9. The sizes of the grooves of hydrodiode.
Puc. 9. Pa3Mephbl KaHaBOK rMapoamosa.

Fig. 10. The liquid model of the slot seal with annular grooves.
Puc. 10. Mopienb JMAKOCTH LLENeBOro YMOTHEHUS C KObLIEBBIMM KaHaBKaMM.

Fig. 11. The hydrodiode with increased groove sizes.
Puc. 11. Tugpoauon ¢ yBenu4yeHHbIMU pasMepaMm KaHaBOK.

DOl https://doiorg/1017816/2074-0530-630123
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RESULTS

The simulation results (i.e., vector fields of velocity
distribution) are presented in Figs. 17-20. The velocity
fields are constructed for the axial velocity component v, .
The calculation results are presented in Table 1, where
Q is the pump flow; O, odiose 1S the leakage at
the seal in the form of a hydrodiode (Fig. 7); O, i 1S
the leakage at the seal in the form of a typical groove
(Fig. 10); Opurodiode oot 1 the leakage at the seal
in the form of an enlarged hydrodiode (Fig. 11).
Ohdrodiode boost_reverse 19 the leakage at the seal located
on the rotor (Fig. 12). All flow values are given in m%/h.
The nominal flow rate for the pump is 110 m*/h, for which
the velocity fields are presented in Figs. 17-20. The results
obtained from Table 1 are summarized in one graph
presented in Fig. 21. The gap in the slit was 6=0,2 mm,
and the diameter of the slit was D, =184,6 mm.

Tom 18, N2 3, 2024
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The analytically calculated Reynolds numbers Re
at the slot inlet varied in the range from 14,800 to 14,100
with a flow rate of 5 m%/h to 210 m¥/h, respectively.

CONCLUSION

1. According to the simulation, grooves on slot seals
made in a shape similar to hydrodiodes do not
significantly increase the volumetric efficiency
of the pump, which, given the increased complexity
of their execution and lower resistance to abrasive
erosion, makes the idea insufficiently effective. This is
due to the absence of a central body in the hydrodiode,
which is impossible to make in a concentric groove,
as well as the small dimensions of the groove, making
it comparable in height to the thickness of the boundary
layer in the slot, which, in turn, limits the possibilities

Fig. 12. The hydrodiode located on the rotor.
Puc. 12. [npopoavop, pacnonoxeHHsIN Ha poTope.

Fig. 13. The mesh of the hydrodiode.
Puc. 13. PacuétHas ceTka B ruapoamoge.

Fig. 14. The mesh of the standard groove.
Puc. 14. PacuéTtHas ceTKa B CTaH[apTHOM KaHaBKe.

DOl https://doiorg/1017816/2074-0530-630123

Fig. 15. The mesh of the enlarged hydrodiode.
Puc. 15. PacuétHas ceTka B yBENIMYEHHOM MMAPOAMOLE.

N T e o
s
8% 2

2
RHEH
S
\Q‘}

Fig. 16. The mesh of the hydrodiode on the rotor.
Puc. 16. PacuéTtHan ceTKa B rmapoauoe Ha potope.
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Table 1. The results of calculations
Tabnuua 1. PesynbTatbl pacyéTos

Vol 18 (3) 2024
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o Ohyarodiode OQstandart Ohyarodiode_boost Ohydrodiode_boost_reverse
5 6,295 6,488 7215 7,337
20 6,258 6,45 7175 7293
45 6,19 6,381 7101 1214
70 6,115 6,305 7017 7127
90 6,05 6,238 6,947 7,052
110 5,981 6,168 6,872 6,971
130 5,907 6,092 6,789 6,884
150 5,828 6,012 6,702 6,792
170 5,743 5,925 6,614 6,693
190 5,655 5,834 6,514 6,589
210 5,56 5,737 6,41 6,477
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FFF FRFFFFFifdidiidiiiididdiiiiiss.

v_z (mls)
0.00011 1.98 3.96 5.94 7.9 9.9 11.9 13.9 15.8 17.8

Fig. 17. Vector velocity field of the hydrodiode (change of velocity
from 0 m/s to 18,8 m/s).

Puc. 17. BekTtopHoe none ckopocteit B rugpoauoae (M3MeHeHue
ckopocty ot 0 M/c oo 17,8 M/c).

»
Cxaaddd 4]

5
v e i1

FET 1 I I I IIIIIEE

v z (m/s)
.'72 0.00103 2.38 476 715 953 119 143 167 191 21.4

Fig. 19. Vector velocity field of the enlarged hydrodiode (change
of velocity from 0 m/s to 21,4 m/s).

Puc. 19. BektopHoe none cKopocTeii B YBENIMYEHHOM MMAPOAMOLE
(n3ameHenme ckopocty ot 0 M/c po 21,4 m/c).

X v_z (mis)
L2 0.00179 2.02 4.04 6.06 808 101 121 141 162 182

Fig. 18. Vector velocity field in a standard groove (change
of velocity from 0 m/s to 18,2 m/s).

Puc. 18. BekTopHoe mone cKopocTed B CTaHAAPTHOM KaHaBKe
(n3meHenme ckopoctu ot 0 M/c o 18,2 M/c).

DOl https://doiorg/1017816/2074-0530-630123

¥ v_z (mis)

: iy 0.000318 2.46 492 738 9.84 123 1438

Fig. 20. Vector velocity field of the hydrodiode on a rotor (change
of velocity from 0 m/s to 22,1 m/s).

Puc. 20. BekTtopHoe nosie CKOpPOCTeN B rMAPOLMOLE HAa poTope
(nameHenme ckopocty ot 0 M/c o 22,1 m/c).




[VIOPABIIMHECKVIE
NTTHEBMATVHECKVIE CYICTEMBI

T T T T
050 075 100 125 150 1,75 200 225
Q, Relative feed

m — the flow coefficient in the annular slot

e — the flow coefficient in the hydrodiode

A — the flow coefficient in the enlarged hydrodiode

V — the flow coefficient in the enlarged hydrodiode
on the rotor

Fig. 21. Comparison of different slot seal options.
Puc. 21. CpaBHeHMe pasinyHbIX BApMaHTOB LLENEBOMO YNOTHEHMS.

for creating the necessary vortex structure opposite to
the main flow in the groove.

2. Hydrodiode-shaped grooves can be used in slot
seals of larger pumps, where the large dimensions
of the grooves relative to the thickness of the boundary
layer, to increase their efficiency.
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