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Abstract. The paper is devoted to the analysis of the cavitation processes in the flow section of the low specific
speed centrifugal pump. A new conception of double-entry hermetic pump leads to the application of special shaped
inlet device, which is a part of an electrical motor rotating element. Four flow geometrical models of the axial inlet
device were taken into consideration. The first model, treated as referential and basic, has a cylindrical shape with
small diffuser and a cone in front on the impeller. Other three models consist of the motionless cone, which was part
of the housing, straight pipe, and diffuser section rotating analogously to the impeller and a spherical fairing. The re-
search was conducted using physical experiments and numerical simulations of the workflow in the ANSYS CFX
software environment. The analysis of the results shows that the pump with the basic model of the inlet device has
NPSH 3 % above the average values. The comparison between CFD and experiment of the cavitation curves shape
showed its similarity but determined by means of the physical experiment have higher values. Cavitation in the im-
peller starts earlier than in the axial inlet device. The zones of the cavitation in the axial inlet device are located after
the cone, at the beginning of the diffuser section and near the fairing at the outlet of the diffuser section. The cavita-
tion zone, which is located after the cone, is separated from the walls of the axial inlet device. The value of the NPSH
3 % increases, when the diameter of the axial inlet device decreases, as the result of the raise of head loses in the inlet
structure.

Keywords: inlet chamber, inlet nozzle, intake section, suction casing, cone, diffuser, CFD, NPSH, cavitation

performance.

1 Introduction

Cavitation is a negative phenomenon that can occur in
a pump. Its appearance in the preliminary phase leads to
the increasing of the pulsation of a pressure, as well as
the raise of the vibration and noise. Further development
of the cavitation reduces the head and the efficiency of
the pump. A consequence of the long cavitation process,
the destruction of the impeller material could be ob-
served. Therefore, scientists and engineers are devoting a
lot of attention to the study and understanding of the cavi-
tation phenomenon and ways to reduce the likelihood of
its occurrence in rotating machinery.

As it is known, the greatest influence on the appear-
ance of cavitation has the pressure at the impeller inlet
and the temperature of the water. Moreover, the structure
of the flow at the impeller inlet has also significant im-
pact on the cavitation performances of the pump. It is

determined by the shape and geometrical parameters of
the inlet device, the inlet part of the impeller, the leading
edges of the blades, the design of an inducer (if it is) and,
of course, of the rotating speed.

2 Literature Review

The most popular method for eliminating cavitation in
the impeller is the addition of the inducer [1]. However,
in this case, cavitation may occur on the inducer blades.
To weaken the cavitation processes Jiang et. al [2] pro-
posed additional flow jets in front of the inducer. Tkach
[3] demonstrated the benefits of using a stator sleeve with
ribs around the inducer to reduce the cavitation erosion.

Si et. al [4] presented a method for improving the cavi-
tation performances of the centrifugal pump by introduc-
ing a jet flow into the pump inlet device. However, the
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cavitation performances of the pump deteriorated with the
increase of the flow rate.

Tan et. al [5, 6] discovered, that the cavitation perfor-
mances deteriorate when the pump is regulated by
prewhirl of the flow by inlet guide vanes in front of the
impeller. At the same time, there was a slight increase in
pressure and efficiency. Skerlavaj et. al [7] discovered a
decrease in the cavitation area on the suction side of the
blades when the fluid is swirled in the symmetric inlet
casing. However, Nagahara et. al [8] discovered that a
large swirling of the flow in the inlet device of the verti-
cal pump led to the formation of a cavitation vortex.

According to the results of the experiment conducted
by Sikora et. al [9] the process of the appearance of the
cavitation bubbles in a direct inlet pipe was accompanied
by a decrease in volume flow. Cucha et. al [10] presented
a comparison of the results of a numerical and an experi-
mental study of cavitation in the nozzle. The cavitation
zone occurs immediately after a sudden entry into the
nozzle and is stretched under the walls.

Hergt et. al [11] found that the diffuser before the im-
peller reduces the length of the recirculation zone and
reduces the risk of the cavitation. In turn, Gulich [12]
noted the efficiency of using the diaphragm to reduce the
cavitation. Limbach [13] analyzed the pump with the
diffuser but did not describe its effect on the cavitation
phenomena and performances. Moloshnyi et. al [14] ana-
lyzed the cavitation processes in a pump with the similar
shape of inlet device and found the cavitation zone in the
diffuser. Using the sudden expansion at the outlet of the
diffuser decreases their area.

The literature review shows that the influence of the
change in the cross-sectional area of the inlet device and
the rotation of its walls on cavitation processes in the
pump are not sufficiently described.

To determine the influence of the diameter of the pas-
sage channel in the axial inlet device (AID) with rotating
walls on the cavitation performances of the pump and the
structure of the cavitation zones in the AID and impeller.

3 Research Methodology

3.1 Object of a study

The object of the study is a low specific speed close
coupled centrifugal pump, which corresponds to half of
double entry pump. Nominal flow rate Q,,, = 16 m’/h,
head H =10 m, rotational speed n = 1450 rpm, specific
speed n, = n-Q"*/H"” =17.5 rpm. Impeller eye diameter
Dy = 63 mm, impeller outer diameter D, = 192 mm, the
number of impeller blades z = 7.

Four structures of the AID were dedicated for consid-
eration and research. The construction of AID 0 was a
cylindrical shape with a slight diffuser and a cone in front
of the impeller (Fig. 1). The AIDs 1,2,3 were designed as
an inlet device of the double entry pump. The fluid flows
into the cavity of the pump shaft, which additionally is a
part of the inlet device. The AIDs 1, 2, and 3 have a mo-
tionless cone at the inlet which is part of the housing,

straight and diffuser sections, which are rotating with the
rotational speed of the pump shaft, and also a spherical
fairing. The diameter of the cylindrical section (d) for
AlIDs 1, 2, 3 was respectively 44 mm, 40 mm, and
36 mm. The diameter of the inlet pipe (D,,) was 65 mm.
The total length of all AID (L) was 260 mm and the rotat-
ing AIDs section length (/,,,) was 207 mm. The length of
the cone (/.,) and the diffuser section of the AIDs ()
was 33 mm and 51 mm, respectively. The inner diameter
of the outlet from the AIDs (d,,) was 20 mm. Overall
dimensions of analyzed AIDs were limited by the dimen-
sions of the pump housing. The maximum diffuser angle
(9) for organizing the uniform flow out of the diffuser
was calculated by the formula given in [12]:

9=16,5[d/(214)]"° =16.5-[44/(2-51)]"° =10.8°.

Diffuser angle of the AID 1 was assumed as 10.5°,
which is permissible, but for other investigated AIDs, it
exceeded this value.
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Figure 1 — Scheme of the AID models

3.2 Physical experiment

The physical experiment, to determine the cavitation
performances of the pump with different AID structures,
was conducted on a special prepared test rig (Fig. 2).
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Figure 2 — Principal scheme of the experimental stand:

1 —researched pump; 2 — housing of the AID; 3 — electric
motor; 4 — frequency converter with integrated powermeter;
5 —tank; 6, 7 — valves; 8 — electromagnetic flowmeter;

9 — vacuum pump; 10 — thermometer; 11 — pressure gauge;
12 — electronic pressure-and-vacuum gauge; 13 — electronic
differential pressure gauge; 14 — mounting frame of the stand

Analysed pump reproduces half of the flow part of the
double entry pump (Fig. 3 a). The AID, the impeller and
the spiral with guide vanes of the researched pump were
made from plastic using 3D-printing method (Fig. 3 b).
As the material for printing PETG (Polyethylene Tereph-
thalate Glycol) was used. The test was conducted accord-
ing to ISO 9906:2012(E) Rotodynamic pumps — Hydrau-
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lic performance acceptance tests. Accuracy classes of
applied measuring devices were: the electronic pressure
and vacuum gauge and electronic differential pressure
gauge — 0.5, powermeter — 0.5 and electromagnetic
flowmeter — 0.5. The pumping fluid during the test was
pure water at temperature 25 °C. The physical experiment
was carried out for the AIDs 0, 1, and 2. During the test,
the decrease of the pressure at the inlet was made by
means of the vacuum pump.

3.3 Numerical simulation

The model of a fluid computational domain of the re-
searched pump was constructed at the beginning
(Fig. 3 a). It contains the suction and discharge pipes, the
AID, the impeller and the spiral with guide vanes. Sim-
plification of the flow domain was made by assuming
that there are no sinuses in the pump, to reduce the com-
plexity of the grid and increase the speed of the calcula-
tion. According to comparative calculations, such as-
sumptions influenced no the results of the final calcula-
tion within 1 %. Numerical simulation of the flow were
carried out for 4 models of the AID.

Figure 3 — Investigated model: a — solid model of flow parts
of the pump: 1 — axial inlet device (AID); 2 — impeller;
3 — the spiral with guide vanes; 4 — suction pipe; 5 — discharge
pipe; b — the plastic rotating part of the AID 2; ¢ — the mesh
of the diffuser section with fairing of the AID 2

The numerical simulation of fluid flow in the compo-
nents of the pump was conducted using the ANSYS CFX
software. The Rayleigh—Plesset equation, the standard k—
¢ turbulence model and the Reynolds equation was used.
Boundary conditions were: the total pressure at the pump
inlet and the mass flow rate at the pump outlet. Working
fluids were water and water—vapor at temperature 25 °C.
The saturated steam pressure was set as 3167 Pa. The
surface roughness of the printed elements was assumes as
25 pm. The numerical calculation was carried out at (0.7,
1.0, 1.3)- Qpom-

An unstructured mesh was generated using software
ICEM-CFD (Fig. 3 c). Elements size was selected via
mesh independence research. Layers of prismatic ele-
ments were created near solid walls in the boundary lay-
er. The total number of nodes of the pump model was
3.3 min. The inlet device, the impeller and the spiral con-
tain 0.5 mln, 1 mln and 1.25 mln nodes, respectively.

4 Results and Discussion

The cavitation performances of the pump for (0.7, 1.0,
1.3)- Q..o are determined (Fig. 4). The value of the Net
Positive Suction Head (NPSH) is determined by the drop
of the head value by 3 % (NPSH 3 %). The basic AID has
the lowest cavitation performances. According to the
results of the numerical experiment NPSH 3 % is 0.3 m at
Qom- The maximum NPSH3% was achieved for the
AID 3 — 1.2 m at Q,,,,. The value of the NPSH 3 % in-
creases, when the diameter of the AID decreases. This is
caused by an increase of the losses in the AID and the
change in the structure of flow at the impeller eye.

A sharp drop of the pump head in course of the raise of
the intensification of the cavitation phenomena is charac-
teristic of the pumps with a low value of the specific
speed. The smallest area of the passage channel relative
to other places of the impeller is located between leading
edges of neighboring blades. In the process of the devel-
oping cavitation, the vapor quickly occupies the passage
between blades and leads to a breakdown of the working
process of the pump. The increase of the flow rate leads
to the raise of NPSH 3 %, which is typical for the low
specific speed pumps.

The value of the NPSH 3 % received during the physi-
cal experiment has higher values that the values obtained
by the numerical simulation. NPSH 3 % for AIDs 0, 1, 2
at Q,,m» were 0.7 m, 0.95 m, and 1.4 m. However, the
shape of curves constructed using the results of a physical
experiment and a numerical simulation are similar. Some
deviations between the quantity character in obtained
results (numerical simulation and experimental test) are
widespread in [5, 13]. Possible causes are different
roughness of the walls in the numerical model and the
real elements, due to features of printing technology. The
surface has a micro groove in the plane perpendicular to
the rotation axis, which is not taken into account in the
numerical model. Additional, the numerical model was
the simplification of the real pump and the volumetric
losses was not simulated, which can be bigger than nor-
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mal in case of non—symmetrical clearance in the seals.
That is why the results can be considered as accepted.

An important criterion for evaluating the occurrence of
cavitation in the pumps with geometrically non-similar
inlet device is the suction specific speed n,,. It is defined

as [12]:
\’ Qnom/fq

=n—r

n ’
* NPSH'"*

where f; is the number of the impeller eyes per impel-
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Figure 4 — Comparison of the cavitation performances curves:
a — head—drop curves at Q,,; b —NPSH 3 % curves
at (0.7; 1.0; 1.3)- Qpom

The calculated value of the suction specific speed at
Q,om for AIDs 0,1,2,3 is respectively 231, 160, 118, and
85. Typical values for centrifugal pumps with a standard
impeller and an axial or semi—spiral inlet device are in the
range of 160-220 [12]. That is, the AID 0 has better per-
formance than standard pumps, AID 1 has a permissible
value and AIDs 2, 3 have understated. However, it should
be noted that the baseline for comparison is taken for
pumps with a higher specific speed than the considered
pump.

The AID 2 has a good head, energy, cavitation per-
formances and also has the most optimal dimensions in
terms of design features. More could be found in [15].
For further analysis, the AID 2 was adopted.

The first occurrence of the cavitation was observed in
the impeller at the suction side of the blades (near the

leading edge) (Fig. 5 a). It is caused due to the flowing
around the blades and the deviation of the direction of the
flow. That means, the blade angle is too large and real
Q.om at bigger value is approximately 17 m’/h. This is
confirmed by Limbach [13]. These zones are larger in the
AID 0 than in the AID 2 for NPSH = 3.76 m at Q,,,.
However, their size does not affect the change in the
pump head.

C

Figure 5 — The cavitation structure in the impeller at Q,,,,,:
a—AID 2 NPSH=1.71 m; b— AID O NPSH 3 % =0.31 m;
c¢—AID2NPSH3 % =0.77m
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The size of the cavitation zones and the content of wa-
ter vapor increase, with the decreasing of the NPSH val-
ue. There is the uniform “growth” of the cavitation zone
on the blades surface for the AID O (Fig. 5 b). There is a
significant zone of the cavitation on the suction side of
the blades, which occupies and overlaps about 2/3 area of
the passage between leading edges of neighboring blades
at the NPSH 3 % for the AID 0.

Vapour.Volume Fraction

Vapour.Volume Fraction

a | b

c d

Figure 6 — The vapour volume fraction distribution in the impel-
ler cross section at a distance of 3/4 width of the blade from the
front shroud at the leading edges at Q,,,,:
a—AIDONPSH3 % =0.31m;b—AID 1 NPSH3 % =0.51 m;
¢c—AID2NPSH3 % =0.77Tm;d—-AID3NPSH3 % =1.19 m

Figure 7 — The pressure distribution in the impeller cross
section at a distance of 3/4 width of the blade from the front
shroud at the leading edges at Q,,,,, for the AID 2: a —0.7-Quom
NPSH3 % =0.38m; b— Q,,, NPSH 3 % = 0.77 m;
c—13:0,,, NPSH3 % =131 m

In the cases, for AIDs 1, 2, 3, there are larger cavita-
tion zones in the impeller eye at the NPSH 3 % than in
the AID 0, which differs significantly in shape. They are
located near the suction side of the blades and close to the
front shroud (Fig. 5 ¢). Mentioned zones overlap 1/2 area
of the passage between leading edges of neighboring
blades. This was caused by the union of the cavitation
zone of the diffuser with the cavitation zone in the impel-
ler and the change in the direction of the absolute velocity
at the impeller inlet. The reduction of the diameter of the
AID causes the displacement of the cavitation zone in the
impeller to the front shroud.

The vapour distribution in the impeller cross section at
a distance of 3/4 width of the blade from the front shroud
at the leading edges demonstrates a decrease in the cavi-
tation zone (Fig. 6), but really the cavitation zone just
shifts to the front shroud. This confirms the above pre-
sented conclusions regarding the change in the cavitation
zone (Fig. 5b, c).

The distribution of the absolute pressure in the impel-
ler at (0.7, 1.0, 1.3)- O, is qualitatively similar (Fig. 7).
However, larger areas of low pressure at the suction side
of the blades near the leading edges are observed for a
smaller value of the flow rate. This causes an increase in
cavitation zones.
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Figure 8 — The vapour volume fraction distribution in a longitu-
dinal section of the AID at Q,,,,,.:
a—AIDONPSH3 % =031 m;b—AID 1 NPSH 3 % =0.51 m;
c—AID2NPSH3 % =0.77m;d— AID3 NPSH3 % =1.19m
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Cavitation in the AID 0 does not occur under the con-
sidered conditions (Fig. 8). There is an increase in the
area of the cavitation zones in the diffuser section of the
AID, when the diameter is reduced and the diffuser angle
is simultaneously increased, which is a consequence of
the strengthening of the detachment process. It should be
noted, that cavitation in the impeller begins earlier than in
the AID. At the same time, the value of the required
NPSH (NPSHR = 1.3-NPSH 3 %) coincides with the first
occurrence of cavitation in the AID and rather large cavi-
tation zones in the impeller. That is, first of all, the de-
struction of the material through cavitation will be in the
impeller. It should be noted, that there are significantly
smaller zones of cavitation in the diffuser of the AID 3
compared_AIDs 0, 1, 2, but there is an essential decrease
in pressure.

Places of appears and structure of the cavitation zones
are illustrated by the example of the AID 2 (Fig. 9). Cavi-
tation almost simultaneously appears in two zones
(Fig. 9 a). The first zone is after cone at the beginning of
the straight section. The second zone is at the beginning
of the diffuser section of the AID. The cavitation zones
are similar in the AIDs 1, 2, and 3. These zones are rapid-
ly increasing by area with decreasing NPSH value
(Fig. 9b). In addition, cavitation appears in the third
zone, located near the fairing at the outlet of the diffuser
section. The cavitation zone increases and overlaps big-
ger area at the impeller eye, which leads to the decrease
of the flow diameter of the AID.

Vapour.Volume Fraction
a

o® o N4

Vapour.Volume Fraction

b

Figure 9 — The cavitation structure in the AID 2 at Q.
a—NPSH=0.79 m;b—NPSH3 % =0.77m

In general, Cucha et.al [10] described a similar process
of cavitation occurrence like in the first zone. However,
rotation of the walls causes its “blurring” and stretching
of the vapor along the AID (Fig. 8, 9, 10), which is likely
caused by the presence of a circular component of abso-
lute velocity near the inner surface of the AID. “Blurring”
is more prominent, with a larger diameter and, respective-
ly, a larger circular component of the absolute velocity.
Its intensity decreases, when decreasing the flow rate,
which could be explained by the reduction in the axial
component of the absolute velocity. This phenomenon is
described in more detail at the publication [14].

The decrease of the flow rate causes the increase in the
area of the cavitation zones in the AIDs 1,2,3 due to the
increase of the absolute pressure in the outlet of diffuser
and vice versa (Fig. 10).

Vapour.Volume Fraction

Vapour.Volume Fraction

b

Figure 10 — The vapour volume fraction distribution
in a longitudinal section of the AID 2:
a—0.7-Q,pm NPSH 3 % =0.38 m;
b—-1.3-Qupm NPSH3 % =131 m

The pictures of the absolute pressure distribution in the
AlIDs show the zones of the reduced pressure (Fig. 11),
which correspond to the zones of the cavitation emer-
gence. The first zone is after cone, the second zone is at
the beginning of diffuser section, the third one is located
near the fairing at the outlet of the diffuser section. These
are the zones of the velocity increasing (due to the change
in the cross—sectional area of the passage channel) and
changes of the fluid flow direction. There is no zone with
pressure below saturated vapor pressure in the AID 0.
The absolute pressure distribution is similar for the
AlIDs 1, 2, and 3.
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Figure 11 — The pressure distribution in a longitudinal section
of AID at Q,,,,,: a— AID O NPSH 3 % = 0.31 m;
b—AID 2 NPSH 3 % =0.77T m
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A possible way of eliminating the first and the second
zones of absolute pressure reduction is to use a curviline-
ar wall profile of the cone and diffuser. They have to
ensure a smooth change in the diameter of the passage
channel and, as a consequence, smooth flow around the
walls. To remove the third zone, it is necessary to change
the shape of the fairing, giving it a more conical shape.

5 Conclusion

The analysis of the presented results of the numerical
simulations of the working process in the centrifugal
pump and the physical experiments under the condition
of alteration of the geometric parameters (diameter and,
respectively, the angles of the cone and the diffuser) of
the AID with rotating walls make it possible to do the
following conclusions.

The curves of the cavitation characteristics of the ana-
lyzed pump have a similar shape, but determined by
means of the experiment have higher values compare to
CFD. This can be explained by different roughness (and
it structure) of walls in numerical model and experi-
mental and disregard volume losses.

The best cavitation performance has the pump with the
basic AID. According to the results of the numerical ex-
periment its equals NPSH 3 % = 0.3 m at Q,,,,- The value
of the NPSH 3 % increases with decreasing diameter of
the AID and proportional to the change of the flow rate.
The maximum value of the NPSH 3 % is 1.2 m for AID 3
at Qnom'

The calculated values of the suction specific speed at
Q,om for AID 0, 1, 2, and 3 are respectively 231, 160, 118,
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BnumB niaBiiHOro 06epTOBOr0 0CHOBOr0 MPUCTPOIO
Ha KaBiTauiiiHi NpouecH y BiAleHTPOBOMY Hacoci
Momnomuuii O. M.l, yne1 H.z, Corruk M. I.!

' Cymchknit nepxaBHuil yHiBepCHTET, By PuMcbkoro-Kopcukosa, 2, 40007, m. Cymu, Yipaina;
2 BpoIiaBchKHii yHIBEpPCHTET HAYKH 1 TexHikH, By1I. Beper Bummsuckero, 27, 50-370, M. Bpowras, [Tomsma

AHoTauisi. Po6oTa npucssiueHa aHanmizy KaBiTalllHHUX MPOLECIB y MPOTOYHIM YacTHHI BiALEHTPOBOTO HAacoca.
HoBa koHIenis JBONOTIYHOTO TEPMETHYHOTO HAacoca MOTpedye 3aCTOCYBaHHS CIELiaIbHOTO MiBIAHOTO MPUCTPOIO,
IO BXOJWTH JO CKJIaay OOEpTArouMx eNeMEeHTIB eNeKTpoABUryHa. I[IpoaHamizoBaHO YOTHPH MOZENI OCHOBOTO
migBiqHOTO TpHCTporo. [lepria € 6a30BO i Mae IIIIHAPUYHY GOPMY 3 HE3HAYHOKO TU(PY30PHICTIO Ta KOHYCOM
nepe; poOOYNM KoyiecoM. IHII TpU MalOTh HEPYXOMUIT KOHYC, SIKUH € YaCTHHOIO KOPITYCY, a TaKOX MPSIMONIHIHHY 1
Iu(y30pHY OUITHKH, IO 00EePTAIOThCA 3 YaCTOTOK OOEpTaHHS Baja HAcoca, a TAKOXK OOTIYHHK ChepuuHOi (GOpPMH.
JocimKeH s TPOBEICHO 3a JOIOMOT0I0 (hi3HYHOTO EKCIIEPHMEHTY 1 YHCIIOBOTO MOJICTIOBAHHS. AHAIII3 pe3ynbTaTiB
MOKa3ye, 0 HAcOoC i3 0a30BUM MiABITHAM MPUCTPOEM Ma€ KaBiTALiIfHWI 3amac BHIIE CEPeIHbOCTATUCTUIHOTO IS
noxibuoi reomerpii. KapiramiliHi XapaKTepUCTHKM Hacoca, OTPHUMaHI YHCIOBHM MOJETIOBAHAM 1 IIUIIXOM
MIPOBeIEHHS (Di3UYHOTO EKCHEPHMEHTY, MalOTh IMOMiOHI ()OpPMH, IPOTE OCTAaHHI MAlOTh BHINI 3Ha4YeHHs. Kasiramis y
poGouoMy Kojeci IOYMHAETHCS paHille, HDK B OCHOBOMY MiaBimHOMY mpucTpoi. KaBitamifiHi 30HH B OCHOBOMY
MiABITHOMY MPHUCTPOI PO3TALIOBaHI MICHs 3BYKEHHS IMOMEPEYHOTO Tepepily — Ha MOYaTKy AUQY30pHOI AISTHKA 1
Oinst oOTiuHMKa Ha BUXOXi 3 mudysopa. KapirariifHa 30Ha, 0 3HAXOJUTHCS MICHS KOH(Y30pY, BiIPUBAETHCS Bif
CTIHOK OCBOBOTO MiABITHOTO MpUCTPOto. [IpK 3MeHIIeHHI liaMeTpa B OChOBOMY Mi/IBITHOMY IIPHUCTPOI Yepe3 BTpaTu
Haropy B HbOMY BiI0YBa€ThCs IiABUIICHHS 3HAYSHHsI KaBiTalliltHOTO 3amacy.

Kiwuosi cioBa: miaBing, BXigHuii matpybok, pobode kojeco, koH(py3op, mudysop, CFD, kapitamilinuii 3amac,
KaBiTalliliHa XapaKTepPUCTHKA.
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