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Nomenclature

f = frequency (Hz)

Hyap = enthalpy of vaporization (J kg_l)

M = molar mass (kg mol_l)
N = rotational speed (rpm)
P = static pressure (Pa)
P, = vapor pressure (Pa)
0, = volumetric flow rate (m3 s7h
R = gas constant (J mol~1 K1)
Ryip = outer radius (mm)
s = solidity
t = time (s)
T = temperature (K)
Tp = boiling point of water (K)
TC = radial tip clearance (mm)
T, = inlet hub/tip ratio
Z = number of blades
Greek Letters
p = density (kgm?)
w = rotational speed (rad s~h)-
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Experimental Comparison of
Hydrodynamic Behavior Under
Partial Flowrates and Cavitation in
Three Configurations of a
Centrifugal Pump with Inducer
and Impeller

This study aims at experimentally investigating the hydrodynamic behaviour of a cen-
trifugal pump, both with and without cavitation. The pump consists of an axial inducer,
a centrifugal impeller, and a volute. Three assembly configurations are examined: the
inducer alone, the impeller alone, and the combined inducer and impeller. Particular
attention is given to cavitating conditions — low suction pressure — at four partial flow
rates (4% ¢ref, 16% ¢rer, 39% @ref, 718% Grey), where ¢y is defined as the flow
coefficient for which the inducer has been designed. The hydromechanical performance
is analysed and compared across these configurations, with cavitation formation captured
using high-speed digital imaging. A spectral analysis of pressure signals is also conducted
in operational regimes where instabilities were observed. The results indicate that the in-
ducer mitigates the impact of cavitation on hydromechanical performance as the flow rate
approaches the design point ¢, y. However, at partial flow rates, the inducer negatively
impacts pump performance by increasing the critical cavitation number threshold beyond
which a head drop occurs. Cavitation-induced instabilities were observed in partial flow
regimes and under low suction pressure conditions in configurations involving the inducer.
These instabilities, characterized by a very low-frequency signature, result in significant
pressure and flow fluctuations, leading to vibrations within the system. Furthermore, these
instabilities exhibit a clear dependency on flow rate.

Non-Dimensional Numbers
o = cavitation number
¢ = flow coeflicient
Y = static pressure coefficient
Subscripts
atm = atmospheric
crit = critical
h = hub
ref = reference
rot = rotation
stat = static
t=tip
vap = vaporization
X = sensor position at x
y = sensor position at y
Acronyms and abbreviations
BVC = backflow vortex cavitation
CS = choked surge
HVC = hub vortex cavitation
ID = inducer
ID+IP = inducer + impeller
IP = impeller
PS = power spectrum
TVC = tip vortex cavitation
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Introduction

Centrifugal pumps are widely used in aeronautics and aerospace
to pressurize fluids and supply fuel to aircraft engines [1-3]. The
centrifugal impeller is commonly paired with an axial inducer,
whose primary function is to prevent cavitation within the impeller
by gradually increasing fluid pressure. In current state-of-the-art
designs, the inducer is typically tailored to meet the impeller’s en-
try suction pressure requirements [4]. This approach prioritizes the
optimization of the inducer in isolation from the impeller, with the
pump’s overall hydromechanical performance verified through sub-
sequent numerical and experimental validations. As a result, the
interaction between the inducer and impeller, as well as their mu-
tual influence, is not explicitly accounted for in the design process.
Only a few studies have experimentally investigate the interactions
between the inducer and the impeller in different operating condi-
tions. Lee et al. [5] investigated the non-cavitating and cavitating
performance of an impeller with and without the inducer at three
different flow coefficients (0.8¢,4, ¢4, and 1.2¢,4). Their results
suggest that the impeller induces a modification of the pressure and
velocity distributions at the outlet of the inducer as well as a differ-
ence in the cavitation behaviour within the inducer. Kim et al. [6]
numerically explored the benefits of adding a 3-bladed inducer to
a centrifugal impeller at three different flow rates (0.9¢,, ¢4, and
1.1¢4) and concluded that the inducer improves head at lower flow
rates but leads to performance deterioration at higher flow rates.
Additionally, the inducer significantly lowers the critical cavitation
number as the flow rate decreases to 0.9¢ . Finally, they observed
that although the inducer did not effectively pressurize the fluid,
the impeller could compensate for the head loss until complete
breakdown occurred. Although the benefits of adding an inducer
have been extensively studied, the interaction between the inducer
and impeller under various operating conditions remains insuffi-
ciently documented. Furthermore, the optimization of the inducer
must consider the influence of the impeller on its performance,
especially under cavitating conditions.

In aeronautics, centrifugal pumps face extreme operating condi-
tions, including low suction pressures due to high altitudes, com-
pact size constraints, and high rotational speeds. They must also
function across a wide range of flow rates corresponding to various
flight phases, including flow rates below the pump’s design point,
at which optimal performance is typically achieved. Under these
conditions, fluid vaporization and degassing are greatly favoured,
leading to complex multiphase flow and cavitation formation [7-9].
Extensive studies have investigated cavitation and its effects on cen-
trifugal pumps and axial inducers [1, 6, 10]. However, experimen-
tal research remains limited on centrifugal pumps equipped with
axial inducers operating under partial flow conditions — an area of
particular relevance to the aeronautics and aerospace industries —
where fuel pumps often encounter such scenarios [5, 11].

Pumps operating at partial flow rates relative to their nominal
design point are susceptible to cavitation formation and cavitation-
induced instabilities [12—-16]. Under these conditions, the steep
pressure gradient between the suction and pressure sides promotes
flow separation and recirculation upstream of the pump. As flow
rates decrease, both the backflow zone and its intensity — character-
ized by centrifugal forces and negative axial velocities — substan-
tially increase [17, 18]. The interaction between the main incoming
flow and the recirculating flow fosters vortex formation with high
vorticity and low pressure at their cores [19, 20]. Additionally, as
backflow expands, it restricts the upstream flow area, accelerating
inlet flow and altering inlet angles [16, 21]. These conditions col-
lectively promote cavitation within the inducer and impeller. Once
cavitation progresses sufficiently within the inducer, stall may oc-
cur, whereby the inducer blades fail to generate adequate lift for
stable fluid flow, ultimately leading to pump failure as vapour bub-
bles advance into the impeller. The presence of vapor bubbles
disrupts flow in multiple ways, potentially inducing vibrations and
causing physical damage to pump components, including pitting
or erosion on the surfaces of the impeller and inducer [16].
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Cavitation-induced instabilities can arise in certain cases. Sev-
eral types of instabilities have been reported in centrifugal pumps
and inducers. Notably, Tsujimoto et al. [21] have extensively stud-
ied the flow disturbances occurring in pumps. The most common
ones are: cavitation surge, which is an axial instability that occurs
under part-load conditions when strong recirculation is observed,
leading to severe fluctuations in flow rate and pressure; and rotating
cavitation (such as alternate blade cavitation), where the cavitating
area shifts from one blade to another, causing significant fluctu-
ations in the blade load. Many researchers have investigated the
origins and geometric factors that influence these instabilities. In
particular, Pace et al. [7] used spectral analysis to classify dif-
ferent types of instabilities in three-bladed inducers with various
geometries, such as differing solidity, outlet blade angles, and blade
thicknesses, under various operating conditions. Instabilities can
be identified based on their frequency signature, cavitation num-
ber range, and whether they are axial or rotating in nature. Their
findings highlight that the shape and thickness of the leading edge
play a critical role in the occurrence of these instabilities. Two
distinct types of axial instabilities have been reported in the liter-
ature, namely cavitation surge and choked surge. Cavitation surge
is a self-sustaining oscillatory phenomenon that typically arises
at low flow rates and high-pressure gradients within the pump
[22]. This phenomenon is often associated with an increase in
the pressure coefficient or head coefficient due to the acceleration
of the fluid caused by cavity volume expansion. Another type of
surge, known as choked surge, has been reported under conditions
where the pump’s performance deteriorates significantly due to
the obstruction of the flow by cavities, leading to a complete stall
[23, 24]. The primary distinction between these two instabilities
is that cavitation surge occurs at higher cavitation numbers and
does not necessarily result in performance degradation, whereas
choked surge is observed only when the pump’s head decreases
due to cavitation. In both cases, these instabilities typically oc-
cur at low flow rates where flow separation and intense backflow
may be present, as well as when cavitation has sufficiently devel-
oped due to local low-pressure regions at the pump inlet or within
the pump itself [25, 26]. These instabilities result in substantial
mechanical stress on pump components as well as fluctuations in
pressure and flow rate. As flow and pressure become unstable,
the pump’s hydraulic performance, including efficiency and pres-
sure head, declines sharply. With cavitation growth, the pump’s
workload increases to compensate for pressure loss and flow imbal-
ance. Once the pump power escalates sufficiently, vapour bubbles
collapse, temporarily restoring equilibrium. This cyclical process
repeats as flow rates decrease, leading to the reformation of cavi-
tation bubbles [17]. This ongoing instability is particularly prob-
lematic in applications requiring steady and reliable fuel delivery,
such as aircraft and spacecraft engines. High-speed digital imag-
ing and spectral analysis have been used to examine cavitation
surge characteristics, aiming to understand and mitigate its effects.
These studies reveal that cavitation surge produces a distinctive
low-frequency signature, typically in the range of approximately
1Hz to 10Hz [12, 23, 24, 27-30].

The objective of this study is to address a gap in the literature
by providing experimental data on the performance of a full-stage
centrifugal pump operating under low-flow and low-pressure con-
ditions. The benefits of incorporating an inducer will be analysed
both near the design flow rate and under partial flow rates, which
account for a substantial portion of a fuel pump’s actual operating
conditions. In the specific case of a fuel pump used in aircraft
engine, the operating range is influenced by the distinct regimes
associated with various flight phases. Furthermore, the mutual in-
teractions between the inducer and impeller will be investigated
through an experimental study of three configurations to evaluate
the contribution of each component and their impact on overall per-
formance, both in the absence of cavitation and during cavitation
development. Finally, flow disturbances in all three configurations
will be analysed to identify unsteady regimes and examine their
underlying mechanisms.
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The structure of this article is as follows: Section 1 describes
the experimental setup and test procedures in detail. Section 2
presents the results of the experimental campaign, organized as
follows: Section 2.1 examines the performance of the full-stage
pump under both cavitating and non-cavitating conditions at par-
tial flow rates, establishing a baseline for understanding the pump’s
general behaviour. Next, Section 2.2 analyses three configurations
to investigate inducer-impeller interactions under low-flow and low-
pressure conditions. This includes testing a full-stage pump with
the inducer and impeller coupled, as well as two additional con-
figurations: the inducer operating independently and the impeller
operating independently. The hydraulic performance of each con-
figuration is evaluated, and cavitation development is documented
through high-speed digital imaging. Section 2.3 then provides
a spectral analysis of pressure signals to investigate cavitation-
related instabilities, offering insights into inducer-impeller interac-
tions when cavitation occurs under extreme operating conditions.
Finally, Section 3 presents a brief conclusion summarizing key
results and discussing potential directions for future research.

1 Experimental Setup, Procedures and Pump
Geometry

1.1 Test bench. The test bench, as illustrated in Fig. 1, con-
sists of several key components. The test pump is driven by a
30kW Dietz motor, with the rotational frequency adjusted via a
Danfoss frequency drive capable of handling up to 35kW. A
15 kW Wilo circulating pump and a motorized valve facilitate flow
regulation. An upstream tank with a free surface is connected
to an Edwards nXDS15i vacuum pump, which achieves an ulti-
mate pressure of 0.7 Pa, thereby enabling control over the pressure
within the system. Flow rate measurement is conducted using a
Krohne Waterflux 3000 electromagnetic flowmeter. Additionally,
absolute and differential static pressure sensors (Jumo dtrans p30,
Jumo dtrans p20 delta and Krohne optibar DP 3050), along with a
PT100 temperature probe, are installed for continuous monitoring
of the physical parameters, with data recorded through a National
Instruments data acquisition system. For static pressure measure-
ments, three pressure taps are circumferentially distributed around
the circular pipe section to obtain an average static pressure of the
incoming flow at position 1 (located 250 cm upstream of the in-
ducer), where the flow is expected to be homogeneous across the
section. Four pressure taps are positioned around the square test
section to average the static pressure at position 2 (located at the
periphery of the first inducer blade), at position 3 (between the in-
ducer and impeller), and at position 4 (in the volute tongue). The
outlet pump pressure at position 5 (located 25 cm downstream of
the volute outlet) is measured using a single tap, as the smaller
pipe diameter allows for the assumption of uniform pressure dis-
tribution across the section. To measure pressure fluctuations at
position 2, a DRUCK Unik 5000 relative pressure gauge with a fre-
quency response of 3.5 kHz is employed. The inducer is positioned
within a PMMA test vein featuring a circular inner cross-section
with a diameter of 80 mm and a square outer cross-section. This
configuration provides flat external surfaces on each side, facilitat-
ing the observation of upstream flow using a high-speed camera,
as illustrated in Fig. 1. For this study, an IDT Motion Studio Y4
camera, capable of capturing up to 4090 frames per second at its
maximum resolution, is utilized to document cavitation behaviour.
The camera is mounted on a tripod to eliminate vibrations that
could interfere with image capture. Additionally, the test bench
facilitates easy swapping between all configurations presented in
Fig. 2. The test bench is designed to analyse hydromechanical per-
formance in both cavitating and non-cavitating regimes, following
the procedures that will be described in the next section.

Three configurations are tested in this study to provide a deeper
understanding of each component’s contribution when operating
independently, as well as the interactions between all components
when operating together. Figure 2 illustrates these three config-
urations: a full-stage pump where the inducer and impeller are
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Fig. 1 Detailed schematic of the hydraulic closed loop and
cross section of the test pump, indicating sensors location.
The test pump is driven by an electric motor. Flow control is
managed by a circulating pump and regulating valves. A vac-
uum pump, connected to the free surface of a tank, is used
for pressure regulation. A flowmeter, pressure sensors, and a
temperature probe measure key physical parameters. The po-
sitions of the pressure sensors —denoted as P{, P2, P3, P4, and
P5 — are indicated in the pump diagram on the right. The three
investigated configurations are illustrated using 3D numerical
visualization and are designated as [ID] for the inducer, [ID+IP]
for the combined inducer and impeller, and [IP] for the impeller
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(a) Inducer and Impeller [ID+IP]

(c) Impeller [IP]

Fig. 2 Three configurations tested during this study
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Table 1 Summary table of the main geometrical characteris-
tics of the studied inducer and impeller

Geometrical parameter Notation Inducer Impeller
[ID] [IP]
Number of blades Z 3 9
Inlet hub/tip radius ratio Te 0.35 0.375
Outer radius [mm)] Riip 40 68

coupled (Fig. 2(a)), an inducer operating independently (Fig. 2(b))
and finally, an impeller operating alone (Fig. 2(c)), where the in-
ducer is replaced with a conical hub to simulate the same flow
conditions at the impeller’s inlet. Although it does not appear in
all the pictures, the nose of the inducer was used in all configu-
rations. Table 1 provides the main geometrical parameters of the
inducer and the impeller.

1.2 Procedures. The non-cavitating test procedure was car-
ried out as follows: the pump’s rotational speed is set to a specific
value, and the flow regulation valves are initially kept fully open.
The circulating pump is used to achieve a flow rate higher than
the capacity of the test pump. The speed of the circulating pump
is then gradually decreased until it is eventually turned off. Next,
the regulating valve is progressively closed by adjusting the volt-
age input between OV to 10V, in increments of a 0.2V. After
each adjustment, the system is allowed to stabilize, with pressure
and temperature reaching equilibrium, at which point quasi-steady
measurements can be taken. This procedure is repeated in steps
until the regulating valve is completely closed, resulting in no flow
through the test pump.

The cavitating test procedure was conducted as follows: given
the significant influence of dissolved gas content in the fluid on
the pump’s cavitation performance, a systematic degassing process
was conducted before each test. This procedure involved lowering
the fluid pressure to below 0.1 bar and using a circulating pump to
sustain a slow, continuous flow in the loop for approximately 30
minutes, effectively removing dissolved gases. Subsequently, the
pump’s rotational speed and flow rate were adjusted using a power
inverter and a regulating valve. Once the pressure measurements
stabilized at atmospheric pressure, the vacuum pump was activated
to lower the inlet static pressure to the desired level. For each
pressure setting, the flow rate is adjusted using the valve to ensure it
remains constant throughout the test. Data (pressure, temperature,
flow rate) is acquired once all parameters have stabilized. The inlet
pressure is progressively reduced until the pump reaches a failure
point, where the pressure coefficient significantly decreases. At this
stage, the flow rate can no longer be maintained and begins to drop.
In the case of the cavitating procedure, the data acquisition rate is
500 Hz, and each point — corresponding to a pressure measurement
— is acquired over 30sec. As a result, each data file consists of
15000 samples. When instabilities occur within the pump and
spectral analysis is required, the acquisition rate is set to 2000 Hz,
and data is continuously acquired for 120sec. In this case, each
data file consists of 240000 samples.

To document the development of cavitation, high-speed digital
imaging is employed during cavitation tests for all configurations.
For each data point, a series of images is captured using a high-
speed camera. When positioned at a distance from the test bench
to capture the full inlet prerotation cavitation, the camera operates
at an acquisition frequency of 2000 fps. Additionally, a series of
close-up images of the inducer is captured to analyse cavitation
development within the inducer itself. In this case, the acquisition
frequency is increased to the maximum value of 4090 fps to capture
the dynamic behaviour in the highest possible detail.

To analyse pump performance in both non-cavitating and cavi-
tating conditions, three dimensionless coefficients are introduced:

Transactions of the ASME



Table2 Summary table of all measured and calculated uncer-
tainties

Parameter Unit Value Uncertainty
Volumetric Flow Rate m3s! Oy = £3x107°
Temperature K T + 1

Pressure Coefficient [-] v +3x1073
Flow Coeflicient [-] [ +6x107°
Cavitation number [-] o +3x107*

the pressure coefficient ¢y, (see Eq. 1), where x and y repre-
sent the locations of the pressure sensors (see Fig. 1), the flow
coefficient ¢ (see Eq. 2), and the cavitation number o (see Eq. 3).

Pstat,y - Pstat,x

Yy-x =2 ——F " (D
2 p2
pw Rtip,imp
s @)
ﬂthip,imp

PStat, ref — Py

L2 p2
pw Rtip,imp

3

A
g =

where Pgtqr,y is the static pressure measured at position y (at
the outlet of the pump) and P4/, x is the static pressure at position
x (at the inlet of the pump). p represents the water density, w is
the pump’s rotational speed, calculated from the rotational speed
in revolutions per minute (rpm) denoted as N, while R¢;ip, imp
is the radius of the impeller, and Q, is the volumetric flow rate.
Psrar, res 18 the reference static pressure measured far upstream of
the pump, at position 1 (see Fig. 1), and P, is the vapour pressure
of water, determined using the Clausius-Clapeyron relation (see
Eq. 4).

AHmpo 1_ 1
R T Ty

Py =Parm CXP< C))]
where Py 18 the atmospheric pressure 1.01325 X 105 Pa,
AHyp is the enthalpy of vaporization of water 2.365 x 100 Tkg™!,
M is the molar mass of water 0.018 01 kg mol~!, R is the gas con-
stant 8.314 Y mol~! K=, Ty is the boiling point of water 373.15K,
and T is the fluid temperature. All uncertainties related to the
measured values or calculated values are reported in Tab. 2.
Table 3 provides a comprehensive overview of all the symbols
used to represent the various cases and flow rates investigated in
this study. Each symbol and colour is clearly defined to ensure

Table 3 The symbols and colors nomenclature is as follows:
filled circles represent results for the inducer alone configu-
ration [ID], triangles denote the impeller alone [IP] and square
symbols indicate the coupled inducer and impeller configura-
tion [ID+IP]. The colors correspond to the investigated flow co-

efficients %, where ¢, is defined as the flow coefficient at
which the full-stage pump achieved optimal performance

¢ _ ¢ _ o _ & _ ¢ _
¢ref ¢ref ¢ref ¢ref ¢r(4f
[0;1] 0.04 0.16 0.39 0.78
[ID+IP] | O ] (] 1]
[ID] [ J ©) @ (@) @
[1P] A A A A A

Journal of Fluid Engineering

0.60

—— 5
0.50 - BT s
0.40 A
®
1 0.30
=
020 e Eﬂ%
0.10 - B g
0.00 T T T T
0 20 40 60 80 100

% (brcf

Fig. 3 Static pressure coefficients y5_1 and y3_1 plotted as
a function of the flow coefficient ¢ in the case of the pump op-
erating with the inducer [ID+IP] l. The flow coefficients of par-
ticular interest, which will be further examined in the upcoming
sections, are represented by the following colour-coded lines:

[4% bref 516% @rer == =539 % @rer 378 % Prer - - -1

clarity and consistency throughout the paper, thereby facilitating
a better understanding of the methodologies and results presented.
Four specific flow rates are investigated in the upcoming sections:
4% ¢ref, 16% ¢regr, 39% ¢rey, and 78 % ¢ye 5, Where e is
defined as the flow coefficient at which the inducer was designed.
The cavitating performance of the three configurations will be com-
pared to assess the advantages of integrating an inducer into the
pump, particularly regarding cavitation behaviour. This analysis
aims to provide a deeper understanding of the interactions between
the inducer and impeller components, shedding light on how their
coupling influences overall pump performance under varying flow
conditions.

2 Results

2.1 Full-stage Pump. The first section will focus on charac-
terizing the full-stage pump, comprising both the inducer and im-
peller, under cavitating and non-cavitating conditions. This charac-
terization will serve as a baseline for discussing subsequent results,
in which various configurations will be investigated.

2.1.1 Non-cavitating Performance. In this section, we first dis-
cuss the non-cavitating performance of the full-stage pump [ID+IP]
W, tested under atmospheric pressure and at room temperature,
with the rotational speed N set to 4800 rpm. The non-cavitating
test (described in § 1.2) involves varying flow rates while keeping
the inlet pressure constant to prevent cavitation. Figure 3 shows
the static pressure coefficients 5_; and 3_1 plotted against the
flow coefficient ¢. Vertical coloured dashed lines indicate the four
specific flow rates that will be investigated in the upcoming sec-
tions: 4% ¢y f 2 16% ¢rep ==-,39% ¢y , 18% Gref
- - -. These flow rates correspond to partial values relative to the
design flow rate for which the pump is sized. However, they rep-
resent critical operating points that are linked to different regimes
associated with the flight phases of an aircraft.

In both curves, the pressure coefficients increase as the flow co-
efficient decreases, a typical characteristic of a centrifugal pump
operating at atmospheric pressure. As the flow progresses through
the inducer, fluid pressure gradually increases, reaching ¥3_| =
0.16 at the lowest flow coefficients, followed by a more substan-
tial pressure rise through the impeller. The maximum pressure

Accepted: 18/02/2025 / 5



0.60
0.50
0.40
0.20

0.10

0.00
0.00

0.10 0.15 0.20

g

0.05

Fig. 4 Static pressure coefficients y5_1 and y3_1 plotted as

0.20

0.15 1
» 0.10 -
=

0.05 1

0.00
0.00

0.10 0.15 0.20

o

0.05

a function of the cavitation number ¢ in the case of the pump

operating with the inducer [ID+IP]. The flow coefficients investigated are % =[0.04 =;0.16 H; 0.39W; 0.78 W]

achieved at the pump outlet is approximately 5_; = 0.54. Pres-
sure coefficient measurements remain stable throughout the test
duration, with no evidence of cavitation occurrence in the inducer.
For ¢/¢,¢r = 0.78, the pressure coefficients are 5_; = 0.33 and
¥3_1 = 0.11, indicating that the inducer contributes approximately
42 % of the total static head. In contrast, for ¢/¢,.r = 0.04,
Ys5_1 =0.54 and y3_1 = 0.165 which corresponds to 30 % of the
total static head provided by the inducer. This demonstrates that
the inducer’s contribution to the total static head decreases as the
flow rate is reduced.

2.1.2  Cavitating Pump Performance. In this section, we ex-
amine the cavitation performance of the full-stage pump (inducer
and impeller [ID+IP]) with the rotational speed N set to 4800 rpm.

The tested flow rates are given by %if = [0.04 OO0; 0.16 I; 0.39

@, 0.78 M]. The cavitation testing proéedure (described in § 1.2)
involves varying the inlet pressure while maintaining constant flow
rate and rotational speed throughout the test duration. As the in-
let pressure is reduced, cavitation phenomena emerge at the pump
inlet, as the fluid pressure approaches the vapour pressure of the
fluid. Each flow rate will be analysed and compared to the others
to highlight the impact of flow rate on the pump’s hydromechanical
performance.

Figure 4 presents the static pressure coefficients, ¥5_ and ¥3_
as a function of the cavitation number o. The difference of static
pressure between position 5 and position 1 corresponds to the pump
head, while the measurement at position 3 reflects the static pres-
sure at the periphery of the inducer’s outlet. To further investigate
the impact of cavitation on the pump’s hydromechanical perfor-
mance and illustrate the progression of cavitation, instantaneous
snapshots of the inducer were captured using high-speed digital

imaging in the [ID+IP] configuration for three flow coefficients,
¢ _

Brer [0.78; 0.39; 0.04], and for four cavitation numbers, o =

[0.175; 0.065; 0.045; 0.022]. These images are shown in Fig. 5.
The camera facilitates visualization of cavitation across all investi-
gated flow coefficients and cavitation numbers, providing valuable
insight into cavitation behaviour as the inlet pressure is reduced.

According to Fig. 4, a reduction in flow rate results in higher
static head coefficient values, aligning with the non-cavitating re-
sults shown in Fig. 3.

@) ¢/¢ref = (.78 W . At the highest flow rate investigated,
both pressure coefficient curves exhibit stable behaviour
across a wide range of cavitation numbers from o = 0.175
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to o = 0.050. Within this range of cavitation numbers,
only tip vortex cavitation near the inducer’s leading edge
is observed, as shown in Fig. 5, with no impact on per-
formance, since both pressure coefficient curves remains
constant and no pressure fluctuations are detected. Around
o = 0.050, the pressure coefficient ¥3_1 begins to gradu-
ally decrease. This reduction directly affects the pressure
coeflicient ¥5_1, while the energy contribution from the
impeller remains unchanged. This indicates that the ob-
served decrease in total pressure head is solely attributed
to the reduction in the inducer’s head. Around o = 0.030,
the pressure coefficient ¥/5_1 is reduced by 5 %. The slope
of the y3_1 curve becomes steeper at o = 0.022, as cavi-
tation becomes more pronounced and extends over a sig-
nificant portion of the inducer periphery, as illustrated in
the rightmost image of Fig. 5. At this stage, tip vortex
cavitation has expanded significantly, and backflow vortex
cavitation is observed along the leading edge of the in-
ducer blades. However, no cavitation is observed within
the inducer itself. The pump’s performance is further re-
duced by 10% around o¢pjr, 109 = 0.015, as shown in
Fig. 9. Shortly after reaching this point, as pressure is
further reduced to around o = 0.010, the ¥3_1 curve ex-
hibits a sharp decline, indicating a complete breakdown
of the inducer and its inability to impart energy to the
fluid. This failure ultimately results in the total break-
down of the pump, as reflected by the corresponding drop
in the ¢5_; curve. The performance degradation can be
attributed to an excessive accumulation of bubbles on the
pressure side of the inducer blades, rendering them inca-
pable of adequately pressurizing the fluid. Consequently,
cavitation begins to propagate within the inducer and even-
tually reaches the impeller inlet, leading to a rapid decline
in both the pressure coefficient and the flow rate. Pres-
sure measurements remain stable across the entire range of
cavitation numbers, except just before breakdown, where
fluctuations are observed.

(ii) ¢/¢rer =0.39 M The curve trend resembles that observed
at higher flow rates. However, in this case, cavitation de-
velops more rapidly, as shown in the second row of Fig. 5.
For o = 0.065 to 0.045, the cavitation dynamics are sim-
ilar to those observed in the case of ¢/¢;..r = 0.78, with
tip vortex cavitation and backflow vortex cavitation occur-
ring at the inducer’s leading edge and around its periphery.
Within this range of cavitation numbers, the performance
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of both the inducer and the complete pump remains unaf-
fected. As the cavitation number decreases further, cav-
itation rapidly develops. At o = 0.022, a conglomerate
of thin bubbles appears along the centre line of the sec-
tion in front of the inducer. This phenomenon seems to
originate within the core of a primary vortex, which forms
at partial flow rates where the pressure is sufficiently low
to cause fluid vaporization. A similar phenomenon was
described in the case of a two-bladed inducer operating
at partial flow rates in the work of Xu et al. [31]. This
cavitating vortex, depicted in Fig. 6, will be examined
in greater detail in § 2.1.3. At 0¢js,109% = 0.014, the
pressure coefficient ¥5_; has decreased by 10 %, as de-
picted in Fig. 9 (@). This value is slightly lower than the
critical cavitation number observed at ¢/¢,.. r = 0.78 (H).
However, as shown in Fig. 4 (H), the breakdown occurs
at a higher cavitation number op,eqkdown = 0.015 com-
pared t0 Opreakdown = 0.010 for ¢/¢,.r = 0.78. This
difference can be attributed to stronger recirculating flow
and lower pressure at the inducer inlet, which promote the
earlier development of cavitating structures compared to
higher flow rates. Additionally, a pronounced axial peri-
odic instability was observed at this flow rate at the lowest
cavitation number achieved (o = 0.016). This instability,
characterized by the periodic shrinking and expansion of
bubble cavities, caused significant fluctuations in pressure
and flow rate. It exhibits features resembling the choked
surge phenomenon described in the work of Watanabe et
al. [23].

(iii) ¢/@rey = 0.16 M@ . The pressure coefficients remain sta-
ble up to o = 0.100, during which only tip cavitation is
observed within this range of cavitation numbers. Beyond
this point, the primary cavitating vortex — occurring at
o =0.022 for ¢/¢,. f = 0.39 — develops rapidly ahead of
the inducer, negatively impacting its performance, as indi-
cated by a reduction in ¥3_;. The length of the cavitating
vortex at this flow rate is greater than in the previous case,
which could be attributed to increased penetration of re-
circulating flow upstream of the inducer. Pressure mea-
surements begin to exhibit fluctuations due to the rapid
onset of cavitation at the inducer inlet, leading to flow
instability. This instability increases the susceptibility of
the inducer to breakdown, causing sudden pressure drops
even at relatively high cavitation numbers. Subsequently,
the inducer re-pressurizes the fluid, eliminating vapour at
the outlet and restoring the pressure coeflicient to its ini-
tial value. Below o = 0.020, which corresponds to the
two leftmost points on the curve immediately preceding
inducer breakdown, a similar axial flow instability as in
the previous case (¢/dror = 0.39, H) was observed, al-
though it occurs at a higher cavitation number. This flow
disturbance is illustrated in Fig. 12. Finally, the critical
cavitation number at ¢/¢,.. r = 0.16 is o¢rir 109 = 0.020
(see Fig. 9), indicating a deterioration in cavitation per-
formance at lower flow rates due to intensified cavitation
formation at the inducer inlet.

(iv) ¢/¢rer = 0.04 = . At the lowest flow rate investigated,
a reduction in the static head of the pressure coefficient
Y3_1 is observed around o = 0.080, directly impacting
Y¥s5_1 and distinguishing this flow rate from others. The
pressure coefficient 3_; continues to decrease, eventu-
ally intersecting the ¢/¢;or = 0.39 curve (@) around
o = 0.050 and the ¢/¢,.r = 0.78 curve (H) around
o = 0.027. Cavitation onset occurs at a higher cavita-
tion number and develops rapidly at the inducer inlet, as
shown in Fig. 5 (bottom row). At o = 0.065, the primary
cavitating vortex along the section centre line is already
present and, at o = 0.045, cavitation occupies most of the
inducer inlet and begins to propagate within the inducer.
This extent of cavitation at a higher cavitation number

8 / Accepted: 18/02/2025

triggers the initial decline in the inducer performance, re-
flected in the decrease of 3_1. The critical cavitation
number, o¢pir 109 = 0.028, is higher at this flow rate
than at higher flow rates, indicating a deterioration in over-
all pump performance (see Fig 9). Despite the presence
of cavitation at this flow rate, pressure measurements do
not exhibit significant fluctuations. Furthermore, no ax-
ial flow instability — such as that observed in the cases
of ¢/¢rer = 0.39 @) and ¢/¢,c5 = 0.16 (M) — occurs
at this specific flow rate. Consequently, he performance
deterioration is primarily attributed to the substantial cav-
itation volume and the strong recirculating flow, rather
than to cavitation-induced instability. At o = 0.025, the
pressure coefficient y3_; experiences a rapid decline, in-
dicating inducer breakdown. At this stage, the inducer
fails to adequately pressurize the fluid, resulting in vapour
bubble propagation within the inducer, as illustrated in
Fig. 5 (¢/¢rer = 0.04, o = 0.022). Despite the inducer
breakdown, the pump remains operational and continues
to impart energy to the fluid, maintaining an overall pump
pressure coefficient of 5_; = 0.42, corresponding to a
reduction of approximately 20 %. This indicates that the
centrifugal impeller is still capable of handling a certain
amount of vapour at its inlet, thereby allowing the pump
to sustain the required flow rate.

Several types of cavitation can be distinguished in Fig. 5, with
the first commonly referred to as tip vortex cavitation or tip leakage
vortex cavitation, which occurs in the core of the vortex formed at
the tip of the inducer blade where flow is being accelerated as the
fluid flows from the high-pressure region to the low-pressure region
[16]. Tip vortex cavitation is closely linked to the rotation speed:
a higher rotational speed would result in larger pressure differ-
ential between the high-pressure (pressure side) and low-pressure
(suction side) regions of the blade. This heightened pressure differ-
ential intensifies the fluid leakage through the tip clearance, which
can enhance the formation of a tip vortex that would occur. As the
inlet pressure (o07) is reduced, the vortices grow and extend further
upstream. According to Fig. 5, when the pump is coupled with an
inducer, tip vortex cavitation is present at every flow rate and can
be observed at atmospheric pressure, as shown in the first images
on the left column referring to o = 0.175. As mentioned pre-
viously, tip vortex cavitation does not significantly affect inducer
performance, as it remains confined to the blade tip.

The second type of cavitation is referred to as backflow vor-
tex cavitation. As the cavitation number decreases, a recirculating
flow with high tangential velocity develops in the annular region
of the inducer near the leading edge, driven by a steep adverse
pressure gradient and low axial momentum through the inducer
tip clearance. The shear forces between the recirculating flow and
the blade tips generate vortices characterized by high vorticity and
low pressure at their core, leading to fluid vaporization. Cavitation
induced by backflow vortices can lead to significant performance
deterioration and flow oscillations [16, 20, 26]. Variations in the
cavitation number or flow rate affect the dynamics of the backflow,
and consequently, the behaviour of backflow vortex cavitation. As
depicted in Fig. 5, at o = 0.065, backflow vortex cavitation is
observed at all flow rates, near the leading edge of the inducer,
and continues to intensify with further reductions in inlet pressure.
At o = 0.045, for the lowest flow rate, ¢ = 0.04 ¢, ¢, cavitation
induced by the backflow vortex extends around the entire periph-
ery of the inducer. In contrast, at higher flow rates, the cavitation
zone remains localized near the leading edge and decreases with
increasing flow coefficient. At o = 0.022, backflow vortex cavi-
tation develops for both ¢ = 0.39¢,. ¢ and ¢ = 0.78 ¢, . For
¢ =0.39 ¢, f, the vortices appear to extend further upstream than
in the case of ¢ = 0.78 ¢,.. , indicating a stronger backflow.

The third type of cavitation distinctly observed is that induced by
inlet prerotation and can be referred as hub vortex cavitation or in-
let prerotation cavitation. This phenomenon is seldom discussed in
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Instantaneous snapshots illustrating the dynamics of hub vortex cavitation were captured using a high-speed camera at
different time instants, ¢, with a cavitation number ¢ = 0.065. These images correspond to the pump operating with the inducer

0.04 . One period corresponds to At = 0.05s. The inducer is

located at the right at the base of the vortex and the fluid ﬂ(;\eNS from left to right

the scientific literature, as it occurs only at flow rates significantly
lower than the pump’s design flow rate [31-33]. While upstream
flow is theoretically free of vorticity, the high rotational speed of
the inducer and impeller transmits energy to the fluid, and backflow
creates an annular region with negative axial velocity and non-zero
tangential velocity. At low flow rates or when the inlet pressure is
reduced, this backflow intensifies due to steep pressure gradients
between the downstream and upstream regions of the pump. As
the inlet pressure continues to decrease, cavitation begins to form
within the prerotation region upstream of the inducer, adhering to
its hub. This phenomenon is believed to alter flow incidence an-
gles, as well as velocities and pressure distributions, resulting in
a deterioration of the pump’s hydromechanical performance [14].
When cavitation induced by the pre-swirl flow extends sufficiently
radially and reaches the lower part of the blades, the head pressure
coeflicient experiences a substantial reduction [32]. This type of
cavitation is clearly visible in Fig. 5 in the lowest row, correspond-
ing to the lowest flow coefficient investigated, ¢ = 0.04 ¢, ¢, and
a cavitation number o = 0.065. The onset of cavitation induced
by inlet prerotation coincides with the initial drop in pressure il-
lustrated in Fig. 5 (). Reducing the inlet pressure at constant flow
rates causes the cavitation volume to increase and to extend further
upstream. At o = 0.045, the primary cavitating vortex occupies
approximately half of the inlet section for ¢ = 0.04 ¢, ¢ and is not
visible at the other two flow rates. In the case of ¢ = 0.39 ¢, ,
inlet prerotation cavitation occurs near o = 0.03 and is visible in
Fig. 5 (right column which corresponds to o = 0.022), coinciding
with the initial reduction in the pressure coefficient ¢/3_ in Fig. 4
(@). At this point, the pump has already experienced a head break-
down for the lowest flow coefficient (). However, for the higher

flow rate of % = (.78 (M), there is no evidence of cavitation
re

induced within the pre-rotating vortex across the entire range of
cavitation numbers investigated. This suggests that this type of
cavitation does not occur near the pump’s design point but only at
very low flow rates, when strong recirculating flow develops and
the inducer inlet pressure drops due to increased velocity at the
centreline of the section.

2.1.3 Dynamics of the Hub Vortex Cavitation. A hub vortex

cavitation occurs at low cavitation numbers at partial flow rates
below % = 0.39. This phenomenon was observed in studies fo-

cusing on the cavitating behaviour of multiple inducer geometries
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[9, 32] as well as in the case of a centrifugal impeller, such as the
one investigated in the work of Fu et al. [7]. Figure 6 shows a
temporal evolution of a well-developed cavitating vortex upstream
of the inducer for the configuration full-stage pump [ID+IP] at par-

tial flow rate (@% = 0.04 O) and under low-pressure conditions

(o = 0.065). At this flow coeflicient and pressure level, the inlet
cavitating vortex is precessing around the axis of rotation with lit-
tle variation of volume which facilitates its visualization and the
following analysis.

At the initial stage (r = Os), the cavitating vortex occupies a
substantial portion of the inlet pipe. A dense cloud of fine bubbles,
identified as backflow vortex cavitation, is observed upstream of
the inducer near the blades. Meanwhile a distinct gaseous vortex,
classified as hub vortex cavitation, remains attached to the hub
of the inducer and extends far upstream, reaching a length of up
to 9 times the inducer diameter. This vortex curves toward the
periphery of the cylindrical pipe and rotates in the same direction
as the inducer. By r = 0.01 s, the vortex faces toward the observer,
and by ¢t = 0.03s, it faces in the opposite direction compared to
the initial stage, indicating half a period of revolution. A complete
period is observed at + = 0.05s, corresponding to a rotational

frequency of fror = Alt = 20Hz. This frequency corresponds to

ff;—:rﬂ = 0.25, where fypqp; is the shaft rotating frequency of

the inducer, indicating that the vortex tip rotates at a slower speed
than the inducer. This operating point exhibits steady behaviour,
with no fluctuations observed in the diameter or length of the main
cavitating vortex, as the inlet pressure remains constant.

2.2 Comparison of Configuration Performance. In the pre-
vious section, the full-stage pump [ID+IP] was analysed under both
cavitating and non-cavitating conditions to establish a baseline for
the subsequent discussion. This configuration will now be com-
pared with two other setups: the inducer operating independently
[ID] and the impeller operating independently [IP]. Comparing
these three configurations will shed light on the interaction be-
tween the components and the progression of cavitation across all
setups.

2.2.1 Non-cavitating performance. In this section, all config-
urations are tested under atmospheric pressure and at room tem-
perature, with the rotational speed N set to 4800rpm. Figure 7
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Fig.7 Static pressure coefficients y5_1 and y3_q plotted as a

function of the percentage of the design flow coefficient ¢, .r.

The cases investigated are [ID @, ID+IP W, IP A]. The flow co-

efficients of particular interest, which will be further examined

in the upcoming sections, are represented by the following

colour-coded lines: [4 % ¢, ef 5 16% @ref ===339% Pref
378% @ref - - -]

illustrates the static pressure coefficients ¥5_; and y3_; plotted
against the flow coeflicient ¢ for the three cases: Inducer + Im-
peller [ID+IP] M, Inducer [ID] @ and Impeller [IP] A. The same
procedure was used for all flow rates and configurations investi-
gated. Due to limitations in the experimental setup, the design
flow rate for the inducer alone could not be achieved; however, this
research focuses primarily on low flow rates.

Figure 7 illustrates the advantages of incorporating an inducer
into a centrifugal pump when operating without cavitation. The
addition of an inducer enables a higher pressure rise across all
investigated flow rates. Notably, the head pressure 5_1 of the
combined configuration [ID+IP] B is not simply the sum of the
head pressures observed in the individual configurations, [IP] A
and [ID] @. Rather, the total head of the pump is lower than the
sum of the individual contributions from each component. Com-
paring the pressure coefficient achieved in configurations [IP] and
[ID+IP] reveals that the inducer enables a head gain of up to 7 %
at lower flow rates. However, this gain diminishes as the flow rate
increases, due to the reduced performance of the inducer at higher
flow rates. The presence of the impeller downstream of the in-
ducer increases the static pressure at the inducer outlet (position
3), leading to a higher pressure coefficient, ¥3_, for the combined
configuration ([ID+IP] M) compared to the inducer-only configu-
ration ([ID] @). This observation is further supported by the value
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of the pressure coefficient, /3_1, in the impeller-only configuration
([TP] A). Atlow flow coeflicients, the static pressure at the impeller
inlet periphery, as represented by y3_1 (&), increases as the flow
coefficient decreases. This effect is likely due to an increase in tan-
gential velocity within the recirculating flow that occurs at low flow
rates at the periphery of the impeller inlet. As the flow coefficient
increases, the intensity of the recirculating flow diminishes, caus-
ing the pressure coefficient ¢3_; to approach zero. Consequently,
the additional pressure provided at the impeller inlet in the com-
bined configuration decreases at higher flow coefficients, reducing
the difference between the y3_; curves for the [ID+IP] B and the
[ID] @ configurations. textcolorblueThus, the performance of the
inducer, represented by the pressure coefficient ¥3_1, is increased
by approximately 25 % when coupled with the impeller ([ID+IP])
compared to operating alone ([ID]).

At flow rates exceeding the nominal design point, the inducer
may fail to impart energy effectively to the fluid and could even
hinder the flow. As the flow rate increases, the performance curve
of the impeller alone gradually converges with that of the com-
bined inducer-impeller configuration, indicating a diminishing en-
ergy contribution from the inducer. Ultimately, at very high flow
rates, the pressure coefficient of the impeller operating alone may
surpass that of the coupled configuration, highlighting the complex
interplay and performance trade-off between these components un-
der varying operational conditions.

2.2.2  Cavitating performance. In this section, four flow rates

are analysed, with normalized flow coefficients % set at [0.04;

0.16; 0.39; 0.78] and with the rotational speed N set to 4800 rpm.
The performance of the complete pump stage ([ID+IP] l) is com-
pared to that of the centrifugal impeller alone ([IP] A) and the
inducer alone ([ID] @) under cavitating conditions. The overall
hydromechanical performance is assessed by plotting the pressure
coeflicients, ¥5_; and ¢3_1, for all configurations as a function
of the cavitation number in Fig. 8. The critical cavitation number,
Ocrit,10% representing the cavitation number at which the pres-
sure coefficient y/5_ undergoes a 10 % reduction, shown in Fig. 9,
enables the comparison of cavitating performance among the three
configurations across the considered flow rate range. Due to exper-
imental limitations, the inducer alone could not reach the highest

flow rate (% =10.78), so only configuration [IP] (A) and [ID+IP]
() are compared at this flow rate.

@) %;f = 0.78 (Fig. 8(a)). At this flow rate, both config-

urations exhibit stable performance across a wide range
of cavitation numbers, with flat curves and consistent
pressure measurements throughout. The full-stage pump
([ID+IP] M) demonstrates superior cavitation performance
over both configurations. This is confirmed by examin-
ing the critical cavitation number at which the pressure
coefficient ¢5_; decreases by 10 % (see Fig. 9). The re-
sults show that o¢,j; 109 = 0.045 for the impeller alone
([IP] A), whereas o¢,is 109 = 0.015 for the full-stage
pump ([ID+IP] M) representing a substantial reduction
of the critical cavitation number by 67 %. For the full-
stage pump, cavitation develops gradually as the inlet
pressure decreases, with only tip vortex cavitation above
o 2 0.065, that lead to the formation of backflow vor-
tex cavitation (see Fig. 5). Eventually, as bubbles occupy
a significant portion of the inducer inlet, a slight pres-
sure drop occurs around o = 0.030. Further reductions
in inlet pressure lead cavitation to propagate through the
inducer, causing full breakdown near o = 0.009. In con-
trast, without the inducer i.e. with impeller alone ([IP]
A), tip vortex cavitation is absent and the pressure co-
efficient remains stable until o = 0.045, beyond which
cavitation develops rapidly within the impeller, leading to
a sharp performance decline. Eventually, the full break-
down is close to o = 0.035. The lower graph in Fig. 8(a)
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Fig. 8 The cavitating performance of all configurations is compared at various flow rates. The occurrence of hub vortex cavi-
tation (HVC) is graphically represented by [l; @; A], while the occurrence of choked surge instability (CS) is denoted by [H; @].
BVC: Backflow Vortex Cavitation, TVC: Tip Vortex Cavitation, HVC: Hub Vortex Cavitation

(i)

illustrates the pressure increase, y/3_1, between position
3 (at the impeller inlet, see Fig. 1) and position 1 (far
upstream of the pump). Notably, without the inducer, no
energy is imparted to the fluid between these points. The
slight pressure rise observed for the impeller alone (A) is
attributed to high static pressure at the periphery of the
impeller inlet, where the pressure sensor is located. The
benefits of integrating an inducer with the centrifugal im-
peller are evident when the pump operates near its design
point under cavitating conditions, as the head breakdown
is substantially delayed to lower pressures.

%;f =0.39 (Fig. 8(b)). Similar trends to those observed

in the previous case are noted, with a lower advantage of
the full stage pump ([ID+IP] @) over the impeller alone
(IP] A) regarding the critical cavitation number, with
Ocrit,10% = 0.025 for A and Ocrit,10% = 0.014 for @.
Additionally, for the inducer operating alone ([ID] @), a
similar trend is observed as in the full-stage pump con-
figuration ([ID+IP] E). The curve remains steady and
flat until & = 0.040. Around o = 0.021, the inducer

Journal of Fluid Engineering

(iii)

([1D] ©) experiences a 10 % reduction in the pressure
coefficient. Additionally, although both the inducer and
the pump with the inducer exhibit display good perfor-
mance even with the development of cavitation at a flow

coeflicient of e = 0.39, a significant axial instability

— graphically represented by @ and M- arises near o =
0.017, along the steep section of the curve where the pres-
sure coefficient has already decreased. This phenomenon
results in large fluctuations in flow rate and pressure, as
well as severe system vibrations. Further details on this
phenomenon will be provided in the last section of this
paper (see § 2.3).

%ﬁf = 0.16 (Fig. 8(¢c)). At this flow rate, the trend is re-

versed. The impeller operating independently ([IP] A) ex-
hibits superior cavitation performance, achieving the low-
est critical cavitation number, o¢pi; 109 = 0.017, com-
pared to the other two configurations (see Fig. 9). Cavi-
tation management becomes increasingly challenging for
the inducer in the other two configurations — [ID] @ and
[ID+IP] B — as the flow coefficient is significantly below
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10 %, as a function of the flow coefficient ¢, o for the three
configurations [ID+IP l, IP A, ID @]

its design value, resulting in strong backflow that propa-
gates far upstream. Consequently, the operation becomes
unstable below o = 0.080, leading to premature pressure
coefficient drops and eventual inducer failure. Among
the three configurations, the inducer operating alone ([ID]
@), demonstrates the poorest cavitation performance at
this flow coeflicient, with a critical cavitation number of
Ocrir, 10% = 0.029. When comparing the difference in
Y31 across the three configurations, both the inducer
operating alone and the full-stage pump ([ID] @ and
[ID+IP] M) exhibit an initial pressure coefficient reduction
at o = 0.080, whereas the pressure coefficient remains
steady in the impeller alone configuration ([IP] A). This
behaviour may be attributed to the extended observation
range of hub vortex cavitation at this flow rate (see [HI;
@] in Fig. 8(c)) which modifies the flow field at the in-
ducer inlet, leading to changes in velocity, pressure, and
flow angles. This type of cavitation will be discussed in
greater detail in § 2.2.3 for the lowest flow rate investi-

gated, ¢¢ =0.04.
@iv) % = 0.04 (Fig. 8(d)). In this case, the impeller op-

erating alone ([IP] A) demonstrates the best cavitating
performance, with the lowest oy 109 across all con-
figurations (o¢rir,109 = 0.015, see Fig. 9). In contrast,
the pressure coefficient of the inducer ([ID] @) initially de-
creases at a relatively high sigma value o7, 109, = 0.059,
compared to 0,109 = 0.028 for [ID+IP] (), resulting
in the worst cavitating performance of all configurations
at this flow coefficient. Configuration [ID+IP] (OJ) fol-
lows a similar trend to [ID] (O), but at this stage, the
pressure loss experienced by the inducer, illustrated by
the reduction of 3_;, does not significantly impact the
overall pump performance due to the impeller’s substan-
tial contribution compared to that of the inducer. How-
ever, as cavitation develops within the inducer under very
low flow rate and pressure conditions, around o = 0.030,
the inducer completely stalls and y3_; sharply decreases,
leading to a significant deterioration in the overall pump’s
performance. The pressure coefficient y5_1 for the con-
figuration [ID+IP] becomes lowers than that of the [IP]
(A) configuration, which continues to operate steadily at
this point. The reduction of the pressure coefficient in the
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inducer mirrors that of the overall pump, indicating that
the impeller — in configuration [ID+IP] — is still function-
ing and imparting energy to the fluid, albeit with almost no
contribution from the inducer. The flow rate is still main-
tained, but the overall pressure coefficient has dropped
by 22 %. Finally, the complete inducer breakdown oc-
curs for configuration [ID] (O) and [ID+IP] (@) around
Obreakdown = 0.020, and lastly for [IP] (A) around
Opreakdown = 0.015. The cavitation dynamics are very
similar to previous flow rate with a well-developed inlet
cavitating vortex and backflow vortex cavitation occuring
around o = 0.080 in both configurations with the inducer
([ID+IP] O and [ID] O). It is worth mentioning that, at

¢¢ =0.16 and ¢ =
f ref

0.39, the system operates more smoothly, and no 1nstab11—
ity was observed. This could be attributed to the very low
incoming flow rate, which limits interaction with the tur-
bulent backflow. Finally, a hub vortex cavitation was also
observed in the case of the impeller operating indepen-
dently [IP] (A) which was not observed at all other flow
rates investigated. A comparison of the hub vortex cavi-
tation dynamic across all configurations will be presented
in § 2.2.3.

this flow coefficient, compared to

When the pump operates near the design point, the inducer con-
tributes positively to the pump’s performance, effectively delaying
the onset of cavitation and resulting in the lowest critical sigma
values across all flow rates and configurations investigated. How-
ever, under low flow rate conditions (< 39 % ¢ref), the inducer is
no longer able to prevent the development of cavitation, leading
to the occurrence of instabilities such as choked surge cavitation.
These instabilities cause severe fluctuations in flow and pressure,
resulting in noise, vibrations throughout the entire system, signif-
icant stress on the blades, and eventually the complete failure of
the inducer.

2.2.3  Dynamic of the Hub Vortex Cavitation. In this section,
the hub vortex cavitation introduced in § 2.1.3 is compared across
the three configurations to assess whether the presence of the im-
peller influences cavitation development upstream of the inducer,
and to provide further insight into the origin of this vortex. Fig-
ure 10 presents instantaneous snapshots captured with a high-speed
camera, positioned perpendicular to the test pump and at a dis-
tance sufficient to capture the entire length of the hub vortex cav-
itation forming upstream the inducer. The three configurations

((ID+IP] W, [IP] A, [ID] @) were examined at the lowest flow rate

(¢i = 0.04, as shown in Fig. 8(d)), and for four sigma values,

= [0.065; 0.047; 0.029; 0.015]. This low flow rate was selected
because the vortex dynamics were larger and more stable than at
other flow coefficients as no axial instability was observed.

(i) o =0.065 (Fig. 10 (a)). Cavitation is already well devel-
oped when the pump operates with an inducer ([ID+IP]
M) and for the inducer alone ([ID] @). A Hub vortex cav-
itation, not observed at atmospheric pressure, occupies a
substantial portion of the upstream pipe, extending up to
9 inducer diameter. This vortex is attached to the hub of
the inducer and bends toward the periphery of the inlet
pipe, rotating in the same direction as the pump, as shown
in Fig. 6. The vortex diameter is similar in both config-
urations, measuring approximately 47 % of the pipe inlet
diameter. In contrast, no such cavitation phenomenon is
observed in the impeller-alone configuration ([IP] A). Re-
ferring to the pressure coefficients in Fig. 8(d), it is evident
that at the corresponding cavitation number (o = 0.065),
both the inducer and the combined inducer-impeller con-
figurations (O and O) experience reduced performance,
while the curve corresponding to the impeller alone re-
mains steady (A).
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Fig. 10
¢

(c) o = 0.029

(d) o = 0.015

Instantaneous snapshots illustrating the dynamics of hub vortex cavitation are presented for the three configurations:
[ID+IP W, IP A, ID @], and for four values of the cavitation number ¢ = [0.065; 0.047; 0.029; 0.015]. The flow rate investigated is

—— =(.04. The exposure time is 83 s

¢ref B

(i)

(iii)

o =0.047 (Fig. 10 (b)). The length of the vortex remains
unchanged in [ID+IP] configuration (l). However, back-
flow vortex cavitation near the inducer blades has intensi-
fied. The hub vortex cavitation has increased in diameter
and now occupies approximately 55 % of the pipe inlet
diameter. In the [ID] configuration (@), the cavitating
vortex has grown to the same length as in [ID+IP] and
has also expanded radially. Cavitation begins to appear in
the impeller-alone configuration ([IP] A), forming a very
thin core of bubbles along the centreline of the pipe and
rotating in the same direction as the impeller. The length
of this rotating vortex extends 6.9 inducer diameter up-
stream of the pump, but at this stage, it has no impact on
the pressure coefficient (see Fig. 8(d), A).

o = 0.029 (Fig. 10 (c)). As pressure is further reduced,
the cavity volume within the vortex continues to grow. The
hub vortex cavitation is clearly observed in all configura-
tions. The vortices in each case have reached their max-
imum size both in diameter (approximately 60 % of the
inlet pipe diameter for [ID+IP] (M) and [ID] (@), and ap-
proximately 50 % for [IP] A) and in length (approximately
9 inducer diameter). At this stage, the performance curve
for the impeller alone begins to show a gradual decline

Journal of Fluid Engineering

(see Fig. 8(d) A).

(iv) o = 0.015 (Fig. 10 (d)). A further reduction in pressure
results in the transport of bubbles through the inducer,
leading to its complete failure and the disappearance of
the cavitation induced by the pre-rotating vortex upstream
of the inducer in both the [ID] (@) and [ID+IP] (M) con-
figurations. In the case of [ID+IP], a gas pocket forms at
the top of the pipe just before the inducer, with its vol-
ume increasing as the pressure continues to decrease. In
contrast, the impeller alone [IP] (A) continues to pressur-
ize the fluid and maintain the flow rate, even though the
pressure coefficient has dropped by 20 %.

At partial flow rates, a cavitating vortex forms at relatively high
cavitation numbers. The cavitation induced within this vortex,
which is not observed at the highest flow rate investigated, in-
creases in both length and diameter as the pressure decreases,
eventually occupying a substantial portion of the inlet pipe and
causing significant pressure losses across all configurations. The
origin of hub vortex cavitation remains poorly documented in the
literature for a full-stage pump. Some researchers suggest it results
from a conglomeration of bubbles formed within tip vortices and
backflow vortices on the blade surfaces [31]. However, in several
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Fig. 11 Spectral analysis of the pressure signal is performed
for the [ID+IP] configuration (H). The flow rates investigated

are % = [— 0.16; 0.39; — 0.78]. The acquisition rate is
set to 2000 Hz, and the duration of each test, corresponding to
a specific sigma value, is 60s. As a result, each dataset con-
sists of 240000 samples

instances — such as in Fig. 5, % =0.04, o = 0.065 — cavitation
induced by inlet prerotation appears to be completely decoupled
from tip and backflow vortex cavitation. The observed cavitation-
induced vortex across all investigated configurations may originate
from the interaction of multiple complex mechanisms occurring in
the presence of an axial inducer or a centrifugal impeller with an
axial inlet. The interaction between the strong recirculating flow,
characterized by a non-zero tangential velocity, and the main in-
coming flow creates a low-pressure region along the centreline of
the pipe. Additionally, the pump induces inlet prerotation that ex-
hibits distinct features from those of the recirculating flow. These
phenomena, coupled with other forms of cavitation, lead to modifi-
cations in flow angles, pressure distribution, and velocity profiles,
ultimately resulting in cavitation formation along the pipe cen-
treline. Initially, this vortex forms near the front of the inducer,
attached to the hub. As the pressure decreases, the cavity vol-
ume expands radially and longitudinally. Upon reaching the blade
roots, it tends to propagate within the inducer and obstruct the
main incoming flow, leading to pressure loss. In certain cases, this
vortex-induced cavitation becomes unstable, pulsating and causing
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severe vibrations and pressure fluctuations. The presence of the
impeller downstream of the inducer does not significantly alter the
prerotation dynamics, and the vortex exhibits similar characteris-
tics in both configurations ([ID] @ and [ID+IP] M) across the flow
rates investigated. Finally, in the impeller-alone configuration ([IP]
A), the vortex forms at much lower flow coefficients and cavitation
numbers, suggesting that the presence of the inducer accelerates
its formation.

2.3 Cavitation-Induced Flow Instabilities. As seen in pre-
vious sections, under certain conditions, cavitation induces flow
disturbances within the pump and upstream of the inducer. To bet-
ter understand the onset of instability, high-speed digital imaging
and spectral analysis of the pressure signal are employed. Results
for the full-stage pump are discussed first, followed by a compari-
son of flow disturbances across all configurations.

2.3.1 Instability Analysis in the Full-Stage Pump. Pressure
fluctuations have been closely linked to cavitating vortices gen-
erated by the pump [21, 26, 34, 35]. As flow rate decreases and
backflow intensifies, these cavitation-induced vortices grow in both
volume and strength. In this section, spectral analysis of the pres-
sure signal obtained at position 2 (located around inducer’s periph-
ery, see Fig. 1) is conducted to clarify the frequency signature of
cavitation phenomena occurring in the full-stage pump [ID+IP] op-

erating at partial flow rates. Three flow rates are mvestlgated, ¢¢f

=[0.16; 0.39; 0.78]. Results at the lowest flow rate, ¢ =0.04,

are excluded from discussion since the full-stage pump exhlblted
relatively steady cavitating behaviour at this flow rate.

Figure 11 presents a periodogram of the pressure signal when
the pump operates with an inducer, evaluated at three flow rates

b o e
Fro; = [— 0.16, — 0.39; — 0.78].

spectrum (PS) is plotted as a function of frequency (f) and the
cavitation number (o). Figure 11(a) shows a 3D representation
of the frequency peaks across the full range of cavitation numbers
investigated for the three flow rates, while Figure 11(b) provides
a zoomed view of three specific cavitation numbers (o} = 0.175,
= 0.080, and o3 = 0.014). The cavitation number o cor-
responds to a non-cavitating regime in which no cavitation, or
only minimal cavitation, was observed, and the pump operation re-
mains stable. At o», cavitation dynamics begin to emerge, though
pump performance is not yet affected. For these two cases, the
frequency spectrum is presented over the full range. Conversely,
at 03 = 0.014, cavitation phenomena are fully developed, and ax-
ial instabilities were observed. For this specific case, only the
low-frequency range (0 Hz to 10 Hz) is shown to highlight the low-
frequency phenomena associated with the observed instability.

At atmospheric pressure, with o = 0.175, the frequency peaks
shown in the right figure (Fig. 11(b)) correspond to the blade pas-
sage frequency, which is fblade = SXgSOO 240 Hz, and its har-
monics. This frequency remains consistent over the majority of
the cavitation number range investigated, as shown in the left fig-
ure (Fig. 11(a)). No other frequencies are detected, corroborating
high-speed camera observations, where no cavitation phenomena
were observed (see Fig. 5), and the smooth operation of the pump,
as illustrated by steady pressure coefficient values (see Fig. 4).

At low cavitation numbers (o0 < 0.020), the blade passage
frequency completely disappears from the spectrum, and a low-
frequency phenomenon emerges. A closer examination of the low-
frequency range (see Fig. 11(b), o3) reveals a high-amplitude peak

around 1 Hz for ¢L =[— 0.16;
rcf

The squared magnitude

0.39], which is not present

at higher flow rates (-— ¢ =0.78 —). The frequency and intensity
of this peak appear to shlft depending on the pressure and flow con-

ditions. Specifically, the frequency is 1.36 Hz for — ¢ =0.39 and

1.1Hz for 52—
the flow-rate and should be driven by the flow fields in the inducer.

i = 0.16 indicating that the 1n§tab111ty depends on
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Fig. 12

Instantaneous snapshots of choked surge instability were captured using a high-speed camera at different times, ¢, at

¢

a cavitation number of o = 0.014, for the pump operating with the inducer [ID+IP] l. The flow coefficient investigated is Bt =

0.16. One complete cycle corresponds to a period of At =0.92s

High-speed camera visualizations presented in Fig. 5 demonstrate
that cavitation intensifies significantly as the flow rate decreases.
Under certain pressure and flow conditions, cavitation induced by
backflow and prerotation becomes unsteady, pulsating at a very
low frequency.

To investigate whether the pressure fluctuations are related to
the pulsation of the hub vortex cavitation, high-speed imaging was

0.10
_0.081

[\
;g 0.06 -

0.00
0 4 5 6 7 8 9 10

Frequency [Hz|

Fig. 13 Spectral analysis of the pressure signal is performed
across all configurations: [ID+IP l, IP A, ID @]. The flow rate
investigated is % = 0.16, and the cavitation number is o =

0.014. Frequency range is: f = [0, 10] Hz
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employed. Figure 12 presents instantaneous snapshots of hub vor-
tex cavitation captured by a high-speed camera at different times, 7,
for the configuration with both the inducer and impeller combined

at a flow rate of Brer = 0.16, and a cavitation number o = 0.014.

These snapshots allow us to trace the temporal evolution of the
large vortex formed upstream of the inducer. At ¢t = Os, corre-
sponding to the initial stage of this series, the cavitating structure
formed at a higher cavitation number has collapsed, leaving only
a few residual bubbles. At ¢ = 0.12s, a dense cloud of bubbles
has formed and is being convected toward the upstream region of
the inducer. Three vortices, associated with the three blades of the
inducer and rotating in the same direction, are identifiable. As the
cavitating structures propagate upstream, a broad zone of fog-like
bubbles appears, which is visualized as a dark area at r = 0.35s.
This structure continues to expand, reaching its maximum length
at t = 0.46s, where the rotating vortex becomes distinctly visi-
ble as a large gaseous phenomenon, while the surrounding fluid
remains liquid. In the next stage, the vortex begins to shrink, grad-
ually reducing in length and diameter until it nearly disappears by
t = 0.92s, marking the final stage of this cyclic phenomenon. By
t = 1.04s, the observations resemble those at ¢ = 0.12s, indicat-
ing the start of a new cycle. From these snapshots, the period of
one complete cycle is approximately At = 0.92 s corresponding to
a frequency of fpuls = ﬁ ~ 1.09Hz. This frequency matches
the one identified in the spectral analysis (see Fig. 11(b)) for the
¢

flow coefficient Brer = 0.16 (—). A similar study conducted at
¢Zf = 0.39 revealed a pulsating frequency of fpuls ~ 1.3 Hz,

indicating that the pulsation accelerates with increased flow rate.

2.3.2  Analysis of Pressure Instabilities Across Configurations.
This section compares flow disturbances across the three config-
urations investigated in this study. Figure 13 presents two peri-
odograms of the very low-frequency range (0 Hz to 10 Hz), compar-
ing pressure signals acquired using the pressure sensor located at
position 2 for the three configurations: the full-stage pump [ID+IP]
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W, the impeller alone [IP] A, and the inducer alone [ID] @. The

flow coefficient analysed is %;f = 0.16, with a cavitation num-

ber of o = 0.014. At this flow rate, frequency peaks occur at
the same frequency for the full-stage pump [ID+IP] B and the
inducer alone [ID] @, whereas this peak is absent when the im-
peller operates alone [IP] A. This observation corroborates prior
findings: no evidence of cavitation appears at this flow rate in the
impeller-only configuration, resulting in stable flow with no pres-

sure fluctuations. The same conclusion applies at higher flow rates,

such as % = 0.39. These results suggest that the inducer pri-

marily contributes to system instability at very low pressures, while
the impeller does not alter cavitation pulsation frequency but may
impact its intensity or amplitude. Further research is required to
validate these findings.

3 Conclusion

In this study, three pump configurations were tested: the inducer
alone, the impeller alone, and the combined inducer-impeller con-

figuration. These tests were conducted at four flow rates: %
re

[0.04; 0.16; 0.39; 0.78], which are considered low compared to
the pump’s design flow rate. Both non-cavitating and cavitating
conditions were examined to enhance understanding of the interac-
tions between the two components under various conditions, such
as low flow rates and low pressures. High-speed digital imaging
was employed to characterize the formation and development of
cavitation in front of the inducer. Additionally, spectral analysis
of the pressure signal was performed to determine the pulsation
frequency of the cavitating vortex generated at very low pressure
and flow rates.
The key lessons learned from this study are:

(1) The implementation of an inducer provides significant ad-
vantages in both cavitating and non-cavitating conditions
when the pump operates near the design point. The induc-
ers allows a gain in pressure coefficient of approximately
5% and reduces the critical cavitation number, o, 10 %>
by 67 %. This indicates that the pump operates smoothly
across a wide range of cavitation numbers. This improve-
ment can be attributed to the inducer’s ability to prevent the
propagation of cavitation, thereby protecting the impeller.

t lower flow rates (-—— < . , the 1nducer adverse
(2) At 1 il (¢if 0.20), the ind dversely

affects the pump’s cavitating performance. Head breakdown
occurs at relatively higher cavitation numbers compared to
those observed at higher flow coeflicients. Furthermore, at
very low inlet pressures, cavitation becomes unstable and
an axial choked surge phenomenon was observed, resulting
in vibrations within the pump and causing severe flow and
pressure fluctuations.

(3) When operating independently, the cavitating performance
of the impeller substantially increases at the flow rates de-
creases, illustrated by a reduction of the critical cavitation
number. However, when cavitation occurs at low cavitation
numbers, its onset leads to a rapid decline in performance.

(4) A long cavitating vortex, attached to the hub of the inducer,
forms in all configurations at low flow rates (4 % of ¢, f).
This vortex rotates in the same direction as the pump, al-
beit at a lower speed (= 25 % of inducer’s speed). The
cavity volume gradually increases in size as the pressure
decreases. Once it reaches the root of the blades, the cavi-
tation propagates within the inducer, obstructing the incom-
ing flow which leads to a substantial loss of pressure and
ultimately leads to the complete breakdown of the inducer.
The presence of the impeller does not significantly alter the
hub vortex cavitation, indicating that the inducer inlet is not
impacted by the presence of the impeller. However, the pres-
ence of the impeller leads to a modification in the pressure
distribution at the outlet of the inducer with higher static
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pressure at the periphery which increases inducer contribu-
tion.

(5) An axial instability, identified as choked surge cavitation, is
observed for two of the four flow coefficients investigated
(52 = [0.16:0.39]).
signal, along with flow visualization, revealed that the fre-
quency of pulsation is approximately 1 Hz depending on the
flow rate. This frequency is unaffected by the presence of
the impeller. Additionally, the impeller operating without
an inducer does not exhibit this phenomenon indicating that
the inducer is primarily responsible for the system becoming
unstable.

Spectral analysis of the pressure

To enhance the pump’s stability at partial flow rates, two primary
solutions have been identified for future investigation:

(1) Systems such as J-grooves, previously utilized in the studies
reported in Ref. [9], and stability control devices such as
the ones described in Ref. [36], will be evaluated and tested
across various configurations. J-grooves typically consist of
longitudinal grooves distributed around the periphery of the
inducer, effectively preventing backflow from recirculating
upstream into the incoming flow.

(2) An innovative counter-rotating pump, developed at the lab-
oratory will be investigated for application in aircraft fuel
pumps. This new design allows the inducer to rotate ei-
ther in the same direction as the impeller or in the opposite
direction, and, if necessary, at a different rotational speed.
Preliminary results have shown that this configuration en-
hances pump performance under cavitating conditions. For
further details, we refer readers to the work by Dehnavi,
as presented in "Study on the pump cavitation characteris-
tic through novel independent rotation of inducer and cen-
trifugal impeller in co-rotation and counter-rotation modes.
Physics of Fluids, 36:015120, 2024." (see Ref. [33]).

The inducer has previously been tested using water with dis-
solved carbon dioxide to increase the gas content of the fluid,
thereby allowing the evaluation of cavitation performance in a more
complex fluid that exhibits similarities to kerosene (see Ref. [32]).
A similar investigation will be conducted on the full-stage pump
to quantify the impact of dissolved gases. Particular attention will
be given to partial flow rates and the potential occurrence of in-
stabilities, such as those observed in this study. To this end, the
test rig will be modified to accommodate additional instrumenta-
tion, enabling a comprehensive characterization of the origins of
the observed axial instability.
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