
Citation: Borriello, P.; Frosina, E.;

Lucchesi, P.; Senatore, A. Comparative

Analysis of Simulation Methodologies

for Spindle Pumps. Fluids 2024, 9, 44.

https://doi.org/10.3390/

fluids9020044

Received: 27 December 2023

Revised: 23 January 2024

Accepted: 4 February 2024

Published: 9 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fluids

Article

Comparative Analysis of Simulation Methodologies for
Spindle Pumps
Pasquale Borriello 1,2,* , Emma Frosina 3 , Pierpaolo Lucchesi 2 and Adolfo Senatore 1

1 Department of Industrial Engineering, University of Naples Federico II, 80125 Naples, Italy; senatore@unina.it
2 Fluid-o-Tech s.r.l., 20094 Corsico, Italy; p.lucchesi@fluidotech.it
3 Department of Engineering, University of Sannio, 82100 Benevento, Italy; frosina@unisannio.it
* Correspondence: pasquale.borriello@unina.it

Abstract: This research conducts a comprehensive comparative analysis of simulation methodologies
for spindle pumps, with a specific focus on steady-state CFD, transient-CFD, and lumped-parameter
approaches. Spindle pumps, renowned for their reliability, efficiency, and low noise emission, play a
pivotal role in Thermal Management for Battery Electric Vehicles, aligning with the automotive indus-
try’s commitment to reducing pollutants and CO2 emissions. The study is motivated by the critical
need to curtail energy consumption during on-the-road operations, particularly as the automotive
industry strives for enhanced efficiency. While centrifugal pumps are commonly employed for such
applications, their efficiency is highly contingent on rotational speed, leading to energy wastage
in real-world scenarios despite high efficiency at the design point. Consequently, the adoption of
precisely designed spindle pumps for thermal management systems emerges as a viable solution to
meet evolving industry needs. Recognizing the profound impact of simulation tools on the design
and optimization phases for pump manufacturers, this research emphasizes the significance of fast
and accurate simulation tools. Transient-CFD emerges as a powerful Tool, enabling real-time moni-
toring of various performance indicators, while steady-CFD, with minimal simplifications, adeptly
captures pressure distribution and machine leakages. Lumped-parameter approaches, though requir-
ing effort in simulation setup and simplifying input geometry, offer rapid computational times and
comprehensive predictions, including leakages, Torque, cavitation, and pressure ripple. Breaking
new ground, this paper presents, for the first time in the literature, accurate simulation models for
the same reference machine using the aforementioned methodologies. The results were rigorously
validated against experiments spanning a wide range of pump speeds and pressure drops. The
discussion encompasses predicted flow, Torque, cavitation, and pressure ripple, offering valuable
insights into the strengths and limitations of each methodology.

Keywords: screw pump; transient-CFD; steady-CFD; lumped parameter; thermal management

1. Introduction

This paper accurately describes the simulation methodology of a screw pump using
three different approaches: unsteady-CFD, steady-CFD, and LP. Spindle pumps are rotary,
PDMs that can have one or more spindles to deliver high or low-viscosity fluids along
an axis. They have the characteristics of being simple and having a small volume, a high
ability of self-priming, smooth working, a long life span, easy disassembly, low vibration,
low pressure fluctuation, and low noise emission. Such features make them a good fit for
the new needs coming from the transportation sector.

In recent years, primary pollutants and CO2 emissions caused by the road transporta-
tion sector have been reduced worldwide through increasingly strict regulations, such as
the “Fit for 55” package part of the European Green Deal, which aims to attain climate
neutrality by 2050. The European Environment Agency [1] stated that 32% of global CO2
emissions are due to the transport sector. To face this issue, vehicle manufacturers are
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expanding the production of hybrid and BEVs [2], which will help in cutting down primary
pollutants in urban areas. Also, BEVs bring forward an increased complexity in designing
new cooling strategies due to the different cooling needs of the three main users: battery,
power unit, and cabin. Also, with the new trend based on the strong interaction between the
cooling and refrigerant circuits introducing, the heat pump system contributes to increasing
the interaction and complexity of modern thermal-management systems.

Generally, centrifugal pumps are suitable for engine cooling systems. In the traditional
ICE cooling system, centrifugal pumps, mechanically coupled with the crankshaft, were
used. This technology does not allow varying the pump speed separately from the engine
speed, preventing a high pump efficiency, which highly relies on the impeller speed. Indeed,
centrifugal pumps grant the best performances at the design point, known as the BEP,
commonly located at a high flow rate and rotational speed, corresponding to the maximum
engine mechanical power. However, the pump works far from the BEP in the course of
homologation cycles, resulting in a decreased pump efficiency (between 15 and 20%) and,
so, in a substantial amount ofpower absorbed compared to the propulsion one [3]. An
electrically actuated centrifugal pump would deliver a faster engine warm-up, accounting
for around 2/3 of the harmful emissions in typical driving cycles [4], but not a pump
efficiency increase.

Rather, like all PDMs, efficiency is essentially independent of rotational speed. Ad-
ditionally, spindle pumps are known for their simplicity, small volume, high ability of
self-priming, smooth working, easy disassembly, low vibration, low pressure fluctuation,
and low noise emissions [5]. As analyzed by Di Giovin [6], such features make spindle
pumps a good fit for the new demands coming from the automotive sector. Yet, the spindle
kinematics and internal flow field of these machines are very complicated, and the under-
standing of the internal flow is required for pump manufacturers. This is why fast and
accurate simulation tools to facilitate and accelerate the design and optimization phases
are required to meet the modern needs coming from the market. The approaches used to
model PDMs can be broadly divided into primarily two categories: 3D models and 0D or
LP models.

Generically, the LP approach solves pressures and flows by discretizing the fluid
domain into a series of volumes connected through a series of linkages. These lumped
volumes are assumed to have uniform properties such as pressure, temperature, density,
etc. Vetter and Wincek [7,8] were the pioneers in developing the initial Analytical model
for predicting volumetric flow capacity in both single-phase and two-phase operations.
Mewes et al. [9] introduced a performance calculation model for multiphase pumps based
on mass and energy conservation within the pump chamber, validating it through Experi-
mental data. Examining the steady-state and transient properties under diverse working
conditions, Patil [10] and Chan [11] investigated the impact of sealing liquid viscosity and
gas void fraction on the performance of two-phase screw pumps. Rabiger [12] proposed
a comprehensive model for screw pumps, conducting both numerical and Experimental
analyses, particularly focusing on extreme gas volume fractions (90–99%). Additionally,
Rabiger [13] conducted experiments to visually illustrate leakage flow in radial clearances.
Expanding on this research, Cao et al. [14] developed calculation models to assess backflow
and pressure distribution within multiphase twin-screw pumps. Their simulations ex-
plored the thermodynamic performance of the pump under varying gas volume fractions.
Hu et al. [15], meanwhile, established a theoretical model to evaluate twin-screw pump
clearance, total volumetric flow, and return flow in power consumption, achieving good
agreement between model predictions and Experimental data. Further contributing to the
field, Liu et al. [16] formulated an Analytical model predicting the multiphase performance
of twin-screw pumps and simulating leakage flow in the clearance. Notably, the Analytical
model predictions closely matched the Experimental data, demonstrating the robustness
and reliability of their approach.

On the other hand, the majority of these models rely on thermodynamic chamber
mathematical frameworks, neglecting kinetic energy and oversimplifying the analysis of



Fluids 2024, 9, 44 3 of 28

both main and leakage flows. Also, it is important to acknowledge that, owing to the
intricate geometry of the chambers during the meshing process, all the aforementioned
approaches are inherently built on approximations of the geometries. On the other side,
these models offer a key advantage in their ability to demand minimal computational time,
enabling coupling with additional subroutines capable of simulating various phenomena
within the machinery, ultimately the micromotion of bodies and contact deformation [17].
Full 3D CFD approaches are modeling approaches that solve for the conservation of
mass, momentum, and energy equations on a discretized fluid domain. By importing the
real geometry from the CAD, CFD approaches overcome the limitation concerning the
approximation of the spindle geometry.

Few published works rely on steady-state CFD, which considers the static mesh of the
moving flow domains [18–20]; by adopting a static grid, however, the transient essence of
the working process and the actual velocity field of the main flow are ignored.

Kovacevic et al. [21] achieved a groundbreaking advancement in utilizing CFD for
the analysis of positive displacement spindle machines. Their pivotal contribution in-
volved generating a structured moving mesh for a spindle compressor rotor, leveraging a
rack-generation approach pioneered by Stosic et al. [22]. This innovative grid-generation
technique paved the way for CFD simulations and accurate performance predictions of
spindle pumps and compressors [23,24]. Notably, it even enabled the observation and
analysis of cavitation phenomena [25,26]. In summary, the 3D-CFD approach offers un-
paralleled detail in understanding the Fluid Dynamics aspects. However, this advantage
comes with the drawback of significant computational costs and the expense associated
with licenses for commercial software. Additionally, it does not consider the micromotion
of bodies and contact deformations.

This paper conducts an in-depth comparison of simulation models for a twin-screw
pump, employing unsteady-CFD, steady-CFD, and lumped-parameter approaches. Com-
prehensive experiments covering a wide spectrum of pump speeds and delivery pressures
have been conducted to validate these models and facilitate a thorough comparison of
the results. The key findings are discussed, encompassing aspects such as leakage flow,
Torque, cavitation, and pressure ripple. Lastly, the paper presents an application case
wherein transient-CFD plays a pivotal role in significantly enhancing the efficiency of the
reference machine.

The paper is organized as follows: the reference machine and the Experimental
facilities are introduced in Section 2. In Section 3, the details concerning the unsteady-CFD,
steady-CFD, and LP approaches are presented. Section 4 follows with the main discussion
on the results, and the conclusions are drawn in Section 5.

2. Materials

In this section, the reference machine and the Experimental facilities are described.

2.1. Reference Machine

Spindle pumps operate by transferring the fluid medium within perpetual volume
cavities, known as chambers, from the suction to the delivery side. The helical configuration
of the spindles characterizes the chambers, which are consistently defined by closely
intermeshed counter-rotating spindles. These chambers move linearly toward the discharge
port. It is crucial to note that, while the chambers are not perfectly sealed, they are
interconnected through various small gaps, namely circumferential, radial, and flank
gaps [27]. This interconnectedness results in a leakage flow, as illustrated in Figure 1.

The radial gap is defined as the clearance between the tip of one spindle and the shaft
of the other spindle, while the circumferential gaps are the clearances between the spindle’s
tip and the pump housing. In contrast, the flank gap presents a distinctive challenge due
to its intricate 3D geometry, introducing considerable complexity in the establishment of
a numerical model. Generically, the ideal displacement of a screw machine is defined
as follows:

V = A · L (1)
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where A is the wet area of the transversal section and L is the lead, which corresponds to
the distance along the spindle’s axis covered by one complete rotation of the screw (360°).
It can be calculated as:

L = n · P (2)

where n is the number of threads and P is the pitch, representing the distance from the
crest of one thread to the next one. The helix angle αh, defined in Equation (3), fixes the
final length of the spindle for a given number of pitches, as also visible in Figure 2.

αh = arctan(
2πRp

P
) (3)

Figure 1. Main leakage paths and reference twin-screw pump.

Figure 2. Relationship between helix angle, pitch, and primitive radius for a two-thread spindle.

In this application case, the driving screw consists of a double-start thread trapped
900° around its corresponding shaft. The driven spindle is a three-start thread resulting
in a 2/3 transmission ratio. Figure 1 provides a qualitative representation, and for con-
fidentiality reasons, no additional geometrical parameters are disclosed. The screws are
merely entrained within a cylindrical support, delimited by the pump housing. Notably,
no bearings are employed to simplify pump manufacturing, a typical requirement in auto-
motive applications. This design choice allows for misalignments of the axis, potentially
giving rise to incidental dry friction phenomena between the rotors and casing during
pump operation. However, in normal circumstances, the thin film of fluid entrained in the
circumferential gap serves to hydrodynamically support the rotating spindles.
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2.2. Experimental Setup

The Experimental setup utilized for the tests is depicted in Figure 3. The test medium
consists of a 50:50 mixture of water and glycol (IP Antifreeze Red) at room temperature,
featuring a density (ρ) of 1070 kg/m3 and a viscosity (µ) of 0.004 Pas. Various operating
points are attained by employing a control valve on the discharge side. The rotational
speed is systematically controlled and adjusted through a dual-range Torque meter (Kistler
Type 4503A). The pressure at the discharge pipe is monitored using an amplified pressure
transducer (Unik 5000 pmp), and low-rate measurement in the discharge pipe is carried
out using a positive displacement oval gear flow meter (Kobold DON). Additional spec-
ifications are provided in Table 1. It is noteworthy that the Experimental test campaign
was conducted at the Laboratory of Fluid-o-Tech, an Italian company involved in this
research boasting over 70 years of expertise in engineering and manufacturing positive
displacement pumps and fluidic systems.

Figure 3. Hydraulic test rig at Fluid-o-Tech.

Table 1. Specification of the sensors employed.

Sensor Model Specification

Torque meter Kistler Type 4503A ±0.2 Nm. Accuracy class: 0.2.
Pressure transducer IN Unik 5000 pmp F.S.: 25 bar, Sens.: 0.4 V/bar, Lin.: 0.1% F.S.

Pressure transducer OUT Unik 5000 pmp F.S.: 25 bar, Sens.: 0.4 V/bar, Lin.: 0.1% F.S.

Volumetric flowmeter Kobold DON Materials: housing aluminum, gears in PPS.
Max viscosity: 1000 cP. Precision = ±1% v.l.

3. Simulation Methodology

In this section, the modeling of the reference machine is detailed using three different
approaches: unsteady-CFD, steady-CFD, and LP.

3.1. Unsteady-CFD

This subsection involves the mesh generation, mesh convergence study, and setup of
turbulence and cavitation models; this has been carried out within one commercial software,
SimericsMP+® (v.6.0.4). During normal operation, PDMs induce variation in the pressure
within the fluid domain by changing the size and position of the working domain and
consequently propelling the fluid. To assess the performances of such machines, numerical
modeling of quantities like mass, momentum, and energy is required. The governing
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equations are a coupled set of time-dependent PDEs solved using an FVM. The commercial
software SimericsMP+® was employed for this purpose, with details on the solution scheme
available in [28], briefly summarized here. The numerical scheme is grounded in the RANS
equations, incorporating a standard k-ϵ model to account for turbulence effects. The
cavitation phenomena are addressed according to the Singhal model [29], in which the
fluid is considered as a mixture of liquid, vapor, and some non-condensable gases. In
particular, the Equilibrium Dissolved Gas Model is employed in which the total mass
fraction of the non-condensable gas dissolved in the liquid is equivalent to the equilibrium
value. Simulations were conducted with a reference pressure of 1.01 bar at the pump inlet,
while the pump outlet pressure varied up to Pmax. By adjusting the pressure difference
between the inlet and outlet, the desired flow rate was attained. The rotational speed of the
driver rotor ranged from nmin up to nmax. Stagnation inlet and pressure outlet conditions
were applied to the respective inlet and outlet boundaries. Initial conditions included a
starting pressure of 1.01 bar, an initial velocity of 0 m/s, a turbulence intensity of 1%, and a
turbulence viscosity ratio of 10.

Grid Generation

Mesh generation involves discretizing the working domain into control volumes to
establish local fluid properties’ solutions. In this study, the SimericsMP+® grid generator
facilitates the discretization of the computational domain. The VOF domain, depicted in
Figure 4a, was derived from the 3D CAD drawing using the Creo® software (v.7).

(a) (b)

Figure 4. Volume of fluid representative of the reference machine: (a) Entire VOF meshed using
Simerics MP+. (b) Detail on the mesh of the spindles.

This domain was subdivided into sub-volumes, subsequently interfaced in SimericsMP+®

through an implicit interface known as the mismatched grid interface. The VOF was then
imported into the CFD code in STL format and meshed with appropriate grid sizes. For the
static mesh of the inlet and outlet ports, an unstructured body-fitted binary tree approach
was employed, utilizing SimericsMP+®’s general grid generator. Meanwhile, for the
spindles, whose working domain changes and deforms over time, the new General Gear
rotor template mesher for spindle machines was adopted, as illustrated in Figure 4b. A mesh
sensitivity analysis was conducted to ensure the independence of the outlet volumetric
flow rate from the cell size, as depicted in Figure 5. The VOF comprises approximately
2.87 million cells, with specific settings for the rotor mesher in the structured spindle
volumes, including 120 cells in the circumferential direction, 8 in the radial direction, and
600 in the axial direction. Although models with finer meshes were explored, the results
did not justify the increased computational time.
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Figure 5. Mesh sensitivity.

3.2. Steady-State CFD

In this section is presented the setup for the steady-state CFD simulation of the
reference machine using the commercial software Siemens Star-CCM+ (v.2206). Figure 6a
illustrates the imported geometry, highlighting the rotor fluid domain, static ports, and
input and output boundaries. Notably, the negative volume of the spindles’ geometry—the
fluid volume—has been directly extracted from the CAD and imported into the software.

(a) (b)

Figure 6. (a) Description of the VOF. Focus on the fluid domain pertinent to the spindles and
boundaries. (b) Comprehensive mesh of spindles and ports.

In addition to the ports and spindles’ volume, circumferential gaps have been gener-
ated to replicate the fluid between the external diameter of the spindles and the internal
diameter of the housing. These three parts have been linked to a region with identical
physical properties. The connection between these parts is facilitated by creating interfaces,
which can be categorized into three types: the interface between the spindles’ outer surface
and gap, the spindles’ top and bottom surface to the ports, and the gaps’ top and bottom
area to the ports, as shown in Figure 7. As depicted in Figure 6b, a polyhedral mesh has
been selected for the spindles and ports domains. By imposing a mesh target size near
the interfaces, the mesher automatically refines towards the most-critical areas. For the
spindles, a prism layer mesher was employed along the contours to control the number of
layers and cells near leakage zones. A prism layer mesh type was used to mesh the thin gap
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part, extending along the length of the spindles according to their curvature. Seven layers
were considered, resulting in almost 4.5 million cells for the VOF domain, as shown in the
zoom-in Figure 7. It is important to note that a k-ϵ turbulence model has been incorporated,
as described in Section 3.1, while no cavitation model was considered. Simulations were
executed for various outlet pressures until the stopping criteria of residual convergence or
reaching the maximum number of iterations, set at 100,000, were met.

Figure 7. Interface between the three main parts: spindles, ports, and circumferential gaps.

3.3. LP

Taking inspiration from the workflow outlined by Vacca [30], the authors propose
a novel methodology, as depicted in Figure 8. Notably, this approach has never been
previously applied to screw pumps and is well suited for modular development, allowing
the seamless integration of additional subroutines to predict various aspects, as successfully
demonstrated by Ransegnola [17].

Figure 8. Structure of the proposed methodology.

The primary objective of this methodology is to predict the pump’s performance
starting from its geometry. The Geometrical Module elaborated in Section 3.3.1, plays
a pivotal role in this process. Here, a new geometry can be generated using the Screw
Generator or read from an existing CAD using the Surface Tool, following the structure
described in Figure 8.

Subsequently, the Geometrical Module conveys information about control volumes
and other features in the form of a text file to the Fluid Dynamics Module, detailed in
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Section 3.3.2. The Fluid Dynamics Module is the core of the Simulation Module, where
the pressure inside the TSV is evaluated. The information elucidated by the Geometrical
Module also serves as the input for the Force Module. The Force Module, detailed in
Section 3.3.3, Analytically predicts the Real Torque at the pump’s shaft by considering geo-
metrical parameters, fluid properties, and the materials from which the spindles, housing,
and other main components are made.

3.3.1. Geometrical Module

The Geometrical Module functions as a vital pre-processor for all Modules within
the simulation Tool, focusing on evaluating key features essential for analyzing the Fluid
Dynamics properties of a hydraulic machine, including the DC volume and porting areas.
Users are presented with two options within the Geometrical Module: generating a new
geometry through the Screw Generator or importing an existing one as a .TXT or .DXF.
Upon obtaining the profiles, the Surface Tool operates, generating the dv

dθ , critical for the
Fluid Dynamics Module. To enhance clarity regarding the Surface Tool’s functionality, the
working principle of the Screw Generator is introduced first. Specifically, a type-D geometry,
as described by Yan [31], is illustrated. In the end, it outputs a 2D list of coordinates for
each spindle, as depicted in Figure 9. For type-D spindles, following the inputs and their
relationships detailed in Table 2, the rotors are systematically constructed.

Figure 9. Type-D profiles, generated using Screw Generator. Angles of reference.

Table 2. Input parameters and their relationship for the Screw Generator.

Symbol Definition Description

Rt Input Spindle tip radius
Rr Input Spindle root radius ([0.5 : 0.7]× Rt)
I Input Interaxes

Rp_main I/2.5 Primitive radius of main rotor
Rp_slave Rp_main × 1.5 Primitive radius of slave rotor

i21 Rp_main/Rp_slave Gear transmission 1
i12 Rp_slave/Rp_main Gear transmission 2

αdrive Input Angle of reference (normally [40 : 60]◦)

First, the generation of the main spindle is introduced: due to its symmetry, the
equations for the generation of 1/4 of the geometry are reported. Equation (4) describes
the root circle for the main spindle, and it is valid for 0 ≤ t < 90 − αdrive.xdrive

ydrive
0

 =

sin(t)
cos(t)

0

× Rr (4)
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The cycloidal arc is described in Equation (5). It is parametrically defined using an angular
variable (βcyc_drive). The loop iterates until the condition x2 + y2 ≤ R2

t is satisfied, ensuring
that the points lie within a specified circle. The exit coordinates identifies β_drive. Evidently,
Equation (5) is valid for (90 − αdrive ≤ t < βdrive).xcyc_drive

ycyc_drive
1

 =

 cos(βcyc_drive) − cos((1 + i21)βcyc_drive) 0
− sin(βcyc_drive) + sin((1 + i21)βcyc_drive) 0

0 0 1

×

 I
Rt
0

 (5)

Equation (6) describes the external arch that completes the main spindle, valid for
βcyc_drive ≤ t < 90. xdrive

ydrive
0

 =

sin(t)
cos(t)

0

× Rt (6)

The slave spindle is generated with the same Geometric instances of the circle arcs and the
cycloid arc. Only 1/6 was generated considering its symmetry. Please note that the slave
spindle shown in Figure 9 has been rotated to avoid any overlap. Equation (7) describes
the internal arc generation, which is valid for 0 ≤ t < αslave.xslave

yslave
0

 =

sin(t)
cos(t)

0

× Rr (7)

where:
αslave = (90 − αdrive)/i12 (8)

To generate the coordinate points (xcyc_slave, ycyc_slave) representing the cycloidal curve of
the slave spindle, the curve is parametrically defined using an angular variable (βcyc_slave)
and involves what is specified in Equation (9). The loop iterates until the condition
x2 + y2 ≤ R2

t is satisfied, ensuring that the points lie within a specified circle, identified by
the external diameter of the rotors. The exit point individuates β_slave.xcyc_slave

ycyc_slave
1

 =

cos(βcyc_slave) − cos((1 + i12)βcyc_slave) 0
sin(βcyc_slave) − sin((1 + i12)βcyc_slave) 0

0 0 1

×

 I
Rt
0

 (9)

In the end, Equation (10) describes the external arch that completes the slave spindle.xslave
yslave

0

 =

sin(t)
cos(t)

0

× Rt (10)

Once the profiles of the spindles are available, the Surface Tool comes into play. In Figure 10,
six distinct areas, referred to as chambers, are defined by the Surface Tool, providing
their values for every rotational angle of the drive spindle. In addition to the previously
introduced α and β values, Figure 10 illustrates segment lines identifying the characteristic
angles crucial for describing the pump housing. These angles play a pivotal role in defining
the chambers during rotation. Considering the counterclockwise direction of rotation of the
main spindle, Figure 10 offers a qualitative depiction of the evolution of each chamber. For a
more-quantitative understanding of the output from the Surface Tool, Figure 11 is presented.
It is evident that M1 and M2 consistently define the volume of fluid entrapped between
the two spindles, open to the meshing zone. On the other hand, S1 and S2 represent the
volume of fluid entrapped between two starts of the slave spindle within the casing. D1
and D2 predominantly delineate the volume of fluid in contact with the main spindle.
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Figure 10. Qualitative description of Surface Tool.

Figure 11. Evolution of chambers as calculated by the Surface Tool.

3.3.2. Fluid Dynamics Module

The Fluid Dynamics Module processes the inputs from the Surface Tool to calculate
the flow-pressure pump characteristic curve. Within each chamber, fundamental properties
like density, pressure, temperature, and viscosity remain constant, forming the basis of a
lumped-parameter model. This choice allows for fast computations and easy integration
with potential sub-Modules. In this project, Simcenter Amesim (v2021.2), a commercial
software, was employed to implement the LP model. As outlined in [32], a volumetric
pump utilizing an LP approach is modeled as depicted in Figure 12.
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Figure 12. Generic LP modeling of a volumetric pump using Simcenter Amesim.

The pressure build-up equation is a differential equation solving for the conservation
of mass in a lumped fluid domain. Further details regarding the derivation and assump-
tions are elaborated in the book by Vacca and Franzoni [33]. The formulation assumes
an isothermal process, but can be extended for non-isothermal cases. The equation is
as follows:

dpcv

dt
=

Kcv

ρcv

(
mflux
Vcv

− ρcv

Vcv

dVcv

dt

)
(11)

where Kcv = f1(ρcv, T) and ρcv = f2(ρcv, T) establish a one-to-one relation between density,
bulk modulus, and pressure in an isothermal case with temperature T. To accommodate air
and vapor, the formulation assumes an equivalent density and bulk modulus, capturing
the effective compressibility of the liquid–gas solution. In this approach, properties like ef-
fective bulk modulus, viscosity, and density become functions of pressure and temperature,
directly integrating aeration and vaporous cavitation phenomena into the fluid property
relation with pressure and temperature. For instance, in this assumption, a specific pressure
and temperature correspond to a distinct amount of gas mass fraction in the fluid domain,
denoted as fg = f (p, T). This assumption is commonly referred to as a static assumption,
as discussed by Mistry [34]. Figure 13 illustrates a potential implementation of the screw
pump using an LP approach, emphasizing its validity within a specific angular range of
the driving spindle.

Figure 13. Representation of TSVs and internal connection. Valid for a certain angular range.
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Unlike the implementations of other pumps, such as gerotor pumps, as done by
Pellegri [35], vane pumps, as done by Mistry [36], the spur EGM, as shown by Marinaro [37],
or the helical EGM, as discussed by Mazzei [38], where each TSV maintains a consistent
connection, spindle machines introduce complexities due to the intricate behavior in the
meshing zone. The evolution of chambers, as depicted in Figure 10, reveals that each TSV
undergoes a dynamic connection with different chambers throughout its rotation, making
the conventional treatment challenging. To address these challenges, the authors propose a
simplified approach depicted in Figure 14.

Figure 14. Stationary model of a spindle pump in Simcenter Amesim.

This model ignores the characteristic helical shape of the fluid volume and approxi-
mates each chamber as developing straight along the pitch. As illustrated in Figure 15b,
the connections for M1 and M2 are modeled using the orifice equation, while a modified
Couette–Poiseuille approach, as proposed by Rituraj [39], is applied for the others. This
simplified representation facilitates the modeling process and captures essential aspects of
the screw pump’s behavior.

(a)

(b)

Figure 15. (a) Actual implementation of modeling for S1, S2, D1, and D2 chambers. (b) Actual
implementation of modeling for M1 and M2 chambers.
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Regarding chambers chambers M1 and M2, the fluxes have been modeled as a turbu-
lent non-circular orifice. The mass flux into volume Vj is given by:

mflux,j = sign(pi − pj)Cq A
√

2ρ(pi − pj) (12)

where:

Cq is the flow coefficient [40].
A is the cross-sectional area (mm2) of the orifice.
∆p is the pressure difference (bar) between the chambers.
ρ is the average working fluid density (kg/m3) between two chambers.

To account for different flow regimes and orifice geometries, Cq is described as:

Cq = Cq,max tanh
(

2λ

λcrit

)
(13)

where:

Cq,max is the maximum flow coefficient defined by the user.
λ is the flow number.
λcrit is the critical flow number [40].

Therefore, the value of Cq depends on the flow number as follows:

λ =
Dh
ν

√
2∆P

ρ
(14)

where:

Dh = 4A
P is the orifice’s hydraulic diameter (mm).

ν is the kinematic viscosity evaluated at the average pressure (mm2/s).

The hydraulic diameter of the non-circular orifice has been calculated as a function of
the orifice area and its wet perimeter.

Considering the leakage flow at the tips of the spindles, it can be treated as leakage
flow through thin sections [41]. This leakage connection comprises pressure-driven flow
(Poiseuille) and relative-body-motion-driven flow (Couette). Couette flow results from the
relative motion of two surfaces surrounding the liquid. The relation for this flow can be
calculated for a specific geometry, but the fundamental equation between two flat plates is:

mflux =
ρvrelhb

2
(15)

Depending on the geometry considered, the Poiseuille equation can be formulated for
curved surfaces and flat surfaces. The Poiseuille equation for a flat surface is:

mflux,j = −
ρbh3(pi − pj)

12µl
(16)

For curved surfaces, the Poiseuille equation is given by:

mflux,j = ρQΠ(∆P, Req, h) (17)

here, QΠ represents only a pressure-driven flow through a section defined by two curved
geometries with an equivalent radius of curvature of Req, a pressure difference of ∆p, and
a gap height of h, as introduced by Rituraj [39].
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3.3.3. Forces Module

In this section, the Analytical Force Module, which allows for the prediction of the
Real Torque andeach Force’s contribution, is described. The Real Torque (Tr) is given by:

Tr = Tid + Tlosses1 +
1

ηm
(i23 · Tlosses2) (18)

where Tlosses1 is relative to the Torque losses relative to the driver spindle, while Tlosses2 is
relative to the Torque losses due to the driven spindle. ηm represents the losses due to the
contact between the two spindles, which is not ideal. i23 represents the transmission ratio,
due to the fact that the spindles have a different number of stars. As defined by [41], the
ideal Torque is given by:

Tid =
V · ∆P

2π
(19)

As illustrated by Ivantysynova [41], Torque losses in hydraulic machines can be subdivided
into the following components: losses dependent quadratically on speed, losses dependent
proportionally on speed, losses dependent proportionally on pressure, and losses inde-
pendent on the operational parameters. The Torque losses relative to the spindle x can be
generically written as:

Tlossesx = Txω + Txµ + Tx f + Tc (20)

The first class (Txω ) expresses the Torque losses due to velocity effects due to frictional
effects in the turbulent region. The second term (Txµ ) represents the losses to overcome
due to viscous friction between the sliding surfaces of the displacement machine. The
third term (Tx f ) represents the Torque losses dependent on pressure due to contact between
surfaces. In particular, two terms have to be considered. The first term of Equation (21)
(Tx f H) represents the loss due to the spindle–housing contact. The second term (Tx f P)
represents the Torque loss due to spindle–axial stopper contact. Axial stoppers are needed
to counterbalance the axial load on the spindles due to the pressure difference between the
inlet and outlet side and are shown in Figure 16.

Tx f = Tx f H + Tx f P (21)

Tc is independent of the operational parameters and can be influenced by manufacturing
tolerances, initial stress on the seals, and other preloaded parts. In this specific case,
it represents a constant contribution due to the presence of mechanical sealing on the
pump shaft.

Figure 16. Visual representation of: axial stoppers (i.e., pins) for counterbalancing the axial load, wet
transversal areas (A fx ), and main spindle’s threads’ wet area (A1).

Expanding each of the terms, Torque losses due to velocity effects can be written as:

Txω = µatt · ρ · ( fvx · v2) · Ax · re (22)

where µatt (/) represents the coefficient of friction for viscous and velocity terms. Its value
depends on the materials and lubricants [42]. ρ (kg/m3) represents the fluid density. fvx

represents the transmission factor. It is equal to 1 for the driver spindle and equal to 2/3
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for the driven spindle (because, in this specific application case, spindle1 has two starts and
spindle2 has three). v (m/s) represents the velocity and can be written as:

v = ω · re =
2πn
60

· re (23)

where n (rev/min) is the rotational speed. Ax (m2) represents the wet area relative to
spindlex. re (m) is the external radius of the spindles.

The wet area (Ax) is shown in Figure 16 and can be calculated as proposed by Di
Giovine [43] or measured using the CAD.

Torque losses due to viscous effects relative to spindlex can be written as:

Txµ = µ

(
fvx · v

h

)
· Ax · re (24)

where µ (Pa·s) represents the dynamic viscosity and h (m) represents the radial circumfer-
ential gap, introduced in Figure 1.

The Torque due to friction between spindlex and the pump housing can be written as:

Tx f H = µatt2 · re
(

Fpr ± Fr
)

(25)

where µatt2 (/) represents the friction coefficient due to the contact between the bodies in
contact, and its dependency on the materials and operating conditions is discussed in [44].
rpx (m) represents the primitive diameter relative to spindlex. Fpr represents the radial
Force acting on the spindle due to the linear evolution of pressure along the spindle’s axis,
discussed in detail in Section 4.1. Fr represents the radial decomposition of the ideal Force
acting on the pressure line. Fpr can be calculated as [45]:

Fpr = rpx ·
(

∆P
np

· L · nx

)
(26)

np (/) represents the number of pitches for the given spindle. L (m) represents the to-
tal length of the spindle. nx (/) represents the number of starts for the given spindle.
Fr (N) represents the radial contribution of the Force, i.e., the tangential Force along the
primitive circle, calculated as:

Fr =
Tid
rp

(27)

The ± sign is used because this contribution can either add or relieve the load whether the
helix is clockwise or counterclockwise.

Ultimately, the Torque losses due to the contact between spindles and the axial stopper
can be expressed as:

Tx f P = µatt2 ·
2
3
· rpin

(
Fpx ± Fa

)
(28)

rpin (m) represents the external radius of the stopper in contact with the spindle; (2/3) is the
equivalent contact area according to Hertzian theory [46]; Fpx (N) is the Force contribution
due to the resultant axial pressure, equal to:

Fpx = ∆P · A fx (29)

where A fx is the wet transversal area of spindlex, highlighted in Figure 16.
Fa (N) represents the axial decomposition due to the helix angle (αh) of the ideal Force

acting on the pressure line and can be calculated as:

Fa =
Tid
rp

· tan(αh) (30)
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In the next section, the methodology described in Section 3 will be validated and compared
against experiments across a wide range of operating conditions.

4. Results and Validation

This section presents results from the unsteady-CFD, steady-CFD, and LP models,
offering insights into each numerical approach and carrying out a comparative analysis.

4.1. Flow-Pressure Characteristic Curve

At first, steady-state characteristics are presented. Figure 17a illustrates the alignment
of the flow-pressure characteristic curves predicted by all models with the measured flow
(blue lines).

(a)

(b)

(c)

Figure 17. (a) Flow-pressure curves. (b) Volumetric efficiency. (c) Percentual error with respect to
Experimental flow rate.
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The fact that the flow is almost constant over the pressure is a characteristic asset of
volumetric machines, and in particular, it highlights the good volumetric behavior of the
specific machine. Figure 17b details the volumetric efficiency across different motor speeds
and pressure drops. The discernible shift in slope from low to high speeds signifies that
leakages primarily exhibit pressure-driven characteristics, showing minimal influence from
motor speed. To assess the predictive accuracy, Figure 17c depicts the percentage error
relative to the measured flow rate for each (n, ∆P) combination. A comprehensive summary
of the average and standard deviation values is outlined in Table 3.

Table 3. Overview of models’ performances in experiments.

Steady-CFD Unsteady-CFD LP

avg 3.69% 1.70% 0.61%
σ 0.08 0.03 0.03

Computational Time 185 min 155 min * 6 s
* For 1 pump revolution.

By examining the results shown in Figure 17 and reported in Table 3, the LP model
emerges as the most-accurate across the different scenarios. Despite the overall success, a
noteworthy challenge arises at the low-speed high-pressure corner point. Here, the absence
of bushings allows the spindles to move freely within the pump housing, with their radial
position contingent on both pressure and speed. In fact, pressure and speed influence the
hydrostatic and hydrodynamic contributions to the fluid film between the spindles’ tip
and housing. At the low-speed high-pressure corner point, the hydrodynamic contribution
diminishes, leading to spindle–casing contact due to the radial component of the Force
derived from the pressure difference. This specific behavior, attributed to the unique
characteristics of the reference machine, is not fully captured by existing models. In CFD
approaches, the radial position of the spindles is fixed, and the LP model does not account
for spindle motion at this moment. The pressure distribution, illustrated in Figure 18,
underscores two key observations. Firstly, the mean pressure gradually rises along the
axial direction from the inlet to the outlet port, a phenomenon accurately represented by all
three approaches. Secondly, due to the helical shape of the spindle, the lower portion of
each chamber advances axially, reaching higher pressure levels sooner. Consequently, the
spindle body experiences a resultant Force that may induce shaft deformation and radial
movement of the spindles. Importantly, the current simulations assume a perfectly rigid
spindle, disregarding structural deformation. To address radial spindle movement instead,
a pragmatic approach involves rigidly moving the spindles toward the lower-pressure side,
maintaining a minimum gap of 5, µm, as previously detailed by the authors [47].

(a) (b) (c)

Figure 18. Pressure distribution along spindles’ axis: (a) LP; (b) unsteady-CFD; (c) steady-CFD.

4.2. Torque Prediction

Concerning Torque prediction, steady-CFD cannot be used. Figure 19 shows the
comparison between the unsteady-CFD numerical results and Experimental Torque at two
different ∆P and over four different motor speeds. Looking at the Experimental results, it
can be said that Torque is almost independent of speed and linear with pressure, as one



Fluids 2024, 9, 44 19 of 28

would like it to be. Excluding the results at 500 rev/min, the maximum error is 11.2%,
with an average error of 4% and a standard deviation of 0.06. Considering that the Torque
predicted by CFD is mainly due to pressure and viscous effects, the limited difference
underscores the marginal contribution of the frictional effects (spindle-to-spindle and
spindles-to-casing). Concerning the numerical results, while at 1500 and 3000 rev/min,
the Torque predicted from CFD tends to underestimate the Real Torque, as expected, at
4000 rev/min, the trend is the opposite. This can be explained by looking at Figure 20:
six probing points were placed along the spindle’s axis direction; the pressure of each of
those points has been plotted.

Figure 19. Normalized Torque versus pressure, unsteady-CFD and Experimental results.

Figure 20. Torque analysis: (a) six probing points along spindles’ axis in the CFD model; (b) local
pressure plotted for each point.

It is evident that the higher the speed, the higher the pump’s suction capability is,
resulting in a lower pressure at the spindles’ inlet side, eventually meaning that the ∆P the
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spindles have to overcome at 4000 rev/min is bigger than at 500 rev/min. At 500 rev/min,
the higher Experimental Torque is due to an incompletely developed lubrication regime, as
expounded in Section 4.1.

Alternatively, the Analytical approach discussed in Section 3.3.3 provides good ac-
curacy in predicting the Real Torque and allows examining each factor contributing to it.
Figure 21a presents a punctual comparison between Experimental and numerical Torque
output by the Force Module over a wide range of rotational speed and downstream pres-
sure. Figure 21b reports the percentual error between the Analytical and measured Torque
for each point of Figure 21a. A good agreement between the Experimental and Analytical
Torque can be appreciated over the whole range of operation. The average error is 3.6%,
with a maximum error equal to 16.7%. It can be noted that the highest errors coincided
with the lowest speed, as for the CFD model, due to dry friction phenomena.

(a)

(b)

Figure 21. (a) Adimensional Experimental and Analytical Torque; (b) Percentual error between
Analytical and Numerical Torque.

Ultimately, the Analytical model can assist in assessing the contribution of all sources
of losses to the Real Torque. Figure 22 illustrates this across various operating conditions. It
is noteworthy that the ideal Torque exhibited the most-significant contribution, as expected.
The primary sources of losses arose from the contact between the spindles and housing,
along with the losses attributed to the velocity effects.
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Figure 22. Torque losses’ distribution across several operating conditions.

4.3. Cavitation

This section delves into considerations regarding cavitation phenomena, leveraging
the insights provided by unsteady-CFD simulations. This approach enables the monitoring
of the time-dependent evolution of the velocity and pressure distributions, crucial factors in
identifying potential cavitation occurrences. Cavitation risks manifest at distinct locations:
the spindle leading edge, radial gaps, and flank gaps, as detailed in [26]. The pressure
differences across threads in flank gaps, illustrated in Figure 20, result in locally elevated
velocities and diminished static pressure. Meanwhile, circumferential gaps experience
heightened velocities due to rapid rotation, inducing increased pressure losses in the
chamber’s lower section. This leads to a reduction in total pressure and a simultaneous
elevation of dynamic pressure, resulting in lower static pressure at the chamber’s bottom.
Figure 23 punctually delineates regions where free gas is present, notably at both radial and
circumferential gaps, primarily on the lower clearance side. As expected, going from lower
(Figure 23a) to higher (Figure 23b) speed, the severity of cavitation increased drastically.

(a) (b)

Figure 23. Isosurface of gas volume fraction: (a) low speed; (b) high speed.
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4.4. Fluid Dynamics Optimization of the Porting

Furthermore, an advantageous aspect of transient CFD simulations is the capa-
bility to conduct an in-depth analysis of the machine, identifying turbulence or stall
regions. In Figure 24a, the cross-sectional velocity magnitude is depicted at the high-speed
high-pressure corner point, revealing noticeable recirculation areas leading to performance
losses. The optimized geometry proposed in Figure 24b significantly mitigates this is-
sue. For example, another insightful parameter to visualize for such a purpose could be
turbulent kinetic energy (TKE). Figure 24c showcases the Experimental percentage effi-
ciency improvement between the two proposed solutions across a wide range of pump
speeds and discharge pressures. Clearly, a direct correlation is observed: the higher the
speed, indicating increased recirculation, the greater the efficiency gain is. This serves as a
compelling illustration of how such tools empower engineers to explore and implement
effective solutions, strategically addressing specific challenges within the system.

(a) (b)

(c)

Figure 24. (a) Cross-section of velocity magnitude of the first design; (b) cross-section of velocity
magnitude of optimized design; (c) Experimental percentual efficiency gain between the two designs.

4.5. Pressure Ripple

In this section, the outlet pressure ripple is compared against experiments and a
numerical comparison for various circumferential gaps is presented. It is important to note
that the volume of fluid (VOF) visualization presented in Figure 4a has been adapted in
accordance with the methodology outlined in [48]. Specifically, a volume representing a
constant diameter duct coupled with a calibrated orifice has been incorporated at the pump
outlet to replicate a design that can be easily reproduced experimentally. It can be seen in
Figure 25: in particular, Figure 25a shows the numerical VOF and exploits the positioning of
the probing point, which replicates the position of the pressure sensor. Figure 25b shows the
modified Experimental setup: it has to be noted that this design allows for the substitution
of the manifold and the calibrated orifice representing the load according to any need.
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(a)

(b)

Figure 25. (a) VOF of the updated model to investigate pressure ripple; (b) Experimental setup.

Figure 26 presents a comparison between numerical and Experimental pressure ripple
in the time and frequency domain.

(a)

(b)

Figure 26. Pressure ripple comparison: (a) time domain; (b) frequency domain.

Looking at the time domain signal, the numerical model predicts well the amplitude
of the peak-to-peak signal. The shape is replicated quite well, although there are some
differences. Since the driving spindle has two starts, their contribution during each pump’s
revolution is visible. The fact that the Experimental ripple has a deeper dip suggests
that the real engagement with the mating spindle is not as good. Also, some differences
are due to geometrical errors that the real geometries carry. Looking at the frequency
domain, despite some differences in magnitude, every component is predicted by the
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numerical models. In particular, it reveals the correlation of each frequency contribution to
the geometrical parameters. Given the motor speed, the shaft frequency can be identified.
It has to be noted that this frequency is only visible in the Experimental signal, also known
as the whirl frequency, which is due to shaft misalignments and is not replicated by the
numerical model.

f 1 =
2641

60
= 44 Hz (31)

Recalling that the driver spindle has 2 starts while the driven spindle has 3 starts,
frequencies such as:

2 f 1 = 88 Hz (32)

(2/3) f 1 = 29 Hz (33)

(3/2) f 1 = 66 Hz (34)

and their multiples such as:
3 f 1 = 132 Hz (35)

4 f 1 = 176 Hz (36)

3(3/2) f 1 = 198 Hz (37)

6 f 1 = 264 Hz (38)

8 f 1 = 352 Hz (39)

can be clearly distinguished.
A numerical speculation concerning the pressure ripple for different circumferential

gaps is presented in Figure 27. The amount of circumferential gap shown in Figure 26,
denoted as Baseline, is increased by a factor of 2*Baseline and 4*Baseline. All simulations
were conducted at a consistent speed of 2641 rev/min. Due to variations in the pump’s
efficiency, the outlet average pressure marginally decreases from the Baseline model to the
others with larger tolerances, indicating the presence of leakages.

Figure 27. Pressure ripple in time and frequency domains for: (a) Baseline; (b) 2*Baseline; (c) 4*Baseline.

The results encompass three pump revolutions, from the fifth to the eighth, to mitigate
transient phenomena and attain quasi-static outcomes.

Notably, the 2f1 contribution predicted numerically is predominant in both the time
and frequency domains, corresponding to the main spindle’s dual threads.

In terms of time domain results, the morphological similarity of the pressure ripples
was evident when transitioning from the Baseline to the 2*Baseline configuration. Conversely,
the 4*Baseline case exhibited distinct shapes, attributing to larger gaps and more-dominant
leakages, making the kinematic machine ripple less pronounced. In this case, the contri-
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bution is spread across multiple frequencies, as observed in the frequency spectrum. To
quantitatively assess the differences between models, it is common to refer to the NUG
parameter as defined by [41] and reported in Table 4:

NUG =
Qmax − Qmin

Qavg
(40)

Table 4. NUG parameter for the three presented models.

Model NUG

Baseline 0.024
2*Baseline 0.030
4*Baseline 0.041

The reported NUG values highlight the noise emission potential of these machines,
considering that the fluid-borne noise values arising from pressure ripples are limited.

5. Conclusions

In conclusion, this manuscript presents a thorough comparative analysis of simulation
methodologies for spindle pumps. These machines have been chosen for their potential
application in addressing the evolving needs of the automotive sector, particularly in
the thermal management of Battery Electric Vehicles. The chosen reference machine,
renowned for its high-efficiency characteristics and low noise emission capabilities, serves
as a pertinent case study in this context.

5.1. Summary

The study involved the development of ad hoc simulation models using two primary
modeling approaches—CFD and LP. Notably, an innovative approach for unsteady-CFD
simulations was implemented using the commercial software Simerics MP+ (v6.0) . Steady-
CFD simulations, which allow for the prediction of leakage flow and pressure evolution,
have been conducted using the commercial software Siemens Star-CCM+ (v.2206). Ad-
ditionally, a novel LP simulation framework was formulated for screw pumps, featuring
detailed Geometric, Force, and Fluid Dynamics Modules developed in Python and Sim-
center Amesim (v.2021.2) environments, respectively. Importantly, for the first time, a
Tool able to read the real geometry and extrapolate the dv

dθ needed for the Fluid Dynam-
ics Module has been formulated for spindle pumps. The validation of the simulation
models was rigorously conducted through an Experimental test campaign, involving the
construction of several prototypes from scratch. The findings underscored the considerable
potential held by LP models in analyzing such machines, outperforming both unsteady
and steady CFD approaches in predicting steady characteristics. The appeal of LP models
is further heightened by their limited computational time, aligning with the industry’s
demand for fast and reliable tools in the early stages of machine design. Examining the
steady-state results, it is noteworthy that the leakages exhibited non-speed dependence,
and the pressure evolution over the spindles’ length followed a linear trend. The Torque
analysis, encompassing a broad range of pump speeds and pressure drops, revealed a linear
relationship with pressure, with speed-induced contributions more pronounced at extreme
operational ranges. Specific considerations were identified for low- and high-speed opera-
tion, addressing potential issues related to increased friction. Spindle machines, known for
their capability to handle fluids with larger air quantities, were assessed for aeration and
cavitation phenomena. The study demonstrated how unsteady-CFD effectively handles
such issues, pinpointing areas, such as interlope gaps and circumferential gaps, where
aeration and cavitation are more likely to occur. A noteworthy contribution of this study is
the numerical comparison of the pressure ripple for three different circumferential gaps in
both the time and frequency domains. This analysis is crucial for the design of low-pressure
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pulsation pumps, aligning with the latest industry requirements. The study highlights the
potential of spindle machines through the low values of the NUG parameter. In reflection,
the authors affirm the high potential held by LP models, particularly for their modularity
and efficiency in handling different aspects of spindle pump performance. Despite their
advantages, it is acknowledged that the development effort required for such models can
be substantial. Steady-CFD offers the advantage of predicting steady characteristics with
limited effort, despite the high costs for the licenses. For a detailed analysis, unsteady-CFD
emerged as the most-powerful Tool, providing users access to the highest level of detail, as
discussed in the fluid dynamics optimization case.

5.2. Future Work

In future research endeavors, the focus could be directed toward refining and expand-
ing LP models with submodels to address additional aspects, such as a dynamic Force
Module that accounts for body motion, a transient Fluid Dynamics Module capable of
predicting the pressure ripple, and a comprehensive Module able to analyze the way the
fluid-borne noise interacts with the surface, aiming to ultimately predict and optimize the
air-borne noise.

In essence, this study contributes valuable insights into the diverse simulation method-
ologies for spindle pumps, paving the way for advancements in the design and optimization
of these machines, especially in the realm of automotive thermal management.
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Abbreviations

CFD computational Fluid Dynamics
LP lumped parameter
ICE Internal Combustion Engine
BEP Best Efficiency Point
PDM positive displacement machine
PDEs partial differential equations
FVM finite-volume method
RANS Reynolds-averaged Navier–Stokes
VOF volume of fluid
CAD Computer-Aided Design
TSV Tooth Space Volume
EGM External Gear Machine
DC Displacement Chamber
NUG Non-Uniformity Grade
BEV Battery Electric Vehicle
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