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Abstract: The development of electric gerotor pumps is a complex multiphysical optimization
problem. To develop optimal systems, accurate simulation models are required to increase digital
reliability. An important challenge is the accurate prediction of the pump behavior for extreme
temperatures in automotive applications from —40 °C to 110 °C, where the viscosity of the fluid
changes significantly. Therefore, simulation-based methods (numerical methods for calculating
viscous friction) were developed and validated by measurements, including climatic chamber tests.
The results show a strong correlation between simulated and measured performance characteristics,
especially in terms of volumetric flow rate (<5 %), pump torque and efficiency (<7 %) at different
temperature and viscosity conditions over a wide speed range (1000-5000 rpm) and different system
pressures (0.5-5bar). A novel method for simulating the cold start behavior of pumps (journal
bearing approach for outer gear in pump housing) was introduced and validated by measurements.
The methods presented significantly reduce the need for physical testing and accelerate the devel-
opment process, as the pump behavior at each operating point can be accurately predicted before
a hardware prototype is built. This improves the understanding of gerotor pump characteristics
and provides insights to further improve the model-based development of electric oil pumps for the
automotive industry.

Keywords: model-based design; electric oil pumps; gerotor pumps; virtual validation; automotive
fluid systems; pump cold start behavior

1. Introduction

In 2023, around one out of five newly registered vehicles worldwide was a battery
electric vehicle. Thereof, most electric vehicles were sold in China (60%), Europe (25%) and
the USA (10%) [1]. In order to meet the demands of the drivetrain concepts of battery electric
vehicles, the products of the supplier industry and the associated design requirements have
changed drastically. In terms of the lubricating oil systems, a classic lubricating oil pump
formerly driven by a combustion engine [2] is now being transformed into an electric oil
pump that supplies fluid for powertrain cooling and lubrication applications [3].

There are various lubrication and cooling concepts that can be used for the cooling of
the drivetrains of BEVs and hybrids. In industry, applications that focus on a combination
of direct and indirect cooling are the most common. The oil is used either for the direct
cooling of the windings by spray cooling or by overflowing the windings and for indirect
stator cooling by cooling the motor housing [4]. Furthermore, the oil in the circuit also
lubricates the gearbox, which is required for the transmission of the drive speed and
torque [5]. Suppliers to the automotive industry typically offer so-called electric gerotor
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pumps for lubrication and cooling applications. Figure 1 shows a gerotor pump with an
integrated electric motor and pump controller [6]. Compared to positive displacement
pumps, centrifugal pumps in single-stage design are not able to achieve the required
pressure ranges with the desired efficiency due to the space and acoustic (speed-limited)
requirements in automotive engineering [7]. Gerotor pumps are generally preferred due
to their simple design compared to vane pumps and their compact dimensions compared
to external gear pumps [8,9]. Furthermore, gerotor pumps feature low noise emissions
through a precise and silent operation of the trochoidal gearing [10].

Gerotor pumps are positive displacement pumps and belong to the group of internal
gear pumps. They consist of an outer gear whose center of rotation is positioned eccentri-
cally to the inner rotor and has one tooth more [8]. There are already several approaches
trying to develop electric oil pumps with increased efficiency specifically for use in electric
powertrains. For example, investigations [11] show how the efficiency of the pump can be
increased at a certain operating point by optimizing friction in the housing.

Figure 1. © by 2023 SHW AG. Gerotor pump for battery electric vehicles [6].

Such investigations require the capability to simulate the pump both volumetrically
and hydromechanically. In simulating pumps, both lumped parameter or 1D approaches
as well as 3D CFD simulation methods are in use [12]. For example, ref. [13] analyzes the
influence of cavitation on erosion with a CFD simulation, ref. [14] uses CFD simulation for
noise mitigation prediction in gerotor pumps, whereas [15,16] show a combined 2D /3D
environment that can accelerate the design of gerotor pumps by using simulation methods
in a web-based digital twin. In the 1D and lumped parameter approaches, it is examined
how micro movements in the gerotor can be investigated using a journal bearing approach
(outer gear to housing) [17,18] and how a pump simulation considering fluid—structure
interaction effects could be used to investigate the influence of material deformation at high
pump pressures [9]. Additionally, ref. [19,20] show how a gear set design and simulation
can be performed for different operating conditions, even if [2] notes that 1D simulations
are often used for instantaneous flow rate calculations and more research has to be done
on the holistic optimization of inlet and outlet geometries. It should be mentioned that
approaches for the automated optimization of gear set profiles using CFD simulations with
dynamic mesh technology have already been shown by [21]. Other works [22,23] have
further shown that it is possible to simulate the pump efficiency and the corresponding
torque at an operating point, if the geometric conditions of the pump are well known.
However, the approach of [22] already indicates that there may be a deviation at lower
temperatures. For this reason, it is the goal of the present work to

*  Develop a systematic method that allows a holistic and fast simulation of the pump at
every operating point with temperatures ranging from —40 °C to 4110 °C with oils
typical for the application and corresponding viscosities.

e  Study the behavior of a gerotor pump at low temperatures (—40 °C to +30 °C).

¢  Validate the method with intensive testing in a climate chamber.
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2. Methods in Context of Product Development

As shown in [24], it is important in the development process to use simulation tools to
validate the design requirements already in the early stages of the development process,
so that complex systems can be developed with minimal residual risk of fundamental
design errors. The requirements for each subsystem are always derived from the overall
system and these in return influence other subsystems and associated components. In this
context, the digital consistency of data and models, together with the digital continuity of
processes and the digital interoperability of tools [25] is crucial for the success of a model-
based systems engineering and product development approach. According to [25], this
required digital consistency, continuity and interoperability can be achieved with graph-
based design languages and realized by using the commercial software package Design
Cockpit 43° [26] (Version: 4.0.37, IILS Ingenieurgesellschaft fiir intelligente Losungen und
Systeme mbH, Trochtelfingen, Germany). For this reason, the electric oil pump system
is decomposed into its subsystems and the overall system requirements are consistently
decomposed to obtain the subsystem requirements according to the state-of-the-art method
in this section.

The detailed analysis shown demonstrates that an optimal multi-physical and multi-
criteria pump design requires a holistic approach where each potential operating point can
be validated through simulation before the first hardware prototype is built. Customers
typically define an overall pump efficiency and maximum electrical power consumption
as a requirement for multiple operating points. The most important working points are
the most commonly appearing ones or those with the harshest conditions. There are two
key operating points for a pump—the cold start with extremely low temperatures (high
viscosity of the fluid) at low pump speeds, and the “hot cycle” operating point with high
speeds and volume flow requirements at high temperatures, resulting in the low viscosity
of the fluid. The pressure requirements for the pump can all be described as moderate and
are generally in the range of <5bar. Without verifying that all operating points have been
reached within the customer’s requirements, the product will not be released for further
use. In particular, the cold start operating point requires extensive and time-consuming
testing in a climatic chamber.

Figure 2 below shows how the overall pump power requirements and the associated
overall multi-physical subsystem efficiency can be decomposed as specified by the customer
for the associated subsystems. In Figure 2 Ppump refers to the total pump power, Peerotor
refers to the drive power of the gear set, and Pjysges ¢-motor Tefers to the power loss of the
electric motor. At the level of the gerotor subsystem, the drive power can be calculated
from the hydraulic power (Ppressure) and the hydro-mechanical friction power (Pfriction)- By
calculating the power based on the torque (Mpressure and Miction) and the speed 7, the need
for an accurate torque prediction for the gerotor set for each operating point becomes visible.
Otherwise, an incorrect torque requirement will be assumed as a boundary condition for
the optimization of the electric motor, which would lead to a non-optimal motor design.

As shown in the study [27], the field of gerotor pumps has been the subject of intensive
research in recent years. This has revealed that precise modeling and simulation is decisive
for the continuous improvement of pump concepts such as gear profiles. Almost all model-
ing and simulation methods are used for the development of gerotor pumps. However,
CFD and FEM simulations are mainly used to determine the flow rate, efficiency or the
contact stresses of the gears. In addition to the 3D, highly geometry-dependent simulation
methods, so-called 1D models or lumped parameter models can also be used to calculate
pump characteristics [19,22].

For example, the commercial software package Simcenter Amesim [28] (Version:
Simcenter Amesim 2210, Siemens Digital Industries Software, Plano, TX, USA) offers the
possibility to model the pump completely parametrically in a very early development
phase to virtually test possible concepts based on customer requirements. For further
analyses in the scope of CFD, currently additional methods are being developed [29,30]
that were not considered here but can be part of future investigations (see Section 6).
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Requirements E-Pump
Ppump = Pgerotor + Plosses e—motor
requirements cold start of the
electric oil pump
Sub-System Gerotor
Pgerotor = Ppressure + Pfriction
simulation of the shaft torque to
meet the hydraulic requirements — Mpressure 20 | Myriction 21
60 60
Sub-System E-Motor
(MpressuretMfriction) 2-mn
Ppump = 60 + Plosses e—motor

simulation of cold start working
point of the e-motor

Figure 2. Requirements-based development of electric gerotor pump with decomposed requirements.

3. Models for Gerotor Pumps

As already mentioned in the previous section, more simple models are widely pre-
ferred for the simulation of gerotor pumps. For example, ref. [15] presents a lumped
parameter approach for simulating pump characteristics that fit very well to the results of
complex 3D CFD simulations. Furthermore, ref. [31], in their article, refer to a 1D approach
for simulating the hydraulic pump behavior based on a simulation in the commercial soft-
ware package Matlab [32] (Version: R2015a, The MathWorks, Inc., Natick, MA, USA). In
Section 3.1, the state-of-the-art modeling of gerotor pumps is reviewed, and in Section 3.3,
the novel method of the viscous friction heating effect during the cold start of electric
gerotor pumps is presented.

3.1. State of the Art Gerotor Pump Models

The use of 1D or lumped parameter models for the development of gerotor pumps
can be justified by two arguments. First, due to the simplicity and low computing resources
required by 1D simulations, a large number of model parameters can be modified in a
short time and with manageable resources to analyze their influence. Second, the ability
to integrate comparatively detailed pump models into complex systems that can only be
simulated with 1D simulations.

An example of such a complex multi-physical model is shown in the following. In
Figure 3, an electric gerotor pump model is represented with the entire electric circuit, the
electric motor and the pump gear set [28].

Based on the Figure 4, which illustrates the simplified user interface to change the
simulation inputs, the working principle of the gerotor pump can be shortly explained.
The gerotor pump is a specific type of internal gear pump and is characterized by the tooth
contour consisting of circular arcs on the outer rotor, which is why it is also known as a
generated rotor (gerotor) [33]. In the chambers formed between the teeth of the inner and
outer gears, the fluid is transported from the suction side (colored in blue in Figure 4) to
the pressure side (colored in red), while being pressurized by the volume reduction of the
chambers. According to [34], the profile of a gerotor can be described by a small set of
parameters, as well as the analytical description of the inlet and outlet geometries of the
pump by the use of functions of the rotational angles.
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Figure 3. Simcenter Amesim model of an electric oil pump [28].

In Simcenter Amesim, a lumped parameter approach to model multi-physical systems

is used [28]. In the case of the gerotor pump component seen in Figure 3, it is considered as
an assembly of variable control volumes representing the internal fluid volumes between
the teeth of the inner and the outer gears, as schematically illustrated in Figure 4 and
Figure 5. Mass conservation equations are numerically solved in each of these volumes
(called chambers) to obtain the pressure dynamics inside them.
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Figure 4. Interface App for a parameter-based design of a gerotor pump in Simcenter Amesim.
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Figure 5. Vectorial components structure in Simcenter Amesim with adjustable number of chambers.

The chambers are connected to the pump inlet or outlet volumes through flow restric-
tions (orifices) of varying flow area (see Figure 5). The flow area depends on the rotational
angle of the pump, the geometry of the gears and of the inlet and outlet ports. Figure 6
shows the evolution of one chamber volume over a complete rotation of the outer gear, as
well as the flow areas corresponding to the inlet and outlet ports.
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Figure 6. Hydraulic chamber volume with corresponding intersection areas to inlet and outlet port.

The flow rate g, through the orifices connecting internal volumes to inlet and outlet
ports is modelled using a well-known law as described in [35]:

2|AP
Qorif = CqA |P| (1)

where

* (s the flow coefficient (function of the flow regime). This value can be estimated

from CFD calculations or measurements. The value is here set to 0.7, based on the
authors’ experience.

A is the flow area (function of chamber position and geometries of gears and ports).
AP is the pressure drop across the orifice.
*  pisthe oil density.
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Adjacent chambers are also connected together through laminar leakages occurring in
the gap between the inner and outer gears’ teeth (see Figure 5).

Those leakages are modelled as a combination of Poiseuille and Couette laws in
a rectangular channel, as described in [36]. The Poiseuille contribution is recalled in
Equation (2):

APb &
qleakP = Tyl 2)

where

* AP s the pressure drop across the leakage.

*  bis the gears’ thickness.

*  Jisthe clearance between the inner and outer teeth.
*  uis the oil absolute viscosity.

¢ [isthe gap length.

Note that here the gap between gears’ teeth is assumed to be known, and constant
with the gears’ position. In addition, Equation (2) for the Poiseuille flow, as well as the
equation for the Couette flow assume a laminar flow: it is possible to estimate some values
of the Reynolds number Re = UDy,/v (U being the fluid relative velocity in the gap, D),
the hydraulic diameter of the rectangular gap and v the kinematic viscosity) to verify that
this hypothesis is valid for the current study. Let us consider the following values for
calculating the Reynolds number in the gap between the gears:

e U = 1m/s (roughly estimated from the outer diameter of the outer gear given in
Table Al and a shaft speed of 3000 rpm).

* Dy =0.2mm (from gear width in Table Al and a gap of 0.1 mm).

e v~ 5000cSt(at —30 °C) and v ~ 10 ¢St (at 100 °C), for standard lubricating oil.

One can then obtain a Reynolds number in the range [0.04; 20], which satisfies the
laminar hypothesis.

Knowing the flow rates entering or exiting the different chambers will allow us to
compute the overall pump flow rate and, as a consequence, the volumetric efficiency. To
obtain the total efficiency of the gerotor unit, it is also necessary to evaluate the friction
inside the pump, since it will impact the hydro-mechanical efficiency.

The friction characteristic of a gerotor pump can be compared with a conventional
lubricated radial journal bearing, as shown in Sections 3.3 and 4. Depending on the Giimbel-
Hersey number (GHZ), which is calculated by the dynamic viscosity #, the angular velocity
w and the specific load p, the friction number is calculated and the three ranges of boundary
lubrication, mixed lubrication and hydrodynamic lubrication can be defined [37]. The GHZ
is represented in Equation (3) [38]. In the context of the method developed in this paper,
only hydrodynamic lubrication is considered, although other friction states may occur at
very low pump speeds, high pump pressures or unfavorable viscosity-to-load ratios.

GHZ = % (3)

The chosen approach for modelling the viscous friction in the gerotor pump has
similarities with the one described in [22]: the hydro-mechanical friction torque on the
shaft My is decomposed into four terms:

Myfric = Migs + Megs + Megh + Mbrg (4)
with
* Mg the viscous friction torque between the inner gear sides and the housing.
®  Megs the viscous friction torque between the outer gear sides and the housing.

® Mgy the viscous friction torque between the outer gear cylindrical surface and
the housing.
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® My, the viscous friction torque at the shaft bearing.

The last two torques are modelled as in [22], using Petroff’s equation [39]. The
use of this equation is based on the fact that the flow distribution in the gap between the
cylinders is linear in the radial direction, because of the small gap compared to the cylinders’
diameters and because the leakages at both cylinders’ ends are neglected. This assumption
will be further used when discussing thermal aspects in the oil film in Section 3.3. One
limitation that can be noted here is that possible eccentricities of the cylinders are not taken
into consideration, even though they can affect the viscous friction.

Regarding the friction between gear sides and housing, a different method than the one
presented in [22] is developed. The modelling approach described in [22] is an analytical
one. Because of the complexity of the involved geometries (gears and ports), such an
approach presents a limitation: the friction surface, where the oil film develops, cannot be
evaluated precisely. The current study proposes a numerical approach to better consider
the real friction surface, with the aim of developing a more predictive model.

Several assumptions are made on the oil flow between the rotating gear and the fixed
housing in order to derive an expression for the shear stress in the oil film, and ultimately
an expression for the viscous torque on each gear side:

*  The rotating speed of gears is fixed and the flow is stationary.

e The flow is only tangential (no radial or axial velocity).

¢  The tangential velocity only depends on radial and axial coordinates.

*  There is no pressure gradient; the flow is only driven by viscous forces induced by the
rotation of gears.

From the Navier-Stokes equations (mass conservation, momentum conservation
and boundary conditions of fluid adhering to walls) it is possible to derive an analytical
expression for the shear stress 7 and for the infinitesimal torque on the gear side:

T=0 5)

where 7 is the dynamic oil viscosity, r the radial coordinate and & the gap between the gears
and the housing. The infinitesimal torque is then numerically integrated on the friction
surfaces of gears’ sides. This approach allows us to consider the real geometry of the gears
(teeth profile, inner gear hole, outer diameter of outer gear) and of the inlet and outlet ports.

However, the flow distribution in such a configuration can be quite complex and the
mentioned simplifications should be further validated.

3.2. Validation of Gerotor Pump Template

In order to validate the gerotor pump template in Simcenter Amesim, various pumps
were tested on the test bench at different operating points by measuring their volumetric
and mechanical performance and comparing this data with the simulations. The following
Figure 7 shows an excerpt from the validation runs. A gerotor pump was measured and
simulated at temperatures ranging from 30 °C to 110 °C oil temperature, and system
pressures of 5bar and in a speed range of 1000-5000 rpm.

The top row of plots in Figure 7 shows both the measured and the calculated volumet-
ric flow rates of the oil pump. The influence of the increasing temperature and therefore
decreasing viscosity of the fluid, as well as the varying pump gap sizes on the maximum
achievable volumetric flow rate of the gerotor pump with the same boundary conditions
can be clearly seen.

The bottom row of plots in Figure 7 shows the overall efficiency (1) of the pump. The
overall efficiency can be calculated from the ratio of hydraulic to mechanical power. The
corresponding correlation is shown in Equation (6).
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Figure 7. Validation of the friction template at different operating points for volumetric flow and
overall efficiency prediction.

There gy, refers to the leakage flow, Ap to the operating pressure difference, n to the
pump speed, Ts to the torque losses and Py, to the drive power [40].

Go, Ap + 27tnTs

N = T (6)

In contrast to the very accurate flow rate prediction and the precise prediction of the
overall efficiency of the pump at higher oil temperatures, a significant deviation at 30 °C
is noticeable. At low speeds, the efficiency prediction still matches accurately, but as the
speed increases, the simulated efficiency deviates increasingly from the real measured
overall pump efficiency. A more detailed analysis showed that the loss torques (T;) from
Equation (6) from the simulation were too high. The speed-dependent deviation can be
seen in detail in Figure 8.

Pressure: 5 bar, Temp: 30 °C
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0.6 1 Simulated

!

=}
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0.2 4

0.14
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Figure 8. Deviation between measurement and simulation at 30 °C in the efficiency prediction.

Due to the accurate correlation between the measured data and the simulation data
in terms of flow rate and overall efficiency of the pump, it is possible to formulate the
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hypothesis that an unknown physical phenomenon occurs at low temperatures, which
has not been sulfficiently considered or not considered at all. Consequently, Section 3.3
deals exclusively with the phenomenon at lower temperatures down to —40 °C and a novel
approach of modeling the viscous friction heating.

3.3. Modeling the Viscous Friction Heating

According to [38], the frictional power generated in the journal bearing is a power loss
and is almost completely converted into heat. As already shown by [11], the radial friction
surface on the outer gear is the dominant friction power source in regards to the power loss
of the pump. Therefore, its influence and the prevailing conditions are focused. In order
to investigate both statements and the influence of bearing friction on the temperature
of the pump and the resulting friction power, a gerotor pump was modified so that a
temperature sensor could be installed in the gap between the housing and the outer gear.
The specifications of the gerotor pump are shown in Appendix A. Afterwards, the pump
was tested in a climate test cell at various operating points between —40 °C and +20 °C.

The gear set and the modified pump housing with a mounted temperature sensor can be
seen in Figure 9.

r

Figure 9. Gerotor pump with additional temperature sensor in gap between outer gear and
pump housing.

Examples of the measurements are shown in Figure 10, showing how the temperature

in the gaps changes significantly in a short time (<60 s) and how strongly they influence the
torque on the pump shaft.

Temperature measurement in the gap
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Figure 10. Cold start behavior of the gerotor pump with temperature in the gap and corresponding
shaft torque.
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Measurements are shown for a starting temperature of —36 °C (blue curves) and
—25 °C (orange curves). The almost steady end temperature, approximately —25 °C
with an increase of +11K, or approximately —19 °C with an increase of +6K, also has
a significant impact on the required pump torque. At —40 °C for example, the torque
reduces from initially 6 Nm (after hydrodynamic lubrication is established) to 2Nm once
the steady-state temperature is reached.

For the further modeling, it is important to focus on the prevailing flow conditions.
If the rotating annular gap is regarded as a “sliced” channel with a stationary and a
moving wall, the simplified result is Figure 11. The heat generated from the frictional
power is partially transferred to the heat sinks (the fixed wall of the housing and the
moving wall of the outer rotor). The prevailing flow with a fixed outer cylinder and a
rotating inner cylinder is also referred to as Taylor—Couette-Poiseuille flow, where a Taylor—
Couette flow exists with an axial Poiseuille flow [41]. The temperature and thereby the
kinematic viscosity of the oil varies significantly v ~ 5000 cSt (at —30 °C) and v ~ 10 cSt (at
100 °C), which is why the flow indicators also vary. As already shown in Section 3.1, the
Reynolds number varies in a range of [0.04; 20] and the Taylor number according to the
geometric boundary conditions of the pump from Appendix A due to the gap ratio (inner
diameter/outer diameter > 0.99) indicates that no more Taylor vortices occur. Therefore, a
laminar Couette-Poiseuille flow can be assumed.

s /S s S s S S S S S S S
// A7 Solidwall - heat sink (housing)

—_—

—
—_—
—_—

fluid

//, / moving wall - heat sink (external gear)
A A A A A A A A A /
Figure 11. Flow conditions for dimensional analysis in gap between outer gear and pump housing.

If the flow conditions are studied by dimensional analysis, four dimensionless products
can be determined using a dimensional matrix (see Appendix B Table A2) shown in
Equations (7)—(10). The dimensional matrix is constructed from the dimension exponents
of the following dimensional variables: density p, dynamic viscosity #, thermal conductivity
A, thermal diffusivity a, velocity of the fluid u and the geometric variables of the gap height
h and the gap length L. The resulting four dimensionless products are

T = Re = puh (7)
Ul

7y = Pr = % ®)

M= ©)

my = Nu = %h (10)

The dimensionless Nusselt number can be used to describe the heat exchange between
a flowing fluid and a fixed solid [42]. The Nusselt number can be determined as a function
of the Reynolds and Prandtl numbers. The general formula is given in Equation (11) and
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shows the Nusselt dependency on the location x*, the Reynolds number Re and the Prandtl
number Pr.

Nu = f(x*,Re, Pr) (11)

There are various approaches in the literature for the special case of circular gaps. For
example, the Dittus—Boelter equation can be used as a possible approach for determining a
correlation [42]. However, since this case involves a shear flow and the expected Reynolds
number is very low, other correlations for rotating annular ducts should be considered
as well [41]. For this purpose, ref. [43] provides an overview of common correlations for
different mediums, different Reynolds number ranges and different geometric ratios.

To find a suitable correlation for the prevailing conditions, the following abstract
thermal model was created. In the first step, the model is considered as a stand-alone
model without a detailed pump model that focuses exclusively on the physical phenomenon
of heat transfer due to the temperature differences caused by viscous friction at different
operating points. The model shown in Figure 12 describes the heat and friction effects in
the gerotor pump. The model contains several color-coded areas in which components are
arranged that describe the respective sub-problems of the physical phenomenon. One of
the main model components is the housing with a temperature sensor, which is shown in
the orange box. The temperature sensor in the model is the same as the temperature sensor
in the modified pump housing. The chamber represents the volume of all fluid in the
pump’s gaps. In addition, there are the friction surfaces, which represent heat sinks with a
constant temperature boundary condition (brown box). This can be implemented as the
heat capacity (thermal mass) of the housing and gear set which is much higher compared
to one of the fluid in the gaps of the pump. In addition to the volume of fluid in the gaps, a
simplified pump model is also modeled in the grey box. In this case, an operating point is
represented by the expected system pressure and the volumetric efficiency of the pump.
Based on the resulting leakage flow and the prevailing system pressure, an additional
volumetric flow rate is calculated, which flows through the hydraulic chamber of the pump
gap. The friction power responsible for the viscous friction heating is calculated from the
friction torque equations already introduced (Equation (4)).

friction areas (heat sink)

D O
Ol
O O housing with temperature sensor
T
.
b .
. 693
=} w4 == Vol. efficiency (1,0,) & leakage (Qicarp,teakc)
A () —~e D [FL i HTgap® Vs TgapH
- W i:’ﬁ W Nvol = VQ ; Qleakp = 12.!“3 £, Qieake = !; L
. - PQ\ th-n; gap
y ¥ )
= » Friction torque

varic = Migs + Megs + Megh + My,

Figure 12. Simcenter Amesim model to simulate the cold start behavior of the gerotor pump.
With this model and the known geometric boundary conditions, in the next step the

model was fitted to the measurements from the series of tests in the climate chamber.
Various Nusselt numbers were tested in the components between the solids (temperature
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sources in the brown box) and the fluid chamber using a parameter study, until the same
temperature was reached at the virtual temperature sensor as in the experimental mea-
surements in reality. Additionally to the determined Nusselt number for each operating
point, the linked Reynolds and Prandtl numbers in the components were evaluated. The
evaluation of the Nusselt number in comparison to the prevailing Reynolds and Prandtl
numbers can be seen in Figure 13. For a general applicability of the method and to be able
to use the method for the prediction of cold start behavior in the future, various correlation
terms were tested and optimized for the application using a curve parameter fit. A common
Ansatz of correlation can be seen in Equation (12).

Nu = aRe’ Pr* (12)

The parameters a, b, c were determined using the curve fit algorithm scipy.optimize.cur-
v_{it for the coefficients shown in Equation (13). The test and training data from the tested
operating points are also shown to be exemplary in Figure 13.
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Figure 13. Test and training data split for the simulated and curve fitted Nusselt number (see
Equation (12)) based on the Reynolds and Prandtl numbers.

To further verify the determined correlation, a portfolio analysis was performed on
the test and training data using a symbolic regression method as presented in [44,45]. This
involved testing 100,000 possible correlations and evaluating their performance relative to
the complexity of the equation in a Pareto front. The correlation shown in Equation (13)
was identified with a complexity rank of 8 (defined in [44,45]) while achieving a precise
prediction accuracy. Exemplary examples from portfolio analysis and the Pareto front are
shown in Appendix C Figure Al and Table A3. The selected optimization fit, the fit from
the symbolic regression and an approach in which the function was logarithmized and
then fitted with a linear regression all show a similar prediction accuracy (see Appendix D
Figure A2). Since the symbolic regression did not lead to more precise models, Equation (11)
is used in combination with the known approach of logarithmization and determination
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of the parameters using the least squares method due to the determinism of the resulting
coefficients (see Appendix D).

The deviation of the correlation shown in Equation (13) from the more common
correlation like the Dittus—Boelter Equation [42] can be explained by specific operating
conditions in the gap of the pump. Particularly relevant factors are the very low oil
temperatures in the journal bearing, the low gap height, the low Reynolds numbers and
the high Prandtl numbers. Very low oil temperatures lead to a higher viscosity of the oil,
which reduces the turbulent flows and increases the shear forces. This influences the heat
transfer properties and leads to an adapted Nusselt number correlation. The low height of
the gap increases the effect of viscous forces, resulting in a more laminar flow, whereas the
Ditus-Boelter correlation, for example, is based on higher Reynolds numbers and turbulent
flow conditions. In more laminar regions, the influence of the Reynolds number on the
Nusselt number is lower, which probably explains the lower exponents. High Prandtl
numbers indicate a lower heat conduction in the fluid in relation to a very high viscosity,
which can also explain the changed exponent.

4. Results

Applying the determined correlation, the model component was adapted so that the
calculation from the fluid to the solid side could be simulated at various operating points.
As shown in Figure 14, a very high accuracy can be achieved in the prediction of the
temperature in the gap between the outer gear and the housing. The precise temperature
prediction at both negative and positive temperatures (from —40 °C to +20 °C) is also
crucial for the selected objective of this study. Figure 14 shows the measurement (blue bars)
and the simulation from the viscous friction heating model (orange bars). The 5% error
bars symbolize the variance of the measurement in relation to the absolute value at the
operating point. Possible effects for the variance are discussed in Section 5.

BN measurement
- simulation

| 5% error bar
20

104

-104

temperature of oil in gap in °C

-204

-304

500 rpm 750 rpm 1500 rpm 1500 rpm
3.7 bar 3.25 bar 3 bar 6 bar
-40°C -30°C -20°C 20°C

working point with initial temperature and system pressure

Figure 14. Simulated vs. measured oil temperatures in gap between outer gear and pump housing.

Following the successful temperature prediction, the next step was to integrate the
viscous friction model into the overall pump simulation. For this purpose, the previously
simplified models of the pressure and leakage simulation were replaced by input variables
from the pump model. The more complex model with the highlighted sub-models is shown
in Figure 15 below. On the left side of Figure 15 is the previously explained model for the
viscous friction heating. On the right-hand side, arranged from bottom to top, the gray
box contains the vector component of the pump and the overall efficiency calculation, the
green box contains the leakage flow calculation, the yellow box above contains the pressure
calculation and the blue box shows the convergence criteria calculation.
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Figure 15. Pump simulation with integrated viscous friction heating model.

Figure 16 shows the measured torque (blue curve) and the two simulated torque values
for the pump shaft of the models with and without viscous friction heating at —20 °C,
1500 rpm pump speed and 6bar system pressure. The calculated torque of the model
without viscous friction heating (dotted red line) is very close to the initial torque after
hydrodynamic lubrication has been established (approx. after 2s). The model with viscous
friction heating (dotted green line), on the other hand, is very close to the mean value of
the measured steady-state torque after approx. 30s. This shows that with the developed
method not only the gap temperatures (Figure 14) can be predicted very accurately, but
also that the resulting viscosity change leads to a very accurate simulation of the pump
shaft torque by using the integrated model approach of Figure 15.

—— Measured Torque
——- Simulated torque without viscous friction heating model (1.61 Nm)
——- Simulated torque with viscous friction heating model (0.99 Nm)

Torque in Nm

0 5 10 15 20 25 30
Timeins

Figure 16. Simulated vs. measured torque with and without viscous heating model at —20 °C.
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5. Discussion

The main limitation of the presented method is momentarily its limited generalizability
to other pump topologies due to the use of a single pump during the method development.
The results obtained until now are based entirely on one specific pump type, which limits
the generalization to other pump models more so than to gerotor pumps. Future research
should therefore expand the method by considering other pump topologies and associated
experimental measurements to ensure an even more generic representation method.

Another decisive point is the sensitivity of the simulation results to the geometric con-
ditions in the gaps of the pump. An exact prediction requires extremely precise knowledge
of the geometric properties of the pump, as otherwise the accuracy of the prediction can be
significantly affected.

The measurements in the climate chamber represent an additional challenge and
limitation, as they are costly, complex and each individual measurement requires long
cooling times. This limits the number of measurements that can be performed and may
also lead to disturbance variables. In particular, the inhomogeneous cooling of the housing
can lead to varying effects on the cooling of the fluid in the gaps, which could affect the
reproducibility of the results.

Furthermore, the eccentric alignment of the pumps’ gear set is another important
factor. If the outer rotor aligns on one side of the housing, local heat hotspots may occur.
Depending on the position of the hotspots, these can affect the measurement at the temper-
ature sensor and consequently falsify the measurement results or limit their reproducibility.
Future investigations should therefore examine in detail how this rotor position affects the
system thermally and whether its influence on the friction power could be neglected if
averaged over the entire bearing.

The approach shown in this study combines and extends the existing research ap-
proaches of [22], which calculate the viscous friction analytically, or [20], which describe
the modelling of the gerotor but focus only on the volumetric flow rate and the volumetric
efficiency calculation. Also worth mentioning are [23], which, in addition to our approach,
also analyzes the position of the gear set in the housing, or [21], which also covers the
optimization of gear tooth shapes for improved acoustics. However, none of the research
approaches identified in this paper consider the effect of viscous friction heating in combi-
nation with the novel numerical viscous friction calculation integrated in a multi-physics
simulation environment, which has the potential to offer significant benefits in the design
of electric oil pumps in the future.

6. Conclusions

The presented research provides a method for developing gerotor pumps with the
highest possible digital reliability towards the pump design requirements defined by the
customer. Furthermore, the simulation environment created with graph-based design
languages enables a more reliable and fully digitally integrated prediction of pump perfor-
mance, reducing the need for extensive physical testing and accelerating the development
process by an order of magnitude (days instead of weeks).

The selected research objectives of this paper were successfully achieved as follows:

* By identifying and understanding previously observed deviations in the pump per-
formance predictions at low temperatures and high viscosities, the present study
provides a basis for an accurate simulation and prediction of the pump behavior at
various conditions ranging from —40 °C to +110 °C by the developed novel approach
for calculating the viscous friction.

e The development of such a powerful and experimentally validated simulation environ-
ment represents a significant step forward and provides high accuracy and confidence
when compared to laboratory measurements, especially in terms of volumetric flow
rate (<5%), pump torque and efficiency (<7%) at different temperature and viscosity
conditions over a wide speed range (1000-5000 rpm) and different system pressures
(0.5-5Dbar).
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e Inaddition, the study presented a novel method for simulating the cold start behavior
of the pump at the steady state operating point. This simulation-based method was
developed and validated by measurements in a climate chamber, demonstrating its
practical applicability and potential for real-world applications. In particular, the
accuracy of the prediction of the temperature in the gap between the outer gear and
the pump housing (<5%) and the accurate prediction of the steady-state torque (see
Figure 16) should be highlighted. However, the need to further generalize the method
to apply it to a wider range of pumps and conditions in future research is clearly
stated and discussed.

Overall, the results presented in this study represent a significant advance in the
digital reliability and simulation-based performance prediction of gerotor pumps in terms
of a digital requirements-driven and model-based product development. The recognition
of deviations at high viscosities, the creation of an accurate simulation environment and
the novel cold start simulation method, all contributed to a deeper understanding of the
pump behavior and a more efficient development process. Integrating these tools into a
holistic design framework using graph-based design languages could further improve their
practical application and utility, enable automated knowledge reuse and further enrich
the data-driven knowledge part of a company’s digital DNA in form of an executable
graph-based design language. Further generalization and validation of these methods and
possible integration of other CFD methods will be crucial to ensure their wider adoption
and effectiveness in various applications. The present study marks, therefore, an important
step forward towards future research and development in digital gerotor pump design
automation for the design of more efficient and reliable fluid cooling and lubrication
systems for the automotive industry.
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Appendix A

Table A1. Specifications of the tested oil pump.

Specification Value
number of teeth inner gear 7

number of teeth outer gear 8

outer diameter of external gear 31 mm
shaft diameter 10 mm
gear width 8 mm
radial gap between gears 0.06 mm
radial gap outer gear and pump housing 0.1 mm
axial gap gears and pump housing 0.04 mm
theoretical flow rate 1.4 !

1000 rpm min

Appendix B

Table A2. Dimensional matrix for determining phenomenon-specific dimensionless parameters.

« v cp P i A L h
[L] 0 1 2 -3 -1 1 1
(M] 1 0 0 1 1 1 0 0
[T] -3 -1 -2 0 -1 -3 0 0
(O] -1 0 -1 0 0 -1 0 0

Appendix C

With the support of Marcel Anselment, the novel Al plug-in of the Design Cockpit 43°
software (Version: 4.0.37) was used to explore the function space and determine the best
possible function models before fitting optimal parameters using nonlinear regression.

1%

10%

Model Error

100 %

Complexity

Figure A1l. Pareto front of the portfolio analysis showing model error versus complexity. (The

functional model marked in red in Table A3 is marked here in red as well.)



Appl. Sci. 2024, 14, 6723 19 of 21

Table A3. Portfolio analysis based on a symbolic regression to determine possible correlations of the
Nusselt number shown with 4 examples for each complexity level 1-9 with the chosen correlation
highlighted (in red box).

Level Error in % Model c1 c c3
1 92.748 y=Re - - -
2 92.418 y = sin(Re) - - -
2 93.466 y = tan(Re) - - -
2 100.000 y = cos(Re) - - -
3 36.928 y=ci+Re 0.1395 - -
3 50.476 y = Re® 0.4809 - -
3 91.458 y =ciRe 0.75 - -
3 95.767 y = Reé? - - -
4 25.356 y = c1 cos(Re) 0.1832 - -
4 26.645 y = ¢1 + cos(Re) —0.8129 - -
4 27.711 y = eartRe -1.76 - -
4 27.713 y = ceke 0.1714 - -
5 24.033 y = c1Re® 0.232 0.0579 -
5 25.390 y = ci1(c2 + Re) —0.0485 —3.80 -
5 25.390 y = c1 +coRe 0.1843 —0.0485 -
5 25.770 y =cq + Refr 0.1823 - -
6 13.418 y = c1Re2Pr 0.0003988 0.6909 -
6 13.466 y = caRe“ Pr 0.6901 0.0003987 -
6 16.386 y = ciRePrIn(Re) —3.536 x 1074 - -
6 17.738 y = ¢ +coRePr 0.1206 —4.578 x 1074 -
7 13.184 y = c1Prtan(Re®) 0.0003831 0.6823 -
7 13.332 y = c1Prtan(Re)® 0.0003947 0.6881 -
7 13.344 y = c1ReRe®2Pr 3.977 x 1074 —0.3081 -
13.203 0.000457 0.6787 0.9785
8 13.206 y = c1Re®?Prtan(Re) —~3.915 x 104 —0.3122 -
8 13.290 y = c;Re2 Prtan(Re) —3.922 x 1074 —0.3133 -
8 13.343 y = cyRe>Repy 5.477 x 107% 0.7469 -
9 12.803 y = c1Pr(c3 + Re + Re®) 2.170 x 1074 0.5571 —0.0091
9 12.923 y = c1Pr® tan(Re)® 0.0005202 0.6673 0.9591
Appendix D
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Figure A2. Test and training data split for the simulated and curve-fitted Nusselt number based on
the Reynolds and Prandtl numbers for the correlations of Equation (12), the symbolic regression fit
(SR-Fit) and the fit from the logarithmized fit (Log-Fit).
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