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Abstract: To enhance the fluid dynamic performance of bearingless cross-flow fans (CFFs), this
paper presents a CFD-based optimisation of both rotor and static casing wall modifications. High-
performance CFFs are essential in industrial applications such as highly specialised laser modules
in the semiconductor industry. The goal for the investigated rotor modifications is to enhance the
CFF’s mechanical stiffness by integrating reinforcing shafts, which is expected to increase the limiting
bending resonance frequency, thereby permitting higher rotational speeds. Additionally, the effects
of these rotor modifications on the fluid dynamic performance are evaluated. For the casing wall
modifications, the goal is to optimise design parameters to reduce losses. Optimised bearingless
CFFs benefit semiconductor manufacturing by improving the gas circulation system within the laser
module. Higher CFF performance is a key enabler for enhancing laser performance, increasing
the scanning speed of lithography machines, and ultimately improving chip throughput. Several
numerical simulations are conducted and validated using various commissioned prototypes, each
measuring 600 mm in length and 60 mm in outer diameter. The results reveal that integrating a central
shaft increases the rotational speed by up to 42%, from 5000 rpm to 7100 rpm, due to enhanced CFF
stiffness. However, the loss in fluid flow amounts to 61% and outweighs the gain in rotational speed.
Optimising the casing walls results in a 22% increase in maximum fluid flow reaching 1800 m3/h at
5000 rpm. It is demonstrated that the performance of bearingless CFFs can be enhanced by modifying
the geometry of the casing walls, without requiring changes to the CFF rotor or bearingless motors.

Keywords: bearingless motors; cross-flow fan; fluid dynamics; computational fluid dynamics;

performance; rotor dynamics

1. Introduction

Cross-flow fans (CFFs) are a type of fan turbomachinery that are characterised by their
large length-to-diameter ratio and ability to generate a primarily uniform flow along their
length at low rotational speeds and low noise emission. Therefore, they are predominantly
employed in heating, ventilation, and air conditioning (HVAC) systems. However, the
application scope of CFFs extends to industrial applications such as highly specialised laser
modules in the semiconductor industry. These applications require high CFF performance
to maintain consistent and high-quality laser output through the gas circulation system.
In [1], the authors presented the bearingless CFF, which allows for wear- and friction-free
CFF operation inside a hermetically sealed chamber with high-speed capability, supported
by high drive power available on both rotor sides. To enhance the fluid dynamic perfor-
mance of bearingless CFF’s within a given, constrained installation space (as shown in
Figure 1a), this paper conducts a Computational Fluid Dynamics (CFDs)-based design
optimisation supported and verified by measurements. On the one hand, design measures
are investigated to increase the CFF’s mechanical strength through introducing stiffness
increasing shafts. This shifts the critical bending resonance frequency, which currently

Machines 2024, 12, 513. https:/ /doi.org/10.3390/machines12080513

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12080513
https://doi.org/10.3390/machines12080513
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0009-0004-4570-4201
https://orcid.org/0000-0002-3400-0653
https://orcid.org/0009-0008-0315-4124
https://doi.org/10.3390/machines12080513
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12080513?type=check_update&version=2

Machines 2024, 12, 513

20f17

()

limits the maximum achievable rotational speed to a higher frequency, thus enabling stable
CFF operation at increased rotational speeds. On the other hand, design changes of the
CFF casing walls are evaluated to improve its fluid dynamic performance, particularly to
reduce recirculation losses between the rotating blades and the static casing walls. The
investigated design measures are depicted in Figure 1b,c.

© h

CFF blades with reinforcing,
rotating shaft

CFF blades with reinforcing,
rotating circularly arranged rods

7 Optimised casing walls —

y,

Figure 1. (a) Schematic view of the bearingless CFF system in a hermetically sealed laser chamber.
(b) Investigated measures to increase the CFF’s performance through additional mechanical elements
(shaft and circularly arranged rods) to increase its mechanical strength and thereby its rotational
speed and through optimisation of the casing walls. (c¢) Cross-sectional view of the CFDs-based
performance analysis, highlighting the design adaptations under investigation, marked in blue.

In industrial applications such as deep ultraviolet (DUV) lithography systems, CFFs
are part of the gas circulation system. DUV lithography systems use short-wavelength
ultraviolet (UV) light, typically provided by an argon fluoride (ArF) or krypton fluoride
(KrF) excimer laser, to project intricate patterns onto silicon wafers for the precise fabrication
of semiconductor devices. CFFs, with their cylindrical shape and tangential flow direction,
are compactly integrated within the limited space constraints of the excimer laser to
uniformly circulate and cool the laser gas [2—4]. Increasing the CFF’s performance can
positively impact various aspects of laser performance, including cooling efficiency, gas
circulation, flow stability and reliability, which contributes to achieving consistent and
high-quality laser output. Hence, increasing the CFF’s performance is a direct enabler for
improving the excimer lasers’s performance.

To increase the CFF’s performance by increasing its rotational speed, the bending
resonance frequency emerges as a critical factor, since CFFs typically consist of long,
slender blades that are prone to bending vibrations. When the rotational speed approaches
or exceeds the bending resonance frequency, it can lead to significant structural vibrations
and potentially cause mechanical damage to the CFF blades. In [1], the authors provided
an in-depth explanation of how the bending resonance frequency emerges as the speed
and performance-limiting factor for the bearingless CFF. With the proposed bearingless
motor technology, both the bearing and drive functionalities are integrated into a single
motor unit, with a drive motor implemented on each side of the CFF rotor. This setup
enables contactless levitation and rotation, with each motor independently controlling the
bearing forces on its respective rotor side. The drive torque is generated by both motors,
with a reference torque current passed from the primary to the secondary motor. Thus, each
motor contributes half of the required drive torque, ensuring an even distribution of the
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load. A detailed description of the operating principle can be found in [1]. It is emphasised
that the magnetic bearing can only withstand forces and allow displacements to a limited
extent. In [5], the authors proposed a method to shift the detrimental bending resonance
frequency to higher frequencies through the design of a novel CFF rotor. The rotor features
additional mechanical decoupling elements with low bending stiffness, allowing resonance
frequencies to be surpassed without causing damage to the CFF blades and enabling rotor
operation at a 40% higher rotational speed. Moreover, with magnetic bearings, it becomes
feasible to implement complex control algorithms to actively control specific vibration
modes. This offers the capability to dampen, bypass, or eliminate resonance frequencies,
such as the bending resonance frequency. In the literature, different approaches have
been investigated, typically for massive shafts and Jeffcott rotors. In [6], an optimum
compensator control design method was proposed to obtain the minimum resonance peak
of the rotor when passing the first bending critical speed. To operate a maglev motor above
the bending critical speed, ref. [7] designed a y—synthesis controller and experimentally
verified that the rotor passed through the first bending mode frequency. A y—synthesis
controller was designed by [8] as well to achieve active damping of the rotor’s bending
mode and pass through its critical speed. Using a mixed PID control method based on
mode separation, ref. [9] showed by simulation that the flexible rotor can pass the first
bending critical speed.

This paper examines two additional methods for enhancing the CFF’s performance
that can be implemented alongside the previously mentioned damping techniques. From
a fluid dynamical point of view, the CFF’s non-axissymmetric flow profile is defined by
the transverse double passage of the fluid through the rotating blades and the formation
of an eccentric vortex within the impeller. There is not yet a general approach or analyt-
ical description to accurately model the aerodynamic features and loss mechanisms of
CFFs nor to precisely predict their performance. Several different investigations about
CFFs were conducted using analytical modelling, numerical simulation, and experimental
data [10-13]. To analytically determine the CFF performance curves for a given geometry,
refs. [14-16] used the mean streamline analysis with empirical data. Numerous numer-
ical and experimental studies have been conducted to analyse the influence of the CFF
blades’ [17-19] and casing walls geometry [20-23] on the CFF performance. A particular
focus lies in visualising the complex flow patterns by means of CFDs and analysing the
velocity vectors and pressure gradients to draw conclusions about CFF performance, effi-
ciency, and loss mechanisms [24-27]. In [28], Stereo Particle Image Velocimetry (SPIV) was
presented as an experimental flow visualisation technique to examine the influence of CFF
casing geometries. In a recently published review paper on the performance and efficiency
of CFFs [29], it was concluded that optimising and enhancing their performance remains
a challenging task. To boost the CFF’s efficiency, it is crucial to improve its structural
characteristics, aerodynamic properties, and acoustic behaviour.

Compared to existing approaches in CFF analysis, this study integrates fluid dynamics,
rotor dynamics, and various aspects of the mechatronic system through experimental
measurements. Particularly, increasing the performance of bearingless CFFs presents
several challenges concerning fluid dynamics, rotor dynamics (mechanical strength and
rotor vibrations), and the influence on the magnetic bearing. The fluid forces can lead to
displacements of the magnetically levitated rotor, requiring measures to prevent collisions
with the static casing walls by maintaining a certain safety distance. The goal of this paper
is to optimise the CFF performance in terms of output pressure and flow while considering
the different effects on the bearingless motor system.

The paper is organised as follows: Section 2 presents the methods used for the CFF
rotor and casing wall optimisation, including the fundamental aerodynamics, implemented
CFD model, simulated modal analysis, and measurement setup. Section 3 reveals and
discusses the results for the different rotor and static casing walls design modifications.
Section 4 summarises the main conclusions.
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2. Methods for CFF Analysis
2.1. Fundamental Aerodynamics

This section explains the operating principle of CFFs from a fluid dynamical point of
view, particularly to underline the loss mechanisms associated with the characteristic eccen-
tric vortex. The goal of this analysis is to explore methods for enhancing the performance of
the CFF by modifying both the rotor and static casing walls within given space constraints.
Regarding the rotor modifications, the primary focus is on increasing mechanical stiffness
through the integration of reinforcing shafts and evaluating their impact on fluid dynamic
performance. In terms of the static casing walls, the emphasis is on optimising the eccentric
vortex region to reduce recirculation losses.

Generally, the energy increase of a fan turbomachinery represents the change in energy
of the fluid passing through the fan from the inlet to the outlet side, i.e., from the suction to
the discharge region. This energy increase is typically defined in terms of total pressure
Apme and can be expressed as the sum of both the static and dynamic pressure components
as the first form of Euler’s fluid machine equation:

dynamic static
P72 o 2 2 2 2
APiheo = 5[(% —c1) + (wy —wy) + (u3 —uy)], 1)

where c is the absolute, u is the circumferential, w is the relative velocity, and p is the density.
The geometric sum of the circumferential and relative velocity gives the absolute velocity,
which defines the second form of Euler’s fluid machine equation as

APthoo = P(MZ cCyp — UL Cul)- ()

For CFFs, the flow field is predominately two-dimensional, i.e., perpendicular to the
impeller axis. It is described by the fluid entering the forward curved blades tangentially
on the suction side, passing through the interior part of the impeller, and then exiting the
blades tangentially on the discharge side. Hence, the rotating blades are passed twice by
the fluid, and an eccentric vortex is formed within the impeller. The eccentric vortex is a
characteristic flow pattern inherent to the design and operation of CFFs.

To explain the fundamental kinematics and energy transfer processes for CFFs, Figure 2
is used. Itis based on [14], who describe in detail the throughflow and loss characteristics of
the CFF by the mean streamline analysis. The analysis has the underlying assumption that
the flow within the fan can be divided into three regions (depicted as work region A, paddle
region B, and eccentric vortex region C in Figure 2a) and can be analysed independently.
However, the flow is strongly influenced by the operating conditions and the fan geometry,
which can be difficult to parameterise.

®» O Cr
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@ Cra & 4
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Figure 2. (a) Flow regions of the CFF divided into the work region A, paddle region B, and eccentric
vortex region C adapted from [14]. (b) Velocity triangles in the two stages of the CFF.
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The principal throughflow of the impeller is represented by region A, where the
majority of the beneficial work is conducted, and is described by the velocity triangles in
Figure 2b. Using Equation (2), the ideal total pressure increase across the CFF impeller
APiheo 14 is given by the sum of the first and second stage total pressure increase as

APihoo14 = P((Mzcuz —u16y1) + (Ugcuq — Mscus))- 3)
The actual total pressure increase Apyo 14 is then given by

AProt14 = APthoo14 — DPloss (4)

where the pressure losses Apj,gs are an unknown parameter consisting of several different
loss mechanisms. In [15], the most important loss models of the mean streamline analysis
are summarised as skin friction, incidence expansion, enlargement, and recirculation losses.
As explained in [14], the CFF blades in region B act essentially like a paddle wheel; hence,
the energy transfer is comparatively low and inefficient. Region C represents the eccentric
vortex, which consists of the recirculating flow and is primarily responsible for energy
dissipation and the shaping of region A.

From the CFFs operating principle described above, it becomes clear that introduc-
ing interior obstructions within work region A, such as mechanically reinforcing shafts,
causes flow disturbances and additional losses. However, these stiffness-increasing mea-
sures have a significant impact on the CFF’s vibration behaviour, especially its bending
resonance frequency.

Various diameters of reinforcing shafts have been studied, as depicted in Figure 3a for
a single central shaft and in Figure 3b for circularly arranged rods. Regarding the casing
wall optimisation, its key geometric parameters are presented in Figure 3¢, and different
variations have been investigated.

(b) Rotating circularly arranged rods (© @ oo Vortex wall
;‘éz
200
ESNN)
[ Ry a\«_}
r a1 e
r( Ay 5
i

\—
Rear wall \ !
thy
i 1

I Rotating CFF Blades

Figure 3. CFFs for the CFDs-based performance analysis (a) with reinforcing rotating shafts, (b) with
reinforcing circularly arranged rods, and (c) parametrisation of the static casing walls, including the
rear and vortex wall.

2.2. Computational Fluid Dynamics

For the CFDs analysis, planar 2D simulations were conducted, as the flow profile of
the CFF remains predominantly uniform along its length. The numerical model utilised has
been presented by the authors in [1]. The transient simulation model has been developed
with air under ambient pressure and modelled as incompressible, since the expected Mach
numbers are below 0.3 (subsonic). Furthermore, the sliding mesh method was employed
for the calculations, with the k— w SST model used for turbulence modelling. A detailed
description, including a convergence study involving mesh and time step parameters for
the transient CFF CFDs simulation can be found in [1], which led to a robust model with
optimised mesh and time step settings.

Figure 4 illustrates the velocity and pressure profiles resulting from the CFD simulation
for the initial CFF geometry at 5500 rpm and 1633 m?/h (high-flow point). The velocity
vectors provide a visual representation of the key fluid dynamic features, highlighting the
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Work
region A

inflow and outflow regions, as well as the non-axisymmetric flow profile. Additionally, the
pressure profile vividly illustrates the presence of the eccentric vortex.

'/Inﬂow 5500 rpm , 1633 m% b

55 m/s | 400 Pa

Eccentric vortex region C
/ /pressure loss

0 m/s I —2000 Pa  pressure loss

recirculation loss

Outflow

Figure 4. CFDs-simulated velocity (left) and pressure (right) profiles for the initial CFF geometry for
a stable, high-flow operating point at 5500 rpm.

For the forthcoming comparisons and performance evaluations, the dimensionless
flow @cpr and pressure g, cpp coefficients are evaluated from the simulated physical flow
Q and pressure values Apgat according to

Q

u - dcrr - Lcpp

$CrF = ®)
where dcpr and Lepr correspond to the CFF blades” diameter and length, and u corresponds
to the circumferential velocity

u=7-dcpp-n (6)

with 7 being the CFF’s rotational speed and

Apstat

Pair/2 - u? @

lpstat,CFF =
where p,;; is the density of air. Introducing shafts within the CFF impeller changes its
bending resonance frequency and can increase the rotational speed at which it can be
operated. The dimensionless pressure and flow coefficients allow us to extrapolate the
physical pressure and flow for operating points at different rotational speeds according to

*

Q' ="0Q (®)
and )
* n*
Apstar = (n) - Apstat )

with Q* representing the extrapolated flow and Ap},, representing the extrapolated pres-
sure derived from the CFDs results at different rotational speeds of n*.

The CFDs simulation was conducted for several high-flow operating points and
compared to measured data points in Figure 5. To derive the flow rate from the 2D
simulation, the inlet velocity was multiplied by the cross-sectional area defined by the inlet
channel’s height and width. The dotted lines of the simulated curve mark the pressure
fluctuation in the CFD simulation during the final turn, indicating convergence and a stable
eccentric vortex region, i.e., no pressure pulsations. As described in [1], an operation point
converges after approximately six turns, while one turn (a 360° rotation of the fan blades)
corresponds to 66.67 numerical time steps. It can be seen that the simulated and measured
data points agree very well.
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Figure 5. Dimensionless pressure—flow curves of initial CFF geometry measured on a test bench pre-
sented in [1] and simulated in the high-flow region. The pressure ga cpr and flow @cpp coefficients
are calculated according to Equations (5) and (7). The dotted lines mark the pressure fluctuation
observed in the CFD simulation during the final turn, indicating convergence and a stable eccentric
vortex region.

For this study, the simulated operating points of the different design adaptations were
focused on the high-flow regime. At low-flow operating points, the implemented incom-
pressible CFDs model (justified with the expected subsonic speeds of Mach numbers below
0.3) predicted strong pressure fluctuations, which inadequately represent the physical
conditions. In [30], it was observed that as the flow decreases, the eccentric vortex region
C expands. Consequently, it is more challenging for the inlet flow to efficiently penetrate
work region A of the CFF, which exacerbates the non-uniformity and amplifies the pressure
pulsations within region C. In [31], it was concluded as well that the dominant frequency
responsible for the velocity and pressure fluctuations in the CFF is mainly generated due to
the unsteadiness of the eccentric vortex. The flow in the low-flow region was described
as strongly unsteady, unstable, and three-dimensional in [16]. Therefore, the following
simulations focus on numerically stable, high-flow operating points, aligning with the
typical CFF application for generating uniform flow patterns along their length.

To quantitatively compare the modified and initial CFF design, the simulated operating
points at the same dimensionless static inlet pressure 1,; cpr Were evaluated to determine
the change in fluid flow as A@crrmax-

2.3. Simulated Modal Analysis

A modal analysis was performed on the CFF rotor modifications with various shafts
to estimate the system’s first bending resonance frequency to draw conclusions about
the maximum achievable rotational speed. It is described in more detail in [1]. This
theoretical assessment of different shaft sizes and arrangements assists in determining
which prototypes to commission.

2.4. Measurement Setup

The CFD simulations and experimental measurements were conducted for a CFF with
Lcrr = 600mm and depp = 60 mm. The pressure—flow measurements were performed
with air under ambient pressure on a test rig presented in detail in [1]. It consists of an
inlet ventilation duct equipped with a variable inlet grid for setting different operating
points, along with a pressure and a flow sensor. Characteristic pressure—flow curves can be
recorded for various design modifications.

For the rotor dynamic measurements, the displacements of the rotor magnet within
the magnetic bearing were evaluated using built-in sensors in the bearingless motor. The
bending resonance frequency was identified by the rapid increase in radial displacements
as it was approached.
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3. Results and Discussion

This section presents the results of the CFF analysis for different rotor and stator
modifications. The quantitative results of the CFD analysis of the modified CFF rotor with
reinforcing shafts (Figure 3a) and circularly arranged rods (Figure 3b) are summarised
in Table 1 and of the modified CFF static casing walls (Figure 3c) in Table 2. It is shown
that rotor modifications with shafts do not lead to an increase in CFF performance. Specif-
ically, the shafts, which do not contain blades, were used as the modification object to
investigate their potential rotor stiffening effect. Optimising the casing wall resulted in a
performance improvement of up to 22%. A detailed analysis and discussion of the results
is presented next.

Table 1. CFDs results for the modified CFF rotor evaluated as change in fluid flow A@cpgmax
compared to initial CFF geometry from Figures 4 and 5.

Rotor Modifications Design Properties A@ CFEmax (%)
(a1) central shaft Aghagt = 12mm —44
(a2) central shaft dgphatt = 15 mm —51
(a3) central shaft Aghagt = 20mm —61
(b1) circularly arranged rods dioq = 5mm, D;oqs = 20mm —38
(b2) circularly arranged rods droqg = 5mm, D,,qs = 30 mm —-29

Table 2. CFD results for modified CFF static casing wall evaluated as change in fluid flow AQcFgmax
compared to initial CFF geometry from Figures 4 and 5.

Static Casing Wall Modifications Design Properties A@ CFEmax (%)
(c1) increased inlet angle ¢; h =43.5mm, h; = 13.5mm, e; = 8.6 mm, ¢; = 65° +0
(c2) rear wall downward shift h =485mm,hy = 18.5mm, e, = 5mm, f =7.2°, +10
(c3) rear and vortex wall downward shift h = 43.5mm, hy = 18.5mm, €, = 5mm, § = 14.9° +15
(c4) optimised outlet side h =47.8mm,hy =29mm, €, =5mm, § =11.7° +22

3.1. Rotor Modifications
3.1.1. Reinforcing Central Shaft

For different sizes of reinforcing central shafts, denoted as designs (al), (a2), and
(a3) in Table 1, the pressure-flow performance of the CFF significantly decreased, as
depicted in Figure 6a. The evaluated change in dimensionless flow A@cpgmax corresponds
to —44%, —51% and —61% for shafts with diameter dgp,r = 12 mm, dgp.r = 15 mm, and
dghatt = 20mm. The simulations for the reinforcing shafts with diameters of 12 mm and
20 mm were additionally validated with pressure—flow measurements on the test bench.

The velocity and pressure profiles for a shaft diameter of 12 mm are visualised in
Figure 7. It can be seen that the presence of the shaft obstructs the flow field within the
impeller, causing localised flow blockage and disrupting the formation of the eccentric
vortex. Consequently, losses occurred, which increased with the shaft diameter.

Furthermore, five distinct CFF prototypes featuring central reinforcing shafts were
rotor dynamically analysed. Various configurations of hollow and solid shafts, made from
either stainless steel or aluminium, were tested. Their respective bending resonance fre-
quencies were determined through modal simulation and, for the commissioned prototypes,
tested on the test bench, as listed in Table 3. For all simulated CFF rotors, the simulation
model overestimated the mechanical stiffness and consequently the first bending resonance
frequency. This discrepancy arises from the multi-body nature of the prototype and the
imperfect bonding between individual components, whereas in the simulation the CFF
rotor was assumed as one single solid body. For a stainless steel shaft with a diameter of
12 mm, the critical rotational speed #¢rit meas Was measured at 5100 rpm. This speed is lower
compared to the initial CFF critical rotational speed of 5800 rpm, thus indicating that the
overall increase in mass outweighs the increase in mechanical bending stiffness. The 15 mm
hollow stainless steel shaft rose #¢rit meas to 6300 rpm. Additionally, the 20 mm hollow
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aluminium and stainless steel shafts increased the 71yit meas to 6800 rpm and 8200 rpm,

respectively.
b
@ 0.8 measured .. initial ® < 120 ; initial design
mc"‘““td‘\fh/ai 12 mp \/ design %- 100 shaft 20 mm %, 3000 rpm
T 06 hafi 420 mm 4 2 %0 7100 rpm 3
= \ i \ shaft o shaft dI5 mm
*) N N o, - A
504 \ R \~d12 mm 2 60 5400 rpm A\“
2 y g M
B shaft d15 mm/;. o 40 / 3
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Figure 6. (a) Dimensionless pressure—flow curves for the CFF rotor with reinforcing shafts simulated
for shaft diameters dgp,p of 12 mm, 15 mm, and 20 mm. The CFDs results were validated for
dghate of 12 mm and 20 mm with measurements on the test bench. (b) Extrapolated pressure—flow
curves according to Equations (8) and (9) to the maximal possible rotational speed n*, where n* was

determined by the resonance frequencies from Table 3 with a safety margin of ca. 14% as determined
in [5].

5500 rpm , 933 m*/ h

55 m/s | 400 Pa

shaft
d12 mm

0m/s I —2000 Pa

Figure 7. CFDs-simulated velocity (left) and pressure (right) profiles for the modified CFF rotor with
central shaft with a diameter of 12 mm for a stable, high-flow operating point at 5500 rpm.

With a safety margin of approximately 14% from the critical resonance frequency
as determined in [5], the dimensionless pressure—flow curves depicted in Figure 6a were
extrapolated for the initial design to 5000 rpm, for a shaft diameter dgp,; = 12mm to
4400 rpm, for dgpag = 15mm to 5400 rpm, and for dgpag = 20 mm to 7100 rpm according to
Equations (8) and (9).

It can be concluded that even with the highest rotational speed increase of 42 %
due to the enhanced stiffness of the CFF with dg, = 20 mm, the loss in fluid dynamic
performance of —61 % outweighs the gain in rotational speed resulting in an overall
performance decrease of —41 %, as shown in Figure 6b.

Table 3. Simulated and measured critical rotational speeds of CFF blades with reinforcing shafts.

dshaft,out/ dshaft,in Material Hpend,sim Npend,meas
(mm)/(mm) ) (rpm) (rpm)
- aluminium 7360 5800
12/0 stainless steel 7290 5100
15/11 stainless steel 8800 6300
20/14 aluminium 10,850 6800
20/16 stainless steel 11,310 8200

3.1.2. Reinforcing Circularly Arranged Rods

The CFDs results of the dimensionless pressure—flow curves for CFFs with reinforcing
circularly arranged rods are shown in Figure 8. Similarly to the designs with central
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shafts, the performance decreased due to flow obstructions. The evaluated change in
dimensionless flow A@crrmax for rods of d;,q = 5mm corresponds to —29% and —38%
arranged at diameter D,,q; = 30 mm and D,,qs = 20 mm, respectively. Placing the rods at
a larger diameter disrupted the formation of the eccentric vortex less.

0.8

rods . initial
.. d5 D30 mm \/ design
pressure /.
.06 pulsations | a / \
T U
= ] Sl
pressure SN\
%F 04 pulsations{ '\\. s A
B
=

AN S
\\\ “a \
rods :

d5D20 mm N <

<
()

0 02 04 0.6 0.8
Copp |~

Figure 8. Dimensionless pressure—flow curves for the CFF rotor with reinforcing circularly ar-
ranged rods simulated for a rod diameter d,,q = 5mm and circle diameters D,,qs = 20 mm and

Diogs = 30 mm, respectively.

However, the rods interact with the eccentric vortex generated by the impeller blades,
inducing significant pressure pulsations, as they penetrate it at a frequency four times
the rotational frequency of the rotor. Consequently, the stability and uniformity of the
flow distribution deteriorated. The velocity and pressure profiles for D,,qs = 30 mm are
visualised in Figure 9.

The simulated bending resonance frequencies are listed in Table 4. The increase in
mechanical stiffness and hence the shift to higher bending resonance frequency was below
3%. Therefore, no prototypes have been commissioned.

In summary, neither the reinforcing central shafts nor the circularly arranged rods led
to an increase in CFF performance.

5500 rpm , 1166 m>/h

55 m/s Jj 400 Pa

0 m/s I —-2000 Pa

Figure 9. CFDs-simulated velocity (left) and pressure (right) profiles for the modified CFF rotor with
circularly arranged rods (d,,q = 5mm and D,,qs = 30 mm) for a stable, high-flow operating point at
5500 rpm.

Table 4. Simulated critical rotational speeds of CFF blades with reinforcing circularly arranged rods.

dr0a/ Drods Material Npend,sim Npend,meas
(mm)/(mm) -) (rpm) (rpm)
- aluminium 7360 5800
5/20 stainless steel 7260 -

5/30 stainless steel 7530 —
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3.2. Static Casing Walls Modifications

For the CFD analysis of modifications to the static casing walls, the primary focus lies
on the vortex wall, as CFFs are particularly prone to creating recirculation zones in this area.
The CFD simulations were conducted for minor geometry changes, allowing us to track the
specific effects of each modification, thus providing a clear understanding of their impact
on the overall performance. It has to be ensured that any changes are comprehensible and
can be implemented and validated through physical testing. Furthermore, the distance
between the fan blades and the vortex wall, defined as € in Figure 3¢, was kept constant to
maintain the necessary safety distance required due to the use of magnetic bearings.

The following modifications include an increased inlet angle, a downward shift of the
rear wall, and adaptations of the vortex wall inlet and outlet side.

3.2.1. Increased Inlet Angle ¢;

To analyse the influence of paddle region B on fan performance, the inlet angle ¢; of
the initial design was significantly increased from 40° to 65°.

The dimensionless pressure—flow curves resulting from the CFDs analysis in the high-
flow region are shown in Figure 10. Comparing the initial design to the modified, it is
observed that the dimensionless flow A@cppmax remained almost unaffected by this change.
This indicates that the inlet modification of ¢; has a negligible impact on performance.

Comparing the velocity and pressure profiles from the initial design shown in Figure 4
to those of the design with changed inlet angle in Figure 11 reveals that the size of paddle
region B was reduced, while work region A remained largely unchanged. This suggests
that the impact of the rear wall inlet side modification on fan performance is negligible.

0.8

simulated mcreased
3 / inlet angle ¢,

<
o

wstat,CFF [_]
[=)
~

0l _simulated A
. (initial design) 3
0
0 0.2 04 0.6 08 1

e
Figure 10. Simulated dimensionless pressure—flow curve for the CFF with static casing wall with

increased inlet angle ¢ from 40° to 65°. Compared to the initial design, the dimensionless flow AQcrgmax
remained almost unaffected by this change, indicating that ¢; has minimal influence on performance.

5500 rpm , 1633 1u3/h

55 m/s | 400 Pa

.

-
‘l | \‘
0m/s I —~2000 Pa .

Figure 11. CFDs-simulated velocity (left) and pressure (right) profiles for the CFF with increased
inlet angle ¢; for a stable, high-flow operating point at 5500 rpm. This modification reduced the size
of paddle region B, while work region A remained largely unaffected; hence, there is minimal impact
on fan performance.
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3.2.2. Rear Wall Shift

This modification involves a downward shift of the rear wall. The adjustment changes
the outlet parameters 1 and hy, as well as the inlet distance from the rotor to the rear wall
€3, as defined in Figure 3¢, while the geometry of the vortex wall remains unchanged.

The CFDs results of the dimensionless pressure—flow curves are shown in Figure 12,
indicating a 10% increase in the maximum dimensionless flow A@cppmax. Comparing
the pressure profiles between the resulting design shown in Figure 13 and the original
configuration depicted in Figure 4, a reduction in the high-pressure zone at the outlet side
of work region A was achieved, leading to less pressure losses.

1
] simulated
08 ~ X rear wall shift
T X )
E 0.6 B
@] / %
504 simulated %\
= (initial design) N\
0.2 N\
. +10 %
0 0.2 04 0.6 0.8 1

Popp |~

Figure 12. Simulated dimensionless pressure—flow curve for the CFF with static casing wall mod-
ifications featuring a 5 mm downward shift of the rear wall. Compared to the initial design, the
maximum dimensionless flow A@cpgmax increased by 10%.

5500 rpm , 1788 m®/h

55 m/s Jj 400 Pa

T : T
iy | i
Yoy 0 m/s B -2000 Pa vy

Figure 13. CFDs-simulated velocity (left) and pressure (right) profiles for the CFF with the rear wall
shifted downward by 5 mm for a stable, with a high-flow operating point at 5500 rpm. The changes in
outlet parameters I, hp, and the inlet distance from the rotor to the rear wall €;, as defined in Figure 4,
are marked, while the geometry of the vortex wall remained unchanged. Compared to the initial
design in Figure 4, the high-pressure zone at the outlet side of work region A is reduced, leading to
less pressure losses.

3.2.3. Rear and Vortex Wall Shift

In addition to the downward shift of the rear wall, the vortex wall was also shifted
downward, altering the vortex wall inlet and outlet angles « and S, respectively. The new
design was simulated for several high-flow operating points, and the resulting dimen-
sionless pressure—flow curve is shown in Figure 14. Compared to the initial design, this
modification enhanced the dimensionless flow A@crgmax by 15%.

This casing wall modification has been commissioned and tested on the test bench,
and the resulting dimensionless curve is plotted in Figure 14. The casing wall adaptation
validates the CFDs simulation results very well in the high-flow region. Additionally, it
can be seen from the measurements (grey), that these changes did not effect the pressure
Pstat,cFF In the low-flow region.
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The simulated velocity and pressure profiles for a stable, high-flow operating point
at 5500 rpm are illustrated in Figure 15. The downward shift of the vortex wall decreased
its inlet angle « and increases its outlet angle 5. When comparing the resulting pressure
profile to the initial design shown in Figure 4, a lower eccentric vortex pressure is evident
(indicated by dark blue scaling). This reduction in eccentric vortex pressure indicates that
the airflow through the fan is more streamlined and encounters less resistance, resulting in
improved performance in the high-flow region.

1.4

measured .
12 the qma—4%_(rear & vortex wall shift)
1.0 / simulated
o rear & vortex wall shift
=08 _measured /
= (initial design) o) W,
}EF 0.6 he™ \
= 04 _simulated ¥ '
) (initial design)
0.2
0.0
0 0.2 0.4 0.6 0.8 1
Copp 7]

Figure 14. Dimensionless pressure—flow curve for the CFF with static casing wall modifications
featuring a 5 mm downward shift of the rear and vortex walls. The curves were simulated in the
high-flow region and measured on the test bench. Compared to the initial design, the maximum
dimensionless flow A@cprmax increased by 15%. The green area highlights the newly measured
performance gains.

5500 rpm , 1866 m*>/h

55 m/s | 400 Pa

iy

S S

0 m/sl —-2000 Pa \

Figure 15. CFDs-simulated velocity (left) and pressure (right) profiles for the CFF with the rear and
vortex wall shifted downward by 5 mm for a stable, high-flow operating point at 5500 rpm. The
changes in outlet parameters /1, hy, and the vortex wall angles « and  are marked. Compared to
the initial design shown in Figure 4, the pressure profile reveals a lower eccentric vortex pressure
(dark blue scaling). This indicates a more streamlined airflow with reduced resistance through the
fan, enhancing the fan performance in the high-flow region.

3.2.4. Adaptations of Outlet Side

Furthermore, the vortex wall outlet side was modified by adjusting the outlet height
hy and vortex wall outlet angle 8. Four parameter sets were simulated at pcpp = 0.85
(high flow), and the resulting dimensionless pressure g, crr Was evaluated, as shown in
Figure 16a. The most optimal configuration was identified with #; = 29 mm and g = 11.8°.
Several additional points were simulated, as depicted in Figure 16b. Testing the new
positioning of the vortex wall outlet on the test bench resulted in an increase of A@crrmax
by 22%.

The simulated velocity and pressure profiles are shown in Figure 17. It can be con-
cluded that varying h; and B results in a tradeoff between the outlet resistance and re-
circulation. Increasing h; resulted in a larger outlet, which thus reduced the resistance
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encountered by the air as it leaves the CFF impeller blades (outlet side of work region A).
However, this modification decreased f, allowing more recirculation in the eccentric vortex
region C.

In summary, the static casing wall modifications were shown to enhance the CFF’s
performance, achieving a maximum flow increase up to 22%.

(@) B1°] ()
17.8 14.8 11.8 8.8
04 | [ 1 1.6
(o) measured
(Perp=0.85 1.4 new design .
- 12 simulated
— — hy=29mm, 3=11.8°
L Lo v /
B B measured a5y
5 508 (initial desigh) 5,
QE’; 5 06 [,
0.4 _ simulated
02 (initial design) s
0.0 0 +22%
21 25 29 33 0 0.2 0.4 0.6 0.8 1
hy[=] eopp -]
Figure 16. (a) Simulated dimensionless pressure gt crr for a high-flow operating point with
¢crr = 0.85 was analysed for different vortex wall outlet geometries, including variations in the
vortex wall outlet height /1; and vortex wall outlet angle B. The configuration with 1; = 29 mm, and
B = 11.8° has been identified as optimal. (b) Dimensionless pressure-flow curve for the CFF with
hp = 29mm and B = 11.8°. The curves are simulated in the high-flow region and measured on the
test bench. Compared to the initial design, the maximum dimensionless flow A@cprmax increased by
22%. The green area highlights the newly measured performance gains.
(a) Initial design
/ , 55 m/s J £00 Pa
Paddle _—~= Eccentric vortex region C
region B I
¢ -
Work
region A

0m/s I -2000 Pa  pressure loss
Outflow

(b) Optimized static casing walls 5500 rpm , 1044 w? /'

55 m/s I 400 Pa

higher abs. eccentric vortex
pressure

| r | -

0m/s I 2000 Pa  Teduced
pressure losses

increased max. outlet velocity

Figure 17. (a) Initial design from Figure 4 for the final comparison. (b) CFDs-simulated velocity (left)
and pressure (right) profiles for the CFF with #; = 29mm and B = 11.8° for a stable, high-flow
operating point at 5500 rpm. An optimum was found between outlet resistance and recirculation.

4. Conclusions

This study conducted a CFDs-based optimisation of measures to enhance the perfor-
mance of bearingless CFFs, which is particularly important for certain industrial applica-
tions in the semiconductor industry. Modifications of the CFF rotor and static casing walls
were investigated. Various prototypes were derived from the simulation results, which
were then commissioned and tested.
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It is concluded that to enhance CFF performance, the principal throughflow within the
CFF impeller must remain unobstructed for fluid flow, and the eccentric vortex region must
be stabilised through careful design of the vortex wall, while the paddle region (located on
the fluid inlet side of the rear wall) is largely irrelevant for CFF performance.

Regarding the rotor modifications, introducing different dimensions of central shafts
and circularly arranged rods as rotor stiffening methods within the CFF impeller impacts
both the rotor dynamic and fluid dynamic performance. Specifically, a stainless steel
shaft with a diameter of 20 mm shifts the critical bending resonance frequency of the CFF
blades 42% higher. However, CFD simulations and experimental measurements showed
that the flow dropped by 61%. The results indicate that while the reinforced CFF rotors
achieved a higher rotational speed, this came at a significant cost to the fluid dynamic
performance. Specifically, the increase in rotational speed did not compensate for the
substantial reduction in fluid flow for all tested reinforced CFF rotors. This trade-off
highlights the complexity of optimising both the mechanical and fluid dynamic aspects
of the CFF rotor. The CFD investigation of circularly arranged rods additionally revealed
that the rods induce significant, undesired pressure pulsations within the eccentric vortex.
These pulsations lead to unstable flow patterns, which are not desired for their application
in gas circulation systems of excimer lasers.

Regarding the casing wall modifications, the CFF performance is highly sensitive
to changes in geometric parameters, particularly the vortex wall, as the casing walls
directly influence the airflow path through the fan. A successful simulated and measured
performance increase of up to 22% was achieved.

In summary, the paper’s results demonstrate that the performance of the bearingless
CFF can be enhanced by modifying the geometry of the casing walls, without altering
the rotor or the bearingless motor. To balance the advantages of increased critical speeds
with the disadvantages of reduced fluid flow, especially in industrial applications where
maximising fluid performance is crucial, future research should focus on developing hybrid
approaches that combine rotor stiffening with fluid dynamic enhancements. Potential
solutions could include the use of advanced materials that provide both stiffness and fluid
dynamic performance, the redesign of the CFF blades, or the integration of rotor dynamic
solutions that do not negatively impact the CFF’s fluid dynamics.
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Nomenclature

The following abbreviations and symbols are used in this manuscript:

Abbreviations
ArF Argon fluoride
CFF Cross-flow fan
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CFD Computational fluid dynamics

DUV Deep ultraviolet

HVAC Heating, ventilation, and air conditioning
KrF Krypton fluoride

SPIV Stereo particle image velocimetry
Symbols

c absolute velocity

dcrr CFF diameter

drod reinforcing rod diameter

Drods diameter of circularly arranged rods
Aghatt reinforcing shaft diameter

h outlet height

Lcrr CFF length

n rotational speed

Q fluid flow

u circumferential velocity

w relative velocity

o vortex wall inlet angle

B vortex wall outlet angle

Aptheo total pressure increase

Apin 14 total pressure increase from CFF first to second stage
APioss pressure losses

AQCFEmax maximum change in dimensionless flow
€] distance from CFF to vortex wall

€ inlet distance from CFF to rear wall

Y density

o inlet angle

PCFF dimensionless flow coefficient

Pstat, CFF dimensionless pressure coefficient
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