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Abstract

The ATLAS detector relies on a large electronic infrastructure requiring reliable ther-
mal management to ensure stable operation of its readout and control systems. The
cooling method of the ATLAS electronics racks is based on a closed-loop air-circulation
system in which tangential turbines circulate air through air-water heat exchangers con-
nected to the CERN chilled-water network.

The original turbine units currently used in the cooling system are no longer commer-
cially available. Consequently, a replacement turbine configuration must be integrated
while maintaining compatibility with the existing rack infrastructure and preserving cool-
ing performance.

This thesis presents the integration and validation of a revised ventilation system for
ATLAS electronics racks. The work includes CAD reconstruction of the turbine assemblies
using existing digital models and reverse engineering techniques, the design of adaptation
components, prototype assembly, simplified rotor dynamics analysis, development of an
assembly procedure and experimental validation.

Experimental validation was performed through airflow and vibration measurements.
Airflow measurements demonstrated that the revised turbine assembly maintained the
cooling capability of the original system, achieving a volumetric flow rate comparable to
and slightly higher than the previous configuration.

Initial vibration measurements revealed significantly higher vibration levels in the
prototype. A systematic root-cause investigation was therefore conducted. The results
demonstrated that the elevated vibration levels were primarily associated with the refur-
bished motor assemblies and assembly-related factors rather than the revised wheel design
itself. Assembly preload, casing deformation, and local support conditions were found to
significantly influence the measured vibration response.

Following implementation of controlled assembly procedures and correction of local
support conditions, the revised wheel assembly was validated from a vibration point of
view using healthy motor/case assemblies. The resulting vibration levels were comparable
to those of the original system, demonstrating that the revised wheel assembly can be
successfully integrated without introducing a significant vibration penalty.

In addition, an assessment of the available inventory was performed to define an op-
timized distribution of long and short chassis assemblies for future implementation while
minimizing additional procurement.

The results demonstrate that the revised turbine system can be integrated into the AT-
LAS cooling infrastructure while maintaining airflow performance and achieving vibration

levels comparable to the previous configuration. The remaining vibration optimization



opportunities identified during the study are primarily associated with the refurbished
motor assemblies rather than the revised wheel design.

The outcomes of this work will be implemented by the ATLAS Technical Coordination
team to support the refurbishment and maintenance of the plastic turbine ventilation
system used in ATLAS electronics racks throughout the remaining operational lifetime of
the LHC, currently planned until 2040.
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Glossary

ATLAS A Toroidal LHC ApparatuS detector experiment.
CERN European Organization for Nuclear Research. [9]

LEP Large Electron-Positron Collider.
LHC Large Hadron Collider. [I0]

LS3 Long Shutdown 3 of the Large Hadron Collider upgrade programme.



Chapter 1

Introduction

1.1 CERN and the Large Hadron Collider

[CERN] the European Organization for Nuclear Research, is an intergovernmental organi-
zation with over 30 Member States. Its seat is in Geneva but its premises are located on
both sides of the French-Swiss border (https://maps.web.cern.ch/). CERN’s mission is
to enable international collaboration in the field of high-energy particle physics research
and to this end it designs, builds and operates particle accelerators and the associated
experimental areas. At present, more than 10000 scientific users from research institutes
all over the world are using CERN’s installations for their experiments.

The accelerator complex at CERN is a succession of machines with increasingly higher
energies. Each machine injects the beam into the next one, which takes over to bring the

beam to an even higher energy, and so on. The flagship of this complex is the Large
Hadron Collider (LHC)[3] see Figure

The CERN accelerator complex
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Figure 1.1: CERN Accelerator Complex [3]



1.2 The ATLAS Experiment

[ATLAS| A Toroidal LHC ApparatuS detector experiment, is a particle physics experiment
at the Large Hadron Collider at CERN. The ATLAS detector is designed and
constructed to make new particle discoveries resulting from head-on collisions of protons
produced by the LHC of extraordinarily high energy. ATLAS will investigate the basic
forces that have shaped our universe since the beginning of time and that will determine its
fate. Among the possible discovery candidates are particles that could explain the origin
of mass, confirm the existence of extra dimensions in space, unification of fundamental
forces, and evidence of dark matter in our universe. The ATLAS detector is located
in an underground cavern on the Swiss part of the CERN site. The experiment is in
operation and produces physics results. The ATLAS collaboration involves more than

3000 scientists from 174 institutions in 38 countries.[I]

1.3 The Long Shutdown 3 Upgrade Programme

The operation of the LHC is organized in cycles consisting of physics data-taking peri-
ods followed by long shutdowns during which maintenance, consolidation and upgrade
activities are performed. These shutdown periods are essential to ensure the long-term
reliability of the accelerator complex and to allow the implementation of detector and
infrastructure upgrades required for future physics programs.[5]

The third long shutdown of the LHC, referred to as Long Shutdown 3 , is sched-
uled to take place after the completion of Run 3 operations at the end of June 2026 and it
is scheduled to last for 3 years. During LS3, major upgrade activities will be carried out
across the CERN accelerator complex and within the LHC experiments in preparation for
the High Luminosity LHC (HL-LHC) era. These upgrades aim to increase the luminosity
delivered by the accelerator and to improve the performance and radiation tolerance of
the experimental detectors.[5]

Within the ATLAS experiment, L.S3 represents a major phase of detector and infras-
tructure upgrades. In addition to the installation of new detector components, several
technical systems supporting detector operation must be adapted or upgraded in order to
ensure reliable performance under the future operating conditions.

This thesis was developed in the context of upgrade activities for the ATLAS experi-
ment during the preparation phase of Long Shutdown 3 (LS3).

1.4 Electronics Racks of ATLAS

The ATLAS detector relies on a large electronics infrastructure responsible for detector

readout, data acquisition and control systems. These electronic systems are installed
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in dedicated racks that host multiple electronic modules operating continuously during
detector operation. As a result, the electronics dissipate significant amounts of heat which
must be removed efficiently in order to maintain stable operating temperatures and ensure
reliable system performance.

The available cooling infrastructure in the ATLAS’s cavern provides approximately
1000 kW of water cooling capacity, while the available HVAC cooling power is approxi-
mately 200 kW. Because the HVAC system has significantly lower capacity, the rack cool-
ing system was designed so that the majority of the generated heat is removed through
the water cooling infrastructure rather than through the experimental cavern’s HVAC
system.

These racks are installed in the experimental cavern of the ATLAS detector, where
environmental conditions such as limited space, restricted access, and the presence of
magnetic fields impose additional constraints on the design and operation of the cooling
system. In particular, the presence of magnetic fields restricts the use of conventional
metallic fans, leading to the use of plastic tangential fans for airflow generation.

Within the ATLAS Technical Coordination team, tangential fans are commonly re-
ferred to as turbines. Consequently, the terms "fan" and "turbine" are used interchangeably

throughout this thesis when referring to these components.

11
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Figure 1.2: An example rack configuration

A more detailed description of the rack cooling system architecture and airflow con-

figuration is provided in the following chapter.

1.5 Need for System Revision

The turbine units installed in the rack cooling system play a critical role in maintaining
the airflow required for proper heat removal. However, the turbine model originally used
in the system is no longer commercially available. Considering that these turbines have
a typical operational lifetime of approximately five years, their replacement is required
during maintenance and upgrade operations such as LS3.

A complete redesign of the rack cooling system would require significant modifications
to the existing infrastructure and would introduce considerable complexity in terms of
installation, cost, and validation. Therefore, a solution was sought that would allow the

integration of a new turbine while preserving compatibility with the existing mechanical
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configuration.

A commercially available replacement turbine was selected. However, due to geometric
differences between the original and the new turbine, direct integration into the existing
assembly was not possible. In order to overcome these incompatibilities, necessary adap-
tation and joining components were engineered to ensure proper alignment between the
motor shaft, turbine wheel, and bearing interfaces. These components enable the inte-
gration of the new turbine into the existing mechanical assembly while maintaining the

required functionality and integrity of the rotor system.

1.6 Objectives of the Thesis

The main objective of this thesis is to investigate the mechanical integration and validation
of a revised ventilation system for the ATLAS rack cooling infrastructure.

To achieve this objective, the following specific goals are defined:

o To reconstruct the CAD models of the turbine assembly by combining existing
digital models with reverse engineering based on dimensional measurements of com-

ponents lacking available documentation.

o To design and implement the necessary adaptation and joining components required

to integrate the new turbine into the existing mechanical system.

o To develop a prototype configuration of the revised turbine system and define a

consistent assembly procedure.

o To experimentally evaluate the airflow performance of the revised configuration and

compare it with the expected performance of the original system.

o To assess the mechanical integrity of the turbine assembly under operational condi-
tions, including structural considerations related to load transmission and compo-

nent interaction.

o To analyze the available inventory and define an optimized distribution of "long"
and "short" chassis configurations for future implementation, minimizing additional

procurement requirements.

13



Chapter 2

Rack Cooling System Architecture

2.1 Rack Cooling Concept

The cooling of the ATLAS electronics racks is based on a closed-loop air circulation
system combined with water-cooled heat exchangers. This design was selected in order
to efficiently remove the heat generated by the electronics while minimizing the thermal
load transferred to the experimental cavern. The cooling system operates using water
supplied from the CERN chilled water network. In the current rack configuration, the
inlet water temperature is 14 °C while the outlet temperature typically reaches around
20°C, depending on the thermal load.

The cooling system is implemented in standard 19-inch electronics racks, which provide
a modular and standardized framework for housing electronic subracks, cooling compo-
nents, and associated infrastructure.

In this configuration, air inside the rack circulates in a closed loop. The air absorbs
heat generated by the electronic modules and transports it through the water-cooled
heat exchangers installed within the rack. At the heat exchanger interface, the thermal
energy carried by the air is transferred to the cooling water circulating through the heat
exchanger. The cooled air is then recirculated within the rack, allowing the process to
repeat continuously during operation.

The electronic modules themselves are equipped with fan modules which assist in
moving air vertically through the electronics. Air circulation within the rack is further
ensured by tangential turbines installed in a dedicated mechanical chassis located at the
top of the rack. The airflow generated by the module fans carries the heated air upwards
toward the turbines. The tangential turbines then redirect the airflow toward the side
channels of the rack. The circulating air subsequently reaches an air deflector located at
the bottom of the rack, which redirects the airflow toward the electronic modules where
it is drawn again by the module fans, completing the circulation loop.

The combined airflow generated by the rack turbines and the module fans ensures that

14



heat is efficiently transported toward the heat exchangers where it can be removed by the
water cooling system. In this cooling architecture, the turbines do not directly perform
the cooling function but instead maintain the airflow required for heat transport within
the closed-loop system. The primary heat removal mechanism is therefore provided by

the water-cooled heat exchangers.
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Figure 2.1: Ilustration of flow within the standard rack configuration [6]

2.2 Background on Previous Cooling Studies

The rack cooling system was originally developed for the experiments [6]. With
the transition to [LHC] it was necessary to evaluate whether this system could meet the
cooling requirements of the new experimental environment.

A dedicated experimental study was therefore conducted using a representative rack
setup to assess the performance of the system under LHC-like operating conditions. The
study investigated several aspects of the cooling system, including heat exchanger per-
formance, airflow configurations, temperature distribution within the subracks, and the
possibility of operating without airflow modules.

The results demonstrated that the system is capable of dissipating up to 10 kW of

15



power with less than 2% heat loss to the surroundings when using 2U heat exchangers.
In addition, temperature levels within the subracks remained within acceptable limits,
typically below 35°C. Operation without airflow modules was also found to be feasible up

to approximately 5 kW [6].

2.2.1 Experimental Setup

A representative rack system was assembled in order to reproduce the expected electronics
infrastructure of the experiments. The rack is based on a 19-inch standard frame
with a height of 56U (2.56 m) and a depth of approximately 900 mm [6].

The internal configuration consists of three repeating modules, each composed of a
heat exchanger, an electronic subrack, and an airflow module. Tangential turbines are
installed at the top of the rack, while an air deflector is located at the bottom to guide
the airflow.

The inlet water temperature was maintained at approximately 16 °C. This value was
selected in order to avoid condensation within the rack, as lowering the water temper-
ature increases the risk of moisture formation on heat exchanger surfaces and internal
components, depending on ambient temperature and relative humidity.

To simulate realistic heat dissipation, dedicated electronic load cards were developed.
A total of 63 load modules were installed in the rack. These load cards allowed controlled
and spatially distributed heat generation, providing a more representative thermal load
compared to earlier approaches based on external resistive elements [6].

Each load card was equipped with multiple temperature sensors, enabling detailed
mapping of the temperature distribution within the subracks. The sensors were calibrated

in a climatic chamber and fitted using the Steinhart-Hart relation[12]]6].

2.2.2 Cooling Performance Evaluation
The cooling performance of the rack was evaluated using an energy balance approach.
The heat removed by the cooling water is given by:

Py = mc, AT (2.1)

where 712 is the water mass flow rate, ¢, is the specific heat capacity of water, and AT
is the temperature difference between outlet and inlet water.

The heat loss to the environment is then calculated as:

Plost - ]Din - Pout (22)

where P, is the total electrical power supplied to the rack. At thermal equilibrium,

this difference represents the heat released to the surrounding cavern.
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2.2.3 Key Results

The study demonstrated that the cooling system can dissipate approximately 10 kW of
total rack power with less than 2% heat loss to the surroundings when using 2U heat
exchangers. This corresponds to a useful power dissipation of approximately 2.3 kW per
subrack [6].

The temperature of the electronic modules remained within acceptable limits, typi-
cally below 40°C, with typical values in the range of 20°C to 35°C, depending on the
position within the rack and the local heat load distribution [6]. A comparison between
1U and 2U heat exchangers showed that the 2U configuration provides significantly better

performance, with reduced heat losses and improved temperature control.
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Figure 2.2: Comparison of power loss from a rack with 1U and 2U heat exchangers. [6]

2.2.4 Operation Without Airflow Modules of the Electronics

The system was also evaluated without airflow modules of the electronics inside the sub-
racks. In this configuration, the system remained functional, but the maximum acceptable
power was limited to approximately 4 kW due to local temperature increases|6].
Significant temperature non-uniformity was observed, indicating that airflow modules
are essential not only for increasing airflow, but also for ensuring uniform heat distribution

within the rack.

2.2.5 Effect of Cooling Water Temperature

The effect of lowering the inlet cooling water temperature from 16 °C to 14°C was also
investigated. The results showed only minor improvements in cooling performance, in-
dicating that the system is not solely limited by water temperature, but also by airflow

distribution and heat exchanger characteristics [6].
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2.3 Relevance to the Present Thesis

The previous cooling study demonstrates that the closed-loop rack cooling architecture is
capable of removing high thermal loads when the airflow and heat exchanger configuration
are properly maintained. In particular, the results show that the system can dissipate
approximately 10 kW of total rack power with minimal heat loss to the surroundings when
using a configuration with 2U heat exchangers.

For the present thesis, these results provide the performance basis for the revised
turbine integration. Since the heat removal capability of the rack depends strongly on
internal airflow circulation, replacing the turbine system requires validation to ensure
that the revised configuration can maintain an airflow performance compatible with the
existing cooling concept.

Therefore, the objective of the present work is not to redesign the cooling architec-
ture itself, but to integrate and validate a revised turbine assembly that preserves the

functionality of the previously validated rack cooling system.
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Chapter 3

Previous Turbine System

3.1 Tangential Turbines Cooling Concept

Tangential turbines (crossflow fans) consist of a cylindrical rotor with forward-curved
blades operating within a surrounding casing and guide vane system. Air enters the rotor
over a rectangular inlet section and is transported across the rotor before being discharged
along its length. This configuration allows the fan to generate a distributed airflow with
relatively uniform velocity over the entire width of the rotor [13].

A key characteristic of this type of fan is its ability to redirect the airflow between inlet
and outlet. Depending on the casing and guide vane configuration, the discharge flow can
be oriented at angles such as 90° or even 180° relative to the inlet direction [I3]. Rotation
could be either clock wise or counter clock wise. This makes tangential fans particularly
suitable for applications where airflow must be guided within constrained geometries.

In the ATLAS rack cooling system, this capability is directly utilized. The tangen-
tial turbines as well as their casings are positioned symmetrically within the chassis.
One turbine features clockwise-oriented blades, while the other is equipped with counter
clockwise-oriented blades. The tangential turbines within the chassis are positioned at
the top of the rack and draw heated air from the upper region of the electronic subracks.
The airflow is then redirected by approximately 90° and discharged laterally into the side
channels of the rack.

These side channels guide the air downward toward the bottom of the rack, where
an air deflector redirects the flow back toward the electronic modules, completing the
closed-loop circulation. In this configuration, the ability of the tangential fan to redirect
the airflow is essential, as it enables the transition between the upward heat transport
path and the downward return path. As shown in Figure [3.1] the tangential fan redirects
the airflow by approximately 90°, enabling the transition from vertical intake to lateral

discharge.
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Figure 3.1: Schematic representation of the 90° airflow redirection of a tangential turbine
(crossflow fan) in a casing [13].

3.2 Previous Turbine Assembly

The original turbine system used in the rack cooling infrastructure was supplied as a
complete assembly by Ziehl-Abegg. Two variants of this assembly were implemented in
the racks, referred to as long and short configurations.

The distinction between these configurations is based on the overall length of the

chassis and the corresponding turbine:

o Long configuration: chassis length of 725.5 mm, equipped with a 500 mm long

tangential turbine and corresponding turbine case.

e Short configuration: chassis length of 645.5 mm, equipped with a 420 mm long
tangential turbine, corresponding turbine case with all other components remaining

identical.

Apart from the difference in length, both configurations share the same mechanical
concept and component architecture.

Each turbine assembly consists of two main parts:
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e The turbine kit, which includes all rotating and functional components.

o The chassis, which provides structural support, positioning, and integration into
the rack.

3.3 Turbine Kit

The turbine kit constitutes the functional core of the airflow generation system in the
original configuration. It is responsible for driving the air circulation within the rack by
converting electrical power into rotational motion and subsequently into airflow.

The turbine kit consists of a tangential turbine wheel driven by an electric (AC) motor
and housed within a dedicated turbine case. Two such turbine units are integrated within
each chassis, for both the long and short configurations.

The turbine wheel is enclosed within the turbine case, which defines the airflow path
and provides mechanical support for the rotating components. The case also integrates
several structural elements, including mounting stands and handles features, which ensure
proper positioning and facilitate installation.

In addition, damping elements are incorporated between the stands and the chassis
in order to reduce vibration transmission during operation. These elements contribute to
the mechanical stability of the system and help limit noise and vibration effects.

The turbine system is driven by an alternating current (AC) electric motor. The motor
operates at a maximum current of approximately 1.2 A and a corresponding rotational
speed of approximately 2470 rpm. The input voltage is 230 V at 50 Hz, with a rated power
of approximately 0.27 kW. The electric motor is mounted at the rear of the turbine and
drives the turbine wheel through a direct shaft connection. FElectrical connections are
routed through the case to supply power to the motor.

Figures [3.2] and [3.3] illustrate the turbine kit and its main components.
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Figure 3.2: Turbine kit components including turbine case, wheels, and structural ele-
ments [4].

Figure 3.3: Rear view of the turbine kit showing motors and electrical connections [4].
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The turbine kit’s function is to ensure sufficient air circulation within the closed-loop
cooling system, enabling the transport of heat from the electronic modules to the heat
exchangers. Its performance is therefore essential for maintaining the effectiveness of the

overall cooling architecture.

3.4 Chassis and Structural Components

The turbine chassis in the previous configuration provides the structural framework for
integrating the turbine assembly into the rack. It consists of a sheet metal structure com-
bining bent and laser-cut components, designed to support both mechanical and electrical
elements of the system.

The chassis houses the turbine kit, provides mounting interfaces for the motor and
turbine case, and integrates auxiliary elements such as electrical connectors and cabling.
A protective shield is included to reduce the influence of the magnetic field on the motor.

The chassis also defines the positioning of the turbine within the rack and ensures
proper alignment with the airflow path. Its geometry is therefore critical for both me-

chanical integration and cooling performance.

Figure 3.4: A CAD image of the chassis of the previous configuration [4].
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Figure 3.5: Overview of the chassis components of the previous configuration [4].

A CAD model of the previous assembly of turbine kits & chassis is provided in the
annexes.

It should be noted that the available CAD models of the original configuration do not
include all physical components of the turbine assembly. In particular, elements such as
the rubber bearing seal, the rotor bearings, and several subcomponents of the motor and
turbine are not explicitly represented, along with other minor parts.

These missing elements were identified through physical inspection of existing assem-
blies. A complete representation of the system, including the reconstruction of these

components, is presented in Chapter 5.
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Chapter 4

Motivation for the System Revision

4.1 Obsolescence of the Original Turbine

The rack cooling system described in Chapter 2 relies on tangential turbines to ensure
the circulation of air within the closed-loop cooling architecture. The performance of
the cooling system therefore depends strongly on the availability and reliability of these
turbine units.

The turbines used in the original configuration were supplied as part of a complete
turbine—chassis assembly. However since this product is no longer commercially available
and considering that the plastic turbines have a limited operational lifetime of approxi-
mately five years, their replacement is required as previously mentioned in Section [I.5]

A complete redesign of the cooling system would require significant modifications to
the existing rack infrastructure and would introduce considerable complexity in terms of
cost, installation, and validation. For this reason, an alternative approach was adopted,

consisting of selecting a replacement turbine and adapting it to the existing system.

4.2 Selection of the Replacement Turbine

The selection of a replacement turbine was constrained by the operating environment of
the ATLAS detector. In particular, the presence of magnetic fields in the experimental
cavern restricts the use of conventional metallic fans, requiring the use of non-magnetic
materials such as plastics.

However, commercially available plastic tangential turbines are extremely limited. A
market survey revealed very few viable options, and only one turbine model was identified
as potentially suitable for the application. This turbine was therefore selected as the basis
for the revised system.

Although the selected turbine meets the general functional requirements in terms of

airflow generation, its geometry differs from that of the original turbine system.
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4.3 Geometrical Differences Between the Systems

The newly selected turbine is not directly compatible with the existing mechanical con-

figuration. Key differences were identified between the original and replacement systems:

« Differences in the interface between the motor shaft and the turbine,
o Absence of an integrated bearing seat in the new turbine,

+ Rotor diameter.

These differences prevent direct installation of the new turbine into the existing as-
sembly and require the introduction of additional components to ensure proper alignment
and load transmission.

Figures[d.TH4.4] illustrate the geometrical differences between the previous and replace-

ment turbine configurations for both long and short variants.
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Figure 4.1: Previous turbine configuration - 500 mm [4].
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Figure 4.2: Replacement turbine configuration - 500 mm [9).
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Figure 4.3: Previous turbine configuration - 420 mm [4].

27



457.542

24.5 42012 - 1
il Balancing <3 pes
7 Screv MX6.5 o,
1
) ( : -
) o
R it ;;
L v
°§ 4] Rotation
of 8 Color: Black A-A Steel. shaft end

bearing

Figure 4.4: Replacement turbine configuration - 420 mm [9].
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4.4 Adaptation Strategy: Spacer Components

In order to enable the integration of the selected replacement turbine into the existing
system, an initial adaptation strategy based on additional spacer components was pro-
posed.

These spacer elements were introduced to compensate for the geometrical differences
between the original turbine assembly and the newly selected turbine, allowing compat-
ibility with the existing configuration. Minor differences in rotor diameter (from 82 mm
to 81 mm) were not considered critical for the integration.

Two spacer components were defined:

o A shaft spacer, intended to adapt the interface between the motor shaft and the
turbine by reducing the effective diameter at the connection, thereby ensuring proper

alignment and reliable torque transmission.

« A bearing spacer, intended to recreate the bearing seat functionality that was origi-
nally integrated into the previous turbine design, ensuring correct axial positioning

and support of the bearing.

These components form the basis of the revised turbine integration concept.
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Figure 4.5: Shaft spacer component - Spacer 1 [4].
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Figure 4.8: Spacer integrated revised turbine configuration - 420 mm

Even though spacer elements provided a foundation for the integration of the revised
system; further integration activities should be carried out for final validation, aspects
such as preload conditions, tolerance effects, functionality and the structural integrity of
the system must be carefully evaluated to ensure reliable operation. These aspects are

addressed in the following chapters.
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Chapter 5

CAD Reconstruction and Reverse

Engineering

5.1 Reconstruction Methodology

The integration of the revised turbine system required the creation of a complete and
consistent CAD representation of the assembly. Since a fully defined digital model of
the system was not available, a reconstruction process combining existing documentation,
supplier data, and reverse engineering was carried out.

For the turbine chassis, CAD models were obtained directly from the manufacturer
(Rack Peruzzi). These models included the main structural components and sheet metal
parts of both long and short configurations. Minor updates were implemented based on
physical inspection of the available hardware,

The turbine case was partially available through internal CERN CAD models. How-
ever, these models did not fully reflect the current physical components. Therefore, addi-
tional modifications were introduced based on direct measurements and comparison with
the existing assemblies in order to ensure geometric consistency, including adjustments to
hole positions and the addition of missing features required for integration.

The newly selected turbine did not have a complete 3D CAD model available. Supplier
documentation provided only limited two-dimensional drawings. As a result, the turbine
geometry was reconstructed using a combination of available drawings and reverse engi-
neering based on physical measurements of the component.

Similarly, the electric motor and its subcomponents, including elements such as the
shaft, bearings, and auxiliary parts, were not available as complete CAD models. These
components were therefore reconstructed entirely through reverse engineering, using caliper
measurements and visual inspection of the physical assembly.

This combined approach ensured that all components required for the integration

study were represented within a coherent CAD environment, enabling further assembly
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and analysis work.

5.2 Reconstructed Components and CAD Models

Based on the methodology described above, a complete set of CAD models was developed
for the turbine assembly and its integration within the chassis.

The reconstructed system includes the following components:
o Chassis,

o Turbine kit,

+ Electric (AC) motor and its subcomponents,

Each component was modeled with sufficient geometric detail to ensure correct as-
sembly positioning and interface definition. Particular attention was given to critical
interfaces such as the motor—turbine connection and the bearing support regions.

The resulting CAD models allow visualization of the complete assembly and provide
the basis for the integration of the revised turbine system. Representative views of the
reconstructed components are presented in the following figures. For the chassis and
the turbine kit, the short configuration is shown in the following figures, while the CAD

models of both long and short configurations are provided in the annexes.

External Isometric view of the chassis assembly

Figure 5.1: External Isometric View of the Chassis Assembly - 645.5 mm in length
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Interﬁal isometric view of the chassis assembly

Chassis BOM (critical components only)
Name Oty.

Rack installation panel 2
Front panel 1
Chassis handle 2
Monitoring card (MON Card) 1
Chassis (including sub-panels) | 1
Shielding for the motor 2
1
8
1
4
2

=

O W ~NO O s WMN =0

Shielding for the Aux card
Rails for the turbine kit
Back card
Alignment pins for the turbine kit |
Wieland female electrical connector

—_ -
-]

Figure 5.2: Internal isometric view of the chassis assembly with identification of the main
components - 645.5 mm in length. Only components relevant to the turbine integration
are shown.
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N \‘(?\

F\fb' Isometric view of the turbine
kit assembly (two units)
installed in the chassis.

BOM for the turbine kit assembly of one chassis
(excluding turbine & casing joining components)

No: Name : Qty.:
1 Case of the turbines 2
2 Handle of the case 2
3 Stands 8
4 Vibration dampers 16
5 Mounting plate for Wieland male 2

connector

6 Wieland male electrical connector 2
7 Bushing for alignment pins 4
8 Electric motor 2
9 Tangential turbine wheel 2

Figure 5.3: Isometric view of the turbine kit assembly (two units) integrated within
the chassis - 645.5 mm in length, with identification of the main components, excluding
turbine-case-motor joining components.

Figure 5.4: Section view of the turbine wheel, casing and motor assembly
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Bearing seal
6000zz bearing
Turbine spacer 2
|Plastic turbine
Turbine motor joining screw
Turbine spacer 1
Turbine & motor junction piece
Motor assembly
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Figure 5.5: BOM of the turbine wheel and motor assembly, illustrating the axial arrange-
ment and interfaces between the turbine, spacers, bearing, rubber sealing element, and
motor assembly:.
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Figure 5.6: Exploded view
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No:

Name:

Qty.:

Plastic turbine

n

Turbine & motor
junction piece

Flat washer

Compression spring

Circlip

Starlock washer

608zz bearing
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Motor
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Figure 5.7: BOM of the turbine-motor interface
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Note: Figure represents the reconstructed assembly used to analyse axial preload and
component interaction.

The reconstructed CAD models provide a consistent and complete geometric repre-
sentation of the turbine system and its integration within the chassis. The level of detail
achieved is sufficient to define all critical interfaces and to ensure correct assembly posi-
tioning of the components.

Through the reconstruction process, particular attention was given to the turbine-motor
interface and the bearing support regions, as these areas are directly related to the me-
chanical integrity and operational reliability of the system. The resulting models therefore
serve not only as a visualization tool, but also as a basis for identifying potential inte-
gration issues. In this context, the reconstructed assembly revealed some challenges,
particularly related to axial positioning and component interaction at the turbine-motor
interface. These observations form the starting point for the analysis presented in the
following chapter.

Additionally, the CAD models developed during the project are provided in the Ap-
pendix files. Depending on their intended purpose, different levels of geometric detail

were adopted for analysis models and assembly models.

5.3 Materials

Due to the magnetic field in ATLAS’s experimental cavern, all metallic parts of the
chassis and the turbine kit are made out of non-magnetic metal, either aluminium or
stainless-steel. To ensure corrosion resistance and surface protection, appropriate treat-
ments are also applied depending on the material, such as passivation for stainless steel
and conversion coatings (e.g. Alodine 1200 or equivalent) for aluminium components.
The tangential turbine wheels are manufactured from a polymer material (AS) reinforced
with approximately 30% glass fiber. This non-metallic material was selected to prevent
interaction with the magnetic field. In addition, the use of this material is consistent with

commercially available solutions, as it is employed by the selected turbine supplier.
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Chapter 6

Integration Challenges and Axial

Positioning Analysis

A challenge for the integration was identified in the axial positioning system. The new
turbine introduces a tolerance range of approximately 2 mm, which, according to the
CAD models, exceeds the capability of the original spring to maintain consistent contact
within the assembly.

A critical element of the system is the rubber bearing seal, which serves multiple func-
tions. It acts as a compliant bearing support, provides vibration damping, and contributes
to axial positioning of the rotating assembly.

Observations of the original system showed that the turbine’s bearing (6000ZZ), was
not always fully seated within the bearing seal. Despite this, the system operated success-
fully over its expected lifetime. This suggests that the design tolerates a certain degree
of positional variation, likely due to the compliant nature of the rubber interface.

However, in order to develop a more robust and reproducible solution, a redesign of
the spring component is evaluated. This involved determining appropriate spring charac-
teristics to ensure contact throughout the tolerance range of the turbines and to provide
sufficient preload across the entire tolerance range while avoiding excessive loading of the
bearings.

The axial arrangement of the relevant components is previously shown in Figure [5.5]
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Figure 6.1: Section view of the turbine-motor interface illustrating the gap between motor
junction piece and the flat washer. The corresponding bill of materials (BOM) for the
shown components is previously provided in Figure [5.7]

6.1 Analysis

The following analysis is performed on the short (420 mm) turbine configuration. How-
ever, the same reasoning is applicable to the long (500 mm) configuration, as the relative
tolerance stack and the axial positioning concept remain identical.

The non-contact condition identified in the CAD model was first verified using a
simplified physical prototype with the 500 mm turbine configuration, confirming that the
observed gap is representative of the real system. Following this validation, the tolerance
ranges of the relevant components were defined. This step allows quantification of the
axial variation within the assembly and its influence on contact conditions and preload
generation.

The components contributing to the axial positioning of the turbine-motor assembly

and their respective tolerance ranges were defined as follows:

o Turbine length: +2 mm (dominant contribution; based on supplier specifications)

+ Bearings (6000ZZ / 608ZZ): approximately —0.12 mm (manufacturing tolerance

from bearing specifications)

o Turbine spacer 2: £0.1 mm (based on validated 2D drawings of the component)
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o Turbine—motor junction piece: +0.1 mm (assumed, as no tolerance data was

provided by the supplier)

o Turbine casing: +0.1 mm (assumed, as no tolerance data was provided by the

supplier)

» Bearing seal (rubber): not defined as a fixed tolerance (treated as a compliant

element capable of accommodating axial variation)

Based on the defined tolerance ranges, it was observed that the components located on
the opposite side of the motor (i.e. 6000ZZ bearing, turbine spacer 2, and the bearing seal)
exhibit relatively small dimensional variations compared to the turbine length tolerance.
Therefore, it is assumed that the dominant axial variation introduced by the turbine is

primarily accommodated on the motor side of the assembly.

6.1.1 Axial Gap Evaluation

The axial gap between the turbine and the spring interface was evaluated across the
tolerance range of the turbine.

At the lower tolerance limit (i.e. 418 mm), a gap of approximately 2 mm is observed
between the flat washer and the turbine-motor junction component, resulting in no con-
tact with the spring.

At nominal conditions, the turbine is in near contact with the washer, but no spring
compression.

At the upper tolerance limit (i.e. 422 mm), the spring is compressed by approximately
2 mm.

These observations are illustrated in Figures [6.2] [6.3] and [6.4]
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Figure 6.2: Axial configuration at the lower tolerance limit of the turbine length (418 mm),
showing the presence of a gap between the flat washer and the turbine-motor junction
component, resulting in no contact with the spring.

Figure 6.3: Axial configuration at nominal turbine length (420 mm), showing initial
contact between the flat washer and the turbine-motor junction component, with no
spring compression and no effective preload generation.
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Figure 6.4: Axial configuration at the upper tolerance limit of the turbine length (e.g.
422 mm), showing approximately 2 mm compression of the spring and resulting preload
within the assembly.

The observed variation in axial positioning directly affects the functionality of the
spring. At the lower tolerance limit, the absence of contact results in no preload genera-
tion, while at nominal conditions only minimal contact is achieved. At the upper tolerance
limit, the spring is compressed, resulting in a preload force. This behavior indicates that
the current spring is not capable of ensuring continuous contact across the full tolerance
range, leading to inconsistent preload conditions within the assembly.

Based on the geometrical parameters of the previously used spring, the spring stiffness
was estimated assuming a shear modulus of G' = 79,300 N/mm?. The resulting stiffness
is approximately k£ ~ 6.4 N/mm. Under maximum compression conditions (~ 2 mm), the

corresponding preload force is estimated as F' = kx ~ 12.8 N.

Free length: Lo = 9.3mm
Wire diameter: d = 1mm
Outer diameter: D, = 10.2mm
Total number of coils: n, =4
Active coils: n ~ 2
Shear modulus: G =~ 79,300 N/mm”
Spring stiffness: & &~ 6.4 N/mm
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6.1.2 FEvaluation of Possible Solutions

Based on the identified gap and the resulting lack of consistent spring engagement, two

primary modification strategies were considered:

 Increasing the thickness of the flat washer

« Selecting a spring with modified characteristics (e.g. increased free length)

In order to ensure that the spring is engaged even at the lowest end of the turbine tolerance,
a minimum compression of approximately 1 mm is required. Based on the estimated spring
stiffness (k ~ 6.4 N/mm), this corresponds to a preload force of approximately 6.4 N. To
achieve this condition, the washer thickness would need to be increased to approximately
4.6 mm. However, this modification leads to unfavorable behavior at the upper tolerance
limit. At the maximum turbine length, the spring would be compressed by approximately
5 mm, resulting in an estimated preload force of about 32 N. Such compression approaches
the solid height of the spring. Considering the initial free length (Ly = 9.3 mm) and wire
diameter (d = 1 mm), the remaining length under compression would be approximately
4.3 mm, which is close to the solid length. This condition is undesirable, as it may lead
to excessive stresses, reduced spring life, and potential loss of elastic behavior. Therefore,
increasing the washer thickness is not considered a viable solution.

Consequently, the solution became the redesign of the spring element to accommodate

the full tolerance range while maintaining controlled preload levels.

6.2 Spring Selection Methodology

The spring selection was guided by the following requirements:

« Ensure continuous contact across the entire turbine tolerance range
o Avoid excessive preload that could negatively affect bearing performance

o Maintain relatively stable preload variation within the tolerance range

6.2.1 Dimensional Selection Logic

The spring must satisfy a set of geometric and assembly-related constraints in order to
function correctly within the system. These constraints ensure that contact is main-
tained across the full tolerance range while avoiding mechanical interference or excessive
deformation.

Accordingly, the spring must satisfy the following conditions:
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o The free length must exceed the maximum gap in order to ensure contact across the

full tolerance range

e The compressed length must remain above the minimum allowable height to avoid

approaching solid conditions

e The inner diameter must ensure proper fitting and alignment on the motor shaft

Figure 6.5: Maximum gap between the circlip and the turbine-motor junction piece at the
lowest turbine tolerance condition, used as a reference for defining the minimum required
free length of the spring.

Therefore, the dimensional constraints of the spring are defined as follows:

o Minimum allowable compressed height: < 7.5 mm (at maximum turbine length)
o Inner diameter: 8.1-8.5 mm (to fit the motor shaft)

o Minimum free length: > 13 mm (to ensure contact at minimum turbine length)

6.2.2 Target Preload Selection

For defining the target preload range, manufacturer guidelines and literature on rolling
bearing applications are thoroughly studied. According to these sources, preload can
improve system stiffness, guidance, and noise behavior [I1]. However, excessive preload

leads to increased friction, heat generation, and reduced bearing lifetime [2)].
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Furthermore, it is emphasized that preload values determined analytically during the
design phase should be validated experimentally [2], as it is difficult to capture all influ-
encing factors through simplified calculations alone.

In order to ensure that the proposed preload values remain within acceptable limits,
a check of the maximum allowable axial load for the bearings (6000ZZ and 608ZZ) was
performed.

According to SKF rolling bearing specifications, the allowable axial load for deep

groove ball bearings can be approximated as:
o F, <0.5C) (general condition) [I1]

 For small or light series bearings: F, < 0.25Cy [11]

Using a conservative approach and considering the 608ZZ bearing as the limiting case,

the allowable axial load is estimated as:

F,<0.25-Cp=0.25-1370 ~ 342.5 N

This value is significantly higher than the preload forces required for axial positioning
in the present application. Therefore, the bearing load capacity is not a limiting factor
in the spring design.

Further guidance from the SKF catalogue provides an estimation for preload forces in

small electric motor applications, expressed as:

F=k-d[L

where F' is the preload force, k is a factor depending on application conditions, and d
is the bearing bore diameter [L1].

For small electric motors, a minimum value of k£ = 0.005 is recommended [I1]. Using
the 608ZZ bearing (with d = 8 mm), the estimated preload is:

F =0.005-8=0.04 kN=40 N

This value is considered as a theoretical upper reference for preload selection in the

present system.

Potential Critical Interfaces

A potentially critical interface in the assembly is the contact between the "Turbine Spacer
2" and the plastic turbine. This interface is directly subjected to the axial preload force.

To evaluate its load-bearing capability, a conservative analysis was performed. Based
on the nominal contact area and material properties of the AS 30% glass-fiber reinforced,

the allowable stress was reduced to account for long-term operation.
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« Nominal contact area:

A = 52.6 mm?

e Material allowable stress:
Omax — 115 MPa
Conservative assumptions:
 Effective contact area reduced by 50%:

Ao = 26.3 mm?

o Allowable stress reduced to 20%:

Oallow — 23 MPa

Maximum allowable force:
Fmax = Oallow * Aeff = 23 x 26.3 =~ 605N

Even under conservative assumptions (reduced effective contact area and allowable stress),
the resulting maximum allowable force was found to be significantly higher than the
expected preload forces.

Therefore, this interface is not considered a limiting factor in the design.

Selected Preload Range

Based on the analytical estimation of the existing spring and the defined geometric con-
straints, a preload range of approximately 6.4 N to 20.3 N was identified, with a target

mean value of approximately 14 N. Which can be computed as follows:
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Free length: Ly = 9.3mm

Solid length:
Working range:

L, =4mm

AL=Ly— L, =>53mm

Safe operation

(assumed as 60% of the working range):
Minimum compression:

Maximum compression:

Preload force range:

Mean preload:

ALgpe = 3.18 mm

Tmin = 1 mm

Tmax = 3.18 mm
F=kr=64<F<203N
Frean = 14N

This value provides sufficient contact and positioning capability without introducing

excessive loading on the bearings.

Considering that the turbine system is designed for a finite operational lifetime (ap-

proximately 5 years), this preload level was selected as a practical and robust design

solution.
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Chapter 7

Technical Specification Preparation

and Procurement Strategy

In parallel with the mechanical integration and validation activities, a procurement and
configuration strategy was developed in order to support the large-scale preparation of
the upgraded turbine chassis assemblies.

The objective was to maximize the use of the existing inventory while minimizing the
number of 'to be procured’ components and maintaining compatibility with the opera-

tional requirements of the rack system.

7.1 Bill of Materials Development

A complete bill of materials (BOM) was first prepared for a fully assembled turbine
chassis including the tangential fans, motor interfaces, fastening elements, and structural
subcomponents.

The BOM was used as the basis for inventory tracking, procurement planning, and

estimation of the number of assemblies that could be build using the available stock.

7.2 Inventory Assessment

An inventory assessment was subsequently performed for all available chassis and sub-
components. Existing stock included both short and long chassis configurations, as well
as partially assembled units and reusable components recovered from previous systems.
The assessment identified the quantities of immediately available assemblies and the
components requiring procurement in order to achieve the target number of the required

ventilation systems.
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7.3 Definition of Required Chassis Quantities

The target quantity for the integration campaign was defined as 82 turbine chassis as-
semblies.

Since the electronics installed inside the racks are shorter than both the short and long
chassis configurations, both configurations are functionally compatible with the applica-
tion. Therefore, the distribution between short and long chassis was optimized primarily

from an inventory and procurement perspective rather than from a functional constraint.

7.4 Configuration Selection Strategy

To maximize the use of the available inventory, limiting components within the stock were
identified and used to define the final configuration distribution.

The analysis showed that the available inventory contained:

e 68 short empty chassis
e 2 long empty chassis
e 67 short turbine case

e 71 long turbine case
Based on these constraints, the selected configuration strategy consisted of:

e 07 short chassis assemblies

e 15 long chassis assemblies

This distribution minimized the procurement requirements by maximizing reuse of the

available short chassis inventory.

7.5 Procurement Optimization
Based on the selected configuration strategy, procurement activities were limited primarily
to:

e Subcomponents related to the motor integration
o Plastic turbine wheels

» 13 additional long empty chassis

This approach significantly reduced manufacturing scope, procurement cost, and lead
time compared to complete production of new assemblies.
The resulting procurement strategy enabled efficient utilization of the existing stock

while ensuring compatibility with the upgraded turbine system.
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7.6 Preparation of the Technical Specification for the
Long Empty Chassis

Following the definition of the procurement quantities, a technical specification was pre-
pared for the manufacturing and procurement of the long empty chassis assembly.

The objective of the specification was to ensure dimensional compatibility with the
existing rack infrastructure while allowing integration of the revised turbine system. The

specification package included:

o 3D CAD model of the long empty chassis (Annex A).

o 2D technical drawings of the critical dimensions for turbine & case assembly inte-

gration (Annex B).

e 3D Model of the chassis, assembled with turbine & case assemblies for reference
(Annex C).

o Technical specification

Particular attention was given to defining the critical dimensions associated with the
turbine positioning, guide interfaces, and mounting locations, as these directly influence
assembly compatibility and alignment within the rack system.

The specification package is provided in the Annexes.
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Chapter 8

Simplified Rotor Dynamic Analysis

8.1 Objective

Prior to prototype testing, a simplified rotor dynamic analysis was performed in order
to evaluate whether the revised turbine assembly could operate close to a structural
resonance condition.

The objective of the analysis was not to develop a complete rotor dynamic model
of the system, but rather to estimate the first bending natural frequency of the turbine
assembly and compare it with the operating frequency range of the motor.

Since the 500 mm turbine represents the longest and therefore most flexible turbine
configuration used in the cooling system, the analysis was performed on this assembly.
The shorter 420 mm turbine is expected to exhibit higher natural frequencies and was

therefore considered less critical from a rotor-dynamic perspective.

8.2 Rotor Model

The turbine was represented using a simplified beam-based rotor model. The plastic
turbine body was discretized into a series of lumped masses connected by Euler-Bernoulli
beam elements. The lumped masses were positioned at the wheel sections and represented
the combined mass of the plastic wheel segments, the bearings, the spacers and the steel
shafts at the relevant nodes.

Figure |8.1| presents the turbine assembly considered in the analysis.
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Figure 8.1: 500 mm turbine assembly considered in the rotor dynamic analysis.

The discretized model used for the calculations is illustrated schematically in Fig-
ure [8.2] For the actual 500 mm turbine analysis, the rotor was discretized into 10 disks
(nodes A—J) connected by 9 beam elements (L1-L9). The beam element lengths corre-

spond to the distances between consecutive nodes.
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Figure 8.2: Simplified rotor discretization used for the analysis.

8.3 Model Assumptions

The following simplifying assumptions were adopted:

Linear elastic material behaviour.

o Euler-Bernoulli beam theory.

o Lumped mass representation of the turbine wheel’s disks.
o No damping effects included.

» No gyroscopic effects included.

o No aerodynamic loading included.

o Bearing flexibility neglected.
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e The steel shaft sections located at both ends of the turbine were assumed to be

infinitely rigid and therefore excluded from the flexible beam model.

e Only the plastic turbine body was considered to contribute to the bending flexibility

of the rotor.

These assumptions were considered appropriate for a first-order engineering assessment
intended to identify potential resonance risks within the operating range of the turbine.

Furthermore, the nodal masses included the mass contribution of the turbine wheel
sections together with the associated shaft and spacer masses distributed between adja-
cent nodes. While the shaft and spacer masses were included in the mass matrix, their
contribution to the bending stiffness was neglected. The flexible behaviour of the rotor

was therefore assumed to be governed entirely by the plastic turbine body.

8.4 Determination of Model Parameters

The parameters required for the rotor dynamic model were obtained from the recon-
structed CAD geometry of the turbine assembly. The geometric properties, mass distri-
bution and beam dimensions were extracted directly from the CAD model and used as

inputs for the finite-element formulation.

8.4.1 Determination of the Second Moment of Area

The bending stiffness of the turbine depends on the second moment of area of its cross-
section.

A simplified estimate was first obtained by considering the blade cross-sections indi-
vidually. The center of gravity of each blade section was measured with respect to the

axis of rotation, as illustrated in Figure [8.3]
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Figure 8.3: Blade centre-of-gravity locations used for estimation of the second moment of
area.

The second moment of area was approximated using

1= Z Az?
where A is the cross-sectional area of a blade and z is the distance between the blade

centroid and the axis of rotation.

The resulting value was

I=264x10""m*

8.4.2 Verification Using CATIA

The calculated value was compared with the inertia properties obtained directly from
CATTA.
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Figure 8.4: Moment of inertia obtained directly from CATTA.

CATIA provided

I =2719%x 107" m*

which showed good agreement with the manually calculated value.

Since the difference between both methods was small, the manually calculated value

of

I=264x10""m*

was adopted for the rotor dynamic analysis.

8.4.3 Material Properties

The turbine wheels are manufactured from AS30GFNH plastic.

The material properties used in the analysis were:

e Young’s modulus:
E =17.75x10° Pa

e Density:
p = 1200 kg/m?

These properties were used for the stiffness calculations and for the estimation of

the turbine wheel masses. As previously indicated, for the mass matrix, the mass con-
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tributions of the bearings, steel shaft sections and steel spacers were also included and

distributed to the corresponding nodes .

8.4.4 Beam Element Lengths

The distances between consecutive wheel sections were measured directly from the CAD
model and used as beam element lengths.

The resulting element lengths for the 500 mm turbine are summarized in Table [8.1

Table 8.1: Beam element lengths used in the rotor model.

Element Length [mm)]

L1 06.1
L2 04.8
L3 04.8
L4 04.8
L5 04.8
L6 04.8
L7 04.8
L8 04.8
L9 54.2

8.4.5 Mass Distribution

The mass matrix was constructed using a lumped-mass approach.
The nodal masses were obtained from the CAD model by assigning the corresponding
wheel-section masses to each node.

The resulting nodal masses are summarized in Table [8.2]

Table 8.2: Nodal masses used in the rotor model.

Node Mass [kg]

mA 0.078
mB 0.038
mC 0.038
mD 0.038
mE 0.038
mF 0.038
mG 0.038
mH 0.038
ml 0.038
m.J 0.054

In addition to the translational masses, a rotational inertia was assigned to each wheel

section.
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The blade centre-of-gravity radius was selected as the effective radius for the calcula-
tion of the rotational inertia because the majority of the wheel mass is distributed around
this location.

The rotational inertia was therefore estimated using

J =mr?

where m is the wheel-section mass and r is the distance between the blade centre of
gravity and the axis of rotation.

Using the blade centre-of-gravity radius provides a reasonable first-order approxima-
tion of the actual mass distribution while maintaining a simple rotor model. The resulting

rotational inertias were assembled into the rotary inertia terms of the global mass matrix.

8.5 Finite Element Formulation

The rotor was modelled using Euler-Bernoulli beam elements. Individual element stiffness
matrices were assembled into a global stiffness matrix representing the complete turbine
assembly.

The lumped masses were assembled into a corresponding global mass matrix.

The natural frequencies were obtained by solving the generalized eigenvalue problem:
[K|{¢} = w’[M]{¢}
where:

 [K] is the global stiffness matrix,

[M] is the global mass matrix,

w is the natural circular frequency,

{¢} is the mode shape vector.

The calculations were implemented in Python.

8.6 Boundary Conditions

Each node of the beam model was assigned two degrees of freedom:

e Transverse displacement, w

o Rotation, 6
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Since the 500 mm turbine was discretized into ten nodes, the resulting global system

contained

2 x10=20

degrees of freedom.

The translational degrees of freedom at the two support locations were constrained in
order to represent the turbine supports, while the rotational degrees of freedom remained
free.

Consequently, two translational degrees of freedom were removed from the system,
resulting in an 18 x 18 reduced stiffness matrix and mass matrix used for the eigenvalue
solution.

The operating motor speed during normal operation was approximately 2000-2470
rpm, corresponding to an excitation frequency range of approximately 33-43 Hz.

The calculated natural frequencies were therefore compared directly with this operat-

ing frequency range.

8.7 Results

The first bending natural frequency obtained from the analysis is presented in Table [8.3]

Table 8.3: Rotor dynamic analysis results.

Parameter Value
First natural frequency 336.6 Hz
Operating frequency range 33-43 Hz

8.8 Discussion

The first bending natural frequency of the turbine assembly was found to be approximately
336.6 Hz, which is significantly higher than the normal operating frequency range of the
motor.

Based on the assumptions adopted in the simplified model, resonance associated with
the first bending mode was therefore not expected during normal operation.

The analysis indicates that the operating frequency remains well separated from the
first structural bending mode of the turbine. Consequently, the revised wheel assembly
was not expected to introduce resonance-related issues associated with rotor bending.

It should be noted that the present analysis represents a first-order engineering es-
timate intended to evaluate the separation between operating and natural frequencies.
More advanced models could include bearing flexibility, support compliance, damping

effects, and gyroscopic behaviour in order to further refine the predictions.
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Chapter 9

Prototype Development and
Assembly

Following the CAD reconstruction, initial spacer adaptation strategy, axial positioning
analysis, and procurement activities described in the previous chapters, a prototype of
the revised turbine system was assembled. The objective of the prototype phase was to
validate the mechanical integration of the redesigned system, verify assembly feasibility,
and prepare the system for experimental testing. The "Short Chassis" configuration was

chosen for the prototype unit.

9.1 Prototype Objectives

The prototype development phase was carried out with the following objectives:

« Validate the integration of the revised turbine system within the existing chassis

architecture.
o Verify the compatibility of newly procured and reconstructed components.
o Confirm the functionality of the redesigned axial positioning system.
o Evaluate assembly repeatability and maintenance accessibility.

» Prepare a representative system for airflow and vibration measurements.

9.2 Prototype Preparation

The prototype assembly required a combination of existing chassis components, refur-
bished motors, newly procured components, and reconstructed elements identified during
the CAD development phase.
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Prior to assembly, the original motors were refurbished. The existing bearings were
removed using appropriate extraction tools, motors were cleaned and installed with new
bearings. The motors were subsequently reassembled, and prepared for integration with
the turbine assemblies.

Several additional components required for the revised wheel assembly were procured,
including springs, spacers, bearings, retaining elements, and fastening hardware.

Before assembly, all available components were inspected and compared against the
reconstructed CAD models to verify dimensional compatibility and identify any potential

integration issues.

9.3 Assembly Procedure

The assembly process began with preparation of the refurbished motor assemblies then
continued with the preparation of the revised wheel assemblies.

The spacers, bearings, retaining elements, and spring components were subsequently
assembled on the motor and the wheels (CW and CCW) according to the positions defined
during the axial positioning study.

Following assembly of the rotating groups, and the installation of the motors to the
casings, the revised assemblies were installed into the casings. Subsequently, the casings
were closed, structural components such as stands, dampers were integrated on the casings
and the completed turbine kits were then installed within the chassis structure.

Special attention was paid to the orientation of the turbine casings and the clockwise
and counter clockwise turbine orientation to ensure the intended airflow direction through
the side air channels of the rack cooling system. The electrical connections were configured

accordingly to obtain the required rotation direction of the turbines.

9.4 Assembly Verification

Following assembly, several verification activities were performed.

The assembled turbines were manually rotated in order to verify freedom of movement
and identify potential interference between rotating and stationary components.

The engagement of the redesigned spring system was verified throughout the assembly
process. The assembly also confirmed the presence of the axial gap previously identified
during the CAD analysis and demonstrated the necessity of the redesigned spring solution.

Visual inspection was performed to verify alignment between the turbine wheel, motor
assembly, bearing locations, and casing interfaces.

These verification activities confirmed the overall feasibility of the proposed integration
concept and allowed identification of potential issues requiring further investigation during

experimental testing.
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9.5 Assembly Documentation

An assembly document was prepared in parallel with the prototype development and
testing activities.

The document includes the identification of the system components, required parts
and tools, assembly sequences, reference CAD views, and instructions associated with the
installation of the turbine assemblies.

The resulting documentation provides a repeatable assembly procedure and supports
future maintenance, refurbishment, and large-scale deployment of the revised turbine
system.

After the validation campaign, the assembly procedure was further refined and de-

tailed. The resulting assembly document can be found in the appendices.
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Chapter 10

Experimental Validation
Methodology

The assembled prototype was experimentally evaluated in order to assess the performance
of the revised turbine system, compare the results with the previous system and verify
the assumptions made during the design phase.

The experimental campaign focused on two primary aspects:

o Airflow performance of the revised turbine configuration

e Mechanical vibration behaviour of the system

The measurements were performed using a fully assembled prototype operating under
representative conditions. All prototype tests presented in this work were performed using
a short-chassis configuration. The previous configuration used for comparison was also a

short-chassis assembly in order to ensure consistency between the compared systems.

10.1 Test Objectives

The objectives of the experimental validation were:

Verify that the revised turbine system provides sufficient airflow for the intended

cooling application.

o Compare the airflow performance of the prototype against the previous configura-

tion.
o Evaluate and validate the vibration behaviour of the revised system.
o Identify potential integration issues associated with the revised turbine assembly.

o Provide experimental feedback for further design improvements.
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10.2 Experimental Setup

The prototype was operated using a standard 230 V AC supply and tested under steady-
state operating conditions, initially on the floor, subsequently mounted on the rack.

Two measurement systems were used during the experimental campaign:

¢ A handheld anemometer for airflow measurements.

e A handheld vibrometer for vibration measurements.

10.3 Airflow Measurement Methodology

Airflow performance was evaluated using a handheld anemometer positioned at the outlet
section of the turbine assembly.
Measurements were performed at multiple locations along the outlet opening in order
to account for flow non-uniformities associated with the tangential fan configuration.
Velocity values were taken from both operating turbines. Both maximum and average
air velocity values were recorded. The average velocity was subsequently used to estimate

the volumetric flow rate of the assembly according to:

Q = Vgng - A (10.1)

where @) is the volumetric flow rate, v,,4 is the measured average outlet velocity, and
A is the outlet cross-sectional area obtained from the CAD model of the assembly.

The airflow performance of the revised prototype was compared with both the previous
turbine configuration and the original fan performance curve provided by the manufac-
turer. The manufacturer curve relates volumetric flow rate (@),) to pressure increase ()

and is shown in Figure [10.1}
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Figure 10.1: The manufacturer curve that relates volumetric flow rate to pressure increase

For comparison purposes, the operating condition corresponding to approximately

zero pressure increase (P, =~ 0 Pa) was considered. This assumption was made because
the tests were performed in an open environment without the flow restrictions normally
introduced by the rack electronics and internal airflow path.

Higher pressure values shown in the manufacturer curve represent operating conditions

with increased flow resistance, such as those expected when the cooling air passes through
electronic equipment and other rack components.

The pressure-loss characteristics of the original cooling system could not be accurately
determined due to the limited availability of design documentation and the inability to

obtain additional information from the original supplier. Therefore, the airflow compari-
son was performed using the free-flow operating condition (P, ~ 0 Pa), which most closely
represents the experimental setup used during this study.

The airflow measurements were primarily intended to verify that the redesigned tur-

bine system maintained the air-moving capability of the original configuration and re-

mained consistent with the expected performance range indicated by the manufacturer.
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10.4 Vibration Measurement Methodology

The vibration behaviour of the system was evaluated using a handheld vibrometer with

the following parameters:

o Measurement axis: 1 axis (along the sensor probe direction)
o Acceleration range (Peak): 0.1-199.9 m/s?

 Velocity range (RMS): 0.1-199.9 mm/s

 Displacement range (Peak-to-Peak): 1-1999 pm

» Resolution:

— Acceleration: 0.1 m/s?
— Velocity: 0.1 mm/s

— Displacement: 1 pym
« Basic accuracy: (5
e Dimensions: 185 x 68 x 30 mm

o Weight: 230 g

The vibration analysis was performed by comparing the revised prototype against
the previous turbine configuration. Between the two configurations, only the turbine and
motor related components (revised components) were modified, while the remaining struc-
tural components, including the chassis, dampers and casing, were kept unchanged. This
approach allowed the influence of the revised assembly to be assessed while minimizing
the effect of external variables.

The tested prototype configuration included:

Refurbished motors (the two internal bearings were replaced and the motors were

subsequently reassembled)

o New springs

New spacers

New plastic turbine wheels
The previous configuration included:

o Unused (non-refurbished) motors
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e Original springs
« Original turbine wheel assemblies (without spacers)

All components of the previous configuration were unused.

In order to improve measurement repeatability, the sensor was attached to the same
screw locations on either the chassis or the casing throughout the test campaign. These lo-
cations were selected because most of the structure was manufactured from non-magnetic
materials, whereas the selected mounting points allowed repeatable sensor positioning
through magnetic attachment. For measurements performed on the top surface of the
casing, since the casing’s top surface is non magnetic, the probe was manually positioned
at the same location during each test.

The chassis was positioned directly on the floor during the initial measurements and
operated under steady-state conditions. Subsequently, the assembly was installed in the
rack and the remaining measurements were performed under the same operating condi-
tions.

For each configuration, at least three measurements were performed in order to eval-
uate measurement repeatability and account for fluctuations during operation.

The measured vibration levels were compared using reference vibration severity ranges
derived from ISO 20816 / ISO 10816 (Mechanical vibration - Measurement and evaluation
of machine vibration)[8] [7]. Since the tested assembly does not fully correspond to the
machine classifications defined by the standard, the ISO 20816 / ISO 10816 limits were
used for reference purposes only and not as a formal acceptance criterion.

Two configurations were initially investigated:

o Previous turbine configuration

o Revised prototype configuration

As the experimental campaign progressed, additional investigations were performed,
including motor and case swap tests, wheel removal tests, assembly preload studies and
support-condition evaluations. These additional tests were conducted to identify the
origin of the measured vibration and separate the influence of the wheel assembly, motor
assemblies and structural support conditions.

The vibration measurements were therefore used as a comparative indicator of the
dynamic behaviour of the assemblies and to identify potential sources of imbalance, mis-
alignment, assembly preload effects and support-condition sensitivities requiring further

investigation.
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10.4.1 Identification of Measurement Locations

To ensure consistency throughout the vibration investigation, measurements were per-
formed at predefined locations on the chassis and turbine cases. The same locations were
used whenever possible during all tests, allowing direct comparison between different as-
sembly configurations.

Figure illustrates the measurement locations used during the experimental cam-

paign.

L Tl S T 1.
——% | . r—

Figure 10.2: Identification of vibration measurement locations used during the experi-
mental validation campaign.

The selected measurement locations were:

1. Chassis Top

2. Left Case Front
3. Right Case Front
4. Left Case Top

5. Right Case Top

The Chassis Top location was used as the primary reference location throughout the
investigation, because it exhibited the largest response to assembly modifications and
therefore provided the clearest indication of the overall vibration behaviour of the complete
system.

The Case Top and Case Front locations were used to identify the contribution of
individual turbine assemblies and to distinguish local vibration sources from vibration

transmitted through the chassis structure.
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Chapter 11

Results and Discussion

11.1 Airflow Performance

The airflow performance of the revised turbine assembly was evaluated experimentally
and compared with both the previous configuration and the available manufacturer per-
formance data of the original turbine system.

Air velocity measurements were performed at multiple locations along the turbine
outlet and representative average values were recorded. The measured outlet velocities
were converted into volumetric flow rates using the outlet cross-sectional area obtained
from the CAD models.

Figure [11.1] presents the comparison between the measured airflow performance and

the manufacturer performance curve available for the original turbine system.
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Figure 11.1: Comparison of measured airflow performance with manufacturer data.

Since the tests were performed without representative electronic equipment installed

69



in the rack, the operating pressure was assumed to be approximately zero as explained
in Section m The average outlet air velocity was measured as approximately 13 m/s
for the revised prototype and 11.5 m/s for the previous configuration. Using the outlet
area obtained from the CAD model, A = 0.02562, m?, the corresponding volumetric flow
rates were calculated as approximately 1199 m?/h for the prototype and 1060 m?3/h for
the previous configuration.

The datasheet value of the original system at approximately zero pressure increase
is about 990 m?®/h. Therefore, both measured configurations were within the expected
airflow range, and the revised prototype showed a slightly higher estimated volumetric
flow rate than the previous configuration.

The results demonstrated that the revised turbine assembly maintained airflow per-
formance comparable to the original system and therefore satisfied the primary design
objective of preserving cooling capability while enabling integration of the revised wheel

assembly.

11.2 Motor Electrical Behaviour

To verify that the prototype motors were operating under conditions comparable to those
of the previous configuration, current and supply voltage measurements were analysed
during operation.

Figures [11.2) and [11.3] show representative measurements obtained from an unused

motor from the previous configuration and from the prototype assembly.
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Figure 11.2: Representative current (A) and supply voltage (V) measurements of an
unused previous-configuration motor pair, Test duration: 10 minutes, X axis: Time.
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Figure 11.3: Representative current (A) and supply voltage (V) measurements of the
prototype’s refurbished motor pair, Test duration: 10 minutes, X axis: Time.

The measured current and voltage values remained stable throughout operation and
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were consistent with those measured for the unused motors of the previous configura-
tion. Consequently, the elevated vibration levels observed in the prototype could not be

attributed to differences in motor electrical supply conditions.

11.3 Initial Vibration Assessment

The first vibration measurements revealed a significant difference between the prototype
and the previous configuration.
Figure presents the initial comparison between the two systems.
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Figure 11.4: Initial vibration comparison between prototype and previous configuration.

The previous configuration produced stable vibration levels between approximately 1.1
and 1.4 mm/s at the chassis-top location. In contrast, the prototype exhibited vibration
levels between approximately 6.4 and 8.1 mm/s, corresponding to roughly five to seven

times higher vibration.
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These results initiated a systematic investigation to identify the source of the elevated

vibration response.

11.4 Investigation of Potential Vibration Sources

Several possible sources of vibration were investigated sequentially.

11.4.1 Bearing Relative Motion

Visual inspection revealed relative motion between the turbine shaft and the bearing inner
ring. To investigate its influence, the bearing inner rings were bonded to the shaft using
Loctite 638 retaining compound.

Figure [11.5| presents the measured vibration levels before and after bonding.

Effect of Turbine Bearing-to-Shaft Bonding with Loctite

Location: Chassis Top
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Figure 11.5: Influence of bearing-shaft bonding on vibration response.

Only a small reduction in vibration was observed. High vibration levels and large

fluctuations remained, indicating that the primary excitation source originated elsewhere.
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11.4.2 Vibration Measurements at all Pre-Selected Measure-

ment Locations

Following the limited reduction obtained after bonding the bearing inner rings to the shaft
using Loctite 638, vibration measurements were repeated at all predefined measurement
locations. The aim of this test was to compare the vibration response of the revised
prototype with the previous configuration and identify the most critical measurement

locations for the following investigation.
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Figure 11.6: Comparison of vibration levels between the prototype assembly after Loctite
application and the previous configuration at all predefined measurement locations.

As shown in Figure [I1.6] the prototype exhibited significantly higher vibration levels
than the previous configuration at all measured locations. The highest vibration response
was measured at the Chassis-Top location, where the prototype reached approximately
5.2-8.7 mm/s, while the previous configuration remained within approximately 1.3-1.6
mm/s.

The Chassis-Top measurement point also showed the largest fluctuation range. This
indicated that the chassis response was highly sensitive to the excitation generated by the
prototype assembly and therefore represented the most critical location for the following
vibration investigation.

At the case-front and case-top locations, the prototype also showed higher vibration
levels than the previous configuration. However, the difference was less pronounced than
at the chassis-top location. This suggested that the elevated response was not only a local
vibration issue, but involved the dynamic interaction between the turbine assemblies and
the supporting chassis structure.

Based on these results, the Chassis-Top location was selected as the primary reference

73



point for the following root-cause investigation and validation tests.

11.4.3 Influence of Individual Turbine Assemblies

Additional tests were performed to the prototype by operating the left and right turbine
assemblies separately. The objective was to determine whether one turbine assembly con-
tributed disproportionately to the elevated vibration response observed in the prototype.

During these tests, the opposite turbine assembly was removed and vibration mea-
surements were recorded only at locations associated with the operating turbine. For
example, left-side measurements were recorded during left-turbine operation and right-
side measurements during right-turbine operation.

Figure presents the measured vibration levels for the isolated turbine assemblies.

Isolated Turbine Assembly Comparison
Opposite turbine assembly removed during test

mm Left assembly only
B Right assembly only

5.1-5.9

Further nvestigation
recommended

Vibration velocity [mm/s]
w

tricted operation
1.4-2.8 mm/s

Excellent
0-1.4 mm/s

Chassis Case Case
Top Front Top

Figure 11.7: Vibration measurements obtained during isolated operation of the left and
right turbine assemblies.

The results showed that both turbine assemblies produced elevated vibration levels
at the Chassis-Top measurement location. The left assembly generated vibration levels
between approximately 4.3 and 4.6 mm/s, while the right assembly produced slightly
higher values between approximately 5.1 and 5.5 mm/s.

At the Case-Front measurement location, vibration levels remained relatively low and
close to the reference vibration limits, ranging between approximately 1.4 and 2.0 mm/s.
Similarly, the Case-Top measurements remained significantly lower than the correspond-
ing Chassis—Top values, with measured vibration levels between approximately 2.5 and
2.8 mm/s.
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An additional observation was that measurement fluctuations decreased significantly
compared to the previous tests where both turbines were operating simultaneously. This
indicated that, the interaction between the two assemblies contributed to the fluctuations
observed during the initial measurements.

The relatively small difference between the left and right turbine assemblies suggests
that neither turbine alone was solely responsible for the elevated vibration response.

Additionally, the consistently higher vibration levels measured at the Chassis-Top
location indicate that the chassis structure may be locally amplifying the vibration trans-
mitted by the turbine assemblies.

Based on these results, both turbine assemblies were retained as potential contributors
to the overall vibration response, and further investigations were performed to isolate the

influence of the wheel assemblies, motors and supporting structure.

11.4.4 Investigation of the Motor/Case Assembly Without Tur-
bine Wheels

To determine whether the elevated vibration levels originated from the turbine wheels or
from the motor/case assembly itself, the turbine wheels of the prototype were completely
removed and the system was operated using only the motor and casing assemblies.
Initially, the measurements were performed with the assembly placed directly on the
floor. The vibration response was measured at the Chassis-Top location, which had
previously exhibited the highest vibration levels.
Figure [I1.§ presents the results obtained during the floor-mounted tests.
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On the floor - Motor + Casing Only Test
Location: Chassis Top
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Vibration velocity [mmys]
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1.4-2.% mm/s
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0-1.4 mm/s

Test 1 Test 2 Test 3 Test 4 Test 5

Figure 11.8: Motor and casing assembly tested without turbine wheels on the floor.

Despite the complete removal of the turbine wheels, significant cyclic vibration be-
haviour remained present. The measured vibration fluctuated between approximately 3.9
and 13.0 mm/s, indicating that the main excitation source wasn’t exclusively associated
with the revised wheel assembly.

Since the final operating condition of the cooling system corresponds to rack instal-
lation, all subsequent vibration investigations were performed with the chassis mounted
inside the rack.

The wheel-less motor/case assembly test was therefore repeated after installation of
the chassis in the rack.

Figure presents the corresponding results.
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Rack-Mounted Motor + Casing Only Test
Location: Chassis Top

16

4.7-14.8 mmyjs 3.2-14.9 mmjs
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Figure 11.9: Motor and casing assembly tested without turbine wheels after installation
in the rack.

The cyclic behaviour remained present after rack installation. Vibration levels fluctu-
ated between approximately 3.2 and 14.9 mm/s. During these tests, manually applying
force to the chassis reduced the audible noise but did not eliminate the vibration cycles.
This observation suggested that the chassis contributed to the amplification of the vi-
bration response, while the primary excitation source remained within the motor/case
assembly.

To further isolate the source of the vibration, the left and right motor/case assemblies
were subsequently operated individually while still installed in the rack.

Figure shows the results obtained during these measurements.
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Rack-Mounted Motor + Casing Only Test
Location: Chassis Top

. Left Motor Only
mm Right Motor Only

r7-18
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Measurement Repetition

Figure 11.10: Individual motor/case assembly measurements without turbine wheels.

The individual measurements revealed highly stable vibration levels with significantly
reduced fluctuations compared to the previous tests. However, the vibration magnitude
remained high. The left motor/case assembly produced vibration levels of approximately
5.3 mm/s, while the right motor/case assembly consistently produced values between
approximately 7.6 and 7.8 mm/s at the Chassis-Top location.

The reduction of the cyclic fluctuations during individual operation suggests that the
previously observed oscillations may have been influenced by the simultaneous operation
of two vibration sources with similar excitation frequencies. Such behaviour is com-
monly associated with beat phenomena, where two closely spaced similar but not the
same frequencies periodically reinforce and cancel each other, producing cyclic amplitude
variations [10].

Nevertheless, the high vibration levels observed during individual operation demon-
strate that the beat phenomenon itself cannot be considered the root cause of the ele-
vated vibration response. Instead, it only explains the cyclic fluctuation observed during
simultaneous operation. The primary source of vibration was already present when each
motor/case assembly was operated independently.

Since all tests described in this section were performed without turbine wheels, the
results strongly suggest that the wheel assemblies, springs, spacers and wheel-to-motor
interfaces were not the primary contributors to the elevated vibration levels observed in
the prototype.

Based on these findings, the subsequent investigation focused on the interaction be-
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tween the motor assemblies, casing structure and chassis support conditions.

11.4.5 Investigation of Circlip Seating

Visual inspection suggested that one motor circlip might not be fully seated within its
groove. The circlip was pressed into position and the measurements were repeated.
No significant change in vibration levels was observed. The circlip seating was therefore

excluded as a significant contributor to the measured vibration.

11.4.6 Investigation of the Prototype Chassis

To determine whether the prototype chassis itself was responsible for the elevated vi-
bration response, the complete previous-configuration motor/case/wheel assemblies were
installed into the prototype chassis.

The resulting chassis-top vibration remained low and stable between approximately
0.9 and 1.3 mm/s.

This result demonstrated that the prototype chassis alone was not responsible for the

elevated vibration levels.

11.4.7 Influence of Wheel Removal and Assembly Preload

Following the confirmation that the prototype chassis itself was not responsible for the
elevated vibration levels, additional investigations were performed to determine whether
the vibration originated from the turbine wheels or from the motor/case assemblies.

Since the prototype motor/case assemblies had already been tested without turbine
wheels, a comparable test was required for the previous configuration. Therefore, the
turbine wheels were also removed from the previous-configuration assemblies and the
vibration measurements were repeated. All measurements presented in this section corre-
spond to the Chassis-Top measurement location, which had previously shown the highest
vibration levels.

Before wheel removal, baseline measurements were recorded for the previous left and
previous right assemblies operating individually with their original wheel assemblies in-
stalled. These measurements are shown in Figure [I1.11]
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Previous Configuration Individual Test
With Turbine Wheels
Location: Chassis-Top

Vibration velocity [mm/s]

Previous Right Previous Left
with wheel with wheel

Figure 11.11: Previous-configuration assemblies operating individually with turbine
wheels installed.

After wheel removal and reassembly, the behaviour of the two previous-configuration
assemblies differed significantly.

The previous left assembly became significantly more sensitive after wheel removal.
During reassembly it was observed that the case holes no longer aligned naturally and
additional force was required to install the final screw.

The initial reassembly without torque control increased the vibration level from ap-
proximately 1.7-2.1 mm/s to 3.2-3.3 mm/s. An attempt to adjust the support stands
increased the vibration further to approximately 3.7-4.3 mm/s. When the assembly was
subsequently reassembled using a controlled case screw torque of 1.5 Nm, the vibration
level decreased to approximately 2.3-2.7 mm/s (Figure [11.12)).

Previous Left Assembly
Sensitivity to Wheel Removal and Case Screw Preload
Location: Chassis-Top

37-43

Vibration velocity [mm/s]

with wheel No wheel No wheel No wheel
no torque contral stands adjusted 1.5 Nm, force was needed during assembly

Figure 11.12: Influence of reassembly conditions on the previous left assembly after wheel
removal.
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These observations suggested that the vibration response was strongly affected by
assembly preload and case screw tightening conditions.

Subsequently, tightening torque control was applied to the previous right assembly and
its vibration levels remained largely unchanged. The vibration level decreased slightly
from approximately 0.8-1.1 mm/s to 0.6-0.7 mm/s, indicating that wheel removal had
little influence on its vibration response (Figure [11.13).

Previous Right Assembly
Effect of Wheel Removal and Controlled Reassembly
Location: Chassis-Top

Vibration velocity [mm/s]

0e-1.1

with wheel without wheel
1.5 Nm, no force was needed during assembly

Figure 11.13: Previous right assembly before and after wheel removal.

To determine whether a similar effect existed in the prototype assembly, the same
controlled tightening procedure was applied to the prototype right motor/case assembly
without wheels. Before torque control, vibration levels fluctuated between approximately
7.2 and 7.7 mm/s. After reassembly using controlled tightening (1.5 Nm case screws),

the vibration level decreased to approximately 3.4-3.8 mm/s, corresponding to roughly a

50% reduction (Figure [11.14)).
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Prototype Right Assembly Without Wheel
Effect of Controlled Case Screw Torque

Location: Chassis-Top

w
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Vibration velocity [mmjs]
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Before torgue control After 1.5 Nm case screws
motor screws 2 Nm
Jforce was needed during assembly

Figure 11.14: Effect of controlled tightening on the prototype right motor/case assembly.

Figure [L1.15] summarizes the most relevant results obtained during the investigation.

Individual Motor/Case Investigation
Location: Chassis Top

r

-]
7.2-7

vibratien velacity [mmis]
S (%] [-]
5.1-5.5

e
1

With wheel No wheel
no torque control

m Previous Right Working Only
Em Previous Left Working Only
= Prototype Right Working Only

Further investigation
recommended

No wheel
1.5 Nm torgque

Figure 11.15: Summary of wheel-removal and torque-control investigations.
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W

The results demonstrate that assembly conditions can significantly influence the mea-

sured vibration levels. Controlled tightening consistently reduced vibration in both the

previous and prototype assemblies, indicating that case preload and structural alignment

contribute substantially to the dynamic behaviour of the system.
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Consequently, the investigation was continued with a focus on the interaction between

the motor assemblies, casing structure, and support conditions.

11.4.8 Motor and Case Swap Tests

Motor/case swap tests were performed to separate the influence of the refurbished motors
from that of the supporting case. Tests were conducted on the right motor/case assemblies
of both the prototype and the previous configuration.

Figure [11.16|presents the results.

Motor/Case Swap Test Without Turbine Wheel
Location: Chassis Top

4 Further investigation
recommended

d operation
L4-2.8 mm/s

vibration velocity [mmys]

Excellent
0-1.4 mm/s

Refurbished motor Unuséd motor Unused motor Refurbished motor
+ prévious configuration’s case + prototype case + previous configuration's case + prototype case
(reswap) ireswap)

Figure 11.16: Motor and case swap test results.

The vibration increase consistently followed the refurbished motors regardless of which
case was used. This demonstrated that the dominant excitation source was associated
with the refurbished motor assemblies rather than the prototype case.

However, the measured vibration amplitude still depended on the case and assembly
condition, and contrary to expectations, the healthy previous configuration case did not
produce lower vibration levels with the refurbished motor. When the refurbished motor
was installed, the healthy case exhibited higher vibration than the prototype case. This
suggests that the vibration response is influenced by the combined motor-case system
rather than by the condition of the case alone. The motor, structural stiffness distribution,
assembly preload, and support conditions likely interact to determine the final vibration

level.

83



11.5 Prototype Wheel Validation

Following the previous investigations, it was concluded that the elevated vibration levels
observed in the prototype were primarily associated with the refurbished motor/case
assemblies and assembly conditions rather than the revised wheel design itself.

To isolate the influence of the wheel assembly, the prototype wheels were installed
on healthy, unused motor/case assemblies from the previous configuration. The assem-
bly procedures developed during the preload investigation were applied throughout the
validation process.

Figure presents the results obtained during the prototype wheel validation tests.

Prototype Wheel Tests with Previous-Configuration Motor/Case Assemblies
Location: Chassis Top

mmm | eft turbine working only
| mmm Right turbine working only

4.5-5.0

Further inyestigation
recpmmended

Unrestricted operation
1.84-2.8 mmj/s

Vibration velocity [mm/s]
T

1.2-1.4

Excellent
p-1.4 mm/s

Trying to keep Flat assembly 1.5 Nm 1.5 Nm
case flat repeat visible twist flat case
-0.5 Nm =1Nm

Figure 11.17: Validation of the prototype wheel assembly using healthy previous-
configuration motor/case assemblies.

The right-side assembly, whose casing naturally aligned during assembly, produced
stable vibration levels of approximately 1.2-1.4 mm/s when assembled using a controlled
tightening torque of 1.5 Nm.

The left-side assembly remained significantly more sensitive to assembly conditions.
Attempts to maintain a visually flat casing by adjusting tightening torque produced vi-
bration levels between approximately 3.4 and 5.0 mm/s. Although controlled tightening
reduced the vibration to approximately 2.0-2.3 mm/s, the results remained significantly
higher than those obtained from the right-side assembly.

During these tests it was repeatedly observed that the screw holes of the left-side casing

did not align naturally after reassembly. Equal tightening torque therefore introduced
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visible casing twist and assembly preload. These observations further confirmed that
local assembly conditions and structural distortion had a major influence on the measured
vibration response.

Consequently, an additional investigation was performed to determine whether a local

support condition was responsible for the remaining vibration increase.

11.5.1 Investigation of Local Support Conditions

Inspection of the left-side assembly revealed a visible support gap between the chassis
and one of the casing’s vibration dampers. It was hypothesized that this gap allowed
decreased the stiffness of the structure and contributed to the elevated vibration levels.

To evaluate this hypothesis, a temporary spacer manufactured from hard paper was
inserted at the gap location.

Figure [I1.18 summarizes the results.

Effect of Hard-Paper Spacer on Prototype Wheel Vibration
Location: Chassis Top
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1.5 Nm Spacer before spacer after hard-paper
1.5 Nm spacer

Figure 11.18: Effect of the temporary spacer on measured vibration levels.

For the left turbine operating individually, the vibration level decreased from approx-
imately 2.0-2.3 mm/s to 1.6-1.7 mm/s after installation of the spacer.

When both turbines were operated simultaneously, the vibration level decreased from
approximately 3.4-3.7 mm/s to 1.2-1.4 mm/s.

These results demonstrated that the local support condition had a significant influence
on the vibration response of the assembly. Eliminating the support gap reduced the

measured vibration to values comparable to those of the previous configuration, indicating
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that the remaining vibration increase was primarily associated with assembly-induced
deformation rather than the wheel design itself.

The temporary spacer used during the validation tests consisted of a hard-paper washer
with an outer diameter of 16 mm and a thickness of approximately 1.6 mm. The spacer

was positioned between the casing support and the damper at the location where the gap

was observed, see Figure [I1.19]

Figure 11.19: A photograph of the inserted spacer between the damper and the chassis.
Based on these results, any visible support gap should be eliminated during assembly.

A shim, spacer, or equivalent filler material may be permanently bonded either to the

damper or to the chassis support in order to ensure repeatable contact conditions.
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11.5.2 Final Validation of the Revised Wheel Assembly

Following implementation of the spacer/shim solution and controlled assembly procedures,
vibration measurements were repeated at all predefined measurement locations.

Figure [11.20| compares the final prototype wheel assembly against the previous con-

figuration.
Summary and Validation of the Revised Wheel Assembly
Comparison with Previous Configuration
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Figure 11.20: Final validation of the revised wheel assembly compared with the previous
configuration.

The final prototype assembly achieved vibration levels comparable to those of the
previous configuration at all measurement locations.

At the Chassis-Top location, vibration levels of approximately 1.2-1.4 mm/s were
measured, slightly lower than the corresponding values obtained from the previous con-
figuration. The case-front and right-side case-top locations also showed vibration levels
comparable to those of the original system.

The left-side case-top measurement remained slightly higher, with values between ap-
proximately 1.7 and 2.0 mm/s. Nevertheless, these values remained within the unrestricted-
operation range and were considered acceptable for the intended application.

The results demonstrate that the revised wheel assembly can be considered validated
from a vibration perspective when installed using healthy motor/case assemblies and
controlled assembly procedures. Furthermore, the investigation showed that assembly
preload, local support conditions, and casing deformation can significantly influence the
measured vibration response and must therefore be controlled through a repeatable as-

sembly procedure.
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Chapter 12

Conclusions

12.1 Summary of the Work

This thesis presented the integration and validation of a revised turbine assembly intended
for use within the ATLAS electronics rack cooling system.

The work presented in this thesis will be implemented by the ATLAS Technical Co-
ordination team and will be used to support the refurbishment and maintenance of the
plastic ventilation system for ATLAS’s electronics racks throughout the remaining oper-
ational lifetime of the LHC, currently planned until 2040.

The work included reverse engineering of existing components, CAD modelling, proto-
type preparation, assembly procedure preparation, development of a procurement strategy
for target build quantity, airflow testing, vibration testing and validation of the revised
wheel assembly.

Additionally, a systematic experimental campaign was conducted to identify the source
of elevated vibration levels observed in the prototype and to verify the performance of

the redesigned system.

12.2 Key Findings
The main findings of this work are summarized below:

o The revised wheel assembly maintained airflow performance comparable to the orig-

inal configuration.

o Current and supply voltage measurements showed that both prototype and previous-

configuration motors operated under comparable electrical conditions.

« Initial prototype vibration levels were significantly higher than those of the previous

configuration.
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o Bonding the bearing inner ring to the shaft produced only a minor improvement

and was not identified as the primary source of vibration.

o High vibration levels persisted after removal of the turbine wheels, demonstrating

that the wheel assembly was not the dominant source of excitation.

» Motor/case swap tests showed that elevated vibration followed the refurbished mo-
tors rather than the prototype case, revealing a complex interaction between the

case and the motor.

o Assembly preload, case distortion and local support conditions significantly influ-

enced vibration behaviour.
« Eliminating a local support gap reduced vibration levels significantly.

o The revised wheel assembly was successfully validated using healthy motor/case

assemblies from the previous configuration.

o Final vibration levels were comparable to those measured for the original system.

The results demonstrate that the revised wheel assembly satisfies the functional re-
quirements of the application and can be considered successfully validated from both

airflow and vibration perspectives.

89



Chapter 13

Future Work

13.1 Potential Improvements,
Further Testing& Optimization

Although the revised wheel assembly was successfully validated, several opportunities for
further improvement were identified.

The most significant opportunity concerns the refurbished motor assemblies. Future
experimental work should focus on optimization of the vibration response of the refur-
bished motor assemblies while maintaining the validated wheel design and assembly pro-
cedure.

Recommended activities include:

» Replacement of the healthy motors used during the wheel validation campaign with
the refurbished motor assemblies, followed by repetition of the vibration measure-

ments in order to quantify the contribution of the refurbished motors.

e Permanent implementation of the spacer solution identified during the validation
campaign by bonding a shim, spacer, or equivalent filler material at the location of

the support gap.

» Repetition of the vibration measurements after installation of the permanent spacer

solution.

o If elevated vibration levels persist, further investigation of the motor refurbishment
process should be performed, including evaluation of motor cleaning procedures,
bearing installation methods, assembly tolerances, and other internal motor com-

ponents that may influence vibration behaviour.

» Repetition of the vibration measurements following any modifications to the refur-

bishment procedure.
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o If vibration levels remain significantly higher than those obtained with the unused
motors, dynamic balancing of the refurbished motor assemblies should be consid-

ered.

These investigations would provide a deeper understanding of the dynamic behaviour
of the refurbished motor assemblies and support further reduction of vibration levels while
maintaining the validated performance of the revised wheel assembly. Additionally, long-
term operational testing of the revised assembly under representative operating conditions

would contribute to validation of the required 5 year lifetime of the system.
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