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Abstract:

This project investigates damping mechanisms for a
Micro-8 platform for space applications. It describes ex-
isting damping methods and develops models for two
types: drum shear-gap and single-vane. The project is
carried out in collaboration with Space Inventor, which
provides environmental design requirements for a solar
array hinge with a built-in damping mechanism. Demon-
strators using alternative materials unsuitable for space
are fabricated. The models aim to characterize damp-
ing coefficients and resistive fluid torques. An analyti-
cal model is developed for the drum shear-gap that su-
perposes the damping contributions from the cylindrical,
top, and bottom parts of a two-concentric-cylinder sys-
tem. A numerical hydraulic fluid model is developed
for the single-vane damper. The corresponding damping
coefficient depends on the flow geometry, the presence
of a hole in the vane, and whether the flow is laminar
or turbulent. Experimental testing aims to validate the
theoretical models. Comparing theoretical and experi-
mental results shows that the models capture the general
damping and torque characteristics but do not match the
magnitudes. The shear-gap model overestimates results
relative to experimentally obtained values by factors of
1.3 to 1.8. The single-vane shows inconsistent deviations;
without a hole, results are generally overestimated, and
with a hole, deviations between the theoretical and ex-
perimental results range from 0.62 to 1.72. The shear-gap
provides simple manufacturing and modeling, at the ex-
pense of a larger radial dimension and weight, whereas
the single-vane damper allows for greater damping for
the same physical size, at the expense of more complex
design, manufacturing, and modeling. Both dampers are
applicable for further development in space applications,

provided necessary precautions are taken.



http://www.mp.aau.dk

Resume

Dette projekt omhandler karakterisering af deempning pd en eksisterende Micro-8-platform til
Space Inventor. Baggrunden for projektet er et enske om at oge torsionskraften i de eksisterende
heengsler for at mindske friktionsindvirkningen i et jordbaseret udfoldelsestest-setup under panel-
udfoldelsestest. En hgjere torsionskraft medferer imidlertid sterre vinkelhastigheder og vinkelac-
celerationer, hvilket medferer storre belastninger ved endestop. Dette skaber behov for en deempn-
ingsmekanisme, der kan reducere udfoldelseshastigheder og -accelerationer, hvilket mindsker den
kinetiske energi og sikrer en mere kontrolleret udfoldelse af solpanelerne.

Der onskes at udfere en forundersogelse af dempningslesningen, sdledes at en deempningsmekanisme
kan designes og implementeres pa Micro-8-satellitplatformen fra Space Inventor. Projektet har
samarbejde med Space Inventor, som har fremsat en reekke krav som mekanismen skal overholde.

For at besvare problemformuleringen undersoges de eksisterende deempningslesninger. Der under-
soges, hvordan en translatorisk viskes fluid deemper virker, samt roterende udgaver som shear-gap-
og vane-deempere. Deres arbejdsprincip undersoges, hvorved den translatoriske bevirker ved at
lade et stempel blive belastet eksternt, hvormed en fluid flyder gennem leekager eller dedikerede
huller. For shear-gap-deemperen findes der underkategorier, som hver danner et overfladeareal,
hvorved fluiden kan yde modstand pa overfladen. De undersogte shear-gap-deempere er en tromle-
, en disk- og en finne-shear-gap-deemper. Herudover undersoges ogsa en vane-deemper, som virker
ved at lade en trykforskel over en vane flyde gennem leekagebaner, ligeledes som den translatoriske
deemper.

Der udvelges to metoder for at indsnaevre omfanget. Hertil veelges der at arbejde videre med
en tromle shear-gap-deemper og en single-vane-deemper, hvortil teoretiske modeller udarbejdes
for hver. Disse modeller skal verificeres med eksperimentelt fundne resultater, hvortil der skal
fremstilles demonstratorer. Demonstratorerne har til formal at eftervise deempningsegenskaberne
og bliver derfor lavet af andre materialer end dem, der geaelder for rumbrug.

De opbyggede teoretiske modeller involverer en analytisk model for tromle shear-gap-deemperen,
hvor delvise deempningsbidrag fra henholdsvis den cylindriske del og de to endeflader pa tromlen
superpositioneres. Herudover udarbejdes en hydraulisk fluidmodel for single-vane-deemperen. For
denne teoretiske model baserer udtrykket for deempningskoefficienten sig pa, hvorvidt der eksis-
terer huller i vanen, og i sa fald om flowet i hullet agerer lamineert eller turbulent.

De fremstillede demonstratorer testes i et forsggssetup, hvor en masse péferer et kendt moment pa
deemperakslen via trisser. Bevaegelsen under test optages med et kamera og behandles efterfolgende
for at bestemme vinkelposition, -hastighed samt -acceleration. Dette data viderebehandles i et
selvudviklet databehandlingsprogram i MATLAB til bestemmelse af deempningskoefficienter og
det modstdende moment ved en given vinkelhastighed.

Til lesning af de eksperimentelle og teoretiske resultater udferes der forsog til bestemmelse af
materialeparametre, herunder viskositet og vaeskestivhed (bulk modulus), for de relevante fluider
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samt momentet, der skal overvindes for at seette en deemper i beveaegelse fra stilstand.

Resultaterne viser, at de teoretiske modeller overordnet beskriver de forventede tendenser for
deempning og modstdende moment, men ikke rammer de eksperimentelle storrelser preecist. For
shear-gap-deemperen overvurderer modellen de eksperimentelle resultater med en faktor pa omkring
1,3 til 1,8, men den beskriver korrekt tendensen, hvorved det modstdende moment stiger med
vinkelhastigheden, og at en mindre spalteafstand giver hgjere deempning.

For single-vane-deemperen folger de teoretiske modeller tendenserne i det eksperimentelle forsog,
men afvigelserne i resultaterne er mindre entydige. For en vane demper uden et hul overvur-
derer modellen de teoretiske veerdier sammenlignet med de eksperimentelt madlte veerdier med
en faktor pa mellem 1,07 og 1,72. For vane deempere med et hul kan bdde over- og undervur-
deringer forekomme. Modellen har forskelle mellem de teoretiske veerdier og de eksperimentelt
malte veerdier med faktorer, der varierer mellem 0,62 og 1,68. Det ses desuden at deempere med
den laveste spalteafstand mellem vane’en og yderstrukturen giver de hgjeste deempningsveerdier,
ligesom for shear-gap-daempere.

Begge undersogte deempere er anvendelige til rumbrug, hvis nedvendig konvertering fra demon-
stratordesign og materialer bliver gjort til et egentligt design med de hensigtsmaessige materialer.
Herudover konkluderes der, at shear-gap-daemperne er simple at fremstille og modellere, men ned-
vendigger en hgjere radial dimension og, pa grund af deres solide tromle, har hojere vaegt. Pa
den anden side tillader single-vane-deemperen en hojere deempningsveerdi for den samme fysiske
storrelse, men dette sker pd bekostning af, at designet, fremstillingen og modelleringen bliver mere
komplekse.
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The report will use the following abbreviations. The table presents abbreviations in alphabetical
order along with their de nitions.
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CFD Computational uid dynamics
CTE Coef cient of thermal expansion
CVvCM Collectible volatile condensable mass
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Nomenclature

The report will use the following symbols. The table presents the symbol variable in alphabetical
order, its de nition, and the unit that the symbol represents.

Symbol De nition Unit

a Logarithmic function coef cient [MPa]
A Area m?
Ag Physical ori ce opening area m?

b Width of panel [m]

b Logarithmic function coef cient n [MPa]

[

c Damping coef cient Nmsrad !
Cy Discharge coef cient [ ]

Co Ori ce constant [ ]
dA In nitesimal area m?

dr In nitesimal radius [m]

dq In nitesimal angular displacement [rad]
av In nitesimal volume m3

dp In nitesimal pressure change [Pa]

d Diamter [m]

E Young's modulus [GPa]

g Gap length [m]

g Gravity 9.82ms?
G Shear modulus [GPa]

J Rotational inertia kgm?

L Length [m]

m Mass [ka]

N Amount of holes in vane [ ]

p Pressure [Pa]

p Time derivative of pressure Pas?!

P Power Jst

Q Volumetric ow rate m3s?t

r Radius [mm]
Re Reynolds number [ ]
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Temperature [ C]
Torque [Nm]
Displacement in x-direction [mm]
Velocity ms?
Volume cm®
Rate of volume change m3s?
x-coordinate [m]
State-vector [ ]
Time derivative of state-vector n [ ] i
Coef cient of Thermal Expansion ct
Bulk modulus [Mpa]
Shear rate st
Angular displacement [rad]
Angular velocity rads?!
Double time differentiated position in theta-direction rads?
Dynamic viscosity [Pag
Kinematic viscosity m?s?
Density kgm 2
Ultimate tensile stress [MPa]
Yield stress [MPa]
Shear stress [MPa]
Angular velocity rads?
Angular acceleration rads?

The following table lists superscripts that will be used with the symbols of the previous table.

Subscripts De nition
above, gap Above value for gap ow
applied Applied value
crit, hole Critical value at hole
below, gap Below value for gap ow
bottom Bottom value

bottom, axial

Bottom value in axial direction



bottom, gap
c
crit
cyl
c, top
c, bottom
damp, eq
drum
drum, axial
end, top
end, bottom
exp
ext
fluid
fric
gap
gap, total
h
hole
holes
hole, in
hole, out
hole, Hagen Poiseuille
hole, max
hole, Orifice
housing, axial
hydraulic
i
i, in
i, out
in, top
in, bottom
in

K

Bottom gap value
Coulomb friction torque
Critical value
Cylindircal
Damping coef cient for top surface
Damping coef cient for bottom surface

Drum value
Drum value
Drum value
Top end surface
Bottom end surface
Experimental
External
Fluid value
Friction value
Gap value
Total gap value
Characteristic ow
Hole value
Hole values
Truncated conn radius
Truncated conn radius
Hagen-Poiseuille value
Maximum at hole
Ori ce hole value
Housing value in axial direction
Hydraulic value
Chamber index, where i=1 or 2
In-chamber index, where i=1 or 2
Out-chamber index, where i=1 or 2
Inner value at top
Inner value at bottom
Inner value

Flow conductance



lin, total
melt
mean
min
max
mech
net
one
out
orifice
restric
S
setup
shaft
shaft, axial
shaft, gap
shaft, gross
shaft, radial
shaft, vane, gross
theory
tip
tip, gap
tip, radial
top
top, axial
top, gap
truncated
vane
vane, axial
vane, gross
vane, eff

viscous

q
qr

Total linear contribution
Melting temperature
Mean value
Minimum value
Maximum value
Mechanical value
Sum of
A singe instance
Outer value
Ori ce
Restriction value
Swept volume per unit radian
Test setup value
Shaft value
Shaft value for axial gap
Shaft value for gap ow
Gross volume
Radial shaft value
Gross volume
Theoretical value
Tip value
Tip value for gap ow
Radial value for tip
Top value
Top value in axial direction
Top gap value in axial direction
Truncated cone
Vane
Vane value in axial direction
Gross volume
Effective vane radius
Viscous value
circumferential component

Shear component




1 Introduction

The design of deployable spacecraft structures is an important aspect of satellite design. Structures
such as solar arrays and antennas must transition reliably from a stowed con guration during
ground handling and launch, into the deployed con guration once safely in space to support the
satellite mission. If deployment is unsuccessful or causes damage to the structure, the satellite could
become unable to generate enough power to accomplish the mission goals, resulting in total mission
failure [1].

Spacecraft deployment mechanisms are subject to intense vibrations during launch and, once in
orbit, are exposed to vacuum and large temperature variations [2, pp. 266-271], [3]. Tests and
control of the deployment of such structures are therefore essential to both reliability and structural
integrity. To ensure this, component- and system-level testing should be successfully performed
across various tests, including functional testing on the ground at room temperature and at extended
temperatures, and subjecting the test specimen to launch vibrations [3, pp. 9-10, p. 20], [4, pp. 80-
90].

Particular focus is placed on the functional testing of the deployment from the stowed con guration
to the deployed con guration. For deployment testing, a gantry system, as shown in Figure 1.1, can
help simulate zero-gravity conditions by mitigating gravity's effects. However, this setup introduces
additional uncertainties, including friction in the gantry and the added mass of moving components
within the gantry system that the solar array must drag along.

Figure 1.1: lllustration of a gantry-based test system used to of oad gravitational forces during ground testing. Sus-
pension cables support the solar array and follow its motion during deployment and approximate in-orbit conditions of

zero gravity. During testing, the initial and nal con gurations are seen as the gray and black markers, respectively, to
illustrate the panel motion [5].

Several methods exist for controlling deployment, depending on the deployment actuation mecha-
nism. For fully motorized deployments, the deployment motion and rate can be precisely controlled
[6, pp. 686-696]. For spring-driven mechanisms, deployment is facilitated by the release of stored
elastic potential energy from the springs and is therefore not actively controlled. The fully motor-
ized deployment mechanisms require electronic hardware and a control system, thereby substan-
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tially complicating the system compared to the spring-driven deployment. On the contrary, while

the spring-driven approach offers simplicity and a passive design, it can result in high angular ve-
locities, signi cant impact loads at end-stops, or excitation of structural vibrations if not properly

controlled [7].

The present project considers the deployable solar arrays of the Space Inventor Micro-8 satellite
platform, seen in Figure 1.2. The solar arrays are symmetrically placed on both sides of the satellite,
with each array consisting of a yoke and two panels.

Figure 1.2: Space Inventor's Micro-8 satellite in a deployed con guration. Surrounding the main satellite body are the
yoke and two solar array panels on each side [8].

As seen in the gure, the elements are connected in series by three joints. The rst joint connects the
main satellite body to the yoke. The second joint connects the yoke to the rst panel. The third joint
connects the rst panels to the second. During deployment, the three joints rotate 90 , 180, and
180, respectively. The current deployment is facilitated by a set of springs in the joints; however,
either more springs or springs that store more energy during the stowed con guration can increase
individual joint torques during deployment, thereby streamlining the test sequence by minimizing
the effects of friction and other unaccounted-for uncertainties in the gantry system. However, this
results in higher velocities and accelerations, necessitating the introduction of a damping mecha-
nism to mitigate end-of-deployment impact loads. This is supported by previous work showing
that, in the absence of damping, an undamped solar array deployment sequence exhibits peak an-
gular velocities and accelerations, suf cient to produce signi cant end-stop impact forces and a
prolonged oscillatory response, see Appendix B on page 111 [5]. Such behavior is undesirable for
the deployment of solar arrays, as repeated impacts and structural oscillations may affect both the
integrity and pointing accuracy of the satellite [4, p. 323].

The previous work concludes by selecting a viscous damper as an appropriate damping mecha-
nism for Space Inventor, as it provides a simple mechanism that has velocity-dependent resistance,
enabling continuous energy dissipation throughout deployment. This reduces the aforementioned
peak angular velocities and impact loads at end-stops, and mitigates post-deployment oscillations
[5]. In addition, the currently used spring con guration stores 0.86J in the rst joint and 2.75J
in the second and third joints, resulting in damping values of 2Nmsrad !, 0.7Nmsrad?! , and
0.7Nmsrad?! , respectively in the three joints, in order to achieve a satisfactory controlled deploy-
ment with a settling time of 5.5s. These results are described in Appendices A on page 105 and C
on page 115.
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As such, the objective of this work is to design a viscous damper demonstrator capable of dissipat-
ing the energy stored in the deployment springs. This does not aim to achieve the aforementioned
damping values; instead, it demonstrates the concept of damping and compares only the theoret-
ical and experimental damping coef cients of a demonstrator. The demonstrator proof-of-concept
includes obtaining an appropriate uid that complies with the launch provider's environmental
requirements, space application standards, and Space Inventor's requirements. This initial work
is carried out at the component level using a simpli ed demonstrator, tested at ambient ground
temperature, intended to represent the functional behavior of a damping mechanism.

The proof of concept is the initial work for a ight-ready damper, which can be further developed by
considering taking measures to ensure adequate sealing of the working uid, since leakage, evap-
oration, and outgassing may contaminate nearby surfaces such as solar cells or optical instruments
onboard the satellite [6, pp 61-63]. The ight-ready damper should furthermore remain functional
over a temperature range of 100 C to +100 C and facilitate repeated deployments during testing,
both component-wise and in an integrated system [3, p. 20]. Moreover, to reduce contamination
risks, the working uid, sealing solution, and surrounding material should also be evaluated by
their total mass loss (TML) and collected volatile condensable materials (CVCM) metrics.

1.1 Problem Statement

Based on the preceding, the following problem statement is formulated:

How can a viscous damper demonstrator be designed, manufactured, and veri ed to
dissipate energy for the purpose of streamlining on-ground testing and passively damp-
ing the deployment of satellite solar array panels in orbit?

which forms the following subquestions:
* What types of passive viscous damper solutions currently exist?

* How can a damping mechanism be made for space application, and simpli ed to a demon-
strator for on-ground testing?

* How can appropriate material parameters be experimentally characterized?

What are the working principles of chosen solutions, and how can they be modeled theoreti-
cally?

* How can an experiment be conducted to verify the theoretical models of chosen solutions?

» How does theoretical and experimental damping performance correlate?

1.2 Scope

This section will describe the project's scope and limitations. This report focuses on the conceptual
design, modeling, and experimental validation of a viscous damper intended to streamline on-
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ground testing and damp the deployment of a spring-driven solar array mechanism found on the
Space Inventor Micro-8 satellite platform.

The scope includes:

« Development and evaluation of viscous damping concepts.

Analytical and numerical modeling of the damping behavior and estimation of achievable
damping coef cients.

Selection and preliminary assessment of a vacuum-compatible working uid.

Mechanical design and manufacturing of a demonstrator.
» Experimental testing under ambient ground conditions to evaluate damping performance
The following aspects are explicitly excluded from the scope:

« Integration of the damper into the existing Micro-8 hinge system or detailed interface design
with ight hardware.

Full spacecraft-level dynamic simulations

« Quali cation-level testing, including launch vibration, shock, and long-duration thermal-vacuum
testing.

Detailed investigation of long-term effects such as uid degradation, outgassing evolution,
permeation, and wear over mission lifetime.

Compliance veri cation against relevant standards beyond preliminary consideration of con-
tamination requirements, namely, TML and CVCM.

Due to practical constraints, several limitations apply:

« Experimental validation is conducted at room temperature, and the speci ed operational
range of 100 C to +100 C is not experimentally veri ed.

« The demonstrator is designed for functional validation rather than ight quali cation, result-
ing in simpli ed geometry, sealing solutions, and material selection.

Accordingly, the results of this work should be interpreted as a proof-of-concept and a basis for
future development toward a ight-quali ed damping solution.

1.3 Requirements

This section presents the requirements for designing a ight-ready damping mechanism suitable
for space applications. The design for a demonstrator will therefore be based on the following;
however, relaxing the requirements by using alternative materials that negate the material-related
requirements, and omitting the energy and speci ¢ damping coef cient values. Upon verifying

the demonstrator concept, this set of requirements will again take effect, necessitating appropriate
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material selection and damping coef cient design. The requirements are shown in List 1.1, and
elaborated upon below.

1. The damping mechanism shall operate as a simple, passive mechanical system.

2. The mass of the damping mechanism shall be minimized to reduce impact on the spacecraft
mass budget.

3. The damping mechanism shall withstand component-level and system-level testing without
permanent plastic deformation, structural failure, or loss of functionality.

4. The damping mechanism shall dissipate the required amount of energy speci ed for each of
the three joints of the Micro-8 satellite platform solar array, which is 0.86J, 2.75J, or 2.75J,
respectively.

5. The damping mechanism shall provide a rotational damping coef cient of 2Nmsrad !,

0.7Nmsrad’ ,and 0.7Nmsrad?® .

6. The damping mechanism shall survive the temperature range of 100 C to +100 C and
should remain operational within the temperature ranges of 30 Cto +75 C.

7. Materials utilized in the damping mechanism shall satisfy the outgassing and contamination
limits of TML < 1% and CVCM < 0.1%.

(o]

. The damping mechanism shall utilize no magnetizable materials.

©

. Material selection should minimize the risk of cold welding under vacuum conditions.

List 1.1: Requirements for the design of a ight-ready damper for space application. The listed requirements are a
combination of requirements from Space Inventor and the previous project report, and are rephrased to accommodate
the design of a demonstrator, provided appropriate material selection is conducted [5].

Requirement 1: Simple and mechanical solution

Space Inventor currently uses a passive spring-driven deployment system without damping, and
therefore seeks a solution to damp solar array deployment that does not require electrical com-
plexity, power consumption, or control requirements. Consequently, the damping mechanism shall
operate primarily as a passive mechanical system without requiring active electronic control during
deployment.

Requirement 2: Low mass is preferred

The mass of the damping mechanism should be minimized to reduce its contribution to the total
spacecraft mass budget. For micro-satellites, additional subsystem mass directly impacts payload
launch costs. Consequently, lightweight designs and ef cient material utilization are preferred
throughout the development process [4, pp. 308-318]

Requirement 3: Non-destructive operation and testing

Prior to launch, the launch provider may require or advise testing to obtain access to the launch
vehicle. The launch provider states that random vibration testing is required, whereas sine vibra-
tion, acoustic testing, and shock testing are advised. Moreover, component-level and system-level
guali cation testing is required, and will therefore be conducted prior to ight [3, p. 32]. To do the
latter, the damping mechanism shall withstand repeated operation and testing without permanent
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deformation, structural failure, or loss of functionality. Furthermore, the damping principle should
not rely on sacri cial components or intentionally destructive mechanisms.

Requirement 4: Energy dissipation capability

The damping mechanism shall dissipate the energy generated during deployment, thereby main-
taining controlled deployment motion and reducing impact loads at end-stops. The currently re-
quired dissipated energy is determined by the deployment angles, the number of springs, and the
spring stiffness, to 0.86J, 2.75J, or 2.75J. These values are derived in Appendix C on page 115, and
serve as a baseline for needed energy dissipation for the damping mechanism.

Requirement 5: Required damping capability

The damping mechanism shall provide the rotational damping coef cient required to achieve the
desired deployment response identi ed through dynamic simulations described in Appendix A on
page 105, which serve as a design target for the physical damper concept. The desired deployment
response is obtained with damping coef cientsof 2Nmsrad *,0.7Nmsrad?! ,and0.7Nmsrad?!
respectively. These values will produce a slower response during ground testing than in space, due
to additional factors such as air resistance, increased friction from gravity, and gantry systems
holding to the solar array during deployment testing.

Requirement 6: Temperature range

The satellite platform is expected to experience temperatures within the survival range of 100 Cto
+100 C during orbital operation [5]. Consequently, the damping mechanism shall survive exposure
to this temperature range without structural failure. Additionally, the damping mechanism should
remain operational within the reduced operational temperature range of 30 C to +75 C to relax
material selection criteria [4, pp. 428-429]. If necessary, supplementary thermal control equipment,
such as heaters and/or coolers, may be considered to maintain functionality.

Requirement 7: Contamination and outgassing

The damping mechanism shall satisfy spacecraft contamination and outgassing requirements, as
stated by the launch provider, space application standards, and Space Inventor, [3, p. 26], [9]. The
materials utilized for the mechanism shall therefore satisfy TML < 1% and CVCM < 0.1%. These
limits are imposed to minimize contamination.

Requirement 8: Utilize no magnetizable materials

The damping mechanism shall avoid the use of ferromagnetic materials that could interfere with
spacecraft attitude determination and control systems, magnetometers, or other sensitive onboard
equipment. As such, Space Inventor states this requirement to reduce magnetic interference with
satellite components and instruments.

Requirement 9: Minimize risk of cold welding

Material combinations for the damping mechanism should minimize the risk of cold welding under
vacuum conditions, a process in which two similar materials are joined without fusion or heating.
This is particularly relevant for contacting metallic surfaces subjected to long-term exposure in
vacuum and limited relative motion [10].
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2 Existing Damper Solutions

This chapter examines existing work on viscous uid dampers (VFDs), investigating translational
and rotational dampers. Only the main components that aid in damping are mentioned; as such,
components such as seals and bearings are not considered for damping principles. Finally, consid-
erations regarding thermo-mechanical integration, including contamination, environmental effects,
seals, and bearings, are mentioned.

2.1 Classi cation of Damper Types

This section outlines the contents and existing solutions for VFDs. The primary components of a
VFD comprise a uid as the working medium, a surrounding housing, and a sealing material to con-
tain the uid and prevent contamination of surrounding equipment [11]. To differentiate between
the types of dampers, VDFs are classi ed into translational and rotary motion types. Furthermore,
a VFD can be con gured with either continuous or limited motion range.

The translational VFDs comprise linear or nonlinear damping with either short or long available
stroke lengths, thereby having limited motion range [12], [13]. For rotary VFDs, different working
principles are available, and as such, viable solutions include shear-gap, vane-type, and hybrid-type
dampers. The rotary vane type damper is a partial-rotation angle damper, making it appropriate
for mechanisms with a limited range of motion. In contrast, the shear-gap type damper is generally
not limited in opening angle and can continuously apply damping [14], [15]. However, if necessary,
a mechanism to limit the opening angle can be implemented. A hybrid damper combines the
passive uid dampers with another damping method to achieve damping abilities across different
environments [16], [17].

In the subsequent sections, only translational dampers, along with the rotational dampers for shear-
gap and vane, will be described. The reason is that although hybrid dampers have been shown to
improve damping compared to only passive uid damping by combining subdamping components
with their respective advantages and disadvantages, this damping method is excluded from further
investigation, as a simple damping mechanism is sought primarily for a single main source of
vibration.

2.1.1 Translational Damper

A translational damper, also known as a dashpot or a hydraulic shock absorber, is a device that
resists linear motion using a viscous uid. A generic translational VFD is illustrated in Figure 2.1

The gure shows a typical translational damper that consists of a cylinder lled with a working
uid, a piston head connected to a piston rod, and internal ow restriction such as valves, shallow
gaps, or ori ces that control the ow of uid between chambers [12, p 4]. When the piston head and
rod move in the cylinder, the working uid is forced through the ow restrictions, viscous shear
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Figure 2.1: lllustration of a generic translational viscous uid damper. The working uid inside a cylinder is pushed by
a force, F, acting on a piston, which moves it in the x-direction. The working uid moves through ori ces or a leakage
path, which creates ori ce ow and shear ow.

forces, and pressure drops develop. The resulting resistance opposes the piston and rod motion,
and thus dissipates mechanical energy as heat into the working uid [12, p. 5], [18, pp. 79-80].

As the piston head and rod move in the cylinder, the rod occupies some of the available volume of

the working uid. This change in volume must be accommodated to avoid excessive pressures or

cavitation. In practice, this is achieved using a gas-compensation chamber that allows the volume
to change as the rod moves in and out of the cylinder. Several solutions have been developed for
this, but are not described in detail, nor depicted in Figure 2.1.

The simplest model describing a translational damper assumes a linear relationship with velocity
[18, p. 74, p. 188]. In most practical dampers, the damping is non-linear with velocity, and the
damping force is largely governed by pressure drops associated with ow through the orices,
rather than purely viscous shear [19].

2.1.2 Shear-Gap Damper

A shear-gap damper is a class of VFDs in which mechanical energy is dissipated through shear
deformation of a working uid con ned within a narrow gap between surfaces moving relatively to

each other [20]. When relative motion is imposed, the uid is forced to undergo velocity gradients
across the gap thickness, generating viscous shear stresses that oppose the motion [21, pp. 313-
314]. The dissipated energy is converted into heat within the uid, resulting in inherently smooth,
rate-dependent damping without solid—solid contact or signi cant wear [22, p. 82].

Several geometric realizations of shear-gap dampers exist, illustrated in Figure 2.2 of three possible
principles, which differ in how the shear surfaces are arranged and how the effective shear area is
generated.

An illustration of a drum concept can be seen in Figure 2.2a. It consists of two coaxial cylindrical
surfaces separated by a radial gap [21, p. 193]. Typically, the inner cylinder rotates relative to a
stationary outer housing. The uid con ned in the annular gap is subjected to shear in the cir-
cumferential direction as a result of this rotation. This con guration provides a continuous shear
surface, and the damping capacity scales with the drum length and radius, which de ne the avail-
able shear area, along with viscosity [21, pp. 313-314]. An illustration of a disk concept can be
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(a) Drum shear-gap. (b) Disk shear-gap. (c) Fin shear-gap.

Figure 2.2: Different con gurations of VFDs utilizing shear stress surfaces. All include a working uid, and either a
drum, disks, or ns connected to an output shaft, to provide shear surfaces. The shear surfaces create shear forces when
rotated. The drum shear-gap contains a concentric cylindrical shear surface; the disk shear-gap contains stacked disks for
shear surfaces; the n shear-gap contains several concentric cylindrical shear surfaces.

seen in Figure 2.2b. Damping is generated between multiple parallel disks, with adjacent disks
alternating between rotating and being stationary. The working uid between each pair of disks
experiences shear due to the relative angular motion of the disks. By stacking several disks, the
effective shear area can be increased within a compact volume [23]. An illustration of a n damper
concept can be seen in Figure 2.2c. This type of damper can be viewed as an extension of the drum
concept using the stacking principle from the disk concept. Using several concentric cylindrical
surfaces, alternating between rotating and stationary, the effective shear area can be increased [24].

Together, these con gurations illustrate how the same fundamental shear-gap principle can be
adapted to different design constraints by modifying the geometry of the shear areas.

2.1.3 Vane Damper

A generic illustration of a vane damper can be seen in Figure 2.3. It acts as a passive element until a
shaft within the damper is rotated, after which the vane compresses the contained viscous uid. It
forces the uid through gaps toward the opposite side of the vane as it displaces. The created ow
causes a pressure difference across the vane, and during this process, a resistive torque is generated
[11].

Figure 2.3: Generic con guration of a vane-type damper. It consists of a housing, which encases the rotating shaft and
vane within the viscous uid. Restriction chambers are included to limit rotation (as shown by the gray-shaded area) and
to separate the uid chambers.

Page 9 of 183



The gure illustrates the main components of a multi-vane damper, which comprises a rotating
shaft, two or more vanes connected to the shaft, restriction chambers, and a number of uid cham-
bers. Additional con gurations include a single-vane con guration comprising a single vane, a
single restriction chamber, and two uid chambers.

The motion within the damper includes a rotating shaft that drives the vane in the housing body;,

a vane that moves the uid to generate resistance, and the uid- lled chambers that contain the
uid and are enclosed by the housing body. A gap between the vane tip and the housing, and a
clearance between the shaft and the housing, allow uid to ow [25]. Moreover, the vane damper

is a limited-angle damper, which means that at some point in its displacement, a partition (the
restriction chamber) is incorporated to emulate an end stop, limiting its rotary motion [11]. Due to
the limited angle, the torque in the damper increases as the vane approaches the end [15]. A vane
damper can also be con gured as a one-way or two-way damper, where the latter allows damping
in both directions [20]. However, as the satellite appendage deployment only facilitates one primary
rotation direction, the two-way damper will not be investigated.

Design parameters for a rotary vane damper include the viscosity of the working uid, gap and
clearance sizes, vane surface area, rotational angle range, and torque direction. A rotary VFD
manufacturer states that the opposing torque increases as the uid's viscosity increases, the gap
size decreases, or as the vane's surface area increases [25], [26].

2.2 Thermo-Mechanical Integration

This section outlines the properties to consider when mechanically integrating components that
shall withstand a wide range of thermal environments. It starts by describing the cleanliness of
components and their handling. Next, thermal effects will be described. In addition to tempera-
ture, pressure compensation will be described, followed by the materials' compatibility, permeation,
potential outgassing pathways, and seal and bearing behaviors at different temperatures and pres-
sures.

2.2.1 Cleanliness and Assembly Handling

The damper must be assembled in a clean environment to work properly, using compatible materials
for space applications [6, pp. 57-58]. For VFD assembly, components are rst placed in the housing.
Next, the uid is lled, and the damper is assembled, permanently sealing it. To facilitate lling, a
hole is machined into the uid chamber. To ensure no voids occur in the chamber, the lling process
can be conducted in a vacuum chamber. Moreover, to ease the lling process by increasing the ow,
the uid's viscosity can be decreased by heating up the uid [20], [27].

2.2.2 Temperature Dependency

Viscosity is a result of the internal friction in a viscous uid, which means the resistance to ow. This
property is temperature and pressure-dependent. The viscosity of liquids decreases with increasing
temperature [28, pp. 425-426, p. 428]. The temperature sensitivity of a uid governs its volume
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expansion/contraction, as measured by the volumetric coef cient of thermal expansion, which de-
scribes the volume change due to temperature [29, p. 675]. Moreover, temperature sensitivity affects
the damping rate through the viscosity-temperature relationship and its effect on torque: increasing
the uid temperature reduces the damping [20].

2.2.3 Pressure Compensation

As the VFD is expected to be exposed to a thermal environment of 100 C to +100 C, the thermal
expansion and contraction of each component must be accounted for. Studies of VFDs have found
that as uid temperature increases, uid expansion can cause high internal damper pressure. This
high pressure could potentially cause structural failure or uid leakage. Conversely, at low temper-
atures, the uid contracts. As such, uid voids could occur, implicating damper motion without
the working principle of forcing the uid through the intended pathways, due to vacuum bubbles.
This trait is highly undesirable, as it decreases damping capabilities [30], [27].

A mitigation strategy found in several solutions is to incorporate either an expansion chamber or
a temperature-compensated device with a spring-pressurized reservoir, so that the internal damper
pressure remains at its nominal value. The rst such solution is to use an expansion vessel for
uid thermal expansion compensation [11]. The second of such solutions utilizes a temperature
compensator with an additional spring-pressurized reservoir, consisting of a sealed piston, springs,
and a small ori ce connection to the working uid chamber. This aims to provide needed expansion
volume and uid at high and low temperatures, respectively [30].

Vapor bubbles in the working chamber need to be prevented. A sufcient internal pressure is
required to mitigate the formation of such bubbles [11]. A method of checking whether bubbles are
present in the assembly is to scan the damper with a CT machine [27].

2.2.4 Sealing and Permeation

Permeation through contacting and rotary components, such as seals and bearings, should be both
compatible with the assembly and the individual materials. This is because after launching the
damper into orbit, its duration is usually not speci ed; as such, long-term leakage through out-
gassing pathways must be accounted for to avoid affecting the surrounding satellite equipment and
comply with the requirement stated in List 1.1, as requirement no. 7.

To contain the working uid while permitting rotation, the damper relies on a combination of static

and dynamic seals. Static seals are used at housing interfaces, whereas dynamic seals are required
at the rotating shaft, where relative motion introduces additional demands, including friction, wear,
and heat generation [31, p. 5-12].

The seal material must be compatible with the working uid, the expected temperature range, and

the operating pressure. In addition, low outgassing and chemical stability are required to prevent

degradation and contamination. Some degree of uid permeation is unavoidable, but it should be

kept as low as possible since it directly affects long-term leakage. In practice, this means de ning
an acceptable level of micro-leakage based on the required service life [31, p. 3-20].
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Interaction between the uid and the seal material can also lead to swelling, which changes the
contact pressure. This can either improve sealing or, if excessive, cause increased stresses or even
loss of seal functionality [32]. The pressure difference between the internal chamber and the external
environment further affects how the seal deforms and may help assist with the sealing [31, p. 1-3].
This means that for a damping application deployed in orbit, the pressure difference between the
internal chamber and the external vacuum implies that permeation will occur only in one direction,
toward the outside.

Seal performance is largely governed by the compression of the seal, de ned as the intentional
deformation of the O-ring cross-section when installed in the gland [31, p. 3-9]. Depending on the
sealing con guration, this compression is applied either radially or axially. Radial seals, also known

as rod or bore seals, compress the O-ring between the inner and outer diameters. Axial seals, also
known as face seals, compress the O-ring over the thickness between two at surfaces. The resulting
percentage reduction in cross-sectional diameter or thickness, for radial or axial seals, respectively,
is called squeeze. Static seals typically use a squeeze value of 20 % to 30 %, while dynamic seals are
usually limited to 10 % to 20 % to reduce friction and wear [31, p. 3-9]. A higher squeeze improves
sealing but increases friction and the risk of creep, whereas a lower squeeze reduces wear at the
expense of a higher leakage risk [31, p. 2-7].

Long-term seal performance is also affected by creep-related phenomena, commonly known as
compression set in O-ring elastomers. The compression set describes the percent of de ection by
which the O-ring material fails to recover after a xed time under a speci ed amount of squeeze.
This results in a lower contact stress between the O-ring and the surrounding surfaces, thereby
increasing the risk of leakage over time [31, p. 2-14].

Temperature variation directly affects seal performance by altering material properties and contact
pressure. At elevated temperatures, the O-ring material softens, exhibits increased compression set
and stress relaxation, reducing contact pressure and increasing the risk of leakage and permeation
rate. At lower temperatures, the material stiffens, reducing its ability to conform to the mating
surfaces and maintain sealing, thus leading to increased risk of leakage and higher permeation
rates [31, p. 2-14, 2-18]. A difference in thermal expansion between the O-ring and the surrounding
components affects the squeeze, where high temperatures may cause over-compression, and low
temperatures may reduce the contact pressure [31, p. 3-3].

Bearings enable low-friction rotation but rely on lubrication to reduce friction and prevent excessive
wear. Bearings must be adequately lubricated to operate reliably. In space applications, lubrica-
tion becomes a challenge, as conventional greases degrade over time, thus requiring re-lubrication,
which is not possible [33, pp. 110-111]. Additionally, liquid lubricants are susceptible to evaporation
and outgassing in vacuum, leading to a loss of lubrication and possible contamination of sensitive
components [34, p. 7]. It can be evaluated whether dedicated bearing lubrication uid is necessary
or whether the damper's working uid can be used. This is a possible solution when another oil or
grease is already present [33, p. 110].
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3 Material Selection

This chapter will describe suitable materials for rotary VFDs and select materials, taking into ac-
count the requirements and challenges of space applications. As such, housing, sealing, and an
appropriate uid will be selected.

3.1 Housing Selection

The housing contains the contents of the uid damper and must comply with the requirements
stated in List 1.1 on page 5, as requirements no. 2, 6, 7, 8, and 9.

List 1.1, requirements no. 2 and 6 imply that the solution must be of low mass and satisfy the tem-
perature range of 100 Cto +100 C. Minimizing mass is an important consideration in spacecraft
design, as launch costs and structural loading are strongly in uenced by the spacecraft's total mass,
and the temperature requirements are de ned by the satellite's orbital application. Consequently,
the selection of housing materials is governed by properties such as density and the coef cient of
thermal expansion (CTE). Requirement no. 8 implies that the housing material cannot be made of
a magnetizable material, to avoid interference with nearby spacecraft instrumentation and sensors.
Requirement no. 9 considers the risk of cold welding between contacting metallic surfaces in vac-
uum environments. Although aluminum alloys may exhibit susceptibility to cold welding under
certain vacuum conditions, the housing itself does not constitute a continuously sliding metal-metal
interface.

Aluminum alloys are widely used in spacecraft structures and are generally considered compatible
with vacuum environments due to their negligible outgassing characteristics [6, pp. 530-533]. As
such, aluminum alloys are considered suitable with respect to TML and CVCM requirements, stated
in List 1.1, requirements no. 7. Moreover, aluminum alloys are inherently a non-magnetic material,
complying with List 1.1, requirement no. 8.

Aluminum 7075-T73 is selected as the housing material, and its material properties are shown in
Table 3.1. It is selected due to its high speci ¢ strength, relatively low density, and widespread use

Property Symbol Material
7077-T73
Youngs' Modulus E 71GPa
Shear Modulus G 26.9GPa
Tensile Strength, Ultimate SuT 460 MPa
Tensile Strength, Yield Sy 435 MPa
Density r 2.81gcm?
Coef cient of thermal expansion a 221 106 ¢!t
Melting Temperature Trelt 477 C

Table 3.1: Material properties of aluminum 7075-T73 [4, p. 466], [6, p.532], [35].

in aerospace structures in various tempers [4, p. 464], [6, pp. 531-533]. The T73 temper is selected
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due to its improved resistance to stress-corrosion cracking while still maintaining a high strength-to-
weight ratio, compared to the T6 temper, which provides a higher tensile strength [6, pp. 531-533].
With a density of 2.81gcm 2, T73 provides a signi cant mass reduction compared to that of steel
at approximately 7.8 gcm 2 . Furthermore, the alloy has a typical tensile yield strength of 435 MPa,
while still maintaining a relatively low mass, and has a melting point above 470  C, which ensures
compliance with List 1.1, requirements no. 2 and 6.

3.2 Sealing Selection

The sealing method must ensure uid containment under temperature and pressure variations.
Using O-rings as seals provides a simple, repeatable sealing solution. Maintaining dimensional
stability and mechanical integrity of the O-rings is essential to ensure reliable sealing performance
throughout testing and operation [31, pp. 2-21-2-22].

Two main uses of O-rings are implemented: static face seals and bore seals. Static seals are im-
plemented at housing interfaces where no relative motion occurs. Bore seals are implemented at
the dynamic interface between the housing and the shaft, where relative rotational motion occurs.
The selection of sealing materials is primarily governed by the operational temperature range, the
vacuum environment, and compatibility with the working uid.

For the sealing interfaces, uorocarbon (FKM) elastomer O-rings are selected, as uorocarbon-based
elastomer is commonly used in aerospace and vacuum applications due to its favorable thermal,
chemical, and environmental resistance properties [31, p. 2-5], [36]. Similar to the selection of hous-
ing material, vacuum compatibility is a requirement for the sealing material. Materials exposed to
vacuum environments must exhibit low outgassing to reduce the risk of contamination. FKM elas-
tomers are available in formulations speci cally intended for vacuum and aerospace environments,
exhibiting relatively low outgassing behavior [31, p. 2-5]. This supports compliance with List 1.1,
requirement no. 7 for TML and CVCM requirements. Moreover, FKM elastomers have a wide oper-
ating temperature range, maintaining sealing capability at temperatures of 25  Cto +225 C[31, p.
2-8]. This material is chosen even due to its lack of compliance with the lowest temperature range
in List 1.1, requirement no. 6.

Regarding chemical compatibility with the working uid, FKM elastomers exhibit excellent resis-
tance toward oils, greases, silicones, and chemically aggressive substances [31, p. 2-5]. This reduces
the risk of swelling, degradation, softening, or loss of sealing performance caused by prolonged
uid exposure [31, p. 7-34].

3.3 Fluid Selection

Before selecting an appropriate uid, basic uid characteristics must be understood. As such, this
section will describe basic uid characteristics, including viscosity; the effects of shear rate and
temperature; the Reynolds number to characterize whether the ow is laminar or turbulent; the
uid bulk modulus; volume expansion or contraction due to temperature; and uid pour point.
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Subsequently, various uid types applicable to space are described.

3.3.1 Rheology and Thermal Effects

Viscosity is temperature- and pressure-dependent and results from internal uid friction [28, pp.
425-426]. A coef cient of dynamic viscosity, m, can be de ned. If this property is divided by the
uid's density, the kinematic viscosity, n, is found, as seen by

n=" (3.1)

where r is the uid's density [28, pp. 427-428]. A Newtonian uid implies that the rate of deforma-
tion is linearly proportional to the shear stress [28, pp. 426-427], [21, p. 31]. Non-Newtonian uids
exhibit nonlinear behavior between the rate of deformation and shear stress [28, pp. 426-427].

The kinematic viscosity depends both on temperature and shear rate. As such, different categories
of non-Newtonian uids can be de ned. Most falls in the group of pseudoplastic (shear-thinning)
uids, in which the apparent viscosity decreases with increasing deformation rate. On the contrary,

if the apparent viscosity increases with increasing deformation rate, the uid is denoted as a dilatant
(shear thickening) uid. Other uid categories exist [21, p. 33-34].

Fluid ow can be classi ed into different categories using the Reynolds number, Re, as seen as

_ 'V mearl-
m

Re

(3.2)
where r, V mean and L are the uid's density, mean velocity, and a characteristic length of the ow,
respectively [37, pp. 43-45]. Substituting Equation (3.1) into Equation (3.2) yields

_ Vmearl
n

Re

(3.3)

The Reynolds number is used to classify the ow regime, thereby determining which forces are
most dominant. If the individual particles in the uid ow in parallel streamlines, the ow is
characterized as laminar, and viscous forces dominate. On the contrary, chaotic streamlines indicate
a turbulent ow in which inertial forces dominate. In this type of ow, the viscous forces are unable

to dampen random uctuations in the uid motion. Random uctuations are caused by the surface
roughness of the specimen containing the moving uid. A regime between these two categories
denotes the transition regime [37, pp. 43-45], [21, pp. 303-304].

The pour point of a viscous uid is de ned as the lowest temperature under speci ed standard
conditions at which the uid can ow. As such, this point represents the lower working boundary
at which a uid can effectively work [38], [39].

3.3.2 Fluid Types

The working uid generates the damping torque within the mechanism and is therefore a primary
design parameter for a ight-ready damper. The uid selection must satisfy the requirements stated
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in List 1.1, requirements no. 2, 6, and 7.

List 1.1, requirement no. 2 favors uids with relatively low density to minimize the overall mass con-
tribution of the damping mechanism. Furthermore, requirement no. 6 requires the uid to maintain
suitable properties over the temperature range 100 C to +100 C. The generated damping torque
is related to uid viscosity; signi cant variations in viscosity with temperature can in uence damper
performance, making a temperature-stable uid preferable. Requirement no. 7 limits the acceptable
outgassing characteristics of the uid, requiring compliance with spacecraft contamination require-
ments. In addition to the stated requirements, the selected uid should exhibit long-term chemical
stability, be compatible with the selected sealing materials, and possess a suf ciently high viscos-
ity to generate the desired damping. Preferably, the uid should possess a wide viscosity range
to allow damping characteristics to be tailored. Moreover, choosing a high-viscosity uid ensures
laminar ow, even at high ow rates.

In the following, a set of different uid categories will be investigated, which either possess heritage
within space applications or are used as lubricants in demanding environments.

Silicone uids have a history in space lubricants due to having low pour points; however, they
are currently not used for lubrication applications. Meanwhile, for damper applications, they may
still be used [40]. Different subcategories of silicone uids exist. A subcategory used in industrial,
aerospace, and vacuum applications is the polydimethylsiloxane (PDMS) uids. It is a silicone-
based oil that possesses thermal stability over a wide temperature range, is non-toxic, has high
lubricating properties, and has a relatively high viscosity [41]. Phenylmethyl silicone uids are
modi ed silicone oils in which a portion of the methyl groups is replaced by phenyl groups. These
uids exhibit temperature stability and performance over 50 C to 250 C [41]. Phenylmethyl
silicones are frequently utilized in hydraulic and aerospace applications where operation over a
broad temperature range is required [42].

Per uoropolyether (PFPE) uids is another class of uids, which have space heritage. PFPE u-

ids exhibit low vapor pressures, low pour points, thermal stability, chemical inertness, and higher

viscosity than mineral oils [40]. Consequently, PFPE lubricants exhibit superior outgassing per-
formance. However, PFPE uids are generally associated with signi cantly higher costs and may

require specialized material-compatibility considerations [43].

Synthetic hydrocarbon uids, including polyalphaole ns (PAO) and synthetic esters, are widely
used in industrial lubrication applications due to their favorable lubrication characteristics, thermal
stability, and availability. The suitability of hydrocarbon-based lubricants for spacecraft applications
depends on the speci ¢ formulation and mission requirements [40].

Among the aforementioned uid categories, silicone-based uids are considered the most suitable
for the present application due to their favorable combination of thermal stability, viscosity, chemical
compatibility, and established use in vacuum environments.

A commercially available representative of this uid class is Molykote high-vacuum grease. The
product consists primarily of a PDMS silicone uid, producing a highly viscous grease, speci cally
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intended for vacuum sealing and lubrication applications. The uid exhibits low volatility, thermal
stability, and compatibility with FKM sealing materials. Furthermore, the product is speci cally
developed for vacuum service, making it suitable with respect to the contamination requirements
stated in List 1.1, requirement no. 7. Moreover, an additional advantage of Molykote high-vacuum
grease is its very high apparent viscosity, increasing the damping.

Based on the above considerations, Molykote high-vacuum grease is selected as the working uid
for the damping mechanisms. The associated material properties are presented in Table 3.2.

Parameter Molykote high-vacuum grease
Viscosity 2200 Pas

Temperature range 40 Cto200 C

NGLI class 3-4

@150C: 1.2 10° Torr
@200C: 7 10* Torr
Density 0.98gcm® to 1.00gcm?®
Bulk modulus not given, tested

Vapor pressure

Table 3.2: Selected material properties for Molykote high-vacuum grease. The data is compiled from different data sheets
[44], [45], [46], [47].

The table shows a viscosity value of 2200 Pa s without any reference to the material's state. As such,
material testing should be performed to characterize the uid behavior under different material
states, such as varying shear rates and temperatures. Moreover, as seen for the lower value of the
temperature range, the stated temperature range does not fully comply with the List 1.1, require-
ment no. 6. The bulk modulus is not stated in any data sheet for the uid and will therefore be
tested. The NGLI class of 3-4 indicates a consistency of margarine to soft-ice consistency [48].
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4 Working Principles of Dampers

This chapter will narrow the scope of damping methods by deselecting some existing damping
solutions. It will subsequently describe the working principles of simpli ed geometries for the
chosen rotary VFDs. As such, models are set up for a drum shear-gap damper and a single-
vane damper. First, an analytical model is developed for the drum shear-gap damper for two
concentric cylinders, ending with an expression for the theoretical damping coef cient. This is
followed by a numerical model developed for the single-vane damper with two uid chambers,
yielding expressions for the damping coef cient. Both models yield damping coef cients as a
metric for damping performance for a given damper type, con guration, and working uid.

4.1 Choice of Damper

The classi cation of existing damper types, herein translational and rotational VFDs, is described in
Section 2.1 on page 7. The latter damper type includes various shear-gap and vane types. However,
due to time constraints, these selections will be narrowed down.

Section 2.1.1 describes translational dampers. Implementing a damping mechanism of this type
would require a conversion mechanism from rotational to translational motion, which introduces
additional components and complexity. As such, this type of damper is not considered further,
as the deployment motion is inherently rotational, and an investigation into whether rotational
dampers are feasible will be conducted before moving further with a translational damper.

Section 2.1.2 presents three concepts of shear-gap dampers: drum, disk, and ns. The drum has
the simplest internal geometry of the three, but provides the lowest effective shear area for a given
size. Due to the simple geometry, the manufacturing and sealing are straightforward. On the
contrary, both the disk and n concepts have larger effective shear areas than the drum, due to their
more complex internal geometries. These more complex geometries require tighter manufacturing
tolerances and complicate the assembly by necessitating multiple individual internal components to
be manufactured and assembled, thereby increasing the risk of misalignment. This means that small
deviations in gap thickness can result in non-uniform shear distribution and reduced performance
predictability. Additionally, more complex geometries increase the risk of air entrapment, which can
degrade damping performance by reducing the ability to remove air bubbles from the uid during
lling. Nonetheless, the increased effective shear area provided by the disk and n concepts is not
deemed suf cient to justify the increased manufacturing complexity, tighter tolerance requirements,
and more dif cult assembly procedures. These concepts are therefore not considered further in the
subsequent study.

Section 2.1.3 used an offset in a double-vane damper; however, this con guration requires two
restriction chambers to produce four separate uid chambers. Due to this, the possible angular
stroke of each vane will be restricted. The satellite hinges rotate with either 90 or 180 , depending
on their location on the appendage, during deployment. As such, from now on, only a single-vane
damper will be investigated to provide the required minimum travel range of 180 . In addition to
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the previous vane damper description, the inclusion of holes in the vane will be investigated to aid
ow paths within the damper.

As such, further investigation of a drum shear-gap damper and a single-vane damper will be con-
ducted in the subsequent study.

4.2 Working Principle of Shear-Gap Dampers

This section explains the working principle of a drum shear-gap damper. First, the shear stress
and ow velocity distributions are described to obtain an expression for the damping coef cient
of the cylindrical surface contribution. The damping coef cient of the end surfaces is derived in
a similar manner, and as such, is stated. A total damping coef cient by superposing the damping
contributions from the cylindrical and end surfaces.

A drum shear-gap damper consists of two coaxial cylinders, illustrated in 4.1.

(a) Top view of a drum shear-gap damper. (b) Side view of a drum shear-gap damper.

Figure 4.1: A drum shear-gap damper seen from the top, consisting of two concentric cylinders, where the outermost is
the stationary housing and the two inner cylinders are the rotating shaft and shear-gap drum. Moreover, a side view of
the axial gaps is shown. The angular velocity is denoted by w, and r j,, rgrum. @nd royt are the radii of the shaft, drum,
and and housing, and the length of the housing and drums are L housing, axial@"d Ldrum, axiar The circumferential velocity
prole, v (1), is illustrated, along with the resulting shear stress distribution in the uid gap, t  ¢(r), as a function of the
radial distance, r, from the center.

Figure 4.1a shows a narrow annular gap lled with a viscous uid, where the shaft and drum are
rotating, indicating that the drum surface connected to the input shaft is also rotating. The other
surface, being the housing, is held stationary. The gap length is de ned as the radial distance
between the walls of the drum and outer cylinder, g ragiai = fout ' drum- Moreover, Figure 4.1b
illustrates two narrow gaps lled with viscous uid at the top and bottom of the drum in between

the housing walls. Here, the shaft and drum are rotating, indicating that the top drum surface
is rotating, while the top wall of the housing is stationary. Conversely, the bottom drum surface
rotates while the bottom housing remains stationary.

Following that, the viscous ow is affected by both the cylindrical part of the drum as well as the top
and bottom parts. The induced opposing torque by the damper is a superposition of the individual
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resisting torques of each ow path, as seen by

T = Teyi + Tend, top* Tend, bottom (4.1)

The viscous torques can be rephrased in terms of a damping coef cient and angular velocity[49, p.
72]. As such, the total torque is

T=0C cyW C end, toV C end, bottorVV (4.2)

Collecting terms yield

T = (C ¢yl + Cend, top™ Cend, bottodW (4.3)

where Ceyj, Cend, top@Nd Cend, bottoma@r® the damping coef cients of the cylindrical part, top and bottom
ends, respectively. As such, the following describes the damping coef cients separately.

4.2.1 Damping Coef cient of Cylindrical Surfaces

As the drum rotates with angular velocity w, it drags the adjacent uid layers through viscous
forces. Zero velocity of the uid relative to a surface is denoted as the no-slip condition, which is
a result of the uid viscosity. In the region close to the surface, the boundary layer exists, and is a
result of a uid layer slowing another uid layer [28, p. 418]. As such, a velocity pro le and velocity
gradient develop from the contact and into the uid [28, p. 426]. Within the shear-gap, due to the
no-slip boundary condition at both solid— uid point of contact, a circumferential velocity gradient
develops across the annular ow gap. The resulting shear stresses act tangentially on the surface of
the drum, generating a torque opposing the motion [22, p. 91].

For a Newtonian uid, under the assumptions of steady, incompressible, axisymmetric ow with
no radial velocity component, constant viscosity, m, the shear stress component, ty(r), reduces to
T vg()

tge()=m r—

" , (4.4)

where vq(r) is the circumferential velocity component and m is the dynamic viscosity [21, p. 710].
Appendices D.1 on page 117 and D.3.4 on page 120 provide a detailed description of assumptions
and their in uence on the derivation.

Under the assumptions stated above, the circumferential velocity distribution in the annulus as a
function of radial distance from the center is obtained from the Navier-Stokes equations as
2 2
wr r
vq(r) = 2& r—out (4.5)

2
drum r out r

where r4um and rqy; are the drum and housing radii, and w is the angular velocity. The complete
velocity distribution is determined from the no-slip boundary conditions evaluated at the bound-

aries, r = rqrym @nd r = royt. The detailed derivation is provided in Appendix D.3.3 on page 119, with
the assumptions stated in Appendix D.1 on page 117. This idealized ow behavior as a function of
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only radius, r, is called Couette ow, and the velocity pro le can be seen in Figure 4.1 [50, p. 497].

To obtain the drum shear stress distribution is found by substituting Equation (4.5) in Equation (4.4),
and evaluating at the drum surface, r =r gum, Yielding

2wr2
tqr(farum) = M % (4.6)
fout T Grum

The viscous shear stress at the drum's surface opposes the imposed angular velocity, indicated by
the negative value. Equation (4.6) can be rephrased into

tgr =Ny 4.7)

where t is the shear stress exerted onto the uid, and g is the rate of shear strain [49, pp. 25-26].
Utilizing this, an expression for the shear rate obtained from Equation (4.6), yields

2wr2 4.8)

9= 5 2
Mout T drum
This result is also derived in Appendix D.5, where the absolute value is taken for the shear rate, to

nd the magnitude of the shear rate.

The cylindrical torque contribution is found by integration of Equation (4.6) over the cylindrical
surface area, A = 2prL, where r = rgym and Lpousing, axial @reé the inner radius and axial length,
respectively, yielding

Tcyl = 2pr§rum I-housing, axiatqr(rdrum) (4-9)

The equation uses the axial housing length, rather than just the axial drum length, as an attempt
to accommodate the square area of ow, which is neither accounted for in the end ow nor the
cylindrical ow, by default. Inserting Equation (4.6) in Equation (4.9) yields

rGruml out

Tey = 4pML housing, axia > rm 2u w (4.10)

out T drum
The equation shows a proportional relationship between the opposing torque and angular velocity.
Given the geometry is axisymmetric, the opposing torque depends only on angular velocity and not

on angular position, enabling operation over an unlimited rotation angle [20], [51], [52].

An expression for the the damping coef cient, ¢ ¢, obtained from Equation (4.10), yields

r2

2
r
Ceyl = 4PpMLhousing, axial 2 drom (23ut (4.11)

out T drum

which depends on the inner and outer radii, the cylinder length, and the uid viscosity [21, pp.
313-314]. This equation shows the key design parameters: viscosity, gap length, and temperature
effects. The equations show that a larger viscosity value, a longer drum length, and minimizing
the denominator all increase the damping coef cient. Lastly, temperature effects, where viscosity

Page 21 of 183



typically decreases with higher temperatures and vice versa [21, p. 31, pp. 701-704].

4.2.2 Damping Coef cient of End Surfaces

The damping coef cients acting on the top and bottom end surfaces are stated as

ra ra, ra r

_ rum in, top _ rum in, bottom

Cend, top= PM 2 Cend, bottom= PM 2 (4-12)
gtop, axial Obottom, axial

which are derived in Appendix D.4 on page 121 with the assumptions stated in Appendix D.1 on
page 117, and using the same methodology as for the cylindrical part of the damping coef cient.
The variables m and g, are the uid viscosity and drum radius. The gap heights are denoted
Gtop, axial @Nd Gpottom, axiat Which are the gap height from the top of the drum to the top housing wall,
and the bottom of the drum to the bottom housing wall, respectively. The shaft radius, formerly
denoted as rjy, is now denoted as ri top and riy pottom allowing for different shaft radii at the top
and bottom of the drum, respectively.

This equation shows the key design parameters: viscosity, gap length, radii, and temperature effects.
Taking their signi cance one by one shows that a larger viscosity value increases the damping, a
larger axial gap decreases it, and a larger shearing area, either a larger drum radius or a smaller
shaft radius, increases it. Moreover, the radii of the effective drum radius show that the radius
is to the fourth power. Temperature effects indicate that viscosity typically decreases with higher
temperatures and vice versa [21, p. 31, pp. 701-704].

4.2.3 Combined Damping Coef cient

A nal damping coef cient of the drum shear-gap damper is found since the same angular velocity,
w, acts on all ow paths within. An expression for the total damping coef cient is obtained from
Equation (4.3) by collecting the individual damping coef cient terms

Ctheory = Ccyl + Cend, top+ Cend, bottom (4-13)

Substituting the expressions in Equation (4.11) into Equation (4.13), yields

r2 I’2 rgrum r iAHtop fé ro bott
— drum’ out , rum in, bottom
Ctheory = 4pm|—h0using, axial' 2 +pm 2 +pm 2 (4.14)
Tout ' drum gtop, axial Ooottom, axial

which is the combined damping coef cient that accounts for shearing on the cylindrical surfaces
and the top and bottom end surfaces.

4.3 Working Principle of Vane Dampers

This section explains the working principle of a single-vane damper. First, the angular relations will
be described, followed by the volumes in the damper. The possible ow paths are described next.
The relations of the damper in terms of the pressure difference across the chambers on both sides of
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the vane will be stated to obtain the angular acceleration, velocity, and displacement of the rotation
through the mechanical equations of motion. Subsequently, the damping coef cient will be derived
to provide a damping performance measure.

4.3.1 Geometric Relations

The vane damper consists of an external housing that contains the internal components. This in-
cludes a shaft with a single vane that separates two chambers and, under external torque, forces ow
from one chamber through ow pathways to the other. Figure 4.2 illustrates the internal damper
composition.

(a) Possible ow paths. (b) Internal vane damper radii.

Figure 4.2: Internal damper composition seen from the vane damper top cross-section. Possible ow paths are shown as
arrows pointing from chamber 1 to chamber 2 as the vane rotates clockwise under external torque. The positive direction
of the angular displacement and velocity, g and g, are shown, along with the restrictive chamber, qyestric. The initial and
nal vane positions are q = q min @and g = gnax- The instantaneous pressures and volumes of chambers 1 and 2 are denoted
as pi, p2, Vi(q), and V»x(q). Moreover, the distance from the damper center to the ends of the shaft, vane, and wall of the
housing are denoted as radii, and are denoted as rj,, rvane and royt, respectively. The thickness of the vane is denoted

tvane

Figure 4.2a illustrates the internal damper composition, comprising a vane connected to a rotating
shaft, located at the damper center. It furthermore shows that some of the internal is a solid,
indicated by the lines, which causes the complete motion to be restricted to one full rotation from
the initial angle, q = 0, to the restriction angle, Jrestric; @t 0 = Gnax, iMposed by the restriction chamber.
This restriction chamber is a solid block that maintains a constant volume and, along with the vane,
separates chambers 1 and 2, each with its own volume, V; and V,. Moreover, the uid state within
these two chambers is described with the pressures, volumes, and bulk moduli, p i, Vi, and b;, where
i denotes either chamber 1 or 2.

Inspecting Figure 4.2b shows that the distances from the damper's center point to the inner rotating
shaft and the inner wall of the outer housing are denoted by r i, and rqyy, respectively. The distance
from the center point to the tip of the vane is r yane and the thickness of the vane is tyane The nite
vane thickness, moreover, decreases the range of motion and, consequently, the total volume.

Figure 4.3 shows the damper as seen from the outside, with the blue area illustrating the external
housing walls.

As seen in the gure, the length from bottom to top of the internal housing walls is denoted
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Figure 4.3: External damper composition, as seen from the side of the vane damper. The length of the internal wall-to-
wall of the housing is denoted L poysing, axiat Whereas the internal axial vane length is Lyane, axiat The small clearances at
the top and bottom of the vane to the housing walls are g 1op, axial @"d Gpottom, axial Which are equal in size. The damper
rotates with angular displacement, q.

Lhousing, axiat Whereas the length of the internal vane is L yane, axiar The vane length is smaller than the
housing length, and as such, this leaves clearances at the top and bottom, gop, axial@Nd Gpottom, axial
where a ow can pass through as a possible pathway. Moreover, the rotation and angular velocity
directions are illustrated, moving from one side of the restriction chamber toward the other.

Based on the previous, the internal damper obstacles reduce the total vane range of motion; as such,
the damper's total range of motion can be determined as the total available angular stroke due to
the internal geometries, written as

Omax=2P q restric 9 vane (4.15)

where one revolution of a circle is 2p, and the volumes taken up by the xed angular widths of the
restriction block and the vane thickness, Qrestric and Quane restrict the complete range of motion. This
implies that qmax is the total permissible damper angular travel without any overlaps of the vane
with the internal components.

The angular width taken up by the vane's nite thickness, q vane Can be approximated as

t
Qvane = vane (4.16)

I'mean

where tyane IS the constant circumferential vane thickness, and rmeanis the mean radius of the inner
shaft and outer housing radii, r i, and rqyt. This angular vane occupation is a simpli cation in which
the vane is approximated as a circular slice rather than the actual rectangular vane, with the vane's
sides parallel along its length, making the vane thickness t yane cOnstant. As such, the vane thickness,
tvane Decomes an arc length, and the radial distance is assumed to be a linear approximation of the
vane, rmean by taking a middle point to represent the vane. This simpli cation is deemed reasonable,
as the vane thickness should be small compared to the total available angle stroke, making the arc
length approximately linear.
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4.3.2 \olumetric Relations

The vane volume is a parameter of the vane height and thickness, as well as the geometry. This
geometry can either exclude or include one or more holes. As such, it can be calculated as the sum
of the shaft and the vane n, treated as a cylinder and a box, with any holes subtracted. The gross
volume occupied by the solid shaft is

Vshaft, gross— I-vane, axiaPl i2n (4-17)

where Lyane. axiallS the height of the shaft where the vane height is also occupied, and rj, is the shaft
radius. The gross volume of the vane n without any holes is

Vvane, gross— lNvane, evaane, axiafvane (4-18)

Where ryane eff= vane I' in IS the width of the vane, since r yaneis taken from the damper's center, as
seen in Figure 4.2b. The gross vane and shaft area is found by adding Equations (4.17) and (4.18),
which is

Vshaft, vane, gross Vshaft, gross+ Vvane, gross (4-19)

If any holes are present, this must be subtracted from this volume. As such, the volume taken up
by the holes is given by

Vholes= NVhole (4.20)

where N is the number of holes, and Ve is the hole volume. The single hole volume depends on
the hole geometry and the vane thickness, tyane If the hole is a pure tube, then Ve is the volume
of a cylinder, which is the hole surface area, A, multiplied by the vane thickness, t yane Which is
equivalent to the ow length. If the hole is an ori ce-looking hole, then the hole volume is a short
tube combined with a truncated cone, where the expression for the latter truncated cone volume
can be seen by

— 2 2
Viruncated = épttruncated rho|e, out™ rho|e, inT Thole, oufhole, in (4-21)

where tyuncatediS the thickness of the truncated cone path. Moreover, 1 oje, in@Nnd rpgle. out@re the hole
radii of the small hole, where ow enters, and the larger radius, where the ow exits [53, p. 105].

The volumes, therefore, are either

8
% 0, if no hole

Vhole = E Anoidoriticet Viruncatess  If the hole is an ori ce (4.22)
" Anoldvane if the hole is a tube

where tyaneand tyrisice are the thickness of the hole and the ori ce path, respectively. The surface area
of the hole, Ayqle is dependent on the rygeradius of the tube-looking hole. The nal volume is found
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by substituting the relevant expression from Equation (4.22) into Equation (4.20) and subtracting this
from (4.19), as seen by

Vvane= Vshaft, vane, grossV holes (4-23)

which is the nal volume of the solid shaft and vane, subtracting possible holes in the vane.

Figure 4.4 illustrates the complete damper motion from before an externally applied torque starts
the initiation phase, the vane motion phase, and the end position of the damper as it comes to a
stop.

(a) Initial damper con guration. (b) Motion due to external torque. (c) Final damper con guration.

Figure 4.4: Vane damper angular displacement, g, and angular velocity, w. The vane damper initially starts at g = 0
next to the restriction chamber, minimizing the volume of chamber 1, and rotates clockwise, coming to a motion stop
at g = gnax On the other side of the restriction chamber. The restriction chamber has the angular width of q gstric, and
the thickness of the vane is denoted tyane The radii of the shaft, vane, and outer housing are denoted as rj,, rvane and
rout- The initial volumes and pressures for chambers 1 and 2 are Vj o, p1, V2,0, and py, respectively. The angular width
occupied by the vane thickness is Qyane

Figure 4.4a illustrates the damper position before motion starts. Prior to motion, the angular dis-
placement is gnin = Orad. This signi es that chamber 1 is at its minimum volume and chamber 2 is
at its maximum volume prior to motion start. Expressions for the initial volumes are

V1(Gmin) = V1,0 V2(Gmin) = V2,0 (4.24)

where V1 g and V; g are denoted as a dead volume, since some amount of contained uid will always
be present at the initial position and in the nal position.

Upon external torque being applied to the vane damper, the rotating shaft and vane start to rotate
clockwise, which can be seen in Figure 4.4b. During this phase, the instantaneous volumes, pres-
sures, and bulk moduli, Vi, pi, and b;, change as a result of the angular displacement and velocity.
The gure also shows the cross-section of the internal damper being circular. The in nitesimal area
of a circle is

dA =rdrdqg (4.25)

where r, dr, and dq are the radial distance from the center, the in nitesimal changes in radius and
angle, respectively. However, the damper will be lled with uid; therefore, the following will be
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described in terms of the total available uid volume and the instantaneous chamber volumes. The
in nitesimal volume of a cylinder from Equation (4.25) is expanded by multiplying the height by
the circular area, as

dv = Lvane, axial drdq (4.26)

where Lyane, axial IS the internal axial length of the vane within the housing body. Inserting the
integral for the radius where the rotary vane sweeps an annulus from r j, to rqyy, yields

Fout
dV = Lyane, axial rdrdq (4.27)

Fin
Solving the integral with the limits yields

dv = I-vane, axial

5 r2i T 2 dg (4.28)

where rqoy and rj, are the outer and inner radii for the housing and shaft, respectively.

The size of the chamber volumes, Vi(q) and V»x(q), of the chambers depends on the location of the
vane in its rotation, g, due to the externally applied load. As such, a swept volume per unit radian,
Vs, is de ned for the rst chamber volume, V 4, as

_ dVvi(a)
Vs = aq

where q is the angular displacement of the vane, and Vi(q) is the chamber 1 volume that increases
as g increases. The equation assumes that the shaft is concentric with the housing, that there are no
geometric changes in either body, and that chamber 1 increases, chamber 2 decreases accordingly.

(4.29)

Taking Equation (4.28) for chamber volume 1, and rearranging the dq to the left-hand side, and
substituting the expression in Equation (4.29) for a single vane yields

L .
VS= wl r(z)ut r i2n (430)

which yields a constant value for the swept volume per radian, since the radii, r i, and rqu;, are xed
values throughout the circumference.

The total volume of the chambers remains constant throughout the motion; however, as the vane
rotates, as shown in Figure 4.4b, the instantaneous chamber volumes change. The chamber volumes
for chambers 1 and 2, before and after the vane, are calculated based on an initial value and the
volume swept by the vane, as well as the vane volume itself, as

1 1
Vi(q) = Vi,0+VsQ Evvane Vo(q) = Voo V 0 évvane (4.31)

where V3 g and V, o are the initial dead volumes of the chambers 1 and 2 when the angular dis-
placement, q = O, prior to motion start. The changes in volume occur from V s and g, which are the
volume change per radian and the angular displacement in radians. The volume that the vane takes
up is denoted by Vyane To remove the volume occupied by the vane from the total available uid
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volume, V1(q) + Vo(q), one-half is subtracted from each of the chamber volumes. Furthermore, the
sign of the product of V sq signi es whether the volume is increased or reduced at each position, g,
with the volume of V . If the sign is positive, the chamber volume increases; conversely, if the sign
is negative, the chamber volume decreases.

The motion stops upon reaching the enclosed restriction block, as seen in Figure 4.4c, where the
angular displacement becomes q = Gnhax and the magnitudes of volumes (see Equation 4.24) are
switched to the opposite. This means that V1 o and V; o will become the end volumes of chambers 2
and 1, respectively, as seen by

V1(Omax) = V2,0 V2(Omax) = V1,0 (4.32)

where the maximum value of chamber 1 coincides with that of the initial value of chamber 2, and
conversely for chamber 2, when obtaining the nal chamber volumes. The instantaneous rate of the
chamber volume ow is obtained by taking the time derivative of Equation (4.31), which yields

Vi(q) = Vsw Vo(q) = V gw (4.33)

where the time derivative of the angular displacement, q = w, is the angular velocity of the vane,
caused by volume expansion or reduction due to pressure differences in the chambers. As such, V;
and V» indicate the rates of change in the chamber volumes 1 and 2, evaluated at g.

4.3.3 Flow Relations

Figure 4.2a on page 23 illustrates that the ow is a combination of ows. The ow paths stem from a
hole geometry in the vane, Qnq1e Which is either a long tube or a short tube with an ori ce, from the
gap between the vane tip and the external housing, Qip, gap, from ows above and below the vane,
Qtop, gapa@nd Qpottom, gap and from the ow between the rotary shaft and a restrictive area, Q shatt, gap
These ows are further illustrated in Figure 4.5. In the following, each of these ow paths will be
described, and the different theories utilized for this model are derived in Appendix E on page 129.

The gure shows the available ow paths, with the total vane damper ow indicated by arrows
from chamber 1 to chamber 2 via the possible ow paths. The total ow is a parallel connection
that branches into multiple ow paths, then rejoins at the end of each path. As such, the total ow
in the system can be written as the sum of the individual ows present [28, p. 557], [21, p. 365].
The total ow can be seen as

Q = Qtip, gap+ NQhoIe"’ Qabove, gaﬁ" Qbelow, gap+ Qshaft, gap (4-34)

where the total ow, Q, is the sum of the individual ows. To account for the possibility of having
multiple holes implemented in parallel to aid with the ow or restriction thereof, the hole ow, Q hole
is multiplied by N, which is the number of holes present with the same hole dimensions. Each of
these ow paths is of importance to the total ow. All of the individual ows are instantaneous
values and are a function of the pressure difference, Dp, acting across the total ow, Q. The pressure
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Figure 4.5: Possible ow paths indicated by arrows, de ned positively going from chamber 1 into chamber 2 as the vane
rotates clockwise due to external torque. The possible ow paths are Q apove, gapQbelow, gap Qshaft, gap Qtip, gap @Nd Qnole

difference is written as

Dp=p p2 (4.35)

where p; and p, are the pressures in chambers 1 and 2, respectively. The pressure difference
depends on the volumetric ow rate, Q, and rate of volume change, V;, which control the change in
pressure, and hence pressure, as later described in Section 4.3.4. In addition to pressure dependency,
the individual volumetric ow rates in Equation 4.34 depend on the current ow regime, since

a governing assumption in deriving the various ow equations is whether the ow is laminar or
turbulent. This metric is investigated using the instantaneous Reynolds number, de ned in Equation
(3.2) for each ow, which is calculated from the uid density, the mean velocity in the ow path,

and the shear rate. The individual ow equations will be described below.

The tip gap ow is visualized in Figure 4.6.

(a) Side view of tip gap ow. (b) Top view of tip gap ow.

Figure 4.6: Tip gap ow, Q gap, owing from one of the chambers through a slit between the tip of the vane and the
internal wall of the housing. The axial width and radial length of the ow are L pousing, axial@Nd Gtip, radial, Whereas the
length of the ow pathist yane The distance from the bottom to the top of the vane is denoted as L ane, axial

As the gure illustrates, the ow is from chamber 1 into chamber 2 through the tip gap. The gap
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length is de ned as the radial distance from the tip of the vane to the housing wall, as seen by

Qtip, radial = fout I vane (4.36)

where rqut and ryane are the distances from the center of rotation to the internal housing wall and
the tip of the vane, respectively. This ow is assumed to occur due to a pressure difference between
the entrance and exit for a laminar ow; as such the expression for ow through the gap is stated
as

3
Lhousing, axiabkip, radial
12m{ane

Qtip, gap = Dp (4.37)
where Lhousing, axial@Nd Gip, radial @re the axial width and radial length of the gap, t vaneis the length of
the ow path, concurrent with the vane thickness. Moreover, m is the dynamic viscosity of the uid.
The equation uses the axial housing length, rather than just the axial vane length, as an attempt
to accommodate the square area of ow, which is neither accounted for in the top ow nor the tip
ow, by default.

Equation (4.37) is derived in Appendix E.1 on page 129, where the underlying assumptions for
this gap ow equation are that the ow is induced by a pressure difference and that it passes
through two still, at surfaces. The ow between these surfaces is assumed steady, laminar, fully-
developed, negligible gravity, and the uid is incompressible, meaning a constant uid density, r.
The derivation uses an offset in the continuity equation and the Navier-Stokes equation in the ow
direction, and includes boundary conditions in which the no-slip condition is utilized to derive an
expression applicable to nd the volumetric ow rate, Q ip, gap, @aSSuming the pressure gradient to
be constant [21, p. 100, pp. 163-164, pp. 186-190, pp. 305-310], [28, p. 421], [54, p. 112]. Utilizing
Equation (4.37), the actual circumferential ow motion is simpli ed by setting the gap length equal

to the vane thickness, tyane This simpli cation ought to be valid for small lengths, since the vane
tip is a at surface while the housing is not.

The shaft gap ow can be seen in Figure 4.7.

The gure illustrates the ow path through the restriction chamber block and the rotating shaft.
This ow is assumed to be of the same nature as Equation (4.37), as such, utilizing the same ow
formula with appropriate variables can be seen as

.3
_ Lvane, axiaBsnatt, radial
Qshaft, gap— 12m|shaft

Dp (4.38)

where Lyane axiallS the axial length of the gap, which is the internal shaft axial length, and g shaft, radial
is the radial length of the gap, since it is the gap length between the restriction chamber wall and
the shaft wall. Additionally, L ¢ha¢¢iS the length of the ow path, as seen in Figure 4.7b. It can be
approximated to be the average of the distance to the restriction chamber wall and the wall of the
shaft, as

Oshaft, radial
Lshaft= rin"'% Orestric (4.39)
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(a) Side view of shaft gap ow. (b) Top view of shaft gap ow.

Figure 4.7: Shaft gap ow, Q ghaft, radiat OWiNg from one of the chambers through an arc which is an assumed slit
between the shaft of the vane and the internal wall of the restriction block. The axial width and radial length of the ow
are Lyane, axial@Nd Qshaft, radial Whereas the length of the ow pathis L gpate

which gives the arc length of the ow. Ultilizing this in Equation (4.38), the centerline is a straight
line. As such, using this equation for the ow is valid if the angular displacement of the restriction
chamber and the pathway along the shaft is small.

The ow paths above and below the vane enclosed by the housing can be seen in Figure 4.8.

(a) Side view of top gap ow. (b) Top view of top gap ow.

Figure 4.8: Top and bottom gap ows, Q top, axial @Nd Qbpottom, axial OWiNg from one of the chambers through a slit
between the top or bottom of the vane and the internal wall of housing. The axial widths of the ow are g o, axiat @nd
Obottom, axial the radial length of the gap is r vane I' in, whereas the length of the ow pathist vane

As shown in the gure, two ow paths stem from the clearances between the vane and the housing
wall. The effective ow width is described as

l'vane, eff= l'vane I in (4.40)

which is the vane's width. Moreover, the top clearances, g top, axiar iS found as

I—ho sing, axial L ane, axial
Otop, axial = =g, 2 > - = (4.41)
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where Lpousing, axiallS the axial length from top to bottom of the housing walls, and L yane, axiallS the
axial length of the vane. The clearances are the same size, as such,g, axial = 9bottom, axial

The expressions for the ow paths above and below the vane use the same equation as previous
ow paths (see Equation (4.37)), which can be seen as the following

l'vane, ef ggottom, axialDp (4.42)

Qbottom, gap™ 12Mmiane

where ryane, eff@Nd Ghottom, axial@re the radial width and axial length of the gap, and the ow path
length being the vane thickness, tyane Given the same dimensions, the expression for the bottom
volumetric ow rate can be seen as

Qtop, gap= Qbelow, gap (4.43)

Unlike Equations (4.37) and (4.38), the volumetric ow rate for the top and bottom gap ows is
not a geometric simpli cation, since the rectangular vane and housing geometries are at plates;
however, the equation still assumes the relative velocity between the vane and housing is zero.

The ow path through the hole can be seen in Figure 4.9.

(a) Side view of hole ow. (b) Top view of hole ow.

Figure 4.9: Hole ow, Q e OWing from one of the chambers through a geometry in the vane, which is either a tube (hole
with constant diameter), or a truncated cone (short tube and truncated cone) present in the vane. The hole dimensions
depend on the geometry type; however, they can be found from knowing the hole diameter, d 1, and the length of the
ow path, t vane

The gure shows the hole dimensions, being the hole length, L 1,6 Which is concurrent with the vane
thickness, tyane and the hole diameter, d,,e The ow through this opening can be characterized
as either laminar or turbulent, depending on the uid's viscosity and the mean velocity in the
ow path. As such, two ow equations for the hole are de ned; these are Q nole, Hagen Poiseuilleand
Qnole, orifice for the theories of laminar ow in a stationary tube due to pressure difference, and
turbulent ow through a hole. The rst hole ow equation is stated as

4
prhoIe
Qnole, Hagen Poiseuille= (4.44)
ole agen Poiseullle 8m|.ho|e
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where the radius of the hole is r pge = dhoie=2 and the length of the hole is Ly The equation is
denoted the Hagen-Poiseuille hole equation [49, pp. 50-52]. The equation is derived in Appendix

E.3 on page 136, based on a viscous ow in a circular tube for which the ow is steady, laminar,
fully-developed, axisymmetrical, negligible gravity, and the uid is incompressible. The derivation

uses an offset in the continuity equation and the Navier-Stokes equation in the ow direction, and
includes boundary conditions in which the no-slip condition is utilized to derive an expression
applicable to nd the volumetric ow rate, Q pole, Hagen Poiseuille @SSUMINg the pressure gradient
being constant [21, p. 100, pp. 186-190, pp. 316-319, p. 710], [28, p. 421], [54, pp. 121-122], [49, pp.
50-52, p. 56] If this equation is used, the hole length, L6 can be simpli ed to the vane thickness,
tvane for a tube.

The second ow equation for turbulent ow is stated as
s

2. .
Qhole, orifice= CaAo FJDPJ

.D—p. (4.45)
1Dp)
where Cgq, A, I, and Dp are the discharge coef cient, the physical ori ce opening area, the density
of the uid, and the pressure difference before and after the ori ce. Equation (4.45) is denoted as
the Ori ce equation, and is derived in Appendix E.5 on page 141, along with further explanation of
the ow and variables. The derivation assumes steady, incompressible ow with constant angular
velocity, w, and constant density, r, at a high Reynolds number, meaning the ow is dominated
by inertial forces. The derivation uses an offset in Bernoulli's equation to derive an expression for
the volumetric ow rate, Q nole, orifice IN the derivation, the discharge coef cient, C 4, is de ned to
simplify the expression and take minor losses into account. The latter is done by another coef cient,
denoted as the contraction constant, C., which is de ned by the ratio of the jet stream ow area and
the physical ori ce opening area, A o [37, pp. 56-59], [49, pp. 48-50]. Utilizing this equation, the
physical opening area, Ag, uses the hole diameter, d,oe

Equations (4.37) through (4.44), with the exception of the ori ce equation, Equation (4.45), depend
on the dynamic uid viscosity, m. To elaborate on this, the viscosity is experimentally shown to be
a proportionality constant in the relation between shear stress and rate of shear strain, as is seen as

t=mg (4.46)

where t is the shear stress exerted onto the uid, and g is the rate of shear strain [49, pp. 25-26]. As
such, this equation is used to derive speci ¢ expressions for each ow type. The shear rate obtained
from the plane Poiseuille ow equation is derived in Appendices E.1 on page 129 and E.2.1 on
page 134, and the result is restated here

_ 6iQj

Ogap= W (4.47)

where b is the width of the gap, g is the gap distance, and Q is the volumetric ow rate in the given

ow case of uid that is transported [21, p. 31, p. 100, pp. 163-164, pp. 186-190, pp. 305-310], [28,
p. 421], [54, p. 112]. Moreover, the shear rate obtained from the Hagen-Poisuille ow equation is
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derived in Appendices E.3 on page 136 and E.4 on page 140, and the result is restated here

_ 4Qj

Ohole= W (4-48)

where Q is the volumetric ow rate in the given ow case of uid that is transported, and r is the
radius of the hole. Utilizing the area of a circle, A ¢ = pr2, and knowing that the mean ow in a
path is the ow in a given area, the equation can be altered into

4jvj

Ghole = e (4.49)

where v is the mean uid velocity.

Consequently, for each ow, the given shear rate is used to calculate the appropriate apparent
viscosity from a data set. This means that for each ow type assumed to behave as plane Poiseuille
ow, the ow paths for the tip, above and below the vane, and along the ow path between the
shaft and the restriction block, Equation (4.47) can be modi ed for the given geometries. Moreover,
the ow type utilized for the hole uses Equation (4.48).

4.3.4 Pressure Rise-Rate Relations

As the uid ows through possible pathways, the pressures in the chamber volumes change accord-
ingly. The pressure dynamics can be described by the equation for the pressure rise-rate, p;, within
the varying control volume

pi = Vi Qi Vi (4.50)

where i denotes either 1 or 2 for pressure rise-rates, p; and p, with the changing chamber volumes,
V; and Vy, the net ow into the chambers, Q ; and Q», and the volume rate at which the chambers
are increasing or decreasing due to the motion are V; and V,, respectively. Moreover, the uid bulk
modulus is denoted b [49, pp. 70-71].

The bulk modulus describes the elasticity of a uid undergoing volumetric deformation; for a
liquid, this property is both pressure- and temperature-dependent [49, p. 7, 11]. For uid, pressure
dependency is weak, and as a result, this variation is usually disregarded except at extremely high
pressures [28, p. 428]. However, pressurizing a uid can produce a volume change, which for a
uid with constant mass, the bulk modulus is

dp
dv=v

b = (4.51)
where dp is a pressure change, and the dV=V is the relative volume change. The negative sign arises
because the bulk modulus is positive, and when increasing the pressure, the volume decreases,
necessitating the negative sign. A large bulk modulus indicates the material is dif cult to compress,
whereas a small bulk modulus indicates greater uid compressibility [21, p. 41, p. 591], [55], [49,
pp. 5-7, pp. 16-18].
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The pressure rise-rate expression in Equation (4.50) states that the change in pressure within a vary-
ing volume results from uid entering and exiting, as well as from the rate of change of the volume.
This means that if the net ow in, Q i, equals the rate of volume increase, V;, then the pressure
remains constant. However, if the magnitudes in the parentheses become Q; < Vj, then the pressure
drops, indicating the volume is expanding faster than the ow into the chamber. Conversely, the
pressure would rise if the in ow rate, Q ;, exceeds the volume expansion rate,V; [49, pp. 70-71].

Section 4.3.3 on page 28, Equation (4.34) states that (s the total ow for a given chamber. However,
the total ow used in Equation (4.50) is, in fact, a net ow into a control volume. This means that

Qi =Qiin Q iout (4.52)

where Q;;, is the ow into a chamber, and Q ; oy is the ow out of the chamber, for the i'th chamber
[49, p. 71]. However, since the system is closed, one of these values will remain zero for each
chamber volume, V;, as no other chamber is available for the uid to enter or exit. To aid notation,
the uid ow Q 1, is de ned as the ow from the rst chamber into the second, denoting that the
rst and second chambers lose and gain this amount of ow, respectively. By introducing the net
ow, Q 12, Equation (4.50) can be written into separate equations for each chamber volume

_ be

b
pl—vl Qup Vi 92:\7; Quz V2 (4.53)

where the sign of Q 1, signi es whether the ow is lost or gained in the chamber volume. This
means that, due to the sign convention of the positive ow going from chamber 1 to 2, the ow
is negative for the continuity equation for chamber 1, as the ow actually ows from chamber 2
to 1, and on the contrary, the ow Q 12 in the continuity equation for chamber 2 is positive, as the
chamber actually loses uid into chamber 1.

4.3.5 Mechanical Relations
To solve the system dynamics, the equation of motion for the damper system is
W =Text T fisid T fric (4.54)

where J and w are the system inertia and angular acceleration. The externally applied torque, T ex:
aids the vane damper motion, whereas, Ty,ig and T are the motion-restrictive uid torque and
dry friction torque. To determine the uid torque, the hydraulic and mechanical powers are de ned.
The hydraulic uid power is a product of the volumetric ow rate through the pathway and the
induced pressure difference in the ow, as seen by

Phydraulic = QDp (4.55)

which is the necessary power to push uid through ow passages. This equation assumes that no
energy is dissipated to the surroundings, thereby allowing all energy to go into the uid, effectively
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heating it [49, p. 72-73]. Additionally, the mechanical power is de ned as
Pmech= TtiuigW (4.56)

where the power is induced by the torque, T ¢4, at a given angular velocity, w [49, p. 72]. If any
losses or leakages are neglected, the power balances each other, seen as

Pmech= Phydraulic (4.57)

which states that the power put into the uid is taken up by the mechanical system through shaft
rotation. Substituting Equations (4.55) and (4.56) into Equation (4.57), and isolating for the torque
yields

D
Ttiuid = Qbp

. (4.58)

Inserting an expression for Q, by substituting Equation (4.33) for Vi, and assuming dV=dt = Q,
yields

Ttuia = VsDp (4.59)

which gives the expression for the torque that the uid resists motion with [49, p. 73]. This equation
assumes that the uid is incompressible, by stating that the rate of volume change is equal to the
volumetric ow transportation of uid, and arises from the derivations of volumetric ows, Q,
setting the uid to incompressible as an assumption in the individual ow paths, seen in Appendix
E.1 on page 129, E.3 on page 136, and E.5 on page 141.

4.3.6 Damping Coef cient

This section describes the method for obtaining an expression for the damping coef cient. The
damping contribution due to the uid is determined by expressing the individual ows as functions

of a conductance constant and a pressure difference, where the constant includes the damper's
dimensions and the uid's viscosity. This method of collecting variables into a conductance constant
is provided by Anders Hedegaard, lecturer at Aalborg University. The individual ows are summed,
and the nal damping expression depends on whether the used theory is for a tube or an ori ce,
hence two expressions will be derived. The rst one contains only linear terms stemming from the
gap ow and the Hagen-Poiseuille equation, and the latter combines linear terms from the gap ow
with a nonlinear term from the Ori ce equation. If no hole is present, the damping coef cient takes
the linear terms, disregarding the in uence of the Hagen-Poiseuille equation.

Volumetric Flow Rates

The individual volumetric ow rates in Q 1, have been stated for each type of ow in the vane
damper in Section 4.3.3 on page 28, where the ows were categorized into equations based on a
gap ow and two types of hole ow: laminar ow with Hagen-Poiseuille or turbulent ow with

the Ori ce equation. The gap ow is characterized by a linear relationship between the ow rate
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and the pressure difference, Dp, similar to Hagen-Poiseuille ow, whereas the ow from the ori ce
equation exhibits a nonlinear relationship. As such, two distinct expressions are set up: one with
only linear terms and one with the turbulent hole- ow term. By taking an offset in Equation (4.34),
the total ow can be restated into gap and hole ows as

Q2= anp, totalt Qhole (4.60)

where Qgap, total PUrely contains linearly dependent plane Poiseuille terms, for the tip, top, bot-
tom, and shaft ow, and the hole can either take Hagen-Poiseuille or the Ori ce equation as ow
equation, depending on whether the ow is laminar or turbulent.

To simplify expressions, a hydraulic leak conductance, K, is de ned for the gap ows; as such, the
total gap ow can be seen as

anp, total = Kgap, totaP P (4.61)

Noting that the pressure difference across all paths is equal to each other, since they act parallel
to each other, is therefore put outside the bracket. The conductance expression is determined by
summing up all of the individual conductances present in the ow

Kgap, total = Kiip + Ktop + Kpottom+ Kshaft (4.62)

Taking all the gap ows (see Equations (4.37), (4.43), (4.42), and (4.38)) and rewriting them into a
hydraulic leak conductance constant and the pressure difference, yields

3
_ I-housing, axialgtip, radial

Qtip, gap = Kiip DP, Kip = 2mi (4.63)
ane
rvane, effgf’op’ axial
Qtop, gap= Ktop DP, Kiop = 2mi (4.64)
ane
_ _ Tvane, Effggottom, axial
Qbottom, gap= KbottomD P, Kbottom = 12my (4.65)
ane
I-vane, axialg3h ft radial
Qshaft, gap= KshattDPp, Kshaft= L (4.66)

12 m lspatt

where the conductance constant collects the geometric and uid parameters, leaving only the pres-
sure difference out.

Following the same methodology for the hole ows (see Equations (4.44) and (4.45)), the ow rate
for the hole can be calculated using either of these equations

8
S Khole, Hagen PoisuilleDP,  if the hole is modeled as laminar,

Qhole = (4.67)

- Co sign(Dp)p iDpj, if the hole is modeled as an ori ce.

where the conductance constant, Kqole, Hagen Poisuille IS d€ ned in the same manner as the previous
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gap conductances, for a laminar ow in the hole as

4
pr hole

4.68
8Mtane ( )

Khole, Hagen Poisuille = N

where N denotes the number of holes, ryoe the radius of the hole, and t ane is the thickness of the
hole going through the vane. Moreover, another constant is introduced for simplifying the Ori ce
eguation as

S

CO = NCdAo

=SIN|

(4.69)

where Cy4 is the discharge coef cient, A ¢ is the physical opening area of the orice, and r is the
density of the uid.

Utilizing a quasi-steady assumption, the ow can be assumed as Q 12 V sq, giving the net chamber
volume rate imposed by the vane motion, as

Q12 = Vsw (4.70)

where the volumetric ow rate, Q 1, is equal to the volumetric change of volume, being the product
of the swept volume per radian multiplied by the angular velocity. Under this assumption, the
rate of volume change must equal the uid transferred between the chambers, allowing no volume
accumulation in either chamber and treating the uid as nearly incompressible.

To develop an expression for the damping, the pressure difference is isolated and substituted into
Equation (4.59) to obtain an expression for the resistive motion torque in the uid, and thereby the
damping coef cient. To do so, the fully laminar and mixed expressions will be treated separately.

Linear Damping Coef cient

The total laminar ow is found by taking the expression from Equation (4.60) and substituting the
laminar expression obtained in Equation (4.67), which for the fully laminar case yields

Q12 = anp, total T Qhole, Hagen Poisuille (4-71)

where the linear term for the gap ow stems from the linear plane Poiseuille ow expression suitable
for gap ows, and the linear term for the hole stems from the linear Hagen-Poiseuille ow. Inserting
the expressions yields

Q12 = Kgap, totalt Khole, Hagen Poisuille Dp (4-72)

where a new conductance constant can be established, as seen by

Klin, total = Kgap, total ™ Khole, Hagen Poisuille (4-73)
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which is the total linear conductance constant. Substituting this into Equation (4.72), and isolating
the pressure difference, Dp, in Equation (4.72), and substituting the volumetric ow rate expression
from Equation (4.70) gives

Vsw

Dp = (4.74)
KIin, total

Substituting Equation (4.74) into Equation (4.59) for the resistive torque yields

5

Klin, total

Ttivid = w (4.75)

Collecting terms except for the angular velocity into a coef cient gives

V2
C = S

Klin, total

(4.76)
which is the damping coef cient obtained from a fully laminar ow in all ow paths.

Quadratic Damping Coef cient

The total ow containing laminar ows for the gaps and the turbulent ow for the hole is found
by taking the expression from Equation (4.60) and substituting the turbulent expression obtained in
Equation (4.67), which gives

Q2= anp, totalt Qhole, Orifice (4.77)

where the linear term for the gap ow stems from the linear plane Poiseuille ow expression suit-
able for gap ows, and the nonlinear term for the hole stems from the nonlinear Ori ce equation.
Inserting the expressions yields

q_—
Q12 = Kgap, totaPP + G sign(Dp) jDpj (4.78)

which is taken separately for the linear and nonlinear term to obtain their individual damping
coef cient estimates. Taking the linear terms in Equation (4.78), and following the same procedure
from the purely linear term, which gives

5

=77
Kgap, total

(4.79)
which is the linear contribution to the total damping, since the constant K g4y, totaiarises solely from
the gap ows. Taking only the term related to the nonlinear ori ce, Equation (4.78) can be rephrased
into
q___
Q12 = C§ sign(Dp) jDpj (4.80)

Page 39 of 183



To obtain an expression for the pressure difference, taking the sign into account, each term is
squared, as seen by

jQ12jQ12 = CiDpj (4.81)

where jQ15] is the absolute value of the ow. Isolating the pressure difference, Dp, yields

jppj= 1914012 léle = (4.82)
0
Substituting Equation (4.70) into Equation (4.82), and collecting positive terms gives
. V2jwjw
iDpj= SJCzJ (4.83)
(0]
Substituting the pressure difference in Equation (4.83) into Equation (4.59) yields
Ve
Thuia = Vs3I WIW (4.84)
(0}

By collecting terms, excluding the angular velocities, the damping coef cient can be established as

_ Ve

C ==
C§

(4.85)

which is the damping coef cient for the ori ce hole. Combining this term with that of the linear
contribution, Equation (4.79), gives an equivalent damping coef cient throughout the motion, as

Tdamp, eq- C1W + CszjW (486)

where the ¢; damping is developed from the plane Poiseuille ow and accounts for the linear
damping, and c, originates from the Ori ce equation and accounts for the nonlinear, quadratic
damping.
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5 Design and Fabrication of a
Demonstrator

This chapter presents the design of the dampers and their fabrication, including manufacturing,
assembly, and lling. The latter will describe the fabrication of a demonstrator that will be subjected
to externally applied torque, inducing rotational motion. The demonstrators include shear-gap and
vane VFDs, which are used to verify theoretical models. As such, the purpose is not to produce
ight-ready hardware but to create repeatable demonstrators with well-de ned geometries.

5.1 Design

The overall designs for the two damper concepts are divided into four main parts: the housing, the
lid, the shaft, and the rotating drum or vane. The shear-gap damper and its components can be seen
in Figure 5.1a, using a drum explained in Section 4.2 on page 19, whereas the single-vane damper
is shown in Figure 5.1b, using a similar housing, lid, and output shaft, but uses a vane instead of a
drum. Moreover, as described in Section 4.3 on page 22, the housing of the vane damper includes a
restriction block.

(a) Side pro le view shear-gap demonstrator. (b) Side pro le view single-vane demonstrator.

Figure 5.1: Design drawings for the shear-gap and vane demonstrator. Both dampers include a dynamic O-ring at the
shaft and a static face-seal O-ring at the interface between the lid and housing. The shear-gap includes a drum, and the
vane damper includes a vane on the shaft. Both dampers are fastened with screws and bolts. The governing dimensions
de ning the inner housing length and diameter are set to 50 mm and 60 mm, respectively.

As seen in the two gures, the damper designs are governed by the same inner housing length and
diameter, which dominate subsequent design considerations, primarily for O-rings and fasteners.
The housing contains the working uid and de nes the internal damping geometry. The lid closes
the housing and includes a shaft opening. The shaft and drum or vane component transfers the
externally applied torque into the uid. This design is conceptualized and selected in Appendix
F on page 145. Also illustrated in the gures is that no bearings are incorporated into the present
design for either the shaft intersection with the bottom housing or the lid. The drum or vane is
instead guided by a protruding pin at the bottom of the housing, and the shaft by the radially
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sealing O-ring at the lid. This design introduces some extra friction at plastic-to-plastic or plastic-
to-O-ring contact points.

The damper is sealed with O-rings at the shaft-housing and lid-housing interfaces. The lid, more-
over, includes a |l port, as seen in Figure 5.2, where a threaded funnel can be attached to the I
port for the lling procedure. The opening in the Il port is designed to be internally threaded later,
ensuring a tight t with a threaded plug when tapped.

Figure 5.2: Close-up of the Il port on the lid with a funnel attached to it with the use of threads.

The design process is divided into two phases. The rst phase consists of preliminary designs,
during which several geometric variations are manufactured to identify practical limitations in 3D-
printing, sealing, assembly, tolerances, and lling. These designs are used to determine which
dimensions and features are feasible to manufacture and assemble repeatedly. The built experience
from the preliminary phase is described in Appendix G on page 153. The second phase consists of
re ned designs for main testing, incorporating lessons from the preliminary phase into a common
base design. This base design is then adapted into several damper con gurations with different
geometric dimensions to support comparison with the theoretical models. The con gurations are
generated by varying relevant geometric parameters, such as the drum and vane radii and the
vane ow-path geometry. Moreover, the demonstrators' sizes are chosen to reduce the impact of
tolerances associated with 3D-printing. The vane ow-path geometry changes are illustrated in
Figure 5.3.

(a) No ow path restriction. (b) Ori ce ow path restriction. (c) Tube ow path restriction.

Figure 5.3: lllustrations of various vane geometries giving different ow path restriction geometries. The geometries
include the vane without a hole, the vane with an ori ce-like hole, and the vane with a tube-like hole.

As the gure illustrates, the geometry changes include no holes, an ori ce-like hole, and a tube-like
hole, seen in Figures 5.3a, 5.3b, and 5.3c, respectively. The ori ce-like hole restricts ow instanta-
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neously, then opens, whereas the tube-like hole maintains the same hole diameter along the entire
ow path.

Both VFD demonstrators include sealing features, as expected from requirement List 1.1 on page 5,
requirement no. 7, and Section 2.2.4 on page 11. A close-up illustration is shown in Figure 5.4.

(a) Face seal gland dimensions relative to O-ring diameter. (b) Shaft seal gland dimensions relative to O-ring diameter.

Figure 5.4: O-ring gland geometries for damper sealing interfaces relative to the O-ring diameter, D. In the face seal, the
interference is 20% axially, where the lid is fastened to the housing, and in the shaft seal, the interference is 20% radially.

The gures show the two sealing locations, with the cross-sectional diameter of an O-ring denoted
D, and the O-ring gland dimensions expressed relative to that. Figure 5.4a shows a face seal being
placed between the housing and the lid to prevent leakage through the interface between the two
parts, and Figure 5.4b shows a dynamic shaft seal being placed around the rotating shaft to limit
leakage along the shaft. Both seals use O-rings, for which the O-ring glands for both the face
seal and the shaft seal are designed in accordance with standard sealing guidelines for static and
low-speed dynamic sealing applications [31, p. 3-9].

The face seal's squeeze direction is axial, where the O-ring is compressed, and the relief direction is
radial, where the O-ring expands due to the compression deformation. The shaft seal's directions
are opposite to those of the face seal. The gland dimensions in the squeeze directions are selected
to provide the O-rings with a nominal squeeze of 20%, ensuring suf cient sealing contact pressure
while avoiding excessive friction, wear, or permanent deformation of the elastomer. In the other
gland dimension, the relief direction is set to be 30% larger than the O-ring's cross-sectional diam-
eter. This additional volume allows the elastomer to deform during compression without excessive
volumetric con nement, which could otherwise increase assembly forces or damage the seal. The
increased gland volume also helps accommodate dimensional variations associated with 3D-printed
parts, including surface roughness and local geometric deviations. These design considerations fol-
low the description made in Section 2.2.4 on page 11.
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5.2 Additive Design Considerations

This section will comment on choices made in the design, since the demonstrators are speci cally
designed for additive manufacturing, namely, fused deposition modeling. This means that all struc-
tural parts are produced by 3D printing, necessitating several design choices that differ from those
expected for a machined metallic VFD. The main design considerations are manufacturability, toler-
ances, sealing surfaces, support-free printing, and compatibility with lling and vacuum degassing
procedures.

The damper designs used in the main test campaign require no support material during printing.
As such, local damper wall thickness is increased where the lid and housing are to be fastened with
an 45 slope, as seen at the housing walls in Figure 5.1 close to the lid attachment. This is done
to reduce post-process print removal, improve reproducibility, and avoid poor surface quality in
regions where support material would otherwise be removed.

For the rotating drum, vane, and output shafts, the layer orientation is important because the shaft
is loaded in torsion. The components are printed in the axial direction, layer by layer; hence, weak
inter-layer bonding can make slender parts susceptible to shear failure. For this reason, a relatively
large shaft diameter of 20 mm is selected, along with using several outer walls in the print settings,
illustrated in Figure 5.5b, where several more concentric layers are used to strengthen the overall
shaft, compared to only a few concentric walls and a larger amount of lling, as seen in Figure

5.5a. Moreover, the nal shaft diameter at which the shaft seal is installed is also in uenced by

(a) lllustration of thin wall thicknesses. (b) lllustration of thick wall thicknesses.

Figure 5.5: Illustration of print settings for the amount of outer walls on the shaft. One gure shows a small amount of
wall, equivalent to a weak shaft, and the other shows a large amount of wall, equivalent to a stronger shaft.

the availability of suitable standard O-rings. The smallest shaft diameter in the O-ring gland is
14.78 mm, which then corresponds to a total interference of 0.48 mm relative to the O-ring inner
diameter, ensuring the required amount of compression. One-half of this total interference can be
seen in Figure 5.4b.

The preliminary design phase experimentally tests several tolerance values. Tolerances are affected
by printer accuracy, material shrinkage, local warping, and surface roughness. These factors are
especially relevant for the shaft, the lid-to-housing interface, and the O-ring glands. Based on
the preliminary prints, the smallest tolerances that still allow reliable assembly and rotation are
selected for the main designs. This ensures that the dampers can be assembled without excessive
force while still maintaining reasonably small internal gaps and minimal friction. The choice of a
large-sized damper also mitigates inaccuracies in 3D-printed parts, which can vary due to warping
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and shrinkage after cooling. In addition, sharp corners in the print plane are avoided if possible to
avoid dimensional inaccuracies.

Moreover, preliminary tests and damper fabrication experience with a vacuum chamber is described
in Appendix G on page 153 and summarized as follows: not having 100% in Il will produce some
air bubbles in the uid by air in the walls leaking into the uid. This is especially evident in the
funnel connected to the lid's Il port. As such, 100% print in Il is chosen for all parts to remedy
these voids in the walls.

The lid and housing are also designed with assembly deformation in mind. When the lid is fastened
to the housing using screws and nuts, the plastic parts may deform locally around the fasteners.
If the fasteners are spaced too far apart, the lid may lift between screw positions, creating pos-
sible leakage ow paths. The number and placement of screws are therefore selected to provide
a reasonably uniform clamping pressure around the face seal, as described in Appendix F.2.1 on
page 150.

5.3 Material

The following section describes the material to be used for the demonstrator. The material selection
ought to be based on Chapter 3, which outlines the materials to use for space applications; however,
for a demonstrator, a set of alternative materials will be used. As such, the material selection is used
for functional validation of a demonstrator, rather than direct quali cation of the selected materials
for a ight-ready VFD.

The structural damper parts are manufactured from polylactic acid (PLA) using 3D-printing. PLA is
selected due to its cost-effectiveness and availability at the department workshop. The speci c PLA
utilized is a Bambu Lab PLA with a melting temperature of 160 C, and glass transition temperature
of 60 C [56]. As such, for demonstrator test purposes at room temperature, it suf ces; however, PLA
is not considered suitable for a nal ight-ready damper due to its limited temperature capability,
material stability, and unknown outgassing characteristics.

Two working uids are considered for the demonstrator tests: Dansukker light sugar syrup and
Molykote high-vacuum grease. Syrup is used because it is inexpensive, non-toxic, and easy to handle.
This makes it suitable for rapid prototyping tests. Molykote is commonly used for sealing, lubrica-

tion, O-rings, valves, and chemical process equipment [44]. It is selected as a more space-relevant
working uid candidate because it is intended for vacuum-related applications, has low volatility,

and is also used by Space Inventor.

The O-rings used to ensure leak-tightness are selected based on available dimensions and compati-
bility with the demonstrator geometry. The material of both the face seal and shaft seal O-rings is a
common Nitrile Butadiene Rubber (NBR), which can operate over the temperature range of 30 C
to 90 C [57].
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5.4 Fabrication

The procedure for fabricating parts for the shear-gap and vane demonstrators will involve 3D print-
ing, with all structural parts printed on the Bambu Lab X1 carbon printers, followed by assembly
and uid lling.

The manufacturing process begins with CAD modeling of the housing, lid, and rotating drum or

vane. On the lid, a Il port is implemented, for which a separately printed funnel component is

manufactured and designed to screw onto the |l port for the lling process. Each damper con-
guration is generated by modifying selected geometric parameters while maintaining the overall
assembly principle. This allows the manufacture of several con gurations with a different set of di-
mensions while maintaining the same sealing, lling, and assembly procedures. When nalizing the
CAD models, the parts are exported for preparation in the 3D-printing software and subsequently
printed with 100% in Il.

After printing, each part is removed from the 3D printer plate and inspected visually. Any brim
(larger surface area of the rst layer on the print bed) or minor print artifacts are removed. Holes for
screws and bolts are cleared using a drill press to ensure consistent alignment between the lid and
housing. This step is necessary because small deviations from the printing process can otherwise
make assembly dif cult or introduce uneven loading to the face seal.

Subsequently, the damper must be assembled and lled using the same procedures to ensure con-
sistent fabrication. Appendix H on page 160 provides the assembly and lling procedure, and is
shortened as follows: The uid is inserted into the empty housing until satisfactory, after which the
shaft, including either a vane or a drum, is inserted. Following this, additional uid is added until
the damper is completely lled near the top of the housing walls. The damper is then assembled
with the lid, and a funnel with additional uid is mounted to the lid's Il port. The damper is
placed inside a vacuum chamber for a satisfactory amount of time until no bubbles form.
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6 Test Campaign and Data Processing

This chapter describes the experimental test campaign and the data processing. The intended tests
are performed to characterize damper performance under externally applied loads, used to verify
theoretical models for both shear-gap and single-vane VFDs. First, the test campaign is presented,
providing an overview of the tests to be performed, followed by the data processing thereof. Data
processing rst describes the viscosity, followed by the bulk modulus tests. Next, the dry friction
torque and motion testing will be combined, since the dry friction torque serves as input to the
theoretical models. The program developed for motion testing includes theoretical models of shear-
gap and single-vane dampers; accordingly, a description of their implementation in MATLAB wiill

be provided.

6.1 Test Campaign

This section will describe the test campaign for which the VFDs will be subject to and the expected
results. The test campaign will be divided into tests for material and friction determination, and
tests for damper characterization. The rst of these is denoted as material parameter tests and is
conducted to characterize either a uid property or a parameter determination, comprising dry
friction testing of the damper assembly, uid viscosity testing, and uid bulk modulus testing. The
damper characterization test is a performance test that applies an externally applied load to induce
torque, causing the damper's shaft to rotate and generating velocity and acceleration data, which is
later processed.

6.1.1 Objective of Test Campaign

The purpose of testing is to collect experimental data on uid properties, damper assemblies, and
damper performance at different magnitudes of externally applied loads. The obtained data can
be used to evaluate the system response under controlled loading conditions. The tests are chosen
and designed to investigate the relationships among applied torque, uid properties, and damper
performance. By measuring response parameters, herein, dry friction torque of a damper, uid
viscosity at a given shear rate, uid bulk modulus at a given pressure, and damper velocity and
acceleration, the test campaign will provide a basis for verifying theoretical models.

The reason for doing this is that the problem statement involves investigating a method for dissipat-
ing energy, speci cally the stored energy in torsion springs in a satellite appendage system released
during deployment. For this, theoretical models are developed to investigate damping performance.
As such, the goals of the parameter tests prior to damper testing are to characterize the uid prop-
erties and the dry friction in the system to better understand the modeled damper behavior. The
goal of the motion test is to have experimental results to verify the established theoretical models.
One further objective is to assess the reliability of the observed behavior. To do so, the test setup,
lling, and loading procedures, and measurement methods are kept consistent throughout the test
campaign. This helps keep inconsistencies in the experimental procedure to a minimum, making
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the variations in results primarily linked to the tested parameters.

The overall test campaign intends to compare theoretical results with experimental observations. As
such, the test campaign will contribute to understanding the damping behavior of a shear-gap and
single-vane VFD, identify model limitations, and establish a reliable basis for further analysis using
theoretical and numerical predictions to provide design recommendations. As such, the collected
experimental data provides a basis for comparing the performance of different specimens and their
con gurations, while also allowing the experimental response to be compared with analytical or
numerical models.

6.1.2 Overview of Tests

The test campaign, as previously stated, will comprise viscosity, bulk modulus, dry friction, and
motion testing of various uids, damper types, and different con gurations to investigate damping
performance. The test campaign can be split into testing related to uid properties, motion testing
to obtain damping performance, and dry friction testing. Figure 6.1 illustrates the testing sequence.

Fluid property test for the
viscosity, m, for a given uid

Fluid property test for Test for motion for a
the bulk modulus, » given damper to obtain
b, for a given uid damping performance

Test for dry friction, T ¢, for
a given damper assembly

Figure 6.1: structure for the test campaign. Parameter tests are conducted prior to the motion testing and comprise testing
of viscosity, bulk modulus, and dry friction of the damper assembly. Following these tests, motion testing is conducted
to assess damping performance.

Each test within a test category will follow the same procedure to ensure consistent, comparable
results. The main variables considered thus depend on the test category. During each test, the
specimen (either a uid or a damper) is placed in the test setup, and loading is applied incrementally
while response quantities are recorded. The appropriate response quantities are described further
below.

Before any damping performance testing, material properties must be understood. This includes
determining the viscosity of both Dansukker light sugar syrup and Molykote high-vacuum grease
at a given shear rate and temperature. The testing parameters are shown in Table 6.1.

Test type Temperature Shear-rate range Test specimen

Viscosity testing 20 © 0.1s' to 100s’  Syrup, Molykote
ytesting s ¢ 0.1s! t0100st  Syrup, Molykote

Table 6.1: Overview of the viscosity tests performed for the investigated uids, namely Dansukker light sugar syrup and
Molykote high-vacuum grease. Loading is applied as shear rates, and a given temperature is selected before the test is
initiated.
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As shown in the table, the response quantity is viscosity, measured at a given incremental shear rate
and temperature. The measurements are conducted at 20 C and 25 C, each repeated three times.
The temperature range allows for later interpolation of viscosity between these two temperatures,
since the motion-testing temperature is unknown prior to the tests. Furthermore, the aim of this test
is to understand the uid's viscosity behavior over a wide range of shear rates, thereby expanding
the range of possible motion testing. The test is conducted on both syrup and Molykote, as these
uids are intended to be used to obtain damper performance during motion testing, and the test
results are used as input for the theoretical shear-gap and vane damper models.

In addition to viscosity, another uid property to test for is the bulk modulus. As mentioned in
Section 4.3.4 on page 34, this property depends on temperature and pressure. However, because
the test setup allows only pressure variation, only this property among the aforementioned can be
varied. This test is conducted with the given uid at increments of pressure, as seen in Table 6.2.

Test type Temperature Pressure range Test specimen

Bulk modulus testing Room 0.1barto 10bar Syrup, Molykote

Table 6.2: Overview of the bulk modulus tests performed for the investigated uids, namely Dansukker light sugar syrup
and Molykote high-vacuum grease. Loading is applied as pressure at room temperature.

As seen in the table, the response quantity is the bulk modulus. However, this is not a direct
recorded response quantity, but a derived one, as the recorded properties are piston displacement
and pressure for a given increment. These quantities are then used to derive the bulk modulus at
a given pressure loading. The measurements are conducted at room temperature in a laboratory at
the Department of Chemistry at Aalborg University, with no possibility to change the temperature
within the test setup. Moreover, due to the setup location and availability, only a single test is
conducted for each uid type.

The last parameter test conducted prior to the motion testing is dry friction, for which the testing
parameters can be seen in Table 6.3.

Test type Temperature Load Test specimen

Dry friction testing Room temperature  Apply until motion All dampers

Table 6.3: Test overview of dry friction testing of shear-gap and vane dampers.

As seen in the table, the measured response quantity is the dry friction torque, T ¢, which is measured
twice for each damper con guration. This quantity is derived from a measured force at a given
distance. The purpose of this recording is to obtain a crude estimate of the dry friction torque, in
case any deviation occurs across the various dampers, to mitigate friction-related errors. The testing
environment is the ambient temperature.

For the motion testing, the tests seen in Table 6.4 are conducted.

As shown in the table, both the shear-gap and the single-vane damper will be tested during motion
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Test type Damper type Temperature Load

Shear-gap Room temperature External mass

Motion
Vane Room temperature  External mass

Table 6.4: Overview of motion tests conducted for the shear-gap and vane dampers.

testing. The recorded motion involves video recording of damper motion, thereby providing angu-
lar position, velocity, and acceleration, caused by an externally applied mass inducing torque. The
recorded angular velocity and acceleration are used to assess the damping performance, which will
later be compared with theoretical models. In addition, the temperature of the testing room will
be recorded, as viscosity is temperature-dependent and is a parameter for the theoretical models.
By doing this, possible ambient environment deviations between tests that yield different damper
performance can be reduced. The room temperature is expected to be in the range 20 C to 25 C,
which aligns with the viscosity testing temperature range.

Table 6.4 can be further divided into constant and variable parameters for each damper type across
the test scheme, as provided in Table 6.5.

Damper type Varied parameters Constant parameters

Axial housing length
Shear-gap Drum radius Axial shaft length
Housing radius

Axial housing length
Axial shaft length
Shaft radius

Housing radius

Top and bottom gaps
Shaft gap

Vane radius

Vane Number of holes

Ori ce thickness

Table 6.5: Speci ¢ damper types and con gurations for motion tests conducted.

The table illustrates that different con gurations of the shear-gap damper will be manufactured,
since the drum radius has distinct values, while keeping the remaining theoretical damper param-
eters constant. The radial gap size is determined by the variable ry.ym, when the radius to the inner
walls of the housing, r out, is kept constant. The height of the damper is furthermore kept constant,
consequently keeping the axial gaps, Gop, axial@Nd Ghottom, axial housing length, L housing,axiar @nd shaft
length, Lshatt axias CONStant.

The theoretical model for the single-vane damper depends on several parameters, such as damper
lengths, shaft, vane, and housing radii, which determine the various gaps within the damper, along
with the hole geometry, if present. As such, only three parameters are chosen as variables for the
test scheme, thereby reducing the total number of possible con gurations. The varied parameters
include the vane radius, number of holes, and hole geometry. The vane radius determines the tip
gap, Gip,radial» When royt is kept constant. The number of holes is either zero or one. A single hole
provides a possible pathway for the ow, thereby reducing the pressure difference compared to
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the case with zero holes. In the single-hole damper con guration, the geometry is varied to test
whether the damper ow is closer to that of an ori ce or a tube. The remaining parameters in the
vane model are kept constant.

Combining Tables 6.4 and 6.5, yields Table 6.6, which establishes the con guration number for each
given damper con guration for the shear-gap and single-vane dampers.

Damper type Con guration no. Shaft radius Vane radius No. Holes Ori ce thickness

1 28 mm - - -
2 27 mm - - -
shear-gap 3 26 mm i i i
4 24 mm - - -
5 - 28 mm 0 -
6 - 28 mm 1 1mm
7 - 28 mm 1 tvane
8 - 27 mm 0 -
Vane 9 - 27 mm 1 1mm
10 - 27mm 1 fane
11 - 26 mm 0 -
12 - 26 mm 1 I1mm
13 - 26 mm 1 fvane

Table 6.6: Final overview of the test number speci ed for a given damper type and con guration for motion tests.

As the table illustrates, four and nine tests will be conducted for the shear-gap and vane dampers,
yielding a total set of 13 individual damper con gurations to test. The mass is changed to char-
acterize the resistive torque, T, proportional to the rotational speed, w, for ve different angular
velocities. The externally applied masses on each string are collected in Table 6.7.

Damper type Weight 1 Weight 2 Weight3 Weight4 Weight 5

shear-gap

Vane 235.6g 282.1g 328.8g 375.4g  422.2g

Table 6.7: Overview of externally applied masses for main motion tests on each end of the string.

The table shows ve different weights for each of the two strings in the test setup. As such, twice
the mass is used. These externally applied masses consist of bolts and nuts for easy application and
adjustment. The test of a con guration is nalized when recordings of the ve different masses are
obtained, yielding a total of 65 individual motion recordings.

6.1.3 Expected Observations

The tests of the test campaign are expected to show a relationship between the applied load and the
damper's damping performance for a given damper type and con guration, by conducting several
experiments before and during motion testing.
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The expected viscosity result prior to any uid-parameter testing is that viscosity decreases with
increasing temperature. Since motion testing is done in a workshop, the temperature can vary,
necessitating viscosity tests over a range appropriate for room temperature. In addition to this, the
viscosity development at different velocities, thus shear rates, is unknown; moreover, the velocity
at which the yoke and two solar array panels are deployed is unknown, which is why viscosity
testing is conducted over a wide shear rate range. By conducting a viscosity test over a range of
temperatures and shear rates, the uid's viscosity behavior is expected to be characterized.

It is also expected that the bulk modulus will increase with pressure up to a given pressure, then
level off. However, any recording of either uid is unavailable from the manufacturer or from the
shop where the uid is obtained. As such, by conducting a bulk modulus test, the material behavior
over a range of uid pressures is expected to be characterized.

In all tests, it is expected that system noise, whether due to equipment or friction, will decrease as
the externally applied load increases. For viscosity and bulk modulus testing, this indicates possible
deviations at low shear rates and pressures; for motion testing, at lower levels of externally applied
load, the dampers are expected to be in uenced by friction to a greater degree than at higher loading
levels. By recording the dry friction torque, this in uence can be accounted for in the model.

Regarding the two types of VFDs, it is expected that smaller gaps in a drum shear-gap damper
will yield higher damping performance, as the velocity gradient across the gap increases, thereby
leading to higher shear stresses at the surface. In contrast, for a single vane damper, several variables
in uence its damping properties. If all theoretical parameters were varied, the number of tests
within the motion testing would increase exponentially, which is why only three parameters are
considered: vane radius, number of holes, and ori ce thickness. The expectation is that, for the
same outer diameter, the single-vane damper will provide better damping performance than the
drum shear-gap damper. Furthermore, a single-vane damper with no holes is expected to provide
better damping performance than one with holes, due to fewer ow paths.

6.2 Data Processing of Viscosity

This section describes the data processing of viscosity data using a MATLAB program to assess Vvis-
cosity characterization for syrup and Molykote at a given temperature. The test setup for viscosity
testing is shown in Appendix I.1 on page 163, and the test execution is described in Appendix J.1
on page 171. The structure for the MATLAB data processing program is shown in Figure 6.2.

The program consists of a main program, which uses two functions: one that evaluates the statistical
data and the other that exports the processed data. As the table shows, the overall structure is that
input text les are processed, then, for a given material and temperature, the statistical function is
applied, and nally, the export function is called. This is then repeated for the remaining tests in the
viscosity test campaign. As a result, a set of new text les is produced as output. The input consists
of a set of three text les used as input for each test type, yielding a total of 12 les, as expected
from Table I.1 on page 165 for 20 C and 25 C for syrup and Molykote.
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Create a common shear
rate axis for the given
uid and temperature, for
all the experimental data
to be interpolated onto

Extract shear rate, g,
and dynamic viscosity,
m, from the imported
les via a function call

Import repeated experimen-
Start tal data for a given uid
and temperature as input

Repeat the process for
the rest of the tests in the
Stop 1 viscosity test campaign,
and Print results and
display data as gures

Create tables for pro-
cessed data and save
these as external text
les via a function call

Calculate mean and
standard deviation
via function calling

X

Figure 6.2: Structure for the MATLAB program for data processing of the viscosity of Dansukker light sugar syrup and
Molykote at 20 C and 25 C.

To initiate data processing, the main program clears all previous data to reduce the risk of errors.
The three repeated experimental data text les are read, and the statistical function is then evaluated
using them as input. To do so, the function reads the three les, extracts the dynamic viscosity, m,
and shear rates, g, and converts the viscosity from cP to Pas. If any invalid values should occur,
these are removed. This means that if any shear rate or viscosity is either not-a-number (NaN),
in nity, negative, or negative in nity. The latter is done because the data are to be plotted on
logarithmic axes.

A common shear rate axis is needed for further analysis of the data, as the rheometer shows slight
deviations in the measured shear rates relative to the selected 10 points per decade between the
experiments. As such, a common shear rate axis is made by splitting the shear rate axes into the
same number of points and having them start and end at the same point. The different experimental
data are then interpolated onto the common shear rate axis, and the mean and standard deviation
are calculated by using MATLAB's built-in functions. The function then plots the results to aid
evaluation and returns the processed data to the main program.

The main program next calls upon another function, which exports the processed data as a table in
atext le. The nal result-text le contains columns of the shear rate, g, mean viscosity, m, standard
viscosity, sm, mean plus standard deviation, m + ¢, mean minus standard deviation, m s, and the
interpolated experimental results for the three experiments, for a given temperature.

6.3 Data processing of Bulk modulus

This section describes the data processing of bulk modulus data using a MATLAB program to
assess bulk modulus characterization for syrup and Molykote at room temperature over a pressure
range of 0.1 bar to 10 bar. The test setup for the bulk modulus testing is shown in Appendix 1.2 on
page 165, and the test execution is described in Appendix J.2 on page 174. The structure for the
MATLAB data processing program is shown in Figure 6.3.

The program consists of a single MATLAB le. The overall data processing structure is that the
program initializes by clearing all previous data, then reads a uid input le containing time, piston
face pressure, piston position, and externally applied pressure, which changes the piston position.
One input le is imported into the program for each syrup and Molykote uid.
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Import experimental data
for a given uid at room
temperature as input

Extract experimental
data for time, external
pressure, piston position,
and piston face pressure

De ne static pa-
rameters as input

Plot the tted func-
tion on top of the raw

data, and print the

Use curve tting toolbox
to obtain function coef-
cients, R 2, and RMSE

Plot developments
over time or pressures

function coef cients

Calculate piston displace-
ment, chamber volume
change, piston face pressure,
and bulk modulus change

l

Create tables contain-
ing raw experimental
data and processed de- —
rived quantities and save
these as external text les

Print results and dis-
play data as gures

]

Figure 6.3: structure for the MATLAB program for data processing of the bulk modulus of Dansukker light sugar syrup
and Molykote at room temperature.

The code then extracts columns from the input le and separates them into time, externally ap-
plied pressure, piston position, and piston face pressure data for each time step. Subsequently,
the program de nes static input data consisting of the piston diameter and the piston surface area
in contact with the uid as A = p (d=2) 2, assuming the piston and container are in nitely stiff.
Additionally, the amount of uid in the syrup and the Molykote test is de ned.

The amount of syrup used in the test setup is measured to be 75cm?® using a measuring cup. This
parameter will be used as an initial syrup volume. For the Molykote, the amount of uid is weighted
to be 48.8 g, for which an initial volume can be calculated using the density, as

V=— (6.1)

where m is the Molykote mass, r is the Molykote density. The latter is obtained from the manufac-
turer to be within a range of 0.97gcm 2 to 1.0gcm?3 . As such, a Molykote volume range estimate
is calculated, and the input parameters for the data processing and data for piston, syrup, and
Molykote are collected in Table 6.8.

Parameter Value
Syrup volume 75cm?3
Mass Molykote 48.89g
High density Molykote 1.0gcm 3

Low density Molykote 0.97gcm 8

High volume Molykote 48.800cm 3
Low volume Molykote 50.309cm 3
Piston diameter 50 mm
Piston area 1963.5 mnt

Table 6.8: Input parameters for the bulk modulus data processing. Syrup volume and Molykote mass are measured
guantities; Molykote density is speci ed by the manufacturer; and the piston diameter is measured on the bulk modulus
test setup.

Section 4.3.4 on page 34 describes the bulk modulus as the uid's resistance to compression and, as
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such, depends on the changes in displacement, volume, and pressure. The raw experimental data
give a piston position at a given time. This quantity needs to be converted to a piston displacement,
u, which is done by subtracting the rst position data point from all measured positions, seen by

u=Xxp X (6.2)

where Xg is the initial measured piston position, and u and x are the instantaneous piston displace-
ment and position at each increment, respectively. An increase in displacement over time indicates
that the uid volume is decreasing as pressure increases.

The change in chamber volume is obtained by taking the volume differential as computed based on
the instantaneous displacement

DV = uA (6.3)

where u is the piston displacement, and A is the piston area. Finally, the change in pressure is
obtained by subtracting the initial value from the instantaneous piston face pressure, as seen by

DP=p po (6.4)

where p is the instantaneous piston face pressure, and  is the initial measured piston face pressure,
for a given applied pressure onto the load cell.

By having calculated the derived quantities of displacement, volume, and pressure changes, the
instantaneous bulk modulus is calculated, as

DP

where Vj is the initial volume of the uid of either syrup or Molykote. This method of calculating
the bulk modulus is known as the secant method, since the changes are approximated by differences
in pressure and volume rather than by differentials [55].

The various developments are plotted to aid evaluation for both materials. This comprises displace-
ment, external pressure, piston face pressure, piston position, and pressure change over time, and
is used as a sanity check of the developments. In addition, the bulk modulus as a function of piston
face pressure is plotted.

To obtain an expression to use as input for the theoretical single-vane model, the MATLAB Curve
Fitting Toolbox is used to estimate coef cients for a chosen mathematical form of the curve. For
this, a logarithmic model of the bulk modulus data is chosen, which necessitates the toolbox for
estimating the coef cients a and b. The tting function expression can be seen as

b=aln(p)+b (6.6)

The bulk modulus, b, is therefore calculated based on the estimated coef cients, a and b, and
pressure, p. This type of tting function is used based on the knowledge that the bulk modulus
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increases with increasing pressure up to a stagnation point, signifying that the material becomes
stiffer under compression.

The tting toolbox is an optimization tool that requires MATLAB to provide a starting point for the
coef cients, setto a =1 and b = 1, after which the toolbox can calculate t-quality measures such as
the coef cient of determination, R 2, and root mean square error (RMSE). The code is used for both
syrup and Molykote, and the tted logarithmic curves are plotted over the measured data points to
assess the t. Any invalid data is removed prior to tting, as a safety measure, since pressure and
bulk modulus must be non-negative and not in nity for logarithmic plotting. The tted parameter
coef cients and quality metrics are then displayed.

The program nalizes by creating a table for syrup and Molykote and exporting it as a text le
containing raw experimental data of time, external pressure, piston position, piston face pressure,
along with calculated quantities of displacement, volume change, pressure difference, and bulk
modulus.

6.4 Motion Testing Combined with Dry Friction Testing

This section describes the data processing for the motion test and the dry friction. As such, the
process of retrieving data in the program Tracker, extracting motion regions of interest for analysis,
and determining the experimental and theoretical damping performance using a MATLAB program
is described.

6.4.1 Overall Data Processing Structure

The overall structure of the motion test data processing comprises collecting results from viscosity,
bulk modulus, and dry friction tests in a single MATLAB program that calculates the damper's

experimental and theoretical damping performance based on experimentally observed data, theo-
retical equations, and developed models. Figure 6.4 illustrates the overall motion test processing.

Load text les into data
Process and convert record-

Record motion testing

ing of motion testing into
text les with angular
velocity and acceleration

processing program
along with viscosity,
bulk modulus, and dry
friction experimental data

De ne which damper
con guration to process

Save experimental and
theoretical damping perfor-
mance as external text les

le——o

Plot experimental and theo-
retical results and compare
results with error analysis

Process experimental and

theoretical damper perfor-

mance, Gxp, and Georetical
based on valid data

Process the respective mo-

tion text le, by smoothing
the data and choosing a

valid experimental segment

Figure 6.4: Structure for the overall MATLAB program for data processing of the motion of a damper con guration,
consisting of creating motion text les in an external program, which is input to the motion testing MATLAB program,
which processes experimental data to obtain a theoretical and experimental response of the damper con guration.

The gure shows the motion test being recorded rst. This is described in Section J.3 on page 176,
which outlines the motion test protocol, comprising the complete motion from initiation to end
stop, recorded with a phone camera in slow motion at 1080p 240 fps. Video data processing must
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be completed before analyzing the damper performance. To do so, the recording is imported into

the program Tracker for processing and to obtain the angular position, velocity, and acceleration
over the course of the video. In the Tracker program, after the video is imported, the frame rate is

set to match the phone's settings, and the number of frames to analyze is chosen. A point mass in
the center of the rotating disc is tracked for the complete motion, and this is chosen as the reference
frame for another point mass, which is placed near the edge of the rotating disc, as shown in Figure

6.5, which shows the software.

Figure 6.5: Screenshot of the Tracker program for analyzing motion in videos.

The red dots in the gure illustrate tracked points during the video recording. When all data points

of the speci ed point mass near the edge are tracked and localized using a moving center reference
point, the program retrieves angular position, velocity, and acceleration data, expressed in radians.
The extracted video data is then exported from the program to a text le and saved for processing
in the MATLAB motion test program.

The MATLAB program consists of a single main program and various function les. The aim of
the code is to assess the comparison of experimental and theoretical damping performance using
both experimental data of material properties and motion. The overall data processing structure is
as follows: the program initializes by clearing all previous data, obtains the damper's con guration
and the externally applied load, loads the experimental damper motion le and viscosity data,
and dry friction torque, T .. To assess the experimental damping performance, the experimental
motion data le is stripped to retain only valid angular velocity and acceleration data. This valid
segment of the motion is used to obtain the angular velocity. This, along with the externally applied
mass and the dry friction torque, T ¢, is used to assess the experimental damping performance, Gxp.
Subsequently, the theoretical response is processed. Depending on the type of damper, different
methods are used to obtain this. Common to both methods is that, based on the valid segment of
motion, the shear rates and appropriate viscosity values are obtained. The shear-gap model takes
viscosity and damper geometry as inputs, whereas the single-vane damper model requires solving
a hydraulic model. Descriptions of the MATLAB implementations for these will be described in
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Sections 6.4.3 on page 61 and 6.4.4 on page 61. Subsequently, an error analysis is conducted between
the theoretical and measured responses. The program nalizes by creating les and saving the
processed results.

6.4.2 Implementation in MATLAB

A MATLAB program is developed for the complete data processing of motion analysis, both the-
oretically and experimentally. This program consists of a main le and appurtenant functions, as
seen in Appendix K.3 on page 178. A structure of the main program is shown in Figure 6.6.

De ne test type, test
number, damper con-
guration, and uid
properties as input

Import experimental
motion le and vis-
cosity data as input

De ne automatic detection
settings and output le
names and saved locations

Calculate instantaneous
damping coef cient for
both raw and valid data,
and mean damping co-
ef cient for valid data

De ne externally applied
torque, Tapplies based on
the test type and number

Create new, cleaned data,
based on the old, raw data

Calculate instantaneous
shear rate for both raw and
valid data, and compute
the mean values thereof

Select the viscosity value
based on the mean shear
rate via function calling

Detect valid motion window
via function calling and
extract raw and valid
results from function

Calculate the theoreti-
cal damping coef cient

Conduct error analy-
sis of the experimental
and theoretical damp-

ing coef cient values

Create tables for both

processed and cleaned
data and save these
as external text les

sto Print results and dis- Create su(;nmary sf anal-
p play data as gures ysis and save this as

an external text le

Figure 6.6: Overall structure for the MATLAB program for data processing of the motion of a rotary damper.

As shown in the gure, the main program is initialized by de ning the test type and number, as well

as the damper con guration, which speci es the dimensions and gap sizes to be analyzed. The test
type signi es whether the tests to analyze are in the preliminary or in the main test campaign, and
the test number signi es what externally applied mass is used on each string end, which can be seen
in Table 6.7 on page 51. Moreover, it includes Earth's gravity, the lever arm of the externally applied
mass, and whether the damper has been lled in a vacuum chamber, which is de ned in the function
"get test con guration". Furthermore, the dry friction torque is an additional input, calculated in
the function "get dry friction torque". This is determined using the protocol for recording the dry
friction torque, T ¢, stated in Section J.2.1 on page 175, at which initial motion occurs. The input
value for each con guration is the average of the two read T  values from the lever arm at 50 mm
and 100 mm.

The program, moreover, reads text les containing experimental motion data retrieved from Tracker
for a rotational damper recording, as well as mean viscosity at given shear rates for both 20 C
and 25 C. For tests within the main test campaign, the test temperature is read from the motion
data le; for tests within the preliminary test campaign, the temperature is set to 25 C, as test
temperature recording is not part of the preliminary test campaign. The test temperature is used to
retrieve a temperature-interpolated viscosity value from the experimentally determined values at a
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later point in the program.

The externally applied torque is calculated based on the test number being analyzed, and can be
seen as

Tapplied= 2MQAr setup (6.7)

where m, g, and rsewup are the externally provided mass, Earth's gravitational acceleration, and
lever arm of the applied mass, respectively, where the negative sign is due to the moment's sign
convention. The respective mass for each test is listed in Table 6.7 on page 51. Moreover, a set of
detection settings is de ned, which are values that aid in automatically detecting the useful motion
interval to analyze, and these are obtained by iteration.

After retrieving the motion data and de ning the detection settings, the program calls a function
to detect the valid motion segment. This function, denoted "detect valid motion window," takes
raw measured time, angular velocity, and acceleration signals from the motion data and uses the
detection settings as input to evaluate the data. The function automatically detects the valid motion
interval and helps avoid regimes of motion affected or dominated by factors other than steady
motion. Appendix K.3.1 on page 179 describes this function in more detail.

The different regimes of motion can be categorized into start-up, steady motion, and end regime.
The rst category comprises the initiation phase following mass release, during which external

torque is induced. Noise and other effects, such as slack or vibrations, could occur, which is un-
desirable for classifying damping performance based on the damping coef cient. The next stage is
the steady motion regime. This is the main part, where the assumption of no acceleration holds,
ensuring the damper's rotation remains steady. As such, the assumed equation of motion is

where J is the system inertia, and q is the damper acceleration. Taking Newton's second law for
rotation for no acceleration, & T = 0, therefore, yields the applied torque in the motion tests as

Tapplied= Tviscoust SIGN(W)T¢ (6.9)

where TappiiediS the externally applied torque, T yiscousiS the viscous torque by the uid, and T ¢ is
the dry friction torque due to the Coulomb friction in the damper assembly. The viscous torque can
be written as

Tiscous= CW (6.10)

where c is the damping coef cient, and w is the angular velocity. The last category is the end regime,
which is close to and includes motion stop. This means that near-zero velocities are present, and
the relative in uence of friction and thereby noise is increased. As such, this motion regime is also
deemed undesirable.

Because the model assumes no acceleration, the start-up and stop regimes are excluded from the

Page 59 of 183



total motion to obtain a clear, steady signal for analysis. The function uses automatic detection set-
tings to smooth the signals of angular velocity and acceleration, identify regions where the angular
velocity magnitude exceeds a chosen threshold, retain the longest continuous motion segment, and
remove strong start- and end-acceleration transients. Lastly, the function further excludes start and
stop points by using a buffer at both ends to be conservative. The resulting motion segment is
the valid segment, where Equation (6.8) is deemed true. After de ning the valid motion segment
using the function, the main program extracts the valid data for angular position, velocity, and
acceleration, and shifts the time so that a cleaned le with a start time at t = 0 can be produced.

Based on this, the instantaneous experimental damping coef cient is then calculated. The expression
is found by substituting Equation 6.10 into Equation (6.9), and isolating the damping coef cient,
yielding

_ Tapplied T c Sign(W)

Cexp= W (6.11)

This instantaneous calculation is done for both valid and raw data for plotting purposes. Subse-
guently, a mean value for the valid data is found, which is the experimental result.

The instantaneous shear rate is next calculated at each increment for both valid and raw data. This
shear rate is calculated using a function that rst evaluates which damper type is being analyzed.
How these are determined will be described in Sections 6.4.3 and 6.4.4. To obtain the appropriate
viscosity, a single shear rate value must be provided as input to the viscosity function. To do so, a
mean shear rate value is computed for the valid data. The main program calls a function denoted
"build test viscosity curve", which builds a single viscosity curve for the given tested temperature.
This is done by calling the function "viscosity from shear temperature”, which takes the raw ex-
perimental data from the viscosity tests as input, linearly interpolates them, based on shear rate
and temperature between 20 C and 25 C, and outputs an appropriate viscosity curve for the given
test temperature. By doing this, a table lookup is created for the given test and associated test
temperature.

Given a single viscosity value, the theoretical damping coef cient is calculated. Sections 6.4.3 and
6.4.4 will describe the theoretically obtained shear-gap and vane damper coef cients, respectively.
As such, the motion program calculates the theoretical damping performance, nds a mean value,

and uses it to analyze the errors between the experimentally and theoretically determined damping

coef cients. The error analysis comprises the absolute and relative error between the experimental
and the mean theoretical damping coef cient.

The code nalizes by writing motion tables of the processed data and saving them as text les.
Moreover, post-processing variables are printed, and interpolated viscosity, angular position, veloc-
ity, and acceleration for raw and smoothed data are plotted, along with experimental and theoretical
damping coef cients. For the vane model, additional plots are generated.
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6.4.3 Theoretical Shear-Gap Damping Coef cient Determination

This section will elaborate on the function developed for the shear-gap damper model within the
MATLAB motion testing program. The function is a subprogram within a model that processes
theoretical and experimental results for a given type of damper. As such, the main le can be
accessed in Appendix K.3 on page 178, along with appurtenant functions.

Prior to obtaining the theoretical damping, Section 6.4.2 describes an instantaneous shear rate being
calculated. For the shear-gap damper, the equation for obtaining the shear rate is done for two
circular surface areas as

2w;r2
gi= 5 — (6.12)
rOut r drum

where g is the shear rate calculated based on the angular velocity, w, for the i'th increment. The
dimensions rqy and rgym are damper-speci ¢ and correspond to the radii of the internal housing
wall and the drum, respectively. This equation is derived in Appendix D.5 on page 127, by taking
the partial derivative of the velocity with respect to the radius of Equation (4.5). Equation (6.12) is
calculated for raw and valid data, for plotting purposes. The shear rate value is needed to obtain the
appropriate uid viscosity, which for preliminary tests is m = m( g), and for main tests m = mg, T).

Inspecting the main program structure seen in Figure 6.6, the shear-gap submodel structure shown
in Figure 6.7 is within the "calculate the theoretical damping coef cient" box for processing the
theoretical damping coef cient, ¢ neory, for a shear-gap damper

Function call for theo-

Function call for the-
oretical response

Read the damper type
as 'sheargap’ as input

retical damping, taking
viscosity and damper
geometry as input

Calculate viscous torque,

Calculate theoretical

Tyisc: and viscous and
resistive torque, Tiheory

B

Figure 6.7: Substructure for the MATLAB program for the shear-gap damper model.

Print results ~ damping coef cient, C theory

As shown in the gure, the calculation of the theoretical damping coef cient for shear-gap dampers
begins by calling a function that evaluates the test-type variable de ned for the given test. Within
the function, another function is called to determine the theoretical analytical damping coef cient,
Ciheorys fOr @ given viscosity and damper dimensions. The function determines the coef cient by
calculating Equation (4.14), derived in Section 4.2 on page 19. By having obtained the theoretical
damping coef cient, the viscous torque is determined as Equation (6.10), and the theoretical torque
as Equation (6.9). The main program then prints and saves the result.

6.4.4 Theoretical Vane Damping Coef cient Determination

This section will elaborate on the function developed for the vane damper model within the MAT-
LAB motion testing program. The function is a subprogram within a model that processes theoret-
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ical and experimental results for a given type of damper. As such, the main le is in Appendix K.3
on page 178, along with the appurtenant functions.

Prior to obtaining the theoretical damping, Section 6.4.2 describes an instantaneous shear rate being
calculated, which is needed to obtain appropriate uid viscosity. For the single-vane damper, the
eqguation for obtaining the shear rate is

l'vane

gi=w (6.13)

i
lout I' vane

where g is the shear rate calculated based on the angular velocity, w, for the i'th increment. The
dimensions ryane and rqy; are damper-speci c. The equation is an estimate based on a narrow-gap
model using the tip speed. This equation is derived in Appendix E.6 on page 144, by taking an
offset in a Couette-like ow. Shear rates are calculated from raw and valid data for plotting, and a
mean value is used to obtain an appropriate uid viscosity, which for preliminary testsis m = m( g)
and for main tests m=mg@, T).

Inspecting the main program structure seen in Figure 6.6, the vane submodel structure shown
in Figure 6.8 is within the "calculate the theoretical damping coef cient" box for processing the
theoretical damping coef cient, ¢ eory, for a vane damper.

Call all model parameters

Function call for the theo-
retical response, and read
the damper type as 'vane'

Function call for the

theoretical damping,

taking viscosity and
damper geometry as input

for uid properties, test
temperature, gap and
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steps and state vectors for

each solver evaluation,  |«—
and use for postprocess-

Run ODE15s solver
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to stop the simulation
if the angular limits are

ing and storing results
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Align measured angle
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de ne a time span for
the numeric simulation

Function call to calcu-
late the individual and
total ow and store re-
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viscosity, and Reynolds
number at each time step

Function call to calculate
—= the damping coef cients,
based on the ow mode

Print results and
display data

e

Figure 6.8: Substructure for the MATLAB program for the vane damper model.

As seen in the gure, the calculation of the theoretical damping coef cient for the vane damper
begins by calling a function that evaluates the test-type variable de ned for the given test. Within
the function, another function is called to determine the theoretical damping coef cient, ¢  theory, for
a given viscosity and damper dimensions. The called function is a theoretical vane model sub-
program, based on the previous model development in Section 4.3 on page 22. This subprogram
determines the angular displacement and velocity by solving a four-state numerical model, calcu-
lates the ow in each path, evaluates the Reynolds number for each path, and determines damping
performance in terms of the damping coef cient, depending on the hole ow regime, if present. In
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the following, the subprogram for the vane model is explained in more detail.

Vane Subprogram Initialization

As stated before, the main vane subprogram models the angular displacement and velocity of a
rotary VFD and is initiated by calling a separate function that de nes additional parameters and
values beyond those needed for the shear-gap model. This comprises additional uid parameters,
damper geometry, and volumes of solids and chambers. Moreover, ow path dimensions are de-
ned for all present ow paths, along with the critical Reynolds number, initial conditions, model
mode, simulation settings, mechanical properties such as system inertia, and limitations on angular
displacement imposed by the damper con guration. The model mode is a parameter for the hole
and is set to linear, ori ce, or auto. The linear mode corresponds to the Hagen-Poiseuille ow theory,
and the ori ce mode uses the ori ce equation as theory. In the auto mode, the program determines
the ow theory based on the Reynolds number. Moreover, the dry friction torque, T ¢, and the ex-
ternal torque, Tappiied are extracted for the given damper con guration and test number, as in the
shear-gap model.

Model Setup and Numerical Solver

The model is solved in state space using ODE15s for the four states in the system, seen as

8
3

I/ ©
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(6.14)
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where X is the state vector, containing the states of angular displacement and velocity of the rotation,
and system pressures, p and p,. The ODE15s solver is used, as it is preferred for stiff problems
[58]. A model can become stiff for coupled systems with different time scales, such as hydraulic
and mechanical systems. The hydraulic system comprises pressure dynamics that can scale faster
than those of the mechanical system for angular motion.

To start the solver, an initial state vector is de ned. This contains the initial conditions for the
angular displacement and velocity, q o and wo, which are set to Orad and Orads? , respectively, by
default. The program, however, evaluates the rst raw angular displacement and velocity from the
experimental data, and uses that as initial conditions for q ¢ and wy if they are within the geometric
limits of the damper. This is done to obtain the correct initial conditions for comparison and, as
such, aims to reduce any initial transient mismatch between experimental and theoretically modeled
states. Moreover, p o and p, o are the initial pressures in chambers 1 and 2, which are setto 1 10 Pa,
approximating the atmospheric pressure on Earth. These values are chosen as there is no initial
pressure buildup in the damper.

Once the initial state vector has been de ned, the ODE15s solver is used to integrate the dynamic
ordinary differential equations (ODES) over a speci ed time span, with speci ed solver options.
As a result, the state vector is updated at each time step. The chosen time span for the vane
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model is set to match the experimental test time range. This is done to avoid a mismatch between
the experimental and theoretical models, as was done with the initial angular displacement and
velocity. The ODE solver settings utilized include relative and absolute tolerances, as well as a
function, denoted "damper events", that stops the simulation when the vane reaches its limit points,
de ned as reaching qmin, and gmax, Of which the latter is de ned in Section 4.3.1 on page 23 as
Equation (4.15).

Using the solver, the function "damper ode" is called to solve the coupled ODEs. It extracts the states
from the state vector containing the angular displacement, angular velocity, and pressures 1 and 2.
This is then used to calculate the volumes V1(q), V»(q), and V, the pressure difference Dp, and the
total ow from the various active ow paths at each integration step. The latter is done by calling
another function, denoted "ow Q12". Within this function, the choice of which ow theory to
utilize will depend on the Reynolds number for that speci ¢ ow. As such, both the uid viscosity

and the mean velocity along the characteristic length of the ow path are to be investigated.

Gap ow Contribution Determination

The ow function calculates the ow distributions for tip, top, bottom, and shaft-gap ows hy
evaluating the theory of plane Poiseuille ow, as derived in Appendix E.1 on page 129, and adds
the individual ow contributions to the total ow, Q  1o. The methodology can be seen in Figure 6.9.

Calculate Dp and my and

use thatto guess @ | | Calculate go —  Look up viscosity, m(g, T) ——{ Update Q, and calculate Re

Figure 6.9: Process of determining gap ow contributions within the function " ow Q12"

Based on the extracted statex, the pressure difference, Dp, is calculated. The plane Poiseuille ow
function uses the density and ow dimensions as input. It calculates an initial viscosity estimate,
ny, based on the lowest measured shear rate in the experimental viscosity data. These parameters
are used for the rst ow estimate of the pressure-driven ow, as

b
Qo = 7
12mL

Dp (6.15)

where b, g, and L are the width and length of the gap, and the length of the ow. The respective
parameters for b, g, and L are described for the various ow paths in Section 4.3.3 on page 28.
Knowing an estimate of the ow, the characteristic shear rate for the respective plane Poiseuille
ow path is calculated as

_ 6jQoj
go - bgz

(6.16)

which corresponds to the rst shear rate, see Equation (4.47). This shear rate value is then inserted
into a viscosity lookup table, interpolated for the given test temperature, and output as an updated
local viscosity. A new ow, Q, and, thereby, a new shear rate are calculated to obtain a nal viscosity
value. The Reynolds number for the given ow is calculated next, where the ow area is A = bg,
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where b and g parameters are ow dependent. The mean ow velocity is calculated by

Vmean= % (6.17)
where Q is the ow for the given ow path for a given area, A. Next, the Reynolds number is
calculated as

(6.18)
where r is the uid density, v mead is the absolute mean ow velocity, D j is the characteristic ow
diameter of the ow path, and m is the nal local ow viscosity. This equation is described in
Section 3.3.1 on page 15, as Equation (3.2), and the characteristic length for a noncircular geometry
is denoted as hydraulic diameter, for which an expression of this is found in Appendix E.2.2 on
page 135 to be 0, = 29, using a simpli ed notation for the gap distance, g, since this variable
changes notation depending on what ow is being calculated for. The values of the given ow,
shear rate, viscosity, and Reynolds number are then saved for later diagnostics and comparison
with the critical Reynolds gap value, and the individual ow is added to the total ow, Q 12 (see
Equation (4.34)).

The critical Reynolds number for the gap ows is chosen as a threshold to determine whether the
ow model is appropriate. For a fully developed circular ow path, a threshold value is usually
Reyit = 2300, where the ow transitions from laminar to a turbulent ow state [21, pp. 303-304].
However, since the ows for the various gaps are narrow and short ow paths, for which entrance,
exit, and nearby geometry changes affect the ow, and the ow theory being laminar, the critical
value for the gap ows is chosen to be Reit,gap = 1000, as a conservative choice. If the ow is close
to this value, it is visible in the diagnostics graphs generated by the post-processing function.

Hole Flow Contribution Determination

The hole ow initially follows the same methodology as the gap ow; however, different model
modes can be chosen, where the methodology varies. The different model modes are

* Linear signifying using Hagen-Poiseuille ow theory
« Ori ce signifying using the Ori ce equation as ow theory
« Auto signifying the chosen ow theory being based on the Reynolds number

The ow function follows the same steps as illustrated in Figure 6.9 until obtaining the nal Q,
where the program continues to evaluate the Reynolds number to further evaluate if the given
theory is appropriate.

As such, the ow path is calculated by a function that provides an initial viscosity guess based on
the minimum measured experimental shear rate to obtain a rst laminar ow estimate, Q o, which
is used to determine the mean velocity, v (see Equation (6.17)). The mean velocity is used as input
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to the characteristic tube shear rate, as

_ 4jvoj

. (6.19)

where vq is the rst estimate of the mean ow velocity, and r is the hole radius, as described in
Section 4.3.3 on page 28, Equation (4.49), and derived in Appendix E.4 on page 140. An updated
local viscosity is next obtained from the lookup table, and the laminar ow and velocity estimates
are updated accordingly. The Reynolds number is calculated using this velocity, and, depending
on the hole path model and ow Reynolds number compared to the critical value, the ow Q

is updated. This critical Reynolds number for the hole is set to Ret = 2000. This threshold is
closer to the usual transition region, while still conservative. This conservatism stems from the
transition number, Re = 2300, not being the exact value at which the ow transitions. By letting the
ow remain laminar until Re .t = 2000, no close-to-transition or transition ow is reached, thereby
ensuring the theory's assumptions of laminar ow are valid.

If the mode is set to auto, the calculated Reynolds number is compared with the critical ow value.
If the current value is above the critical value, the ow is updated by using the Ori ce equation for
the ow, thereby also updating the velocity, shear rate, viscosity, and Reynolds number accordingly.
If the Reynolds number is below the critical value, the ow is assumed to be laminar, corresponding
to the Hagen-Poiseuille ow theory for tubes. The program also allows the ow to be set to laminar
or turbulent by default, depending on the model mode, either linear or ori ce. If the model mode
is set to linear, then no update is needed, since the laminar ow estimate suf ces. On the contrary,
if the ori ce mode is chosen, then the ow is updated using the Ori ce equation (see Section 4.3.3
on page 28, Equation (4.45)) to signify a turbulent ow. Following a ow update, new values for
velocity, shear rate, viscosity, and Reynolds number are calculated and saved. Common to the
linear and ori ce modes is that the chosen ow theory remains constant throughout the simulation,
whereas this could occur in the primary mode, auto.

The aforementioned ow, Q, is calculated for a single hole. However, the function nalizes by
updating the ow, taking the number of holes into account, meaning that if multiple holes are
present, the ow is updated by using

Q = NQorne (6.20)

where N is the number of holes, and Q oneis the ow calculated for the ow pathway of a hole. This
multiplication is included in Equation (4.34), seen in Section 4.3.3 on page 28, for the total ow, Q.

Calculate State Contents for the Derivative State Vector

Subsequent to the "damper ode" calculating the ow, Q 1o, from a function call, the "damper ode"
calculates the rate of volume changes for both chambers, V, and V,, and calls the given bulk moduli

for the chambers, b; and b, by function evaluation, taking the pressures, p 1 and p, as input. It
then uses these values to state the pressure rise-rate equations, as seen in Section 4.3.4 on page 34
as Equation (4.50) to obtain p; and p».
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Following this, the torques in the system are calculated: the uid and externally applied torques,
Tsuig @nd Text. The uid torque is obtained as described in Section 4.3.5 on page 35, Equation (4.59),
and the externally applied torque as Equation (6.7). The net torque is found by subtracting the
resisting torque from the externally applied torque, as

Thet = Text T fluid (6-21)

which is then used to determine whether the system remains stuck, meaning whether T ¢ is below
or equal to the dry friction torque, T .. If it is below, then the states q and w are zero, whereas if it is
above it, then the program continues with calculating the accelerations, as seen by

W= % (6.22)

where J is the system inertia. The angular acceleration, w, is obtained from the notation of having
g = w. The program concludes by collecting a differentiated state vector, as seen by

8
3

INY/ ©

S o

(6.23)

©
=
W

p2 ’

As such, using ODE15s in the main subprogram of the vane damper, the solver calculates the
unknown states, *(t) = [q(t), w(t), p1(t), p2(t)] T, over a given time span with a set of initial conditions,
%0 = [0o, Wo, P1,0, P2,0] T- This is done by determining, at each time step, the rate of change of the four
currently estimated state variables in %. The current state variables, along with their rate of change,
are then used to advance the state and thereby obtain the state at the next time step. This state is
then used as the new estimate for the next iteration. Following this methodology, the state vector is
de ned for the entire time span.

Postprocessing and Diagnostics

The main subprogram function subsequently calls the "postprocess damper solutions" function to
postprocess the ODE solver's solutions. This includes storing variables at each time step for the
pressure difference, total ow, torques, individual chamber volumes and their sums, individual
ow contributions, shear rates, local viscosity for each ow, and Reynolds number. For each path,
the maximum Reynolds number is determined and compared with the critical Reynolds number to
estimate whether it is acceptable. Moreover, the ow imbalance of the pressure rise-rate equation is
kept for diagnostics.

Damping Coef cient Determination

The function "calc vane reduced damping coeff" takes an offset in Section 4.3.6 on page 36, and
calculates the linear conductances, Kip, Kiop, Kpottom and Kspaft@s seen in Equations (4.63) - (4.66),
and sums them up, as stated by Equation (4.62).
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Next, if the hole is enabled, both the Hagen-Poiseuille hole conductance, Kyole,Hagen Poisuille @nd the
ori ce constant, C g, are calculated. If the hole is not enabled, then both of these are set to zero, since
they do not contribute.

The next step is to choose the damping model based on the model mode. If the damping mode is
linear, the code processes the damping coef cients as

V2
CL = S

=— =0 (6.24)
Klin, total 2
which is Equation (4.76). On the contrary, if the mode is ori ce, then the code computes

Ve _ Ve

C G =— 6.25
. 2% (6.25)

- Kgap, total’
which are the Equations (4.79) and (4.85), respectively.

If the mode is auto, the code uses the post-processed ODE results for nding the maximum Reynolds
number and checks whether it exceeds the critical value. If the following is satis ed

R%ole, max> Recrit, hole (6-26)

then the program proceeds to the ori ce mode; otherwise, it proceeds to the linear mode.

The function concludes by storing the damping coef cients ¢ ; and ¢, the various conductances, the
ori ce constant, and the mode used for the damping coef cients.

The torque is calculated as seen by
T = cLW + Cojwijw (6.27)

where c; and c; are the respective damping coef cients, for a given angular velocity, w. If the vane
uses the laminar Hagen-Poiseuille ow, the ¢ » coefcient is zero, and the equation modi es the
torque equation, reducing it to that of Equation (6.10) in Section 6.4.2 on page 58.
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7 Results

This chapter presents the results of the main test campaign. First, the viscosity tests are presented,
followed by the bulk modulus, both conducted for syrup and Molykote. Next, the results of dry fric-
tion testing of the damper assemblies are presented. Lastly, the theoretical results for the shear-gap
and single-vane damper models are presented against experimental results at room temperature.
For the motion tests, testing with Molykote has not been performed; as such, no results are shown
for this.

7.1 Viscosity

This section presents the rheology experiment results for both syrup and Molykote. First, the syrup
experiment results conducted at room temperature, 20 C and 25 C are shown. Next, the same tests
are presented for Molykote.

7.1.1 Sugar Syrup

Figure 7.1 illustrates the viscosity as a function of shear rate for sugar syrup for 20 C for three
repeated tests, and mean and standard deviation thereof.
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Figure 7.1: Experimental results conducted for viscosity experiment 1, 2, and 3, for Dansukker light sugar syrup at20 C
for shear rates ranging from 0.1s to 100s! . The calculated mean of the three experiments is shown, along with a
standard deviation region.

The gure generally shows higher viscosity at low shear rates than at high shear rates, for all three
experiments. Exceptions to this are the rst data point for experiments 2 and 3. Experiment 2 shows
slightly higher values for the rst four data points than for the remaining data points. Moreover,
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the rst data point in experiment 3 is slightly lower than the second and third. After the third data
point, experiment 3 follows the same tendency as the other tests.

The standard deviation region is narrow across all tested shear rates, except for the rst four data
points in the initial stage, as noted above. Moreover, the mean values align with experiment 1
at lower shear rates, and align close to experiment 3 at higher shear rates. The values for each
calculated point, where the mean and the positive standard deviation are added, show somewhat
alignment with experiment 2 across shear rates, whereas those for each calculated point, where the
mean and the negative standard deviation are subtracted, align with experiment 3 at lower shear
rates. Moreover, the rst and last data point of the mean are 193.1Pas and 10.56 Pas, giving a
difference of 182.5 Pa's over the shear rate range of 0.1$ to 100s? .

Figure 7.2 illustrates the viscosity as a function of shear rate for syrup for 25 C for 3 repeated tests,
and mean and standard deviation thereof.
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Figure 7.2: Experimental results conducted for viscosity experiment 4, 5, and 6, for Dansukker light sugar syrupat25 C
for shear rates ranging from 0.1s® to 100s! . The calculated mean of the three experiments is shown, along with a
standard deviation region.

The gure generally shows higher viscosity at low shear rates than at high shear rates across all three
experiments. The region with the largest standard deviation occurs at the start of the experiment,
at lower shear rates, yet it is narrow across all tested shear rates.

The values for each calculated point, where the mean and the positive standard deviation are added,
show initially somewhat alignment with experiments 4 and 6 across shear rates, whereas the values
for each calculated point, where the mean and the standard deviation are subtracted, align with

experiment 5.

The mean values align with experiment 6 at lower shear rates, and align with all experiments at
higher shear rates. The rst and last data point of the mean are 257.2Pas and 6.86 Pas, giving a
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difference of 250.3 Pa's over the shear rate range of 0.1$ to 100s’ .

7.1.2 Molykote

Figure 7.3 illustrates the viscosity as a function of shear rate for Molykote for 20 C.

F T T ] EEEEE! T T—F T -T-T] T T ] B
i — +std. — std. mmmstd. region —mean | |
Exp. 7--- Exp. 8--- Exp. 9

100} p P p ]

w | ]
@

& 108} £

2 = ]

G N i

o L i

[&] t i
@

> 10} :

10t 1

Eo-r vl | | |- b -

101 1° 10t 107
Shear rate [s! ]
Figure 7.3: Experimental results conducted for viscosity experiments 7, 8, and 9 for Molykote high-vacuum grease at

20 C for shear rates ranging from 0.1s? to 100s! . The calculated mean of the three experiments is shown, along with
a standard deviation region.

The gure generally shows higher viscosity at low shear rates than at high shear rates, for all three
experiments. The standard deviation region is very slender at low shear rates, and then increases in
size at approximately shear rates from 4s? .

The values for each calculated point, where the mean and the standard deviation are added, show
alignment with experiment 8 until shear rates between 1 10's? to 2 10's! , where it shortly
aligns with experiment 9, and then switches to align with experiment 7 at the highest shear rates.
The calculated points, where the standard deviation is subtracted from the mean value, align closely
with experiment 9, then somewhat align with experiment 8 at high shear rates.

The mean value aligns with experiment 7 at lower shear rates until reaching a shear rate value of
5s! , after which the results for all of the experiments change rapidly in viscosity for the shear rate

values. The mean aligns with experiment 9 after 20s® and at high shear rates. The rst and last
data point of the mean are 23,636.6 Pas and 19.88 Pas, giving a difference of 23,616.72 Pas over the
shear rate range of 0.1s' to 100s?! .

Figure 7.4 illustrates the viscosity as a function of shear rate for Molykote for 25 C.
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Figure 7.4: Experimental results conducted for viscosity experiments 10, 11, and 12 for Molykote high-vacuum grease at
25 C for shear rates ranging from 0.1s? to 100s! . The calculated mean of the three experiments is shown, along with
a standard deviation region.

The gure generally shows higher viscosity at low shear rates than at high shear rates, for all three
experiments. At the beginning of the experiment, the standard deviation region is very slender,
then increases slightly in size as higher shear rates are reached.

The values for each calculated point, where the mean and the standard deviation are added, show
alignment with experiment 11 in the rst half of the experiment, and then align interchangeably
with experiment 10 and 11 in the second half of the experiment. The calculated points, where the
standard deviation is subtracted from the mean, align closely with experiment 10 in the rst two
decades, after which they switch to more closely match experiment 12 in the last decade.

The mean value closely aligns with experiment 12 in the rst two decades, after which it aligns
somewhat more with experiments 10 and 11, alternating between the two. The rst and last data
point of the mean are 21,571.44Pas and 22.75Pas, giving a difference of 21,548.69 Pas over the
shear rate range of 0.1s' to 100s? .

7.2 Bulk Modulus

This section presents the results of the compression test of syrup and Molykote. First, the syrup test
results conducted at room temperature in a chemistry laboratory are shown. Next, the same test is
presented for Molykote.

7.2.1 Sugar Syrup

Figure 7.5 illustrates the experimental deduced data points along with theoretical tting for a loga-
rithmic curve for Dansukker light sugar syrup at room temperature.
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Figure 7.5: Bulk modulus as theoretical response and as a tted function of pressure for Dansukker light sugar syrup,
conducted at room temperature.

The gure shows the experimentally processed results and the tted logarithmic function, b =
8.5561 In(p) + 3.1505. The tted curve follows the general trend of the experimental data: the bulk
modulus increases with pressure, with a steeper increase initially; however, the experimental data
points are only positive in magnitude for both the bulk modulus and pressure, whereas the tted
function is initialized with negative bulk modulus values. As the tted function crosses b = 0 MPa,
the tted function and experimental results are in alignment with each other. The coef cient of
determination, R 2, for this tis 0.96866, and the RMSE value is 0.98861.

7.2.2 Molykote

Figure 7.6 illustrates the experimental deduced data points along with theoretical tting for a loga-
rithmic curve for Molykote high-vacuum grease at room temperature.
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Figure 7.6: Bulk modulus as theoretical response and as a tted function of pressure for Molykote high-vacuum grease,
conducted at room temperature.
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The gure shows experimentally processed results and the tted logarithmic function, b =5.7191In  (p) +
2.8301. As the tted function crosses b = 0 MPa, the tted function and experimental results are
somewhat aligned with each other's values and pressure values, whereas the tted function is ini-
tialized with negative bulk modulus values. The tted function underestimates the bulk modulus

of the Molykote at pressures ranging from Obar to 1.1 bar, overestimates at pressures from 1.1 bar

to 5.1 bar, and then again overestimates at pressures from 6.2 bar to 9.2 bar. The coef cient of deter-
mination, R?2, for this tis 0.95787, and the RMSE value is 1.0931.

7.3 Dry Friction Testing

This section describes the results of dry friction tests, where Table 7.1 shows experimental results of
the dry friction torque, T ¢, for a given damper con guration for a force applied at two lengths, and
the average value between these.

Damper Type Damper Dry friction Dry Friction Average
con guration torque, 50 mm torque, 100 mm
1 0.11Nm 0.12Nm 0.1125Nm
shear-gap 2 0.07Nm 0.07Nm 0.07Nm
3 0.06 Nm 0.06 Nm 0.06 Nm
4 0.07Nm 0.07Nm 0.675Nm
Average 0.075Nm 0.08 Nm
5 0.13Nm 0.13Nm 0.1275Nm
6 0.07Nm 0.07Nm 0.0675Nm
7 0.12Nm 0.13Nm 0.1250Nm
8 0.15Nm 0.16 Nm 0.1550Nm
Vane 9 0.18Nm 0.17Nm 0.1725Nm
10 0.12Nm 0.12Nm 0.1200Nm
11 0.16 Nm 0.16 Nm 0.1575Nm
12 0.12Nm 0.11Nm 0.1125Nm
13 0.12Nm 0.12Nm 0.1200Nm
Average 0.1316 Nm 0.13Nm

Table 7.1: Dry friction testing for various damper con gurations of shear-gap and vane dampers. The values for the dry
friction torque in the two columns are rounded, whereas the last column, average, contains the exact values used as input
for the motion testing data processing program.

As the table shows, the applied force placement is at both 50 mm and 100 mm, which are the lever
arms for the torque, T.. A total of eight tests have been conducted for the drum shear-gap dampers,
and 18 for the single-vane dampers. All results fall within 0.06 Nm to 0.18 Nm.

The largest deviation between the two tests at the same damper con guration is observed for
dampers 1, 7, 8, 9, and 12; these all have absolute errors relative to each other of 0.01Nm. Ad-
ditionally, average values for the shear-gap and vane dampers for columns taken for 50 mm and
100 mm show absolute errors of 0.005N m and 0.0016 N m, respectively.
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7.4 Drum Shear-Gap Motion Test

This section will describe the results obtained by varying the drum radii for the drum shear-gap
damper while maintaining the same uid viscosity properties, inner shaft and outer housing radii,

and damper axial lengths. The tested dampers correspond to con gurations 1-4 in Table 6.6 on
page 51, and will be subject to tests 1 through 5, for which the corresponding masses for the
test number can be seen in Table 6.7 on page 51. For each test, a steady-state value is obtained
by averaging the valid angular velocity, then using that to determine a damping coef cient and,
thereby, the torque.

7.4.1 Damping Coef cient

Figure 7.7 illustrates the damping coef cients of shear-gap dampers with gap sizes of 2mm, 3mm,
4 mm, and 6 mm. The damper length, drum length and outer radius are 50 mm, 49.5 mm and 30 mm,
respectively.
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Figure 7.7: Theoretical and experimental damping coef cient response of shear-gap damper with 2mm, 3 mm, 4 mm,
and 6 mm gap, made with ve tests corresponding to ve externally applied masses. The temperature for con guration
1 varied 23.8 C to 24.0 C, for con gurations 2, 3, and 4 are constant at 24.1 C, 23.7 C, and 24.2 C, respectively.

The gure illustrates the experimental and theoretical damping coef cients as a function of the
angular velocity, w. The theoretical values are generally higher than the experimentally measured
values across all four con gurations. Moreover, the theoretical values are almost constant across
angular velocities, with a slight increase at higher angular velocities, whereas the experimental
curves either remain constant or decrease approximately linearly with increasing angular velocity.

For con guration 1, the experimental damping coef cient decreases with 0.1Nmsrad ! from 0.55
to 0.45 Nmsrad?® , whereas the theoretically determined damping coef cients for the same angular
velocity points increase with 0.004 Nmsrad 1 from 0.085 to 0.089 Nmsrad® . For con guration 2,
the experimental damping coef cient decreases with 0.17Nmsrad 1 from 0.62 to 0.45 Nmsrad?!
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whereas the theoretically determined damping coef cients for the same angular velocity points are
nearly constant from 0.066 to 0.067 Nmsrad® . For con guration 3, the experimental damping
coef cient decreases slightly with 0.004Nmsrad ! from 0.039 to 0.035 Nmsrad?® , whereas the
theoretically determined damping coef cients for the same angular velocity points are constant
from 0.056 to 0.057 Nmsrad! in the same interval. For con guration 4, the results for both exper-
imental and theoretical are the lowest among the shear-gap dampers, with experimental damping
coef cients behaving constantly with slight perturbations in between the values from 0.021 to 0.021
Nmsrad ! , whereas the theoretically determined damping coef cients for the same angular veloc-
ity points are constant from 0.037 to 0.038 Nmsrad?® .

7.4.2 Torque Performance

Figure 7.8 illustrates the torque performance of the shear-gap dampers with gap sizes of 2mm,
3mm, 4mm, and 6 mm. The damper length, drum length and outer radius are 50 mm, 49.5 mm and
30 mm, respectively.
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Figure 7.8: Theoretical and experimental torque response of shear-gap damper with 2mm, 3mm, 4 mm, and 6 mm gap,
made with ve tests corresponding to ve externally applied masses. The temperature for con guration 1 varied 23.8 C
to 24.0 C, for con gurations 2, 3, and 4 are constant at 24.1 C, 23.7 C, and 24.2 C, respectively.

The gure shows experimentally and theoretically determined resistive uid torque from ve tests
for four shear-gap dampers as a function of angular velocity, w. Across all dampers, the theoret-
ical value is higher than the experimentally determined torque. Moreover, it generally shows a
monotonic increase across all dampers.

For con guration 1, the experimental torque increases from 0.17 Nm to 0.39 N m, and the theoretical
increases from 0.25Nm to 0.76 N m. These are absolute increases of 0.22 Nm and 0.51 N m, respec-
tively. For con guration 2, the experimental torque increases from 0.21Nm to 0.42Nm, and the
theoretical increases from 0.22 Nm to 0.64 N m, giving absolute increases of 0.22Nm and 0.42Nm,
respectively. Moreover, as the angular velocity increases, the difference between experimental and
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theoretically determined torques increases. For con guration 3, the experimental torque increases

from 0.22 Nm to 0.44 Nm, and the theoretical increases from 0.31 N m to 0.70 N m, giving absolute
increases of 0.22Nm and 0.39 Nm, respectively. For con guration 3, the experimental torque in-

creases from 0.21Nm to 0.43Nm, and the theoretical increases from 0.36 Nm to 0.77 Nm, giving
absolute increases of 0.22 N m and 0.41 N m, respectively.

7.5 Single-Vane Motion Test

This section presents results obtained by varying the vane radius, the number of holes in the vane,
and the hole geometry, while maintaining the same uid viscosity, inner shaft and outer housing
radii, and damper axial lengths. The tested dampers correspond to con gurations 5-13 in Table 6.6
on page 51, and will be subject to tests 1 through 5, for which the corresponding masses for the
test number can be seen in Table 6.7 on page 51. For each test, a steady-state value is obtained by
averaging the valid angular velocity, which is then used to determine the damping coef cients and,
thereby, the torque. The results will be collected into responses with either a zero, an ori ce-like
hole, or a tube-like hole.

7.5.1 Damping Coef cients for Zero Holes in the Vane

Figure 7.9 illustrates the vane damping performance of damper con gurations 5, 8, and 11, corre-
sponding to tip gap sizes of 2mm, 3 mm, and 4 mm, with no holes in the vane. The damper length,
vane length, shaft radius, and outer radius are 50 mm, 49.5 mm, 10 mm, and 30 mm, respectively.
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Figure 7.9: Theoretical and experimental damping coef cient response of vane damper con gurations 5, 8, and 11 with
no hole in the vane. The tests are made with ve tests. The temperature for con guration 5 range from 23.8 Ct0 23.9 C,
con guration 8 range from 23.9 C to 24.0 C, and con guration 11 is constant at 24.0 C. For con guration 11, only four
tests are conducted due to the high angular velocity, tearing the test setup string.

The gure shows the experimental and theoretical damping coef cients from ve tests for three
vane dampers as a function of angular velocity, w. Con gurations 5, 8, and 11 all have zero holes
in the vane, and therefore only vary in the tip gap dimension. Generally, the theoretical values are
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higher than the experimentally determined ones, with either a decreasing or a constant trend. For
experimentally determined damping coef cients, the trends either increase, rst decrease, and then
remain constant, or remain completely constant.

For con guration 5, the experimental damping coef cient increases with 0.06 Nmsrad * from 0.23
to 0.29 Nmsrad?! , whereas the theoretically determined damping coef cient from the same angu-
lar velocity points decreases with 0.04Nmsrad * from 0.46 to 0.42 Nmsrad? . These values are
among the highest of the three dampers, and, moreover, the theoretically determined coef cients
are considerably higher than those of all others in the gure. For con guration 8, the experimen-
tal damping coef cient initially decreases and then remains constant from 0.23to 0.11 Nmsrad !,
whereas the theoretically determined damping coef cient from the same angular velocity points
exhibits the same tendency from 0.20 t0 0.14 Nms rad® . For con guration 11, both the experimen-
tal and theoretical damping coef cients remain constant and are the lowest among the three, for
which the experimental initiates from 0.054Nmsrad * and decreases to 0.049Nmsrad , and the
theoretical ranges from 0.069 to 0.063 Nmsrad® .

7.5.2 Damping Coef cients for Single Ori ce Hole in the Vane

Figure 7.10 illustrates the vane damping performance of damper con gurations 6, 9, and 12, corre-
sponding to tip gap sizes of 2mm, 3mm, and 4 mm, with a single ori ce-like hole in the vane. The
damper length, vane length, shaft radius, and outer radius are 50 mm, 49.5 mm, 10 mm, and 30 mm,
respectively.
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Figure 7.10: Theoretical and experimental damping coef cient response of vane damper con gurations 6, 9, and 12 with
a single ori ce-like hole in the vane. The tests are made with ve tests. The temperature for con guration 6 range from
23.9 Cto 24.0 C, con gurations 9 and 11 are constant at 24.0 C. For con guration 12, only four tests are conducted due
to the high angular velocity, tearing the test setup string.

The gure shows the experimental and theoretically determined damping coef cients for dampers
with an ori ce-like hole in the vane. Generally, the results align between the experimental and
theoretical, with the highest deviation occurring for con guration 6 at lower angular velocities,

Page 78 of 183



whereas the lowest deviation is observed for con guration 12.

For con guration 6, the experimental damping coef cient decreases from 0.25 to 0.19 Nmsrad !,
whereas the theoretically determined damping coef cient from the same angular velocity points is
generally lower and decreases slightly from 0.14 to 0.13 Nmsrad ! . This gives absolute changes
of 0.06 Nmsrad! and 0.01Nmsrad? . For con guration 9, the experimental damping coef cient
increases slightly from 0.046 to 0.077 Nmsrad® , whereas the theoretically determined damping
coef cients from the same angular velocity points are higher than the experimental ones, and re-
mains constant with values from 0.085 to 0.080 Nmsrad ! . These give changes of 0.031 Nmsrad
and 0.005Nmsrad! . For con guration 12, the smallest change in values, and the most simi-
lar experimental and theoretical tendencies are obtained. The experimental damping coef cient
remains approximately constant with a slight increase in values from 0.056 to 0.060 Nmsrad b
whereas the theoretically determined damping coef cient from the same angular velocity points
shows lower values, which slightly decrease from 0.050 to 0.047 Nmsrad ! . The absolute changes
are 0.004Nmsrad! and 0.003Nmsrad?

7.5.3 Damping Coef cients for Single Tube Hole in the Vane

Figure 7.11 illustrates the vane damping performance of damper con gurations 7, 10, and 13, cor-
responding to tip gap sizes obtained are 2 mm, 3mm, and 4 mm, with a single tube-like hole in the

vane. The damper length, vane length, shaft radius, and outer radius are 50 mm, 49.5 mm, 10 mm,
and 30 mm, respectively.
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Figure 7.11: Theoretical and experimental damping coef cient response of vane damper con gurations 7, 9, and 13
with a single tube-like hole in the vane. The tests are made with ve tests. The temperature for con guration 7 range
from 23.9 Cto 24.0 C, con guration 10 range from 24.0 C to 24.1 C, and con guration 13 is constant at 24.0 C. For
con guration 13, only four tests are conducted due to the high angular velocity, tearing the test setup string.

The gure shows the experimental and theoretically determined damping coef cients for dampers
with a tube-like hole. Generally, the results align between the experimental and theoretical, with the
highest deviation occurring for con guration 7 at lower angular velocities, whereas lower deviations
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occur throughout all tests for con gurations 10 and 13 than for con guration 7.

For con guration 7, the experimental damping coef cient increases from 0.16 to 0.22 Nmsrad !,
whereas the theoretically determined damping coef cient from the same angular velocity points
decreases from 0.32 to 0.30 Nmsrad . As such, the theoretical values are higher than the experi-
mentally determined values. For con guration 10, the experimental damping coef cient decreases
and then remains constant from 0.14 to 0.1 Nmsrad ! , whereas the theoretically determined damp-
ing coef cient from the same angular velocity points remains nearly constant from 0.14 to 0.12
Nmsrad ! . At the lowest angular velocity, the experimental and theoretical values align, whereas
at higher angular velocities, the theoretical coef cients are slightly higher than the experimental. For
con guration 13, both the experimental and theoretical damping coef cients remain approximately
constant. The experimental values range from 0.08 to 0.06 N msrad® , whereas the theoretically
determined damping coef cient from the same angular velocity points ranges from 0.07 to 0.06
Nmsrad ! . The discrepancy is small, especially at higher angular velocities.

7.5.4 Torque Performance for Zero Holes in the Vane

Figure 7.12 illustrates the torque performance of vane damper con gurations 5, 8, and 11, corre-
sponding to tip gap sizes of 2mm, 3mm, and 4 mm, with no holes in the vane. The damper length,
vane length, shaft radius, and outer radius are 50 mm, 49.5 mm, 10 mm, and 30 mm, respectively.
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Figure 7.12: Theoretical and experimental torque response of vane damper con gurations 5, 8, and 11 with no hole in
the vane. The tests are made with ve. The temperature for con guration 5 range from 23.8 C to 23.9 C, con guration
8 range from 23.9 C to 24.0 C, and con guration 11 is constant at 24.0 C. For con guration 11, only four tests are
conducted due to the high angular velocity, tearing the test setup string.

The gure shows experimentally and theoretically determined resistive uid torque from ve tests
for three vane dampers as a function of angular velocity, w. Across all dampers, the theoretical
values are higher than the experimentally determined ones, with a single exception of the rst data
point for con guration 8.

For con guration 5, the experimental torque increases from 0.15Nmsrad ! t0 0.37Nmsrad?,
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and the theoretical increases from 0.30 N m to 0.53 N m, giving absolute increases of 0.22Nm and
0.23Nm, respectively. For con guration 8, the experimental torque increases from 0.12Nmsrad *
to 0.34Nmsrad?! , and the theoretical increases monotonically from 0.11Nm to 0.44 Nm, giving
absolute increases of 0.22Nm and 0.33Nm, respectively. Initially, the rst theoretical point is
slightly lower than the experimental value, after which all the theoretical values are higher than the
experimental ones. The lowest discrepancy, however, occurs at lower angular velocities. For con-
guration 11, the experimental torque increases from 0.12Nmsrad ! to 0.28Nmsrad?® , and the
theoretical increases from 0.15Nm to 0.36 N m, giving absolute increases of 0.16 Nm and 0.21 N m,
respectively.

7.5.5 Torque Performance for Single Ori ce Hole in the Vane

Figure 7.13 illustrates the vane torque performance of damper con gurations 6, 9, and 12, corre-
sponding to tip gap sizes of 2mm, 3mm, and 4 mm, with a single ori ce-like hole in the vane. The
damper length, vane length, shaft radius, and outer radius are 50 mm, 49.5 mm, 10 mm, and 30 mm,
respectively.
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Figure 7.13: Theoretical and experimental torque response of vane damper con gurations 6, 9, and 12 with a single

ori ce-like hole in the vane. The tests are made with ve tests. The temperature for con guration 6 range from 23.9 C
to 24.0 C, con gurations 9 and 11 are constant at 24.0 C. For con guration 12, only four tests are conducted due to the

high angular velocity, tearing the test setup string.

The gure shows experimentally and theoretically determined resistive uid torque from ve tests
for three vane dampers as a function of angular velocity, w. Across all dampers, the experimental
values are higher than the theoretical values for con gurations 6 and 12, whereas they are lower
than the theoretical values for con guration 9.

For con guration 6, the experimental torque increases from 0.21 Nmsrad ! to 0.43Nmsrad?,
and the theoretical increases from 0.12Nm to 0.29 N m, giving absolute increases of 0.22Nm and
0.17 N'm, respectively. For con guration 9, the experimental torque increases from 0.11Nmsrad *
t00.33Nmsrad? , and the theoretical increases from 0.19 N m to 0.34 N m, giving absolute increases
of 0.22 N m and 0.15 N m, respectively. The theoretical torque is higher than the experimental torque
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at lower angular velocities, whereas the two curves align more closely at higher angular velocities.
For con guration 12, the experimental torque increases from 0.17Nmsrad ! t0 0.33Nmsrad*? ,
and the theoretical increases from 0.15N m to 0.26 N m, giving absolute increases of 0.16 Nm and
0.11 N'm, respectively. The experimental torque is higher than the theoretical one, with a higher
discrepancy at higher angular velocity.

7.5.6 Torque Performance for Single Tube Hole in the Vane

Figure 7.14 illustrates the vane torque performance of damper con gurations 7, 10, and 13, corre-
sponding to tip gap sizes of 2mm, 3mm, and 4 mm. The damper length, vane length, shaft radius,
and outer radius are 50 mm, 49.5 mm, 10 mm, and 30 mm, respectively.
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Figure 7.14: Theoretical and experimental torque response of vane damper con gurations 7, 10, and 13 with a single
tube-like hole in the vane. The tests are made with ve tests. The temperature for con guration 7 range from 23.9 Cto
24.0 C, con guration 10 range from 24.0 Cto 24.1 C, and con guration 13 is constant at 24.0 C. For con guration 11,
only four tests are conducted due to the high angular velocity, tearing the test setup string.

The gure shows experimentally and theoretically determined resistive uid torque from ve tests

for three vane dampers as a function of angular velocity, w. Across all dampers, torque increases
with angular velocity; moreover, the theoretical values are higher than the experimental values for
con gurations 7 and 10, whereas those for con guration 13 are lower than the experimental values.

For con guration 7, the experimental torque increases from 0.15Nmsrad ' to 0.33Nmsrad?,
and the theoretical increases from 0.31 N m to 0.51 N m, giving absolute increases of 0.18 Nm and
0.2 N'm, respectively. For con guration 10, the experimental torque increases from 0.16 Nmsrad *
to 0.38Nmsrad?® , and the theoretical increases from 0.16 Nm to 0.49 N m, giving absolute increases
of 0.22Nm and 0.33Nm, respectively. Both the experimental and theoretical values start at the
same value; however, as the angular velocity increases, the theoretical value increases faster than
the experimental. For con guration 13, the experimental torque increases from 0.16 Nmsrad ! to
0.32Nmsrad? , and the theoretical increases from 0.13Nm to 0.33 N m, giving absolute increases
of 0.16 Nm and 0.2 N m, respectively. The experimental curve initiates at higher values; however, at
higher angular velocities, the discrepancy decreases.
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8 Discussion

This chapter will discuss the methods used and the obtained results. First, the existing viscous
damping methods and the reasons for selecting or rejecting them are discussed, followed by the
results of the main test campaign. Next, the motion test results are discussed. Next, the data
processing of experimental and theoretical results is presented, including data conversion from
motion to data points, processing of dry friction torque, experimental processing of motion, and
lastly, material parameterization. Upon nalizing the results, a real damping mechanism for space
applications is compared to a simple demonstrator damper for damping performance.

8.1 Viscous Damping Methods

To investigate the problem statement of how a VFD can be designed, manufactured, and veri ed
to dissipate energy, a set of sub-questions is posed to address how a damping mechanism can be
developed for space and modi ed for an on-ground demonstrator. These involve the types already
existing within the VFD category, as well as the measures to be taken for both space applications
and a simpli ed demonstrator.

Three types of VFDs are investigated: a translational VFD and two rotary VFDs. The translational
VFD comprises a piston within a uid- lled chamber that can create pressure differences, leading

to ow through leakage paths or dedicated ori ces. The rotational dampers include either a shear-
gap of various forms or vane dampers. The rst of which utilizes opposing uid torque due to
shear stresses at the shearing surfaces. The shearing surfaces can be implemented in various ways,
including drum-, disk-, and n shear-gaps. The rst creates a shearing surface using one large
drum, meaning a cylinder within an annulus, and the disk shear-gap extends this by having several
disks (thin drums) switch between being stationary and rotating to create more shearing area. The
last is the n, which uses the disk method and ips it by 90 | resulting in a smaller overall radial
dimension than the previous ones.

The vane damper includes one or more ns, denoted as vanes, that are displaced when the damper
is subjected to an external force. Moreover, either a single or multiple restriction blocks are present,
depending on whether the vane is a single-vane or a multiple-vane damper. These restriction blocks,
together with the vane, create uid chambers. The working principle of the vane dampers is similar
to that of the translational piston damper, just for rotary motion, rather than translation. As the
vane displaces, a pressure difference is induced across it, allowing uid to ow from one chamber
to another through either leakage or intended ow paths.

To utilize the translational VFD, the solar array's rotational motion must be converted into trans-
lational motion. To facilitate this motion conversion, additional moving parts would be required,
introducing more complexity and potential points of failure. On the other hand, rotational VFDs do
not require this, and as such, rotational dampers are chosen for further investigation to avoid this
additional complexity. Within rotational dampers, either a damper providing damping purely due
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to shear is investigated, or a more complex damper, namely a shear-gap or vane damper, respec-
tively.

Within the shear-gap dampers, three different kinds of shear-gap dampers are investigated, which
all utilize the same principle: using shear forces on a surface to induce resistive torque. The various
shear-gap dampers create these surfaces in different ways: a drum with a single large surface area,
equally spaced disks, or ns. The latter two create their large surface areas radially or axially at
multiple locations, thereby increasing the total surface area over which shear stresses act, compared
to the drum. Even though higher damping performance is expected, the disk and n shear-gap
dampers are neglected for further investigation, as a simple demonstrator compatible with 3D-
printing manufacturing methods is preferred. In addition, preliminary manufacturing of the drum
shear-gap dampers showed sensitivity to manufacturing tolerances, which was a concern given the
more intricate designs required to realize the disk and n shear-gap dampers.

The method using vane dampers allows for a lower mass for the same size of dampers, since
the internal space is almost completely lled with uid rather than a solid drum. As such, this
method is also selected for further investigation. To accommodate the required range of rotational
motion during solar panel deployment, the design implications include using a single-vane rather
than multiple-vane con gurations with additional chambers. This limitation does not apply to the
shear-gap damper, as it has an unlimited rotational range.

The chosen drum shear-gap and single-vane dampers are to be modeled, manufactured, and tested
to characterize the damper performance. For the latter two subjects, the manufacturing process of
the dampers and associated motion test setup is affected by the available manufacturing lead time
at the department workshop, leading to the choice of manufacturing the dampers in 3D printed
PLA, as this yields fast con guration changes; moreover, if any part of the dampers or test setup
should break or not t, quick part replacement and iterations is possible.

8.2 Motion Tests

A test campaign is made to investigate the damping performance. This includes parameter varia-
tion, dry-friction tests, and motion tests. For the latter, governing or selected governing variables
for the damping performance are varied, and data are collected for theoretical and experimental
results. The working uid used for the motion tests is solely syrup, since using Molykote for the
same damper size would necessitate strengthening the test setup to accommodate the signi cantly
larger masses required to impose the known, constant torque. This is due to the resulting damping
performance, which scales roughly by two orders of magnitude due to viscosity.

Inspecting the results shown in Section 7.4 on page 75 and 7.5 on page 77 for damping coef cients
and torque performance, it can be seen that there is a difference between damping coef cients and
torque trends. As such, the damping and torque curves do not exhibit a consistent behavior: some
damping curves are approximately constant or decreasing, while the torque curve continues to

increase with angular velocity. The torque curve is expected to resemble that of the damping coef-

cient, since the torque depends on the damping coef cient, which is the product of the damping
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coef cient and angular velocity.

Figures 7.7 on page 75 and 7.8 on page 76 for the shear-gap damping coef cients and torque per-
formance show a systematic theoretical over-prediction of shear-gap damping coef cients. The
theoretical drum shear-gap models overestimate the experimental damping coef cient results by
a factor of 1.3 to 1.8, depending on the con guration; moreover, they capture the same trend of
resistive torque increasing with angular velocity over the range of 3rads ! to 22rads!. These
discrepancies between theoretical and experimental results could be due to assumptions used in
the shear-gap model herein: idealized viscous shear and geometries, concentric alignment, uniform
gap height, and the absence of additional experimental losses or leakage effects not included in the
theoretical model.

Figures 7.9 on page 77, 7.10 on page 78, and 7.11 on page 79, and appurtenant gures for torque
performance show different behaviors among the vane con gurations for theoretical and experi-
mental behavior. The largest deviations occur in the dampers with the smallest tip gap, where the
theoretical models overestimate the experimental results by factors of 1.72, 0.62, and 1.68 for con-
gurations 5, 6, and 7, respectively, meaning that the theoretical results are 72% higher, 38% lower,
and 68% higher than the experimental results.

If a hole is present, the theoretical model is not consistent with either over- or underestimation of the
experimental result, since factors of 0.62, 1.68, 1.44, 1.1, 0.84, and 0.94 are observed for con gurations
6,7,9,10, 12, and 13, respectively. If a hole is absent, the theoretical model consistently overestimates
the experimental results, yet no consistency in scaling, as evidenced by the factors 1.72, 1.07, and
1.28 for con gurations 5, 8, and 11, respectively. All the results for the hole are obtained using the
Hagen-Poiseuille equation, since no hole can introduce turbulence, due to the high viscosity of the
working uid. See Appendix L on page 183 for the computation of these aforementioned scaling
factors.

As for torque performance, the general trend for all single-vane dampers is that torque increases
with angular velocity over the range of 1rads ! to5.5rads?! . The rate at which the torque increases
is highest for a single-vane damper with no holes, followed by a tube-like hole, and the lowest rate
is observed with the ori ce-like hole.

These single-vane discrepancies therefore occur across different hole geometries, indicating that the
vane model contains more geometry-dependent ow paths and thus more assumptions than the
shear-gap model.

In the observed shear-gap angular velocity range, the highest and lowest experimentally observed
damping coef cients for the shear-gaps are 0.06 Nmsrad ! and 0.02Nmsrad? , with the high-
est damping coef cients being imposed on the lowest gap distance. On the contrary, the high-
est and lowest single-vane experimentally observed damping coef cients are 0.29Nmsrad ! and
0.06Nmsrad?® , with the highest damping coef cients being imposed on the lowest tip gap dis-
tance. For the theoretical results, the highest and lowest observed damping coef cients for the
shear-gap dampers are 0.09Nmsrad® and 0.04Nmsrad?® , with the highest damping coef cient
observed at the lowest gap distance. On the contrary, for the single-vane damper, the highest
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and lowest theoretically observed damping coef cients are 0.46 Nmsrad ! and 0.05Nmsrad?!,
with the highest damping coef cients being imposed on the lowest tip gap distance. Comparing
these means that, for the same ow gap, of 2mm, the highest experimentally observed damping
coef cient for the single-vane damper is a factor of 4.8 times that for the shear-gap damper, and
theoretically it is 5.1 times that.

To address some of the outliers within the vane damper results, con gurations 11, 12, and 13, which
are the no hole, ori ce-like hole, and tube-like hole for a tip gap size of 4 mm, show relatively small
discrepancies between theoretical and experimental values. In these cases, the ow is dominated
by the tip gap ow, since this has a much larger ow area than other possible ow paths. This
can either be due to the overall damping capability being close to a pure tip-gap ow, which is
closer to what is captured experimentally and thereby aligns with the theoretically determined
values, or to various ows interfering with the damping determination. In addition, con gurations

5 and 7 exhibit signi cant deviations between experimentally and theoretically determined values.
Con gurations 5 and 7 denote no hole and a tube-like hole for a tip gap of 2mm. Common to
both, the errors are largest at angular velocities below 1.5rads?® , where the theoretical damping
coef cient is substantially higher than the experimental coef cient. For the same tip gap ow,
con guration 6, which is an ori ce-like hole with a tip gap of 2mm, the theoretical prediction
underestimates the experimental values.

8.3 Data Processing of Experiments and Theoretical Models

To obtain results, the experimental and theoretical models need to be data-processed. This includes
converting motion from video into data points using software, processing material characterization
data and dry-friction torque, calculating experimental damping coef cients from the video data
points, and processing theoretical models.

8.3.1 Data Conversion

The program used to track the dampers' motion during testing is free and open source. The video
is tracked for the marker's angular position during the motion test, and the program subsequently
calculates the velocity and acceleration data. The software does not document the program's pro-
cess for obtaining velocity and acceleration data; as a result, no insight into their determination
is available or presented, making it a black box. Within the program, the 'autotracker' function
is used to track the marker; however, it can be prone to overlooking or mis-tracking markings in
certain lighting conditions. As such, a manual inspection of every video is performed to ensure that
no erroneous data entries are made for further data processing.

8.3.2 Processing of Dry Friction Torque Parameter Characterization

Dry friction is measured experimentally for each damper con guration without uid to account for
it in the system. However, as sensitivities to measurement readings exist, these are taken as input
to the system, recognizing that they are crude estimates.
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Inspecting Table 7.1 on page 74, showing the necessary torque before any motion occurs, an average
is found for the same damper for values taken at two different lever arms, and averages are taken
for all shear-gaps and vanes separately at 50 mm and 100 mm. Taking the individual damper con g-
urations into account, the values generally align, except for some outliers. For shear-gap dampers,
an outlier is con guration 1, which is approximately twice the size of con gurations 2, 3, and 4.
Taking the lever arm averages shows that the average value of 50 mm and 100 mm are 0.075Nm
and 0.08 N m, which seem to align well with each other, as well as con gurations 2, 3, and 4.

Inspecting vane damper results, the general con guration aligns closely with shear-gap damper
con guration 1, since con gurations 5-13, except for con guration 6, have a dry friction torque of
0.11Nm to 0.12Nm. Con gurations 8, 9, and 11 exhibit the highest values of 0.16 Nm, 0.17 Nm,
and 0.16 Nm. Inspecting the overall vane damper averages for 50 mm and 100 mm show both the
value of 0.13Nm. As such, the values are approximately twice as high for the vane dampers as
for the shear-gap dampers. Prior to inserting the seal, the assembly is assembled, and for all vane
dampers, a necessary post-treatment with a le is performed to allow the pin to be inserted into
the hole, as all of them showed additional resistance to motion during the dry- tting test assembly.
This is not experienced for the shear-gap dampers. This is thought to be shrinkage occurring due to
less surface area keeping the vane shaft on the print bed than the drum. In doing this, an attempt
is made to le uniformly; however, this is not guaranteed.

Furthermore, variations across all damping con gurations can be due to variation in the following:
3D-print t or surface nish, seal state and thus performance, seal lubrication, and tested tempera-
ture; however, the latter is not deemed signi cant. Regarding the 3D-print t, all housing diameters
and axial lengths were measured, along with the vane length, shaft diameter, and combined vane
length and shaft radius, which showed less than 0.2% shrinkage. The 3D-printed heights were
generally more accurate to the intended dimensions than the diameters, as expected in 3D-printed
manufacturing. Moreover, to reduce errors, all selected O-rings have been inspected before use.

8.3.3 Viscosity Parameter Characterization

Given that the passive damping mechanism is a rotary viscous uid damper, the chosen uid must
be characterized for its properties, as it is the working material. The experimental viscosity data are
obtained using testing equipment (a rheometer). The machine provides viscosity values and shear
rates as outputs; data processing is then performed using standard deviation and mean deviation
to estimate the results.

The chosen shear rates span a wide range from 0.18 to 100s! , re ecting the initial lack of knowl-
edge of the shear rate ranges used in the experimental and theoretical models. Moreover, adding
more shear rates for a single material specimen is easy once the specimen is set in the machine.

Since multiple sets of experimental data are obtained, statistical measures are made to characterize
the data. This includes calculating the mean and standard deviation for the three data sets. This

means that for each given point in the shear rate values, three values of viscosity are obtained.

However, due to the small data population, this is primarily done to ensure the tendencies align
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with a few outliers. Inspecting 7.1 on page 69 and 7.2 on page 70 showing three repeated tests for
syrup at 20 C and 25 C, allows seeing that the region of standard deviation is slender and that the
individual experimental results lie either close to or directly on the computed mean value. As such,
for syrup, the same tendencies are observed throughout the entire range of shear rates: at higher
shear rates, viscosity is lower. In addition, temperature effects on the syrup show the 25 C results
test span from 257 Pas to 6.86 Pas, being both larger and smaller than that of the 20 test spanning
from 193 Pas to 10.6 Pas.

To produce the results, efforts to reduce errors were made, since the rst result (see Appendix G
on page 153) indicated that the measurements were sensitive to incorrect material insertion. These
efforts included a material specimen insertion protocol to consistently insert the material and inspect
it prior to starting the test, and to implement longer soak times than previously. The rst includes
material insertion and consistently obtains the same amount of uid by introducing too much uid

into the machine, then removing excess uid, until a smooth uid edge is achieved across the 12
tests. Moreover, the soak time is the time the uid remains on the equipment, allowing the material
to reach the same temperature as the plates. The soak times were consistently measured for all
six syrup tests; however, the precise time for Molykote was not recorded, only that it was above
1 minute. As such, a possible error is the soak time in Molykote, which may affect the results, as
maintaining a consistent test execution protocol ensures a consistent environment for the data.

Inspection of the material specimen after the test showed no syrup spill. For Molykote, the test
specimen had owed toward one side, forming masses that crawled up onto the top plate and were
dragged around as the top plate rotated. Inspecting the three repeated tests, Figures 7.3 on page 71
and 7.4 on page 72 show the results for Molykote at 20 C and 25 C, indicating the same tendencies
throughout the rst half of the shear rate range, followed by larger deviation between the tests in
the latter half. The latter half could be concurrent with the material starting to ow out of the test
setup, or be due to material breakdown at high shear rates, since the individual test discrepancies
occur at approximately the same shear rates for all six Molykote tests. To evaluate whether this
material breakdown is occurring, the same uid test specimen could be subjected to two tests: one
increasing shear rates, followed by decreasing shear rates, and comparing the results. If there are
any changes in the viscosity curves, the material could be broken down. This test, however, has not
been implemented due to the limited availability of Molykote. Moreover, for temperature effects,
the opposite is seen for the Molykote than for syrup, since results for 20 C range from 23,637 Pasto
19.9 Pas and for 25 C they range from 21,571 Pas to 22.8 Pas, thereby having a lower temperature
indicating higher viscosity.

For modeling, the mean value is used as input for both 20 C and 25 C for syrup and is intended for
Molykote, since this is estimated to be the best of the three, even though a test did not yield these
results. Testing at two temperatures allows interpolation across the range, since room temperature
may vary between the two on different testing days.
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8.3.4 Bulk Modulus Parameter Characterization

The experimental raw data are processed to determine bulk modulus values at each step, and the
resulting data are then tted using MATLAB's Curve Fitting Toolbox. The chosen function for
MATLAB to t for is chosen for both experiments to be a logarithmic function, since literature
for uids in general provides bulk modulus behavior, as described in Section 6.1.3 on page 51,
by having an initial linear increase until a stagnation point in bulk modulus value at a certain
pressure. The tting toolbox therefore estimates coef cients a and b for both Syrup and Molykote
for the following function b = aln (p) +b. The tted function is then plotted smoothly on top of
the calculated measured data. Fitted curve smoothing is used to obtain a smooth curve for trend
analysis by plotting the function with a higher resolution than the experimental data.

As explained in Sections 7.2.1 on page 72 and 7.2.2 on page 73, the tted curves follow the general
trend of the experimental data well for bulk modulus values above zero. The initial bulk modulus
slope is steep for both experiments at lower pressures, and then gradually decreases with increasing
pressure. This indicates that the material becomes less compressible as pressure increases, up to
10 bar, which is the upper limit of the experiment, and thereby the model limitation.

The curve- tting toolbox estimates the coef cient of determination, R 2, and RMSE for each material,
which describe how well the tted function explains the experimental bulk modulus values and the
deviation between the experimental and tted curve values, respectively. For syrup, the values are
R? = 0.96866 and RMSE = 0.98861, indicating that the tted function represents 96.9% measured
bulk modulus variation, and that the typical deviation is 0.99 MPa between the experimental and
tted values, with tted coef cients of a = 8.5561 and b = 3.1505. For Molykote, these values are
R2 = 0.95787 and RMSE = 1.0931, indicating 95.8% of the measured bulk modulus variation is
represented by the tted function with the coef cients a = 5.7191 and b = 2.8301, and in addition to
this, the RMSE value indicates that the typical deviation is 1.09 MPa between the experimental and
tted values. Comparing these values indicates that the syrup has the best t of the two. Moreover,
tting the experimental data with logarithmic curves provides an empirical representation of the
pressure-dependent bulk modulus for both experiments, valid within the tested pressure range.

The results, moreover, show data points ranging from Obar to 9.5bar, since the test setup only
allowed this range of external loading. As such, the vane damper program is not applicable outside
of this range, unless the bulk modulus parameter is changed or stated as a material property of a
uid manufacturer.

Moreover, due to the test equipment being lent from the chemistry department, the limited time
available with the machine resulted in only one test for Syrup and Molykote. As such, the Syrup
results are conducted under the supervision of a Ph.D. student, whereas the Molykote results are
conducted independently after the introduction. Repeated tests would be preferable to investigate
whether changes occur between tests.
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8.3.5 Experimental Processing

For processing, the experimental damping coef cient is an equivalent rotational damping coef cient
for the entire damper and test setup, and this is only valid when Ja = 0, as stated in Section
6.4.2 on page 58. This means that inertia is not included in the data processing, which disallows
accelerations. As such, an effort is made to exclude the transient portions of the experimental
motion data by using a region of interest where the velocity is approximately constant and the
acceleration is approximately zero. The experimental results become unreliable when w is close to
zero, T is poorly measured, or when valid data contains start-up, shutdown, rebound, or direction
changes. Inspecting the velocity and acceleration developments indicated that the program manages
to consistently removes the invalid data regions containing transients.

8.3.6 Theoretical Models

The developed models for both shear-gap and single-vane dampers use ow theories for different
geometries and combine them. Each applied theory comes with its own set of assumptions, some
of which are shared by both types of theoretical models. These shared assumptions include a
steady, incompressible uid with constant viscosity and a laminar ow. In addition, the method

for obtaining a damping coef cient aligns with both the shear-gap and vane methods, as it is the
superposition of individual ow-path contributions. In the following, some parts of the theoretical
models are presented, followed by an alternative approach, namely, CFD.

Theoretical Shear-gap Model

The drum shear-gap damper uses readily accessible ow theories, superposed for the cylindrical,
top, and bottom surfaces of the damper. It is an analytical model that combines two different ow
theories to obtain a total resistive damper torque and, consequently, the total damping coef cient.
The key model parameters are stated in Section 4.2 on page 19 to be viscosity, damper axial length,
shaft, drum, and housing radii. In deriving the contribution of the cylindrical surfaces, the radii

of the drum and housing are squared and depend on the radial gap distance of the ow, whereas
in the contribution stemming from the circular end surfaces on top and bottom of the drum, the
cylinder and drum radii are to the power of four, and depend on the axial gap distance of the ow.
Deviations from this linear law can occur in practical designs due to non-Newtonian uid behavior,
temperature-dependent viscosity changes, or additional ow restrictions.

Moreover, the viscosity parameter is found to depend on the shear rate experienced in the ow
and the uid's temperature. The used ow theory assumes in its derivation that the viscosity is
constant, see Appendix D on page 117. However, material parameter results indicated that the
viscosity depends on the shear rate in the ow and the uid's temperature. As a result, the varying
shear rate across the radial gap leads to non-constant viscosity, with the shear rate being largest
at the drum. Consequently, the viscosity is lower at the drum surface than at the housing wall.
This means that the apparent viscosity of the experimental shear-gap dampers varies from the inner
to the outer surface, so it cannot be treated as constant, thereby making the theory inaccurate in
depicting the uid's physical behavior.
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Theoretical Single-Vane Model

The vane damper necessitates modeling the internal ow through available paths using readily

available ow theories, but complexity arises when combining the theories using a hydraulic sys-

tem modeling technique that uses the pressure-rise rate model, which requires additional uid

properties, such as the bulk modulus. As such, the vane damper model is a numerical model
that estimates the system's states over time by integration. In this way, the positions, velocities,
accelerations, pressure differences, and individual ow path contributions are calculated.

Although the pressure dynamics are computed, only geometric features are utilized to calculate the
damping coef cient. This means that the damping coef cients of the vane model are a simpli ed
reduced-damping law intended to approximate the full hydraulic response. As such, it is unknown
how the internal geometries affect the pressure dynamics.

As described in Section 6.4.4 on page 61, the usual laminar-to-transition region is taken to be Re =
2300, which is applicable to an ideal pipe ow; however, the critical values for a gap and a hole are
chosen to be 1000 and 2000, respectively, as conservative thresholds for short ow paths. The gap
ow is more conservative than the pipe ow, since these paths are short, some contain geometric
features not present in the theory, and thus necessitate a laminar ow. As such, this choice is made
because the transition region depends on various factors. Moreover, the Regit gap is Used only as a
diagnostic and allows the code to continue iterating even if the critical value is reached, since being
above these critical values makes the assumptions less reliable; however, it can still be used.

For the Hagen-Poiseuille ow, the Reynolds number can be closer to the critical value, since the
program should only switch the chosen theory if it is turbulent. To evaluate the aforementioned,
the instantaneous local Reynolds numbers are calculated for each time step, and for diagnostics, the
Reynolds number as a function of time is plotted. Inspecting these curves indicates that the ows
are indeed laminar, and as such, the laminar ow theories hold.

The results indicate that the ori ce fails to create turbulence to dissipate energy, as the rate of
change of the damping coef cient is lower than for a vane with a tube-like hole. As the uid never
experiences turbulent ow, the effective ow path acts only on a short 1 mm tube, compared to
the 6 mm length of the tube-like hole. This could account for the lower performance of the ori ce-
like hole, compared to a vane with a tube-like hole. Moreover, as no hole reaches a turbulent ow
regime, the only difference in results between con gurations 5, 8, and 11 in Figure 7.10 and between
con gurations 6, 9, and 12 in Figure 7.11 is mainly due to the physical hole geometry in the vane,
rather than ow theory. These results therefore show close agreement in damping coef cient values,
all below 0.3Nmsrad ! , and an applicable angular velocity range of approximately 0.1rads ! to
5.5rads?! , with the exception of the con gurations 6 and 7 not having the same tendency.

Section 6.4.4 on page 61 states that the common method for determining the ow path distribution
involves making an initial guess of the viscosity and the shear rate, and then correcting it once. The
difference between the initial guess and its correction is not investigated, nor is a convergence study
made.
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Theoretical Flow Models

Computational uid dynamics (CFD) is a numerical tool that uses the Navier-Stokes equations,
along with the continuity equation, to solve ow-related engineering problems for either uid com-
ponents or systems in a discrete sense. It can handle simple and complex geometries that cannot
be done analytically, and can be used as a design tool to better understand a design. Moreover, it
allows for simulation rather than iterative physical testing, which can be cost-effective. It allows for
investigating the ow paths and possible turbulence in greater detail than simple analytical calcula-
tions. However, setting up a numerical CFD model can be time-consuming and requires experience,
and as such, this is out of the scope of this project. As a solution for this, simple ow theories are
applied to relatively simple geometries in shear-gap and vane-type dampers. Using these, the clear
relationships among the model parameters can be understood, while omitting details of possible
turbulence caused by factors such as entrance and exit conditions, surface roughness, and other
factors.

8.4 Space Damper vs. Demonstrator Application

The aim of this project is to develop a demonstrator with validated models that enables continued
work on a real demonstrator for on-ground testing and later deployment in orbit to dissipate en-
ergy. As such, some discrepancies will occur due to the limitations of the composed demonstrator
damper, mainly in its material and the lack of additional features.

8.4.1 Material Choice

A set of requirements is stated but not fully utilized for an initial demonstrator, as the chosen
materials include PLA, nitrile, and syrup. These are instead suitable for safe, fast experimental
development. In addition, PLA for the 3D print and nitrile for the O-rings are chosen due to their
availability in the workshop, whereas sugar syrup is readily available at every grocery store. Mov-
ing further with the demonstrator, utilizing a space-appropriate uid, the Molykote high-vacuum
grease and vacuum-compatible elastomers are more representative of a later, space-oriented design,
and due to their temperature stability, as explained in Section 3.3.2 on page 15. The latter is gov-
erned by expected temperature ranges from 100 Cto +100 C in the anticipated orbits. Moreover,
compared with syrup, the Molykote high-vacuum grease is more relevant for evaluating a compact
VFD concept for spacecraft applications, yet it is also more dif cult to handle, Il, and characterize
because it behaves as a grease rather than a simple Newtonian liquid.

Prior to choosing syrup and Molykote as uids, the material properties were not known. Upon
conducting the viscosity tests, it was found that both materials were shear-thinning, meaning that as
the shear rate increased, their viscosity decreased, resulting in expected lower damping performance
at higher angular velocities. As such, the material choice can be improved by introducing either a
Newtonian or a shear-thickening uid if large deployment shear rates are expected. If a shear-
thickening uid were chosen, the viscosity would be highest during deployment, then decrease
after deployment when low angular velocities are present, and the uid's material properties would
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be determined solely by temperature effects.

Regarding the chosen sealing materials, the same material is used for both the shaft/lid and
housing/lid interfaces. These are made of nitrile and withstand 25 C to +225 C, meaning the
lower temperature requirement range is not met; however, this is deemed appropriate for room-
temperature testing. The lling procedure showed no uid spillage during damper storage; how-
ever, performing motion tests with the highest externally applied torque induced slight leakage at
the shaft/lid interface. As such, the dampers were sealed insuf ciently, despite precautions taken
during the design of the O-ring glands. Instead, the sealing material could be replaced with PTFE
(Te on), since these O-rings can withstand cryogenic temperatures of 200 C and up to +250 C,
thereby meeting the temperature requirements [59].

The working uid is a PDMS-based silicone uid, Molykote high-vacuum grease. The selection is
partly based on the initial viscosity properties from data sheets, its intended use in vacuum envi-
ronments, and the fact that it is already used by Space Inventor for other purposes. Moreover, a
PDMS-based silicone uid is considered preferable for a damper demonstrator due to the combina-
tion of high viscosity and temperature stability, compared to more conventional hydrocarbon-based
uids. Synthetic hydrocarbons and PAO-based oils may be suitable for many on-ground lubrication
systems, but are considered less attractive for this application due to increased concern over TML
and CVCM requirements. However, further veri cation and testing for compliance with the stated
requirements, including TML and CVCM, are needed.

8.4.2 Additional Features for space application

For a demonstrator to become a ight-ready damper, several additional features must be imple-
mented to account for vacuum, wide temperature ranges, and the resulting uid, housing, and
sealing expansions or contractions.

For a ight-ready application, a solution for the wide temperature range is needed. This could
include either a temperature compensator in the form of a heater and possibly a cooler to reduce the
temperature range, or a pressure-compensation chamber, as described in section 2.2.3 on page 11,
since the uid will expand at higher temperatures and contract at lower temperatures. The latter
could, in a space application, create voids, thereby decreasing the damper's damping properties.

Section 2.2 on page 10 examines some of the important aspects of temperature and mechanical
integrations relating to Iling procedures in vacuum with a Il port to avoid air bubbles, tempera-

ture dependency on the uid's viscosity, as well as the uid volume being affected by temperature,
and pressure compensation regarding uid expansion causing an increase in uid pressure, and
reversely, uid contracting creating voids within. Mitigation strategies for the latter are conceptual-
ized, with a temperature/pressure compensation chamber incorporated into the damper design in
Appendix F.1.1 on page 145.

Moreover, sealing and permeation should be investigated, as no O-ring-based sealing method can
be assumed completely leakproof. Even with a high clamping force to retain the O-ring, microscopic
leak paths still occur around it, as well as uid permeation through the O-ring material. As such, a
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more thorough study of the material selection for housing, uids, and sealing is needed, especially
the latter, since proper sealing is out of scope for this project.

8.5 Design and Manufacturing

The demonstrator dampers are made using 3D printing, as it is easy to manufacture and allows cus-
tomization of dimensions. Moreover, syrup has a lower viscosity than typical vacuum-compatible
greases or silicone-based damping uids, necessitating a larger damper geometry to produce mea-
surable damping torques throughout the main test campaign. As such, the damper dimensions are
chosen to be larger than they would likely be for a ight-relevant high-viscosity uid. As such, a
more stable option would be to manufacture it from metal, preferably the one chosen in Chapter
3 on page 13, since tighter tolerances are possible. For both types of dampers, the tolerances play
an important role. In addition, due to the selection of alternative materials for the demonstrator,
testing is performed at room temperature, 20 C to 25 C, rather than the extended temperature
range of 100 C to +100 C speci ed in the requirements. This should be remedied by the use of
appropriate materials as outlined in Chapter 3 on page 13.

For the shear-gap model, the radius variables are raised to the second and fourth power for the
cylindrical and end surfaces, respectively, whereas the gap dimensions are raised to the third power
for the single-vane damper. With greater control over tolerances, the damper's overall size can be
reduced, and less uid material can be used. Moreover, metallic dampers can yield a more even
surface nish, thereby reducing the impact of surface imperfections that 3D-printed parts often
exhibit.

Once all demonstrator materials comply with TML and CVCM requirements, further testing can be
conducted in an environmental chamber with both vacuum and thermal control. Doing this allows
compliance with the requirement of 100 Cto +100 C, or at least broadens the temperature testing
beyond room temperature.

In terms of design and manufacturing, the drum shear-gap damper offers straightforward design
and fabrication, as the geometries primarily involve the housing, lid, and shaft, which are simple
components. Moreover, the shear-gap damper allows for simple modeling; however, it is more
sensitive to dimensional errors because of the variables within the ow theories used to develop
the model. In addition, according to ow theories, the shear-gap damper exhibits linear damping
coef cients and linear resistive torque, which are preferable for space applications, as correct mod-
eling and anticipation of what occurs is an important metric. On the other hand, the vane damper
provides higher damping values at the same angular velocities and with the same outer housing
geometry, while being lighter than the drum shear-gap damper. These metrics also play a part in
space applications. However, the vane damper adds complexity to modeling, design, and manu-
facturing, which ultimately may make this damper a poor option for further ight-ready damper
development.
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9 Conclusion

The objective of this project is to investigate the working principles of viscous dampers and to model
and manufacture a demonstrator to streamline on-ground deployment testing for a Micro-8 satellite
platform for Space Inventor. The motivation for this work stems from the lack of damping in their
current hinge design, which raises concerns about excessive dynamic motion during deployment
and high end-stop impact loads. The damping solution must remain functional throughout ground
testing and in-orbit operations. To ease the former, more powerful springs are needed than currently
used, since the on-ground test setup includes unaccounted-for friction. However, increasing the
stored elastic potential energy in the springs necessitates a damping mechanism for on-ground
testing, while still ensuring reliable solar array deployment in orbit. To address this objective, the
following problem statement is formulated

How can a viscous damper demonstrator be designed, manufactured, and veri ed to
dissipate energy for the purpose of streamlining on-ground testing and passively damp-
ing the deployment of satellite solar array panels in orbit?

for which subquestions are set up to answer. The rst concerns the current solutions for dissipat-
ing energy. To answer this subquestion, existing damping mechanisms rely solely on viscous uid
dampers (VFDs), as previous work deemed this concept simple and reliable, thereby advantageous
for space applications. Existing VFD solutions include translational piston-like dampers and rota-
tional VFDs, including shear-gap and vane types, in various con gurations. These are narrowed
down to two methods for implementing their working principles into a model and validating them

with tests. This includes deselecting the translational VFD because the necessary conversion of
translational motion to rotational motion during the deployment sequence of a Micro-8 satellite in-
troduces unnecessary complications. As such, the chosen solutions are drum shear-gap type, due
to its simplicity in manufacturing, uid ow lling, and analytical modeling, and a single-vane
damper for their greater exibility in parameter adjustment.

The drum shear-gap damper can be modeled analytically by superposing the damping contributions
from the drum's cylindrical surface with those from the two end surfaces at the top and bottom of
the drum. These contributions are obtained through annulus ow and parallel disk ow. The
resistive torque is then found to be the damping coef cient at a given angular velocity, yielding a
proportional relationship between the damping coef cient and angular velocity.

The single-vane dampers provide the necessary 180 angular rotation to deploy solar array panels
from stowed to deployed con guration. It is modeled with an offset in hydraulic modeling to ac-
count for the various existing ow paths and their contributions to damping. As such, the plane
Poiseuille ow theory is applied to the gaps at the tip, top, and bottom of the vane, as well as to the
circumferential ow path between the shaft and the restriction block. Additionally, the developed
model accounts for holes in the vanes as either Hagen-Poiseuille ow in the laminar ow regime
or as Orice ow in the turbulent ow regime along the ow path, if holes are present. The theo-
retical estimate of the damping coef cient is obtained by using a numerical ODE solver, in which
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the pressure differences across the chambers are calculated to determine the individual local ow
contributions and, thereby, the total ow. The numerical solver then continues to iterate throughout
the rotation. When calculating the local ow contributions, the Reynolds number for the hole ow

is evaluated, and the model selects the appropriate ow theory based on the comparison between
the obtained and critical values. The ow theory governs the method of determining the damping
coef cient. If the hole ow is laminar, the damping coef cient is determined using a single value,
whereas two coef cients are obtained if the hole ow is turbulent, where one attributes the linear
gaps and the second the nonlinear hole.

The environmental and material requirements for a ight-ready damper mechanism for use in
space are established. Several requirements are stated, herein, compatibility with the temperature
range of 100 C to +100 C, low outgassing to comply with TML and CVCM requirements, no
use of magnetizable materials, minimization of mass, reduction of the risk of cold welding, and
compatibility of the chosen materials. Based on that, 7075-T73 aluminum alloy is selected for the
housing, lid, shaft, drum, and vane components. Sealing material is present between the housing
and lid, denoted as a face seal, and the shaft and lid, denoted as a bore seal. The sealing material
is a uorocarbon elastomer O-ring, compatible with the working uid, yet unable to operate at
temperatures below 25 C. The working uid is a PDMS-based uid, Molykote high-vacuum
grease, chosen for its low outgassing characteristics, thermal stability, and high viscosity, and is
currently used by Space Inventor for lubrication. However, to validate the developed models for the
drum shear-gap and single-vane dampers, a demonstrator design is developed for manufacturing
in 3D-printed parts, using alternative uid and sealing materials other than those speci ed in the
material selection for space applications, due to availability. For this, conceptualization is used to
develop different designs, which culminate in selecting a nal design. The concept for the design
is selected and designed with demonstrator materials and 3D-printing manufacturing methods in
mind. The design includes an external housing with a lid on top, fastened with six screws and nuts.
Within the lid, a Il port is included to facilitate uid lling using a vacuum chamber to eliminate

air in the assembled damper.

Consistent fabrication procedures, including manufacturing, assembly, and uid lling, are de-
veloped to reduce production errors for an experimental setup. These procedures are developed
through a preliminary test campaign, during which overall damper sizes, printing tolerances, and
lling procedures were varied to gain experience. Subsequent to the preliminary test campaign, a
dedicated main test campaign includes material characterization of the demonstrator uids, namely
Dansukker light sugar syrup and Molykote high-vacuum grease, to answer the question of how ap-
propriate material parameters can be experimentally characterized. The material characterization
includes measuring viscosity over a range of shear rates and bulk modulus over a range of uid
pressures.

The viscosity characterization ranges from 0.1s! to 100s! for syrup and Molykote at 20 C and
25 C, to simulate room temperature. A mean viscosity curve is produced for three repeated tests
for each uid and temperature, which is used as input for the later motion test data processing
program. A standard deviation region around this mean is produced, which, for all tests, is narrow,
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indicating general reliability of the tests, except for Molykote at high shear rates. Common to all
tests is that viscosity decreases with increasing shear rate and that temperature affects the viscosity.
For syrup, an increase in temperature yields a larger range of viscosity values across shear rates,
whereas for Molykote, it yields a narrower span.

Bulk modulus testing comprises characterizing the syrup and Molykote uids over a pressure range
of 0.1 bar to 9.5 bar at room temperature in lab facilities. The measurements include obtaining data
for externally applied pressures, which yield uid pressures when a piston compresses the uid.
By processing these data points, the uid's bulk modulus as a function of pressure is obtained.
These experimentally determined data points are then tted to a logarithmic curve, and the curve's
coef cients are determined. The determined t for the bulk modulus for syrup and Molykote are
deemed satisfactory and are used as input for the single-vane model.

Moreover, the main test campaign includes testing two dry-friction torques at which the damper
initiates rotation and averaging them. Following this, the fabrication of four different shear-gap
dampers and nine vane dampers using syrup as the working uid. The choice of uid is mainly
governed by its low price, non-toxicity, and availability, whereas motion tests with Molykote are
omitted. The motion test campaign should use a setup with a constant applied mass and thereby a
known torque for the given damper con gurations. A set of ve different masses will yield ve tests

for each damper, yielding a total of 65 individual data points for the motion test campaign. The aim
of the test campaign is to characterize the dampers' performance in terms of damping coef cients
and resistive uid torques for a given con guration and uid.

To conduct the experimental tests, a dedicated test setup is constructed. This includes a transfer
shaft connected to a pulley that rotates when externally applied masses, attached to the ends of
strings, are placed on it. The experiments are therefore conducted by letting the masses fall, in-
ducing rotation, and capturing the motion with a camera recording. The motion occurring in the
video recording is converted into data points of angular position, velocity, and acceleration using
software. These data points are then fed into a MATLAB-developed data processing program to
determine the experimental damping coef cients and resistive torques.

The theoretical drum shear-gap models overestimate the experimental results by a factor of 1.3-1.8,
and, moreover, the resistive torque increases with angular velocity over the range of 3rads ! to
22rads! . The highest damping values are obtained with the smallest shear-gap distances, which
agrees with the theory.

The largest deviations for the single-vane dampers occur in those with the smallest tip gap, where
the theoretical models overestimate the experimental results by factors of 1.72, 0.62, and 1.68, re-
spectively. If a hole is absent, the theoretical model consistently overestimates the experimental
results, yet shows no consistent scaling, as evidenced by the factors 1.07-1.72. If a hole is present,
the ow theory will be the Hagen-Poiseuille, since none of the holes introduces turbulence. In this
case, the theoretical model is not consistent with either over- or underestimation of the experimental
result, since factors of 0.62-1.68 are observed. Moreover, the torque performance generally increases
with angular velocity for the single-vane dampers over the range of 1rads ! to 5.5rads!. The
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rate at which the torque increases is highest for a single-vane damper with no holes, followed by a
tube-like hole, and the lowest rate is observed with the ori ce-like hole.

The highest experimentally observed damping coef cient for the single-vane damper is 4.8 times
that of the shear-gap damper for a gap ow of 2 mm, and, theoretically, it is 5.1 times that.

As such, if a simple design, manufacturing, and modeling are preferred, and radial distance is of
no concern, the shear-gap damper is an option for damping. If, on the other hand, a small radial
dimension of the damper governs the design or the need for post-manufacturing customization
of damping coef cients, the single-vane damper is appropriate, since it allows larger damping
coef cients for the same amount of occupied space. However, common to both damping methods
is the need to convert the demonstrator into a ight-ready damper, with a design that accounts
for extended-temperature effects and a material selection that meets the required performance for
space applications.
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10 Future Works

Further work for this project includes working with the materials described in Section 3 on page 13,
conducting a theoretical model investigation of sensitivity, and additional design work, omitted
from this report.

Manufacturing a damper from metal could reduce the impact of geometric tolerance errors and
possibly improve its surface roughness. In addition, the Molykote uid can be used in the damper,
since high externally applied torques are required for motion with a high-viscosity uid, since the
shear-gap damping coef cient is proportional to the viscosity. Moreover, by using a temperature-
stable uid within a metal damper, a wider temperature range can be tested in environmental
chambers. This allows further identi cation of damping performance for the theoretical damping
models. However, to do so, the current test setup needs to be adjusted to initiate tests without
physically touching the system. Instead, a hands-free test system, using a system similar to that
of the Micro-8 satellite to provide mass-latching release, or by burning a wire for mass release, can
provide this. The physical dimensions of the demonstrators are determined by 3D printing; as such,
by changing the demonstrators to metallic parts, a smaller damper can be produced. A smaller
damper will be more realistic for a ight-ready damper in space applications, where limited space
and reduced overall mass are governing factors.

Section 8 on page 83 states that CFD is an option for modeling uid systems; as such, further work
could involve implementing ow paths in CFD programs, such as ANSYS Fluent, to investigate
ow theories in greater detail than has been done by visualizing velocity elds, pressure distribu-
tions, and zones where local losses occur or uids are being recirculated, which are not captured
by the ow theories. This, moreover, provides another means of comparing experimental and the-
oretical results. The latter can be used to validate the assumptions underlying the ow theories
of plane Poiseuille, Hagen-Poiseuille, and Ori ce ow for the given geometries within the damper
con gurations.

The results from the shear-gap dampers indicate an overprediction, leading to deviations between
the theoretical and experimental damping coef cients. As such, future work could involve investi-
gating the analytical shear-gap model in more detail. This investigation could include aspects such
as effective shear area, real gap height, surface roughness, manufacturing tolerances, eccentricity,
and possible misalignment between stationary and rotating parts. These subjects stem from the the-
ory used for the shear-gap damper, which showed damping sensitivity to geometric features such as
gap lengths through radii. The study can be conducted through an experimental campaign specif-
ically designed for shear-gap con gurations to determine whether the Couette ow assumption is
suf cient.

The theoretical models of the vane damper contain several mechanisms that aid in damping, such
as shear-gap damping, similar to the shear-gap damper, hole ow damping, and plane Poiseuille
ow on the top and bottom of the vane, as well as at the tip of the vane and behind the shaft
passing through the clearance of the shaft gap. On the other hand, the experimental damping
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coef cient represents the combined behavior of the entire damper. As such, future work could entail
designing experiments that isolate individual contributions. This could include test con gurations
with blocked holes, enlarged holes, or modi ed hole counts, allowing each ow to be more or less
dominant individually. In this manner, each damping term can be validated separately to a greater
extent than the current study does. Moreover, by superposing plane Poiseuille and Couette ows,
the model can account for both parabolic and linear velocity distributions, which it currently does
not.

The theoretical models are initially derived from a hydraulic system using hydraulic uids for
damping control, which omits control theory and uses a highly viscous uid. As such, some of the
assumptions may be valid to some extent, and may fail to some extent. As such, as further work,
the dampers' response can be modeled semi-empirically by tting the data and seeking a corrective
constant to align the theoretical response curve more closely with the experimental data.

Sensitivity analysis of model parameters can be conducted to systematically investigate their in u-
ence on the predicted damping coef cient. These parameters could include viscosity, bulk modulus,
hole diameter, ow path length, shear-gap height, vane radius, leakage areas at the tip, top, and
bottom, and shaft gap ow. Moreover, geometric parameters, which are arbitrarily chosen, such
as the dead volume and angular width of the restriction block. Investigating the in uence of pa-
rameters on damping can help identify critical and less critical parameters. In contrast, some of
the experimental tests could be repeated to determine whether they differ, and to assess whether
the experimental and theoretical deviations are due to modeling errors or assumptions, or due to
experimental processing or measurement uncertainty.

In addition to the previous, the measured breakaway torque includes seal friction, misalignment,
and the 3D-print-to-3D-print interface during the test without uid. As such, future work could
measure the breakaway torque after lling the damper to see whether any improvement in damping
is observed between experimental and theoretical damping.

Since a turbulent ow regime is not obtained throughout the test campaign, a laminar correction
for the Ori ce equation can be implemented as an attempt to obtain damping tendencies that are
clearer than those shown in the theoretical vane model results.

Section 1.3 on page 4 states that system-level testing follows the component-level testing. As such,
upon demonstrating the concept of damping with viscous dampers and optimizing the design
to achieve adequate damping characterization of a damper con guration, system-level testing can
be conducted. The optimization could entail either implementing damping characteristics in a
Simscape dynamic analysis for complete dynamic deployment or optimizing a modeled program
to obtain the necessary damping characteristics for given velocities, by maximizing damping and
minimizing the ow paths dimensions. However, performing a system-level test requires integration
with the system by design, in which a morphological analysis for the total hinge and damping
mechanism can be conducted, as well as implementing the additional features of a temperature-
compensation chamber and/or heater, as stated in Section 8 on page 83, which is out of the scope
of this project.
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A Results and Methods from DMS3

The following chapter will elaborate on the previous work completed on the 9 ™ semester, DMS3,
which provides the background for this project. As such, this chapter will present key ndings
from the report and outline the analytical and numerical methods used to obtain the results [5].
The chapter, moreover, introduces reworked results for the exam presentation of the project. These
reworked results were produced after the project hand-in and before the exam, due to an error
found in one of the two models.

The previous semester project investigated the modeling and analysis of a hinge mechanism with
built-in damping for a deployable solar array (DSA) on Space Inventor's Micro-8 satellite platform.
The work was motivated by the current deployment concept, where the solar array is driven by
torsion springs in the hinges. Such a spring-driven deployment is mechanically simple, but without
suf cient damping, the deployment motion may become fast, uncontrolled, or oscillatory. This can
lead to high end-stop impact loads, panel collision with the satellite body, residual vibrations after
deployment, and increased loads in the hinges and satellite structure. The purpose of the work was
therefore to model the 3 Degrees-of-freedom (DOF) system comprising the yoke and two solar array
panels, connected by revolute joints, to introduce damping into the hinge system and to estimate
suitable damping parameters to achieve a controlled deployment sequence yielding a satisfactory
deployment.

The initial part of the project established the relevant environmental and functional requirements
for a damping mechanism intended for spacecraft appendage deployment. The mechanism must
be compatible with ground handling, launch, deployment, and in-orbit operation. During ground
testing, the system must tolerate 1g conditions and repeated deployment tests, preferably using
gravity of oading, without relying on irreversible deformation or destructive behavior. During
launch (lift-off and staging), the mechanism must survive quasi-static loads, sine vibration, random
vibration, acoustic excitation, and shock loads. These stages can be seen in Figure A.1.

. —
Staging o S —_— o — %}
NS
& Fairing Satellite Solar array
/ separation separation deployment
Liftoff
/ /h
(a) Events occurring during the launch phase of a launch vehi- (b) Events for a satellite after the launch phase: payload sepa-
cle: liftoff, staging, and fairing separation. ration, solar array deployment.

Figure A.1: Generic launch pro le of a rocket, with major events that impose loads on the payload [60], [5].

Once in orbit (after satellite separation and solar array deployment), the mechanism must function
in vacuum, tolerate thermal variation, avoid contamination of spacecraft surfaces, and account for
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phenomena such as outgassing, thermal expansion, and cold welding. The project therefore identi-
ed several key design requirements, including compatibility with a temperature range of 100 C
to +100 C, low outgassing behavior with TML below 1% and CVCM below 0.1%, suf cient torque
margin for reliable deployment, no magnetizable materials, and minimization of cold-welding risk.

A review of possible deployment-control and damping strategies was conducted, classifying them
into active/semi-active damping methods, passive damping methods, or a strategy-based deploy-
ment scheme. Several possibilities were considered, including motorized deployment, synchroniza-
tion cables, staged deployment, shape memory alloy actuation, friction damping, viscous damping,
and magnetic damping. Motorized deployment was considered attractive from a control perspective
but was dismissed because it would introduce additional power, wiring, and electronics due to its
active nature, and add mechanical complexity. Synchronization cables and staged deployment could
improve the deployment sequence, but would add components and potential failure points due to
their strategy-based deployment approach. Shape memory alloy solutions were also dismissed due
to their actuation and control complexity, particularly because heating elements and electrical rout-
ing would be required, thereby making them an active damping method. Friction damping was
considered mechanically simple and passive, but its nonlinear, wear-dependent behavior made it
less suitable as a primary damping method. Magnetic damping was classi ed as a passive method,
making it simple, but it was not selected because Space Inventor required the mechanism to avoid
magnetizable materials. Viscous damping was classi ed as a passive method and, therefore, chosen
as the most relevant principle for further investigation, as it offers a compact, velocity-dependent
damping mechanism that can be integrated into the hinge with no need for additional control or
complexity.

The system was modeled as a 3DOF deployable structure comprising a yoke, an inner panel, and
an outer panel. These three bodies were connected by revolute joints representing the hinges, with
torsion springs in each joint. To initiate the deployment, Space Inventor uses a Hold-down release
mechanism that releases the panels from their stowed con guration, thereby releasing the elastic
potential energy stored in the torsion springs. The generalized coordinates described the angular
positions of the three bodies. First, an analytical model was derived using Lagrange's equations. The
positions and velocities of the centers of mass were expressed in terms of the angular coordinates,
after which the kinetic and potential energies of the system were formulated. The potential energy
was based on the torsion springs in the hinges, while gravity was neglected to represent the in-
orbit deployment condition. This resulted in nonlinear equations of motion, since the mass matrix
became con guration-dependent and velocity-squared terms appeared in the governing equations.

Damping was introduced into the Lagrange formulation using Rayleigh's dissipation function. This
allowed linear viscous damping torques to be included in the generalized coordinates. A modal
analysis was then performed to obtain an analytical critical damping matrix. This matrix was used
as a theoretical reference for damping the system modes. However, the full analytical damping
matrix was not directly physically realizable as a simple hinge damper, see Equation (A.1), since it
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contained coupling terms that could not be implemented by independent local damping elements.

2 3
hoo 0.2441  0.1152  0.0439
Cot =9 01152 0.6845 0.067% Nmsrad * (A1)
0.0439 0.0677 0.3376

Therefore, an approximate damping matrix in tridiagonal form was constructed to represent damp-
ing that could be introduced more realistically through hinge-level mechanisms, see Equation (A.2).

2
h i 02441 01236 0
Coritapprox =3 01236 04457  0.32205 Nmsrad * (A.2)
0 03220 0.3220

As seen, it is symmetric on the off-diagonal, and, due to the sign, all off-diagonal entries are neg-
ative, as expected for a generic damping coef cient matrix with ¢ 5 and ¢ 3 on the off-diagonal.
Moreover, all diagonal entries are positive, as expected. The individual damping coef cients are
c. 0.12Nmsrad ', 0.12Nmsrad *,andc; 0.32Nmsrad .

The model was rst used to investigate small perturbations around the deployed con guration,
where the linearized and nonlinear equations of motion could be compared using the approximate
critical damping, for which the response can be seen in Figure A.2.
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Figure A.2: Response of the angular de ections, q1, ¢, and gz for the fully deployed con guration with perturbations

of 5 ,5,and 5 inthe DOFs, with number of springs being 2, 4, and 4. As such, the EOMs used for this are the
linearized and the full nonlinear EOMs. The method of damping is approximated critical damping.

These simulations showed close agreement for small perturbations, which indicated that the lin-
earized model could be useful for studying the local dynamic behavior near the deployed equilib-
rium.

The Lagrange model was also used to study the full deployment sequence from the stowed con g-
uration to the deployed con guration. The undamped response was found to be highly nonlinear,
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with large angular displacements and no simple periodic behavior. Applying the analytical critical
damping matrix substantially reduced the transient response, whereas the approximated damping
matrix also reduced oscillations but did not fully suppress them. Moreover, a separate study ex-
amined how the entries of the critical damping matrix changed through a prescribed synchronous
deployment sequence. This showed that the required damping was con guration-dependent, since
the damping entries in an analytical critical damping matrix should be highest at deployment initi-
ation and lowest at full deployment. As such, it generally decreased as the system progressed from
the stowed to the deployed con guration.

A second model was developed in Simscape Multibody, a MATLAB add-on program. This model
was based on an imported assembly from SolidWorks and included the mass and inertia properties
of the hinge bodies, positional limits representing end stops for the joints' rotation, and a more
realistic spring con guration with higher effective initial torque. The limits represent physical end
stops implemented in Space Inventor's hinges. This higher torque stems from changing the initial
stowed con gurations in the analytical Lagrange model, because it cannot implement stops in the
motion before all energy is released. As such, for the Simscape model, the physically correct stowed
con guration and thereby stored energy are more realistic, taking into account physical limitations
in rotation. These limitations ensure that residual torque remains in the torsion springs after de-
ployment. Figure A.3 illustrates a) the stowed con guration with maximum stored energy, where
all springs are de ected 270 from their equilibrium, b) their equilibrium position with no physical
rotation limitations, and c) the springs being de ected with 180 , 90 and 90 from their equilibrium
positions utilizing the physical rotation limitation.

A simpli ed version of the Simscape model was rst used for comparison with the Lagrange model,
with the same initial energy stored in the springs. The two models showed comparable response
amplitudes and frequency. As such, this was deemed appropriate for continued use in the Simscape
model. Small differences occur in the initial transient, but these differences were attributed to the
simpli ed geometry and mass representation in the analytical Lagrange model compared with the
more detailed Simscape Multibody representation.

The Simscape model was then used to analyze the full deployment sequence with joint limits.
Without damping, the response was highly nonlinear, with large angular displacements. With the
approximate damping values obtained from the Lagrange-based study, the response improved, but
the damping remained insuf cient for a fully satisfactory deployment. This was mainly because the
Simscape model included higher effective deployment torques than the idealized Lagrange model.
Consequently, a damping parameter sweep was performed using the Simscape model with more
physically correct initial torques.

The parameter sweep showed that the lowest settling time was obtained for damping coef cients
ofc; =2Nmsrad !, c, =0.7Nmsrad?! , and ¢ =0.7Nmsrad ! . These coef cients are determined
using a tness function that evaluates settling time, a measure of the deployment's synchronicity,
and whether the joints reverse (to avoid satellite body damage from collisions). This combination
produced a settling time of approximately 5.53 s. The results can be seen in Figure A.4, and indicate
that the innermost hinge generally requires the largest damping coef cient, followed by the middle
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(a) Stowed con guration with maximum stored (b) Released con guration with minimum stored potential energy in
potential energy in springs. springs.

(c) Deployed con guration with residual stored potential energy in springs.

Figure A.3: The equilibrium and deformed con gurations; (a) illustrates the stowed, initial con guration. The torsion
springs in each joint are deformed from their equilibrium position of a = 270° to the closed con guration where the legs
of a spring are parallel with a = 0°; (b) illustrates the system's equilibrium position if no limits are present in the model;
(c) illustrates the system's end position if physical limits are present in the model.

and outer hinges. This suggests that the yoke's motion has a signi cant in uence on the deployment
response, as the rapid motion of the innermost body affects the subsequent motion of both solar
array panels.
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Figure A.4: Response of the angular de ections, q1, t¢p, and gz, for the full deployment sequence, with the number of
springs being 2, 4, and 4. The method of damping is utilizing coef cientsc ; =2, ¢ =0.7, and g = 0.7 Nmsrad L

The project concludes by stating that future work can be done, including a more thorough study
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of the viscous dampers. Moreover, it stated that the project results could be realized as a physical
damper, thereby investigating whether the coef cients are obtainable in this size range. Moreover,
a test campaign could provide further insights, such as unforeseen friction. It states that the test-
ing campaign should include vibrational testing as well as testing in vacuum and under different
thermal ambient temperatures.
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B New results from DMS3

This chapter introduces new results from the previous work that are neither included in the project
DMS3 nor produced after submission and before examination. However, it is based on the models
described in Appendix A.

B.1 Response for an Undamped Response in Simscape

Figure B.1 illustrates the undamped angular position response. All three generalized coordinates ex-
hibit a highly oscillatory motion throughout the deployment sequence. Since no damping is applied,
the energy from the springs leads to repeated overshoots and continued vibration, demonstrating
the need for damping.

100 2
=
R
= ol .
o
o
K
>
> 100 | -
<

(1 simscape g> simscape gz simscape
| | | | I I I I I I I

1 0 1 2 3 4 5 6 7 8 9 10 11
Time [s]

Figure B.1: Response of the angular position, ¢;, ¢, and gz, for the full deployment sequence, with the number of springs
being 2, 4, and 4. The damping method is no damping.

Figure B.2 illustrates the undamped angular velocity response. It shows the oscillations, repeated
reversals of the motion, and high angular velocities of approximately 1000 st .
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Figure B.2: Response of the angular velocities, g;, gz, and gz, for the full deployment sequence, with the number of
springs being 2, 4, and 4. The damping method is no damping.

Figure B.3 illustrates the undamped angular acceleration response. The gure shows sharp, impulse-
like peaks, indicating rapid changes in velocity. The angular accelerations are high, as indicated by
peaks of approximately 0.9 107 s?
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Figure B.3: Response of the angular accelerations,g,, ¢, and ¢s, for the full deployment sequence, with the number of
springs being 2, 4, and 4. The damping method is no damping.

B.2 Response for a damped Response

Figure B.4 illustrates the damped angular position response. The gure shows the effect of damp-
ing during the deployment sequence, where all three generalized coordinates approach the fully
deployed con guration at 0 , with minimal residual oscillatory motion, as the damping elements

dissipate the energy from the springs. The deployed position is reached approximately 5.53 s after
deployment. This response is also shown in Appendix A, as Figure A.4, and is simply stated here
for comparison reasons.
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Figure B.4: Response of the angular position, ¢;, ¢, and gz, for the full deployment sequence, with the number of springs
being 2, 4, and 4. The method of damping is utilizing coefcientsc 1 =2, =0.7, and g =0.7 Nmsrad 1.

Figure B.5 illustrates the damped angular velocity response. The solar array starts in the stowed po-
sition with zero initial velocity. Upon release, the angular velocities increase in magnitude, reaching
a peak within 1.5 s, then slowly decline as the torque from the springs decreases during deployment.
At the deployment time of approximately 5.53 s, the end-stops in the model activate, rapidly forcing
the angular velocities in all three coordinates to approach zero. This is followed by high-frequency
oscillatory motion.
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Figure B.5: Response of the angular velocities, q;, g, and gz, for the full deployment sequence, with the number of
springs being 2, 4, and 4. The method of damping is utilizing coef cients ¢ =2, ¢, =0.7,and g =0.7 Nmsrad * .

Figure B.6 illustrates the damped angular acceleration response. The gure shows small accelera-
tions during the deployment sequence, followed by a sharp peak at approximately 5.53 s, where the
end-stops are activated. This is followed by small, high-frequency oscillations in the accelerations,
similar to those observed in the angular velocities.
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Figure B.6: Response of the angular accelerations,d;, ¢, and ¢g, for the full deployment sequence, with the number of
springs being 2, 4, and 4. The method of damping is utilizing coefcients¢c =2, =0.7, and g = 0.7 Nmsrad L
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C Necessary Energy Dissipation

The current solution implemented by Space Inventor is two T051-270-266L torsion springs from
Industri fiedre A/S for each hinge con guration, with no damping. In the joint connecting the main
body of the satellite to the yoke, a single hinge is used. In the joints connecting the yoke to the
innermost panel and the innermost panel to the outermost panel, a total of four hinges are present,
giving each joint two hinge mechanisms. The joints with two hinges, therefore, provide the energy
of four springs in parallel to each other.

The torsion springs integrated into the hinge mechanism store elastic potential energy in the stowed
con guration and are released upon deployment via a hold-down release mechanism. This stored
elastic potential energy must be dissipated during deployment to avoid excessive angular velocity
and impact loads at the end-stop [5]. The change in stored potential energy is determined by
— 1k 2 2

DU = é qdeployed 0 stowed (C'l)
where K is the torsional spring stiffness, qsiowed@nd Qgepioyeddre the initial and nal angular de ection
relative to the undeformed con guration, g equii=0 [61].

The torsional spring stiffness can be determined using

K = M max , d*E
Omax 10.8DmncNa

where M qnax is the maximum moment, g max the maximum permissible de ection, d the wire diam-
eter, E the modulus of elasticity, D ¢ the mean coil diameter, and N 5 the number of active coils [62,
p. 876]. Using the provided data from Industri fijedre A/S for the T051-270-266L torsion springs, the
following spring stiffnesses are determined

(C.2)

k=Mmax () ogo6Nmrad * (C.3)
qmax
k—d47E 0.4820Nmrad 1! (C.4)
"~ 10.8DN; '

The springs are all preloaded at qgepioyed= 270 from the undeformed con guration when the solar
array is stowed. Depending on the joint, the angle in the deployed position, q sioweq differs.

The total energy stored in the springs, which needs to be dissipated, can be evaluated for each joint
as

1
DU; = Nspring,i ék qgeployed,i q gtowed,i (C.5)

where subscript i is the i'th joint, DU is the change in energy, N spring is the number of springs in the
joint, k is the torsional spring stiffness, and qsiowed@nd QgeployediS the end- and start-con guration,
respectively.
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Table C.1 shows the values used in Equation C.5 for each of the three joints. The negative sign of
the values for DU; indicates a loss of energy from the torsion spring, hence the absolute value of
which determines the amount of energy the damping mechanism shall dissipate. The value for the
spring stiffness k is chosen from Equation (C.3).

Jointl Joint2 Joint3

I\lspring,i 2 4 4
Qdeployed 270 270 270
Cktowed 180 90 90
DU; 0.86J 2.753 2.75]

Table C.1: Variables in joints, namely, the number of springs at each joint, the stowed and deployed angular displacement,
for which the difference between the two gives the traveled distance of 90 , 180, and 180 .

Using the higher stiffness (see Equation (C.4)) estimate in Equation (C.5) and using the variables in
Table C.1, the needed energy to be dissipated increases by approximately a factor of 7. Choosing
this should be considered when sizing conservative dampers. However, the damping coef cients
calculated in the previous work (See Appendix A on page 105) utilize the linear rotation assumption
of the springs, thereby using Equation (C.3) as a basis.
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D Derivation of Shear-Gap Theory

This chapter supplements the presentation on the shear-gap damper in Section 4.2, and provides
the full derivation of the expression for opposing torque given in Equation (4.14). The derivation is
split into two sections: uid ow on the cylindrical surface and on the cylinder's top and bottom
ends. The total opposing torque acting on the inner cylinder is determined from the sum of the
opposing torques of each of these:

Ttotal = Tcyl + Tend,top"‘ Tend,bottom (D-l)

where T is the torque stemming from the cylindrical parts of the drum shear-gap, and the torques
Tend top@Nd Tend bottomsStem from the top and bottom surfaces. As such, rst, the general assumptions
applicable to both derivations will be stated, followed by the continuity equation for incompressible
ow. The section then describes the cylindrical damping contribution using the continuity equation
and concludes with the contribution of the end surfaces, also using the continuity equation.

D.1 General Assumptions

Figure 4.1b on page 19 illustrates two concentric cylinders of inner- and outer radii r gym and royt,
length Lousing, axiar @ Uid of viscosity m, lling the annular gap. For the following derivation,
Figure D.1 illustrates the coordinates to be used.

Figure D.1: A 3D view of the drum used in the shear-gap damper, showing the cylindrical coordinates in which the
Navier-Stokes equations are used.

This drum shear-gap damper is subject to the following assumptions [21, pp. 192-195]:

(1) Steady ow with constant angular velocity, w.
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(2) Incompressible uid, meaning constant density, r.

(3) Constant viscosity, m.

(4) No ow in the z-direction,v ,=0.

(5) Circumferential symmetry, meaning no variation in the g-direction, %=q1q = 0.

(6) Operation in space, meaning no gravity and hence no body forces.

D.2 Continuity Equation

From assumption (4) and (5), the continuity equation for constant density in cylindrical coordinates
[21, p. 710] reduces as follows

19 19 1
——(rvi)+ = —(vg) + —=(vz) =0 (D.2)
A L P

(5) (4)

and the partial derivative changes to the total derivative, i.e. T=qr) d=dr. Integrating the equation
yields

rvy = constant (D.3)

Since the radial velocity component, v, is zero at the solid surfaces of each cylinder, v; must be zero
everywhere for Equation (D.3) to be true. This leads to

Vi =0 (D.4)

This result is applicable for both the ow on the cylindrical surface and the end surfaces.

D.3 Fluid Flow on Cylindrical Surface

The following section will derive the resisting torque, T .y, present on the cylindrical part of the
housing of a drum shear-gap damper. As such, the speci c assumptions, along with the general

assumptions, will reduce the Navier-Stokes equations to obtain a circumferential velocity eld, v g,
which is used in the shear stress to be integrated over the surface to obtain the resistive torque.

D.3.1 Assumption

In addition to the general assumptions, another assumption is made, reducing the problem to 2
dimensional ow in the r-q plane.[21, p. 192-195]:

(7) No variation in the z-direction, =1z=0
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D.3.2 Navier-Stokes Equations on Cylindrical Surface

Using assumptions (1)-(7) and Equation D.4, the Navier-Stokes equations for constant density and
viscosity in cylindrical coordinates [21, p. 710] reduce as follows for the radial, r, circumferential, g,
and axial, z, components.

r-component:

e, Ive  valve Ve v
' ‘|Tt+vr‘ﬂr+rﬂq r+vzﬂz
T (ﬂ 19 1%, 21, T : ©9)
- p L £ IV Vg Vr
BRCLEE ALY S AU 7 299 12
g-component:
!
Mg, Vg, Vqfivg  Vrvg . Tivg
' ‘ﬂt+vr‘ﬂr+rﬂq+ r +Vzﬂz
19 (ﬂ 19 1% 2Tv | T : 0
| J, B | 11, 29, Py
"% g™ W rﬂr(rvq) YR T2 92
Z-component:
I
v, vz | vqTve v,
r W+Vrﬁ+7ﬂ7q+vzﬁ
( (D.7)

1z T TR 92

2 2
= g, ﬂi)_'_m }ﬂ v, +1ﬂVz+ﬂVz

After the cancellation of terms, the remaining relevant term is the reduced Navier-Stokes equation
for the g-component:
119

O=m —

oo (rvg) (D.8)

D.3.3 Circumferential Velocity Field

Equation (D.8) can be rewritten in the form of a second-order Cauchy-Euler differential equation to
solve for the circumferential velocity, v ¢, for which the result is stated here:

d?vqy dv
24 Vq q -
o g vV g=0 (D.9)
With the general solution
B
Vg(r) = Ar + 7 (D.10)
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where constants A and B are determined boundary conditions [63, pp. 141-145]. The boundary
conditions stem from the no-slip boundary conditions on the cylindrical surfaces

Vg(rdrum) = Wrgrum, Vg(rou) =0 (D.11)

where rqum and roy are the radii of the drum and housing, respectively, and w is the angular
velocity. As such, the uid takes the surface's velocity, namely, the drum's angular velocity and the
housing's zero velocity. Setting up two equations with the two unknowns and solving for A and B
in

B
WI drum = Al grum + T (D.12)
rum
B
lNout

gives the following expression for the circumferential velocity

2 2
wr r
Vg(r) = —aum_ df?mz ro (D.14)

drum out
which is the circumferential velocity prole, v 4(r) as a function of the radial component, r, from the

drum surface to the housing surface.

D.3.4 Shear Stress on Inner Cylinder

The shear stress for constant density, r, and viscosity, m, in cylindrical coordinates for the cylindrical
surface [21, p. 710], with assumption (5) for the cylindrical contribution is
T Vg 17w T Y

tgr= rﬁ . F g =m rﬂ r (D.15)

Substituting Equation (D.14) in Equation (D.15) yields a general expression for the viscous shear
stress in the annulus as

2wrz 2
. dr;]mzout (D.16)

tgr(r) =m 2
drum out

Evaluating Equation (D.16) on the cylindrical surface of the drum, r = r 4m, and rearranging the

expression yields the shear stress acting on the surface of the drum
!
2wr?
tgr(fgrum) = M ——>5— °‘2‘t (D.17)
Fout T drum

It is seen that the shear stress is proportional to the negative of the angular velocity. The opposing
direction is made obvious by the rearrangement of the equation.
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D.3.5 Torque on the Inner Cylinder

The total opposing torque is determined by the viscous shear stress acting perpendicular to the
cylindrical surface area A = 2pr grymLhousing, axiat Where and Lpoysing, axiar@reé the drum radius and
axial length, respectively, yielding

Tcyl = tqr(rdrum) 2prdruml—housing, axial I'drum (D-18)

Substituting Equation (D.17) in Equation (D.18) yields

2 2
5. ml
Teyl = 4pML housing, axial%w = C cyW (D.19)
out drum
where cy is the viscous damping coef cient, which depends on the inner and outer radii, the drum
length, and the uid viscosity. The damping coef cient can be seen isolated as
2 2
Marum"

Ceyl = 4PMLhousing, axial% (D.20)
out T drum

D.4 Fluid ow on End Surfaces

The following section derives the resisting torques T eng,top@nd Tend,bottomat the ends of the drum of
a drum shear-gap damper. The general assumptions reduce the Navier-Stokes equations to obtain
a circumferential velocity eld, v 4, which is then used to integrate the shear stress over the surface
to obtain the resistive torque. Figure D.2 shows the two cases for the top- and bottom-surface
contributions to the resistive torque of the drum, respectively.

(a) Top surface notation. (b) Bottom surface notation.

Figure D.2: lllustration of the two cases contributing a resistive torque on the end surfaces of the drum. The rst illus-
tration depicts the top surface of the rotating drum at z = 0, with the stationary surface above at height z = g o, axial f'€p-
resenting the housing surface. The second illustration depicts the bottom surface of the rotating drum at z = g pottom, axial
with the stationary lower surface representing the housing at z = 0.

As seen in the gure, both of the top and bottom surfaces rotate with the same angular velocity,
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w. In Figure D.2a, the top disk signi es the housing surface plate, which is stationary, whereas
the drum is rotating. The axial gap distance between these surfaces is gop, axiar The radii of the
shaft and drum are r i, top and rqum. In Figure D.2b, the situation is reversed; the top part signi es
the rotating drum, whereas the bottom disk signi es the stationary housing surface. The axial gap
distance between these surfaces is gotom, axial @nd the radii of the shaft and drum are r i, potrom and
I'yrum- Using the notation of r i, 1op @nd iy, pottom allows for different shaft radii at the top and bottom
of the drum.

D.4.1 Navier-Stokes Equation on End Surface

Using assumptions (1)-(6) and Equation D.4, the Navier-Stokes equations for constant density and
viscosity in cylindrical coordinates [21, p. 710] reduce as follows for the radial, r, circumferential, g,
and axial, z components.

r-component:
|

r ﬂVr ﬂVr +EM ﬁ_'_ ZﬂVr
'ﬂt ‘ﬂr r 1q r 9z
( ) (D.21)
_ Tp 119 1P 21vg, Pw
R TR r'nr( LR X T 7
g-component:
!
M Vg | Vq ﬂvq VrVg M
S Ta 'ﬂr+r‘ﬂq r VY
( ) ) (D.22)
_ M,y 1Y 1 %vq , 29w | Tvq
=1gq £ 14 +m i r'”r(rvq) +r2 'Hq2+r2‘ﬂq+'|122
Zz-component:
I
po M e et TV
It " 19 ‘|Tz
( ) ) ) (D.23)
. ‘ILerm 19 rM 1‘|TVz v,
92 ¢z e T e '|Tq2 122
After the cancellation of terms, the remaining relevant term is the g-component:
o=m T 1Ty + T (D.24)
qr rﬂr q 12 '
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D.4.2 Circumferential Velocity Field

The circumferential uid velocity, v 4, can be assumed to be
vy(r, 2) = rf(z) (D.25)

where r is the radial component, and f(z) is an unknown function that varies with distance from
the axis of rotation and z-height, and is to be found through boundary conditions [64].

Inserting Equation (D.25) into Equation (D.24), and canceling out m, yields

111

2
=g o r2f(z) +1;122(rf(z)) (D.26)

Rewriting the equation, such that f(z) is outside the rst bracket, and r is outside the second bracket,
yields

_ T 19 , 12
0=1@)g o Hraa(f@) (D.27)

Evaluating the rst term on the right to zero gives

2
O:f(z)'l?r ? +r1;”22(f(z)) (D.28)

Evaluating the constant 2 with respect to r gives zero, thereby reducing the equation to

ﬂZ
0= (1) (D.29)

Equation (D.29) can be integrated twice to obtain the function
f(zy=Az+B (D.30)

Where the constants A and B are determined using the boundary conditions at either the top or
bottom surface cases.

Boundary conditions for the top end-surface

Figure D.3a illustrates the z coordinates where z = 0O at the drum surface, and z = gygp, axial at
the housing surface. Using the boundary conditions on the rotating top drum surface and on the
stationary housing surface, the following is obtained

Vg, todl; 0) = r'fiop(0) = wr

(D.31)
Vg, todT Otop, axial = rftop(gtop, axia) = 0

which results in by r cancellation

fop(0) =W

(D.32)
ftop(Qtop, axia) = O
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The constants A,p and Byop are determined using Equation (D.30) and Equation (D.32)

ftop(0) = Atop O+ Brop =W

(D.33)
ftop(Qtop, axia) = Atop Gtop, axial* Brop = 0
resulting in
Biop =W
w D.34
Awp= — N (D.34)
gtop, axial

By having found the unknowns, they can be inserted into the function f(z), for which the solution
circumferential velocity can be found. As such, by substituting Equation (D.30) into Equation (D.34)
and inserting this in Equation (D.25), the uid velocity for the top surface becomes

wz
Vg, topls 2) = r'fop(2) =r w ——— (D.35)
gtop,axial

which is a linear velocity pro le with the highest magnitude at the top of the drum. This velocity
pro le is illustrated in Figure D.3a.

(a) Top surface contribution. (b) Bottom surface contribution.

Figure D.3: lllustration of the two cases contributing a resistive torque on the end surfaces of the drum. The rst illus-
tration depicts the top surface of the rotating drum at z = 0, with the stationary surface above at height z = g o, axialf€p-
resenting the housing surface. The second illustration depicts the bottom surface of the rotating drum at z = g pottom, axial
with the stationary lower surface representing the housing at z = 0.

Boundary conditions for the bottom end-surface

Using the boundary conditions on the bottom surface of the rotating drum at Z = g pottom, axial@nd on
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the stationary surface at z = 0, yields

Vg, bottor{! 0) = I'fhottond0) = O

(D.36)
Vg, bottorkls Obottom, axia) = I Footton{Jbottom, axia) = WI
which results in
f 0)=0
bottom( ) (D.37)
fbottom(gbottom, axia) = W
The constants Ayottom aNd Bpyotiom are determined using Equation (D.30) and Equation (D.37)
f 0)=A 0+B =0
botton( ) bottom bottom (D.38)
fbotton(gbottom, axia) = Abottom Obottom, axialt Boottom = W
which yields
Boottom=0
w (D.39)
Abottom =

gbottom, axial

Substituting Equation (D.30) into Equation (D.39) and inserting this into Equation (D.25), the uid
velocity for the bottom surface becomes

W
Vg, bottordls Z) = I'fhottor(2) = Fr———2 (D.40)

gbottom, axial

which is a linear velocity pro le with the highest magnitude at the bottom of the drum. This velocity
pro le is illustrated in Figure D.3b on the previous page.

D.4.3 Shear Stress on End Cylinder

The shear stress for constant density, r, and viscosity, m, in cylindrical coordinates for the end
surfaces [21, p. 710], with assumption (5) is
Vg , 11V

- _ vy
tgz=m CERRT —mE (D.41)

Inserting the uid velocity for the top and bottom surfaces as determined in Equations D.35 and
D.40, gives the expressions for the shear stress in the uid acting on the top and bottom surfaces of
the drum

1 w
tgz,top= “Hﬂz(vq, top) = mr rop o (D.42)
= |“l =mr— D.43
‘4z bottom™ ﬂZ(Vq’ bottors) = mrgtop axial (D43)
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D.4.4 Torque on the Drum Ends

The shear stress acts on a small area element rdrdq of the end surfaces, giving the shear force on the
small area element. Multiplying the shear force by the moment arm, r, gives the associated torque.
Integrating over the surface on which the viscous shear stress acts gives the total opposing torque
generated by the uid as

X
Tend= tqzrrdrdg (D.44)

Substituting Equation (D.42) into Equation (D.44) gives the total opposing torque acting on the top
surface of the drum

Z 2p z I'drum W
Tend, top= mr ——— r rdrdq

0 Fin,top top, axial
w I'drum 3
2pm —— tgz redr (D.45)
gtop, axial fintop
4
rdrum

4
r in,top

I
°
3

~—F5- W= C endto
29top, axial FW

where Ceng, 1opiS the viscous damping coef cient, which depends on the inner and drum radii, the
gap size, and the uid viscosity

rg m r T t
ru in,top D.46
e I .
nd. top thop, axial ( )

Substituting Equation (D.43) into Equation (D.44) gives the total opposing torque acting on the
bottom surface of the drum

z 2p 4 Fdrum

wW
Tend, bottom™ mr———— r rdrdq
lin, bottom gtop, axial

W Tdrum
— 3
=2pm——— tq, rdr (D.47)
Otop, axial Tin, bottom
4
Fdrum

2gtop, axial

r
in, bottom
= pm !

W = Cend, bottonYV

where Ceng, bottomIS the viscous damping coef cient, which depends on the inner and drum radii,
the gap size, and the uid viscosity

4 4
(rdrum r in, botto
2goottom, axial

Cend, bottom= PM (D.48)

Combining both end-surface contributions, along with the damping contribution for the cylindrical
part, yields a total damping coef cient expression.
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D.5 Annulus Flow

The following section derives the necessary shear rates for the shear-gap model, by taking an offset

in an annulus ow used in the shear-gap model.

From Section 4.2 on page 19, Equation (4.5), a coef cient, C, is de ned for easier derivation, as

2
Wrdrum
2
' Gut

C= "
drum

(D.49)

where the coef cient is simply whatever is outside the parentheses. As such, Equation (4.5) is

rewritten to be in terms of this coef cient, C, as
r2

Vg(N=C r OTUt

Fully dividing by r yields a further simpli cation

vg(r) _ ra t
—~-=C 1 %
Differentiating yields
d v _d oy
dr r dr r2
rout
=C C "2
2r
_ 2
=0 Cr out@

The above result is obtained by using the derivative of the quotient term.

gives

d ovyn 2rCr2,,
arr 4
2Cr2

— out

r3

Multiplied by r to get back to the initial equation

_ .4 vqn
gr)=r o

_ 2Crdy,

= —put

By substitution of the coef cient, C in Equation (D.57) yields
2Wrgrum @
r 5w 2

a(n =

2
rdrum

(D.50)

(D.51)

(D.52)

(D.53)

(D.54)

Simplifying the vyields

(D.55)

(D.56)

(D.57)

(D.58)

(D.59)
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As the interest is the value of the shear rate, only the magnitude is calculated

2 2
(rout r drum)r2

ja(ni=

Evaluating Equation (D.60) at r = r 4,ym, Since the inner wall is rotating yields

2jwjrz r2

j9(rgrum)j = drum o1 (D.61)
(rgut r grum)rgrum
2jwijr2
=2 o (D.62)
Fout T drum

where Equation (D.62) is used for nding the viscosity within the viscosity interpolation.
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E Derivation of Supplementary Theory for the
Vane Damper Model

This chapter supplements the presentation of the single-vane damper in Section 4.3 on page 22. The
working principle of the single-vane damper comprises a single vane that separates two chambers
and, under the force of an external torque, forces the ow from one chamber to the other. This
ow is a combination of ows from the gap between the vane tip and the external housing, the gap
between the rotating shaft and the restriction block, and from both above and below the vane and
housing, and one or more hole geometries in the vane. All ows other than the hole utilize the same
ow theory, while the hole ow uses one of two different theories, depending on the developed ow
regime. First, the derivation for the Poiseuille ow for all gap ows will be presented, followed by
the corresponding gap shear rate, with an expression for the diameter to use. Next, the derivation
of the Hagen-Poiseuille ow for the laminar hole ow is presented, along with the corresponding
shear rate. Next, the derivation for the Ori ce ow for the turbulent hole ow is presented. Finally,

a simple global shear rate estimate is provided.

E.1 Derivation of Poiseuille Flow

The following theory will be used to address gaps at the tip, shaft, top, and bottom of the vane and
housing. These ows can be seen in Figures 4.6 on page 29, 4.7 on page 31, and 4.8 on page 31.

This theory is applicable for a ow between two parallel plates generated by the existence of a
pressure gradient [21, p. 305]. When the two plates are xed, the ow is called plane Poiseuille
ow. The derivation is based on the following assumptions

e Steady ow

* Laminar ow

Fully-developed ow
* Incompressible ow
« No variation of ow in the y- and z-directions
An illustration of the laminar ow between two at plates can be seen in Figure E.1.

The gure shows that the total vertical distance equals the gap distance, g = 2h. As such, due to the
location of the coordinate system, the distance to the top wall is y = +h = g=2, and the distance to
the bottom wall isy = h = g=2. This ow is assumed to be steady, laminar, and fully developed
between the two xed, parallel plates.

The differential form of the mass conservation law is seen by

ffru  fru  Tru  Tru _
W+W+W+W_O (E.1)
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(a) Side view of plane Poiseuille ow. (b) cross-sectional view of plane Poiseuille ow.

Figure E.1: lllustration of laminar ow between two stationary at plates. The total distance between the plates is 2h,
since the coordinate system is de ned at the center point between them. The pressure-driven ow ows in the positive
x-direction.

where r is the uid density, and u, v, and w are the velocity components, de ned positive in the
X-, Y-, and z-directions, respectively. The equation is also denoted as the Continuity equation [21, p.
163].

Taking (E.1), and applying for an incompressible uid yields

ﬂu ‘ﬂv Tw
— =0 E.2
ﬂx ﬂy fiz E-2)
which holds due to the constant density, r, of an incompressible uid. This means that the density

is neither a function of space coordinates nor time [21, pp. 163-164].

Referring to the assumptions of a laminar ow, the ow in directions other than the ow direction
is neglected, hence v = 0 and w = 0, Equation (E.2) reduces to

Tu _
I

which is the continuity equation for ow between two stationary plates [54, p. 112]. As such, the
velocity is only a component of the x-direction. Differentiating this once more yields

(E.3)

u_fu Tu

%2 x 9x

=0 (E.4)

Taking the Navier-Stokes equation in the direction of the ow, meaning the x-direction, thereby
omitting the y- and z-directions, yields

u, Ju, Ju,  Ju p ﬂ2 ﬂ2 ﬂz

r —+WwW = _——+trgxt ﬂXZ ﬂVz ‘|T22

E.5
ﬂt ﬂX ﬂy 1z fix (E3)

where r is the density, and u, v, and w are the velocity components. Furthermore, g x and m are
the x-component of the gravity and dynamic viscosity, respectively. The Navier-Stokes equations
are applicable for incompressible Newtonian uids, meaning constant density and viscosity [21, p
186-190].

Given the assumptions, some terms in the Navier-Stokes equation can be omitted, as described
below. The ow is assumed to be steady; that is, uid properties do not change. As such, the
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velocity and temperature at a point do not change over time, =1t = 0 [28, p. 421].

The ow is furthermore assumed to be fully developed, meaning that the ow is satisfactory away
from the ow entrance and, as such, no change in the ow direction occurs, fu={x = 0. This
statement is also true when inspecting Equation (E.3), since the change of ow in the ow direction

is zero. Moreover, the term in the square brackets, % %ﬁ and '1”12—25‘ are zero due to conservation of
mass.

The ow being assumed as laminar signi es that the ow is primarily in the x-direction; thus, any
ow in other directions is neglected by setting v = 0 and w = 0. As such, they drop out of the
equation.

Moreover, on the right-hand side of the equation, the gravitational component, g x, is not aligned
with the ow going in the x-direction; as such, this term becomes zero.

Writing the reduced equation yields

2
0= ?D'C(Hm%; (E.6)

which gives the Navier-Stokes momentum equation for ow between two parallel at plates [54, p.
112], [21, pp. 305-307]. Setting all the terms on the left-hand side to zero indicates a constant speed,
thereby no acceleration.

Rearranging Equation (E.6) gives

u_11p
T2 = miix (E.7)
for which the velocity distribution, u, is desired. As such, the equation is integrated with respect to
y, which yields

flu_119p

—=——y+cC E.8

Ty mix) T & (E.8)
where c; is a constant arising from the integral. Taking the integral once more with respect to y
yields

19p »

u(y) = amax) Ty e (E.9)

where ¢, is another constant arising from the integration. The equation gives the velocity distri-
bution of the ow in the x-direction as a function of y. This equation can also be found by taking
the force equilibrium of an in nitesimal element [21, pp. 305-308]. Finding the constants ¢ 1 and ¢,
involves accounting for the boundary conditions.

The uid will stick (u = 0) at the contact of the solid at the top and bottom (y = +h and y = h), due
to the no-slip condition (described in Section 4.2). Utilizing these boundary conditions in Equation
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E.9 yields

= ]&phz+c h+c (E.10)
_11p.
2m‘|1xh c ih+o (E.11)

To obtain an expression for ¢1, Equation (E.11) is subtracted from Equation (E.10), which gives

179 179
00= ﬂph2+c h+e oo ﬂf(’hZ cih+o (E.12)
0=2gh (E.13)

Since h is a gap height, this cannot equate to zero, which means that the coef cient ¢c; must be zero.
Substituting this result into Equation (E.10), and isolating for ¢ , gives

_119p,.
2m‘”Xh +0+¢ (E.14)
- 17p.
C = 2mﬂxh (E.15)

As such, solving the Equations (E.10) and (E.11) with two unknowns yields the following result

iﬂ)hz

G =0 2= omax

(E.16)

The found constants are then inserted into Equation (E.9), which yields the following ow velocity
distribution between two plates

1‘|Tp2 119p,.

u(y) = 2mix) Znﬁh (E.17)

This reduces to

uy) = TP g2 2

S (E.18)

which is the velocity pro le for laminar ow between stationary parallel plates. The distribution is
a parabola, with the minimum at the plate walls and the maximum velocity at y = 0, in the center
of the ow gap. This derivation coincides with the result obtained from taking a differential control
volume approach by taking the force equilibrium acting on this control volume [21, pp. 305-310].

The volumetric ow rate is de ned by

Zp
Q= ) u(y)dA (E.19)

The volumetric ow rate, Q, requires that the uid is incompressible, meaning that the density is
constant [21, p. 100].
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Utilizing a square element for the in nitesimal area, dA, the equation is rephrased to
Zn
Q= ) u(y) bdy (E.20)

where the product bdy is the area due to b being the depth and dy being the in nitesimal height of
the ow. These dimensions can be seen in Figure E.2.

Figure E.2: Area of the Poiseuille ow. The total gap height is g = 2h, and the width of the ow is b. The length of the
ow is denoted L, going in the ow direction, x.

Substitution of the velocity distribution from Equation (E.18) into Equation (E.20) yields

Zy
19
Q= Znﬂ—f(’ v2 h 2 bdy (E.21)
Solving the equations yields
Q=110 1o gz (E.22)
2mix 3 h
Which reduces to
21
Q= %Ti’bﬁ (E.23)

Equation E.23 can re rephrased into the following, utilizing h = g=2

bg  1p
== = E.24
Q 12m x ( )
This equation de nes the volumetric ow rate between two stationary plates due to a pressure
difference, where b and g denote the width and gap distance between the plates, respectively, and
the uid viscosity, m, and the pressure gradient, %) If the pressure gradient is constant, the pressure
varies linearly with x, and as such, Equation (E.24) reduces to

_ bg?
= 5iDP (E.25)

Q

where Dp is the pressure difference between two points of the ow, and L is the distance between
these two points [21, p. 308].
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E.2 Slit Flow

The following section derives the shear rate used in the single-vane damper model and de nes the
hydraulic diameter. First, the section derives shear rate for a slit (the area between two stationary
plates with a pressure-driven ow) and takes off-set in the derived plane Poiseuille ow in Section
E.1. Next, an expression for the hydraulic diameter, to be used as a parameter in calculating the
Reynolds number, is de ned for a slit.

E.2.1 Shear rate

The shear rate is de ned as

du
aly " &y (E.26)

which is the rate of deformation for a one-dimensional uid ow [21, p. 31].

Expanding the velocity pro le for a laminar ow between stationary parallel plates of Equation E.18
gives
1 1Tp 2 iﬂ)hZ

uly) = =2y pT

2l (E.27)

Substituting this equation into Equation (E.26), and differentiating with respect to y yields the right-
hand side of Equation (E.26), as shown as

du_i2 Tp

d—y = o yﬁ (E.28)
Taking only the magnitude yields

_du _ 19p

T ay mﬂxy (E.29)

The shear rate is used to determine an appropriate viscosity value. As such, only the magnitude is
needed. The maximum value occurs at the wall. In this derivation, the total wall-to-wall distance

is g = 2h, which means that the center point to one of the edges is y = h = g=2, since the origin is
placed at y = 0. As such, evaluating the equation at the wall this gives

1 1
Qwall = m Ti) g (E.30)
Isolating the pressure gradient in Equation (E.24) yields
p _ 12mQ
X bF (E.31)
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Substituting Equation (E.31) into Equation (E.30) yields

12mQ

1
Gwall = m 7bg3 g (E.32)
which reduces to
6
Qwall = ngZ (E.33)

which gives the maximum shear rate for a pressure-driven laminar ow between two plates. The b
and g sizes are the ow width and gap distance between the walls, and these are ow-dependent.
E.2.2 Hydraulic Diameter

The Reynolds number takes a characteristic length as input in its equation,

— 'V mearl-
m

Re

(E.34)

where L is the characteristic ow length, v meanis the mean ow velocity, and r is the uid density
[21, p. 280]. For a noncircular ow path, relations for a noncircular duct can be used, for which the
hydraulic diameter is de ned as

_4A

D
TP

(E.35)

where A is the cross-sectional area of the ow, and P is the wall length in contact with the owing
uid at any cross-section, and is denoted as the wetted perimeter. The factor 4 is introduced to
make the equation for hydraulic diameter b equal to duct diameter for a circular cross-section [21,
p. 339].

For a rectangular duct, the hydraulic diameter is

_ 4bh
"= 2(b+h)

(E.36)
where b and h are the duct width and height, respectively, yielding a cross-sectional area A = bh.
The wetted perimeter is P = 2(b + h) [21, p. 340]. Reducing the equation yields

_ 2bh

n= (E.37)

If the slit is very wide compared to the gap height, meaning b h, then the contribution from h
becomes negligible when adding it to the other dimension, and as such, the equation becomes

Dh= 5" =2h (E.38)

which is the narrow gap between two large plates with a gap distance, h. Using the notation from
Chapter 4.3 on page 22, it then becomes [ = 2g, for the gap height for the distance between the
plates.
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E.3 Derivation of Hagen-Poiseuille Flow

The following theory will be used to address one or several holes in the vane. This type of ow is
shown in Figure 4.9 on page 32. This theory is applicable for describing the ow in a tube, driven
by a pressure gradient.

The following derivation will be similar to that of the derivation in Section E.1, as the work frame
is similar. The following derivation is based on the following assumptions

e Steady ow

e Laminar ow

Fully-developed ow
* Incompressible ow
* Axis-symmetric ow
* Negligible gravity

An illustration of the laminar ow in a tube can be seen in Figure E.3.

(a) Side View of Hagen-Poiseuille ow. (b) Top View of Hagen-Poiseuille ow.

Figure E.3: lllustration of laminar ow between stationary walls of a tube. The radius from the center point to the wall is
denoted R. The pressure-driven ow ows in the positive z-direction.

The gure shows that the tube's total diameter equals twice its radius, D = 2R, where r is the radial
coordinate. This ow is assumed to be steady, laminar, and fully developed between the tube's
stationary walls. Additional assumptions are that the pipe has a constant cross-section, and thereby
does not change throughout the ow path [49, p. 56].

Taking the differential form of the mass conservation law is seen by

190V, 1vg , TV,
r qr r 1q Iz

where r is the radial component, q is the circumferential component, and z is the axial direction.
The equation is also known as the Continuity equation and is applicable to uids with constant

=0 (E.39)
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density, r [21, p. 710].

Referring to the assumptions of a laminar ow, the ow in directions other than the ow direction
is neglected, hence y = 0 and vq = 0. As such, Equation (E.39) reduces to

M
qz

which is the continuity equation for ow occurring in a tube.

=0 (E.40)

Taking the Navier-Stokes equation in the direction of the ow, meaning the z-direction, thereby
omitting the radial, r, and circumferential, q, directions, yields

e, Mz Volve TV T, 11 v 1P Ty

PR AR TR K A 72

B TR TR T 7

(E.41)

where r is the density, and v ;, v;, and vq are the velocity components. Furthermore, g; and m
are the z component of gravity and dynamic viscosity, respectively. The Navier-Stokes equation is
applicable for incompressible Newtonian uids, meaning constant density and viscosity [21, pp.
186-190, p. 710]. Given the assumptions, some terms in the Navier-Stokes equations can be omitted,
as described below.

The ow is assumed to be in a steady state; steady ow means that uid properties do not change,
7=1t = 0. As such, the velocity and temperature at a point do not change over time [28, p 421].

The ow regime is assumed to be laminar; thus, the ow is primarily in the z-direction; thus, any
ow in other directions is neglected by settingv =0 and vq=0.

Furthermore, due to conservation of mass (see Equation (E.40)), the term wv,=7z = 0, which
accounts for changes in the ow direction, is omitted. This also follows from the assumption that

a fully developed ow, meaning the ow is satisfactory away from the ow entrance and shows no
change in ow direction, occurs when =z = 0.

Investigating the right-hand side, the gravity component, g , is assumed to be zero since the pipe is
oriented horizontally.

In regard to the second derivatives, the ow is assumed to be axis-symmetric; as such, there is
no change in circumferential direction, =Yg = 0. Taking the second derivative of this, thus also
becomes zero. Moreover, taking the second derivative of Equation (E.40) simply gives 0, and thus,
this term drops out.

Taking all these assumptions and applying them, Equation (E.41) reduces to the following

oo @, 10 dv

dz rdr dr (E.42)

where r and z are the radial and axial components of the ow [49, pp. 50-51]. In the equation,

the pressure is independent of the radial component, and the uid velocity is independent of the
z component in the ow direction. Furthermore, by having all the terms on the left-hand side set
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to zero, a constant speed is indicated, thereby indicating no acceleration. Rearranging the equation
yields

d dv, _dpl

ar dr dzm (E.43)

which is a second-order differential equation. The following derivation coincides with the result
obtained from taking a differential control volume approach by taking the force equilibrium acting
on this control volume [21, pp. 316-317]. The equation is integrated with respect to the radial
coordinate, r, which gives

Z Z
d dv, _ T dp1
ar rW dr = 4z mr dr (E.44)
Solving the integral on both sides yields
dv, dpll,

Rearranging such that the differential of the velocity in the z-direction is isolated gives

dv, dpll C
ar T dzm2 T (E46)

Integration of the equation with respect to the radial component, r, yields
VA VA

dv, dpll C;

i = —_— I+ — .

T dr 4z mzr . dr (E.47)

Solving the integral on both sides yields
4

1dp C
=_—_F = E.4
2= 5y r+ ; dr (E.48)
1dp r2
Vg = %diz) > +ciin(r)+c (E.49)
v, (r) = 41mg|2r2+clln (r)+c; (E.50)

Equation (E.50) needs to be solved by utilizing and applying the boundary conditions. For this,
a nite velocity at the center can be used rst. This means that at r = 0, the expression In (0)
approaches in nity; as such, the coef cient ¢ ; must be zero. The second boundary condition can be
obtained from the no-slip condition at the wall. This means that at r = R, the velocity is zero,v ;=0.
This gives

vz(r=R)=0 (E.51)

1d
Vo(r = R) = mngH@ (E.52)
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Isolating the coef cient ¢ , yields

1dp2

4mdz (E53)

C =

which is the second boundary condition [21, p. 318]. Substituting this into Equation (E.50) gives

_1dp,. 1dp

Vo (r) = ——r +0+ 4mdz (E.54)
_ dp 2 1dp_,

V(1) = amdz’ 4mdzR (E.55)
_ldp , 2

As such, utilizing the boundary conditions gives
_1 dp 2 . 2
Vo (r) = am e (R°r 9 (E.57)

which is the velocity distribution for a fully-developed laminar ow circular pipe as a function of
the radial coordinate, r [21, pp. 317-318], [54, p. 121].

The volumetric ow rate, Q, can be found by integrating the velocity over an area

Z
Q= v,dA (E.58)
A

The volumetric ow rate requires that the uid is incompressible, meaning that the density is con-
stant [21, p. 100]. Utilizing a ring element for the in nitesimal area, dA, the equation is rephrased

ZR
Q= vz(r)2prdr (E.59)
0
where the ring radius is r, and the thickness is dr. Substitution of Equation (E.57) into (E.59) yields
ZR
_ 1 dp 2> . 2
Q= o am  dz (R° r 9)2prdr (E.60)

Rearranging the constants outside of the integral and solving the integral yields
Zz

Q= ii:n 35 OR(R2 r 2rdr (E.61)
Q= %1 %’ Rzzr r: : (E.62)
Q-= 2an ‘;'IE 34 (E.63)
Q= R;r'z 32 (E.64)

This equation de nes the volumetric ow rate for Hagen-Poiseuille ow in a pipe, with the ow in
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the z-direction. The distance R is the distance from the center of the pipe to the wall, and m is the
dynamic viscosity of the uid [21, p. 319], [54, pp. 121-122], [49, p. 52].

If the pressure gradient is constant, the pressure varies linearly with x, as seen by

dp PL P 2
K E.
dz 22 Z 1 (E.65)
which can furthermore be written as Dp=L [49, p. 52]. As such, Equation (E.64) reduces to
_Rp
Q= mDp (E.66)

where Dp is the pressure difference between two points of the ow, and L is the distance between
these two points. The equation furthermore shows that the volumetric ow is in uenced by the
tube radius, given that it is raised to the power of four [21, p. 319].

E.4 Hole Flow

The following section derives the necessary shear rate for the vane damper model. As such, the
derivation is of the shear rate for hole ow.

The shear rate is de ned as

dv,

= (E.67)

which is the rate of deformation for one-dimensional ow for the cylindrical coordinates [21, p. 31,
p. 318].

Substituting the velocity distribution for a fully-developed laminar ow circular pipe in Equation
(E.57) into Equation (E.67), yields

dvo(r) _d 1 dp _, 1 dp
dr ~dr 4m dz °  am  dz ' (E-68)
Solving this and reducing the equation gives the shear rate as
dv(r) _ 1 @
dr ~ 4m dz 2r (E.69)
dvo(r) _ r dp
- 2m dz (E.70)

where R? evaluates to zero, since it is simply a constant. This means that at the center, r = 0,
the shear rate is zero; however, at the wall, r = R, the shear rate is maximum, and between these
two points, there is a linear relationship. This equation is similar to that of the right-hand side of
Equation (E.67).
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The maximum shear rate is denoted as the wall shear rate, and this can be written as

gn= L 9P

om  da (E.71)

Equation (E.64) states that the volumetric ow is dependent on the pressure gradient. Isolating this
pressure gradient gives

dp _ Q8m
dz " pRé (E.72)
Substitution of Equation (E.72) into Equation (E.71) gives
_ 1 Q8m
g(r) = 2mpRA (E.73)
_ rQ4
90 = R (E.74)

which is the shear rate distribution in the radial coordinate, r. Evaluating at the wall, r = R, yields

_4RQ _ 4Q

g(r=R) = pR* T PR3 (E.75)

which gives the wall shear rate for tube ow for laminar ow. The area of a circleis A=pr 2, hence,
rewriting Equation (E.75) yields the nal expression for the wall shear rate as

_ 4Vmean
r

(E.76)

Since Vinean= Q=A, where VneaniS the mean ow velocity, and r is the hole radius.

E.5 Derivation of Ori ce Equation

This section will derive the ow through an ori ce, denoted as the Ori ce equation. The following
derivation is based on the following assumptions

» Steady ow with constant angular velocity w

« Incompressible uid, meaning constant density r

« High Reynolds number, Re, meaning the ow is dominated by inertial forces
An illustration of the ow through an ori ce can be seen in Figure E.4.

As shown in the gure, a short restriction path, denoted as an ori ce, separates the two sides of
the ow passage. In this regard, three areas are de ned: points 1, 2, and 3. At these points, the
ow particles have their own pressures, p 1, p2, and ps, and areas of ow paths, A 1, Ay, and As.
This means that the pressure of the individual particles in the upstream is p 1, which then changes
to p, at the vena contracta due to the orice. This point is located at the smallest area with the
highest velocity and results from the uid's inability to turn a sharp corner. As the particles move
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Figure E.4: A view of a ow through an ori ce with a high Reynolds number. The ow area before the ori ce is denoted
A;. The ow area just before the orice is A o, where the ori ce's sharp edges constrict the ow. The area immediately
after the ori ce is denoted A , and is the vena contracta. The area suf ciently after the ori ce is denoted A 3.

away from the ori ce, the pressure of the particles is p 3. These pressure differences arise from the
presence of an ori ce, since the ow in the surrounding volume is affected. Relative to the ow
before the ori ce, the velocity will increase through the allowed, yet reduced, ow area, denoted
vena contracta. This velocity increase occurs due to volume continuity. As a result, a pressure
drop occurs at high Reynolds numbers due to the acceleration of particles from the upstream to the
higher-velocity region. On the contrary, at low Reynolds numbers, this drop stems from the uid
viscosity, which generates shear forces [37, pp. 56-57], [49, pp. 48-49].

Bernoulli's equation states that the energy along a streamline in an inviscid uid is constant as

2
rB + u? = constant (E.77)

where p, r, and u are pressure, density and velocity [37, p. 57].

Utilizing Equation (E.77) for two points in the ow, 1 and 2, and isolating the ow velocities in the
streamline yields

o P P22y 2 (E.78)

where point 1 is before the ori ce and point 2 is just after the ori ce.

The continuity equation of conservation of mass for incompressible ow imposes ow in points 1,
2, and 3, which yields

Q = Alul = Asuo = Asus (E.79)

where Q is the volumetric ow rate through the ori ce, and A  and u; are the given areas and ow
velocities for point i = 1,2,3. By using two of the expressions in Equation (E.79), the velocity at
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point 1 is found to be

Ui = —Uup (E80)

By substituting Equation (E.80) into Equation (E.78), and rearranging, the velocity, u », can be fac-
tored outside of the bracket

2 A2
Fpp2)=uz 19 (E.81)
1
Rearrangement of Equation E.81 gives the mean uid velocity at point 2 as
a2 1275
— 2
u= 1 AZ F(pl P 2) (E.82)
Multiplying the ow velocity, u », by the ow area, A », yields
s
A 2
Q=Ay= ———= =(p1 P 2) (E.83)
1 4 '
A2
1

where Q is the volumetric ow. The equation utilizes the jet stream ow area, A », rather than the
physical ori ce area, A (. As such, the ratio of the two areas is de ned

_ A2

Co= ac

(E.84)
where C. is a contraction constant, and is found experimentally for various ow passage geometries
[37, pp. 57-58], [49, p. 49]. The discharge coef cient G, is de ned to include minor losses, C , and
to simplify Equation E.83, as

CCe

Cy=+—— (E.85)
1 C2A2
AL

where C, is a coef cient to add minor losses. Minor losses are shown in experimental studies as
energy losses in the process, since the static pressure level from point 1 in Figure E.4 is not recovered
in point 3 after being subjected to ow through the ori ce; rather, the ow at point 3 is equal to

the pressure at point 2. These energy losses are suggested by empirical data to be kinetic energy
lost from the point of vena contractor to point 3 downstream, being mainly due to turbulent friction
losses [37, pp. 58-59]. Moreover, G is the contraction constant, which is a coef cient to include the
ratio of areas; however, since A is usually a much smaller value than A ,, the contraction constant
is usually very close to the contraction coef cient, C ,. Nevertheless, the contraction constant must
be determined experimentally, or the typical sharp-edged value of C .= 0.61 is used [49, p. 50].
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The ori ce equation is given as

s
2. . P1 P2
Q=CsA0 - — E.86
dAo —JP1 szJpl 0 (E.86)
where r, p1, and p; are the ow density and pressures at points 1 and 2. Additionally, C 4 and Ap
are the discharge coef cient and physical opening area for the ori ce. Additionally, the sign of the
pressure difference dictates the ow direction, where the ow from point 1 to 2 is the positive ow

direction [49, pp. 48-50], [37, pp. 58-59].

E.6 Derivation of Simple Shear Rate Estimate

The following theory will be used to obtain a simple, overall operating-point shear rate estimate for
the vane damper, based on the tip speed, neglecting details such as holes, ow regions, and end
effects. The purpose of this shear rate estimate is to obtain a single operating-point viscosity. The
shear rate de nition is

du
= E.87
9= & (E.87)
where du is the velocity difference between two surfaces, and dy is the distance. As such, the
equation is the rate of deformation for a one-dimensional uid ow [21, p. 31]. Basing the theory

on the vane tip motion, the velocities at the vane tip and housing yield the following velocities
Utip = Wl'vane Unousing= 0 (E.88)

where uy, is the tangential vane tip velocity at a distance r yane from the damper center. Moreover,
the UnhousingiS the outer stationary housing at a distance r oyt from the damper center. The radial gap
between the tip and the housing is de ned as

Otip,radial = Fout I' vane (E.89)

Substituting the expressions in Equation (E.88) as the numerator, and Equation (E.89) as the denom-
inator of Equation (E.87) yield

g= tvane (E.90)
Fout T in

which gives the magnitude of the shear rate. Using this approximate shear rate as a simple estimate
for the vane model indicates that it is close to a Couette ow. The rationale for using this equation
is that as the vane moves, the uid near it moves along with it, whereas the uid in contact with the
stationary housing does not, due to the no-slip condition. As such, the dominant shear rate is taken
to be the velocity distribution in the vane tip gap, following the Couette ow methodology, which
assumes a linear velocity pro le over the gap between the vane tip and the housing. This shear rate
estimate, therefore, ignores the presence and ow due to holes and other relevant gap ows of the
top and bottom gap, and the shaft gap.
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F Concept

This chapter presents the conceptual design and embodiment considerations for the proposed VFD
concepts. The chapter considers both the overall damping mechanisms and possible implementation
solutions required to realize a functional demonstrator. Particular focus is placed on pressure com-
pensation, sealing methods, manufacturability, assembly complexity, and internal damping geome-

tries. This serves to investigate how existing solutions can be developed into realizable mechanical
con gurations suitable for experimental demonstrators for on-ground testing.

F.1 Conceptualization

Following the selection of the drum shear-gap and single-vane damping mechanisms, additional
design investigations are conducted. These focus on how different features in the selected mech-
anisms may be realized. To do so, several implementation solutions are presented for pressure
compensation, sealing methods, manufacturability, assembly procedures, and internal geometry
con gurations.

F.1.1 Temperature and Pressure

Temperature variations, trapped gas volumes, and uid expansion may generate internal pressure
variations within the damper housing, as described in Sections 2.2.2 on page 10 and 2.2.3 on page 11.
Excessive internal pressure may increase seal loading, increase seal friction, or cause leakage of the
working uid. Different pressure-compensation concepts are investigated as mitigation strategies.

One possible solution is to integrate a exible diaphragm into the damper housing, as seen in Figure
F.1a. Another possible solution is the use of a spring-loaded piston, as seen in Figure F.1b.

(a) Radially mounted diaphragm compensation chamber. (b) Radially mounted spring-loaded compensation chamber.

Figure F.1: Investigated pressure compensation concepts for accommodating thermal expansion and pressure variations
within the damper housing. The compensation chambers are integrated into the bottom housing.

In the diaphragm concept, the diaphragm deforms elastically to compensate for changes in uid

volume, providing a compact, passive pressure equalization mechanism with few or no moving
parts. However, it introduces challenges related to material selection, manufacturability, long-term
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durability, and compatibility with the working uid. Whereas, in the piston concept, a movable pis-
ton compresses a spring while compensating for uid expansion and pressure changes. Comparing
this to the diaphragm concept, the spring-piston concept introduces additional moving parts and
increased assembly complexity. However, it provides a pressure-compensation mechanism that can
be more easily adjusted, potentially simplifying the manufacturing of the housing geometry.

Several placement con gurations of the pressure compensator can be considered. The pressure
compensation chambers are shown in Figures F.1a and F.1b on the side of the housing; however,
they can also be located at the bottom, on the opposite side of the output shaft.

F.1.2 Permeation and Compatibility

Sealing of the damping mechanism is necessary to prevent leakage of the working uid during
operation and testing, as described in Section 2.2.4 on page 11. Moreover, sealing is needed for the
mechanism to comply with the List 1.1, requirement no. 7 for TML and CVCM.

When the output shaft rotates, the sealing interface is dynamically loaded. As such, the geometric
con guration of the O-ring providing the sealing is to be considered, namely, rod sealing and bore
sealing, as shown in Figure F.2.

(a) Bore sealing method. (b) Rod sealing method.

Figure F.2: Sealing methods for shaft seals include bore sealing, where the O-ring is placed in a gland within the output
shaft, whereas the other is a rod sealing method, where the O-ring is placed in a gland in the stationary housing.

The gure shows the bore sealing method shown in Figure F.2a. The O-ring is mounted within
glands on the rotating shaft and seals against the surrounding housing bore. This solution simpli es
the housing bore geometry, enabling consistent manufacturing; however, it requires an increased
shaft diameter to compensate for the O-ring gland's reduced diameter. Moreover, the rod sealing
method is shown in Figure F.2b, where the O-ring is placed in glands within the stationary housing,
while the shaft rotates against the inner diameter of the O-ring. This method provides a compact
sealing solution and simpli es the shaft geometry, while increasing the housing's manufacturing
complexity due to the O-ring gland.

In addition to the dynamic shaft sealing interface, sealing between the stationary housing compo-
nents (housing and lid) is required. Since the housing interface remains stationary during operation,
the sealing condition is static. Two primary sealing con gurations are presented for the housing
closure: axial compression sealing and radial compression sealing, illustrated in Figures F.3a and
F.3b, respectively.
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(a) Axial compression method. (b) Radial compression method.

Figure F.3: Sealing con gurations for housing seal include axial compression sealing, where the O-ring is placed in a
gland at the top of the housing opposite to the lid, whereas the other is radial compression sealing, where the O-ring is
placed in a gland at the outside of the housing opposite to a wall from the lid.

As shown in the gure, in the axial compression method, the O-ring is compressed between two
opposing planar surfaces. This con guration corresponds to a conventional face seal arrangement
and provides relatively simple manufacturing and assembly procedures. Furthermore, the O-ring
compression may be controlled directly by axial clamping of the housing components; however, in-
ternal pressure from the working uid, indicated by the arrows, reduces the seal's clamping force.
In the radial compression method, the O-ring is compressed radially between cylindrical surfaces.
This con guration may provide a more compact axial geometry, but it introduces increased sensi-
tivity to dimensional tolerances and concentricity between the mating components. Additionally,
this con guration is not in uenced by the internal pressure separating the housing components.

F.1.3 Manufacturing and Assembly Considerations

Generic components and mechanisms for space applications are generally made using no magneti-
zable parts, to comply with List 1.1, requirement no. 7 for TML and CVCM, and requirement no. 8
for no magnetizable materials. As such, the following manufacturing considerations are made with
this in mind.

The shaft can be made from multiple smaller parts rather than a single integrated component, as
shown in Figure F.4.
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(a) shear-gap shaft segmented into three parts. (b) Vane shaft segmented into two parts.

Figure F.4: Segmentation of parts. The shear-gap damper drum shaft is shown as one coherent unit and segmented into
three parts: 1) the bottom pin, 2) the shear-gap drum, and 3) the top pin. Moreover, the shaft of the vane damper is shown
with a segmented vane- n and main shaft. The vane shaft can additionally be segmented into three parts, as shown for
the shear-gap drum with pins.

Figure F.4a shows that the shafts of both drum shear-gap dampers and single-vane dampers can be
split up into three components, namely, 1) the bottom pin, 2) the shear-gap drum or vane shaft, and
3) the top pin for the output shaft. Moreover, Figure F.4b shows that for the single-vane damper, the
vane can be manufactured from a separate part from the shaft, then combined with either a pin or
threads internally to the shaft. By doing this, less waste material can be produced, and tolerances
on the shaft part can be controlled on an individual part basis.

Fastening compaositions are shown in Figure F.5 with four, six, and eight screws.

(a) Four screws for fastening. (b) Six screws for fastening. (c) Eight screws for fastening.

Figure F.5: Various fastening compositions, using different numbers of fasteners. The screws are placed axially to the
housing between the inner and outer walls. The arc length is the centerline of the circles where the screws are placed.

As shown in the gure, the arc length between screws decreases with an increasing number of
screws. As such, the number and placement of fastening screws in uence the effectiveness of the
housing closure. Using more screws improves the distribution of clamping force and ensures more

uniform compression of a static O-ring face seal. However, increasing the number of fasteners also
increases manufacturing time and mass.

Different bearing placements for supporting the rotating shaft within the damper geometry are
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illustrated in Figure F.6.

(a) Fully submerged bearing placement. (b) Partially submerged bearing placement.

Figure F.6: Various bearing placements, utilizing the rod sealing method as reference. The fully submerged placement has
both bearings within the working uid chamber, allowing them to be lubricated by the uid. In the partially submerged
placement, the inner bearing is in the working uid chamber, as in the fully submerged placement, and the outer bearing
is placed outside the chamber after the shaft seal.

Figure F.6a shows a fully submerged bearing placement, where both bearings are inside the working
uid chamber, so that both are submerged in the working uid during operation. Submerging
both bearings can provide continuous lubrication of the bearing interfaces, provided the bearing
materials are compatible with the working uid. Moreover, Figure F.6b shows a partially submerged
bearing placement, where only one bearing is inside the uid chamber, while the second bearing is
positioned outside the sealed volume after the dynamic shaft seal. This arrangement simpli es the
placement of the outer bearing, reduces reliance on bearing compatibility with the working uid,
and simpli es the sealing arrangement around the external shaft interface. This con guration,
however, separates the outer bearing from the working uid, necessitating lubrication.

Several housing closing methods are described for the damper geometry, illustrated in Figure F.7.

(a) Top lid closing method. (b) Bottom lid closing method. (c) Top cap closing method.

Figure F.7: Closing methods include the method of top lid, bottom lid, and top cap closures. The top and bottom lid
methods use a planar lid fastened with axially mounted screws, whereas the top cap method has material extending over
the sides of the housing with radially mounted screws.

The gure shows various closing methods, each of which affects manufacturability, assembly se-
guence, sealing implementation, and accessibility of the internal damper components during lling
procedures.

Figure F.7a shows a method being the use of a removable top lid, where the housing is closed from
the top side of the damper geometry. This con guration simpli es access to the internal components
during assembly and allows straightforward installation of the rotating shaft and internal vane
or drum geometry prior to closing the housing. Additionally, the con guration supports axial
compression sealing through a face-seal arrangement between the lid and housing.
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Figure F.7b shows a method using a bottom-mounted lid. Compared to the top-lid method, this
arrangement may simplify integration of the shaft support and bearing placement in certain ge-
ometries. However, assembly accessibility may become more limited depending on the internal
component arrangement and shaft geometry. This method also supports axial-compression sealing
via a face-seal arrangement between the lid and housing.

Figure F.7c shows the use of a top cap as a closing method. This method uses the sealing method, as
described in Figure F.3b, where the O-ring is loaded radially, rather than the axially loaded top and
bottom lid closing methods. This provides the bene t of obtaining the same radial compression load

of the O-ring, independent of its axial movement due to the internal damper pressure. However, this
closure method extends radially over the housing and, as such, requires a larger allowable radial
dimension than the two aforementioned methods.

F.2 Concept Solution Selection

This section presents the proposed design for both drum shear-gap and single-vane dampers, based
on previous considerations, accounting for seal con gurations, sealing methods, assembly, fasten-
ing, bearing placement, and closure methods. This proposed design for a realizable demonstrator,
however, does not include the pressure and temperature compensator, as it is out of scope for
this project, but it should be included for a demonstrator undergoing testing in the temperature
ranges outlined in List 1.1, requirement no. 6. First, the shared implementation considerations are
described, followed by individual design implementations.

F.2.1 Shared Implementation

The shared implementation design for both the drum shear-gap damper and the single-vane damper
includes static and dynamic sealing, shaft-support arrangement, and housing closure. These will be
described individually below, along with the reasons for choosing them.

The chosen sealing method for the static housing sealing interface is axial compression sealing, as
seen in Figure F.3a. It is selected for its simplicity in aligning two planar surfaces and for its ability
to reduce material waste. Moreover, the dynamic sealing of the rotating shaft is achieved using
a bore sealing, placing the O-ring in glands in the shaft, as seen in Figure F.2a. Compared to a
rod-sealing method, the bore method provides improved control over the O-ring gland geometry
due to simpler manufacturing access and reduces dependence on the shaft's surface quality and the
dimensional tolerances of the assembly.

The shaft support arrangement includes a fully submerged bearing arrangement, in which both
bearings are positioned within the working uid chamber during operation, as seen in Figure F.6a.

It is chosen because the uid provides continuous lubrication at the bearing interfaces, thereby
negating the need for compatibility between the working uid and the bearing lubricant.

The selected housing closure method utilizes a removable top lid, as seen in Figure F.7a, with
axial compression sealing via a static face-seal arrangement, as seen in Figure F.3a, both of which
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improve accessibility during assembly and lling procedures while simplifying the manufacturing
of the housing geometry and sealing interfaces.

The housing closure is secured using six evenly distributed fastening screws, as seen in Figure F.5b.
This is a compromise between increasing the number of screws to improve the uniformity of the
clamping pressure acting on the static O-ring seal, thereby reducing the risk of local separation
between the housing components, and using more fasteners, which increases mass.

F.2.2 Shear-Gap Damper

In addition to the aforementioned, speci ¢ drum shear-gap damper implementation strategies in-
clude part segmentation.

Section F.1.3 on page 147 describes the shaft being manufactured in multiple smaller parts; however,
due to the simplicity of manufacturing the round part on a lathe, a larger single part is made. This
reduces the number of interfaces and their tolerances.

The outer housing dimensions are constrained by the available installation location and the sur-
rounding structures at the satellite joints. This, in turn, limits the dimensions of the internal drum
geometry. Small geometric deviations in the concentricity or gap dimensions in uence the result-
ing damping behavior. Consequently, the manufacturability and achievable dimensional tolerances
become important design considerations for the shear-gap geometry. Due to these geometric limi-
tations and sensitivity to gap tolerances, the drum shear-gap concept offers fewer opportunities for
post-manufacturing adjustment of damping behavior, since its working principle relies solely on
gap dimensions.

F.2.3 Vane Dampers

In addition to the aforementioned, speci c single-vane damper implementation strategies include
restriction block implementation and part segmentation.

The restriction block, as mentioned in Section 2.1.3 on page 9, separates the uid chambers and
must occupy some internal volume. This sizing is a compromise between being able to withstand a
possible impact from the vane and not taking up too much space, as at least a 180 stroke range is
needed for the satellite deployment, where the vane is not close to either boundary of the restriction
block.

The single-vane damper offers several parameters to be adjusted, including:
« Restrictive ow gap dimensions
* Vane thickness
* Vane radius

» Restriction geometry
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This provides an increased exibility for modifying the internal geometric con guration, thereby
adjusting the damping characteristics, compared to the drum shear-gap damper. As such, several
adjustment possibilities exist for the vane geometry; systematic optimization of these parameters
is not conducted in the present study. Instead, the vane demonstrator geometries, later to be se-
lected, are primarily intended to validate the working principle and investigate the concept's general
damping behavior.

Section F.1.3 on page 147 and Figure F.4b describe the shaft being manufactured in multiple smaller
parts and the shaft- n being segmented into different parts; however, due to the simplicity of man-
ufacturing, a larger single part is made. This reduces the number of interfaces and their tolerances.
Moreover, introducing smaller parts requires more assembly time per damper to join them, and
necessitates a study of the coef cient of thermal expansion between them.
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G Learnings

This chapter describes lessons learned from initial experimental testing within the preliminary test
campaign of various dampers with different con gurations, dimensions, and features. First, an
overview of the conducted tests will be provided, followed by the experience gained in 3D printing
and viscosity, and nally, the damper's motion test results.

G.1 Conducted Tests Overview

Listed below are the eight different preliminary dampers used in the preliminary test campaign. The
rst four are drum shear-gap dampers, and the last four are single-vane dampers. The numbers
indicate the con guration number in the following list:

1. Shear-gap, 1 mm, §, =19 mm, royt =20mm, 15% in |l

2. Shear-gap, 3mm, §, =17 mm, rqyt =20mm, 15% in I

3. Large shear-gap, 2mm, f, =40 mm, roy; =42 mm, 15% in |l

4. Same as damper type 1, but re- lled with uid and degassed with vacuum

5. Vane damper, tip gap =2mm, dge=0 mm, ri, =8 mm, ryane=18 mm, roy =20 mm, 25% in Il
6. Vane damper, tip gap =2 mm, dyge=5.1mm, ri, =8 mm, ryane =18 mm, royt =20 mm, 25% in |l
7. Vane damper, tip gap =2 mm, dpgie=1.5mm, rij; =8 mm, ryane =18 mm, rqy; =20 mm 100% in Il
8. Large vane, tip gap =2 mm, dpgle =3 MM, ri, =15mm, ryane =40 mm, roy =42 mm, 15% in Il

During the preliminary test campaign, the initial dampers were produced with experience in mind;
as such, no specic print procedure was planned, and variables such as print tolerances and the
percentage of in Il were adjusted. To elaborate on the former, across all versions and con gurations,
tolerances were honed during the manufacturing and testing of the preliminary dampers. For this
reason, the speci ¢ tolerance changes from one damper to the next will not be described.

The rst damper manufactured did not utilize a seal between the main housing and the lid enclosing
the internal uid. During assembly, this was determined to be a vital feature to ensure proper
sealing of the working uid. A sealing method, namely a face seal between the housing and the lid,
was implemented by all subsequent dampers.

The in Il percentage for the preliminary dampers was initially set to 15%, since this is the default
setting in the 3D printing program. Later, this varied between 15% and 25% to achieve higher
strength in the printed specimens. The list shows that all but con guration no. 7, an in Il percentage
of either 15% or 25% is chosen. For this, a 100% in Il was implemented, as preliminary testing
showed that, when using a vacuum chamber, visible bubbles and micro-bubbles originated from
the walls of the 3D-printed parts. The micro-bubbles did not successfully vacate from the uid
during outgassing. It was hypothesized that this was due to the internal voids in the 3D-printed
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parts when not using 100% in Il. After implementing 100% in Il, no bubbles were observed during
outgassing.

During preliminary testing, the overall damper sizes were also changed to mitigate large devia-
tions between theoretical and experimental damping coef cients. Discrepancies of 200 % to 1300 %
between the results were observed. These deviations were thought to be due to manufacturing
tolerances in the 3D-printed parts, leading to excessive deviations from the intended geometry in
small dimensions, as well as to imperfect surface roughness becoming an unaccounted factor, or
inaccuracies in the experimental setup, thus making the case for dampers with larger dimensions.
Damper con gurations 3 and 8 are therefore larger versions than the remaining damper con gura-
tions. Despite efforts to address discrepancies between theoretical and experimental test results, the
larger dampers still showed signi cant deviations. The following table shows the externally applied
mass for the damper con gurations.

Test no. Mass on Damper type
each string
Test 1 44.49 1,2,3,5,6
Test 2 54.8¢g 2,3,5,6
Test 3 64.89 1,2,3,5,6
Test 4 74.5¢ 3,5,6
Test 5 84.8¢ 1,2,3,5,6
Test 6 15.5¢ 1,4
Test 7 20.1g 1,2,4
Test 8 24.7¢g 12,4
Test 9 29.2¢ 1,2,4
Test 10 33.89 1,24
Test 11 422.29 8

Table G.1: Preliminary test campaign showing which weights were used on which damper con gurations. All tests
are assumed to be 25 C, since no temperature recording was made, since the focus was to obtain experience in test
procedures and manufacturing with 3D printers by doing trial-and-error.

Later in the project, when consistent material characterization was performed for syrup, a lesson
learned was that inserting uid specimens into the rheometer signi cantly in uenced the output
data. The initial viscosity measurement was conducted during the introduction to the rheometer
equipment and was primarily intended to obtain a rst estimate of the uid's properties. Because
the resulting viscosity as a function of shear rate appeared reasonable, the measurement's validity
was not questioned during the early stages of testing. The initial viscosity measurement, along with
later, comprehensive rheological characterization measurements for which a mean is found, can be
seen in Figure G.1.
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Figure G.1: Experimental results conducted for mean viscosity test 4, 5, and 6 for Dansukker light sugar syrup at 25 C
for shear rates ranging from 0.1s1 to 100s! , as well as the rst viscosity test at 25 C for shear rates ranging from 1s 1
to 100s! | utilized for the rst results.

As shown in the gure, the mean curve from three individual measurements indicated that the orig-
inal viscosity curve differed signi cantly from the subsequent results. It was therefore concluded
that the initial viscosity dataset did not accurately re ect the behavior of the working uid. As a con-
sequence, the theoretical damping coef cients calculated for the rst preliminary damper tests were
based on incorrect uid properties. The apparent disagreement between theory and experiment
was therefore partially due to inaccuracies in the viscosity data rather than solely to de ciencies in
the damper designs themselves. The experience highlights the importance of validating material
property data before drawing conclusions regarding model accuracy or design performance. In
the present work, several design iterations and investigations were motivated by discrepancies that
were later found to originate, at least in part, from the initial inaccurate viscosity characterization.

This realization led to a re-evaluation of the preliminary results using the updated viscosity mea-
surements. The following results of the preliminary test campaign are based, therefore, on the same
viscosity values as the main test campaign; moreover, the same test setup and test execution as the
main test campaign are used, as described in Sections 6.1, | on page 163 and J on page 171.

Figure G.2 shows the theoretical and experimental damping coef cients obtained for the preliminary
shear-gap dampers, assumed to be tested in 25 C.
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Figure G.2: Theoretical and experimental damping coef cient response of preliminary shear-gap dampers, con gurations
1, 2, 3, and 4.

The gure shows the correlation between the theoretical and experimental damping coef cients.
The con gurations 1, 2, and 4 are all shear-gap dampers of the same size, whereas con guration
3 is an outlier due to its larger size. Con gurations 1, 2, and 4 show that the experimental and
theoretical results are similar, whereas the experimental result for con guration 3 initially shows a
larger damping coef cient than the theoretical. It drops off more quickly with increasing angular
velocity than the more gradual drop-off observed in the theoretical results.

Figure G.3 shows the theoretical and experimental resistive viscous torque coef cients obtained for
the preliminary shear-gap dampers, assumed to be tested in 25 C.
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Figure G.3: Theoretical and experimental torque response of preliminary shear-gap dampers, con gurations 1, 2, 3, and
4,
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The gure shows that the opposing torque generated by the dampers follows the same general
trend as the theoretical and experimental results for con gurations 1, 2, and 4: as angular velocity
increases, the torque increases. However, con guration 3 shows an experimental result of a negative
relationship between torque and increasing angular velocity, contradicting the theoretical result and
the tendencies of con gurations 1, 2, and 4.

Figure G.4 shows the theoretical and experimental damping coef cient obtained for the preliminary
single-vane dampers, assumed to be tested in 25 C, omitting the damper con guration 8, due to its
size.

0.6 T \ \ \ \ \ 3

A A~ Coxp,config5=0= Ctheo,configs
2o 4 Cexp,configs=@= Ctheo,config6
=S A Cexp,contig7=0= Ctheo,config7
')
+~— 047 1
c
Q
3]
©
Q °
o
(@] [ |
c 0.2
o
% A

e o o 4 A
A A A
a A =
0 !

| | | | | | | | | | | | |
0O 01 02 03 04 05 06 0.7 0.8h O.i9 1 11 12 13 14

; rad
Angular velocity w o2

Figure G.4: Theoretical and experimental damping coef cient response of preliminary single-vane dampers, con gura-
tions 5, 6, and 7.

The gure shows the damper con gurations 5, 6, and 7, with a general trend of a slowly decreasing
damping coef cient as angular velocity increases. Moreover, all the experimental results exceed the
corresponding theoretical results for the con gurations. The rst data point for con guration 7 is
considered an outlier because it does not follow the linear trend line of the remaining data points
for con gurations 5, 6, or 7. This data point's angular velocity is below 0.1rads !, and as such, is
deemed to be affected by friction to a greater extent than for the remaining data points.

Figure G.5 shows the theoretical and experimental resistive torque coef cients obtained for the
preliminary single-vane dampers, assumed to be 25 C, omitting the damper con guration 8, due
to its size.
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Figure G.5: Theoretical and experimental torque response of preliminary single-vane dampers, con gurations 5, 6, and
7.

The gure shows a general trend for dampers 5, 6, and 7, since con guration 8 is omitted due to
its size. The general trend is that the experimental results show higher torque than the theoretical
prediction. Moreover, as the angular velocity increases, the torque increases.

Figure G.6 shows the theoretical and experimental damping coef cient obtained for the preliminary
single-vane damper con guration 8, assumed to be tested in 25 C.
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Figure G.6: Theoretical and experimental damping coef cient response of preliminary single-vane damper, con guration
8.

The gure shows the theoretical and experimental damping coef cients for damper con guration
8 at a single data point. Due to its high damping performance, further tests are omitted. This
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is because obtaining measurable data from the remaining tests would require the test setup to be

loaded with masses too large to withstand without breaking. Necessitating more mass stems from

the measured angular velocity being lower than 0.1rads ! . Several attempts were made, but the

strings broke several times. Additionally, concerns regarding whether the shaft would break also
affected this con guration.

Figure G.7 shows the theoretical and experimental resistive torque coef cients obtained for the
preliminary single-vane dampers, assumed to be 25 C, for con guration 8.
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Figure G.7: Theoretical and experimental torque response of preliminary single-vane dampers, con guration 8.

The gure shows the theoretical and experimental torque for damper con guration 8 at a single
data point. Only a single data point is available for the same reasons stated above for its damp-

ing coef cient. The theoretical and experimental torques are 0.46 Nm and 0.45Nmsrad !, and is
located
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H Assembly and Filling Procedure

This chapter describes the assembly and lling process using Dansukker light sugar syrup, per-
formed before tests with the Molykote high-vacuum grease uids. However, the assembly and

lling processes with this material will remain the same, with only increased safety precautions as

changes, including the use of gloves in the workshop to ensure a suitable environment for chemical
handling.

The parts needed for assembling and lling one manufactured damper comprise

* 6 M4x10 Screws

6 M4 Bolts

1 Face seal O-ring with dimensions 67 x 2

1 Dynamic seal O-rings with dimensions 14.30 x 2.4

1 M4x8 button head screw

1 M4 washer

1 Fill port seal O-ring with dimensions 4.47 x 1.78

1 syringe of 12mL
* 1 pipette of 3mL
The following explains the procedure for assembling the 3D-printed dampers after manufacturing.

After completing the manufacturing steps, the dynamic seal O-ring is placed on the shaft, and the
two components are kept away from the damper housing. Subsequently, the lling process will be
conducted. Before handling the uid, a crude estimate for the required uid volume is calculated
for the given damper geometry. The appropriate uid is then inserted into the housing using a
syringe, if necessary, excluding the shaft, until the housing oor is completely lled. The uid
lling of the bottom is shown in Figure H.1la and helps ensure that the bottom is fully lubricated.

When the internal damper oor is no longer visible, the rotating shaft is carefully inserted into
the housing. The uid lling process is continued with the syringe at a steady ow, avoiding the
formation of air bubbles. Two methods are used for this step, depending on whether the damper
is a drum shear-gap or a single-vane damper. For the shear-gap damper, the shaft needs to be
shifted slightly to one side for easier application, as the gap is small compared to a syringe tip. In
a single-vane damper, the shaft is rotated so that uid is applied to both chambers, as it does not
naturally ow through the ow paths for a high-viscosity uid. This process continues until the

uid application is satisfactory. This level of satisfactory lling is shown in Figure H.1b, where the
uid is slightly above the edges of the housing. It is important not to over Il the internal housing,
as this will cause over ow when placing the lid and squeezing and sealing it with screws and bolts,
thereby contaminating the damper unnecessarily.
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