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Abstract

The Delft Offshore Turbine (DOT) concept is focused on the development of a new offshore wind
turbine including, amongst other innovations, a slip-joint that connects the turbine tower and
monopile foundation. The slip-joint is a mechanical, friction-based connection that provides many
advantages over a bolted or grouted connection, such as the ability to support high loads, reduced
maintenance costs and rapid installation. However, for the slip-joint to be accurately designed and
to have its performance guaranteed, it is necessary to know the contact behaviour within the slip-
joint post-installation.

Heat transfer has been selected as the optimal measurement basis over magnetic, electrical and
other techniques, as heat transfer through the slip-joint wall is correlated with both contact pressure
and air gap size (in non-contact regions). Therefore, a continuous, active heating thermographic
point measurement method has been developed to measure the contact pressure and contact gaps
in the slip-joint connection. In practice, this involves the use of an induction heater to heat one side
of the slip-joint while, on the other side, a thermal camera measures the heat transfer through the
slip-joint wall. This method was tested on a sample slip-joint from a decommissioned onshore wind
turbine.

Prior to full scale testing, the method has been validated through comparison with a finite element
model of heat transfer between parallel plates. This comparison shows that the method is sensitive
to variations in contact and pressure, especially in regions where contact pressure is close to zero.
Additional small-scale experiments were conducted with two 8mm steel plates separated by a
known gap. These experiments demonstrated the sensitivity of the method to gap size variations of
less than 0.1mm and indicate the ability of the measurement setup to resolve gap sizes greater than
1mm in the sample slip-joint. Finally, single-ply validation testing shows the precision of the
measurement method to be £13% (at 90% confidence interval).

Following validation, the method was used to measure the contact distribution across 207 grid
points on the sample slip-joint. The results show thin (0.3-1m), longitudinal low-pressure regions
extending from the top and bottom of the joint towards the centre. Physical verification with feeler
gauges indicates that 34% of the joint is not in contact (with 95% confidence interval of [22% 51%]).
Feeler gauge testing also shows that the correlation between heat measurements and actual gap
size is in agreement in both full-scale and small-scale validation measurements. Finally, feeler gauge
measurements show there is a £13% error in the thermal measurements.

The results show that the thermographic method for slip-joint contact area measurement is suitable
to resolve pressure and gap size variations in the slip-joint. Additionally, the measurement results
show that it is necessary for engineers to consider up to 50% non-contact during the design process
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and joint contact should be assessed in all slip-joints post-installation. Finally, future development of
the method through the use of more sensitive equipment and performing additional single-ply
measurements to establish a clearer error estimate is recommended. This should be augmented by a
comparison to residual stress measurements using the Magnetic Barkhausen Noise (MBN) method,
as well as acoustic resonance stiffness measurements, to verify contact results and examine the
cause of such contact variations in a sample joint.
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1 Introduction

1.1 General

In 2016 wind energy surpassed coal as the second largest source of power generation in Europe
(behind gas), with 12.5GW installed and grid connected. Of this, 1.6GW was from offshore wind
turbines, bringing the total capacity of offshore wind to 12.5GW in Europe. In addition, 11 offshore
wind projects, worth a combined €18.2bn passed critical financial milestones for new projects, a
39% increase on 2015. Together, the above statistics indicate a strong future for the offshore wind
industry in Europe with continued growth through 2017 and beyond [1, 2].

Turbines installed offshore bare many similarities to onshore turbines but are generally significantly
larger, both in terms of hub height and blade length. This is typically due to the higher cost efficiency
of larger turbines and to minimal restrictions on the increased noise caused by longer blades.
Another major difference in offshore turbines is the need for a foundation structure between the
seabed and the base of the wind turbine tower. Previously a variety of designs have been used for
this support structure including gravity- base (concrete) foundations, jacket (truss) structures and
steel tripod structures, however monopiles have emerged as a clear industry favourite. Of existing
offshore structures, over 80% are now using monopile foundations; with this portion increasing as
most new installations turn to monopiles.

Offshore wind turbine definitions

Raor
~
. 1 Macelle
Wind turbine & Paa—
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.II
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Wind turbine tower .
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’7—| — J Transition Fiece
Water depth .

Substruciure

Penetration deplh .
: Foundation

Figure 1 - Offshore wind turbine components
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Despite their popularity, a number of engineering issues remain unresolved with the monopile
support structure. The foremost of these issues is the optimal way to connect the monopile to the
wind turbine tower. The industry standard currently involves the use of a transition piece which is
lowered over the monopile and connected via grouting and shear-keys. This presents a number of
unresolved questions, such as the integrity of the grout over the lifetime of the turbine [3] and the
ability of bolts to withstand the environmental loads, especially with rapidly increasing turbine size.
The ‘slip-joint’ is therefore offered as an alternative to the current connection options and is
currently being developed by Delft Offshore Turbine (DOT) B.V. for use in their offshore projects.

1.2 Delft Offshore Turbine

DOT is a start-up company focussed on the development of an innovative wind turbine based
around the concept of a hydraulic drive train. Typical offshore wind turbines utilise a standard
mechanical drive train, directly powering a high-speed generator within the nacelle of the turbine.
This process requires the use of a (typically) heavy generator and gearbox assembly, which increases
the mass and complexity of the nacelle assembly. The added weight and complexity of a standard
nacelle not only affects the loads on the support structure but also increases the number of
components that may require costly offshore maintenance. Furthermore, the generation of
electricity by each individual turbine necessitates the laying of many large copper cables offshore to
direct power back to a sub-station.

The DOT concept attempts to solve these issues by utilising each turbine to pump a hydraulic fluid
(seawater in this case) back to a centralised hydro-generator. The high torque generated by each
turbine allows the use of high torque, low RPM pumps directly coupled to the low speed shaft of the
nacelle. This eliminates a great deal of weight from the nacelle and also allows more efficient
electricity generation, through the use of a single Pelton turbine, rather than many smaller
generators. This concept is illustrated in Figure 2 and Figure 3.

=
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P—

Figure 2 - DOT offshore wind turbine concept
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Figure 3 - DOT offshore turbine concept

Apart from this, the positive effect of generating electricity at one central location reduces the
number of generators and subsea power cables throughout the wind farm, also cutting down on the
installation and material (copper) costs. Although the efficiency per turbine is somewhat reduced
due to the hydraulic drive train, the overall cost per kWh can be drastically reduced with an
estimated magnitude of 30% to 50% [4].

1.3 The Slip Joint

The slip-joint, as noted above, is an alternative method of connecting the wind turbine to the
support structure. The primary working principle of the joint is somewhat similar to stacking plastic
cups inside each other. The upper section of the joint is of slightly larger diameter than the lower
portion of the joint, allowing it to slide over the top (Figure 4). Due to the cone angle of the two
pieces the strength of the connection increases as the top section slides further over the bottom
piece, eventually reaching a final setting point.
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Figure 4 - The slip-joint concept

This idea was originally used by the Dutch company WindMaster in the design of the ‘Duinvogel’
single turbine demonstration project at Scheveningen. The Duinvogel was installed in 1995 and
continued operating until 2014, with some upgrades taking place in 2010. However, WindMaster
ceased operating in 1998, shortly after the Duinvogel was installed, which effectively stopped
further investigation into the slip joint design. In 2003 the idea was onceagain picked up by the
founder of DOT B.V. as a method of decreasing installation time in offshore turbines and potentially
reducing steel costs by effectively eliminating the transition piece.

Figure 5 - Duinvogel slip-joint in-situ

Following the decommissioning of the Duinvogel, a DOWEC report found that the slip joint would be
suitable for offshore use [5]. Furthermore, investigation of the slip joint from the decommissioned
Duinvogel tower found no structural reliability issues. Such encouraging developments, along with
the issues found with current connections pave the wave for further investigation into slip-joint
design and the use of the slip-joint in the tower-monopile connection of offshore turbines.

However, there are still a number of design issues that have to be addressed for the connection.
These include the settling behaviour of the joint, the limit and fatigue strength of the joint when
subject to offshore environmental loads and the stress distribution within the slip joint. The stress
distribution in the joint is related to the force transfer mechanisms and affects the design strength of
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the joint. Therefore the goal of this thesis is to investigate contact area within the slip joint in order
to provide more insight into load paths and potential dynamic response of the joint.

1.4  Research Objectives

In order to effectively address the project goal of developing a method for assessing slip-joint
contact area, the research space has been summarised in six research questions.

1. How can the slip-joint contact area be validated/measured?

This research question is intended to cover the assessment of existing methods for use in this
context as well as investigation into any new methods. A final method should be selected and

justification provided as to its suitability to the task at hand.
2. What is an appropriate measurement procedure utilising the selected method(s)?

This research question covers the development and justification of a specific measurement process,

including experimental equipment and setup once an appropriate technique has been selected.
3. What are the sensitivities of the proposed method(s)?

This research question covers the validation of the accuracy and precision of the developed
measurement process. This includes quantitative evaluation of the measurement sensitivity,

resolution and factors that may affect measurement results.
4. What is the contact/pressure distribution of the test slip-joint?

This objective addresses the results of measurements of the sample slip-joint. Notable features of
the contact/pressure distribution should be identified to allow comparison with other slip-joints or

alternative measurement methods.

5. What are the potential causes of the observed results and what are the implications of these

results?

This covers the investigation of possible causes of the observed contact/pressure distribution, how
this distribution may vary in other joints and the implication of such a distribution. The identification

of causes of such a distribution may also allow recommendation of contact optimisation measures.
6. How can the selected method(s) be improved?

The ultimate research objective in this field is the development of a thorough understanding of slip-

joint mechanics and a fast, accurate and reliable method for verifying contact/pressure post-
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installation. Improvements to the current method towards the achievement of this goal should

therefore be proposed.

1.5  Scope Exclusions

The research is focussed on the initial development of a test method and is therefore focussed on

method selection, performance and any results obtained. The following items are therefore
excluded from the scope of the project;

e Full development and/or use of more than a single test method for slip-joint assessment,
e Development of a complete test procedure for offshore/commercial use,
e Development of a test apparatus/equipment for offshore/commercial use,

e Mechanical modelling of the slip-joint, either for comparison with or based on measurement

results,
e Design recommendations for the slip-joint based on contact/pressure results.

1.6 Research Approach

In order to adequately answer the proposed research questions, the following research approach

was utilised. Initially, a literature review was conducted to analyse the non-destructive testing
methods available and assess their applicability to slip-joint measurement. Following this a test
method was selected and specific measurement technique developed for the sample slip-joint
available. This method was supported by the results of three validation procedures, as well as a
limited initial run of measurements.

Following development and validation procedures the sample slip-joint was prepared and measured
using the developed method. The results of this measurement campaign are analysed with respect

to distribution features and percentage, as well as causes and implications of such a
pressure/contact distribution. Finally, ways for improving the current method and alternative
methods that may provide further insight have been examined. Based on this investigation,
recommendations are made on ways to improve the accuracy of the method and potential
developments of the method for offshore commercial use.

1.7  Thesis Structure

The structure of the thesis largely follows the research approach, with the research questions
answered sequentially across 7 chapters. The layout and topic of these chapters is as follows;
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1.7.1 Chapter 1 - Introduction

The introduction presents the research topic, the rationale for the project and provides an outline of
the key aspects of the topic.

1.7.2 Chapter 2 — Background

1. How can the slip-joint contact area be validated/measured?

Chapter two provides the fundamental basis for subsequent chapters, outlining key concepts of the
slip-joint and non-destructive testing. This chapter answers research question 1 by establishing the

available test methods, how thermal measurements work and why a heat-based method is the best
option for the slip joint.

1.7.3 Chapter 3 — Experimental Method

2. What is an appropriate measurement procedure utilising the selected method(s)?

Chapter 3 addresses the second research question, focussing on the measurement equipment, setup
and processing fortesting of the sample slip-joint.

1.7.4 Chapter 4 - Validation

3. What are the sensitivities of the proposed method(s)?

Chapter four outlines the validation procedures utilised to determine the accuracy of the method
and determine its applicability for use with the slip-joint. It further outlines sensitivities of the
method with regard to both accuracy/precision, as well as parameters which may affect the results.

1.7.5 Chapter 5 - Results

4. What is the contact/pressure distribution of the test slip-joint?

Chapter five presents the results of the initial round of slip-joint testing, the full measurement of the
slip-joint and subsequent feeler gauge testing. Qualitative results, with respect to the observed
features of the pressure/contact distribution, as well as quantitative results, with respect to the
contact percentage, are presented.

1.7.6 Chapter 6 - Discussion

5. What are the potential causes of the observed results and what are the implications of these

results?
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6. How can the selected method(s) be improved?

Chapter 6 addresses the causes and implications of the results, as well as discussing how more
accurate results could be obtained in a more rapid manner.

1.7.7 Chapter 7 — Conclusion

Chapter seven provides a summary of the key conclusions of the report with regards to both the
measurement method itself and the measured pressure/contact distribution in the sample slip-joint.
Recommendations are also made in this chapter with regards to improvement of the speed and
accuracy of the method, as well as future measurement techniques that could provide useful
comparative data.
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2 Background

2.1  Slip Joint Mechanics

In order to understand the effect of contact variations on the operation of the slip-joint, one must
understand the force transfer mechanisms within the joint. A complete description is provided in [6],
although a short summary is provided here for reference. The slip-joint connect is subject to a static
vertical load, as well as a dynamic overturning moment and shear forces, arising from gravity and
environmental loads respectively.

The vertical static load is resisted through both joint elasticity and friction factors with friction
forming the majority of the load bearing mechanism (~70-80%)[6]. The elastic proportion of the
reaction force is taken up through a hoop stress in both the inner and outer cone. The hoop stress
due to the static vertical load is then inversely proportional to wall thickness, overlap length, cone
angle and friction coefficient. According to [6] the bending moment can be decomposed into a pair
of horizontally acting distributed loads, or alternatively a coupled pair of vertical point loads. Since
the sum of vertical and horizontal loads is zero in both cases, the moment can theoretically be
represented in either way, with the main difference being that a horizontal force representation
excludes the effects of friction forces in the joint. It is noted that in reality the force transfer likely
occurs through a combined mechanism [6].

Considering that the environmental overturning moment is typically far greater than the axial loads
in a typical wind turbine, we may consider the effect of sub-optimal contact on the hoop stress due
to an overturning moment. If the overturning moment is represented as horizontal loads then the
hoop stress is inversely proportional to wall thickness and overlap length squared. Conversely, if the
moment is represented as a coupled vertical load then the hoop stress is inversely proportional to
wall thickness, overlap length, diameter and the tangent of the cone angle plus the friction
coefficient. If a factoris introduced to compensate for a reduction in contact area, we can see that in
both cases the hoop stress is inversely proportional to the contact percentage. Therefore, for
example, if only 50% of the joint is in contact the hoop stress could double. This will affect the joint
design due to variation in the predicted fatigue life and ultimate strength, although the impact is
likely highly dependent on the location of non-contact regions. For a further explanation of slip-joint
mechanics see [5] and [6].
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2.2  Available Measurement Methods

A number of measurement methods have been compared to determine the most appropriate
method for investigating contact area in the slip-joint connection. A brief summary of all relevant
methods is presented below, with all destructive test methods eliminated from contention. A heat-
transfer based method was selected as the optimal method and is therefore presented last in the list
along with more detailed background information.

It should be noted that the referenced studies focus primarily on detection of a defect within solid or
bonded composites, which clearly differs from gap size detection in steel slip-joints. However, one
may envisage the slip-joint as two laminated sheets of steel with a delamination ‘defect’ of varying
magnitude between the outer and inner layers. The challenge is then, not to determine the presence
of the ‘defect’ (since it exists everywhere in the joint), but rather to determine its magnitude (the
size of the air gap). The reason that a ‘defect’ is considered to be present everywhere (even in
contacting regions), is that even in contact regions the material properties of the slip-joint are not
continuous across the contact region. Noting this, we may analyse measurement techniques made
for composites by considering the interface between the two layers of the slip joint as one
continuous delamination defect of varying magnitude.

2.2.1 Model Updating

Model updating is the process of updating a model (in this case structural) to better describe an
object based on some real life data from the object. In the case of the slip joint, one would make a
simplified model of the turbine tower (including the slip joint), then after measuring certain values
from an installed wind turbine (with slip joint), the results from the model and real life may be
compared. An optimisation method of choice is then used to minimise the cost function, which is an
application specific algorithm developed to describe the ‘error’ of the model [7]. The cost function is
sometimes applied in the form of a ‘sensitivity matrix’ (based on eigenvalues and eigenvectors),
which is then compared with the ‘error’ of the model [8].

The benefits of this method in the case of the wind turbine tower are that the measured parameters
could be chosen to be reasonably easy to measure and non-destructive. For example, the
operational mode shapes of the tower could be measured and then compared to the model in order
to update it. However, in order for this method to work properly, the initial model must (be
assumed to) accurately represent the parameters of the design not under investigation. Ideally, any
tower property not fully known should be included in the cost function; however including too many
variables can decrease the accuracy of the cost function in what is known as ‘overfitting’. Therefore,
the tower itself would have to be accurately modelled leaving only slip joint variables to investigate.
These variables would then have to be chosen so as to accurately model the structural properties of
the joint, also ensuring minimal collinearity to avoid further errors [8]. In this case, vibration
measurements from a real turbine tower (with slip joint) were available; however the difficulty in
modelling the structure with minimal (or well-founded) assumptions makes this method impractical.
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2.2.2 Magnetic Field Measurements

There are many different measurement methods based on magnetic field variation currently in use
in industry. They can broadly be categorised into those using oscillating magnetic fields and those
using stationary fields. In the present application there is an inherent disadvantage to using
oscillating fields as the penetration depth of the magnetic field scales with the oscillation frequency.
The field strength in the measurement material decreases exponentially with depth, therefore a
standard penetration depth has been defined to facilitate comparative measurements. This standard
penetration depth is also known as the skin depth and is the point at which eddy currents in the
material will be 37% of the surface current density. The skin depth can be calculated as below, (note
that it is inversely proportional to the root of the angular field frequency).

21

oUW

Where;

w = angular frequency of magnetic field
o = electrical conductivity of medium
U, = magnetic permeability of medium

(Typical skin depth values for carbon steel (1040) are <10mm)[9]

The use of stationary magnetic fields is however a more promising field. Park et al. [10] have
investigated the effect of multiple 6mm steel plates on the (stationary) field of a large
electromagnet, in an effort to easily and remotely quantify how many stacked plates are picked up
by the electromagnet at any one time. It could be envisaged that this application is not too dissimilar
to determining the gap size between two thicker steel plates (as the size of this gap would also affect
the field in the electromagnet. However as shown in the figure below, in Park (et al.)’s testing the
difference in sensor output when adding additional steel plate is in the order of 2-5%. It is evident
that a system where there is always two steel ‘plates’ and they are moving slightly further apart

from each other would produce a significantly lower sensor response.
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Figure 6 - Magnetic detection of layered steel plates

A similar issue has been found with most magnetic field measurement techniques, in that, extremely
precise and well calibrated sensor equipment would be required. For this reason and due to the lack
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of experience of the author in this field, another measurement technique has been chosen.
Nevertheless this is an avenue that warrants future exploration.

2.2.3 Ultrasound

Ultrasonic measurements may be used to detect minute flaws in solid bodies. The measurement
device works by emitting a small ultrasonic pulse from the sensor head into the target material. The
pulse then travels through the body and is reflected by any defects back towards the sensor head.
The propagation time of the ultrasonic wave may then be used to calculate the distance travelled
and hence the thickness of the material. This is illustrated in Figure 7.
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Figure 7 - Ultrasound Measurement Principle

The benefits of this method are that it can pick up very small flaws in the material, only requires
access to one side of the material and is a relatively simple and quick measurement to perform. All
of these benefits would make it appropriate for use offshore, therefore this method has been
previously tested with the DOT500 onshore installation [11]. The results of such tests found that the
near entirety of the sound wave is reflected back at the posterior wall of the first ‘layer’ of the slip
joint. This is as one may expect, as a sudden change in the density of the propagation medium
always causes a large amount of reflection. In practical terms, this means that minimal ultrasonic
energy travels across the gap between the two plates (even when there is contact), and even less is
returned to the sensor for evaluation of gap size. The wave transmission across the gap between the
two plates could be improved with the application of an interstitial substance denser than air,
however filling the entire slip joint cavity with grease or water provides its own significant
challenges. Therefore it was concluded that this method is not appropriate forthe application at
hand.

2.2.4 Eddy Current

Eddy current testing is very similar to active magnetic field test methods noted previously. The key
difference being that in eddy current testing the applied magnetic field is generated by means of an
inductance circuit, whereas in an active magnetic field setup, it is usually generated by a directly
oscillating magnet. In practice this difference is inconsequential and eddy current testing is far more
widely used because of the practically of utilising an inductance circuit to generate a response in the
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test material. However, eddy current testing suffers from the same issues related to the maximum
effective penetration of the test field.

Despite the drawbacks, it is possible to detect the size of an air gap between two plates, as shown by
Huang and Wu [12]. However, the error increases from <10% with an air gap of 0.5mm to over 100%
with an air gap of <0.1mm, which is a region of interest in the present application. Additionally,
these results are obtained using a 4mm upper layer of aluminium and <2mm thick lower layer of
aluminium, which is has notably higher eddy current penetration than carbon steel. Furthermore,
experimental results thus far are limited to layer thicknesses significantly less than those in the slip-
joint, adding another barrier to the practical application of this method. Nevertheless it is the
opinion of the author that this method warrants further investigation by individuals experienced in
the matter, as it may be possible to measure gap size if a very powerful emitter and very sensitive
receiver were combined appropriately.

2.2.5 X-Ray / Gamma Ray

X-ray and Gamma ray scanning techniques are widely used for mass scanning of cargo containers
and luggage, as well as near surface scanning for micro cracks and stress concentrations in
manufactured parts. The latter application is not of particular interest as the penetration depth is
extremely low (<1mm steel), however the penetration depth in the former applications is very high
(up to 30cm steel). The method is based on the placed of an X-ray or Gamma ray emitter on one side
of the test subject and a detector on the far side. Typically in cargo applications the emitter is in a
strip shape on one side of the container. The detector therefore only detects a cross-section of the
test body at any one point in time, although it may generate a 2D image as the subject moves slowly
past the emitter.

X-ray Emitter

X-ray Detector

Figure 8 - X-ray scanner set-up [13]

The benefit of this technique is that slip-joints consisting large wall thickness sections could be easily
penetrated, however such x-ray or gamma ray systems are large and would be difficult to utilise
offshore. Furthermore, there is difficulty in accurately isolating the gap between the two walls of the
slip-joint for measurement given that the measurement is planar. It may be possible observe the gap
between the two slip-joint layers by passing the joint longitudinally through an x-ray container
scanner. However this orientation would only give information about the gap size in a line along the
outer left and right edges of the joint as those would be the only areas where the measurement
plane would be perpendicular to the direction of radiation propagation (see Figure 9). Therefore the
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slip joint (or measurement device) would have to be repeatedly realigned and re-measured to cover
the whole joint.

Emitter

Measurement Plane

Gap Detection Regions

Detector

Figure 9 - Measurement locations using x-ray scanning

There exist further issues with this method, such as access to the measurement equipment and the
low resolution of the measurement device [14]. Therefore, this method was deemed not suitable for
the current application and has not been investigated further.

2.2.6 Acoustic Resonance

Acoustic resonance techniques rely on the evaluation of localised resonance modes of the structure.
The theory indicates that a structure with a local defect such as a void or delamination (in composite
structures) would experience a localised decrease in stiffness and therefore experience a shift in
(local) modal frequencies when excited [15]. This test method is colloquially known as the coin-tap
method, as traditionally a coin was used to tap different areas of the structure and the audible
response frequency was noted to determine if there was a defect. Note that this is fundamentally
different to the method of testing railway wheels by tapping, as in the latter case the global
vibration modes are excited (and measured). In the railway wheel case it is therefore possible to
determine that the wheel is defective (from a variation in global vibration modes), but not possible
to easily determine the location of the defect.

The coin-tap method has been studied most extensively for application to composites in the
aerospace industry [16, 17] although further research has been completed recently for use in wind
turbine blades and alternate industries [18, 19]. Despite further research into the method, to date,
all studies focus on the application of the method to composite materials, with the aim of detecting
flaws such as voids and delamination. Noting this, the system at hand does share underlying
characteristics with composite materials, as both exhibit local variations in stiffness due to sub-
surface structural ‘defects’.
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Upon initial investigations of the coin-tap method by Cawley [15] it was postulated that the lower
localised stiffness in defective regions would influence the magnitude and duration of the force
imparted by the impact device. This was subsequently tested by Cawley and others [16, 17, 19] and
confirmed to be true within certain boundaries. As [16] note, the impact force is typically modelled
as a half sine wave, although in reality the curve is asymmetric due to non-linearities introduced by
non-rigid body behaviour and a coupling between energy dispersion and impact force magnitude.
Despite this, based on the half-sinusoidal approximation of the impact, instrumented hammers have
been developed by Mitsui [20] and Boeing [17], both relying fully on the impact force time series to
characterise any local defects. Latter research has focussed on the measurement and analysis of
sound waves related to the surface impact [18, 21], while [16] looked at a correlation between the
results of the two measurement methods, comparing their ability to detect repaired patches and
supported vs unsupported conditions in a composite aircraft skin material. Wu's results showed that
a combined approach is most beneficial, however the accuracy and resolution of the method in
detecting small defects still requires significant improvement. For this reason this method was not
appropriate for initial analysis of the slip joint, although it may provide value when used in
conjunction with other methods. The possibility and details of the latter is discussed in section 6.3.3.

2.2.7 Other Methods
2.2.7.1 Water Pressure/Flow

It has been suggested by some interest parties that a water pressure of flow resistance based
method may work to quantify contact area. A number of methods have been envisaged that draw
on this basis, although all have significant flaws. The first example of such a method is a flow
resistance test where water in pump into one end of the slip joint (between the two layers) and the
flow rate is measured at the other end of the joint. The obvious downside of this method is that it is
heavily influenced by the shape of contact regions and if one such region were to encircle the entire
joint, no water would be able to flow through the joint, therefore providing no information about
contact regions. A second water based method would involve standing the joint upright and sealing
the bottom of the joint (between the two layers) and then filling up the joint with water. This would
give information as to the rough volume of the voids in the joint, however it is also heavily
influenced by the geometry of contact regions. For example the method would not be able to
distinguish the difference between a contact region encircling a non-contact region and a region of
full contact. Finally, all conceivable water based methods would only provide a global contact
‘percentage’ at best and have therefore not been considered for further investigation.

2.2.7.2 Neutron Techniques [22]

Neutrons have a high penetrating power and thus have benefits in characterising defects in thick
sections or materials that otherwise resist alternative defect detection techniques. Neutrons exhibit
strong preferential absorption by hydrogen atoms, which make them ideal for identifying moisture
ingress. However, the absorption rate of carbon is similar to that of oxygen and nitrogen [22] (with
Iron only slightly lower)[23], which makes adds significant challenges in determining the presence of
a void between two slip-joint layers. In practice the void would appear very similar to anincrease in
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steel thickness and therefore, for small gaps, there would be no way to determine if the variation
was in material thickness or gap size. It may improve this method if all voids in the slip-joint were
filled with water, however this would only aid in regions where the water was able to penetrate.
Furthermore, this method can provide almost no information about pressure distribution in contact
regions, therefore it was not considered for further analysis.

2.2.7.3 Microwave and Terahertz Techniques

Microwave and Terahertz techniques operate on the principle of supplying a short pulses of energy
to the test material (in either transmission or reflection mode) and measuring the output. The high
frequency of the source (300MHz-4THz) allows the ability to resolve smaller defects than ultrasound
techniques. Additionally terahertz techniques have shown the ability to avoid the defect ‘shadowing’
that ultrasound suffers from where the entire signal is reflected by the first defect reached.
However, both microwave and terahertz spectroscopy techniques suffer from the major
disadvantage of strong attenuation in metallic subjects, specifically subject with good electrical
conductivity. Therefore, while this method has shown promise in the analysis of composite materials
it is not appropriate for the application at hand.

2.3 Heat-Based Methods

Before examining the specifics of heat based methods, it should be noted that such a method has
been selected for primary investigation of the slip joint. For this reason, greater detail (compared to
previous methods) is presented on the theory, present literature and specific application of this
method in the following sections. A final note on nomenclature; planar conduction within the plates
of the slip-joint (ie. perpendicular to the normal axis of the plate) is referred to as diffusion to
differentiate it from heat conduction along an axis normal to the slip-joint surface. Despite this, the
underlying heat transfer mechanism is the same in both cases (only directions differs).

The primary heat based inspection method investigated to date is known as ‘Transient
Thermography’ and was originally investigated by the National Non-Destructive Testing Centre
(Hardwell, UK)[24, 25]. Transient thermography techniques are based on the measurement of the
response of the test subject to a rapid pulse of heat at one of its external surfaces. A very short burst
of heat is applied to the surface causing the surface to rapidly increase in temperature. As the heat
source fades, the surface will begin to drop in temperature as the heat propagates through the
material like a wavefront. If there is a defect (such as a void) within the material then it will restrict
the passage of the heat wavefront through the material. The presence of this defect can then be
detected due to two resulting phenomena; the heated surface will remain hot in the vicinity of the
defect (known as reflection mode measurement) and the far surface will not heat up as much in the
location of the defect (known as transmission mode measurement). These two measurement modes
are shown in Figure 10.
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Figure 10 - Heat propagation through defective samples [26]

In either case the temperature rise on the input surface is a function of the energy in the heating
pulse and the duration of the pulse. The resulting change variation in the temperature field around a
defect is then a function of the size of the defect (both in diameter and depth) and the depth of the
defect within the material. With a short energy pulse (in the order of 10-50ms), the presence of a
defect can often be detected within a few seconds (and often a few milliseconds), depending on the
geometry of the defect and material properties [27, 28]. Note that much of the present work [24, 28,
29] is focussed on the inspection of composite materials and/or materials with small and/or shallow
defects. Adding to the challenges of this method, [29] found that the sensitivity of transient
thermography methods is most readily summarised as a function of the defect diameter/depth ratio.
It was found that while the ratio did not increase linearly with depth (providing increased sensitivity
with depth), the overall minimum detectable defect size did increase. This calls into question the
efficacy of the method in detecting small differences in gap size in the slip joint, although Cawley et
al [26] note that results can be improved if the energy transmitted to the material is increased.

Considering the application at hand, a number of potential issues arise with this technique. Firstly,
the method assumes that the heating source is large enough to heat an area significantly greater
than the assumed size of any defect. Clearly in the case of the slip joint where the ‘defect’ covers the
entire joint, this is not possible. It is therefore necessary to consider the areas of the slip joint that
are in contact as a control region, with which other areas of the slip joint may be compared. In this
way, the slip-joint may be analysed similarly to Cawley’s scenario of a defect within a material
sample [26]. Figure 11 illustrates this concept, although it omits the fact that in latter case there will
be no thermal contact resistance between the upper and lower halves of the material sample. This
omission is intentional, as the addition of thermal contact resistance (in the case of the slip-joint
only serves to decrease the relative ‘size’ of the defect (air gap) and therefore necessitate a more
effective detection technique.
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Figure 11 - Comparison of gaps in the Slip-Joint with defects in a solid material

2.3.1 Reflection Mode vs Transmission Mode

A second issue in the application of transient thermography is the selection of reflection or
transmission mode measurements (see Figure 10). In reflection mode a single layer of the slip joint is
heated and then subsequently measured for temperature variation. Regions with high contact
between the two layers would then cool more quickly as there is lower resistance to the passage of
the heat wavefront. Conversely, in areas with a large gap between the two plates, the energy would
remain in the initial plate and the temperature would decrease at a slower rate. Reflection mode
therefore requires the chosen surface to be heated to a significantly high temperature so as to
measure the difference in heat dissipation. Furthermore, this mode requires a certain uniformity and
repeatability in the heating method, as any significant variations between regions of the joint would
affect the subsequent temperature measurements.

In transmission mode the chosen surface of the body is heated and the surface on the opposite side
of the body is measured as the heat front propagates through the body. Regions with high contact
would through have high heat flux across the slip-joint interface and regions with a large gap would
have a lower heat flux resulting in ‘cold’ spots. Due to the natural diffusion of the heat wave within
the initial layer of the slip-joint and especially across the plate interface, the far side temperature
measurements are far less sensitive to localised variations in the heat source intensity. However, this
diffusion also means that the method loses resolution in identifying smaller defects (interpreted in
the present case as super-localised variations in gap size). The impact of this limitation should be
limited, as it is assumed that the variation in interface pressure/gap size in the joint is gradual and
high resolution is not a strictly necessary measurement outcome.

2.3.2 Thermal Resistance Theory

To better understand heat-based measure methods it is necessary to understand the physics of the
heat transfer process and the factors influencing heat propagation. To achieve this we must separate
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the two different heat conduction schemes found with the slip joint; those where an air gap is
present and those where there is contact between the two layers (as per Figure 11). In this way we
can determine what kind of heat transfer properties both contacting and non-contacting regions
may have, what factors affect these properties and therefore how we can differentiate between the
two regions using a heat based method.

2.3.2.1 Heat Transfer Between Closely Spaced Plates

In the case of no contact between the two cones of the slip joint, the localised region of occurrence
may be treated as if it were two discrete plates separated by a thin layer of air. This problem has
been studied extensively in the context of double-pane windows and closely-space heat exchanger
fins [30] and is essentially a problem of simple series heat transfer, as Figure 12 shows.

Steel Steel

s

TN

Figure 12 - Temperature profile across steel plates with an air gap. T1-T4 represent temps, Ri,Ro and R1-R3 represent
thermal resistances. (not to scale) [31]

The initial element in the resistance series is related to the transfer of heat to the first steel plate.
This may be from a specific heat source or just from the atmosphere, however all physical testing
has been conducted under consistent indoor conditions, thus atmospheric heat transfer may be
neglected. Additional thermal resistance at T, is specific to the heat source used to heat the first
steel layer and will therefore be touched on later when heat sources are discussed. The next
resistances (R1 and R3) are related to the two steel plates. The thermal resistance of the steel plate
can be calculated as;

Ax
Rsteel = ?

Where;

R = Thermal Resistance [m? - K/W]
Ax = Thickness of steel plate [m]
k = Thermal conductivity of mild steel [¥44W/m 'K @20°C]

In reality this resistance increases with temperature, as the steel expands with temperature
(creating a larger Ax) and the thermal conductivity of steel decreases (approximately) linearly with
temperature. The next resistance in the system is the resistance of the air layer. This can be
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calculated in the same manner as the steel, only substituting the thermal conductivity coefficient of
air (~0.024W/m K). Clearly, given the much lower thermal conductivity of air, one would expect a
much higher resistance here than in the steel layers (given similar thicknesses). However, in some
cases the lower heat conductivity of the air is mitigated by the addition of convective or radiative
heat transfer in the air layer. It may be possible to omit these heat transfer modes on the basis that
they are negligibly small; however this assumption must be investigated.

The Nusselt number (Nu) is explicitly defined to quantify the difference in magnitude of convective
and conductive heat transfer. The lower limit of the Nusselt number is 1, as the numerator is the
combined convective and conductive heat transfer, while the denominator is the purely conductive
heat transfer [30]. The Nusselt number varies for different geometries (such as vertically parallel
plates or horizontal parallel plates), but in the most basic case;

Nu = C(Gr,Pr)" = C(Ra,)"

T, —T,)L3 T, — Ty)L3
Rayleigh Number (Ra) = Gr; Pr = 9P s ) “Pr = 9k s e

92 Ja

Pr— v viscous diffusion rate _ wlp G

'~ &~ thermal diffusion rate k/(c,p) &

Where;

2 gravilational acceleration. m/s?

= coefficient of volume expansion. /K {8 = I/T for ideal gases)

T, = temperature of the surface. °C

. = temperature of the fluid sufficiently far from the surface, °C

L, characteristic length of the geometry, m

© kinematic viscosity of the fluid. m*'s

C = Experimental Coefficient
n = Experimental Exponent

In order to determine the role of convection heat transfer one must assume theoretical ‘test
conditions’ for the slip-joint. The maximum convective action will occur when there is a maximum
temperature difference between the two steel plates; therefore a high temperature heating
scenario is used, where one layer of the joint has already been heating for some time. Itis assumed
for this calculation that the max temperature differential inside the air gap will generally be less than
70°C (ie. if T, (Figure 12) is 90°C internally and T5/T, (Figure 12) has heated to 20°C). Furthermore it is
assumed that the gap between the two plates is a localised defect of roughly 1m diameter. These
assumptions are based on physical observations of the author during initial testing. The size of the
air gap is not specified here as it will be investigated below. Various authors have conducted
experimental work to quantify the coefficients in the above Nusselt equation, which presents the
following possible relations for a closed cavity with one heated wall (note: S = L. = gap size [m]);
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Equation Limits Value Value Value Source
(s= (s= (s=
0.1m) 0.05m) 0.01m)

Nu=1 Ra<2x10® Pr = any, H/S =

any
1
ozs(HY 2x10%<Ra<2x10°
Nu = 0.197Rag (E) 0.5<Pr<2, 11<H/$<42; 10.1 4.7 1 (32]
1
0333\ ° 2x10°<Ra<2x10’,
Nu =0.073Rag (E) 0.5<Pr<2, 11<H/S<42;
Nu = -03  10%<Ra<10’, 1<Pr<2x10*
: ’ ’ * * *
0 42Rag-25pr°-°°12<§) 10<H/5<40; 11.9 5.8 1.1 [33]
Nu = Ra<10%, Pr<10
-0.25 0.28 ) ) "
55 (E) (Pr * Ras) 2<H/5<10; 10.0 4.7 1 [34]
S 0.2 + Pr

Table 1 - Nusselt Number in slip-joint gaps

(Asterisk indicates that the equation limits are not met. These values have been individually checked to ensure
that the breach does not significantly affect the end result.)

As seen in Table 1, the Nusselt number rapidly approaches 1 for gaps between the two pieces of the
slip joint of less than 1cm. Visual inspection of the joint and gap size around the end of the joint
indicates that the expected gap size is significantly less than this limit and convective heat transfer
may therefore be neglected.

In order to quantify the effect of radiation we may consider the relative magnitudes of steady state
radiative heat flux and conductive heat flux as applied to the example case used above;

Relevant Equation [W/m?] Value (S = Value (S = Value (S = Source
0.01m)[W]  0.001m)[W] 0.0005m)[W]
dT
q"' = —kVT = —k— 168 1680 3360 [30]
dx
. 5.67x107%(T} — T¢)
- 1 1 1 377.7 377.7 377.7 [30]
&1 + &y -

Table 2 - Radiation vs conduction heat transfer in slip-joint gaps

As illustrated in Table 2, radiation plays a significant role in the heat transfer between the slip joint
walls, although this diminishes as the air gap between the walls declines. It should also be noted that
the table above is for a case when one wall of the slip joint has reached a high temperature and
therefore radiation heat transfer is at a peak. In the initial and mid stages of heating conduction will
be far more dominant. However, despite this, radiative heat transfer may not be neglected and
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should be included in series with conductive heat transfer across the air gap. In Figure 12, R, is then

equal to the parallel conduction and radiation resistances in air.

2.3.2.2 Heat Transfer Between Plates in Contact

Heat transfer between contacting materials falls broadly under the field of Thermal Contact
Resistance (TCR), which seeks to identify the mechanisms and rates of heat transfer in such
situations. When two surfaces contact each other, they may seem to be fully in contact on a
macroscopic level, yet they will always be separated to some degree by their surface roughness
asperities (see Figure 13). Therefore, there inevitably exists an increased resistance to heat transfer
across such a boundary when compared to a perfectly bonded block of material.

anp

io

Temperature

conduction

Distance

Figure 13 — Thermal Contact Resistance [35]

The heat transfer mechanisms pertinent to TCR are conduction and radiation, as the gap sizes are
too small for significant free convection (see Table 1). The specific transfer modes are; conduction
across contacting surface asperities, conduction across the small air gaps in the joint and radiation
across the air gaps in joint. Therefore any parameter that may influence any of these conduction
modes can influence the TCR of a joint. The properties influencing the joint can generally be divided

into three categories [36], as per Figure 14.

THERMAL
CONTACT
RESISTANCE

CONSTRICTION
RESISTANCE

THERMAL
Figure 14 - Factors influencing thermal contact resistance
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Following the model of Figure 14, some of the significant properties influencing a TCR problem
include;

Geometry Mechanics Thermal
Surface Roughness (Both Parts) Contact Pressure Temperature Difference
Contact area size Material Surface Hardness Thermal Boundary Conditions
Contact area flatness Interstitial Material Properties Material Thermal Properties

Material Stress State

Table 3 - Factors influencing slip-joint thermal contact resistance

Of the above properties, the most pertinent to the slip-joint problem is the contact pressure
between the two surfaces. This is the case because most of the other parameters may be assumed
to be constant across the slip-joint area. Clearly, contact area size will vary over the slip-joint,
however with localised measurement techniques; it can be assumed that the size of the test area is
uniform across all measurements. Assuming other parameters remain constant (or controlled)
between measurements, the TCR is then a function of the contact pressure [37].

Contact Force (F) = PAgpparent = HcArea

A, P

"A, H,

Based on the thermal-plastic deformation model of [37], the thermal contact conductance (h,) is
then;

_ 2nak;
R
Where the effective thermal conductivity (k) is;
2k k
kg = STz

The thermal constriction parameter (o) (for isothermal contact regions) is given by;
pEe) =10 -e)'®  for0<e<03

Where;

The parameters n and a are based on the relative mean separation between the two contact
surfaces and their equations may be found at [37]. Without the need to inspect these equations it is
clear from the above that an increase in contact pressure will increase the actual area of contact (for
a given apparent contact area and microhardness). This is because of plastic deformation of the
surface asperities which decreases the mean distance between two surfaces, increases metal-metal
contact area and increases the interstitial gas pressure. Due to the multiple actions in play here the
specific relationship between contact pressure and thermal contact conductance/resistance is hard
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to measure outside of laboratory conditions and is very material specific. Figure 15, gives some
experimental values for TCR of Aluminium 2024-T4 and serves to outline some key features of this
relationship. Namely, the TCR is non-linearly dependent on contact pressure, there is strong
variation based on surface roughness and that TCR is asymptotic in the upper limit of contact
pressure.

=]

(m? "CikW)

ROUGH SURFACES

1
=)

THERMAL CONTACT RESISTANCE,

0o |Lr “~a._  SMOOTH SURFACES
| ALUMINUM 2024-T4 Tl
| — T e 75°C
————— Tm = 150°C
P < 0.1 ATMOSPHERE
0.001 \ . . N L
[V 1 2 3 L] & ]

CONTACT PRESSURE, MP,
Figure 15 — Thermal contact resistance vs contact pressure [38]

Figure 16 provides similar (but non-normalised) curves for a variety of materials, including steel,
which is more pertinent to the slip-joint. Note that this figure provides contact conductance instead
of resistance and the contact pressure is given in log scale. An item of note on this figure is the
difference between stainless steel samples and those coated with aluminium. Firstly, it can be seen
that aluminium TCR has a much greater dependence on the contact pressure than standard stainless
steel. Itis also apparent that coated steel with a softer (or highly thermally conductive) substance,
such as aluminium can potentially increase thermal conductance. This indicates that the paint
coating on the slip joint (typically polyurethane and/or epoxy based), may increase the TCR due to its
low thermal conductivity, however this may be minimally offset by an increased real contact area
due to the lower hardness of the paint.
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Figure 16 - Thermal recontact conductance curves for assorted materials [39]

In summary of TCR theory, we can see from both Figure 15 and Figure 16 that TCRincreases rapidly
as contact pressure approaches zero. This indicates that areas of the slip joint with some contact (no
matter the pressure) will always have higher thermal conductance than areas with an air gap. As
such, when applying heat to the one side of the slip-joint, one would expect ‘cold spots’ to show on
the other side of the joint in areas where there is a gap in the joint. The relative ‘magnitude’ of the
cold spots will vary with gap size, while the heat transfer in contacting regions will similarly vary with
pressure, though to a lesser degree.

2.3.3 Equipmentfor Thermal Testing

Heat based measurement methods unanimously require the application of heat to the material,
most commonly in a single or in multiple pulses [22, 40]. The application of a short single burst
allows the heat to travel as a wavefront and thus the time required for the heat wavefront to reach
the receiving sensor may be measured. This allows the interested party to ignore effects after this
point that may be cause by indirect transfer of heat from source to sensor.

Similar methods are used in both the detection of defects with transient thermography and the
determination of thermal contact resistant in laboratory conditions. Attempts in both fields
generally apply a very small amount of energy to a small, well defined sample contained within a low
temperature environment. This allows heat losses through convection and radiation to be minimised
allowing the relevant properties to be more accurately measured. In this case the heat may be
applied with either ultrasonic, x-ray or laser pulses and the results are typically measured with
thermocouples.

Issues arise with this method in the case of the slip-joint, as neither the external temperature nor
test boundary conditions may be easily controlled. Additionally, the thickness of the slip joint
materials is significantly greater than that of typical test materials (in the order of 10x) and the
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potential gap size is far greater than the induced defects in typical transient thermography tests [28].
These differences mean that diffusion within the joint plays a significant role and a very small heat
pulse may never reach the other side of the slip joint with a detectable magnitude. Conversely, if the
slip-joint is heated for a very long time, a greater percentage of heat may transfer between the
layers of the slip-joint at regions outside the intended measurement region, interfering with the
localised nature of the measurement (see Figure 17). Therefore it is necessary to heat the slip-joint
as rapidly as possible to minimise diffusion and avoid non-localised heating, however a significant
total amount of heat must also be transferred to the heating location to ensure that there is a
notable increase in temperature on the opposite side of the joint. Note that as the joint is painted,
the surface temperature should not exceed ~150°C (423K)[41] to avoid damaging the paint. This
means that an increase in heating time rather than anincrease in heating rate is preferable if there is
a need to transfer more energy to the slip-joint.

Unintended Heat Transfer Path

Slip-Joint Plate 1

—-—-__.“___ /
Slip-Joint Plate 2
e y =

Gap between slip-joint plates Intended Heating /Measurement Region

Figure 17 - Heat transfer path across slip-joint layers

2.3.3.1 Heating Equipment

Considering that the goals of the heating equipment have been established above, the heating
equipment options may be examined. In this manner a suitability analysis has been performed with
the results noted in Table 4. A plus indicates that the heating method performs favourably in a
certain category; a circle indicates that the method performs adequately and a negative sign
indicates poor performance. The principles of each method and further considerations are explained
below the table.

Heating Method

Laser X-ray/Flash Induction Silicone Ceramic Direct Convection

Tube Coil Resistor Resistor Flame
Mat Mat
Heating Speed + o o - - o -
Set-up Speed - o + + + + o]
Accessibility - o + o 0 + 0
Cost - - + 0 o] + +
Reliability + + + o o} - -
Repeatability + + o o] - - -
Heat Rate + 0 o] - - - -
Control
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Heating - o o + 0 = -

Uniformity
Specialist o o] + + + + +
Knowledge
Total: 0 1 5 1 -1 0 -3

Table 4 - Heating equipment comparison

2.3.3.1.1 Laser Heating

Laser heating is a surface heating method primarily used in manufacturing for heating components
where very localised heating is desired. The heat input can be very accurately controlled by varying
the wavelength and exposure time of the laser. The spatial accuracy, fast heating and heat control of
this method are advantageous, however laser machines have difficulty heating areas larger than
1cm?, therefore the use in the slip-joint is limited. Additionally, rapid heating of only the outer
surface of the joint rapidly increases the temperature in this region, leading to greater heat lost to
the atmosphere (rather than propagating through the joint).

2.3.3.1.2 X-ray/Flash Tube Heating

X-ray and flash tube heating both involve the application of a high voltage applied across an anode
and cathode contained in a glass tube. The slight difference in these two methods is that x-ray tubes
have an internal vacuum and produce x-rays due to electron collision with the anode. Alternatively,
in flash tubes radiation is produced due to electron collision with an inert gas contained in the glass
tube. X-ray tubes produce radiation of greater energy and thus greater heating potential; however
both function on the same principle of electromagnetic waves heating the slip-joint surface. The
benefit of such methods is that a well-controlled amount of heat, with reasonable spatial uniformity
can be quickly directed at the joint. Halogen lamps are also fast to setup, however they typically
have a low efficiency which can be further impact by windy conditions.

2.3.3.1.3 Ceramic Heat Mat

Ceramic heating mats are one of many forms of flexible resistance heaters. Ceramic heaters typically
consist of a resistance element embedded in a ceramic form which acts as a diffuser to more evenly
conduct the generated heat. Flexible ceramic heat mats are made from many individual ceramic
elements which are mechanically connected to form a flexible mat. This gives the advantage that the
mat can curve around the surface of the slip joint, however due to the resistive heating mechanism,
heating power is proportional to the ceramic temperature which may lead to paint damage at high
power. Additionally attaching the ceramic mat to the slip joint could be challenging, as contact
pressure need to be uniform for uniform heating.

2.3.3.1.4 Silicone Heat Mat

Silicone heating mats are essentially very similar to ceramic heating mats except that the resistive
element is embedded in a silicone layer instead of ceramic pieces. This gives the advantage of added
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flexibility and the ability to apply adhesive to the mat to allow easy application. However, being a
resistance based heater silicone mats still suffer from low power output (to avoid damaging paint)
and (purchasing) accessibility is also an issue.

2.3.3.1.5 Flame-based Heating

Direct flame heating is very common form of heating where steel products are involved. Typically
monopiles and large pipes are heating with custom flame heaters prior to and post welding to limit
residual stresses. Despite being a rapid heating method with easy accessibility, this cannot be used
for the simple reason that the paint on the joint will almost certainly be damaged.

2.3.3.1.6 Convection-based Heating

There are a number of forms of convection heater, however the basic principle is that a fluid (or gas)
is heated by (typically) a resistance heating element, after which the fluid flows past the target
surface and transfers heat to it. This can be achieved using both water and air as the working fluid,
although the simplest example in this case is the hair dryer. An industrial convection heater, similar
to a large hair dryer, could heat the slip-joint rapidly, whilst also being very portable and easy to
operate. However, heating would be difficult to confine to a small space and a frame would be
required to hold the heater at a constant distance and angle.

2.3.3.1.7 Induction

Induction heating works by generating a high-frequency oscillating electric current in an induction
coil. This oscillating current creates an oscillating magnetic field around the coil which penetrates
the target material, generating eddy currents which cause joule heating. Small induction units can be
handheld, with induction coils of any diameter to suit the application. Additionally, the power can be
easily varied and the heat is generated directly in the upper few mm of the material, allowing the
induction coil to remain cool. Given that an induction heater is already available in the DOT
workshop, as well as the above reasons, induction heating has been selected the method of choice
for this experiment.

The heater available is the iDuctor 1200w handheld induction heater with flexible induction cables.
The longest of these cables was coiled into a pancake coil and fixed in place with silicone tape to
minimise (non-inductive) heat transfer between the coil and the joint surface (as shown in Figure
18). The coil was also placed in a wooden frame which separates the unit from the heating surface
by a fixed distance, leading to more consistent heating. The frame also allows the installation of
small magnets (seen in Figure 18), which help to easily secure the coil to the slip-joint wall.
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Figure 18 - (a) Heating coil in frame, (b) Induction unit with unwrapped coil

The induction coil in use operates at 30kHz (on maximum power setting) with a working voltage of
5.5v. The coil itself consists of 6 complete loops (in the current setup) of Litz wire of an unknown
number of strands and strand thickness. The coil is 115mm in diameter and 0.8mm in thickness
(including the fibre sheath around the cable and the 0.5mm thick silicone tape).

2.3.3.2 Data Acquisition Equipment

Following the decision to utilise a thermographic measurement technique, it is necessary to select a
method with which to measure changes in temperature at the measurement surface. The following
three measurement devices are commonly used devices that were considered for this application.

2.3.3.2.1 Thermocouple

Typical type K thermocouples are a relatively cheap spot measurement device consisting of two
wires bonded together at a measurement tip. Due to the different metals used in the wire to and
from the tip, a voltage is generated in the thermocouple circuit dependent on the tip temperature,
allowing thermal measurements. While, high accuracy can be achieved with thermocouples, the
accuracy is strongly dependent on the bond between the thermocouple and the measurement
surface, making changes in measurement location time consuming. Additionally, due to the exposed
wires near the measurement location, thermocouples are subject to influence from electro-
magnetic fields (such as from induction heaters). In the slip-joint this should mostly not be a problem
as the steel should block the radiation, however if there is a hole through the steel near the
measurement location, some radiation could still get through the joint and influence readings. To
combat this, electromagnetically shielded thermocouples have been invented; however these are
quite expensive and suffer from the same difficulty in changing location as regular thermocouples.
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2.3.3.2.2 |Infrared Sensor

To combat the need to attach a measurement device to the measurement surface an infrared sensor
may be used. Infrared sensors, also known as infrared pyrometers, have a very small silicone sensor
which detects incoming radiation, which can be used to assess the target temperature using Planck’s
Law of black body radiation. Infrared sensors use optics in front of the sensor to try and focus on a
single point, although in reality the device focuses in a cone, such that the target point area varies
with the distance between the IR sensor and the target. The advantages of this sensor are that they
are inexpensive and are immune to electromagnetic fields, because the device can simply be held
outside of the field domain. However, the accuracy of IR devices is typically less than that of
thermocouples and the sensor only measures a single spot, which therefore requires advanced
knowledge of exactly which location needs to be measured.

2.3.3.2.3 Thermal Camera

Thermal cameras use the same technology as infrared thermal sensors, except that the silicone
sensor is comprised of alarge number of individual bays. This allows the temperature to be
differentiated in across the measurement field and therefore a thermal image can be created. Due
to this similarity, thermal cameras can also avoid the influence of electromagnetic fields and can
change measurement locations quickly and easily. However, the greatest benefit of a thermal
camera in this application is that it can measure the temperature across a large location at once. This
useful when measuring the slip-joint because it is very difficult to exactly align the heating unit on
the inside of the joint and the sensor on the outside of the joint prior to measurement. Therefore,
measuring a large area means that the region being heated will always be recorded regardless of
slight misalignments.

For these reasons the FLIR One Pro thermal camera has been selected for use in measurement of the
sample slip-joint. The FLIR One Pro (Figure 19) is a thermal camera that utilises a smartphone to
display and store the thermal images captured. The device has a 160x120 pixel sensor, -20°C-400°C
measurement range, +3°C (or 5%) accuracy and 150mK thermal resolution. While the resolution and
accuracy are certainly not the highest available in thermal cameras, the preliminary nature of the
measurements and limited funding make such a camera the best choice. Additionally, the camera
has an external micro-USB port allowing active charging while in operation to extend the battery life
from 1hour to 2+hours.
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Figure 19 - FLIR One Pro Thermal Camera

234 Conclusion

A thermographic (heat-based) method is optimal for measuring the slip-joint because it can resolve
both pressure and gap size differences in thick steel sections. Other methods such as magnetic field
attenuation eddy current or acoustic resonance methods are less applicable, but may be used at a
later point to compare with thermal measurements and validate the thermographic results.

Continuous active heating, with measurements in the transmission mode should be used for ease of
measurement and to ensure a measureable quantity of heat energy is transferred through the joint.
To this end, an induction heater is the best heating option due to its high power output, heating
control and ease of use. To this end an iDuctor 1200w unit has been selected and an induction coil

and frame prepared for use.

The induction heater best combined with a thermal camera for heat measurement, as thermal
cameras can measure a large area at once, do not have to be attached to the measurement surface
and are insensitive to electromagnetic radiation near the measurement surface. For this reason a
FLIR One Pro thermal camera was selected for use.
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3 Experimental Method

3.1 Slip Joint Geometry

The thermographic method selected for slip-joint measurement will be tested on a sample slip-joint
taken from the decommissioned ‘Duinvogel’ onshore wind turbine, previously located at
Scheveningen, North Holland. This slip-joint is pictured in-situ in Figure 5, which shows the position
of this slip-joint in the middle of the turbine tower, compared to the envisaged offshore use of the
slip-joint to connect the monopile and turbine tower. The slip-joint section (seen in Figure 20) was
removed from the Duinvogel tower with the use of plasma cutters after the turbine was
decommissioned, allowing the joint section to be transported to the DOT warehouse. In order to
increase safety during transport the top of the inner cone was tack welded to the inside of the outer
cone at 30 points. This stops relative movement between the cones which has the benefit of keeping
the gap and pressure distribution in the joint as close as possible to the operational state.

Figure 20 - Duinvogel Slip-Joint
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In order to facilitate easier inspection, the joint has been placed horizontally and elevated off the
ground with two beam supports. The exact location of the supports and dimensions of the joint are
shown in Figure 21. In order to further facilitate the measurement campaign, scaffolding was
erected on either side and above the joint, to allow easier access to higher regions of the joint.
Finally, for later clarity, the two ends of the sample slip-joint are not overlapping and are therefore
referred to as single-ply regions, as opposed to the two-ply region at the centre of the joint.

t=15mm t=2x12mm ‘ t=12mm

Figure 21 - Slip-joint dimensions and support locations (not to scale)

Given the age of the joint and the previous commercial use, the joint had to undergo preparatory
measures prior to any testing. Inner secondary steel such as handrails, a platform and ladder
sections were cut away to allow ease of movement and easier heater placement. The attachment
points to the inner wall of the slip joint were not 100% removed, so placement of the heater was still
obstructed in cases where the measurement point was extremely close to the attachment. Following
this, the joint was cleaned, both inside and outside, with a high pressure water gun to remove built
up dirt.

3.2 Measurement Process

The measurement process outlined in chapter 2 is applicable to both single-ply and two-ply regions
of the joint. It is a single point measurement process, therefore a grid of the measurement surface
must be built up and results interpolated between measurement points. Once a single point has
been selected for measurement, the following process is used to collect the data (see Figure 22 for
setup diagram);

1. The thermal camera is calibrated against an infrared spot thermometer, and then set to
manual calibration mode to avoid any auto-recalibration. Two images of the measurement
point are then taken, one from inside the joint and one from outside to provide a reference
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for the temperature prior to heating. The thermal images should be shot in landscape
orientation, keeping the image sensor parallel to the measurement surface and holding the
camera such that the field of view is approximately 40cm in width at the measurement
surface. Keeping these parameters constant provides enough thermal resolution (0.63mm
per pixel), while also covering the majority of the heated region.

The induction heater coil is magnetically secured against the measurement location on the
inside cone of the slip joint. Care should be taken to ensure that the centre of the coil is
directly over the measurement point and that the coil itself is not in physical contact with
the slip-joint wall.

A single thermal image is taken of an arbitrary object at the same time the heater coil is
started. This image will act as a reference point for the measurement start time, as all
thermal images are time-stamped. A stopwatch should also be started at this time to allow
appropriate timing of thermal images. Starting the stopwatch at precisely the same time as
the heater is not necessary as the thermal image time stamp is used as the governing time
signature.

The user may then leave the heater in place (turned on), and proceed to the measurement
location on the outside of the slip-joint to record thermal measurements. Images may begin
to be taken of the measurement region as soon as possible (preferably within 30s of starting
heating). The stopwatch may be utilised to time the taking of images to approximately 5
second intervals. This time interval is to reduce the total number of images, which extends
camera battery life and lowers data storage/transfer requirements.

After 150s of heating the test engineer should take one last thermal image and then proceed
to turn off and remove the induction coil from the slip-joint.

The coil should be allowed to cool to within 2°C of its starting temperature (~10 minutes)
before moving to the next location and beginning from step one. Based on infrared spot
measurements the induction coil heats by ~30°C during measurement, therefore cooling
within 2°C of its starting temperature allows a 6.7% deviation between the first and
subsequent measurements. Considering the most significant heat transfer between the
induction coil and the slip-joint is through joule heating this variation is negligible.
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Figure 22 - Measurement set-up
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3.3 Measurement Locations

3.3.1 Initial Measurement Locations

The initial two-ply measurements were conducted in two ‘rings’ around the slip joint, shown in red

in Figure 23. Based on the latter use of 9 rings to cover the entire slip-joint, the left-hand red ring in
Figure 23 is named ring 2 and the right-hand red ring is named ring 8. Considering the joint in Figure
23 is lying horizontal, the solid black ring to the left of ring 2 indicates the bottom of the outer cone
of the joint, while the dotted line to the right of ring 8 is the top of the inner cone. Therefore, the left
hand side of Figure 23 may be referred to as the bottom of the slip-joint and the right-hand side as
the top.

Measurement Location

Slip Joint Region (2-ply steel)

Single-ply Regions

Figure 23 - Measurement Locations

Each ring consists of 23 evenly spaced points around the circumference of the joint, as shown in
Figure 24. Figure 24 depicts only the two-ply region of Figure 23, oriented such that the bottom of
the slip-joint is along the x axis. Ring 2 is therefore the bottom row of points in Figure 24 and ring 8 is
the top row of points. Each of these points is evenly spaced at approximately 30cm apart on the
joint, although this distance varies slightly per ring due to the cone angle of the tower. The points
indicated in red in Figure 24 were not measured because, at this point in the project, they were too
close to the ground to access. Finally, in Figure 24 and subsequent figures point 14 is taken as the 0°
mark. All point 14’s are located in the 3 O’clock position when looking through the sample slip-joint
from the ‘top’ of the joint. Looking at the joint from the same position, point numbers are ascending
in a clockwise direction.
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Figure 24 - Initial two-ply measurement Icoations
3.3.2 Full joint Measurement Locations

In order to measure the entire slip-joint, the two-ply region of the joint has been divided into 9 rings.
The two rings from initial testing remain, while 7 additional rings of 23 points have been added. The
rings are numbered 1 through 9, with 1 being the lowest ring in the joint. The points are numbered 1
through 23, with all point 1’s along the left edge of Figure 25. Every point in the grid therefore has a
unique ‘ring point’ identifier, for example, ‘1_12’' or ‘4_22’. While the points in each ring are evenly
distributed, the rings themselves are not evenly spaced. This may be seen in Figure 25 and was
deliberately implemented to avoid physical obstacles to measurements. Despite this, six points
(shown below in red) were unable to be measured due to secondary steel blocking access to the
heating location.
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Figure 25 - Full joint measurement locations

It should be noted that the spatial density of the full joint measurement grid was determined from
further initial testing which demonstrated that the low pressure regions around 240° and 350°
extended several meters up the joint. Therefore, it was surmised that a ring spacing of 30-40cm
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should accurately capture the low pressure regions. Clearly a higher density grid would provide more
information on the boundaries of distinct low-pressure regions, however the measurement time
cost must be taken into consideration.

3.4  Data Processing

Once a series of thermal images for a measurement location has been captured following the
procedure in section 3.2 the images must be processed into a form that represents the thermal
resistance (or conductivity) at that location. The processing is conducted in MATLAB r2015 with the
aid of EXIFTOOL (a metadata analysis tool)[42], using the following process;

1. The thermal images from the measurement process are initially stored on the attached
mobile phone and need to be transferred to a computer foranalysis. Following this transfer
the images are catalogued by measurement location.

2. Following the collation of the thermal image JPEGs, the temperature data has to be
extracted from the metadata of the files. This is achieved by passing the files from MATLAB
to EXIFTOOL which outputs chosen metadata fields from each thermal JPEG image to a .CSV
file. The metadata includes an array of Hexadecimal values representing the irradiance
values in the image which are converted to 16bit analog-digital signal values and saved as a
.PNG file. Also extracted from the JPEG metadata are a number of constants required to
convert the analog-digital signal values to an actual temperature. The filename of the
thermal JPEG is also parsed to extract the timestamp of each image for later use.

3. The analog-digital signal counts represent a linear transform of the total collected radiation
at the sensor, which is the sum of the radiation emitted from the measurement surface,
radiation reflected from the surface and radiation directly from the atmosphere. In order to
calculate the object temperature the latter two terms must be removed. Ignoring
atmospheric radiation due to its small effect, we can say;

Smeasured = SSobject + (1 - S)Sreflected
Smeasured - (1 - g)Sreflected

Sobject = -
Where;
Sobject = Object A/D count [—]
Srefiectea = Reflected A/D count [—]

Smeasurea = Total measured A/D count [—]
& = Object emmissivity [—]

In order to convert irradiance to temperature we must first convert A/D counts to irradiance;
I =R, (Sobject + Offset)

Where;

w
I = Object irradiance [——————
m>. steradian

]

2
c
R, = — = Camera Constant
2755
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Of fset = Camera Calibration Constant

Then using Planck’s Law [43] ([44];

Where;

2

hxc Z*hc_s

ek*)\*T—lz—}‘

! 2
T(Kevm)—k*)\n( ; )+ 1

Planck’s Constant (h) = 6.626x1073% []. 5]
Boltzman's Constant (k) = 1.3807x10723[]/deg]
Speed of light (c) = 2.9979x108 [m/s]

T = Object Temerature [Kelvin]

A= Peak Spectral Wavelength (Camera Constant) [m]

Once the temperature at each pixel has been calculated using the above formulas, the
resulting temperature array is saved and the same process is completed foreach image in
the series of thermal images for the current location.

From these temperature arrays the maximum temperature in any one array is extracted,
representing the maximum temperature on the measurement surface at each measurement
time. The maximum temperatures are then stored in a separate array along with the time of
occurrence and X and Y pixel location. It has been suggested that measuring a large
rectangle of the measurement surface and then ‘stitching’ all these thermal images together
may be an effective way to measure the entire joint faster and without the need to
interpolate between points. However, this method will not work because the lateral heat
diffusion is uneven across the measurement surface, therefore even if pressure or gap size is
even across the measurement surface, temperature results will vary. A model could be
applied to the temperature results to correct for the diffusion, however the model would be
quite complex (both time and space dependent), and provides an unnecessary increase in
detail over spot measurements.

The temperature gradient in a 10pixel radius around the maximum temperature is checked
to confirm that the maximum temperature is not an anomaly such as a hot pixel or scratch in
the measurement surface.

Finally, an array of maximum temperature vs time has been obtain for the measurement
location the gradient of this curve is checked again for outliers using the Mean Absolute
Deviation (MAD) method, with a cut-off factor of 2[45]. Following this the mean
temperature gradient is estimated at the current location after eliminating outlier gradients
(such as a sudden jump in temperature). In this way, locations can be compared where the
starting or final temperatures differ, or if the measurement time differs per location. The
mean temperature gradient of the maximum temperature at the measurement location can
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be seen as an representation of the thermal conductance of the slip joint at that location, as
the temperature rise in a body is linearly proportional to the heat input.

8. Once the mean temperature gradient (°C/s) has been established at the present point, the
measurement process can be applied to all other necessary points. The temperatures in
between then must be interpolated using any selected method.

3.4.1 Additional Notes

There are a number of additional considerations and assumptions with regard to this measurement
process which are outlined below;

e Temperature data obtained using the aforementioned equations has been compared to
temperature data in FLIR proprietary software and found to match within 0.01°C. This
validates the assumption that atmospheric radiation can be ignored (as it is included in FLIR
software calculations).

e It has been suggested that ‘stitching’ all the thermal images of various locations together
may be an effective way to measure the entire joint faster and without the need to
interpolate between points. However, this method is not suitable because the lateral heat
diffusion is uneven across the measurement surface (within each thermal image). Therefore
even if pressure or gap size is even across the measurement surface, temperature results
will vary due to diffusion. A model could be applied to the temperature results to correct for
the diffusion, however the model would be quite complex (both time and space dependent),
and provides an unnecessary increase in detail over spot measurements.

e Due to the technique of drawing the hottest point from each thermal image, the location of
the hottest pixel may change over time with respect to the physical measurement surface.
Some shifting of the hottest point is expected, due to uneven heating, camera insensitivity
and movement of the camera between photos, therefore if (alternatively) the temperature
of a single pixel was tracked, significant errors would be introduced.

e Furthermore, taking the temperature gradient of the hottest point over time allows thermal
images to be taken at less precise time intervals, because individual thermal images are then
not compared between locations.

The measurement process is summarised in Figure 26.
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Figure 26 - Measurement process summary

3.5 Experimental Process Overview

The preceding sections describe the measurement technique for an individual location and the two-
ply locations to be measured; however such measurements are part of an overarching experimental
process involving many different measurements. Figure 27 shows the full overview of the
experimental components of the project, including validation, preliminary and final full-scale
measurements.

Project Scope
Validation

Data Input H

Process/Activity :]
Outcome/Result [ |

Potential Link
COMSOL Single-Ply COMSOL Two-Ply
Model Model

Distribution in Sample Distribution in Sample| (incl. contact pressure

Joint Joint and gap distribution)

Initial Single-Ply Initial Two-Ply Full Joint
Measurements Measurement Measurement

‘ Thermal Resistance Pressure/Gap Size Full Slip Joint FE Model

Feeler Gauge Gap
Size Tests

Steel Plate - Known

Gap Tests Statistical Analysis

Time

Figure 27 - Project experimental overview
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351 Experimental Aims

A full description of all test procedures, including goals and conclusions is provided in the
subsequent two chapters, however for clarity, a small description and the initial experimental aims
are given below.

3.5.1.1 Single-Ply Testing

As noted previously, the sections at the top and bottom of the slip-joint are single-layer (non-
overlapping. Measurements to various points in this region aim to provide the following information;

e An estimate of the variation in measurement values by location. The variation in material
properties across the single-ply regions should be minimal; therefore variation in
measurement values is a good estimate of the precision of the method.

e An estimate of the maximum possible heating time, while keeping the temperature under
150°C (to avoid paint damage).

e Determine the rate of heat diffusion within the slip-joint (to determine how much heat will
‘spread’ to adjacent measurement points).

e Provide aninitial idea of measurement sensitivity, by analysing the ability to resolve 12mm
vs 15mm single ply regions.

3.5.1.2 Small-scale Experiment

The heating process has been replicated in small-scale with two 8x100x500mm steel plates,
separated by a known thickness. This experiment has the following aims;

e Establish the nature of the correlation between gap size and heat transfer (ie. correlation
strength, function type).

e Determine how large of an air gap the measurement method can feasibly detect

e Determine how sensitive the measurement method is to changes in gap size, specifically
when the gap size is near zero.

e Determine approximately how long the joint must be heated in order to resolve large gap
sizes (ie. points with maximum thermal resistance).

3.5.1.3 COMSOL Finite Element Modelling

A simplified finite element of the slip-joint walls has been made in COMSOL multiphysics software to
simulate the heating process. A single plate model is used to calibrate the finite element induction
heater, before a second plate is introduced and different contact pressures/gaps are investigated.
The aims of this process are;

e Investigate and confirm the correlation between contact pressure and heat
transfer/temperature gradient

e Investigate and confirm the correlation between gap size and heat transfer/temperature
gradient
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3.5.1.4 Initial Two-ply Testing

Initial two-ply testing was limited to two rings around the slip-joint to gather preliminary
information. These measurements aim to provide the following information;

An estimate of the speed of the measurement process including setup and measurement.
An idea of practical constraints such as, how to most effectively mount the heating coil and
accessibility issues with the highest and lowest regions of the joint.

Provide initial information on the degree of pressure/gap size variation within the joint and
therefore the expected variation in temperature results.

Provide a basis for comparison with later measurements (to establish measurement
precision)

3.5.1.5 Full-Scale Testing

Full scale testing refers to the testing of all 207 grid points (9 rings x 23 points) marked out across
the overlapping region of the slip-joint. These measurements (shown in Figure 25) form the primary
source of information about the pressure/contact distribution in the sample slip-joint and are a
strong indicator of the efficacy of the method. The experimental aims are as follows;

Determine the thermal resistance/conductance of points across the entire slip-joint
Therefore, provide information on the pressure/gap size distribution within the joint
Provide information about the precision and accuracy of the method (based on comparison
with other measurements)

3.5.1.6 Feeler Gauge Testing

Feeler gauge testing involves the use of thin metal strips of known thickness to check the actual gap
size at various points on the slip-joint. In order to access the gap between plates, 12 holes were
drilled through the joint at selected locations. Feeler gauge testing has the following aims;

Determine the error in thermal measurements

Determine a quantitative correlation between thermal measurements and gap size

From the above correlation, identify the percentage of the joint in contact and the potential
uncertainty in this value.
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4 Verification and
Validation

4.1  (Small-Scale) Plate Measurements

4.1.1 Purpose and Setup

One difficulty in validating the slip-joint measurement process is in confirming that a measureable
relationship between heat-transfer and gap size exists not only in theory. To this end two sample
steel plates of 8mm in thickness were used to simulate the walls of the slip joint, with feeler gauge
plates of known thickness used to separate the plates. The simplified nature of this test allows
several unknown variables to be eliminated, such as variation in material thickness (across different
locations in the slip-joint) and variation in paint thickness (because the sample plates are not
painted). Given the simplicity, this test may be used to accurately compare heat transfer rate to a
known gap sizes. It may also be used to provide additional information on the expected temperature
in the joint during heating, so that damage to the slip joint paint may be avoided.

The experimental setup can be seen in Figure 28, with the plates arranged in a vertical orientation.
The plates themselves are mild steel of 8x100x500mm and are clamped together 50mm in from each
end, leaving 400mm free space for heating. The plates were separated by feeler gauge plates of
known thickness placed in the clamped region near the top and bottom of the two steel plates. The
feeler gauge plates are cut in a ‘U’ shape, which means that they provide separation along the
top/bottom edge of the steel plates and running 10cm along the sides of the steel plates. This shape
of the feeler plates means that the feeler plates are as far away as possible from the heating zone
and conduction through the feeler plate rather than across the air gap can be kept to a minimum.
The heat is applied to the plate by the same induction heating coil used to heat the slip-joint, which
was attached to the steel plates with tape (as it was not magnetised at this point). The induction coil
was separated from the plates by wooden spacer blocks at the top and bottom to avoid direct
contact between the coil and the surface. Finally, the temperature of the measurement surface was
measured with a thermal camera to assess the heat transmission across the joint.
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Figure 28 - Test plate set-up with induction coil attached

41.2 Results

The heat transfer across the joint was assessed for six different gap sizes; 0Omm, 0.05mm, 0.2mm,
0.4mm, 0.7mm and 1mm. The temperature recorded at 30 second intervals at the hottest point on
the measurement surface is shown in Figure 29. This figure shows a slightly convex heating profile,
which is expected in plates with an air gap, as confirmed in section 4.3. This plot also indicates a
temperature rise of more than 15 degrees in the measurement region when the plates were
separated by a 1mm gap. This gives confidence that applying a similar amount of heat fora similar
duration will allow large gap sizes in the slip-joint to be resolved. While the sample steel plates are
thinner than in the slip joint, at 1mm gap size, the conductive resistance of the air gap is over 100
times greater than the steel; therefore anincrease in steel thickness is not particularly consequential
to the overall thermal resistance (and heat transfer).
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Figure 29 - Temperature vs time for varying plate separation
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Figure 30 - Heat transfer vs gap size, for test plates

Figure 30 shows a plot of the temperature rise on the measurement surface vs known gap size. The
temperature rise is taken from a projected 150s measurement period to allow better comparison
with the 150s measurement time for the actual slip-joint. The key take-away from this plot is that
heat transfer is not linearly correlated with gap size. Instead, a known increment in gap size will have
a greater effect on thermal measurements if the initial gap size is small, than if the initial gap size
were large. The effect of this is that variations in gap size in the slip-joint for locations with a small
gap size may be more easily resolved than variations in gap size in large gap regions. This behaviour
is not in line with a simple heat conduction model of the heat transfer between plates, as conduction
resistance should be linear with gap size. The shape of the curve could then be alternatively
explained by a relative increase in either convection or radiation heat transfer at large gap sizes.
Considering the magnitude of the gap size, Table 1 indicates that convection is likely negligible which
leaves radiation heat transfer as the cause of the non-linearity. This is in line with theoretical
expectations, as an increase in conductive resistance leads to less heat transfer across the air gap
which in turns leads to the first place getting hotter and the second plate heat less. Since radiation is
proportional to the difference between the surface temperatures to the fourth power, this change in
temperature leads to a significant increase in radiation heat transfer, which is unaffected by the gap
size.

4.1.3 Conclusion

This test fulfilled its gaols of providing a clear indication of the relationship between gap size and
heat transfer. It is clear that at large gap sizes, radiation becomes the governing heat transfer
mechanism and causes a non-linear relationship between heat transfer and gap size. This implies
that the heat transfer method is less suitable to measuring areas of the slip-joint with large gaps,
than smaller gaps. It also implies that the normalised results of heat transfer measurements of the
slip-joint cannot be directly taken as an indication of gap size and must first be passed through a
transfer function to convert heat transfer to gap size.
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The second conclusion of this validation test is that the heat transfer of the slip-joint is easily
determinable with a measurement time of 120s, using the current heater setup, even with gap sizes
up to Imm. While single-ply testing results can supply the maximum test time, this validation test
provides evidence that differences in gap size can be identified even at very low measurement
durations (<100s).

4.2  Single-Ply Measurements

4.2.1 Purpose and Setup

The slip-joint sample used for measurements has regions above and below the ‘overlap region’
where the turbine tower consists of a single layer of steel and is therefore termed as a ‘single-ply’
region (whereas the overlapping region is termed ‘two-ply’). In the single-ply region below the slip-
joint the wall thickness is 15mm, while in the region above the slip-joint the wall thickness is 12mm.
Measuring these regions allows errors in the heating method to be estimated by carrying out
‘control’ measurements on the two single-ply regions. When the second layer of the slip-joint is
eliminated from the measurement, several unknown variables can be ignored, such as the gap
size/contact pressure. Figure 31 below illustrates this simplification, and demonstrates that the
primary variables contributing to the temperature at T2 (in the single-ply case) are; convection and
radiation cooling at T2, conduction heat transfer rate through the steel and radiation heat losses at
the source side (T1). If many single-ply measurements are taken under similar conditions then the
variability of the temperature at T2 can provide some information about the variability of the
aforementioned contributing factors.

Heat Source Heat Source

R_cond R_cond R_cond

Steel Layer 1 Air Layer Steel Layer 2 Steel Layer 1

Figure 31 - (Left) Thermal resistance diagram for two-ply regions. (Right) Thermal resistance diagram for single-ply regions.

If many measurements are taken and the temperature is measured directly at T2 with a thermal
camera, then variations in the temperature at T2 may be primarily attributed to variations in the
heat source and conduction resistance in the steel. The conduction resistance in the steel plate is a
function of the thermal conductivity of the steel and the thickness of the steel, therefore variation in
T2 may indicate variation in one of these properties. These properties cannot be measured directly
in order to quantify individual uncertainty values for every property; however the single ply
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measurements provide a good estimate of the group variation of these properties and their
expected variation in two-ply tests.

With this in mind, 26 single-ply locations were tested, 11 of which were in the 15mm region and 15
of which were on 12mm steel. One location from both the 12mm and 15mm regions were re-tested
to provide some information about the consistency of the heating method. Ideally, a single spot
would be re-tested many times under a large range of conditions to give the most information about
the reliability of the heating method, as measuring a single spot allows the assumption of consistent
plate thickness and plate thermal conductivity between measurements. Another benefit of multiple
measurements in the same spot is that the deduced variation in the heat source can be subtracted
from general variation across all single-ply tests to reveal the variation in results due to other
factors, such as steel or paint thickness. However, given time constraints, after a limited number of
initial single-ply measurements, alternative validation techniques were pursued instead. Following
the completion of the measurements on the two-ply region the heating equipment malfunctioned,
eliminating the possibility of further single ply measurements.

4.2.2 Results

The results of single-ply tests are presented in Figure 32, showing the heating rates in both 12mm
and 15mm regions. This graph presents the mean gradient of the temperature vs time at point T2 (as
per Figure 12). The starting temperature for all points is located at 12°C to facilitate easier visual
comparison.
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Figure 32 - Linearised single-ply measurement results

From these results it is evident that there is significant variation in either the heating source or the
material properties between these measurements. The mean heating rate in the 12mm plate is
0.42°C/s with a standard deviation of 0.033°C/s. The mean heating rate in the 15mm plate is
0.38°C/s with a standard deviation of 0.029°C/s. This makes the 90% confidence interval for the
12mm plate [0.366,0.474]°C/s. Comparatively, the 90% confidence interval for the 15mm plate is
[0.333 0.427]°C/s. For clarity, during a 150s measurement period, this translates to a AT of [54.90 -
71.10]°C forthe 12mm plate and [49.95 - 64.05]°C for the 15mm plate. It is evident that there is
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significant variation in these values, in the order of £13% (at 90% C.I.)for the 12mm plate. Note that
the above estimation assumes that the data is normally distributed, which is a reasonable
assumption for data with a random error component.

In the absence of further information about the single-ply distribution it must be assumed that the
measurements in the two-ply region share the same variability present in the single-ply region.
Analysis of the 12mm and 15mm duplicate measurements shows variations of 3.87% and 6.20%
respectively indicating that a sizeable portion of the variation in the single-ply measurements may
be caused by variation in the heat source rather than the steel conductance or thickness. However,
like with the single-ply measurements themselves, the sample size is too small to draw firm
conclusions.

Single-ply measurements also provide qualitative information about the heating time scale
limitations for two-ply measurements. As seen in the previous section, measurement times above
100s provide enough heat to easily cross large gaps and identify variations in gap size. However,
single-ply measurements indicate that measurement times should be kept below 180s to avoid
damaging any paint (at 150°C). This time length provides a significant safety margin to allow for
delays in turning off the heater, natural variation in heat transfer across the joint or lower quality in
the paint.

Finally, these results confirm that heating is quite localised, which allows local heat transfer to be
measured without unintentionally heating the entire slip-joint. This can be seen in Figure 33a, where
the photo area is roughly 30cm wide (shown by the markings every 5cm across the centre of the
image). Figure 33b shows the evolution of temperature in a line across the middle of the
measurement region over time. In this way, each contour on the plot shows the temperature across
the middle of the measurement region at a different point in time. This shows quantitatively that
even after ~150s of heating, there is minimal heat diffusion within the plate, with only a~5°C
temperature rise at 15cm from the measurement centre after 150s. Therefore, measuring adjacent
points (~30cm apart) successively will likely have no ‘cross-contamination’ effects. If care is taken to
plan out the order of measurements to avoid successive measurements closer than 60cm then cross-
contamination can certainly be neglected.

Temperature ['C]

S0 100 150 20 250 300

Distance [mm]

Figure 33 - Spatial temperature profile. (a) Typical thermalimage. (b) Development of temperature profiles (across the
centre of thermal image) over time
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Another important aspect of the singe-ply results is the shape of the results distributions. Figure 34
shows a comparison of both 12 and 15mm plate results compared to the normal distribution. As can
be seen from the plot, both sets of results are approximately linear, indicating normality in the
underlying population. However the different gradients of the two data sets indicate that they have
different spreads, with the 15mm results having a greater sample standard deviation. This could be
due to greater variation in steel or paint thickness, greater variation in the heating/measurement
set-up, or most likely, an insufficient number of sample data points. Figure 34 also indicates a
significant outlier in the 12mm data set, for which the underlying data has been inspected. There are
no obvious abnormalities in the data, which indicates that this hot spot may be a structural
abnormality (causing very thin wall thickness), or a measurement defect (in heating device or
thermal camera).
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Figure 34 - QQ plot of 12mm and 15mm plate thermal measurements

423 Conclusion

There are several key inputs drawn from single-ply testing, both in terms of method validation and in
providing input for two-ply measurement parameters. Firstly, it is clear the method can distinguish
between 12mm and 15mm plates, which, while expected given the results of small plate
measurements, reaffirms the sensitivity of the method. The change in thermal resistance between a
12mm and 15mm plate is roughly equivalent to difference in thermal resistance between two air
gaps varying by less than 1/100™" of a millimetre. While this is based solely on conduction heat
transfer, at low gap sizes radiation heat transfer is negligible, so this gives an idea of the sensitivity of
the method at very small gap sizes.

The sensitivity of the method must be considered in conjunction with the precision of the method to
gain a full understanding of the expected measurement error. Analysis of the variation in single-ply
measurements shows that the precision of the measurement method is approximately £13%. This
assumes that there is minimal location based variation in the single-ply measurements and that the
variation in the measurements is entirely measurement imprecision.
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Thirdly, single-ply tests provide a good upper limit for testing time to avoid damaging the paint on
the slip-joint. A maximum time of 180s would keep the joint surface temperature below 150°C, with
ample safety margin for turning the heater off and any locational variation in temperature. The exact
maximum test time cannot be evaluated directly because of unknown thermal conductivity of the
paint layers and locational variation in the paint and steel properties. Therefore using a large safety
margin with an estimated maximum heating time is the best approach.

Finally, single-ply measurements give strong evidence that successive measurements at adjacent
points will not contaminate each other through diffusive heat transfer. The temperature increase
from the measurement method is largely limited to within a 15cm radius from the measurement
point. This could likely be reduced by using a more tightly would coil with a smaller radius, although
if measurement points are carefully selected to avoid adjacent, subsequent measurements then this
issue can safely be neglected.

4.3 Finite Element Models

4.3.1 Purpose and Setup

The heating process has been simulated using a finite element (FE) COMSOL model for both single-
ply and multi-ply heating cases. The purpose of the single-ply model was to calibrate the unknown
heating parameters (using data from real single-ply tests) to increase the accuracy of the two-ply
model. In addition the single-ply models confirmed that the heating behaviour observed in real
single-ply testing was consistent with theoretical models. Following on from this, the purpose of the
two-ply model was to investigate the theoretical correlation between contact pressure/gap size and
heat transfer. The two-ply model was also intended to provide an indication of the sensitivity of the
measurement process to variables such as material thickness, induction coil power, coil geometry
and input frequency.

The model (for the single-ply case) is pictured in Figure 35, showing the 2D axisymmetric, flat-plate
geometry of the model. The induction coil was modelled as seven concentric rings with a diameter
of 6mm, centre-centre spacing of 9mm and centre-plate surface spacing of 6mm. Adding a layer of
silicone between the coil and the plate surface was found to have little effect on temperatures, so
this was not included in the final models. The steel plate was modelled using COMSOL'’s in-built
structural steel material because the exact material properties of the steel in the sample slip-joint
are unknown. The steel plate was modelled in both 12mm and 15mm thickness for the single-ply
case to offer comparison with single-ply measurements, although in the two-ply case two 12mm
plates were modelled. The plate is a circular disc of 0.5m radius in the centre of a cubic air-filled
domain of 1m side lengths. Both the plate radius and domain size were tested for influence on the
solution and found to be sufficiently large.

The meshing strategy used in both models is a hybrid mesh of triangular and quadrilateral elements.
Triangular elements were used forthe entire model except for the steel plate(s) and air gap between
the plates in applicable models. The steel plates were modelled with quadrilateral elements to
increase accuracy, allow better control of size transition and allow better control of mesh density in
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key regions. Care was taken to check element aspect ratio, element size transition and ensure that at
least 3 elements were present across the air gap (in the two-ply case). The number 3 was chosen
with consideration that, placing a larger number of elements across the gap minimises numerical
inaccuracy but requires a significant increase in total element count due to smooth transition and
aspect ratio requirements.

The final model parameters were set based on comparison with real life single-ply testing. The
induction coil frequency was set at 30.4kHz to match the measured frequency in the iDuctor at full
power. The current in the coil was then adjusted in conduction with the coil resistance to achieve
the coil voltage and heating rate measured during single-ply tests.

In setting up both the single-ply and two-ply models a number of assumptions have been made.
Firstly, the geometry of the steel plate(s) has been simplified from a portion of a cylinder wall to a
flat disc. This assumption allows the use of an axisymmetric model which greatly reduces simulation
time. This assumption is appropriate in this case as the slip-joint diameter is very large and only a
small section of the wall is being simulated, meaning that the wall section is very similar to a flat
plate. Another assumption is the simplification of the model through the elimination of paint layers,
material around the induction coil. Comparative models with and without these features were used
to confirm the minimal impact on the solution by such features and therefore justify their exclusion.

Time=150 ¢ Surface: Temperature (K}

-0.2

Figure 35 - Simulation of single-ply measurement using COMSOL

4.3.2 Results

Testing of varied coil geometry, coil frequency, coil current and steel properties revealed issues in
mimicking the single-ply heating process with the finite element model. Specifically, if parameters
were set such that the heating results in the 12mm single-ply model matched the 12mm single-ply
measurement results, then the finite element model of the 15mm plate consistently under-
predicted the temperatures from actual measurements. This may be attributed to difficulty in
setting up the model correctly, as well as attempting to tune the model to an ‘incorrect’
measurement result. The reason single-ply measurements may have been inaccurate is that the
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mean of all 15mm measurements was used to attempt to tune the finite element model. If the
15mm measurements were not distributed evenly about the real mean temperature, then the
predicted mean temperature would not be correct. The same applies for 12mm measurement
results, making it challenging to tune the heater parameters so that finite element results matched
real measurements. To solve this issue, the heater parameters were tuned to match the 12mm plate
results, as this is the thickness of the plates in the two-ply region. The final induction coil parameters
used in two-ply simulations are presented below (as determined by single-ply simulations).

Parameter Value Units
Voltage 5.8 Vv
Current 200 A
Power 1160 W

Efficiency 97 %

Wire strands 70 -
Wire Diameter 0.1 mm
Geometry As per section 4.3.1 -

Following single-ply modelling to parameterise the model, 4 gap sizes and 4 contact pressures were
investigated in the two-ply model to investigate their correlation with measured surface
temperatures (see Figure 36). Figure 36 shows the temperature at t4 after 150s of heating has been
applied to the plates. The point name ‘t4’ is consistent with Figure 12, where t4 is the name forthe
hottest point on the surface on the opposite side of the slip-joint to where the heat is applied (ie. the
hottest point on the measurement surface). All points in Figure 36 began at 283.15K, therefore,
instead of the figure presenting their final temperature, they could also be represented as a deltaT
or temperature gradient over the 150s heating time (as per section 4.2). The horizontal axis of the
figure is an amalgamation of contact pressure (for value less than zero) and gap size (for values
greater than zero). In this way, one can see that as two plates are brought closer and closer
together, the heat transfer moves along the orange plot from right to left. Then as the plates begin
to touch the heat transfer begins to follows the blue line from right to left. The inverse is true if the
plates are firstly clamped tightly together and then slowly separated.
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Figure 36 - Far-side temperature vs contact pressure/gap size
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Figure 36 - Far-side temperature vs contact pressure/gap size shows that heat transfer has a non-
linear correlation with both contact pressure and gap size. This is important as the literature covered
in chapter 2 is largely focused on measuring this correlation for very thin materials, whereas this
result shows that the correlation still holds for thicker plates with longer heating times and higher
diffusion. The pressure correlation is particularly important as, there is currently no experimental
way to measure the contact pressure in the slip-joint for comparison with thermal measurements.
Therefore, if the accuracy of the measurement method is assumed to stay consistent between in-
contact and non-contact regions, finite element results suggest that the thermography results can
provide information on the contact pressure distribution. The lack of correlation between the exact
temperature values in the FE model and real slip-joint means that an exact numerical correlation
between contact pressure and thermographic measurements cannot be determined from the FE
model. However, given that the model is very close to the real measurement process, the qualitative
correlation may be applied to the real measurements.

A final observation, from the two-ply FE model, is that the measurement method is most sensitive in
the transition region between contact and non-contact. This indicates that it may be difficult to
accurately resolve regions with high pressures or large gap sizes, but also that the method should be
able to clearly resolve variations around the contact transition.

4.3.3 Conclusion

From the single-ply simulations it was determined that it was not possible to create an induction
heating model that matches both 12mm single-ply measurement and 15mm single-ply
measurements. This may be due to difficulties in modelling the exact physics on the heating process
with multiple unknown parameters, such the exact number and width of conductor strands in the
induction coil, the exact working current or the exact steel properties. Alternatively, it is more
probable that due to the imprecision in the measurement method, the heat conduction values
estimated from the real single-ply testing were not completely accurate. Despite this discrepancy
the model parameters developed to match the real 12mm single-ply measurements could be used to
simulate two-ply measurements (with care).

The two-ply simulation results show that the temperature on the far side of the slip-joint wall is well
correlated with contact pressure and gap size (for 12mm steel walls and heating parameters similar
to the iDuctor). The inability to exactly match the FE model to real experiments means that no
guantitative correlation can be developed between temperatures and either gap size or contact
pressure. However, the results show that the sensitivity of the method is inversely proportional to
gap size, which agrees with the small plate measurements in section 4.1. The method shows a
similar correlation with contact pressure.
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5 Results

5.1  Preliminary Two-Ply Measurements

After initial single-ply measurements to determine the potential variation in temperature results, it
was necessary to conduct preliminary tests on the two-ply region. These tests serve a number of
purposes including;

e Providing a basis for comparison with later (duplicate) measurements in the same spots,

e Determining the appropriate time scale for the heat measurements,

e Providing an initial estimate for the expected variation in results,

e Potential measurement difficulties, such as location access, measurement speed and
connectivity issues,

e Providing an initial estimate of the size and shape of low/no contact regions.

The experimental setup of these tests was as per the measurement process described in chapter 3.

5.1.1 Results and Analysis

As previously noted, the initial two-ply measurements were conducted in two rings of 23 points
around the top and bottom of the slip-joint. The measurements locations were chosen so as to avoid
measuring adjacent points in immediate succession. The results of these measurements are shown
below in a radial plot of heat transfer rate (°C/s) by location. The blue region of the plot indicates
regions that have not been measured due to their proximity to the ground (due to an inability to
record the temperature on the outside of the slip-joint at these locations). In these plots a larger
radius indicates a greater heat transfer rate and therefore a smaller gap (or greater contact
pressure). The black dotted line is plotted at a radius equal to the mean heat transfer rate to
provide a reference point. Finally, the areas in between measurement points have been linearly
interpolated from the adjacent points. Clearly, linear interpolation does not realistically represent
the heat transfer rate function around the circumference; however without further information no
other interpolation scheme would provide increased accuracy.
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Figure 38 - Quantitative results of initial two-ply measurement results. (Blue) Ring 2. (Red) Ring 8.

From Figure 37 and Figure 38 it is clear that the same regions of low (or high) heat transfer are not
always present in both rings. There are regions of high heat transfer (indicating high(er) pressure
contact) around points 1-3, 5-6, 9 and 17 in both rings, although the general distribution of the
measurements in both rings is mostly dissimilar. This indicates that either; the length of low-

pressure (or no pressure) regions is limited to less than the length of the slip joint, or these regions
are not running directly top-to-bottom in the joint.

These results also indicated the average width of ‘low-pressure’/air-gapped regions in the joint (in
the circumferential direction). As can be seen in both rings, such regions never extend across more
than two adjacent points (such as ring 2, points 14-15) and are often only a single point (such as ring
8, point 12). This equates to a width of 0.3-1m for non-contact/low-pressure contact regions. The
lower limit of 0.3m is arrived at from examination of curves such as Figure 33b, as any smaller
regions would be revealed by rapid gradient changes in the plot. The upper limit is similarly derived
as the maximum possible width ‘defective’ region, such that it would not impinge upon the
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temperature curve of adjacent measurement points (which would otherwise create a hon-symmetric
temperature profile at those points).

It is of further interest to examine the spread of the initial two-ply measurements, which is
presented in Figure 39. From this plot we can see that the data as a whole is likely not normally
distributed (as the single-ply data is). This is likely due to the fact that the dataset is composed of
two significantly different regimes (one in which contact occurs and one in which there is a gap).
Additionally, we know from section 2.3 that heat transfer does not vary linearly with contact
pressure. Similarly, while heat transfer varies pseudo-linearly with gap size, the variation is much
more significant than that due to small variations in contact pressure. This can be seen in the
variation in gradient between the left half (assumed no contact) and right half (assumed contact) of
the plot below.
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Figure 39 - QQ plot of initial two-ply measurements

5.1.2 Measurement Process-related Results

As previously stated, the initial two-ply measurements provided information on a number of
measurement process-related factors. Firstly, it is necessary to determine the minimum amount of
time required to achieve a measureable temperature rise at all points. This is necessary, as if the
measurement (and heating) time is too short, then the low temperature rise in the measurement
region will produce a low signal/noise ratio. Furthermore, if the temperature rise is too small the
thermal camera may not be able to measure it at all, resulting in an inability to differentiate the heat
transfer rates in areas with low heat transfer. Considering this, the results indicate that the minimum
rate of temperature increase may be as low as 0.02°C/s (1.2°C/min), which would necessitate a
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heating time of at least 2mins to ensure a clearly distinguishable temperature rise. This may be
increase to 150s to ensure that even the regions with the largest gap between plates are
measureable. On the other hand, the maximum heating time (to avoid damaging paint) must be
derived from the earlier single plate measurements, as the greatest temperature is located at the
surface closest to the heat source.

Further advantages of an initial testing run include the ability to identify and correct measurement
issues to minimise errors in future measurements. For example, it was noted early on that the
thermal camera could be set to manual calibration mode to avoid any re-calibration during
measurements. Additionally, the frame for the heater element was magnetised to allow simpler,
rapid placement and reshaped to smaller dimensions to minimise physical obstructions. Despite the
change in size, obstructions within the slip-joint still prevented measurements at five locations
(format: ‘ring number’_'point number’); 1_13,5 11,5 14,5 20 and 7_14. These locations are
shown in red in subsequent plots.

5.1.3 Conclusion

Initial two-ply measurements show a wide range of thermal conductance, indicating significant
variations in contact pressure and gap size within the sample joint. Low pressure regions are no
more than 90cm in width (along the circumference), and do not extend the whole length of the slip-
joint (from one ring to another). In more practical terms, at least 120s of heating will be required to
heat regions with a large gap size and some points of the slip-joint may not be measured due to
secondary steel obstructing the heater location. To increase measurement speed, ease of operation
and accuracy, the full measurement grid should be drawn out on the joint prior to any
measurements. Additionally, the heating coil should be placed in a frame to control its distance to
the slip-joint wall and allow hands free operation. Finally, the slip joint must be raised onto support
blocks and scaffolding erected to allow measurement access to the highest and lowest points on the
joint.

5.2 Full Joint Measurements

5.2.1 Results and Analysis

As outlined previously, measurement of the full slip-joint was undertaken after preliminary
measurements of single-ply and two-ply regions. The full slip joint region is divided into 9 rings of 23
points, with a grid spacing of 0.3-0.4m (see section 3.3.2 for full diagram). As mentioned in the
previous section there were six points not measured due to physical obstructions. The remaining
201 points were measured over a three day period with an ambient temperature of 8-12°C. This
small change in ambient temperature is negated by calibration of the thermal camera, the
(relatively) large magnitude of joint heating during testing and the gradient-based heat transfer
analysis.

Utilising the results processing method described in section 3, the heat transfer of the entire slip
joint is presented in Figure 40. The real data points are located at the black circles on the plot and
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indicate the temperature gradient of the slip-joint outer surface during the measurement period. As
previously detailed in section 2 and 3, an increased temperature gradient is due to higher heat
transfer through the slip joint which is related to the variation in pressure (and air gap size) over the
slip-joint. From visual inspection, it is known that there is a gap in at least some areas of the joint,
therefore it may be said that in Figure 40, the darkest blue regions indicate areas with the largest
gap and the brightest yellow regions are areas with the highest contact pressure.

Surface Temp Gradient [°C/s]

300 -

Height [cm]

187.8° 140.9° 93.9° 47.0° 0.0° 313.0° 266.1° 219.1°
Circumference [°]

Figure 40 - Temperature gradient (thermal conductance) results for full slip-joint

Figure 40 has been made using cubic interpolation between the collected data set, with missing
points in the data set manually esitmated. As noted in section 3 the slip-joint is 3.33m in height
however the above plot only covers from 0.2m-3.1m of the joint. This is because measurements too
close to the edge of the joint will suffer from overheating, as heat will not be able to diffuse within
the joint as effectively. On the vertical edges of the plot there are no such issues with discontinuities
as the physical measurement surface is continuous. In order to present the full measurement region
the points on the far right edge have been replicated on the far left edge. Given the cylindrical
nature of the joint, the measurement points on the right and left edges of the plot are (accurately)
coincident with each other.

The shape of the contact distribution is discussed in chapter 6, however the are a few initial values
to note from the plot above. Firstly, the point of highest heat transfer in the sample slip-joint was at
(313°, 90cm) with a value of 0.232°C/s. The point of lowest heat transfer was at (266.1°C, 50cm) with
a value of 0.024°C/s. Over 150s this translates to temperature increases of 34.8°C and 3.6°C
respectively. Clearly this variation far exceeds the quoted precision of the thermal camera (5%),
therefore it is highly likely that the variationin results is (at least partially) due to variations in the
joint. This is also supported by the non-random nature of the results (ie. the formation of coherent
low-pressure regions), although this will be discussed further in chapter 6. The results are presented
in cyclindrical view in Figure 41 for clarity.
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135°

Figure 41 - 3D Representation of Slip-joint Measurement Results

5.2.1.1 Comparison with Initial Two-Ply Measurements

Comparison of the final joint measurements with initial two-ply measurements provides an idea of
the error margin of the method itself. This is because it eliminates uncertainty caused by factors that
may vary across the slip joint such as steel or paint thickness. As noted previously, the initial two-ply
tests covered rings 2 and 8, located approximately 0.5m and 2.8m along the joint, although they did
not include points between 18 and 22. The measurement results obtained from these tests, as
compared to the latter full joint measurements are shown in Figure 42 below.
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Figure 42 - Differences in preliminary and full joint measurements
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As can be seen in the figure above, there is significantly more imprecision in the measurements on
ring 8 than ring 2. This may be partially explained by the random nature of measurement
imprecision, although a significant factor may also be the changes in the measurement grid and
measurement device between measurements. The preliminary single-ply and two-ply measurements
where obtained using an initial grid, marked out less methodically than forthe full joint
measurement. This has led to deviations in measurement location of up to 10cm (though typically
closer to 5cm), which may cause variations in gap size/contact pressure between measurement
rounds. A potential reason for the greater variation in ring 8 measurements is therefore, that the
ring 8 measurement positions deviated further between measurement rounds, causing greater
difference in the results.
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Figure 43 - Measurement precision in two-ply measurements

Figure 43 shows greater detail on the value and distribution of the differences between each
measurement round. The top left figure shows the full joint results minus the initial results for both
measurement rings. This shows that the variation is seemingly random, although the top right image
confirms that there is a greater overall difference in ring 8 measurements. The upper right image
also shows that the magnitude of the differences vary between near zero and 0.07°C/s, with an
average of around 0.025°C/s. The bottom left figure shows the distribution of the variation
(assuming a normal distribution) and indicates that if two successive measurements are taken, one
may expect (with 90% confidence), that the second measurement to be within +0.036°C/s and -
0.054°C/s of the first measurement. This is a significant measurement uncertainty, as the range is
greater than 50% of the mean measurement value.
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From Figure 43 it is therefore evident that the precision of the measurement method may impact its
ability to perform as required. This can be improved in future in a number of ways, but firstly it must
be noted that the sample data above may exaggerate the imprecision of the measurement
technique. This is not only due to the changing of measurement positions between measurements
but also changes in the heating coil and recording device. Since the varaition between the two
rounds of measurement is not systematic, it is unlikely that something such as an extra coil winding
during initial measurements is the issue, as this would cause consistently higher temperatures. Itis
possible however, that poor fastening of the heating coil during initial measurements led to greater
variation in the wall to heater distance which has a great impact on heating. Having noted this, the
method may be improved by taking an average over many readings to eliminate random variations,
or by improving the precision of the measurement equipment, both of which are discussed further
in chapter 6.

5.2.2 Conclusion

The measurement method was able to successfully measure 201 grid points covering the entire
sample slip-joint over a period of 3 days. Using a cubic interpolation method the results have been
interpolated from the measurement points to cover the entire joint. These results show clear
pressure structures formed across the joint indicating that results are not completely random.
Temperature gradient results vary by a factor of 10, which is far outside the uncertainty of the
thermal camera, indicating that the results are at least partially reflective of actual underlying
variations in the slip-joint.

The meaning of the observed pressure distribution is discussed in chapter 6, although further insight
into the precision of the method is generated here through comparison between intial and final two-
ply measurements. This comparison shows an imprecision of £25% in the measurement method,
although this is not entirely trustworthy due to small changes in measurement setup and location
between these measurement rounds.

5.3  Feeler Gauge Testing

53.1 Purpose and Setup

A number of methods can be used to cross-compare and validate the results of the heat-based
measurements, but the most certain way to verify results is to physically measure the gap size or
contact pressure in the slip joint. As there is no clear way to accurately and directly measure the
contact pressure in the joint, methods for measuring the gap size at various points on the slip-joint
were investigated. The clearest method to achieve this is to cut open the slip-joint at selected
measurement points and physically measure the gap size (or lack of gap). The method used to cut
the slip-joint open and the method for measuring the gap size must be chosen together as they are
somewhat co-dependent. For example, the slip-joint may be cut completely in half, allowing feeler
gauges, Vernier callipers or laser measurement tools to measure the gap size at any point on the
cut cross-section. However, such dramatic damage to the joint would likely alter the geometry of
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the joint and would also inhibit future experiments on the joint. An alternative to this is to cut
smaller holes in the joint at selected locations, which would limit the chances of geometric changes
of the joint.

There are a few methods that could be used to cut such holes, including drilling and plasma
cutting, although plasma cutting would likely melt a large amount of material into the gap,
preventing measurements. Therefore, the only viable method is drilling and the only viable drilling
method for large holes in thick steel is using an annular cutting bit. These come is sizes up to
100mm, however for the small magnetic-base drill available at DOT, 40mm diameter is the largest
feasible drill bit. A 40mm hole eliminates the possibility of using anything other than feeler gauges
to measure the gap size, as the gap between the two plates is not easily accessible by callipers ora
laser tool.

Figure 44 - Feeler gauge testing in sample slip-joint

Therefore using the aforementioned method a number of holes were drilled in the joint to
facilitate physical gap size measurements (as per Figure 44). The location of these holes was
chosen to provide a spread of points covering the suspected ‘detachment value’ and in doing so,
give an estimate of which temperature gradient values correspond to contact and non-contact
regions. A second, potentially more important aim was to provide an estimated function of
measured temperature gradient vs gap size, which is why a wide range of points was selected and
not just those close to the suspected contact/no-contact point. The measured values of the Points
selected are shown in Figure 45.
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Figure 45 - Selection of feeler gauge test locations

5.3.2 Results

The results of the feeler gauge test are shown in Figure 46 as a comparison between the measured
gap size and the expected results (based on heat measurements). The heat results have been
normalised to allow for comparison with the results of the validation tests in section 4.1. When
considering the results it should be noted that;

The two points in dark orange have been excluded as outliers, using MAD method (as per
section 3.4)[45].

There is an additional feeler gauge point located at [0, 1] that cannot be seen because a
yellow point is plotted over the top ofit.

The gap size of the furthest right is an estimate, as feeler gauges higher than 100um were
not available. Therefore, two stacked gauges (100pum and 35um) were used and it is likely
that a slightly larger gap (at least 140um) could be measured using a single gauge.

A large portion of the gap in each hole was blocked by swarf, making it challenging to find a
place to insert the gauge. This creates the issue that only one or two locations within each
hole were measured for gap size, necessitating the assumption that gap size is even across
the perimeter of the hole. The swarf also creates the issue that it may have blocked the
insertion of larger gauges, leading to an underestimation of gap size. This was checked to the

greatest degree possible by visual inspection; however the possibility cannot be entirely
discounted.
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Figure 46 - Feeler gauge test results

As shown in Figure 46, the results indicate that the actual gap size is proportional to the results of
heat-based measurements. This (normalised) relationship was fitted with the exponential trend line;

F(x) = 0.9685 ¢~0-0128x

The shape of this trendline is supported through comparison to the results of small scale plate
testing (in section 4.1). To facilitate this comparison, the results had to be normalised against an
assumed Y intercept value in each case, as the steel in both cases was not the same thickness. This
trendline may then be used to convert the heat-based measurements of the slip joint to a gap size
distribution, although clearly this gives no information about the pressure in contact regions. As
noted from Figure 46, the measured temperature gradients at the chosen locations varied from
~0.14°C/s to ~0.03°C/s, with a predicted y-intercept value of 0.1359°C/s. Given the error present in
the results, the 95% confidence interval forthe y-intercept is [0.1197 0.1520] °C/s, which
encompasses the results of both points where there was no gap present. The index coefficient and
95% confidence interval for the non-normalised trendline is [-0.01282 (-0.01644, -0.0092)] °C/s.

5.3.3 Conclusion

Feeler gauges offera conclusive way to verify thermal measurement accuracy and establish a
correlation between thermal measurements and gap size. This is valuable to establish what
percentage of the joint is in contact, determine thermal measurement accuracy and allow
comparison with small plate test results. The results of 12 feeler gauge test locations showed that
thermal measurement results have an error of £12% (with 95% confidence). The results also
demonstrate that thermal test results are clearly correlated with actual gap size and that this
correlation is similar to the correlation observed during small scale validation tests (section 4.1).

Two of the points measured with feeler gauges showed no contact gap, which is in line with the
predicted gap/contact transition temperature gradient of 0.1359°C/s. This value may then be
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combined with two-ply test results to determine what percentage of the slip-joint is in contact
overall. Feeler gauge testing also showed that the region, predicted by thermal results, to have the
largest contact gap had a gap of at least 140um. This is relevant for future design consideration, but
also for the accuracy of the method as the sensitivity of thermal measurements is inversely
proportional to gap size.
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6 Discussion

6.1 Contact Distribution Pattern

As noted previously, the heat measurements themselves cannot directly resolve the gap size and
contact pressures in the slip joint. They can however give a good idea of the relative contact
pressure in various regions and highlight the regions in which there may be non-contact. Seeing as
contact/non-contact cannot be established directly from the heat measurements, regions with the
lowest temperature gradient will be referred to as low-pressure regions (despite the fact that there
may be a gap, i.e. no pressure).

6.1.1 Identifying Distribution Features

Knowing the distribution of the contact areas and identifying any patterns in this distribution is
useful to aid in developing FE modelling strategies and in determining the cause of non-contact
regions.

1&7.8° 140 % i T o wHag oA Fil Ak
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Figure 47 - Binary Plot of Temperature Gradient (Green/Blue = above/below 0.125°C/s)

The shape of low-pressure regions is most evident when looking at a binary plot (split at
temperature gradient of 0.125°C/s), as shown in Figure 47. There are a number of interesting
features, such as;
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1. The low-pressure regions appear to be vertically oriented (as shown by red lines),

2. The low-pressure regions do not extend the full height of the joint,

3. The low-pressure regions seem to alternate in originating from the top or bottom of the
joint (with exception of a ‘missing’ region around 94° circumference.

4. The low-pressure regions cover the entire circumference of the joint and are not distributed
entirely on one side of the joint,

5. While considering the above statement, the low-pressure regions are more significant
between 360° and 240°,

6. The regions of low pressure originating from the bottom of the joint are longer than those
originating from the top of the joint,

7. Regions of low-pressure are typically no more than 60-70cm in width.

To further corroborate point 1 above, we can conduct a simple regression test, using the average
result of the two adjacent points to predict the result at any random point on the slip-joint. This can
be done using the points vertically adjacent or using the points horizontally adjacent, which is
presented in Figure 48. This figure shows that there is a much clearer relationship between points
vertically/longitudinally adjacent, thereby objectively demonstrating the vertical nature of the low-
pressure regions. Another important conclusion from this relationship is that the cubic interpolation
used to produce Figure 40 and Figure 41 in section 5.2, overestimates the influence of
circumferentially adjacent points. This may mean, for example, that the connection between the two
low pressure regions at around (270°, 200cm) does not exist and is simply an artefact of the low
pressure regions to the left and right.
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Figure 48 - Relationship between circumferentially and longitudinally adjacent measurement points

The identification of vertical low-pressure regions is supported by the work of Segeren [46], who
found that for a slip-joint subjected to a static shear force and bending moment, vertical non-contact
regions develop. The work was conducted on a loaded FE model meaning that the non-contact
regions are due to elastic deformation (and therefore only present under load). Furthermore, the
slip joint had greater wall thickness than that used in this paper and found that the non-contact
regions developed on opposite sides of the slip joint (both vertically and circumferentially).

However, it is feasible that a repeated elastic load in such a manner may cause plastic deformation
over time leading to low-contact regions.

This deformation/pressure distribution is in contrast to the results of van de Bosch et al. [47] who
found that due to the geometric tolerances in the DOT500 slip-joint, high/low-pressure regions will
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run in circumferential bands. It should be noted that the result is due to the specific gecometry of the
slip joint used, which may explain why the results of this paper vary. However, [47] did find that
ovality in the upper half of the joint and/or misaligned installation leads to vertical high/low-
pressure regions in the joint. It should be noted that like [46] these regions appear vertically
opposite each other.

6.1.2 Causes of Identified Distribution Features

The low-pressure regions seen in the slip-joint could have been introduced at any point in the life of
the joint, from manufacturing to decommissioning. It also possible that various features of the
pressure distribution were introduced by multiple sources, possibly at different stages in the tower’s
lifecycle. These potential causes are outlined below, sorted by lifecycle stage.

6.1.2.1 Manufacturing

The process of producing a monopile and turbine tower (or in this case, two tower sections) is a
multi-step endeavour. Firstly, sections of steel plate must be rolled flat, after which these plates are
cold rolled into cylindrical cans. The seam on each individual can is then welded together, followed
by the circumferential welding of all the cans into one long tube (see Figure 49). Residual stresses
can be introduced at any point in this process, which may later create high and low-pressure regions
in the slip-joint. However, stresses induced during circumferential welding and during initial hot-
rolling of the plate are typically longitudinal in the plate [48] (and thus circumferential in the slip-
joint), which conflicts with the observed pressure pattern. Additionally, the longitudinal welds on
each joint can do not line up on the actual slip-joint (which consists of 3 cans). Therefore the residual
stress from each of these welds will not be aligned and the spread of low-pressure regions across
multiple cans cannot be explained.

Joint Can
Longitudinal Weld
Circumferential Weld

Figure 49 - Tower assembly and weld types

It is possible that residual stress induced in the can sections during the bending process could cause
each individual can to tend towards out-of-roundness over time, although like the seam welds, it is
unlikely that these regions are aligned across multiple cans. While it is likely that some out-of-
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roundness and waviness were induced in each of the cans during bending, once again this is likely to
be can-specific. It is possible however, that strong residual stress or out-of-roundness in one can
may impart the same ‘defect’ into the adjacent can, although such large defects in any one can
should be detected during production.

6.1.2.2 Transport and Installation

There is a great possibility for damage to the tubular structure during transport and installation,
especially given the low wall thickness of the tower section studied. Given that the top and bottom
halves of the tower are in complete pieces during transport and installation, any damage sustained
could easily span across multiple cans, as seen from measurement results. Damage that may be
sustained during transport includes plastic deformation of the underside of a cylindrical component
due toits own weight, especially if dropped. If this occurred multiple times between manufacturing
and installation in multiple orientations, then conceivably several “flat’ areas could be imparted onto
the tower structure. ‘Flat’ sections developed in the outer cone of the joint would be expected to
show a high-pressure region in heat testing, with two low pressure regions either side, while ‘flat’
sections on the inner cone of the joint would produce the opposite (as per Figure 50).

Figure 50 - Theoretical ‘Flattened” (Damaged) regions in the slip-joint

Given the lower stiffness closer to the free end of each cone, it would seem unlikely that a region of
the cone may be flattened that did not extend to the free edge. Additionally, due to the lower
stiffness of the free end of each cone, one would expect more damage to occur close to the free end
during transport and installation. It then follows that if the contact distribution were caused by such
damage, that the low-pressure areas at the top of the cone were caused by upper sections of the
inner cone being bent inwards. Conversely, the low-pressure regions in the lower half of the joint are
more likely to have been caused by the bottom half of the outer cone being bent inwards (as per
Figure 50a). While it is quite possible that the low-pressure regions in the upper half of the slip-joint
were caused by such damage, the low-pressure regions in the bottom half of the joint do not come
in ‘pairs’, as would be expected (per Figure 50a).

While it is improbable that damage to the lower half of the inner cone would be caused without also
damaging the upper half of the cone (due to lower stiffness at the top), this situation is varied once
the turbine was decommissioned. As seen in Figure 51, the slip-joint has been cut from the tower,
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giving added flexibility to the lower end of the joint (left in image). With this added flexibility, it is
possible that if the joint was impacted at the support location, by dropping onto supports or
otherwise that the inner cone of the slip joint could deform as in Figure 50b. Given that the low-
pressure region around 250° is located underneath the slip-joint (during current and previous joint
storage), it is possible that the low-pressure result in that location was caused through this
mechanism.

Figure 51 - Decommissioned Slip-joint

While the aforementioned physical damage to the joint may have caused some of the distribution
features, other (low and high pressure areas) remain unaccounted for. It is possible that
misalignment during installation caused some of these non-uniformities. Misalignment (as noted by
[47]) during installation causes the formation of low-pressure regions on opposite sides of the joint.
This could be the case with the low-pressure region pairs 155° and 345° or 110° and 295°, although
clearly misalignment could only cause one of these pairs of low-pressure regions to form. Of the two
mentioned pairs of low pressure regions it is more likely that the latter was caused by misalignment
due to the relatively even length and gap size of the low pressure regions. However, one would
expect in the case of misalignment that any gap created would increase linearly in magnitude from
the middle of the slip-joint towards the top or bottom, which is not observed in either of the cases
above. This makes it unlikely that misalignment has contributed to the observed pressure
distribution.

Figure 52 - Shrink buckling in pipe liner

An alternative explanation for any low-pressure regions may be shrink buckling induced in the inner
cone during installation (seen in Figure 52). However for this to occur, there has to be a relatively
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large initial defect in the inner cone, otherwise the pressure from the outer cone will provide a
corrective force. Additionally, typical cases of shrink buckling occur when a relatively flexible tube is
inserted into a rigid cavity. As the two halves of the joint have the same wall thickness and diameter,
it is more likely that the outer cone would stretch to accommodate the inner cone than initiate
buckling. Therefore shrink buckling, while possible, is not a likely cause of the observed distribution
pattern.

6.1.2.3 Operations

The final lifecycle phase where the observed pressure distribution may have developed is during
turbine operation. Given the non-random nature of the wind direction it is likely that the turbine
was repetitively loaded from only a few directions. Figure 53 shows that the wind direction for the
turbine site is primarily unidirectional. It would therefore be expected that the overturning moment
produced by such a wind rose would create an effect similar to misalignment of the upper cone,
leading to low-pressure regions on diagonally opposite sides of the joint. It is possible that the
regions seen at around 345° and 155° were caused by such loading, although the high pressure
regions at around 100cm height either side of the 345° low-pressure region are then unable to be
explained.
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Figure 53 - Scheveningen, NH wind rose [49]

6.1.3 Conclusion

Without yet determining which regions of the slip-joint are in contact and which are not, the shape
of the low-pressure regions provides a significant amount of information. These low-pressure

71| Page



regions are thin vertical strips, originating from the top or bottom of the joint (in alternating
sequence). The ‘wavelength’ of this corrugated pattern is approximately 60-70cm and the length of
these strips is approximately 1-2.5m. Given the potential causes of low-pressure investigated, itis
unlikely that a single factor caused all of the low-pressure regions observed in the sample joint. Itis
difficult to assess whether residual stress from manufacturing plays a role and further investigation
should be undertaken. Other causes such as misalignment, ovality and operating loads would be
expected to cause vertically opposite damage regions (causing vertically opposite pressure regions).
It is therefore possible that one or two of the vertically opposite low-pressure regions were caused
through these mechanisms, however the only remaining explanation for the others is impact
damage when the joint was laying on its side during transport (pre or post operation).

6.2  Contact Percentage

Following analysis of the qualitative aspects of the heat-transfer distribution in the slip-joint it is
necessary to address the quantitative aspects, in particular, the correlation between heat transfer
rate and gap size/contact pressure. A clear idea of this correlation would allow a full finite element
model of the slip joint to be created and ultimately load case simulations to be evaluated. On a
slightly less complex note, it also allows one to establish a heating rate at which the contact/non-
contact transition occurs and therefore establish what percentage of the joint is in contact. This
could be useful as it establishes a boundary point between the correlations of gap size/heat
conduction and contact pressure/heat conduction.

6.2.1 Statistical Methods

As noted in section 2 (Figure 16), thermal contact conductance (TCC) is a monomial function of
contact pressure. If we assume contact pressure is normally distributed within the slip-joint, then

the distribution of contact conductance within the joint should be a monomial function of the
normally distributed pressure values. The cumulative density function (CDF) of such a distribution is
shown in Figure 54a using varying coefficients. Given that contact pressure cannot become negative;
the thermal contact conductance forthe entire joint must be thought of as a piecewise function,
where TCC is monomial function of contact pressure for pressures greater than zero (L(x)) and some
function of gap size for pressures below zero (G(x)). Therefore, the CDF of all heat measurements
(Figure 54b) should also be piecewise; with some portion in the left of the CDF resembling the CDF of
G(x) and the right half resembling the CDF of L(x).

If the point at which these two different CDF functions meet can be determined, then this would be
the TCC value at which the contact/non-contact transition occurs. However, in this case the CDF of
all measurements (Figure 54b) resembles the CDF of L(x) (Figure 54a) in its entirety, making it
impossible to determine the TCC at the contact/non-contact transition using this method. In other
words, the CDF of the slip-joint measurements looks indistinguishably similar to the theoretical CDF
if the slip-joint was 100% in contact (with normally distributed contact pressure). Therefore, for this
sample slip-joint this method cannot be used to determine the contact/non-contact transition from
thermal results.

72 |Page



COF [-]
COF [
=
W0
",

=
i

o i i i i i i
002 204 DO 008 QY DA 04 016 048 Q2 022
Trwrperature Gracient ["C/s]

Figure 54 - (a) CDF of monomialy transformed normal distribution, (b) CDF of all slip-joint measurements

6.2.2 Experimental Methods

Given that statistical analysis of the distribution of results cannot yield any information about the
transition point between contact/non-contact, it is necessary to turn to the feeler gauge results for
this information. As noted in chapter 5, the following relationship between gap size and temperature
gradient was observed,;

°C .
Temperature Gradient [—] = 0.1359¢~0-01282«GapSize[um]
s

From this relation it can be deduced that the expected transition point between contact/non-
contact occurs at a heat transfer of 0.1359°C/s, with a roughly 12% error margin either side. If this
correlation is applied to the measurement results we obtain Figure 55, which shows contours of the
regions of non-contact for the expected range of transition values.
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Figure 55 - Non-contact contour plot for varying transition values
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For the expected contact/non-contact transition of 0.1359°C/s, approximately 34% of the slip-joint
would not be in contact, with 95% confidence interval of [22.9% 50.7%]. This large confidence
highlights the fact that ever though the confidence interval for the transition value itself is ~+12%, a
large number of measured points are in this region, meaning that a small deviation in the transition
value leads to a large change in contact percentage. It is however, important to note that the change
in contact in Figure 55 does not significantly change the conclusions drawn in section 6.1 about the
shape of the contact regions.

6.2.3 Pressure Correlation

It is very difficult to say anything quantitative about the correlation between contact pressure and
measured temperature gradient, insofar as putting specific values to the relationship. This is
primarily because the contact pressure in the contacting regions is challenging to measure directly
using any known method. The heat measurements provide the relative distribution of the thermal
conductance (temperature gradient), but further information is required to develop a numerical
relationship between temperature gradient and pressure.

If a maximum contact pressure is assumed (~99™ percentile value), from mechanical analysis or
otherwise, then based on the contact percentage found above and assuming pressures are normally
distributed, the mean and standard deviation of the pressure distribution can be solved
simultaneously.

0 [MPa] =u—-0.4330
99" percentile Pressure = +2.330

For investigative purposes, an arbitrary maximum contact pressure of 10MPa is used to generate a
theoretical pressure distribution (mean ~3MPa, sigma ~3MPa). Figure 56 shows a comparison
between the heat measurements taken from the slip-joint and the pressures in the joint from this
theoretical pressure distribution. As indicated in the figure, the relationship between the two is far
better captured with a parabolic function, or even linear function, than a monomial function, which
shows that either;

e The relationship between pressure and temperature gradient is not monomial,
e Or, the pressure in the slip-joint is not normally distributed (in the contact regions),
e Or, the thermal measurements are very inaccurate.

Given the body of previous research into contact conductance and given the measurement error
discussed previously, the first and third points are unlikely. Therefore, it can be concluded that the
pressure distribution is likely not normally distributed. If the pressure distribution was right skewed
the monomial relation would likely have a better fit. Of final note, is that this conclusion further
eliminates the possibility of using the presented statistical methods to determine the temperature
gradient at zero contact pressure (as per section 6.2.1), as the described method relies on assuming
the type of pressure distribution.
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Figure 56 - Measured temperature gradient vs theoretical contact pressure in the slip-joint

6.2.4 Conclusion

The attempted use of a cumulative density based statistical method to correlated contact pressure
and thermal measurements was not successful for the sample slip-joint. In an attempt to utilise non-
destructive methods, the contact pressure was also analysed statically, showing that the pressure
distribution in the joint is likely not normally distributed. This is relevent because it precludes the use
of some statistical methods and provides further information for future finite element modelling of
slip-joints.

Comparison of two-ply measurement results and feeler gauge tests indicates that 34% of the sample
slip-joint is expected to not be in contact. Taking a 95% confidence interval, this value may be as high
as 50.7% or as low as 22.9%. Figure 55 clearly shows that the observed shape of the pressure
distribution (thin, vertical strips) remains no matter which contact percentage is correct. This result
also indicates that future attempts to mechanically analyse or model slip-joints should investigate
non-contact of up to 50% unless further information is obtained.

6.3 Improvements

6.3.1 Improvements to Equipment

There are a number of improvements that could be made to the test equipment to facilitate faster
and more accurate measurements. These can be broadly divided into improvements to the heating
side of the test equipment and improvements to the measurement/sensing side of the test
equipment.
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6.3.1.1 Heating Equipment

The two main ways the current heating equipment could be improved include increasing the speed
at which the joint can be measured and increasing the consistency of heating. The speed at which
points are measured can either be improved by decreasing the time taken to measure each
individual point or by measuring a greater number of points at once (or a combination of these). To
increase the speed of measurement a higher power output from the heating device is required. The
current induction unit provided a maximum power of 1200W, however it is expected that for larger
structures with thicker walls, this level of power will become inadequate. The use of an industrial
size induction heater (eg. 3kW+) with infrared monitoring of the surface under the heater would
provide both the ability to increase the heating power and the ability to monitor the heating surface
to ensure that the temperature remains below acceptable levels (for the paint).

Even if the above methods were implemented the amount of man hours required to measure an
entire slip joint would be at least 20, which is an expensive endeavour offshore. Therefore, in future
it would be ideal to automate the process, with a magnetically mounted robotic vehicle moving the
heating apparatus around the inside of the vehicle. However, prior to looking into such complex
engineering problems, it may be of benefit to expand the measurements from point measurements
to a ring measurement. This would require heating an entire ring of the slip-joint at once and
measuring the temperature response of the opposing side of the joint using a ring of sensors. The
heating could be achieved by mounting a flexible induction cable around the inside of the slip-joint
and the measurement could be achieved by using many thermal cameras or a large array of
thermocouples. The downfalls of this method are the increased investment in a much more
powerful heating unit and the increased number of sensors. Additionally the slip joint would
experience a lot more global heating from the increased rate of power input. However, this would
greatly increase the speed of measurement (if the heater and sensors could be applied efficiently).
Measuring in a line also avoids the issue encountered when attempting to heat and measure a
surface, where the heat diffuses at different rates across the heated area (ie. higher diffusion near
the edges).

6.3.1.2 Sensing Equipment

As discussed previously the type of temperature measurement sensor is based on a number of
factors including accuracy, resolution, material surface finish, temperature range and the presence
of electro-magnetic fields. In the current experimental set-up the presence of large electro-magnetic
fields limits the use of thermocouples as induced current may affect the measurements. While it is
possible to obtain shield thermocouples, the price notably increases. Noting this, as well as the
movement flexibility of thermal imaging cameras, the sensing set-up may be improved by obtaining
a more sensitive and more rigorously calibrated thermal camera. The camera used in testing has an
advertised sensitivity of 3% or 1°C (whichever is greater), compared to a potential sensitivity of <0.2°
for class leading cameras. A mechanical ring to hold the thermal camera in a fixed position relative
to the surface, as well as a direct computer connection to automate the collection of data would also
increase reliability and minimise measurement errors.
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6.3.2 Improvements to Method

The measurement method could be improved in two ways; by minimising the measurement error
and by better allowing the quantification of measurement errors. The measurement error can be
minimised by removing as many human factors as possible, such as the placement of the heating
device. This was countered to a degree by marking a measurement grid on the slip-joint, although
this could be taken further by utilising some sort of positional monitoring system to achieve more
precise positioning. Another human factor could be removed through the synchronisation of the
heating device being turned on and the recording of temperature data. This would allow an in-depth
analysis of the transient temperature development at each point rather than a more simplified
gradient-based quantification of the heating rate.

The main improvements to the current method could be realised from better quantification of the
measurement error. This could be achieved by taking a large number of repeated measurements at
a single location (to quantify precision) and by taking a larger number of measurements in single ply
regions (to quantify location-dependent material variations). Firstly, for multiple measurements
taken at a single two-ply location, the variation in results can be attributed to imprecision of the
measurement method (rather than changes in the expected output value). When a number of
measurements are taken at varying single-ply locations the varying is due both to location based
parameters, such as material thickness, paint thickness, etc., as well as imprecision in the
measurement method. The measurement imprecision is already known from the multiple
measurement at a single location and therefore the location-based variation in material properties
may be estimated. This knowledge may then be applied to two ply measurements to estimate the
expected error based on both locational variations and measurement imprecision. In the current
testing obtaining a significant number of measurements in this style was limited by both time and
the malfunction of the only available induction heater towards the end of the project.

6.3.3 Alternative Methods for Comparative Analysis

A possible way to validate the heat-based measurements and to obtain further information about
the joint is through comparison with the results of alternative measurement methods. Two distinct
possibilities for future investigation are outlined below.

6.3.3.1 Residual Stress Methods

Measuring residual stress may be a method to confirm the possibility that the observed contact
distribution is caused by residual stresses from manufacturing processes. Residual stresses formed
during circumferential or longitudinal welding, or bending of plates into cans can leave certain
regions of the tower weak under stress, possibly causing deformations. It would be useful to
measure the residual stress to confirm a number of issues including, the magnitude, the orientation,
the location of the largest stresses in the joint and finally, if the residual stress pattern matches the
thermal conductance distribution.

This measurement can be achieved through several methods, of which the most pertinent non-
destructive techniques are x-ray diffraction and Barkhausen Noise methods. X-ray methods are fairly
commonly used, measuring the diffraction of a target x-ray beam to determine the surface lattice
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spacing in the target material [50]. While the common usage means that portable industrial
machines exist that can be used in an industrial environment, x-ray methods measure only the outer
0.001-0.01mm of the surface (in steel). This means that the residual stress cannot be measured
deeper in the material, although it would be expected that the residual stresses from welding or
bending are at the surface anyway. A slight downfall of this method is that the measurement surface
must be adequately prepared (such as removing paint and oxidation), although this can be done by
commercially available devices. This requirement does mean that this could not be used to measure
residual stress in an offshore slip-joint, although the stress in the individual halves of the joint could
be measured prior to painting (immediately after assembling the cans).

An alternative method for measuring residual stress is the measurement of magnetic Barkhausen
noise. This method is now well documented for use in a wide range of steel structures, both in
research and commercially [51]. This method relies on measuring the change in magnetic properties
of the target material caused by a change in orientation of internal magnetic domains under a
varying applied magnetic field. The stress state of the material affects the preferred orientation and
movement of magnetic domains in the target material which subsequently affect Barkhausen noise
emissions. One benefit of this method are that the device can be set to target certain measurement
depths (up to 3+mm), eliminating the need for paint removal. Additionally, compact measurement
devices have been developed forindustrial use, where complex calibration and measurement
methods are not always possible. Due to the ability to measure painted parts and less bulky
measurement sensor, this method is preferred over x-ray methods for slip-joint measurement.

6.3.3.2 Acoustic/Vibration Based Methods

Acoustic methods, as a tool to assess slip-joint contact and pressure, have been outlined in section
2.2.6. It should be noted that common acoustic methods (such as ‘coin-tap’ testing), differ
significantly from modal analysis method, despite both tests involving the measurement of
structural vibration following a brief impact. Model updating, which utilises modal analysis testing, is
discussed in section 2.2.1, although the modal data collection procedure is not addressed. It is
therefore necessary to address modal testing to examine how it differs from acoustic methods and
which is more appropriate.

Firstly, modal analysis testing involves the measurement of accelerations at various points on a
structure when a known load is applied. Knowing the response of the structure allows the user to
determine the mode shapes and frequencies of the structure. The load can be either continuous
(cyclic) or impulsive, which both have slight differences, although impulsive loading will be
addressed here. When using an impulsive load, the load is typically applied with an instrumented
impact hammer, while the response is measured with accelerometers attached to the structure. If
only one hammer and one accelerometer are used to save cost, then it is the possible to choose
from two configurations. The hammer may be moved to impact every chosen point on the structure
while measuring accelerations in one location, or alternatively the accelerometer can be moved to
the chosen points around the structure while the impacts are all at one location. In order to
construct complete modes for the structure the response (orimpact) on the x, y and z axes must be
known for all point. Due to the fact that it is difficult to impact a plate in any orientation other than
normal to the surface, it is easiest to impact a single location and measure the tri-axial acceleration
at various points around the structure [52].
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Data from the aforementioned modal testing then provides the frequency response function for all
chosen points on the structure which can then be transformed into global mode shapes and
frequencies. A significant issue with this method is that the mode shapes of the slip-joint do not tell
us anything about the contact areas when examined in isolation. There needs to be some
benchmark for comparison of the measured mode shapes to determine the physical differences
between the measured slip-joint and the ‘benchmark’ slip-joint. The issue in this case arises in
determining the benchmark case, as making an appropriate finite element model, or finding a
perfect sample slip-joint to measure is difficult. It may be possible to forego any comparison and
examine the frequency response functions directly to find response peaks unexplained by global
modes. These localised vibration response peaks may indicate the presence of a non-contact region
in the vicinity of the accelerometer, as the unsupported region can vibrate like the skin of a drum.
However, even using this analysis method, a high density grid of accelerometer measurements is
needed for spatial accuracy and properly characterising the size and depth of any gaps from the
frequency response peak is likely very challenging.

Alternatively, acoustic methods, such as the coin-tap test rely on moving the accelerometer together
with the impact hammer to chosen sites around the joint. For this reason however, it is not possible
to locate the accelerometer on the surface, as there would be undesirable interactions between the
closely spaced accelerometer and impact site. Therefore other measurement methods such as
measurement of the acoustic emission or hammer acceleration must be used. The disadvantage of
not being able to use an accelerometer on the surface, is however offset by the fact that impacting
the structure at varying locations makes it much easier to excite the local resonance frequency of
unsupported regions under the impact site. Additionally, measuring the response directly at the
impact site allows the variation between sites to be more easily quantified.

As addressed in section 2.2.6, there are a number of methods for measuring the impact response
including measuring the acoustic response with a microphone in the impact hammer, or measuring
hammer acceleration. Based on further research in the field [16], each of these measurements
individually provide similar levels of accuracy and could have difficulty in determining contact vs
non-contact in such a large specimen as the slip-joint in question. Alternatively, resolution can be
increased by utilised acceleration data to determine the free-vibration portion of the acoustic data,
which can then provide much better distinction between regions of varying stiffness. There are some
further issues to address if this method is to be applied to the slip-joint, including that the method
likely does not have the resolution to distinguish well between areas with varying contact pressure,
because the local stiffness of such regions likely does not vary significantly. Additionally, it is likely
that the stiffness of a particular also does not vary significantly with gap size (beyond a certain gap
size). Therefore the main objective of this method would be to determine where non-contact
regions existed and the extent of such regions around the surface of the joint.

Some issues to note when design such testing include that the depth resolution of such tests may be
increased through utilising a lower hammer mass [19], although it should be ensured that sufficient
energy is input to excite the local resonant frequencies. Additionally, variation from the average
response will be seen towards the ends of the joint and should be accounted for (due to the lower
stiffness in such regions). Furthermore, near surface defects such as paint delamination could
significantly affectthe results as it can dampen the impact, therefore care should be taken to check
for any such areas with alternative methods, such as ultrasonics. One final consideration is resonant
frequency range of any non-contact regions and whether this will be significantly differentiable from
global modal frequencies. The work of Segeren et al. [46] found that the natural frequencies for a
slip -joint vary from 10-30Hz (for the first 6 frequencies). For a rough estimation we may assume that
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non-contact regions in the slip joint are circular in shape and therefore treated as a circular
membrane with fixed collar. Then, according to [53] the frequency of vibration is;

_hc

n=—
72

Where;

n = natural frequency [Hz]
h = membrane thickness [m]
r = membrane radius [m]
¢ = speed of sound in membrane material [m/s]
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Figure 57 - Fixed collar circular membrane resonant frequency

As shown in Figure 57, the resonant frequency of such a circular membrane may venture into the
range of global natural frequencies of the joint, which may make larger non-contact regions harder
to detect. This may prove less of a problem in reality, as the curvature of the slip-joint surface likely
makes any non-contact regions stiffer than in the above figure (which is for flat membranes).
Overall, acoustic methods provide a possible method for comparison with available measurements,
as they can rapidly determine regions of non-contact with reasonable accuracy, although
investigation is needed into factors such as impact hammer mass and stiffness to obtain best results.
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7 Conclusion

7.1 Method

A continuous-heating, thermographic test method can be used to qualitatively determine the
contact and pressure distribution within the slip-joint connection. This method is preferred over
alternative methods, as heat transfer through the joint wall is correlated with both contact pressure
and gap size, allowing measurement of all areas of the joint. Additionally, the method is most
sensitive to contact pressure (or gap size) variations in regions where the contact pressure is near
zero, making this method a good tool to investigate the contact percentage in the slip-joint.
Furthermore, the spatial resolution and heating power of the method may be increased as need to
investigate larger slip-joints. The key downside of the method is that measurements are relative and
no non-destructive method has been found to establish a direct quantitative correlation between
thermal measurements and exact contact pressure or gap size values. A destructive method was
therefore evaluated for this purpose and will be addressed later.

The most appropriate measurement configuration is a transmission mode measurement, using a
continuously applied induction heater as a heat source and a thermal camera to measure heat
variations. This measurement method is accessible, easy to setup and has been shown to be
appropriate for pressure and gap size measurements. Induction heating is the best heating option
because it provides a large (scalable) amount of heat, with excellent control and low peak
temperatures (to avoid paint damage). Thermal cameras should be utilized because they allow a
large area to be recorded at once and are immune to any electromagnetic fields generated by the
induction heater.

7.2  Validation

The thermographic method developed has been tested and validated for use in measuring the
contact and pressure distribution in a sample slip-joint structure. From validation testing in section
4.1 and 4.3 it is evident that measurement results are directly correlated to contact gap size and that
the thermographic method can resolve gap sizes from 0.05mm up to greater than 1mm. Finite
element validation testing shows that measurement results are non-linearly correlated with contact
pressure. A direct quantitative correlation has not been established; however the observed
qualitative correlation indicates that measurement results may be used to establish the relative
distribution of contact pressure within the measured slip-joint. This information may be used to
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determine if some (high contact pressure) regions may suffer from fatigue or have lower limit
strength.

Apart from establishing the qualitative correlation between measurement results and joint contact,
validation measurements show that the method has adequate accuracy and precision to assess
contact distribution. Single-ply measurements show that the precision of the measurement method,
using the current experimental setup, is ~+13%. This value was not supported by comparison
between initial and final two-ply measurements, which showed ~+25% precision, although this result
is unreliable due to changes in the experimental setup between measurement rounds.

7.3 Results

Following validation, the sample slip-joint was measured at 201 grid points to evaluate contact
pressure across the entire joint. The sample joint exhibits clear (non-random) pressure variations, in
the form of thin, vertical low-pressure regions. These low-pressure regions alternate in origin
between the top and bottom of the joint and extend towards the centre of the joint, but do not
extend the full height of the joint. These regions, typically 0.2-0.6m in width and 1-2m in length,
show that future ‘partial contact’ computer models of the slip-joint should consider vertical contact
strips as opposed to horizontal rings. It is important to consider that these results are likely not
representative of other slip joints as the sample joint has identical wall thickness, while a typical slip-
joint has a thicker inner wall.

Feeler gauges have confirmed the accuracy of the measurement results through (destructive)
physical inspection of the joint. Feeler gauge measurements show that measurement results have a
1+12% error and provide a quantitative correlation between measurements and gap size that
matches small-scale validation testing results. Using this correlation, it is estimated that 34% of the
sample slip-joint is not in contact with a 95% confidence interval of [22.9% 50.7%]. This means that it
is not sufficient for design engineers to assume full contact within the slip-joint, and calculations
must be performed assuming up to 50% non-contact unless further investigation is undertaken.

The observed pressure and gap distribution in the sample joint was likely not caused by a single
factor. It is likely that at least one low-pressure region on the underside of the slip-joint was caused
by localized impact damage during transport and handling. The other low-pressure regions may have
been caused by operating loads, manufacturing defects or high residual stresses arising from
manufacturing processes. Considering that typical slip-joints have a much stiffer inner cone, it is
unlikely that they would suffer the same degree of impact damage and therefore such a slip-joint
would have fewer low-pressure regions.

7.4 Recommendations

It is recommended that the residual stress in the sample joint be investigated to determine if there is
a correlation between residual stress and contact distribution. This would be best carried out using
Magnetic Barkhausen Noise methods, as the high penetration depth and lack of required surface
preparation are both advantageous to slip-joint measurement. This measurement should be
augmented by acoustic localized stiffness measurements to provide a comparison for thermographic
measurements. This method is more appropriate than other investigated methods as it is accessible,
theoretically able to resolve both contact pressure and gap size variations and non-destructive.
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Itis also recommended that the accuracy and precision of the method are more clearly defined
through further single-ply and two-ply measurements. As outlined in section 6.3.2, many
measurements should be taken in a single (two-ply or single-ply) location to better establish the
measurement precision. This should be subtracted from the variation in measurements collected
from a series of single-ply locations to provide an estimate for the location-based variation in
measurement values. It is expected the precise manufacturing specifications of offshore structures
will result in minimal variation in measurement results due to location based variations (such as wall
thickness, paint thickness). Instead, it is expected that a majority of the variation in single-ply results
is due to measurement imprecision, therefore several unique measurements should be taken at
each location (and averaged) to minimise imprecision and provide better results.

Results may also be improved by utilising a more sensitive, well calibrated thermal camera and more
reliable frame to hold the induction coil and camera during measurement. Despite this improving
accuracy and precision it should not be prioritised, as the method will still provide relative results
and no way to directly identify the contact pressure or gap size at a particular point on the slip-joint.
Instead the method should be scaled for used with larger monopiles and tested using an induction
heater to heat an entire ring of the slip-joint at once (to improve measurement speed). Based on
contract distribution results, a measurement grid with up to 80cm spacing between rings should
adequately characterise contact regions. Combined with measurement of an entire ring of the slip-
joint, greater measurement spacing could bring the total measurement duration closer to that
required for offshore use.
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