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Preface

This report contains a study performed at Delft University of Technology that lasted roughly one
year in duration. In elaboration, this report is written in partial fulfilment of the requirements for
the degree of Master of Science (MSc) in Civil Engineering. The degree involves a MSc-track in
Hydraulic Engineering and a specialization in Coastal Engineering.

Mobi-Gust 2 was developed and used within this research. “Mobi-Gust” is the collective
name for an innovative range of mobile wind tunnel systems developed at Delft University of
Technology. “Mobi-Gust” indicates the words “mobile” and “wind”, which is shorthand for Mobile
Beach Investi-Gation Unit for Sand-erosion Testing (table 1). The “2” refers to the second design
iteration (figure 1). The Mobi-Gust series is used to explore aeolian erosion. In turn, the gained
knowledge can be used to improve Aeolis. Aeolis is an open-source, process-based, numerical
model that simulates aeolian processes. Amongst others, this report offers the design of Mobi-Gust
2 to accommodate the open-source philosophy; i.e., sharing and developing knowledge together.

Table 1 - Additional background on "Mobi-Gust’

Mobile & Beach Mobi-Gust is portable, allowing in-situ (beach) deployment
Investigation, Unit & Testing | Mobi-Gust 2 is a toolbox to conduct experimental research with
Sand-erosion The research involves aeolian erosion of sand surfaces

Mobi-Gust 2 can be seen as the biggest result from this study. Mobi-Gust 2 consists of a mobile
wind tunnel system and a wind gauging system. The wind tunnel system is primarily made within
the Hydraulic Engineering laboratory of Delft University of Technology, with help from DEMO
(‘Dienst Elektronische- en Mechanische Ontwikkeling”). Next, the Arduino community aided in
shaping the wind gauging system. After realisation, Mobi-Gust 2 was tested in the already
mentioned laboratory. Besides laboratory testing, Mobi-Gust 2 went on field expeditions as well.
The field measurements were conducted on the Sand Engine. The Sand Engine is a mega
nourishment along the Holland Coast, near The Hague (the Netherlands).

This report requires basic knowledge in aerodynamics, fluid mechanics and aeolian
processes. Next, this report contains three parts. Part 1 consists of a general introduction, that
applies to both succeeding parts. Next, part 2 provides the Proof of Concept of Mobi-Gust 2. In
other words, part 2 conveys the development of Mobi-Gust 2. Finally, part 3 shows the applied
research that was conducted with Mob-Gust 2.

Mark van Langeraad
Delft, June 2024

ii

Delft
e t University of
Technology



Acknowledgements

I want to thank all people that were involved in this MSc Thesis report. The list of people is
summarized into four main groups.

First of all, I would like to thank my supervisors dr. ir. Sierd de Vries and dr. ir. Bas Hofland.
Starting with acknowledging mister De Vries. Mister De Vries was my daily supervisor and also my
graduation committee chair. Mister De Vries gave me this great topic. Next, he was virtually always
available to help me, or to discuss matters. The conversations with mister De Vries provided me
with a lot of knowledge on aeolian processes. Also, he helped me to apply this knowledge into the
design and usage of Mobi-Gust 2. On top, mister De Vries made a lot of arrangements behind the
scenes (e.g., finances). Secondly, I want to express my gratitude towards mister Hofland. Mister
Hofland was my second supervisor and also a member of the graduation committee. The talks with
mister Hofland especially helped me to design and test Mob-Gust 2 from a flow-related perspective.

Second of all, I want to thank Pieter van der Gaag. Mister Van der Gaag was my laboratory-
and fieldwork supervisor. Mister Van der Gaag extensively guided me throughout my time in the
Hydraulic Engineering laboratory of Delft University of Technology. Mister Van der Gaag also aided
me in transforming my conceptual ideas about Mobi-Gust 2 into something constructible. Also,
mister Van der Gaag helped me to prepare and execute the field expeditions using Mobi-Gust 2.

Third of all, I want to address the other employees of the Hydraulic Engineering laboratory.
In particular, I would like to thank Arno Doorn and Arie van der Vlies. Mister Doorn was the head-
constructor of Mobi-Gust 2. Without his fine craftmanship there would be no mobile wind tunnel
system to work with. DEMO (‘Dienst Elektronische- en Mechanische Ontwikkeling’) helped mister
Doorn to create the complex shapes of Mobi-Gust 2. Next, both mister Doorn and mister Van der
Vlies assisted me greatly while working in the laboratory. Because of this my time in the laboratory
was very educational and enjoyable.

Last of all, I want to turn myself to some notable individuals from outside Delft University
of Technology. I would like to express my appreciation towards my father Peter van Langeraad
and partner Veerle van Moort. Without their precious help (figure 2), this report would not contain
field measurements.

Conducting research can be as unpredictable as windblown sand.

Mark van Langeraad
Delft, June 2024

Figure 2 — My fieldwork companions standing in an aeolian transport layer

iv

Delft
U e t University of
Technology



Summary

The Building with Nature approach helps to develop sustainable solutions for flood risk mitigation.
On top, these solutions harness natural forces as much as possible. The Building with Nature
approach may thus use aeolian processes to build, maintain and reinforce coastal dunes. In that
case, aeolian processes are directly coupled to the (variable) flood risk of these sandy barriers. So,
the Building with Nature approach is supported by accurate and robust aeolian transport
predictions. In other words, the relation between wind speed and coastal sand transport is vital.

Coastal aeolian transport is usually overpredicted by traditional aeolian models. These
models generally assume capacity limited transport. This type of transport implies that varying
transport rates are solely caused by varying wind speeds. This approach is valid in systems where
sand is abundant and available. A sandy arid environment can be seen as an example of such a
capacity limited system. Yet, in systems where sand is less abundant and available, the transport
capacity might be unreachable. Consequently, transport rates may not vary if wind speeds are
varying. A sandy coastal environment can be seen as an example of such a supply limited system.
Novel models (e.g., Aeolis) try to account for sand availability and the associated supply limitations.

Sand surface erodibility can be used to express the availability of sand. To clarify, surface
erodibility describes the susceptibility of a surface to erosion. Exploring the erodibility of sand
surfaces might thus improve the predictions on coastal aeolian sand exchange. To this end the
idea of Mobi-Gust 2 was initiated; a specialized mobile erosion device that explores the erodibility
of in-situ sand surfaces. Mobi-Gust 2 consists of a mobile wind tunnel system and a wind gauging
system. A Proof Of Concept (POC) was used to check whether Mobi-Gust 2 could sustainably
conduct useful, reliable and controllable erosion measurements.

The mobile wind tunnel is of the open-return geometry and is light and modular. As a
result, Mobi-Gust 2 offers (aerodynamic) functionality while being mobile. The air inside the mobile
wind tunnel system is pushed by a blowing fan. This fan was a constraint to the design. The created
air flow is adjustable by means of a speed controller. Next, the air flow is accelerated with negligible
energy losses in a short and gradually curved contraction. Next, the air flow is conditioned in two
separate components. First, the air flow is straightened by a honeycomb (i.e., a cross-section
divider); and the component also onsets flow development. Secondly, this flow development is
continued within a transition zone. The transition zone is a closed duct that accommodates the
interactions between the air flow and the boundaries. In turn, causing more generic turbulent flow
properties. Next, the conditioned air flow enters an erosion zone. This erosion zone has no bottom
plate so that aeolian erosion is allowed to occur. Next, a saltation hopper can be used to establish
an upwind supply of sand towards the erosion zone. This upwind supply of sand enhances the
erosion process. Next, the sand-laden air travels towards a sand trap. The sand trap is open to air
and closed to sand; and can be manually emptied.

The wind gauging system senses the wind speed digitally. The wind speed is deduced from
sensing differential pressure. The main parts involve a microcontroller, a pressure sensor and a
pitot tube. This pitot tube can be installed at the up- and/or downwind end of the erosion zone.
The pitot tubes are embedded in aerodynamically-shaped, height-adjustable holders. The system
senses centreline wind speeds of 9.4 [m/s] and vertically averaged speeds reach 8.6 [m/s]. The
wind gauging system confirms partial flow development. To clarify, the wind gauging system senses
logarithmic velocity profiles up until 25 [%] of the duct, as seen from the bottom. The system also
senses slightly increased relative turbulence intensities. These intensities reach 6 [%] of the mean
centreline wind speed. This increased value relates to the turbulence itself; but also to the
development of the flow, the pressure sensor accuracy; and interferences. Finally, the system
shows a signal-to-noise ratio of 15 [—]; which triples after applying one-second moving averages.

The portable power supply of Mobi-Gust 2 provides 2 [h] measuring time, with relatively
stable wind speeds. The mentioned duration is a minimum; i.e., when supplying maximum power
to the fan and while using the wind gauging system.

Mobi-Gust 2 was not able to erode an in-situ sand surface in a test field expedition. Yet,
wind conditions inside Mobi-Gust 2 were presumably high enough to onset erosion. It is believed
that the relatively wet winter hampered the conducted tests. So, a tailored sand pit was created to
explore the erodibility of the sand surface in a more focussed way; i.e., linked to moisture content.
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Overall, Mobi-Gust 2 is sustainable and is reasonably capable of conducting useful, reliable
and controllable aeolian erosion measurements. Most obviously the wind speed can be raised. Yet,
this improvement is relatively costly and laborious. More achievable improvements involve the
transition- and the erosion zone. The transition zone should be elongated to further improve the
development of the flow. Next, the walls of the erosion zone should be extended and chamfered
outward. To clarify, the already elongated walls are still not long enough; and may suffer from
undermining. On top, driving the (blocky) walls into the sand bed causes sand displacements into
the erosion zone. Next, the wind speed gauging system can be improved in three areas. Firstly,
the resolution is too coarse. Improvements involve buying a higher-resolution microcontroller (e.g.,
an Arduino Due) or a higher-resolution pressure sensor (e.g., a Fermion LWLP5000). Secondly, the
sampling frequency is still variable in time. Improving this situation implies fixing inefficient data
logging. Lastly, the wind speed (accuracy) verification must be improved. To clarify, a handheld
anemometer generally showed 0.5 [m/s] higher wind speeds.

Following the POC, Mobi-Gust 2 was used to investigate the following main research question.

The aeolian erosion process on sandy beaches,
Is solely determined by wind speed and does not rely on surface erodibility.

This main research question was explored by two tests, i.e., the erosion- and the saltation test.
The erosion test is analogues to clear wind erosion, i.e., erosion with sand-clear winds. The
saltation test is analogues to live bed erosion, i.e., erosion with sand-laden winds. The practical
difference between the two tests thus concerns the usage of the saltation hopper. The tests explore
the aeolian erosion flux related to moisture content and saltating sand grains. Both tests are
conducted in the laboratory and in the field. The laboratory of interest concerns the Hydraulic
Engineering laboratory of Delft University of Technology. The field location of interest concerns the
Sand Engine; a mega nourishment near The Hague, along the Holland Coast (The Netherlands).

Two main comparisons tackled the main research question. The first set of observations
involved two erosion tests. To clarify, an in-situ erosion test did not produce any aeolian erosion
(i.e., 0 [kg/m?/s]). Yet, the same sand bed could be mobilized after excavating and drying it. In
elaboration, a second laboratory erosion test showed a mean erosion flux of 0.01 [kg/m?/s]. Both
tests used comparable wind conditions, exceeding the threshold of motion for dry sand. This first
comparison shows that similar winds may erode a sand surface differently depending on moisture
content. The second set of observations involve an erosion- and a siltation test. This time both
tests were conducted in the field. The in-situ erosion test could yet again not generate any aeolian
erosion (i.e., 0 [kg/m?/s]). Yet, the same sand bed (i.e., Mobi-Gust 2 was not moved) could be
mobilized after the addition of an upwind supply of sand. To clarify, the saltation test showed a
mean erosion flux of 0.03 [kg/m?/s]. Again, the wind conditions inside Mobi-Gust 2 were
comparable and exceeded the threshold of motion for dry sand. This second comparison also
demonstrates that similar winds may erode a sand surface differently; yet, now depended on
whether the air flow already has sand in transport or not. Additional laboratory experiments verified
the mentioned observations.

The main advice is to prioritize the use of Mobi-Gust 2 over majorly improving it. To clarify,
this means only applying small upgrades and not yet improving the wind speed itself. Mobi-Gust 2
should then be deployed in more favourable circumstances. In elaboration, many successful
experiments are likely possible in dryer (summer) conditions. The words ‘many’ and ‘successful’
are both important. ‘Many’ refers to the statistical foundation that that is still lacking in this report.
‘Successful’ refers to really measuring spatiotemporal variations in sand bed erodibility. These
measurements are possible by applying tests that are similar to this report. Yet, the tests should
include time intervals. Also, these tests should be repeated at many different beach locations. This
report uses a mean erosion flux for comparison reasons. Yet, the erosion flux, steered by sand bed
erodibility, is likely to be non-linear. This introduces the next big step in coastal aeolian research.
What actually is this relation?

vi

Delft
I U Del t University of
Technology



Table of contents

2] €<= 0 PP iii
ACKNOWIEAGEMENTS ... et e e e e e e e e e e s e ea s e ea e e e e s e eaa e e enna s iv
YU 0] 7= PPN v
) €= 0 1= o T oo (U u o o PP 2
1.1 The drive to improve predictions on aeolian sand exchange .........cccovviviiiiiiininnennnn. 2
1.2 Exploring the historical context of aeolian transport.........cccceeviviriiiiiieiiii e 3
1.3 The coastal problem involving classical aeolian theory ...........ccooevviiiiiiiiicine e, 3
1.4 Shifting the attention towards aeolian surface erodibility..........cccoooveviiiiiiiiiiinn, 6
1.5 The main research question and the report StrUCtUre.......ccovvuviieiiiei i 7

2 Proof Of Concept (POC): MODI-GUSE 2......ccuiiiieiiiiiiereenrer s rrs e s s e eees 9
2.1 o 0Tt o TH L | T PP 9
2.2 The methodology to design and test Mobi-GUSE 2.........covveveiiiii i, 11
2.2.1 The design of MODI-GUSE 2 .......cuuiiiiiiiiiii e 11
2.2.2  The performance of Mobi-GUSE 2.........ccuuiiiiiiiiiiii e, 26

2.3 Analysing the performance of Mobi-GUSE 2........coiiiiiiiiiiiii e, 34
2.3.1  Evaluating the robustness of the power SuUpply.......cccovviriiiiiiniiirin e, 34
2.3.2  Exploring the wind (gauging system) properties ..........ccoevvveniiirnieeesnseensne e eeenn 35
2.3.3 Evaluating the drainage rate of the saltation hopper.........ccceevviviiiiiiiiinicneeeneen, 35
2.3.4 Investigating the sand tightness of MObI-GUSE 2 ........cceuviiiiiiiiniiieiii e, 36
2.3.5 Exploring the wind speed in the modular design of Mobi-Gust 2...........ccccceevivennen. 37
2.3.6  Investigating the flow development within Mobi-Gust 2........ccccoeviiiiiiiiiiinieene, 38
2.3.7 Exploring the erosion performance of Mobi-GuUSt 2.........ccovviiiiiiiiiiicii e, 39

2.4 Discussing the performance of MObI=GUSE 2 .....cvvvviiiriiiiiiiiie e er e 40
2.4.1 Discussing the robustness of the power SUPPIY........coevvviiiiiiiiinnieie e 40
2.4.2 Reviewing the wind (gauging system) properties........cceeevvirrrniniirieninnerennnneeeeennns 42
2.4.3 Discussing the drainage rate of the saltation hopper.........cccceeeiiiiiiiiiiiiicneeenn, 44
2.4.4 Revising the sand tightness of MODI-GUSE 2......cceovieriiiiiiiiiii e 45
2.4.5 Reviewing the wind speed in the modular design of Mobi-Gust 2..........ccccoeevuneee. 46
2.4.6  Revising the flow development within Mobi-GUSEt 2 .........coovviiiiiiiiiiiiir e, 50
2.4.7 Discussing the erosion performance of Mobi-GUSE 2.........coocvveiiiiviiiiinieieiin e, 55

2.5 (00 31113 o) T 57
2.5.1 Evaluating the sustainability of MObi-GUSt 2 ..........coiiiiiiiiiii e, 57
2.5.2  Evaluating Mobi-Gust 2's usability ..........ccccieiiiiiiiiini 57
2.5.3  Judging Mobi-Gust 2's Reliability ..........ooviiriiiniiiiiiii i, 58
2.5.4 Evaluating Mobi-Gust 2’s controllability ..........cccevvuiiiiieiniiiiiii e 59
2.5.5 (Dis)Mounting and CONfIQUIING ......cceuuuiiiiirriinireieris e s ern e e s rernn e e eennas 59

vii

Delft
I U Del t University of
Technology



2.6 2 LET00] 010041 T F= 0 ] 1 60

2.6.1 Increasing the Wind SPEEA .......c..iiieiiiiriiiicein e e r e e e e e enns 60
2.6.2  Improving the development of the flOW .......ovvviiiiiiiiiii e 61
2.6.3 Creating a tailored sand Pit .......cccoviiiiiiiiiii s 62
2.6.4 Improving the saltation hOPPer........cccii i 62
2.6.5 Never stop mitigating sand l0SSES ........ccuviiiiiiiiiiiii s 62
2.6.6  Invest in flow ViSUGIISAtioN ........cviiiirriiiiiiiiiie e e rr e 62
2.6.7 Remeasuring and verifying velocity profileS..........ceuivierriiiiiiiniireeii e 63
2.6.8 Verification of the boundary shear Stress .........ccuviiiiiiiiiiiiiiii e 63
2.6.9 Improving the wind gauging SYStEM........ciiiiiiiiiiiiieii e e eaa 63
2.6.10 Improving the POWET SUPPIY .....iiiiiiiiieiciie et 64

3 The erodibility of the sand SUMaCe ........cocviiiiii i 66
3.1 ST B g <Tor= | o PR 66
3.2 The methodology to explore sand surface erodibility.......cccceviiiiiiiiiiiiii 67
3.2.1 The layout of the experiments ........ccoiiiii i 67
3.2.2 Using hybrid experiments to assess the main research question...........ccceevevunne. 67
3.2.3 The expected data and the additional activities ...........ccoovviiiiiiii i, 68
3.2.4 Transport- and time management during field expeditions ...........cceevvevniiiennnnnnnn. 69
3.2.5 Safety during field eXpeditionS..........covveeiiiieiiiere e 70
3.3 Analysing the erodibility of the sand surface ........ccovveviiiiii i, 71
3.3.1 General remarks on the conducted field expeditions ..........ccceeeviiriviiiniiiiiininnennnn, 71
3.3.2 The influence of moisture content on the erosion fluX ........ccceeeviiveiiiiniiiiiinieennnn, 71
3.3.3 The influence of saltation sand on the erosion flux ...........ccceceeiiiiiiiiiniin e, 72
3.3.4 Summarizing the gathered data...........ce i s 73
3.4 Discussing the erodibility of the sand surface......c.ccovveiiiiiiiiii e, 75
3.4.1 General remarks on the acquired data........cccovvvriiieeiiiiin s 75
3.4.2 The influence of moisture content on the erosion fluX .........ccceeeviiveiiiiniiieiineeennnn, 77
3.4.3 The influence of saltation sand on the erosion flux ..........cccccceiiiiiiiiiiniiicn e, 79
3.5 The conclusions from the applied aeolian research ..........coevvvvi i eencn e, 82
3.5.1 Aeolian erosion from a dry and wet sand surface..........ccoovveriiiiviiiinin e, 82
3.5.2 Aeolian erosion with and without an upwind supply of sand...........ccccevevviiiennnnnnn. 83
3.5.3 Experimental verification with a viable Mobi-Gust 2...........ccccceeiiiiiiiiiiiii e, 83
3.6 The recommendations from the applied aeolian research ..........cccceeeiiiiviiiiiieennnneeens 84
3.6.1 Recommendations concerning the applied aeolian research.........cccccoovvvviiiiieennnn. 84
3.6.2 recommendations concerning Mobi-Gust 2 (POC supplement)........cceevveeviviennnnnnnn. 84
RS =] = o= PP 86
A Sand Engine background...........oceuuiiiiiiiiiiiii i e 96

Delft
I U Del t University of
Technology



Al BUilding With NaTUFe.... e e e e 96

A.2 Construction characteristics of the Sand ENGINe .........ccuvviiireiiiniicerie e 97
A3 Current characteristics of the Sand ENgiNe.........ccuviiiieiiiiiiiiiiin e 97
A4 The Sand Engine is a supply limited system .......c.ccoeviiiiiiiiiin e, 97
A.5 Environmental conditions around the Sand ENGIiNe .........cooovviviiiiiie i, 98

B Relevant air (flow) CharaCteriStiCS ......ivuviiuiiiiiiiiiririieri e ra e s e s r e s ennes 102
B.1 Air properties for STP-CONAItIONS......uuiiieerriisisierrie s e e e e e rnn s 102
B.2 DA ol g 0] o] === 1 1 Y PR 102
B.3 Mass and energy CONSEIVALION. ......ovveuiieenirresrerneeer e e s rrn s rrn s e ressernserrnneennns 103
B.3.1  CONEINUILY ...cevruiiiiiii i s s r s s ra s e ran e eee 103
520G J0 N = = 3T 11| PP 103
B.3.3  Applying mass- and energy CONSErVation ........cciuveivieriiiieininiennerransernnsseennseennnns 104

C  The design MODI=GUSE 2 .....iiieeiiiiiiiiei e s e s s e s e s s e s s e s e s e rne s e e s e rnnnsennnsns 106
C.1 Mobile Wind tuNNEl SYSEEM ......u i e 106
C.1.1  The blowing fan ... 106
C.1.2  The speed CONTIOlIEN ... c.uiiiii it ee 108
C.1.3 The horizontal- and vertical contraction ..........cccceviiiiiiiiiiiiiii s 108
O B S I o U= 0T <Y oo o o R PP 111
C.1.5 The transition ZONE........iiieriiieiiiererereassern s s e s s e s rrs s e rnssernnssrrnnsarrnsaees 113
C.1.6  The €rOSION ZONE.....uuiieruiiieriieenssserssersssernssrrssser s s rrn s e rraasersassernnsarnnssensnsares 114
O A I LT o o I = | o PP 114

C.2 Wind gauging SYSEEM ....cuuuiiiiiiiei et e 116
C.2.1  Wiring scheme of the hardware ..o e 116
C.2.2  Arduing SKEECN ....uieee i e 116
C.2.3  Programming logic (summary of the Arduino sketch) .........ccoovvmveiiiiiiiiiiniiiennes 122
C.2.4 The adapted pitot tube fOrmula ........covveeiiiei e 123

C.3 POWEE SUPPIY .. evviiiiiieiie et r s s s e e s e s rrn s e s e enn e eee 125
D Pipe floW @NalySiS ......uuiiiiiiiiiiiiiiiiis i e 129
E  Handling the pitot tUDES.......ovieei i e 131
E.1.1 Levelling the pitot tube .........ccevviiiii 131
E.1.2 Repositioning the pitot tube ......ccvviiiiei i 132
E.1.3  USING @ CAllIPEE ..eeeveeiieiei et e e s er e s e e e e s e rnn e eees 133

R Y <] 4101 0T (< P 136
G Fieldwork management........c.uuiiiiiiiiiiiieieiis e e e 137
G.1 Preparation Plan ......ceec i 137
L I R =1 =< =T o o I PRSPPI 137
G.1.2  PAcKiNg ISt ....iiiiruiiiiiiiiin i 137

Delft
I U Del t University of
Technology

ix



G.1.3 Charging the electrical COMPONENTS......c.uiiiieiiieeirieer e e 139

G.2 LTI B =T g 1T o o] = o P 139
G R 1 o o1 1 PP 139
G.3 (DIS)MOUNTE MODI=GUSL 2. euuiieiiieniieieeeseesese s e s et s esn s een s een s s sransransrsnsrsnssenneennnes 146
G.3.1 Prepare the mobile Wind tUNNEL ........ccviiiiii e 146
G.3.2 Prepare the wind gauge SYStemM .....c.uviiiiiiiiiiiiin e 157
G.4 EXperimental SELUD ..cvunvieeiiie e e 158
G.4.1 Favourable CONAItiONS ........c.oiiieeiiiieie e e 158
G.4.2 Hampering CONAItIONS ......vvevuiieeniiereieres s ern e s ers s e e s e e s s rea s e rensernssrennserrnaees 161

[ T oo T [8 T =T I 1= (o o o T 163
H.1 Field trip 12-12-2023 ... . icieiiiiiciii e s s e e s e rn s s eean e ane 163
H.2 Field trip 12-1-2024..... i ieeeiieieeerie e e e s rr s s e e aa e s e e e e s e e rrnn e e s ernnaeaanes 163
H.3 Field trip 2-2-2024 ......uiiieieie e e ane 164
H.4 Field trip 14-2-2024.......ccceeeeie e e e e s s e e s e e e e s e e rra e e e e rnn e aaens 164
N =] U PP 165
I.1 Measuring frequency (ArduiNO) .....icuuiiiiiii i e 165
L2 WiInd speed data.....c.coiiiuiiiiii it 166
I.2.1  Power supply and wind gauging SYSteM........coveruerieriiierinnien e sernansernseerneees 166
[.2.2  Wind speed vs. modular deSigN ........cvieeeeiimesiernirrernsrernss e srensserns s e seernaees 168
|0 T V= (o ol Y o o] PP 170
[.2.4  Wind speed data of the applied research ..........ccoceeviiiiiiiiiciiiin s 173
G T 0TS (o o I ==Y U L PP 175
9 70 N 1= [ 1 PP 175
G F07 2 1= [ 1 PP RPPPPRRPPPRIN 175
G 70 T 1= [ 1 1 PSP RPPPPRRRPPRIN 176
G FE S I o T PP UPPPPPRPRPRIN 179

9 70 T 1~ o R 1 PP 180
I9C 2 T 1 o 1 PP 183
L.3.7 LD IV e e ares 184
1.4 Spray can calibration (used in [ab III and IV).....cccoieiiiiieiiiinin e 187
1.5 Grain Size Distribution (GSD) @nalysiS ........ccueiirriieiriiieriirerinniens e ern e aeenns 188
[.5.1  Dry sieve analysis gUIdeliNe.........cooveuuiiiiiiirinieriin e s e e eees 188
[.5.2  An example of @ Sieve @nalySiS .......cuvuiiiiiieriniiiriin e e 190
| o AU = o] =0 | P 193
[.6.1  Field I, I1and IIL......ciiieeiiieiieiiiieeeeesis e s s esrse s e e eras s s s e rnas s s s snan e s e s e nan e s e ernnnneaanes 193
[.6.2  Lab III @Nd IV ... iiiiiiiiiiiiie e err s err e e e re s s e e e s e e e e e e e e ran e e e ernnnenanes 196

Delft
I U Del t University of
Technology



]
TUDelft

Delft
University of
Technology

xi



Partl
General introduction

Part ]
General Introduction

TU Delft &



Partl
General introduction

1 General introduction

This chapter presents part 1 of this report and regards a general introduction. In turn, the general
introduction discusses the following five main topics: §1.1 treats the main motivation to understand
aeolian processes in coastal areas; §1.2 will address the historical background on aeolian
processes; §1.3 discusses the coastal applicability of this fundamental theory; §1.4 will clarify the
research approach of this report; and finally §1.5 shows the main research question and the
structure of the report.

1.1 The drive to improve predictions on aeolian sand exchange

The Building with Nature philosophy is a sustainable approach to tackle hydraulic issues (EcoShape,
2024). In elaboration, Building with Nature concerns an interdisciplinary approach to design nature-
based solutions that mitigate flood risk. On top, these solutions generally accommodate
recreational services and nature development. Also, the solutions are usually context-specific,
dynamic and harness natural forces as much as possible. Practical examples of Building with Nature
projects concern pilots at the Houtrib Dike (figure 3), the Sand Engine (figure 4) and the
Hondsbossche Dunes (figure 5). All mentioned pilots are located within The Netherlands and
extensively involve coastal dunes.

Coastal dunes embody the Building with Nature approach in The Netherlands. The primary
purpose of these sandy barriers is to mitigate flood risk (Slootjes & Van der Most, 2016). Yet,
secondary functions may involve nature development, drinking-water resources or recreational
activities (Rijkswaterstaat, sd). Coastal dunes are naturally composed of granular material and
vegetation native to the area (N10Z, 2024). The granular composition of coastal dunes also implies
their dynamic shape; as well as their associated variable flood risk (De Vries et al., 2012). Coastal
dunes are namely continuously (re)shaped by nature; where aeolian processes primarily control
dune formation and -growth (Bosboom & Stive, 2023).

Sustainable coastal management is facilitated by accurate and robust aeolian predictions.
In repetition, Building with Nature involves coastal dunes and exploits natural forces. In turn, wind
driven processes might be used to build, maintain and reinforce sandy barriers (Aarninkhof et al.,
2010). Consequently, aeolian processes are directly coupled to the variable flood risk of these
coastal dunes. It is therefore crucial to understand the relation between wind conditions and coastal
aeolian sand exchange. This report aims to better understand the mentioned relation; in order to
stimulate sustainable coastal protection measures. This stimulus is particularly relevant as
sustainable awareness is growing (European Commission, N.d.).

Figure 3 - Houtrib Dike Figure 4 - Sand Engine Figure 5 - Hondsbossche Dunes
(EcoShape, 2024) (EcoShape, 2024) (EcoShape, 2024)
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1.2 Exploring the historical context of aeolian transport

Already decades ago, R.A. Bagnold (1941) revolutionized the vision on windblown sand. Bagnold
suggested the idea of sand particle motions as a result of wind shear. Also, he explored the effect
of mobilized sand grains on the surrounding wind flow. Bagnold experimentally verified his concepts
in a laboratory wind tunnel (Bagnold, 1936) & (Bagnold, 1937). On top, Bagnold conducted field
experiments in the Great Sand Sea of the Libyan Desert (Bagnold, 1941). Figure 6 and figure 7
respectively show the whereabouts and the appearance of the mentioned site.
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Figure 6 — The location of the Libyan Desert (Marsaalam tours, N.d.)
(Encyclopeedia Britannica, N.d.)

R.A. Bagnold (1941) found a third-power relation to describe aeolian transport rates (q [kg/m/s]);
as shown in equation 1. This model depends on the density of air (p, [kg/m3]), the gravitational
acceleration (g [m/s?]), the median grain diameter (ds, [m]), a reference grain diameter (D [m])
of standard 250 [um] sand; and the shear velocity (u* [m/s]). The model can be fitted to data by
an empirical constant (C, [—]); which is linked to the grading of the sand in question.

) d
1) _ p_a’ﬁ 3
q Cbg D(u)

The work of R.A. Bagnold inspired many others and triggered various follow-up studies.
Consequently, Bagnold’s fundamental theory got validated further; while his formula (equation 1)
got reformulated and extended numerous times. The extensions primarily involved tuning the
empirical constant to specific circumstances. The work of Kawamura (1951), Kadib (1965) and
Sgrensen (2004) provide just a small list of the available follow-up studies. As will be explained,
these studies have in common that they are applying to similar systems (§1.3).

1.3 The coastal problem involving classical aeolian theory

Bagnold-type models (§1.2) generally show limited applicability to coastal situations (Sherman &
Li, 2012). To clarify, the third-power relations usually overpredict measured coastal transport rates.
The deviations are related to the small-scaled variability in these measured rates; while the models
generally use spatiotemporally invariant conditions (Barchyn et al., 2014). In elaboration, the wind
speed is often the only variable (De Vries et al., 2012) and figure 8 on the next page shows why
this might be problematic along coasts. To clarify, it is arguable that wind conditions will not be
very different across the width of this sandy beach. Yet, a notable cross-shore gradient in aeolian
sand transport is visible. While the available fundamental theory (§1.2) shows limited applicability
in coastal settings, it is of course not incorrect. After all, the theory is experimentally verified
extensively. Actually, the theory is enclosed by a greater understanding on aeolian processes.
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Figure 8 - Considerable cross-shore sand transport differences under similar wind conditions (De Vries et al., 2022)

The limited coastal applicability of R.A. Bagnold’s (1941) theory is clarified by introducing capacity-
and supply limited transport. As Bagnold suggested, the wind speed greatly defines the capacity
of the wind to transport granular material (equation 1; §1.2). Capacity limited transport occurs if
the instantaneous transport rate approaches the transport capacity rate (De Vries et al., 2022).
Consequently, a varying wind speed triggers a varying instantaneous transport rate. In contrast,
supply limited transport happens if the instantaneous transport rate significantly differs from the
transport capacity rate (De Vries et al., 2022). Consequently, varying wind speeds may not always
produce varying instantaneous transport rates. To clarify, the transport capacity rate might be
unreachable if the transport is limited by sand supply (De Vries et al., 2014). A system might be
capacity- or supply limited, depending on sand availability (Hoonhout, 2017). For example, a sandy
arid environment can be classified as a capacity limited system; as sand is abundant and available.
In contrast, a sandy coastal environment can be seen as a supply limited system; as sand is (far)
less abundant and available.

R.A. Bagnold (1941) thus actually defined a transport capacity formula by measuring in
capacity limited conditions (§1.2). In turn, this clarifies why the model generally overpredicts
coastal transport rates. For convenience, equation 2 repeats equation 1 (§1.2) in terms of wind
speed. Equation 2 emerges after applying Prandtl’s rough surface law (Bagnold, 1941). Notice also
how the transport rate (q [kg/m/s]) is written as the transport capacity rate (q. [kg/m/s]). Equation
2 uses the wind speed measured at a particular height (u, [m/s]). Next, there is a critical velocity
(uc [m/s]) below which no transport occurs. This threshold velocity is amongst others dependent
on the density of sand. Equation 2 furthermore includes a factor (a [—]) that is fully written in
equation 3. This factor converts the wind speed measured at a particular height (z [m]) to the near
bed wind speed. This factor takes a measure for the surface roughness (k' [m]) into account.
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Supply limitations can arise from various sources. For example, the scale of the system may already
prevent transport rates from reaching capacity conditions; as the available sand might run out. In
elaboration, sandy shores are generally (much) smaller than sandy deserts. The difference in scale
becomes clear from comparing figure 3, figure 4 and figure 5 (§1.1) with figure 7 (§1.2). The
smaller coastal scales might pose fetch related supply limitations (De Vries et al., 2012). These
limitations arise when the critical fetch exceeds the available fetch. The critical fetch involves the
distance over which transport rates are developing. Just from an inertial viewpoint it is evident this
development is required. On the one hand, the critical fetches rely on sediment properties and
environmental conditions; which will be treated shortly. On the other hand, the available fetches
may depend on beach geometry and wind angle (Bauer & Davidson-Arnott, 2002).

Supply limitations arise from sand properties. For example, sand mass (m [kg']) and -size
(d [m*]) play a role (De Vries et al., 2012); as sand density logically influences the susceptibility to
movements. On top, also sand shape is important (Rice, 1991); as it both affects the susceptibility
to movements, as well as particle trajectories and -impacts.

Environmental conditions may also cause supply limitations. Besides the mentioned wind
conditions; other spatiotemporally variable aspects can be of importance. Moisture content can for
example limit sand supply (Davidson-Arnott et al., 2008); as grains become more cohesive (Van
Rijn, 2023). In turn, many aspects influence the moisture content. Examples involve humidity,
precipitation, evaporation, (varying) water levels and/or beach elevation. Next, isolating layers of
snow or hail, as well as frost in general, might pose supply limitations (De Vries et al., 2022). Yet,
the sand surface can also be shielded by salt crusts. (Pye, 1980). These crusts form when sand
surfaces dry after being wettened by saline waters. Next, (beach) armouring processes can have
an impact on sand supply as well. For example, the sand surface might be armoured by shells
(McKenna Neuman et al., 2012); or other non-erodible materials like pebbles (Hoonhout & de Vries,
2019). The sand surface can also armour itself through sorting processes (Uphues et al., 2022).
Finally, flora and fauna may have an impact on sand supply as well. For example, the sand bed
might be protected by vegetation (\Wasson & Nanninga, 1986); or the sand bed is manipulated by
benthos (Winterwerp et al., 2022).

Accounting for supply limitations is possible through using advection schemes. One of the
novel models that uses this technique is called Aeolis (De Vries et al., 2024). Aeolis is an open-
source, process-based, numerical model to simulate aeolian processes. Aeolis uses an advection
scheme to model the spatiotemporal exchange of sand; from place to place and between the bed
and the air. Equation 4 shows such a simplified one-dimensional advection scheme (De Vries et al.,
2014). The local concentration flux in the air (k- dc/dt [kg/m?/s]) is determined from advection
along a one-dimensional domain ({u,h - dc/dx [kg/m?/s]). At the same the bed and the air may
exchange sand by means of erosion (E [kg/m?/s]) and deposition (D [kg/m?/s]). Equation 5
provides the relation between the sand concentration (c [kg/m3]) and the sand transport rate
(q [kg/m/s]). This relation depends on the wind speed (u,, [m/s]), the height of the transport layer
(h [m]); and a factor (¢ [—]) that accounts for the speed difference between sand and air. Next,
the model uses a Bagnold-type formulation (e.g., equation 2 on the previous page) to calculate
the transport capacity rate. Yet, the model also accounts for the amount of erodible material at the
bed and the supply rate from the bed. Consequently, the Aeolis model is able to produce
instantaneous transport rates below capacity conditions.
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1.4 Shifting the attention towards aeolian surface erodibility

Sand surface erodibility may express supply limitations. After all, the majority of the mentioned
limitations originate from the bed (§1.3). The erodibility is defined as the susceptibility of a surface
to erosion (Panagos et al., 2014). In simple terms, the erodibility describes the ability of the surface
to supply grains to the air flow. If this ability is high, the supply to the air is probably high as well
(and vice versa). As mentioned, many different aspects (§1.3) affect this ability, by altering the
wind speed threshold after which erosion occurs (Van Rijn, 2023). Overall, sand surface erodibility
appropriately describes supply limitations; just like novel models realize (§1.3). In turn, measuring
this erodibility may improve those models.

2. Transport 3. Deposition

/

@ \

- e y
Deposition \|f

Sand surface erodibility is measurable through generating erosion. The focus is thus shifted from
aeolian transport to -erosion; i.e., the left part of figure 9. In order to generate erosion, a
specialized aeolian erosion device will be developed and constructed. The approach is thus similar
to the one of R.A. Bagnold (§1.2). Yet, this time the erosion device will be mobile as well.
Consequently, enabling in-situ measurements in supply limited conditions. Ultimately, to investigate
the erodibility of the sand surface (see part 3). The erodibility can for example be quantified
through measuring wind speed thresholds for the initiation of motion (Sirjani et al., 2019). Such a
threshold can be used in transport formulas (e.g., equation 2; §1.3). Yet, spatiotemporal variations
in sand bed erodibility are also directly measurable. In clarification, sand supply dominates the
exchange of sand in supply limiting conditions (§1.3). Consequently, varying wind speeds may not
always cause varying erosion fluxes. Or controlled wind speeds may not always result in controlled
erosion fluxes. Practically this implies that constant wind speeds can reveal temporal variations in
sand bed erodibility. Performing tests at various locations also reveals the spatial dependency.

The mentioned specialized mobile erosion device will be deployed on the Sand Engine
(figure 10; on the next page). The Sand Engine involves a mega nourishment along the Holland
Coast, near The Hague (The Netherlands). The main reason to attend the Sand Engine involves it
being a supply limited system (Hoonhout & De Vries, 2017). To clarify, measured transport rates
are generally 65 [%] below the transport capacity of the wind. On top, there are three additional
reasons to attend the Sand Engine. Firstly, the area of the Sand Engine is vast (Google, 2022); and
its mean elevation reaches above mean sea level (AHN, 2023). Consequently, the site is majorly
shaped by aeolian processes. On top, the scale of the Sand Engine implies that there will be plenty
of room to conduct erosion experiments. Secondly, the distance between the Sand Engine and
Delft University of Technology only concerns about 20 [km] by road (Google, 2022). This relatively
short distance facilitates performing single-day expeditions; starting and ending on the university.
Lastly, previous aeolian research that was initiated by Delft University of Technology focussed on
the Sand Engine as well (TU Delft, 2020). Consequently, this report builds on existing knowledge.
More details on the Sand Engine can be found in appendix A.
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Figure 10 - Map showing The Netherlands (A), the Sand Engine in 2022 (B) and just after construction in 2011 (C)
Adapted from (Compendium voor de Leefomgeving, 2021), (Google, 2022) and (Hoonhout & de Vries, 2017)

1.5 The main research question and the report structure

This report has two major stages. First, a specialized mobile aeolian erosion device will be designed
and tested. Secondly, this device will be used to perform applied aeolian research. Both stages
check the viability of this device. Yet, stage two also tries to learn on coastal aeolian processes.
The device will namely be deployed to explore the following research question.

The aeolian erosion process on sandy beaches,
is solely determined by wind speed and does not rely on surface erodibility.

Since this report concerns multiple stages, it is divided into multiple sections. The current part
treats the general introduction, which applies to all coming sections. Next, part 2 of this report
checks the viability of the mentioned mobile aeolian erosion device. This check involves a dedicated
Proof Of Concept (POC). Part 3 of this report will then treat the applied research using this device.

The Proof Of Concept (POC; Part 2) has multiple subsections. Part 2 starts with a project
outline, which acts as a small introduction to the POC (§2.1). Amongst others, this project outline
provides some background and the project criteria. Next, the methodology will be discussed (§2.2);
which is split into a design section (§2.2.1) and a performance section (§2.2.2). To clarify, the
performance section describes the experiments that are used to check the performance of the
developed device. As the design and the performance are intertwined, they will be discussed
simultaneously from the methodology onward. After the methodology there will be a results section
(§2.3) and a discussion section (§2.4). Part 2 is finalized by a conclusion (§2.5) and some
recommendations (§2.6).

The applied research (part 3) also has multiple subsections. Part 3 begins with a small
recap on parts 1 and 2 (§3.1). The purpose of this recap is to facilitate readers with little time.
Next, the research approach will be discussed (§3.2). In turn, the involved results will be presented
(§3.3); and discussed (§3.4). Part 3 will finally end in its conclusion (§3.5) and some advices (§3.6).
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2 Proof Of Concept (POC): Mobi-Gust 2

This chapter shows part 2 of this report and considers the Proof Of Concept (POC) of Mobi-Gust 2.
This POC is subdivided into six main topics: §2.1 provides the project outline; §2.2 clarifies the
methodology; §2.3 presents the generated results; §2.4 treats the discussion; §2.5 addresses the
associated conclusions; and finally §2.6 presents the recommendations.

2.1 Project outline

The project outline of this Proof of Concept (POC) starts with the project definition. The general
introduction (part 1) already touched upon the following four topics: the motivation of this project
(§1.1): the historical background (§1.2): the problem statement (§1.3); and finally the research
approach (§1.4). In repetition, it is desired to develop a mobile aeolian erosion device. As the name
suggests, the device should be able to generate (measurable) aeolian erosion. To this end, the
device must set air in motion; and in turn this moving air must mobilize a sand surface. The eroded
material may not leave the system and must be captured to allow measuring it. Logically, wind
conditions must be quantified as well; as the erosion process is wind driven. Finally, the device
must be mobile in order to explore the erodibility of in-situ sand surfaces. Overall, a mobile wind
tunnel system and a wind gauging system are required (§2.2.1). The two mentioned systems are
collectively called Mobi-Gust 2. Designing such an aerodynamic system requires knowing the
governing air properties (appendix B). After designing and testing Mobi-Gust 2, it will be used in
dedicated aeolian research (part 3).

The design of Mobi-Gust 2 builds on the design of a pre-existing prototype. The design of
Mobi-Gust 2 can thus be seen as an evolution. This pre-existing prototype is called Mobi-Gust 1;
and also follows from research conducted at Delft University of Technology (De Wilde, 2020). On
top, Mobi-Gust 1 got deployed in a field expedition (Bangen & Dijkstra, 2020). The design and the
deployment of Mobi-Gust 1 provided valuable insights for the development of Mobi-Gust 2.

The mobile wind tunnel system of Mobi-Gust 2 is greatly inspired by Mobi-Gust 1. For
example, the (12-volt) blowing fan of Mobi-Gust 1 will be re-used. This choice benefits finances
and mobility; while being environmentally friendly as well. To clarify, the re-usage omits purchasing
a new (stronger) wind generation system, as well as large and polluting aggregators. Yet, re-using
the fan also implies that the air within the system is not pulled. As air suction provides better
aerodynamic properties (Cengel & Cimbala, 2014); it might also pose problems in view of trapping
the eroded material. To clarify, sediment trapping requires lowering the wind speed. In turn, wind
speed lowering can be achieved in several ways. The wind speed can for example be lowered by
increasing the cross-sectional size as mass is conserved (\White, 2011). This expanding flow further
reduces its speed by additional energy losses (Cengel & Cimbala, 2014). Yet, energy dissipation
can also be invoked directly through adding obstacles into the flow (Chassagne & Van den Bremer,
2021). A plenum and/or screens might be suitable to achieve these lower wind speeds; as was
learned from the staff of the low-speed laboratory of Delft University of Technology. Yet, those
same conversations revealed that a (12-volt) pulling fan might be too weak for the desired system.
For example, the preceding research (i.e., involving Mobi-Gust 1) recommended applying a
transition zone. This additional component will be explained later on (§2.2.1.5); but most
importantly heightens the resistance within the aerodynamic system (Cengel & Cimbala, 2014).
The fan needs sufficient pressure capacity to overcome this resistance. On top, this capacity must
be high enough to generate winds that actually onset erosion; while around the fan the wind speed
must again be low enough to trap the sediment. Overall, merging these conflicting interests seemed
to be impossible, so that the selected fan was retained.
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Mobi-Gust 1 involved a venturi-style wind tunnel of the open-return type. The mobile wind tunnel
system of Mobi-Gust 2 will also employ the venturi effect in an open-return geometry. To clarify,
the venturi-effect concerns trading pressure for velocity in a gradually shrinking cross-section
(Chassagne & Van den Bremer, 2021). Next, the open-return geometry has no bends (NASA,
2021); which is beneficial in view of energy losses (Cengel & Cimbala, 2014). So, the mentioned
choices facilitate the (relatively weak) blowing fan. On top, the open-return geometry confines the
air flow. This confinement is important for two reasons. Firstly, confining the air flow leads to the
generation of wind shear (Uijttewaal, 2022). In turn, the associated (bed) shear stresses can be
used to erode the sand surface. Secondly, the confinement of the air flow also implies the
confinement of the eroded material.

Besides generating and confining an air flow, it is desired to measure the wind speed.
Gauging the wind speed is logically important as the erosion process is wind driven. Just like the
mobile wind tunnel system, also the wind gauging system is inspired by Mobi-Gust 1. The previous
study used a pitot tube to quantify the wind speed (De Wilde, 2020). Such a pitot tube measures
differential pressure (White, 2011). In turn, Bernoulli's principle can be used to deduce the wind
speed from this differential pressure (Cengel & Cimbala, 2014). The previous study also considered
(and rejected) cup-like anemometers; as the involved contact surfaces were deemed too be too
large (De Wilde, 2020). Yet, there are more arguments to retain pitot tubes. For example, pitot
tubes are relatively robust; unlike techniques such as hot wire anemometry (Omega Engineering,
N.d.). Also, pitot tubes are relatively inexpensive, especially when compared to acoustic- or laser
doppler techniques (Uijttewaal, 2022). Overall, pitot tubes are relatively small, sturdy and cost
effective. Finally, the pitot tubes will be used in a digital setup (Hrisko, 2019).

The project role of this report is primarily conceptual and exploratory. In elaboration, the
staff of Delft University of Technology will take care of finances and construction works. The role
of this report is to provide a conceptual design for the mobile wind tunnel system (§2.2.1); and to
explore the systems performance after it got realised (§2.2.2). The mentioned conceptual design
will be transformed into a constructable design by mister P. van der Gaag (i.e., laboratory- and
fieldwork supervisor & laboratory- and fieldwork coordinator). Mister P. van der Gaag thus created
the final design drawings that are added to this report (§2.2.1). These final design drawings are
handed to mister A. Doorn (i.e., laboratory technician); and he ensures that the mobile wind tunnel
system will be built. DEMO (Dutch: ‘Dienst Elektronische- en Mechanische Ontwikkeling”) will help
mister A. Doorn in creating some of the complex (curved) shapes. All the involved financial aspects
are managed by dr. ir. S. de Vries (main supervisor & associate professor Coastal Engineering). So,
even the parts of the wind gauging system will be arranged. Overall, the explained role distribution
clarifies why this project outline does not include key aspects of a project scope (e.g., costs).

The development of Mob-Gust 2 involves more than just one project goal. The goals can
be summarized into four aspects. In elaboration, the main goals comprise of usefulness, reliability
and controllability. Additionally, sustainability (i.e., financial-, societal- and environmental aspects)
is of importance. The mentioned goals are unified in the following sub-research question:

Is it possible to sustainably design a useful, reliable and controllable mobile wind tunnel system,
in order to conduct aeolian erosion measurements?

The project goals might be broad, but practical examples can easily be formulated. For example,
the project goals can be linked to the project definition (i.e., explained at the beginning of this
project outline). Usefulness may for example include the ability to generate measurable aeolian
erosion; or the mobility of the wind tunnel system. Next, reliability may involve the aeolian erosion
process itself; e.g., concerning the wind conditions or the sand tightness of the system. Yet,
reliability may also include the accurateness and robustness of the wind gauging system. Next,
controllability may include the wind speed and/or the erosion process. Lastly, sustainability may
involve the type of power supply; or the durability of the applied materials. Of course, many more
examples can be produced; yet this list functions just as an example.
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2.2 The methodology to design and test Mobi-Gust 2

This section discusses the methodology of this Proof of Concept (POC). Both the design and the
performance of Mobi-Gust 2 will determine whether the project goals will be reached or not. Design
and performance can thus be seen as two stages; and this section is subdivided accordingly to
explain both clearly. Firstly, the design of Mobi-Gust 2 will be clarified (§2.2.1). Secondly, the
performance experiments will be outlined (§2.2.2). Beyond the methodology, the design and the
performance are considered together; as the design and the performance are intertwined.

2.2.1 The design of Mobi-Gust 2

The first part of the methodology concerns the design of Mobi-Gust 2. Mobi-Gust 2 is a tailored
toolbox that can be used to conduct aeolian research. Mobi-Gust 2 consists of a mobile wind tunnel
system and wind gauging system (figure 11). The design is steered by the project criteria (i.e.,
usability, reliability and controllability; but also sustainability). The design is discussed through eight
main topics: §2.2.1.1 provides general remarks on modularity and sturdiness; §2.2.1.2 considers
the mobilisation of air; §2.2.1.3 clarifies how the air flow is accelerated; §2.2.1.4 shows how the
air flow is conditioned; §2.2.1.5 describes how (enhanced) erosion is generated; §2.2.1.6 clarifies
how to catch and collect the eroded material; §2.2.1.7 explains how the wind speed is measured;
and lastly §2.2.1.8 concerns the power supply.
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Figure 11 — Mobi-Gust 2 and its components
(Van der Gaag, 2024)

2.2.1.1 Modularity and sturdiness

Mobi-Gust 2 has a modular design. To clarify, the mobile wind tunnel system is splitable into smaller
parts. This modular design preserves the portability of Mobi-Gust 2, while aerodynamic functionality
can easily be added. On top, the modular design enables specialized repairs or replacements of
specific parts. The main components of Mobi-Gust 2 concern: a vertical- and horizontal contraction,
a honeycomb, a transition zone, an erosion zone; and a sand trap (figure 11). Unspecified
components are generally inseparable; but each component will be explained in the coming
sections. The connections between the components are provided by flanges and nuts, bolts and
washers. All connections are similar and are operated by basic tools (e.g., spanners). Even
unexperienced people are capable of correctly (dis)mounting and configuring Mobi-Gust 2, through
using specialized manuals (appendix G.3).
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The mobile wind tunnel system is created from relatively light and durable materials. The
used materials involve timber, aluminium, acrylic glass; and 3d-printed plastic. Most of those
materials are relatively low in density (BPS, N.d.). Even the densest material, i.e., aluminium, is
still a low-density metal. The components mainly involve shells of thin plates, ensuring a lightweight
construction. Experience confirmed that a single person can easily handle the separate parts.
Additionally, the acrylic glass walls enable observing the processes within the mobile wind tunnel
system. Next, the materials are also relatively durable, as they are strong and (made) beach
resistant. To clarify, most materials have beneficial corrosion properties (Lets Talk Science, 2020).
Even though aluminium is corrodible, it does not rust, as it forms a protective oxide layer (All Metals
Fabrication, 2022). Even the used timber is treated for saline environments (Modinex, N.d.).

The wind gauging system involves the most fragile parts. Yet, the electrical hardware is
secured and protected in a shakeable and splash-proof plastic box. Amongst others, the wind
gauging system involves (pressure) sensors. Sensors are generally highly sensitive to various
influences (MPS, N.d.). To this end different protective measures are put in place, which are
detailed in §2.2.1.7.

2.2.1.2 Mobilizing air

A blowing fan creates the air flow within Mobi-Gust 2 (B in figure 11 & figure 12). The air flow
results from a pressure differential between the up- and downwind boundary of the mobile wind
tunnel system (Cengel & Cimbala, 2014). To clarify, the fan pushes the air from the upwind end,
towards the downwind end that is open. In other words, the fan raises pressure at the upwind
end, while the downwind end approaches atmospheric pressure. The fan retains this pressure
differential as it overcomes the resistance of the system (e.g., friction). Consequently, air keeps
flowing from high to low pressure. Yet, the ability of the fan to overcome resistances is finite, since
the fan has a certain pressure capacity. For reference, appendix C.1.1 shows the discharge-
pressure relation of the fan. Other fan properties are shown in table 2. On top, the power
transmission to the fan can be varied with a speed controller (figure 12). Consequently, the air
flow within Mobi-Gust 2 is adjustable as well. The used fan was a constraint (§2.1); and requires
measures to stabilize the air flow (§2.2.1.3). To clarify, previous research with the prototype (i.e.,
Mobi-Gust 1) showed that the fan produces an unnatural spiral flow (De Wilde, 2020).

Table 2 - VA18-AP70/LL-86S characteristics (Venus, 2024)
Type | Voltage [V] | Amperage [A] | Fan size [mm] @ Air flow [m3] | Weight [g]
Blowing 12.0 17.4 385.0 3,450.0 2,570.0

-lll““
lll"”
2"
Figure 12 - VA18-AP70/LL-86S blowing fan (SPAL Automotive, 2024) & speed controller (RS, 2024)

Since the fan pushes air forward, air is replaced from outside. Previous research with the prototype
(i.e., Mobi-Gust 1) showed that this air supply can be sand-laden (Bangen & Dijkstra, 2020). To
this end, the suction of sand is mitigated through the addition of an intake shield (A in figure 11).
This intake shield essentially concerns a bottom plate covering the sand-suction source. The intake
shield additionally has removable walls; for further shielding.
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2.2.1.3 Accelerating the air flow

I 11 11 - - - - n. - -

I-1 11-11 M-I units mm

scale 1:12
Fiqure 13 - The vertical- and horizontal contraction;
Left = side view and right = cross-sections;

(Van der Gaag, 2024)

The air flow is accelerated in a contraction (C/D in figure 11 & figure 13), by means of the venturi
effect (Cengel & Cimbala, 2014). In clarification, the decreasing cross-sectional area leads to the
conversion of pressure into speed. This conversion is governed by mass- and energy conservation.
Mass is conserved since air only enters and leaves the contraction through the up- and downwind
end. Energy is conserved as the air flow is incompressible (appendix B.2) and steady for a specific
fan setting; while the contraction is short (appendix C.1.3.1) and gradually curved (appendix
C.1.3.2). The acceleration of the air flow can be shown by applying Continuity (equation 6) and
Bernoulli (equation 7); i.e., constant mass- and energy balances (Voorendt, 2022). The balances
are evaluated between the up- (1) and downwind (2) boundary of the contraction; along a
streamline of constant elevation (z; = z,). The balances depend on the air speed (u, [m/s]), the
flow area (4, [m?]), the static air pressure (p, [N/m?]); and the density of air (p, [kg/m?]). So, as
the flow area decreases (A,, > Ag), pressure is converted (p, ; > p,2) into speed (u,1 < ug 7).

6) Ug1Aa1 = Ug 2442

_ p
7) Paz = Pa1 =75 (uzzm - uzzz,z)

The gradually curved contraction accelerates the air flow to the design wind speed. Natural winds
of 5-12 [m/s] usually trigger coastal aeolian transport (Arens, 1996). The design wind speed (i.e.,
15 [m/s]) exceeds that upper limit. As explained, mass- and energy are conserved during the
acceleration. Now, imagine that the contraction is ideal and additionally the only component
present in the system; while outflow losses are non-existent. In this fictitious case, the wind speed
at the exit of the contraction follows from Continuity only. Equation 8 repeats the Continuity
equation (i.e., equation 6); which is partly rewritten in terms of discharge (Q [m3/s]). Besides the
claim that the contraction is ideal, it is certainly not the only component present in the system. For
example, friction losses occur as the air traverses through other components (Cengel & Cimbala,
2014). On top, there will be an outflow loss as the air exits the system (\White, 2011). These losses
guarantee that the design wind speed, as calculated with equation 8, will never be reached. As a
practical solution the Continuity equation (i.e., equation 8) is fitted with a loss coefficient (C, [-]);
see equation 9. This coefficient is defined as the ratio between the achieved wind speed (u, , [m/s])
and the design wind speed (u, 4 [m/s]); see equation 10. This coefficient accounts for losses of
the entire system. Operational data of the prototype (i.e., Mobi-Gust 1) is used to provide an
estimate for this factor (De Wilde, 2020). The involved calculations are shown in appendix C.1.3.3.

Qa 1
8) u 2 =
. P
Qo
9) Uu 2 = CL_’
@ Agp
Uu,
10) c,=—2<1
Ug,a

13

oY

Mobi-Gust 2




Part II
Proof Of Concept (POC): methodology

Although the contractions are curved, they connect rectangular cross-sections (figure 13). The
shape of the ducts is similar to the wind tunnel used by R.A. Bagnold (1936) & (1937). On top, the
flat surfaces facilitate mounting equipment on them (e.g., the wind gauging system). The
contraction is split into a vertical- and horizontal section to facilitate construction. To clarify, it is
quite the task to create an asymmetrically curved component that shrinks along two axes.

2.2.1.4 Conditioning the air flow

v

!——
|

1

f—

( A units  mm
v - i

IV-IV scale 13
Fiqure 14 - The honeycomb screen;
Left = side view and right = cross-section;

(Van der Gaag, 2024)

The spiralling air flow (§2.2.1.2) is mitigated in a honeycomb (E in figure 11 & figure 14). A
honeycomb is basically a cross-section divider (figure 14) that straightens the air flow (Scheiman
& Brooks, 1981). To clarify, the openings of the honeycomb primarily reduce perpendicular velocity
components. Yet, a honeycomb is only effective when it has openings within a specific range of
length-to-diameter ratios; see equation 11. Obeying this optimal range results in an effective
honeycomb (figure 15); regardless of the opening-shape (Kulkarni et al., 2011).

11) L—8t 10
5— (0]

Insufficient amount or too short holes Sufficient amount or long enough holes

Figure 15 - Top view of an inefficient honeycomb screen (left) vs. an efficient honeycomb screen (right)

The geometry of the honeycomb is limited by abilities of the 3D-printer. Again, the honeycomb
should mitigate the mentioned large scale spiral motions. As (small scaled) turbulence is not the
primary target, the openings of the honeycomb can be as large as practically possible.
Consequently, the honeycomb has less dividers; which minimizes flow blockage (i.e., resistance).
Overall, the opening-geometry follows from selecting an optimal length-to-diameter ratio close to
the mean (equation 11). Additionally, the maximum printing length of the 3D-printer, as well as
the involved printing duration, defined the final design (appendix C.1.4). As design rules are
obeyed, the honeycomb should effectively mitigate the spiralling flow and onset flow development.
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The straightened air flow requires further conditioning in a transition zone (F/G in figure
11 & figure 17 on the next page). This additional conditioning is related to the development of the
(turbulent) air flow (Cengel & Cimbala, 2014). To facilitate explanations, it is assumed that flow
velocities are approximately uniform downwind of the honeycomb. Wall friction will impact this
velocity distribution (Chassagne & Van den Bremer, 2021). The region of affected flow velocities is
called the turbulent boundary layer. Just by considering inertia, it is clear that boundary layers
cannot be instantly developed. The evolvement of boundary layers can be summarized into three
main stages (Uijttewaal, 2022). First, boundary layers emerge from all boundaries parallel to the
flow, e.g., the walls, roof and bottom (i.e., where friction is maximum); secondly, the boundary
layers grow into the duct by momentum transfer; and finally, the boundary layers meet along the
centreline of the duct (i.e., where friction is minimum). The flow is nearly developed after the
boundary layers converge. Two reasons clarify why a nearly developed flow is desirable. First of
all, the boundary layers start very thin. Consequently, the velocity gradients (du/dz [1/s]) and the
associated bed shear stresses (t, [N/m?]) are initially very high as well (White, 2011). The
formation of scour is close to unmitigable; but these relatively high bed shear stresses will dig an
even bigger one (Schiereck, 2019). Second of all, a developed (turbulent) flow is associated with
more generic flow properties. To clarify, a developed flow, that remains undisturbed, is
characterised by a rather stable logarithmic velocity profile; equation 12 (Uijttewaal, 2022). This
vertical velocity profile (u(z) [m/s]) depend on the friction velocity (u* [m/s]), the Von Karman
constant (k = 0.41 [—]), the elevation (z [m]) and an integration constant related to the roughness
of the boundaries (z, [m]). As the velocity profile remains rather stable, the velocity gradients and
the associated bed shear stresses remain relatively constant as well. A developed (turbulent) flow
is thus more predictable. However, the cross-section that is experienced by the air flow needs to
be as homogeneous as possible. Flow disturbances namely cause a (partial) redevelopment (Cengel
& Cimbala, 2014). Examples of disturbances include variations in cross-sectional shape and -size;
as well as a varying boundary roughness. Figure 16 shows a 2D schematical sideview of a
developing flow in a duct; between the bottom and the symmetry axis. If the upper boundary has
similar roughness to the lower one; the velocity profile will be symmetric along the symmetry axis.

b2

Zo

u*

Symmetry axis 1

No slip
condition

ﬁ \ du/dz

Figure 16 - Flow development between the bottom and symmetry axis of the duct (side view);
Adapted from (Cengel & Cimbala, 2014)
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The transition zone has specific properties to facilitate flow development while preventing erosion
(figure 17 on the next page). The required distance for flow development can be approximated by
using empirical relations. Equation 13 is just one of many (Schiereck, 2019). This relation estimates
the boundary layer thickness (§ [m]) based on the development distance (x [m]). As boundary
layers emerge from all boundaries, each one has to span between the boundaries (e.g., the bottom)
and the symmetry axis of the duct. Next, the ducts of the transition zone are closed off by a bottom
plate; so that erosion is prevented during flow development.
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Figure 17 — The transition zone
Left = side view and right = cross-section;
(Van der Gaag, 2024)

13) 6(x) =~ 0.02x to 0.03x

Additionally, the transition zone has specific properties to mitigate flow disturbances. The size and
shape of the ducts (§2.2.1.3) are preserved throughout the entire duct system. Next, effort is made
to homogenize the roughness as well. The used materials (§2.2.1.1) are also applied throughout
the entire duct system. On top, the bottom plate of the transition zone contains an epoxy-glued
sand bed. The used sand was deliberately scraped from the surface of the Sand Engine (figure 18),
since the applied research (part 3) will also take place on this top layer. The Grain Size Distribution
(GSD) of the used sand is provided in figure 19. Qverall, the entire duct system (i.e., the transition-
and erosion zone) will have a comparable geometry and roughness.

100
01 — @D f
® Dy =0541 [mm]
_ ®  Dgg=0498 [mm]
Ew Dy = 0475 [mm]
%ﬂ ®  Dgy= 0453 [mun]
2 ®  Dsg= 0430 [mm]
E o ® Dy = 0408 [mm]
® D3y =0378[mm]
®  Dzp=0346 [mm]
» ®  Djg=0313 [mm]
0
§ N
Opening [mm]
Figure 18 - Gathering sand grains from the top layer of the Figure 19 - The GSD of the sand that was glued on the
Sand Engine bottom plate of the transition zone

While flow development is important it is accommodated in a realistic way. To clarify, the required
development distance (equation 13) will not be fully obeyed. This choice stems from two main
considerations. The first one involves the length of the mobile wind tunnel system. A shorter length
namely facilitates mobility. Additionally, a shorter length means less resistance (e.g., friction);
which is important as the fan has a finite pressure capacity (§2.2.1.2). The second concern involves
the uncertainty around the required development distance. The distances estimated with equation
13 are exceeded easily by other estimates (appendix C.1.5). On top, the air flow will always be
disturbed to some degree. Amongst other example, the bed of the transition zone is static, while
the bed of the erosion zone lowers due to erosion. Overall, roughly 65 [%] of the mean distance
(equation 13) is provided; spread along two separate ducts. An underdeveloped flow is thus
accepted. Still, the approach mitigates the most variable and the most extreme bed shear stresses
(figure 16). Besides, a logarithmic velocity profile is expected to be found in the regions nearing
the boundaries; such as within the important region near the bed.

16

& :
TUDelft &z

Mobi-Gust 2




Part I
Proof Of Concept (POC): methodology

2.2.1.5 Generating (enhanced) erosion
VI

VI i units - mm
scale 1.5

Figure 20 - The transition zone
Left = side view and right = cross-section;
(Van der Gaag, 2024)
The conditioned air flow might mobilize the sand surface within an erosion zone (H in figure 11 &
figure 20). As mentioned, wind shear is generated in the ducts (§2.1); as the air flow interacts with
the boundaries (§2.2.1.4). The erosion zone has no bottom plate, so that the generated wind shear
is actually allowed to onset erosion. The sand surface is mobilized after the bed shear stress
exceeds a critical value (Bosboom & Stive, 2023). Surpassing this critical value is already implicitly
discussed by means of the design wind speed (§2.2.1.3). Many duct properties, such as the
materials (§2.2.1.1) and the geometry (§2.2.1.3 & §2.2.1.4), are also already discussed.

Other duct properties are inspired by the prototype (i.e., Mobi-Gust 1). The length of the
erosion zone (appendix C.1.6) is namely comparable to the length of Mobi-Gust 1 (De Wilde, 2020).
Next, the cross-section in figure 20 appears to include a bottom plate, which is not the case.
Previous research namely showed that the walls of the erosion zone are undermined easily (Bangen
& Dijkstra, 2020). This undermining leads to sand exchanges with the outside world. Of course,
this exchange is undesirable, as it causes unreliable erosion measurements. As a reaction, the walls
are extended. These extended walls can be driven into the sand bed. The presence of extended
walls clarifies the apparent bottom plate in figure 20. This apparent bottom plate is just a vertically
oriented aluminium plate. These plates are installed at the up- and downwind end of the erosion
zone. In this way, these plates connect the extended walls to each other providing toughness to
the construction. Next, previous research also indicated the emergence of scour holes (Bangen &
Dijkstra, 2020). The prototype did not include a transition zone, so the underdeveloped flow
partially caused these scour holes (§2.2.1.4). Yet, another reason for scour hole development is
clear wind erosion (Schiereck, 2019). In elaboration, winds clear of sand traverse a granular bed,
immediately onsetting erosion (i.e., when wind speeds are high enough). As no sand comes in,
while it is locally leaving, a scour hole is dug. To this end, hatches (§2.2.1.7) are added to the roof
of the erosion zone. These hatches give access to the interior of the erosion zone. These hatches
thus enable the scour holes to be checked and measured. With (idealised) scour hole shapes one
can correct the erosion volume (or -mass). Finally, the prototype also used pitot tubes, yet without
a permanent suspension system. Figure 20 shows the pitot tubes and their vertically adjustable
holders. These holders fit into the mentioned hatches. These pitot tubes quantify the wind speed
during the erosion process (§2.2.1.7). The pitot tubes are removable, i.e., both of them do not
have to be in used at the same time. When a pitot tube is removed, tailored caps seal off the
resulting gaps (i.e., mitigating energy losses).
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Figure 21 - The saltation hopper

Left = 3D view, middle = front view and right = side view; Figure 22 - Saltation hopper lids
(Van der Gaag, 2024) c
Erosion can be enhanced by means of a saltation hopper (I in figure 11 & figure 21). This hopper
is permanently fixed at the upwind end of the transition zone. This hopper is used to drain sand
into duct system. Consequently, establishing an upwind supply of sand towards the erosion zone.
This hopper can be fitted with lids of different gap sizes (figure 22). As a result, grains of similar
sizes and shapes drain at different rates (§2.3.3). There is also a lid without gap. This gapless lid
seals off the opening when the saltation hopper is not in use (i.e., mitigating energy losses). Design
iterations (i.e., the old saltation hopper is visible in §2.3.7) showed that horizontally sliding parts
jam in combination with sand grains. The lids are thus vertically removable.

The enhanced erosion is generated by sand particle collisions. R.A. Bagnold (1941) defined
the three main transport modes of windblown sand; i.e., suspension, saltation and creep. Yet, sand
particles (63 [um]-2 [mm]) are usually transported in a bouncing (i.e., saltation) or rolling (i.e.,
creep) manner (Uphues et al., 2022). Sand is thus usually transported close to the surface, as sand
is roughly 2,000 times denser than air (Bagnold, 1941). The injected sand grains will therefore
collide with the sand surface within the erosion zone. These collisions ensure the generation of
erosion (Rice, 1991). In other words, after subtracting the injected sand mass, from the collected
sand mass (§2.2.1.6); there should be an additional (eroded) sand mass. Specialized experiments
will show the generation of enhanced erosion, by adding an upwind supply of sand (part 3).

More technically speaking, the enhanced erosion results from an altered momentum
distribution inside Mobi-Gust 2. To this end, momentum per unit volume (equation 14) is introduced
(Chassagne & Van den Bremer, 2021). Momentum per unit volume (M [kg/m?/s]) describes the
general combination between density (p [kg/m3]) and speed (u [m/s]).

14) M = pu

Uty

= |
|

Figure 23 - Increasing, transferring and focussing momentum;
left = without boundary friction & right = with boundary friction
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The enhanced erosion results from increasing, transferring and focussing momentum. As explained,
sand is much denser than air, causing a local increase of momentum. Simultaneously, the air flow
transfers momentum to the sand grains (Van Rijn, 2023). This momentum transfer is visible as the
vertically injected sand grains, will be transported horizontally. Next, all this momentum is focussed
in an area close to the surface; again because of the mentioned density difference between sand
and air. In the end, the injected sand grains reach the erosion zone, where they exchange
momentum with the sand bed. In simple terms, collisions ensure the generation of enhanced
erosion. The left part of figure 23 summarizes the explained situation, in a (very) schematic and
simplified way. Of course, reality is (much) more complex. The right part of figure 23 (previous
page) namely shows that friction complicates matters. On top, the flow experiences unequal friction
from the roof and bottom; which is neglected in figure 23 (previous page). The bottom namely has
an epoxy-glued sand bed on it (§2.2.1.4), whereas the roof does not.

2.21.6 Collecting the eroded material

760
VII

VI 18 L VII-VII o~
’ = units mm

scale 1:12
Figure 24 — The sand trap
Left = side view and right = cross-section;
(Van der Gaag, 2024)

The sand-laden air enters a sand trap and leaves it clear of sand (J in figure 11 & figure 24). The
sand trap is a relatively large cuboid-shaped box with a vertical exit. The sand-laden air enters this
box immediately, i.e., without diffusers and the like. To clarify, a diffuser is a gradually expanding
cross-section (Anderson Jr., 2005). Three main principles ensure the sand-tightness of this sand
trap. Firstly, the sand-laden air flow decelerates as the flow area increases while mass is conserved
(White, 2011). Secondly, a decelerating flow relates to negative pressure gradients; i.e., causing
flow separation and recirculation, or energy losses (Schiereck, 2019). These additional losses
further decelerate the sand-laden air flow. The lower wind speeds will onset the deposition of sand
(Bosboom & Stive, 2023). Finally, the sand trap has a vertical exit, so that it resembles a chimney.
Consequently, sand grains must ascent in order to leave the sand trap. The gravitational pull of
the Earth ensures two beneficial aspects. First of all, gravity ensures that the vertically oriented
flow is further decelerated. Second of all, gravity directly acts on the sand grains. So, as sand is
(much) denser than air (§2.2.1.5) gravity greatly helps the sand trap being sand tight.
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The dimensions of the sand trap are determined in a straightforward assessment. The sand
traps dimensions are chosen as such, that the cross-sectionally averaged exit velocity (ueyi: [m/s])
exceeds the fall velocity (wg [m/s]) of the expected range in grain sizes. The investigated grain
sizes concern very fine-, fine-, medium- and coarse sand (U.S. Geological Survey, N.d.); as well as
the construction material (i.e., 280 [um]) of the Sand Engine (Luijendijk et al., 2017). A grain might
either settle in a laminar (Re; < 0.1to 0.5) or in a turbulent (400 < Res < 2-10%) manner
(Bosboom & Stive, 2023); i.e., both modes are assessed (equation 15 & 16). The Reynolds number
of the grain (equation 17) describes which mode is most likely to occur (Bosboom & Stive, 2023).
Mind that the Reynolds number of the grains conveys information about the grains relative to the
surrounding fluid. In other words, it does not provide information on the flow itself (Schiereck,
2019); as the flow is most certainly turbulent. The involved calculations are shown in appendix
C.1.7. The calculations do not involve energy losses; which is a safe approach as energy losses
result in an even lower cross-sectionally averaged exit velocity.

15) w5=ii(p — pa)D3
S, 1877:1 s a 0
89 (05 — Pa)
16) WS,N = \/?%DSO
D
17) Re, _ PaWslso

Na

The sand trap has a shorter height than calculated because of mobility-reasons. The height of the
sand trap is based on the loading space of a Chrysler Voyager (i.e., an MPV-vehicle) and a Toyota
Hilux (i.e., 4x4-vehicle). This lower height is acceptable, as the exit flow is vertically oriented.

However, some extra measures have to be taken in order to catch and collect all the sand.
Outflow velocities are namely expected to be higher than predicted. The exit flow from the duct
system will probably concern a jet flow (Schiereck, 2019). A jet is a barely widening (i.e., hardly
decelerating) flow. A jet results from an abrupt increase in flow area. As a reaction, a (re)movable
wire mesh cylinder is added to the design of the sand trap (figure 25). This wire mesh can be
positioned in the path of the jet in order to break it. Breaking this jet ensures that the flow
approaches the estimated cross-sectionally averaged exit velocities faster. In turn, ensuring the
sand tightness of the sand trap (§2.3.4). Collecting the trapped sand can be done by means of a
sand trap tray (K in figure 11). This tray is simply the bottom of the sand trap, which is manually
removable through ropes.
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2.2.1.7 Gauging the wind speed

The wind gauging system senses the wind speed inside the erosion zone (L in figure 11).
Quantifying the wind speed is logically important as the erosion process is wind driven. Yet, the
ability to measure velocity profiles may also be of importance; for example, to assess flow
development (§2.2.1.4). As described in the project outline (§2.1), wind speeds will be measured
with pitot tubes in a digital setup. The three main components of the wind gauging system are
shown in figure 27. The main components involve a differential pitot tube, a differential pressure
sensor and a microcontroller. On top, the pitot tubes are fixed in removable and height-adjustable
holders (figure 26). These holders are 3D-printed and have an aerodynamic shape in flow direction.
The holders are in turn attached in removable hatches in the roof of the erosion zone (§2.2.1.5).

- ‘;" - -
‘ - '
i

v

Figure 26 — The removable and height-adjustable pitot tube holders in the removable erosion zone hatches
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Figure 27 - The main components of the wind gauging system
Partly taken from (Hrisko, 2019)

The pitot tube (A in figure 27) measures differential pressure. This pressure differential is measured
between the stagnation- and static port of the pitot tube (NASA, 2023). To clarify, both ports sense
the static air pressure, while the stagnation port also senses the dynamic air pressure (i.e., including
the wind speed). The measured differential pressure (Ap [N/m?]) is used to estimate the air speed
(uq [m/s]) using the pitot tube formula (Cengel & Cimbala, 2014); as shown in equation 18. The
pitot tube formula additionally includes the density of air (p, [kg/m3]). The pitot tube formula can
be derived from Bernoulli’s principle (Chassagne & Van den Bremer, 2021); the derivation is shown
in appendix B.3.3. Using Bernoulli is allowed as the flow is incompressible (appendix B.2); and
steady for a particular fan setting. On top, energy losses (e.g., friction) between the two ports can
be neglected, as the associated distances are relatively short.

2Ap
18) Uy =
¢ / Pa
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The differential pressure sensor (B in figure 27) converts the received differential pressure into
voltage output. The used MPXV7002DP pressure sensor is piezoresistive (NXP, 2021). Such a
sensor includes conductive and stretchy material (Avnet, N.d.). Consequently, the electrical
resistance is varied according to the pressure applied. This change of electrical resistance can be
sensed and converted into voltage output; according to Ohms law. Ohms law describes the relation
between voltage, current and resistance within an electrical system (Fitzgerald & Shiloh, 2015).
The used sensor is calibrated by the manufacturer (NXP, 2021). The relation between the
differential pressure (Ap [N/m?]) and the voltage output (V,,. [V]) is shown in figure 28 and
equation 19 (i.e., without error range).
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Figure 28 — Transfer relation between the differential pressure and voltage output used by the sensor (MPXV7002DP)
(NXP, 2021)
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The microcontroller (C in figure 27) digitizes the received voltages. The used microcontroller
concerns an Arduino Mega 2560 Rev3 that operates at 5 [V] (Arduino SRL, 2024). The voltage
output of the pressure sensor is received as input in one of the analogue-input pins. A
microcontroller cannot understand this continuous input signal. The input signal is thus discretized
by an Analogue-to-Digital Converter (ADC). The used ADC has a resolution (n [b]) of 10-bits. The
output of the ADC is determined by a balance of ratios (Elektor, 2022); see equation 20. The first
ratio concerns the resolution of the ADC (ADC,.s [—]); to the system voltage (V; [V]) of the
microcontroller. This resolution is defined as the number of discreet values that the ADC is able to
represent (equation 21). The second ratio concerns the digital output of the ADC (ADC,,; [-]); to
the input voltage (V;,, [V]) that was received.

19) Vout = VS(

ADCres _ ADCoue

Vs Vi
21) ADCypg = 2"

20)

The air speed follows from back calculating the pressure differential; and applying the pitot tube
formula. The calculation is visualized in a block diagram (figure 29). The relation between the air
speed (u, [m/s]) and the other parameters (i.e., the ADC output (ADC,,; [—]), the voltage output
(Voue [V]) or the differential pressure (p [N/m?]) are visualized in figure 30. The graphs are
continued up until the design wind speed (i.e., 15 [m/s]). By combining equation 18, 15 and 20
into equation 22 the air speed can be estimated. Mind that the input voltage (V;, [V]) of the
microcontroller is equal to the output voltage (V,,; [V]) of the differential pressure sensor.
Additionally, a factor 1,000 [—] appears in equation 22, as the pressure sensor measures in kilo-
Pascals (i.e., [kPa] or [kN/m?]). The derivation is shown in §C.2.4.
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ADC,,; 1
22) _ 10,000 (ADCres B ?)
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Pa
AD-converter Pressure sensor Pitot tube

ADCout [-] PPl Vo [V] PP Ap[Pa] P>

Figure 29 — Schematical representation of estimating the air speed from the ADC output
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Figure 30 - The relationship between air speed and ADC output, voltage output or differential pressure

Active mitigation of zero deviations boosts accurate and robust wind speed measurements. Zero
deviations concern deviations from the baseline of a (pressure) sensor (MPS, N.d.). To clarify, non-
zero values are obtained; when measuring quantities that are zero (e.g., when measuring zero
differential pressure in wind still conditions). The zero deviations can be subdivided into a constant
zero offset and variable zero drift (SensorOne, N.d.). In elaboration, the constant offset can for
example be caused by (calibration) errors, used sensor-materials; or manufacturing tolerances.
This constant offset generally differs between sensors; even if they originate from the same batch.
Next, the variable drift can be caused by all kinds of (variable) interferences. Examples include
electromagnetic interferences, such as thermal-, shot- and flicker noise (Eastsensor, 2022);
mechanical interferences, such as stresses or vibrations (SensorsONE, N.d.); or environmental
interferences, such as humidity changes, dust particles or chemicals (Xidibei, 2023). Mitigating the
zero deviations involves three hardware-related aspects. Firstly, the sensors are mounted outside
the wind gauging box (figure 31 & figure 32); i.e., mitigating electrical interferences. Secondly, the
sensors are shielded by 3D-printed caps (figure 31 & figure 32); i.e., mitigating mechanical
interferences. Finally, couplers are added between the pressure sensors and the pitot tubes. These
couplers ensure that the sensors can be left untouched, when disconnecting them from the pitot
tubes (figure 32); i.e., mitigating mechanical interferences. Additional to the mentioned measures,
the pressure sensor is temperature compensated by the manufacturer (NXP, 2021); i.e., mitigating
environmental interferences. Next, zero deviations are also mitigated by a software-related aspect.
To clarify, the actual measurements are preceded by zero-measurements. As explained, non-zero
values are obtained when measuring quantities that is zero. The mean of multiple readings will be
used to correct the actual measurements. The zero-measurements are triggered every experiment,
as the zero drift has a variable nature.
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Couplers

i&;

Figure 31 - The electrical hardware is secured in a splash-  Figure 32 - The pressure sensors are shielded by 3D printed
proof and shakeable box caps; and the PV C-tubing is connected through couplers

The wind gauging system is completed by some additional hardware. The other parts concern a
Secure Digital (SD) module, a Liquid Crystal Display (LCD) module and Real Time Clock (RTC)
module. These parts are respectively used for datalogging, data visualization and timekeeping. The
mentioned parts are shown in figure 33, figure 34 and figure 35. The entire system can be operated
through a set of toggle switches. The hardware is secured in the already mentioned shakeable and
splash-proof box (figure 31); by 3D-printed holders. Yet, if for some reason hardware breaks down,
the components are easily replaceable. The connections between the components namely concern
removable jumper wires (figure 31). On top, replacements are financially rather cheap (i.e., see
the references below figure 33, figure 34 and figure 35).

Figure 33 - SD module Figure 34 - LCD module Figure 35 - RTC module
(AZ-Delivery, N.d.) (AZ-Delivery, N.d.) (AZ-Delivery, N.d.)

The sampling frequency of the wind gauging system is determined from the software. In
elaboration, the hardware is controlled by a program full of code, that is written in the Arduino IDE
software (Arduino SRL, N.d.). The ‘millis’ command (equation 23) is used to record the time (t [ms])
that has passed, relative to when the microcontroller started running the program (Arduino SRL,
2023). Mind that equation 23 records the time in milliseconds. A period (T [ms]) is thus obtained
after subtracting two recorded times (equation 24). The sampling frequency (f [Hz]) is obtained
from this period (equation 25). The analysis is shown in appendix I.1.

23) t = millis( )
24) T = tz - tl
1,000
2\'&) = —_—
5 f T

The Arduino sketch that is used to operate all hardware is added in appendix C.2. On top, the
wiring schemes and the programming logic are added as well. The programming logic is important,
as it shows that the wind gauging system can be configured into three modes. In elaboration, one
mode determines, visualizes and logs the wind speed; as well as the raw data (i.e., the ADC output).
Another mode does exactly the same, without datalogging. And the final mode can be seen as a
pause-mode; in which virtually nothing happens, except for time-visualization.

24

5 .
UDelft &y

Mobi-Gust 2




Part II
Proof Of Concept (POC): methodology

2.2.1.8 Supplying power

Yet, without a supply of power there is not wind flow (measurement). The fan and wind gauging
system are powered by a LiFePO, battery (Victron Energy, N.d.). These type of batteries produces
a relatively stable voltage while discharging (Shepard, 2021). Next, these batteries are relatively
durable if used and maintained correctly (Kassaeian, 2023); even in harsh environments. In
elaboration, the longevity of the power supply can be increased by managing the (dis)charging
process; which includes using a suitable charger. Next, LiFePO, batteries are safer than other
lithium-based chemistries (Relion, N.d.). The discharge duration (At, [h]) of this power supply,
depends on the power demand (P, [W]) of Mobi-Gust 2; and the power capacity (P. [Wh]) of the
battery itself. The discharging duration can be roughly estimated by using equation 26. The
mentioned calculation, plus extra information on the used battery, can be found in appendix C.3.

26) At Fe
o) 4=
Py
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2.2.2 The performance of Mobi-Gust 2

The second part of the methodology involves checking the performance of Mobi-Gust 2. The design
of Mobi-Gust 2 greatly determines its performance. Yet, correct instalment matters as well. The
instalment of Mobi-Gust 2 includes mounting the mobile wind tunnel system; and configuring the
wind gauging system. Appendix G.3 shows elaborate manuals how to properly set Mobi-Gust 2.
Verifying the performance of Mobi-Gust 2 involves seven tests: §2.2.2.1 explores the durability of
the power supply; §2.2.2.2 investigates the properties of the wind (gauging system); §2.2.2.3
explores the saltation hopper drainage; §2.2.2.4 considers the sand tightness of Mobi-Gust 2;
§2.2.2.5 investigates the modular design, in relation to the achievable wind speeds; §2.2.2.6
considers flow development; and §2.2.2.7 investigates the in-situ erosion performance of Mobi-
Gust 2. The experiments are mostly conducted in the Hydraulic Engineering laboratory of Delft
University of Technology. However, the last test (§2.2.2.7) involves a field expedition that will visit
the Sand Engine (appendix A). Safety is paramount at the Delft University of Technology. Making
use of the laboratory is inherently linked to a dedicated safety plan. The same holds for conducting
field work; also, that activity involved a dedicated safety plan.

2.2.2.1 Testing the robustness of the power supply

In-situ experiments using a portable power supply requires knowing the operational window. This
operational window does not only rely on the power supply itself. Other electrical systems (i.e., the
fan and the wind gauging system) of course matter as well. To test the theoretical discharge
duration (§2.2.1.8) will be verified to through a test. To this end, the experimental discharge
duration is introduced. This experimental discharge duration concerns the period between fully
charging and fully draining the power supply. On top, wind speeds will be measured to reveal
practical window of Mobi-Gust 2. As explained (§2.2.1.8), a LiFePO, battery is rather stable. Yet,
at the operational edges of the power supply (i.e., when the battery is almost fully charged or
drained) electrical systems can be affected by the battery (Vatrer, N.d.).

The test involves three main tasks. Firstly, the battery is fully charged (figure 36). Secondly,
the fan and wind gauging system are switched on. Thirdly, Mobi-Gust 2 is kept operational, until
the power supply runs out. During the test, the fan is supplied with maximum power; i.e., the test
provides a lower limit for the experimental discharge duration. On top, the pitot tube is positioned
along the centreline of the duct (appendix E); i.e., measuring maximum velocities, as friction along
the centreline of the duct is at its minimum (Cengel & Cimbala, 2014).

The analysis is rather straightforward. The discharging duration will reveal itself by keeping
track of time (figure 37). On top, the wind speed is measured. The gathered data validates the
recorded duration; and shows the explained practical window of Mobi-Gust 2.

Figure 36 — A prepared (charged) LiFePO, battery Figure 37 — The most nearby clock in the HE laboratory

It is stressed that this experiment should not be reconducted too often. Fully (dis)charging a
LiFeP0O, battery can be harmful to its performance and longevity (Himax Electronics, 2024).
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2.2.2.2 Exploring the wind (gauging system) properties

Quantifying aeolian erosion requires knowing the governing wind (gauging system) properties. The
dataset from the previous experiment (§2.2.2.1) is re-used for this analysis. The dataset will be
analysed in two steps. First of all, the entire dataset is analysed. This first step thus provides
information across a full discharging cycle. Second of all, specific time intervals are isolated from
this full dataset. In this case, data will be isolated around the start, middle and end of the dataset.
The second step thus provides specific information related to the state of the power supply (i.e.,
nearly charged, half-drained and nearly drained).

The data is analysed through basic statistics. To this end, means and standard deviations
will be determined; see equation 27 and 28 (Dekking et al., 2005). The mean (u, [m/s]) involves
summing all air speed observations (u; [m/s]); and dividing it by the number of observations
(N [-]). In turn, the standard deviation (g, [m/s]) considers the deviations from the calculated
mean (u; — u, [m/s]). In elaboration, the mentioned differences are squared and averaged; and
then the square root of the result is taken. From a statistical point of view, it is noted that the
isolated datasets are samples of the population (i.e., the entire dataset).

N

27) _zi=1ti
I’lu N
28) 0. = Z?’=1(ui - #u)z
v N

Next, these general statistics are used to compute signal-to-noise ratios. The mentioned signal-to-
noise ratio (RNS,, [—]) is approached by equation 29 (NIST, 2019). If the ratio is above one, signals
prevail over noise (and vice versa). In other words, the information to be measured, exceeds
random variations around this information (Smith, 1999).

29) SNR, = &

u

Next, the relative turbulence intensity is determined. This dimensionless ratio provides information
on the strength of fluctuations (Schiereck, 2019); see equation 30. The relative turbulence intensity

(r, [-]) considers the square root of the averaged and squared velocity fluctuations (\/? [m/s]);
and compares it to the mean velocity (@ [m/s]). This intensity cannot be determined from averaging
the fluctuations themselves; as the these are zero by definition. The relative turbulence intensity
makes use of the Reynolds decomposition (Uijttewaal, 2022); see equation 31. To clarify, an
arbitrary and varying (longitudinal) velocity (u [m/s]); can be seen as the sum of a mean velocity
(u [m/s]) and a velocity fluctuation (v’ [m/s]) around this mean.

2
o} ul
30) =

u
31) u=u+u

The theoretical sampling frequency (§2.2.1.7) will be verified as well. This last step simply involves
measured wind speed data; and counting the number of datapoints in a single second.

2.2.2.3 Testing the drainage rate of the saltation hopper

Testing the discharge rate of the saltation hopper is important for multiple reasons. Roughly
knowing the discharge rate is valuable in view of usability. This rate can be used to estimate the
amount of sand required in a single test; or it reveals the available time (i.e., for other activities)
between filling and draining the hopper. Knowing the discharge rate is logically also important for
other project criteria (i.e., reliability and controllability).
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The experiment is broken down in some basic tasks. A quantity of sand will be weighted;
and added in the saltation hopper. In this case, sand samples of approximately 1 [kg] will be used.
Next, the duration is recorded between filling and draining the hopper. The discharge rate is then
determined from a basic ratio between mass and time. In elaboration, the discharging rate
(us [kg/s]), follows from dividing the added sand mass (mg [kg]) by the elapsed drainage time
(ts [s]); see equation 32.

mS
32) Uy = —
ts

The discharging rate depends on the size (and shape) distribution of the used sand sample. After
all, the larger the sand grain the less easy it fits through a certain gap size (and vice versa). The
used sand is collected from the Sand Engine as shown in figure 38. The Grain Size Distribution
(GSD) of this sand is shown in figure 39. Mind that this sand differs from the glued sand in the

transition zone (§2.2.1.4).
100
1 — @D f
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Figure 38 - Retrieving sand from the Sand Engine Figure 39 - The GSD of the retrieved sand

Opening [mm]

Logically also the gap size of the saltation hopper determines the drainage rate. Mobi-Gust 2 has
lids of different gap sizes (§2.2.1.5). Every gap size will thus have another drainage rate, for the
same granular material. Table 3 shows the different gap sizes that were 3D-printed. These gap
sizes were determined using a calliper (appendix E.1.3).

Table 3 - The different lids that were tested in the saltation hopper drainage test
Ld[-] | 1 | 2 | 3 | 4 | s
Size [mm] | 0.97 | 1.01 | 1.52 | 2.03 | 3.01

2.2.2.4 Investigating the sand tightness of Mobi-Gust 2

Measuring aeolian erosion requires checking the sand tightness of Mobi-Gust 2. After all, the
measured erosion flux will be off, when Mob-Gust 2 leaks sand. Two additional measures are
required to make Mobi-Gust 2 sand-tight. The first mitigation involves gap taping (figure 40 &
figure 41) at three distinct locations. The first location concerns the hatches of the erosion zone
(i.e., where the pitot tubes are mounted). The second location concerns the transition between the
erosion zone and the sand trap. The last location concerns the edges of the sand tray within the
sand trap. The mentioned locations were identified from experience. The second sand loss
mitigation measure involves using the wire mesh cylinder (figure 41). This repositionable wire mesh
breaks the sand-laden jet flow that exits the erosion zone (§2.2.1.6).
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B

Figure 40 — Gap taping Figure 41 - Gap taping and wire mesh positioning

o

The experiment will be conducted by straightforwardly using the saltation hopper. Before injecting
the sand, it is weighted. The weighted sand is then inserted into Mobi-Gust 2; while the fan
operates at maximum power. Next, the saltation hopper must be fully drained, before emptying
the sand trap. The collected sand is then weighted again. The lost sand mass (m; [kg]) is estimated
as the difference between the added sand mass (m, [kg]) and the collected sand mass (m, [kg]).
The approach is summarized in equation 33.

33) m; =mg —mg

The sand tightness is assessed in relation to the extra measures. In clarification, the experiments
will be conducted with and without gap taping. Also, the test will be conducted with and without
wire mesh cylinder. The test is thus involving a total of four configurations; see table 4. The test is
conducted with sand samples of 10 [kg] and using lid 4 (§2.2.2.3).

Table 4 - Configurations of the sand loss test

Configuraton |1 |2 |3 |4

Gap taping — |- x| x
Wire mesh cylinder | — | x | — | x

Mounting Mobi-Gust 2 on a solid surface presents some problems. The erosion zone namely has
elongated walls (§2.2.1.6). In turn, the bottom of the transition- and the erosion zone are not
levelled on hard surfaces. To this end, a plank is fitted within the erosion zone (figure 42 & figure
43). Sand is wood-glued on this plank to mimic field conditions. The same sand was glued on the
plank as on the bottom plate of the transition zone (§2.2.1.5); i.e., the roughness matches. Next,
the edges of the plank are taped to the erosion zone walls. To clarify, this is done to mimic field
conditions; as the erosion zone walls are normally driven into the sand. In elaboration, that means
that sand and air cannot leak through the sides (i.e., excluding undermining). The adverse effect
of the taping concerns that the air flow around the edges is less representative for field conditions.
Yet, this situation is accepted as the interest is directed towards sand losses.

Figure 43 - A view from the sand trap into the erosion zone
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2.2.2.5 Exploring the wind speed in the modular design of Mobi-Gust 2

Next, the achievable wind speeds within Mobi-Gust 2 are explored. The achievable wind speed
depends on the resistance (e.g., friction) of the system (Chassagne & Van den Bremer, 2021).
Simultaneously, Mobi-Gust 2 has a modular design (§2.2.1.1). Consequently, the in- or exclusion
of parts causes different achievable wind speeds. Mobi-Gust 2 specifically has parts that condition
the air flow (§2.2.1.4). It is insightful to learn the ‘costs’ of these parts in terms of wind speed.
Knowing this information also shapes the vision towards expanding Mobi-Gust 2 in the future.

The experiment involves three main tasks. Firstly, the components of Mobi-Gust 2 are
systematically in- or excluded (table 5). Secondly, Mobi-Gust 2 is switched on; which means that
the fan and wind gauging system are both in use. The fan is supplied with maximum power in each
test; so that wind conditions are comparable. On top, the pitot tube is mounted along the centreline
of the duct (appendix E); i.e., sensing maximum velocities, as friction is minimum along the
centreline of the duct (Cengel & Cimbala, 2014). Lastly, Mobi-Gust 2 is kept operational for some
period of time. The obtained wind speed data of various tests are compared afterwards.

The combinations that are tested are shown in table 5. The table does not include the fan
(§2.2.1.2), the contractions (§2.2.1.3), the erosion zone (§2.2.1.5) and the sand trap (§2.2.1.6).
The mentioned components are namely the bare minimum to have a functioning Mobi-Gust 2. In
elaboration, Mobi-Gust 2 is a fan-powered, venturi-style wind tunnel, that generates and measures
aeolian erosion. This bare minimum also approaches to the configuration of the prototype (i.e.,
Mobi-Gust 1). This comparison disregards differences in shape and size (figure 44 & figure 45). To
close off, test 10, 11 and 12 concerns the upwind (x,), centred (x.) or downwind (x,) placement
of the wire mesh cylinder within the sand trap.

Table 5 — The configurations (rows) and the components in use (columns)

Configuration 1/2/3/4/5]6[7[8]9]10 11]12]13
Intake shield walls X

Honeycomb screen x|x|x|x x| x| x| x| x
Upwind transition duct x| x x| x x| x | x| x| x
Downwind transition duct | x X x| x|x| x| x| x| x
Wire mesh cylinder Xg | Xo | %y | X
Saltation test x

Figure 44 — A minimally equipped Mobi-Gust 2 st1on a field expedition

2.2.2.6 Investigating the flow development within Mobi-Gust 2

Besides pure speed, velocity distributions are important as well. As explained, Mobi-Gust 2 does
not fully accommodate flow development (§2.2.1.4). Consequently, this test tries to find how far
flow development actually reaches. The approach consists of measuring velocity distributions. As
explained, a developing flow is associated with a developing logarithmic velocity profile (§2.2.1.4).
For convenience, equation 34 repeats this logarithmic velocity profile (Uijttewaal, 2022).
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Obtaining velocity profiles requires some physical actions. Analogous to equation 34 the velocity
profiles will be measured along the vertical (table 6). The pitot tubes are namely solely adjustable
in that direction (§2.2.1.7). The profiles will be measured between the centreline and bottom of
the duct. This lower region is namely important, because of the erosion process. Adjusting the
position of the pitot tubes involves using a calliper and mini levels. The calliper allows changing the
elevation of the pitot tubes within Mobi-Gust 2 from outside (figure 46). The mini-levels help
positioning the pitot tubes parallel to the flow (figure 47). The methods are explained in appendix
E. The earlier mentioned plank with glued sand (§2.2.2.4) was again used to match the roughness
of the transition zone (figure 48). Before positioning the pitot tube to the following desired vertical
position, it is shortly manoeuvred towards the roof of the duct. This manoeuvre will create spikes
in the measured velocity data. The measurements namely focus below the centreline.
Consequently, the pitot tube crosses the centreline of the duct, until it reaches the roof (i.e.,
passing maximum and minimum velocities respectively). These spikes become visible by averaging
the raw measured velocity data. These spikes help identifying the different periods over which the
actual averaging will take place. Recognizing periods namely gets harder while moving away from
the walls, as velocity gradients become more subtle. The fan will be configured into maximum
power, to provide similar wind conditions throughout the test. It is noted that the power supply
will not be recharged in between measuring a full velocity profile.

Table 6 - Elevations measured; all values are in [mm]
Zc Z1 | Z Z3 Zy Zg Ze Z7 Zg Z9g Z10_| Z11

75.0|5.0]75]10.0 125 15.0| 175 | 20.0 | 25.0 | 30.0 | 35.0 | 50.0

’\.‘

Figure 46 - Using a calliper to t.YdleSl‘ Figure 47 - Using a mini-level to Figure 48 - A view of the
the elevation of the pitot tube place the pitot tube parallel to the flow measurement setup

The obtained data must be processed. Figure 49 (next page) summarizes the approach. The upper
panel in figure 49 shows raw velocity data. The first elevation (z. [mm]), i.e., before the strong
variability starts, lies along the vertical centreline of the duct (table 6). This initial measurement
showed whether the flow was steady or not. The actual measurement then continued near the
bottom; and progressed upward. The middle panel in figure 49 shows a one-second moving
average of the same data, so that the explained spikes appear. Consequently, periods are more
easily isolated and averaged per elevation. The averaging will take place over one-minute periods.
The lower left panels in figure 49 show how the logarithmic fits are obtained. The fitting requires
three basic steps. Firstly, the elevations and velocities are plotted on a semi-log scale (lower left
panel in figure 49). Secondly, the logarithmic velocity profile (equation 34) is transformed using
elementary logarithmic operations (equation 35). The transformed logarithmic profile is linear on
the mentioned semi-log scale. Finally, linear regression is used to fit the data. The fitting
parameters (A [m/s] & B [m?/s]) are shown in equation 36 and 37. These fitting parameters directly
follow from the mentioned transformations. These fitting parameters are used to calculate the
earlier mentioned flow properties (§2.2.1.4). Overall, the results are plotted on a normal linear
scale (lower right panel in figure 49). After doing so, the logarithmic profiles appear (if applicable).
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Figure 49 - The followed approach to measure velocity profiles within Mobi-Gust 2

The fitting parameters are used to estimate the bed shear stress. The bed shear stress (z;, [N/m?])
follows from the friction velocity (u, [m/s]) and the air density (p, [kg/m3]); see equation 38
(Schiereck, 2019). The pitot tube can be mounted at the up- and downwind end of the erosion
zone. Consequently, changes in the bed shear stress can be assessed along this stretch. This is
shown in figure 50; which for convenience simplifies the bed and the development of the flow.

38) Tp = pa(u’)?

u(z) Symmetry axis u(z)
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Figure 50 - Side view: measuring velocity profiles at two longitudinal locations
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To close off, the Root Mean Squared Error (RMSE [m/s]) is determined; equation 39 (Barnston,
1992). This parameter is sued to check the resemblance of a fit to the measured data; and
considers the squared distance between the measured- (u; [m/s]) and the fitted (&i; [m/s])
velocities. The result averaged over the amount of datapoints (N [—]); and the square root is taken.

Zév=1(ui - ﬁi)z
N

39)
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2.2.2.7 Exploring the erosion performance of Mobi-Gust 2

The last experiment is probably the most important. The test namely uses Mobi-Gust 2 to check
whether it is able to generate erosion in-situ. To this end, Mobi-Gust 2 is taken to the same location
where the applied research will take place; i.e., the Sand Engine (appendix A). Additionally, the
mobility of Mobi-Gust 2 is put to the test; as well as the (dis)mounting process. Mobi-Gust 2 is
designed to fit in a relatively normal car (appendix G.2.1.2.1); still, that has to be tested. Next, a
box wagon is converted so that Mobi-Gust 2 can be transported by foot (appendix G.2.1.2.2). The
box wagon was converted for two reasons. Firstly, an available 4x4 vehicle requires supervision to
be used. Yet, the staff of the Hydraulic Engineering laboratory of Delft University of Technology
endure a relatively busy period. Secondly, the weather is very unpredictable; as it is wintertime in
The Netherlands. Overall, in order to plan spontaneous field expeditions, the box wagon was
converted to allow independent expeditions. This box wagon namely allows using private
transportation, making the mentioned assistance obsolete. As mentioned before, conducting
fieldwork is inherently linked to a dedicated safety plan. While assistance is not strictly required,
field expeditions cannot be performed solo because of safety.
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2.3 Analysing the performance of Mobi-Gust 2

This section regards the results and analysis of this Proof of Concept (POC). A large share of the
results is occupied by the realisation of Mobi-Gust 2 itself (figure 51 & figure 52). As explained,
Mobi-Gust 2 consists of a mobile wind tunnel system and a wind gauging system. The performance
of Mobi-Gust 2 is largely determined by its design (§2.2.1) and its instalment (appendix G.3). Mobi-
Gust 2's performance is checked through a series of experiments (§2.2.2). The experiments are
subdivided in seven main tests: §2.3.1 explored the durability of the power supply; §2.3.2 studied
the wind (gauging system) and its properties; §2.3.3 explored the drainage rate of the saltation
hopper; §2.3.4 tested Mobi-Gust 2's sand tightness; §2.3.5 studied the achievable wind speeds
within Mobi-Gust 2, in relation its modular design; §2.3.6 tested the flow development within Mobi-
Gust 2; and §2.3.7 explored Mobi-Gust 2's in-situ erosion performance. These experiments are
primarily conducted in the Hydraulic Engineering laboratory of Delft University of Technology. Yet,
the last experiment involved a field expedition that visited the Sand Engine (appendix A).

Figure 51 - Constructing the mobile wind tunnel system

2.3.1 Evaluating the robustness of the power supply

This test considered the robustness of the power supply. Next to the power supply, other electrical
systems are involved as well (i.e., the fan and the wind gauging system). The theoretical discharge
duration (§2.2.1.8) is tested, as described in the approach (§2.2.2.1). The test was reconducted
once, due to a compromised power supply. The problem concerned loose connections between the
power supply and Mobi-Gust 2's electrical systems. The faulty result is also included, as it matters
for the main research (part 3; §3.4). The duration of both tests sightly varied, as the initial test
lasted 139 [min] and 29 [s]; while the follow-up test lasted 135 [min] and 55 [s]. The gathered raw
wind speed data is visible in figure 53, as well as their moving averages (i.e., abbreviated to MA).
The moving averages are determined over one-second intervals. The wind speed data is also visible
in appendix 1.2.1 (i.e., raw and processed).

— u1 (p£0=9.231048) [m/s]
41 I — uz (p£0=938%0.64) [m/s]

U1, ma (1 £ 0=9.23+0.29) [m/s]
uz,ma (1 £0=936+0.32) [m/s]

N > N N ® & & &
Time

t [min]

Figure 53 — The wind speed data (non-trimmed) used to assess the durability of the power supply
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2.3.2 Exploring the wind (gauging system) properties

The second test considers the properties of the wind (gauging system). The test is conducted
according to the described methodology (§2.2.2.2). As explained, this involves re-using the data
from the previous experiment (§2.3.1). One of these experiments was faulty; and the valid one
was of course used in this analysis. The isolated periods are visible in figure 54. Next, table 7 shows
the calculated statistics (§2.2.2.2). These statistics were determined for the raw data, as well as
the moving averages (i.e., abbreviated to MA). The moving averages are again determined for
one-second periods. Unfortunately, the system revealed a variable sampling frequency. The
number of measurements at the start, middle and end of the dataset respectively are 2,615 [—],
1,915 [—] and 1,547 [—]. Consequently, the mean sampling frequency at the start, middle and end
of the dataset respectively concern 43.58 [Hz], 31.92 [Hz] and 25.78 [Hz] (i.e., rounded to two
decimals). The wind speed data is also visible in appendix 1.2.1 (i.e., raw and processed).

Table 7 - Wind gauging characteristics (SNR = Signal to Noise)

Statistics | py, [m/s] | oy [m/s]  SNRy, [=1 | 7, [=] | Guma [m/s] | SNRyma [=] | Tyma [-]
Full dataset 9.40 0.59 15.93 0.062 0.20 47.00 0.021
Begin isolated 9.90 0.60 16.50 0.060 0.17 58.24 0.017
Middle isolated 9.41 0.57 16.51 0.060 0.16 58.81 0.017
End isolated 8.80 0.52 16.92 0.059 0.15 58.67 0.017

Original dataset

Wind speed
u [m/s]
® o S
i

Time
t [min]

Middle End

=
=R

Wind speed
u[m/s]
15

® ©

N N N N N N N N
Time Time Time
t [min] t [min] t [min]

%

Figure 54 - The wind speed data used to find the properties of the wind gauging system;
The upper panel shows the original data (timed and averaged), originating from the second test in figure 53;
The upper panel additionally shows where the subsets are originating from (i.e., begin, middle and end)

2.3.3 Evaluating the drainage rate of the saltation hopper

The third test regarded the drainage rate of the saltation hopper. The test was conducted by
following the instructions from the methodology (§2.2.2.4). A small repetition includes the
following. A known mass of sand was added in the saltation hopper. After filling, the time was
recorded until the hopper fully drained (figure 55). The recorded mass and time were used to
establish discharge rates per gap size.
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Figure 55 - Recording the drainage period of the saltation hopper

Table 8 shows the results of the test. Some of the lids clogged; and the tests were thus reconducted
a couple of times (i.e., to rule out mistakes in the approach).

Table 8 — Saltation hopper calibration for Sand Engine sand

Lid [—] 1 2 3 4 5
Size [mm 0.97 1.01 1.52 2.03 | 3.01
Test one mg [g] | Clogged | Clogged | 1,008 | 1,001 | 1,005
ts [s] | Clogged | Clogged | 123.25 | 41.56 | 17.65
Test two mg [g] | Clogged | Clogged | 997 | 1,010 | 1,009
ts [s] | Clogged | Clogged | 152.97 | 42.13 | 18.08
mg [g] | Clogged | Clogged | 998 | 1,001 | 1,006
VeHeilies ts [s] | Clogged | Clogged | 139.57 | 37.65 | 17.16
Mean rate Uy, [g/s] | Clogged | Clogged | 7.28 | 24.88 | 57.12
Standard deviation rate | o, [g/s] | Clogged | Clogged | 0.60 & 1.14 | 1.00

2.3.4 Investigating the sand tightness of Mobi-Gust 2

The fourth test considers the sand tightness of Mobi-Gust 2. The test is performed according to
the described approach (§2.2.2.4). Yet, a small recap includes the following. The saltation hopper
was used to discharge a known mass of sand into an operational Mobi-Gust 2. After the saltation
hopper fully drained, the sand trap was emptied. After weighing the collected sand, it was
compared to the added sand mass. The outcomes of the experiment are shown in table 9; which
also repeats the configuration of each test.

Table 9 — Outcomes of the sand tightness test

Gap taping

X

X

Wire mesh cylinder — x - x
| Configuration 1 | 2 | 3 4

Added sand mass [g] 10,047 | 10,031 | 10,040 | 10,032
Collected sand mass [g] 9,840 | 9,966 | 9,879 | 10,017

Lost sand mass [g] 207 65 161 15

Loss [%] 2.06 0.65 1.60 0.15
Loss compared to configuration one [%] | 0.00 | —68.60 | —22.22 | —92.75
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Figure 56 - Not using additional measures leads to sand losses;
Sand is able to climb out of the sand trap without using the wire mesh

Figure 57 - Additional sand losses were
spotted at transitions (this is from a few tests)

2.3.5 Exploring the wind speed in the modular design of Mobi-Gust 2

The fifth test explored the achievable wind speeds within the modular design of Mobi-Gust 2. The
methodology clarified the approach (§2.2.2.5). In short, the wind speeds within Mobi-Gust 2 were
measured; while systematically in- or excluding components. Table 10 repeats the configuration of
each test. As explained, the intake (i.e., the fan and contractions), the erosion zone and the sand
trap were used in all combinations. The wind speed data that belongs to table 10 is shown in figure
58 (next page). The shown wind speed data (figure 58) concerns moving averages over one-
second periods. The wind speed data is also added to appendix 1.2 (i.e., raw and processed).

Table 10 - The configurations (rows) and the components in use (columns) in the speed-component test
Configuration 1/2/34/5/6[7/8[9]10]11]12
Intake shield walls X
Honeycomb screen x| x| x|x x| x| x| x| x
Upwind transition duct x| x x| x x| x| x| x| x
Downwind transition duct | x x x|x|x| x| x| x| x
Wire mesh cylinder Xg | xc | %y | xc
Saltation test X

The tests in figure 58 (next page) are grouped. The grouping facilitates the readability and the
assessment. The first group (upper left panel) considers the in- or exclusion of transition ducts;
while including the honeycomb. The second group (upper centre panel) essentially does the same,
while excluding the honeycomb. The third group (upper right panel) considers the influence of the
intake shield walls. The fourth group (lower left panel) considers the influence of the wire mesh
cylinder position. The fifth group (lower centre panel) considers the influence of using the saltation
hopper. The sixth and final group (lower right panel) concerns the influence of battery drainage
throughout the experiment. In elaboration, the sixth group consists of the first experiment (1,)
that was reconducted at different instances. Reconducting the first experiment was done between
experiment 8 and 9 (i.e., 1,), between experiment 12 and 13 (i.e., 1.) and after experiment 13
(i.e., 14). The battery was not charged in the entire experiment. To finalize, the vertical bounds of
each panel in figure 58 are constant; which enables visual comparison between the panels.
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Figure 58 — Results of the speed-component test (grouped)

2.3.6 Investigating the flow development within Mobi-Gust 2

The sixth (and final laboratory) test explored the development of the flow within Mobi-Gust 2. The
approach was detailed in the methodology (§2.2.2.6). A short recap contains the following. Vertical
velocity profiles were measured, at the up- and downwind end of the erosion zone. Next,
logarithmic velocity profiles were fitted to the measured data. Having those fits enables computing
various flow parameters (table 11). The attained fits are compared to the measured data as well
(i.e., by the Root Mean Squared Error). The data in table 11 belongs to the fits shown in figure 59.
Two vertical profiles were measured per location (i.e., up- and downwind of the erosion zone). In
elaboration, showing the variability between the tests, e.g., checking the employed method. The
mean velocities in table 11 concern the vertically averaged velocities of the fitted profiles; between
the bottom and the centreline of the duct. The raw wind speed data that was used to construct
the velocity profiles are added to appendix I.2.

Table 11 - The fitting- and flow parameters originating from the fitting process

Mobi-Gust 2

Velocity | | .| 4 B RMSE wn u, Zo 7,
profile [m's~] | [m?s71] @ [m's™!] [m/s] [mls™1] [m] [Pa]
A Up 1.341 13.506 0.229 8.694 0.550 0.00004 0.0012
B Down 1.567 13.969 0.133 8.348 0.642 0.00013 0.0039
C Up 1.317 13.261 0.275 8.536 0.540 0.00004 0.0012
D Down 1.609 14.199 0.156 8.425 0.660 0.00015 0.0045
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Figure 59 — The measured and fitted vertical velocity profiles that belong to table 11
The logarithmic profiles are plotted between the bottom and centreline of the duct

2.3.7 Exploring the erosion performance of Mobi-Gust 2

Testing the in-situ performance of Mobi-Gust 2 caused mixed results. Mobi-Gust 2 easily fitted in
the Chrysler Voyager (i.e., an MOV-vehicle); and the box wagon performed as intended (figure
60). Mounting Mobi-Gust 2 lasted about 20 [min] (i.e., with a field crew of three persons); and
presented no problems. A mounted Mobi-Gust 2 is visible in figure 61. However, Mobi-Gust 2 was
not able to generate aeolian erosion in-situ. Mind that figure 61 shows the old saltation hopper.

Figure 61 — Mobi-Gust 2 deployed in a field expedition

Figure 60 - Transporting Mobi-Gust 2
with the modified box wagon

4 Detft
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2.4 Discussing the performance of Mobi-Gust 2

This section provides the discussion of this Proof of Concept (POC). Mobi-Gust 2's performance is
checked by a series of experiments (§2.2.2). The performance of Mobi-Gust 2 is largely determined
by its design (§2.2.1) and its instalment (appendix G.3). The experiments are subdivided in seven
main tests: §2.4.1 explored the durability of the power supply; §2.4.2 studied the properties of the
wind (gauging system); §2.4.3 explored the drainage rate of the saltation hopper; §2.4.4 tested
the sand tightness of Mobi-Gust 2; §2.4.5 studied the achievable wind speeds within a modular
Mobi-Gust 2; §2.4.6 tested the flow development within Mobi-Gust 2; and §2.4.7 explored Mobi-
the in-situ erosion performance of Mobi-Gust 2. These experiments are mostly conducted in the
Hydraulic Engineering laboratory of Delft University of Technology. Yet, the last experiment
involved a field expedition that visited the Sand Engine (appendix A).

2.4.1 Discussing the robustness of the power supply

This test regarded the robustness of the power supply. The approach (§2.2.2.1) provided the
results (§2.3.1) that are discussed in this section. Above all, the stability of the power supply seems
suitable for its purpose. LiFePO, batteries are known to exhibit minor voltage variations while
discharging (PowerTech Systems, sd). The stability of LiFePO, batteries is very different from other
chemistries (figure 63). On the one hand, the linear discharging of a lead-acid battery allows to
make simple estimates on the remaining lifetime (i.e., based on the remaining charge). Such
estimates are handy when measuring outdoors. Yet on the other hand, the stability of the LiFePO,
battery results in rather stable winds (figure 62). This stability is crucial for the controllability and
the reliability of Mobi-Gust 2. And after all, the durability test provides a total discharging duration;
so that timekeeping still allows estimating the remaining lifetime of the power supply. For
convenience, figure 62 repeats the moving averages of the performed tests (§2.3.1). The discharge
curve of the LiFeP0O, battery (figure 63) is directly visible in the timeseries (figure 62). While the
wind speeds are relatively stable some variability can be spotted. This variability primarily focusses
in the first and last 5 [min] of the timeseries. Outside these timespans variations are not very
striking. Overall, the power supply supports aeolian research that requires stability (part 3).

Wind speed
1 [m/s]

uy, Ma (P £0=9.23+£0.29) [m/s] — uz,ma (p£0=9.36+0.32) [m/s]

® S & ® & & S
Time
t [min]

Figure 62 — The trimmed and averaged wind speed data used to assess the durability of the power supply
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Figure 63 - Typical discharge g{ig(sﬁ)l some batteries Figure 64 - The tailored casing of the power supply
(Warren, 2016) ) )

Robustness, safety and mobility are generally safeguarded by this power supply. Safety (§2.3.1) is
logically important when measuring outdoors. In elaboration, this power supply can cope with
relatively harsh weather (Kassaeian, 2023). On top, the power supply is extra protected by a
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tailored casing (figure 64; previous page). This casing amongst others shields against (saline)
wetness. And as introduced, the power supply boosts the mobility of Mobi-Gust 2, as it is relatively
small and light. Experience showed that the power supply is easy to handle and transport (§2.3.7).

Yet the robustness and the safety can also be compromised in some cases. As mentioned
(§2.3.1), the durability test was reconducted once due to the malfunctioning of the power supply.
With assistance from the laboratory staff the problem was identified. The issue concerned loose
connections between the battery and other electrical components (figure 65). When these
connections loosen, a reduced contact surface causes less efficient power transfer and losses into
heat (Lokithor, 2022). The mentioned heat losses helped exposing the problem, as the battery
connections became (very) hot. Again (§2.2.1.8), while LiFePO, batteries are generally reliable and
safe (Himax, 2024); it is clear that this release of heat might pose safety hazards.

The loose connections were discovered after roughly 65 [min] in test one. After discovery,
the loose connections were immediately fastened. This fastening caused an immediate increase of
the wind speed (i.e., the blue line in figure 62). This increase in wind speed confirms a restored
power transmission between the power supply and the fan. In elaboration, the curve of the first
test (i.e., the blue line in figure 62) roughly collapses on the second one (i.e., the red line in figure
62) following the repair. Next, the compromised test (i.e., the blue line in figure 62) lasted slightly
longer (~5 [min]) than the other one (i.e., the red line in figure 62). This longer duration directly
follows from the less efficient power transfer.

Multiple reasons may have caused the power supply issues. A possible cause is the charging
process. Every time the battery is charged, clamps are fitted around the connections (figure 66).
So, the charging may affect the connections; especially when charging takes place frequently.
Next, transportation could also be the culprit. A driving car namely vibrates, which may have further
impacted the situation. Yet mitigating the problem is rather straightforward. The problem is
resolved by regularly checking the connections; and fastening them when necessary.

Figure 65 - The connections that may loosen Figure 66 - Charging the battery

The second test represents conditions without issues. This test lasted about 135 [min] (i.e., the
red line in figure 62). Mobi-Gust 2 thus stays operational for about 2 [h] and 15 [min]. This duration
is a lower bound, as the fan was provided with maximum power (§2.2.2.1). As said, stable winds
are observed after the first and before the last 5 [min] of the test. So, the power supply allows for
about 2 [h] of relatively stable measurements. This duration is (far) less than the theoretical
estimate of 180 [min] (appendix C.3). Amongst others, the difference is caused by neglecting
various electrical components. For example, the power cables of Mobi-Gust 2 are quite long and
thin. Besides having an effect on heat losses (Victron Energy, N.d.); the thinner and longer the
cables, the higher the electrical resistance (Chompff, 2021). The mentioned electrical resistance
(R [Q]) impacts other electrical properties, i.e., voltage (V [V]) and current (I [A]); that in turn
impacts power transmission (P [W]); equation 40 and 41 (Chapman Electric Supply, Inc., 2024).

40) V =1IR
41) P=VI
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2.4.2 Reviewing the wind (gauging system) properties

The next experiment considered the wind (gauging system) properties. As explained, the data of
the previous test was re-used for this analysis; and this data is relatively stable (§2.4.1). Wind
speeds on average reach about 9.4 [m/s] (i.e., the red line in figure 62). Yet, wind speeds can be
as high as 9.9 [mm/s] or as low as 8.8 [m/s] (lower right panel of figure 67) at the operational edges
of the power supply (i.e., when nearing fully charged, or fully drained conditions). It is stressed
that these wind speeds concern maximum values; as measurements took place along the centreline
of the duct (White, 2011). Vertically averaged velocities are logically lower than this maximum
velocity, as treated in the flow development section (§2.4.6).
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Figure 67 — The wind speed data used to find the properties of the wind gauging system;
The upper panel shows the original data (timed and averaged), originating from the second test in fiqure 62;
The upper panel additionally shows where the subsets are originating from (i.e., begin, middle and end)

The achieved wind speeds are (much) lower than the design wind speed (i.e., 15 [m/s]). The lower
wind speeds follow directly from the design approach (§2.2.1.3). In repetition, empirical data from
the prototype (i.e., Mobi-Gust 2) defined the cross-sectional area of Mobi-Gust 2. This approach
matched with the recommendations from that research (appendix C.1.3); yet it neglects the system
characteristics of Mobi-Gust 2 itself. In elaboration, the followed approach neglects the balance
between the (finite) pressure capacity of the fan; and the pressure losses throughout Mobi-Gust 2.
This balance can be accounted for by conducting a pipe flow analysis (appendix D). Such a method
unifies mass conservation and energy losses (Cengel & Cimbala, 2014).

Next, the wind gauging system measures signals over noise. The associated signal-to-noise
ratios double or triple after averaging (§2.3.2). It was expected that the system would measure
signals over noise; as interferences (e.g., electromagnetic, mechanical or environmental) were
actively mitigated during the design stage (§2.2.1.7). As explained, these interferences primarily
target the pressure sensor. Interference-mitigation for example involved sensor shielding and
regularly performing zero-measurements. Measuring signals over noise manifested itself in several
observations. As mentioned, the discharging curve of the power supply (figure 63) emerges from
the wind speed data (figure 62). Another large-scale motion that could be present is a spiralling
flow produced by the fan (De Wilde, 2020). Yet, this spiralling motion seems to be absent in the
gathered data (also see §2.4.5 and §2.4.6). Next, on the smaller scale the wind gauging system
seems to be effective as well. The non-averaged data in figure 67 (lower left panel) shows all kinds
of fluctuations. These fluctuations result from the mentioned interferences, the accuracy of the
pressure sensor (NXP, 2021), or turbulence (Uijttewaal, 2022). The measured fluctuations are on
average 0 [m/s]; which is by definition required (Schiereck, 2019). The fluctuations provide a
measured relative turbulence intensities of 6 [%], with respect to the centreline wind speed (§2.3.2
& appendix 1.2.1). This slightly increased relative turbulence intensity might result from the
mentioned interferences. The pressure sensors are namely shielded by 3D-printed caps. Yet a
conductive cap works even better against (electromagnetic) interferences (Eastsensor, 2022). For
example, a grounded metal box would be a very effective shield (Elektor, 2022). On top, the
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accuracy of the pressure sensor (NXP, 2021), as well as the less generic flow properties of an
underdeveloped flow, might have been influential as well. The development of the flow will be
further treated shortly (§2.4.6). Still, the observed relative turbulence intensities are also not very
striking. In elaboration, the relative turbulence intensities in uniform wall flow reach between 5-
10 [%] (Schiereck, 2019). In mixing layers or jets this value might even increase to 20-30 [%].
Mind, that the percentages in this case are defined with respect to the average centreline velocity.
Overall, Mobi-Gust 2 seems free of large distortions (e.g., the mentioned spiral flow). Lastly it is
noted that averaging the velocity results in lower relative turbulence intensity (i.e., about 2 [%]
with respect to the average centreline velocity; §2.3.2 & appendix [.2.1). This decrease follows
from averaging (turbulent) fluctuations.

The analysis also brought a variable sampling frequency to light. This variable sampling
frequency is visualized in the lower two panels of figure 67. The figure namely shows identical
data, having a duration of one minute each. As reported in the results (§2.3.2), the figure thus
actually shows a decreasing sampling frequency (i.€., fpegin > fmidaie > fena [Hz]). The cause is
not yet fully identified; but is most likely software-related (Isra, 2017). In elaboration, inefficient
datalogging (appendix C.2.2) seems to be the main suspect (Todd, 2016).

Another critical point involves the resolution of the wind gauging system. As explained
(§2.2.1.7), the wind speed is measured through a set of communicating hardware. A short recap
includes the following. The wind speed is estimated by means of the pitot tube formula (Cengel &
Cimbala, 2014). This formula requires the differential pressure; which is measured by a pitot tube.
In turn, the differential pressure is converted by a pressure sensor into an output voltage. Finally,
this voltage converted by a microcontroller into digital output. The associated relations (equation
18, 19 and 20; §2.2.1.7) can be combined into one relation, as repeated in equation 42, while
minding an incorporated factor of 1,000 (§2.2.1.7). The combined relation provides a direct link
between digital output (i.e., ADC,,; [-]) and wind speeds (i.e., u, [m/s]). The resolution of the
wind speed can be determined from this combined relation. The Analogue-to-Digital Converter
(ADC) namely has a resolution of 10-bits (Arduino SRL, 2024). In other words, the ADC can
represent 1,024 [—] discrete integer values. Using an implied step size of 1 [-] for the digital output,
enables determining the step size of the wind speed. Figure 68 shows the result. The mentioned
figure also includes the step size of the differential pressure and the voltage output. These step
sizes follow from the mentioned (adapted) relations. In the case of the used measurement setup,
the baseline of the ADC is 512 [-] (i.e., when measuring zero pressure differential). Moving just
one digital value away from this baseline causes a wind speed change of 2.82 [m/s] (figure 68).
Wind speed step sizes are however decreasing for increasing pressure differentials. To be clear,
measured values are not faulty, yet between 0-2.82 [m/s] there is simply no information.
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—— Wind speed: u = 0.06-2.82 [m/s]

Differential pressure: Ap = 4.88 [Pa]
—— Output voltage: V = 4.88 [mV]
— Digital number: ADC = 1.0 [-]
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Figure 68 — Resolution of the wind speed, differential pressure, output voltage and the Analogue-to-Digital Converter
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The coarseness of the resolution is caused by several main reasons. The pitot tube formula is
quadratic and steepest around the baseline (figure 68). For convenience, the pitot tube formula
(§2.2.1.7) is repeated in equation 43. Next, the resolution of the pressure sensor itself is rather
coarse. To clarify, the pressure range of the sensor is +2 [kPa] (NXP, 2021). Yet, the measured
differential pressures concern only about +62.25 [Pa] of this range. The calculated differential
pressure originates from applying the pitot tube formula (equation 43); and substituting a wind
speed representative for this research (e.g., 10 [m/s]); and an air density applicable to Standard
Temperature and Pressure (STP) conditions (i.e., 1.225 [kg/m3]; appendix B). Next, the resolution
of the ADC matters. As said, the ADC discretizes the mentioned pressure range into a finite number
of values. A higher ADC resolution thus implies smaller step sizes. Mind that the step sizes around
the baseline remain largest due to the pitot tube formula. All in all, the pressure range is too wide
and discretized too coarse, causing relatively large step sizes for small wind speeds (figure 68).

43) Pall

Next the accuracy of the wind gauging system is verified. The wind speed was verified using a
handheld anemometer (Amazon, N.d.); and the specifications of the device are added in appendix
F. Most importantly the anemometer has an error of about 5 [%] relative to the sensed values. The
anemometer senses wind speeds between 9.5-10.5 [m/s] (e.g., figure 69 and figure 70). The lowest
values from the anemometer thus approach the mean values from the wind gauging system (e.g.,
figure 62 or figure 67). Or, the mean values from the anemometer (e.g., 10 [m/s]) deviate about
5 [%] from the mean values from wind gauging system (e.g., figure 62 or figure 67). So, the wind
gauging system (just) falls within the accuracy range of the used handheld anemometer.

- S 1 “‘ 317;
Figure 69 - Using a handheld anemometer (1) Figure 70 - Using a handheld anemometer (2)

2.4.3 Discussing the drainage rate of the saltation hopper

Next, the drainage rate of the saltation hopper was considered. The methodology (§2.2.2.3)
provided the results (§2.3.3) that are reviewed in this section. In repetition, this basic test involved
filling the hopper with a known mass of sand. Next, the time was recorded until the hopper fully
drained. The recorded mass and time provided an estimate of the drainage rate.

Not all lids performed well, given the used granular material. Some lids clogged completely
(i.e., lid 1 and 2; §2.3.3). Yet, these lids are not useless; because if finer granular material is used,
these might still be functional. Next, Lid 3 (§2.3.3) partly clogged (figure 71), primarily due to
artefacts in the granular material (e.g., shell fragments). Next, lid 4 (§2.3.3) showcased the best
results, as it did not clog; and since lid 5 (§2.3.3) drained relatively fast. To clarify, lid 5 (§2.3.3)
drains 1 [kg] of sand in just 17.5 [s] (on average). Yet, in the end also lid 4 provided trouble. The
drainage rate of lid 4 (i.e., 24.88 [g/s]) amounts to roughly requiring 15 [kg] of sand in a test of
10 [min]. Yet, various tests showed that less sand was needed (e.g., §3.3.4). This observation
shows that also lid 4 occasionally jams; probably due to mentioned artifacts (figure 71).
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Figure 71 - Partial clogging of the saltation hopper Figure 72 - Temporary closing lid

Some final remarks can be made. It is noted that this saltation hopper calibration is not universal.
To clarify, the calibration is not valid when using sand that has another size- or shape distribution;
or if new lids with other gap sizes are printed. Strictly speaking, this calibration only holds for the
Sand Engine at the time the sand samples were taken. To clarify, the Sand Engine is
morphodynamically active (appendix A), so the size- and shape distribution its sand grains changes
over time. Next, this test and the next one showed that some residual mass remains on the lids
(see §2.3.3 for the picture). This residual mass is measured (appendix 1.3.5) and the experiments
were corrected for this discrepancy. The applied research (part 3) which involves the saltation
hopper will be corrected for this as well. On top, the same granular material will be used in these
tests, so that the calibration holds. As a final remark, it is noted that sand grains are ejected upward
when the saltation hopper almost fully drains; i.e., because of the air pressure within Mobi-Gust 2.
For the time being an acrylic plate was used to mitigate this (figure 72).

2.4.4 Revising the sand tightness of Mobi-Gust 2

This test considered the sand tightness of Mobi-Gust 2. The results (§2.3.4), which followed from
the approach (§2.2.2.4), are discussed in this section. Overall, the system is virtually sand tight
when all available mitigation measures are used. As explained, this involves gap taping and using
the wire mesh cylinder (§2.3.4). In repetition, the taping should be performed at the transition
between the erosion zone and the sand trap; as well as the hatches in the roof of the erosion zone;
and the inclined edges of the removable sand tray in the sand trap. On top, if the wire mesh
cylinder is used correctly, it does not affect the airflow within Mobi-Gust 2 (§2.3.5). When using all
these measures, only 0.15 [%] of 10 [kg] sand is lost. Most of this negligible loss is observed
beneath duct connections (§2.3.4). Mobi-Gust 2 was namely elevated during the experiments
(figure 73). Consequently, there is an empty space below the connections. Yet, when measuring
in-situ there will be a surface beneath these connections; likely mitigating the observed losses.
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Still, there is some concern about the mentioned connections. The flanges are namely fixed to the
ducts by sealant edges. Experience showed that these sealant edges fail quite easily. Some existing
voids might thus grow by using Mobi-Gust 2. While sand losses are negligible at the moment; this
might change in the (near) future.

Next, sand losses are only assessed by means of using the saltation hopper. This approach
is justified as it provides the limiting case. If sand is added through the saltation hopper, it needs
to cross the entire duct system. In other words, these sand grains encounter more transitions, with
respect to sand grains that would have been eroded in the erosion zone. Consequently, the sand
grains that are added in the saltation hopper has the largest opportunity to leave the system. So,
if sand losses are negligible in this test, they are surely negligible in a normal erosion test without
using the saltation hopper.

2.4.5 Reviewing the wind speed in the modular design of Mobi-Gust 2

Next, the achievable wind speed within a modular Mobi-Gust 2 was tested. The approach (§2.2.2.5)
provided the results (§2.3.5) that are discussed in this section. For convenience, the configuration
per test is repeated in table 12. The outcomes are reviewed per group; and these groups were
already clarified in the results section (§2.3.5). The graphs within this section show moving
averages that are determined over one-second intervals. The raw data and the associated
unaveraged variability can be seen in appendix 1.2.2.

Table 12 — The configurations (rows) and the components in use (columns) in the speed-component test

Configuration 112(3|4/5|/6|7(8|9]10|11 |12 |13

Intake shield walls x

Honeycomb screen x| x| x| x x| x | x| x| x
Upwind transition duct x| x x| x x| x| x| x| x
Downwind transition duct | x x x| x|x| x| x| x| x
Wire mesh cylinder Xq | xXc | %y | X
Saltation test x
" Group 1 " Group 2
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Figure 74 — The results for group 1 and 2 of the speed-component tests

Group one considers the influence of omitting (transition) ducts, while using the honeycomb. From
an energy-loss perspective, velocities should increase when excluding parts from the system. To
clarify, using fewer parts leads to a lower (frictional) resistance (White, 2011); and thus higher
wind speeds. Yet the opposite is observed when the measured centreline velocities are checked;
see the left panel of figure 74 (uy > u, g3 > u, [m/s]). The observations can be explained by
swapping the energy-loss perspective for a flow-development perspective. In clarification, just
downwind of the honeycomb the flow is nearly uniform; except around the centreline of the duct,
where (fan-) velocities are generally lower (Stevens, N.d.). From the honeycomb onward boundary
layers start to develop from all boundaries (§2.2.1.4). In other words, wall friction ensures that
velocities near the boundaries decrease (i.e., no-slip); while centreline velocities increase because
of mass conservation (Chassagne & Van den Bremer, 2021). As mentioned, the fan produces lower
centreline velocities, which increase by the explained aerodynamic effects. This further illustrates
the importance of the transition zone. When this developing process is unhindered, momentum
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transfer will finally ensure that a logarithmic velocity profile will appear (Uijttewaal, 2022). Overall,
omitting parts results in less (frictional) resistance and thus higher cross-sectionally averaged
velocities. Yet simultaneously, centreline velocities have increased less, as the flow is less
developed. Consequently, omitting parts may lead to lower centreline velocities, even though the
cross-sectionally averaged velocity has increased. And the pitot tube of course exactly measured
along the centreline of the duct; which explains the behaviour. Figure 75 illustrates the explanation
in a schematized way. The flow just downwind of the honeycomb screen was drawn completely
uniform to ease the schematisation. On top, the observations show that the honeycomb effectively
mitigates the spiral flow from the fan, as the component onsets flow development.

Open pen
Boundar Boundar

Figure 75 — Less parts means a higher cross-sectionally averaged velocity (energy-loss perspective);
Yet also centreline velocities are less increased (flow-development perspective)

The second group focussed on excluding (transition) ducts, without using the honeycomb. In
contrast to group one, measured centreline velocity increase if ducts are excluded from the system;
see the right panel of figure 74 (us > uggg > u; [m/s]). In this experiment, the energy-loss
perspective seems to be more important than the flow-development perspective. This is explained
by not using the honeycomb; i.e., hampering the onset of flow development. The lack of flow
development is visible in the more chaotic flow behaviour. The graphs in the right panel of figure
74 namely show much more variability. On top, the variability increases when omitting ducts; which
is logical as the pitot tube approaches the fan and its chaotic motions. Mind that the graphs in
figure 74 are just showing moving averages. Consequently, much of the variability is averaged out.
Yet, as explained appendix 1.2.2 contains the unaveraged wind speed data. The unaveraged data
shows much more chaos. Especially, when comparing in test setup 5-8 with test setup 1-4. Non-
averaged velocities even approach 0[m/s] occasionally. This chaotic behaviour hints at the
presence of larger flow structures (e.g., the spiral flow produced by the fan). These observations
support the claims about the honeycomb effectively mitigating the spiral motions from the fan.
This large-scale spiralling flow could also not be observed during smoke tests (figure 76). Yet, it
was hard to visually analyse the smoke-laden flow; as the smoke was advected relatively fast.
Using a high-speed camera would probably improve this. Other flow-visualizing techniques may
include Particle Tracking Velocimetry (PTV) or Particle Image Velocimetry (PIV) (Uijttewaal, 2022).
Yet Mobi-Gust 2 can also be digitized to simulate the flow.
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Figure 76 - Performing a smoke test (also notice the old saltation hopper)

The first two groups provided some valuable insights. As mentioned, group one and two suggest
the onset of flow development; i.e., an effective honeycomb and transition zone. At the same time,
the data of group two (i.e., where energy losses were dominant) suggest that extra ducts are not
that ‘expensive’ in terms of the achievable wind speed. Adding one transition duct decreases the
centreline wind speed by only 3-4 [%]; with respect to using no transition ducts at all. Adding two
transition ducts causes a total decrease of only about 7-8 [%]. These observations open up the
discussion to add extra transition ducts in order to accommodate flow development. It is however
stressed that the fan only has a limited pressure capacity. On top, it might be wise to not base the
decision on measured centreline velocities only, but also on cross-sectionally averaged velocities.
Yet now that Mobi-Gust 2 is already built, extra transition ducts can easily be added and tested.

Next, some layouts in the first two groups approached the geometry of prototype; i.e.,
Mobi-Gust 1 (figure 44 & figure 45; §2.2.2.5). As shown in the referenced figures, Mobi-Gust 1
included a contraction, an erosion zone and a sand trap. This configuration corresponds to Mobi-
Gust 2 in configuration 4 and 5 (table 12). Compared to the prototype, Mobi-Gust 2 has a longer
but more streamlined contraction. Next, both design iterations make use of a honeycomb screen.
On top, both mobile wind tunnels employed the exact same fan (appendix C.1.1). The sand trap
appears to differ the most, yet outflow losses primarily depend on the flow speed in the ducts
(Cengel & Cimbala, 2014). So, apart from the mentioned differences in shape and size both wind
tunnels are relatively comparable. Without using the honeycombs, Mobi-Gust 1 and 2 respectively
reach 10.8 [m!'s~1t] (De Wilde, 2020) and 10.7 [m's~1] (right panel of figure 74). The mentioned
values are indeed comparable. The wind speed variability within Mobi-Gust 1 is unknown, so that
it could not be compared to Mobi-Gust 2. Next, significant differences arise when the honeycombs
are in use. With the honeycombs in place, velocities within Mobi-Gust 1 and 2 respectively dropped
to 6.6 [m's™1] (De Wilde, 2020) and 9.1 [m's~1] (left panel of figure 74). Wind speeds thus
respectively decreased 4.2 [m's™] (I 38.9 [%]) and 1.6 [m's~*] (I 15.0 [%]). The observations
show that the honeycomb of Mobi-Gust 2 causes lower energy losses. This difference is explained
by the layout of the honeycomb screens. The honeycomb of Mobi-Gust 1 consisted of straws of
small diameters; cut to size by means of a saw (i.e., causing ragged edges). In contrast, the
honeycomb of Mobi-Gust 2 was tailored by means of a 3D-printer. Besides the larger holes, they
are also much smoother. The flow within Mobi-Gust 2 is thus obstructed less; which explains the
observed improvement. As a final remark, the honeycomb of Mobi-Gust 1 lowered the wind speed
to such an extent, that it was not used in the field measurements (Bangen & Dijkstra, 2020). Yet,
test setup 5 (right panel of figure 74; appendix 1.2.2) shows how chaotic (i.e., unreliable) the flow
must have been during these field tests.
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Figure 77 - The results for group 3, 4, 5 and 6 of the speed-component tests

The third group considered the influence of the removable intake shield walls. These walls might
affect the flow within Mobi-Gust 2; as it partly blocks the air supply from outside. This partial
blocking leads to a bended air supply from outside, which can have adverse effects on the flow
within Mobi-Gust 2 (Michigan Air Products, 2017). On top, circulation patterns may arise as the air
supply flows over these walls. These circulation patterns are analogues to flow over a backstep
(Uijttewaal, 2022). As can be seen (left panel of figure 77), using walls only slightly lowers the
wind speed (! 1 [%]). Overall, the influence of these walls seems to be negligible. In turn, the
mentioned component can thus be used to further shield the intake when necessary.

The fourth group considered the influence of the position of the wire mesh cylinder. The
wire mesh cylinder is a standalone part and can thus be moved within the sand trap (§2.2.1.6).
The measured data (middle left panel of figure 77) suggests that the majority of positions have
little to no influence. To clarify, between the most downwind location until the centred location
(i.e., test setup 10 and 11), the wind speed is roughly unaffected. Yet, placing the wire mesh
cylinder at the upwind end of the sand trap (i.e., test setup 12) lowers the wind speed considerably;
from 9.5 [m/s] to 7.9 [m/s] (I ~17 [%]). As mentioned before, this observation is caused by air
blockage. Yet, as the component is permeable, it only partly blocks the exit flow from the erosion
zone. Yet, this blockage is sufficient enough to heighten the resistance of the system (Cengel &
Cimbala, 2014); and the increased counterpressure makes sure the wind speeds lower.

The fifth group considered an upwind supply of sand. As explained, this upwind supply of
sand follows from injecting sand through the saltation hopper (§2.2.1.5). In repetition, this upwind
supply of sand alters the momentum distribution within Mobi-Gust 2 enhancing the erosion process.
The obtained data shows that the injected sand extracts momentum from the wind. The wind
speed namely changed from 9.4 [m/s] to 8.6 [m/s] (I 8.5[%]) after injecting the sand. It is
important to note that the same fan setting was used. This momentum transfer is further assessed
by adapting equation 14 (§2.2.1.5) into equation 44 (LU & Dong, 2011). This equation calculates
the momentum change (per unit volume) of the air (AM, [kg/m?/s]), as a result from a difference
between the sand-clear wind speed (u, ;. [m/s]) and sand-laden wind speed (u, s [m/s]). A value
applicable to Standard Temperature and Pressure (STP) conditions was used for the density of air
(pa = 1.225 [kg/m3]; appendix B). Using the measured wind speeds (middle right panel of figure
77) results in a rounded momentum transfer of 1 [kg/m?/s]. This is comparable to observed values
(LU & Dong, 2011). To clarify, slightly larger sand-clear wind speeds (i.e., 14 [m/s]) result in a
slightly larger momentum exchange (i.e., 1.1 [kg/m?/s) at the same elevation (i.e., 0.075 [m]).
Next to the altered momentum distribution, the injected sand also supresses turbulence (Zhu et
al., 2019). Yet, this is not visible in the middle right panel of figure 77; as fluctuations are averaged
out in these moving averages. The suppression of turbulence is however visible in the raw data
(appendix 1.2.2); as the standard deviation reduces considerably.

44) AM, = p, (ua,sc - ua,sz)
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The final group regards battery drainage during the entire experiment. The battery was namely
not charged during the entire experiment. Comparisons generally involved setups that were tested
close after one another. So, not charging the battery is not a big deal; also since wind speeds are
rather stable (§2.4.1). Yet, configuration 1 can be seen as a base case (i.e., a fully equipped Mobi-
Gust 2). Some configurations that were not tested directly after configuration 1, still required a
comparison to the base case. To rule out the influence of battery drainage, the base case was
reconducted at several instances. In repetition (§2.3.5), this involved extra experiments between
setup 8 and 9 (i.e., 1,); and between setup 12 and 13 (i.e., 1.); as well as after setup 13 (i.e.,
1,). From the obtained data (right panel of figure 77) it is clear that battery drainage played a
minor factor role during the tests. Only at the start (i.e., 1,) the wind speed was a slightly
increased. Yet the decreasing wind speeds within the first two groups (figure 74) cannot be
explained by battery drainage alone. To clarify, the lowest value of group one (i.e., 9.1 [m/s]; left
panel of figure 74); is still lower than the lowest value of the battery check (i.e., 9.4 [m/s]; figure
77); which was performed far later in time. The same holds for group two.

2.4.6 Revising the flow development within Mobi-Gust 2

The next test considered velocity profiles. These profiles can be used to assess flow development.
The approach (§2.2.2.6) provided the results (§2.3.6) that are discussed in this section. Most
importantly, the pitot tubes were used at two locations (i.e., the up- and downwind end of the
erosion zone); so the results are grouped accordingly. Next, the velocity profiles are measured
along the vertical at the transverse centreline of the duct. On top, the measurements focussed
solely below the vertical centreline of the duct (§2.2.2.6). From an erosion perspective this is quite
logical, as the erosion process takes place over there. Yet from an aerodynamic viewpoint some
valuable information is missing. The velocity profiles will namely not be symmetric along the vertical
centreline of the duct; as the roughness between the bottom and the roof differs (Uijttewaal, 2022).
The transition zone namely has epoxy-glued sand on its bottom (§2.2.1.4); while the roof is made
of aluminium (§2.2.1.1 & §2.2.1.4). Next, the bottom of the erosion zone contains a (removable)
plank with wood-glued sand on it (§2.2.2.6); while the roof is made of timber (§2.2.1.1 & §2.2.1.5).

The obtained data (table 11; §2.3.6) is repeated in table 13 for convenience. As two profiles
were measured at each location, the quality of the data is checkable. When comparing the upwind
locations (A & C in table 13) results seem to be in agreement to each other; as is the case for the
downwind locations (B & D in table 13). The results are especially comparable in view of the
approach and the associated sources for variations (§2.2.2.6). These sources for example concern
height-adjustments of the pitot tubes using callipers; or aiming them using mini-levels (appendix
E). These actions rely on the accuracy of the human eye (appendix E).

The data exhibits a developing flow. While the fits show sizable Root Mean Squared Errors
(RMSE); they are decreasing in flow direction (A & B vs. C & D in table 13). Flow development is
also expressed by the variable shear stresses and friction velocities (A & C vs. B & D in table 13).
Yet fits improve considerably if they are only based on sensed velocities in the lower region of the
flow (i.e., figure 83); which also shows the onset of flow development. The development also
suggests the absence of spiral motions produced by the fan. These rapidly varying conditions would
namely disturb and prevent flow development. The data does not reach lower than 0.005 [m] above
the bed; as the pitot tubes could not be lowered further. Yet very close to the bed the viscous
sublayer is found, which contains no logarithmic profile by definition (Uijttewaal, 2022).

Table 13 - The fitting- and flow parameters originating from the fitting process

Velocity | | .| 4 B RMSE | u, u Z ke T

profile [mis~1] | [m2s71] | [m!s~1] | [m/s] @ [m!s~1] [m] [m] [Pa]
A Up 1.341 13.506 0.229 8.694 0.550 0.00004 | 0.0012 | 0.370
B Down 1.567 13.969 0.133 8.348 0.642 0.00013 | 0.0039 | 0.505
C Up 1.317 13.261 0.275 8.536 0.540 0.00004 | 0.0012 | 0.357
D Down 1.609 14.199 0.156 8.425 0.660 0.00015 | 0.0045 | 0.533
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Figure 78 — A developing (turbulent) flow as visualized by profile C (upwind) and D (downwind)

The flow is still developing; which directly follows from design choices. To clarify, the required
developing length was not met (§2.2.1.5). The developing flow is visible in figure 78, showing an
upwind profile (i.e., C) and a downwind profile (i.e., D). The measured velocities are generally
smaller near the centreline of the duct, whereas they are a bit larger near the bottom of the duct
(i.e., compared to the fits). Yet, the measured velocities near the centreline of the duct deviate the
most from the fits. Next, velocities near the bottom decrease in flow direction (i.e., comparing C &
D in figure 78); because of wall friction (\White, 2011). In contrast, centreline wind speeds increase
in flow direction (i.e., comparing C & D in figure 78); due to mass conservation (Cengel & Cimbala,
2014). This process continues until the logarithmic velocity profile appears (Uijttewaal, 2022). This
mechanism was already shown in several schematics throughout the report (i.e., figure 16 in
§2.2.1.4; figure 23 in §2.2.1.5; or figure 75 in §2.4.5); yet it is now shown by measurements.

Next, the bed shear stresses are increasing in flow direction. The bed shear stresses at the
upwind locations (A & C in table 13) are namely smaller than at the downwind locations (B & D in
table 13). Yet it was expected that the bed shear stresses would decrease in flow direction because
of flow development (e.g., figure 16; §2.2.1.4). Yet the sensed roughness’s provide a possible
explanation to the observations. The roughness’s (z, [m]) are namely increasing in flow direction
as well (A & Cvs. B & D in table 13). The flow thus experienced rougher conditions in the direction
of the flow; which also explains the increased bed shear stresses. As the bed shear stress (t;, [Pa])
is proportional to the friction velocity (u* [m/s]) squared (Bosboom & Stive, 2023); i.e., T, « (u*)?;
also the friction velocity increased in flow direction (A & C vs. B & D in table 13).

Next, the roughness length (z, [m]) can be reviewed by the Nikuradse roughness (k, [m]);
see equation 45 (Winterwerp et al., 2022). At the upwind location (A & C in table 13) this amounts
to an average Nikuradse roughness of about 0.0012 [m] (i.e., 1.2 [mm]). For the downwind location
(B & D in table 13) the average Nikuradse roughness is about 0.0042 [m] (i.e., 4.2 [mm]). The
calculated Nikuradse roughness'’s are added to table 13.

45) ks =30z,

The calculated Nikuradse roughness reveals issues. The bottom within the transition zone and the
plank within the erosion zone contains a glued sand bed; having median diameter (Dg, [m]) of
430 [um] (figure 19; §2.2.1.4). This sand is narrowly graded, as the ratio between the Dy, (i.e.,
453 [um]; §2.2.1.4) and the D,, (i.e., 313 [um]; §2.2.1.4) is smaller than 4 [—] (Geo Engineer,
N.d.). For narrowly graded sand the Nikuradse roughness is about two times the median diameter
(Voorendt, 2022). The Nikuradse roughness is only about 2.5-3.0 times the median diameter at the
upwind location (A & C in table 13). Yet the Nikuradse roughness is considerably larger at the
downwind location (B & D in table 13); i.e., 9.0-10.5 times the median diameter. The calculated
Nikuradse roughness’s suggest that the sand was not glued neatly at all locations. To clarify, the
sand bed within the transition zone was professionally epoxy-glued by the staff of the Hydraulic
Engineering laboratory. Still a slight bump is observable at the very downwind end of the transition
zone (figure 79). As the upwind pitot tube sticks a bit into the transition zone, this disturbance is
only sensed by the downwind pitot tube. Next, the sand bed within the erosion zone (figure 80)
was a ‘do-it-yourself’ solution using wood glue. The differences between the upwind location and
the downwind location (A & C vs. C & D in table 13) are thus further explained by the work ethics.
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Figure 79 - A slight bump at the downwind end of the
transition zone with sand epoxy-glued on it

Figure 80 - The used plank with sand wood-glued on it
Yet, some more disturbances were observed. For example, the height of the plank in the erosion
zone is slightly lower than the bottom of the transition zone; i.e., creating a small backstep (figure
81). It is stressed that the shown picture originates from the sand loss test (§2.3.4); as the visible
taping was forgotten during this test. Next, the roof of the transition zone and the erosion zone
are not connected well (figure 82). After closer inspection, the disturbance follows from a small
error in the final design drawings. Yet again, the upwind pitot tube does not measure all of these
disturbances, as it sticks into the transition zone.

Figure 82 - The roof of the transition- and erosion zone is
not completely levelled

Figure 81 - The plank introduces a slight backstep
The development of the flow can be checked further. For convenience, the empirical relation that
assesses the development of the flow (§2.2.1.4) is repeated in equation 46. The flow travels 2 [m]
between the honeycomb and the upwind erosion zone location (A & C in table 13). The total
distance between the honeycomb and the downwind erosion zone location (B & D in table 13) is
3 [m]. The boundary layer thickness (& [m]) should thus roughly reach 0.04-0.06 [m] at the upwind
location (A & Cin table 13); and about 0.06-0.09 [m] at the downwind location (B & D in table 13).

46) 6(x) =~ 0.02x to 0.03x

These estimated boundary layer thicknesses are compared to the sensed data. To this end, it was
checked when measured velocities start to deviate considerably from the logarithmic velocity
profile. In turn, this provides an estimate for the boundary layer thickness. Consequently, table 14
and figure 83 emerge. It is stressed that table 14 belongs to figure 83; and that table 11 (§2.3.6)
and table 13 belong to figure 59 (§2.3.6); i.e., these cannot be mixed. In general, the measured
data at the upwind location (A & C in table 14) starts to deviate considerably from about 0.030 [m]
upward (figure 83). At the downwind location (B & D in table 14) considerable deviations occur
from about 0.035 [m] upward (figure 83). Since there is no information between 0.035 [m] and
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0.050 [m], the obtained value at the downwind location (B & D in table 14) could possibly be a bit
higher. Overall, the boundary layers at both locations span around 25 [%] of the total duct height
(i.e., as seen from the bottom). In other words, flow development reaches roughly 50 [%] of the
total distance required (i.e., the distance between the bottom and the centreline of the duct). The
determined boundary layer thickness corresponds to the lower bound of equation 46. As explained,
equation 46 is just one of many empirical estimates (appendix C.1.5). Others for example require
150 characteristic length scales (i.e., half the cross-sectional dimension of the duct); if Reynolds
stresses are considered as well (Uijttewaal, 2022). That estimate would amount to a required
development length of about 11.25 [m]. All in all, the used relation (equation 46), as well as the
measured flow development at the upwind location (A & C in table 14), seem to be reasonable.
However, the boundary layer is considerably less thick than expected at the downwind location (B
& D in table 14). Several reasons have already been identified and explained.

Table 14 - The fitting- and flow parameters originating from the fitting process (only including reasonable points)
Velocity . A B RMSE U u, Z, Ty
profile | 20AMON | a1 | [m2s71] | [mis~2 | [mfs] | [mis | [mi [Pa]
A Up 1.599 14.617 0.051 8.881 0.655 | 0.00011 0.526
B Down 1.683 14.465 0.070 8.428 0.690 | 0.00018 0.583
C Up 1.684 14.888 0.062 8.845 0.691 0.00014 0.584
D Down 1.776 14931 0.056 8.560 0.728 0.00022 0.649
i Upwind location Downwind location
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Figure 83 - The measured and fitted vertical velocity profiles that belong to table 13 (only including reasonable points)
The logarithmic profiles are plotted between the bottom and centreline of the duct

Next, the measured velocity data also suggest that Mobi-Gust 2 was leaking during the experiment.
The mean velocities are namely decreasing in flow direction (A & C vs. B & D in table 14). As
explained, the walls of the erosion zone are normally embedded in the sand surface (§2.2.2.4);
i.e., sand and air cannot leave the system. Yet the plank is enclosed by gaps; and leakage was
possible as those were forgotten to be taped.

The wind conditions inside Mobi-Gust 2 are then compared to natural wind conditions. A
normal elevation to measure natural winds is about 10 [m]. The Royal Netherlands Meteorological
Institute (i.e., the KNMI) for example measures at this elevation (KNMI, N.d.). The obtained
logarithmic fits are extended to this elevation as well. If all data points are used (i.e., table 13),
then figure 84 emerges. If only reasonable data points are used (i.e., table 14) then figure 85
emerges. Including all data points (figure 84), @ minimum wind speed of about 16.29 [m/s] is found
at an elevation of 10 [m]; which corresponds to winds of about 7 [bft] (KNMI, N.d.). By only
including reasonable data points (figure 85), minimum wind speed of 18.30 [m/s] are found at
10 [m] elevation; corresponds to winds of 8 [bft] (KNMI, N.d.). Next, the dynamics within Mobi-
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Gust 2 in relation to nature is of interest as well. The dynamics relate to turbulent length- and
timescales (Uijttewaal, 2022). The strength of a turbulent Eddy is proportional to the available
space (Schiereck, 2019). For example, the wind speeds were projected at an elevation of 10 [m].
A turbulent Eddy can be thus 10 [m] in size between the bottom and this elevation. Yet, turbulent
Eddies within Mobi-Gust 2 are restricted to the cross-sectional size of the duct, i.e., 0.15[m]
(§2.2.1.5). The turbulent Eddies within Mobi-Gust 2 are thus (much) smaller and (much) weaker
compared to nature. If the cross-sectional size of Mobi-Gust 2 is increased, then dynamics might
be ‘won’; while achievable wind speeds might be ‘lost’ (i.e., for the same wind generating system).

10 10

— A:ujg=16.59 [m/s] —— A:uj0=18.30 [m/s]

61— B:uyp=17.58 [m/s] 61— B:ujip=18.34 [m/s]
E C:uyp =16.29 [m/s] E C:uyp =18.77 [m/s]
N 44— D:iuyo=17.91[m/s] N 44— D:uyo=19.02 [m/s]

-==- 210 -==- 210

Distance from the bottom
Distance from the bottom

® » g g N P ® » D P

o
Wind speed Wind speed
u[m/s] u[m/s]

Figure 84 — Employing the logarithmic fits that are based Figure 85 — Employing the fits that are based on the most
on all data points reasonable data points only

Two verification steps are still missing. First of all, velocity profiles can be verified. To do so, three
velocity profiles must be measured, for three unique cross-sectionally averaged flow velocities.
These velocity profiles intersect on a semi-log scale in (nearly) developed conditions (Bagnold,
1941). Second of all, the bed shear stresses can be verified. In elaboration, stationary duct flow is
maintained by a pressure gradient (Schiereck, 2019); equation 47. This pressure gradient balances
the (Reynolds) shear stress at the boundaries (Uijttewaal, 2022); equation 48. The bed shear stress
can thus be determined from measuring pressure gradients. Measuring pressure gradients is
possible through applying a longitudinal array of pressure sensors. The approach thus requires at
least two pressure sensors, to establish one pressure gradient; equation 49. The associated bed
shear stress can then be compared to the bed shear stress that was determined from the velocity
profiles (i.e., implicitly verifying them as well).

aprP
47) - (v —
T=% Eiyp h)
48) = —
To d_)(
%9) T = P2 P1 h
X2 — X1

As a final remark, in- or excluding data points changes the calculated flow properties. In- or
excluding data points namely causes velocity gradients to change. Velocity gradients are directly
coupled to the determined flow properties, i.e., friction velocities and bed shear stresses
(Uijttewaal, 2022). The data in table 13 (as well as table 11 and figure 59; §2.3.6) therefore differs
from the data in table 14 (and figure 83).
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2.4.7 Discussing the erosion performance of Mobi-Gust 2

Mobi-Gust 2 was not able to mobilize an in-situ sand surface. In contrast, the prototype (i.e., Mobi-
Gust 1) could produce aeolian erosion (De Wilde, 2020) & (Bangen & Dijkstra, 2020). That is an
unexpected observation, as Mobi-Gust 2 generates higher wind speeds compared to this prototype
(§2.4.7). On top, the achieved wind speeds within Mobi-Gust 2 were likely suitable enough to onset
aeolian erosion. To clarify, the achieved centreline wind speed within Mobi-Gust 2 reaches about
9.5 [m/s] (e.g., §2.4.1 or §2.4.2). Projected at an elevation of 10 [m], wind speeds even reach at
least 15 [m/s] (§2.4.6); which is equal to the design wind speed. The velocity gradients within
Mobi-Gust 2 are thus comparable to these projected wind speeds. In capacity limited situations
already 6 [m/s] might be enough to onset aeolian erosion (Fryberger, 1979). Yet, in supply limited
situations the required wind speed can be higher. In elaboration, moderate winds of roughly 5-
12 [m/s] typically onset aeolian erosion; whereas above 15 [m/s] aeolian erosion is often
completely ceased; as more extreme conditions often coincide with rain (Arens, 1996). As
mentioned, natural winds are often measured at an elevation of 10 [m] (KNMI, N.d.). Mobi-Gust 2
reaches all the mentioned values at this projected height. In other words, Mobi-Gust 2 must have
been hypothetically able to onset aeolian erosion in many cases. The strength of Mobi-Gust 2 is
expressed in other characteristics as well. For example, several tests were conducted using the
saltation hopper (§2.2.2.3 and §2.2.2.4). Virtually all injected (dry) sand ended up in the sand trap,
if Mobi-Gust 2 was fully equipped. Yet, it must be noted that a transporting velocity might not be
able to erode that same material. This is simply true because of Newtons first law (NASA, 2023).

It is believed that the experiments were hampered by moisture content. The field
expedition was namely conducted in the Dutch winter. Normally this is the wettest period of the
year. To clarify, precipitation generally lasts longer (KNMI, 2023), while evaporation is usually lower
(KNMI, N.d.). On top, the year 2023 was the wettest year ever recorded by the Royal Netherlands
Meteorological Institute (KNMI, 2023). This wet period even continued into 2024 (KNMI, 2024).
The preceding days before the field expedition were also quite rainy. This is illustrated by figure
86; as it shows a wet sand surface and wet knees from crouching. As said, aeolian erosion is
normally hampered during extreme conditions as it coincides with rain. Already 2 [%] moisture
content might be enough cease aeolian transport (Hallin et al., 2023). Checking previous studies
provides additional insights. The prototype (i.e., Mobi-Gust 1) was namely employed in (dry)
summer conditions (Bangen & Dijkstra, 2020). Yet the prototype could also not mobilize the wet
sand surface within the intertidal zone. Overall, it is believed that Mobi-Gust 2 could not generate
aeolian erosion because of the wet conditions. Yet also the fan has to be mentioned (appendix
C.1.1), as a stronger fan might have been able to mobilize this wet sand surface. The proposed
causes, related to moisture content, changed the direction of this research.

i :
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As said, the focus of this research is redirected towards moisture content. Investigating other
supply limiting factors (§1.3) is expected to be difficult in this (wet) time of year. The main research
question of the applied research (part 3) was however retained. Answering it will now involve a
moisture content perspective. To this end, the old measurement plan is discarded (appendix G.4.1);
and a new one was adopted (part 3). The new measurement plan involves a tailored sand pit
(figure 87). This sand pit allows for erosion testing in the laboratory. In short, the sand pit can be
filled with (dried) in-situ sand to investigate the moisture content. The dimensions of the sand pit
logically define how much sand fits in it. The sand pit has a length (L [m]) of 1 [m], a width (B [m])
of 0.30 [m]; and height (H [m]) of 0.10 [m]. Equation 50 allows to estimate the volume of sand
that is required to be excavated. Mind that this approach is very simplistic, as it does not account
for the porosity of the sand. This is acceptable, as the in-situ sand probably has a higher porosity
after retrieval it (i.e., because of the excavation process).

50) V =LBH

Figure 87 - The erosion duct and its tailored sand pit .
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2.5 Conclusions

The project criteria of Mobi-Gust 2 are used to assess the design and the performance of Maobi-
Gust 2 (§2.1). The project criteria are summarized in a sub-research question that is repeated
below for convenience. This research question will be considered in four steps: §2.5.1 considers
the sustainability of Mobi-Gust 2; §2.5.2 regards the usability of Mobi-Gust 2; §2.5.3 considers the
reliability of Mobi-Gust 2; and finally §2.5.4 considers the controllability of Mobi-Gust 2.

Is it possible to sustainably design a useful, reliable and controllable mobile wind tunnel system,
in order to conduct aeolian erosion measurements?

2.5.1 Evaluating the sustainability of Mobi-Gust 2

The design of Mobi-Gust 2 is reasonably sustainable. To clarify, the used materials are durable and
beach resistant (§2.2.1.1). Consequently, the materials are likely to last. On top, the design is
modular (§2.2.1.1), which allows for specialized repairs or replacements. To clarify, only a local fix
is required if one of the sturdy components breaks down. Yet, it is noted that the components of
the wind gauging system are the most fragile (§2.2.1.1). Still, mitigation measures have been put
in place to protect the hardware (§2.2.1.7). The mitigation measures amongst others involve 3D-
printed caps for the pressure sensors; and a splash-proof and shakeable box for the other
hardware. On top, the design of the wind gauging system is also modular, as connections are
governed by jumper wires. Consequently, the relatively cheap components are also easily reparable
or replaceable. Finally, re-using the 12-volt fan considerably boosts the sustainability of Mobi-Gust
2 (§2.1). To clarify, re-usage was financially attractive, as well as being environmentally friendly.
To clarify, re-usage omits the purchase of a new fan, as well as (possible) polluting aggregators.

2.5.2 Evaluating Mobi-Gust 2’s usability

Mobi-Gust 2 fails to meet its main purpose; which is still within reach. To clarify, Mobi-Gust 2 did
not generate aeolian erosion in-situ (§2.3.7). However, it is hypothesised that moisture content
caused this (§2.4.7). Mobi-Gust 2 namely reaches wind speeds which should onset aeolian erosion
in most cases. To clarify, Mobi-Gust 2 reaches centreline wind speeds of 9.4 [m/s] averaged over
an entire discharging cycle (§2.3.2). Yet, centreline wind speeds can be as high 9.9 [m/s] or a slow
as 8.8 [m/s]; respectively measured at the start and end of each discharge cycle. Mind that the
mentioned centreline wind speeds are the maximum wind speeds within Mobi-Gust 2. Next,
vertically averaged velocities reach 8.6 [m/s] and 8.4 [m/s]; respectively measured at the up- and
downwind end of the erosion zone (§2.3.6). The vertically averaged wind speed at the upwind
location is however most representative. To clarify, the erosion zone was subjected to leakage
during the test (§2.4.6). As said, these measured wind speeds should be high enough to onset
aeolian erosion in most cases (§2.4.7). Velocity thresholds (i.e., the velocity from which erosion
occurs) lies usually between 5-12 [m/s]; and above 15 [m/s] natural aeolian erosion is often ceases
(§2.4.7). These extreme conditions namely often involve rain; and research shows that 2 [%]
moisture content might be enough to completely hamper natural aeolian erosion (§2.4.7). Fits to
measured velocity profiles are used to compare the mentioned values to the wind conditions within
Mobi-Gust 2 (§2.4.6). A height of 10 [m] is often used for wind speed measurements; i.e., the
mentioned fits can be extended to that elevation. These projected wind speeds reach a minimum
of 16.3 [m/s] (§2.4.6); i.e., far above the required upper limit (i.e., 12 [m/s]). The velocity gradients
and the bed shear stresses within Mobi-Gust 2 must have been similar to conditions that onset
natural aeolian erosion. Together with some other arguments (§2.4.7), it is believed that Mobi-
Gust 2 is able to erode a dry sand surface. In order to substantiate the statements, as well as
ensuring the continuation of the main research (part 3), a tailored sand pit was created. This
tailored sand pit enables erosion tests within the laboratory; and to explore the influence of
moisture content (see part 3). Also, Mobi-Gust 2 has a saltation hopper (§2.2.1.5). The purpose of
this hopper is to enhance aeolian erosion, which will be verified in the main research as well (part
3). While erosion was not yet generated, acrylic walls enable to visualize it (§2.2.1.1).
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The erosion process must be measurable in order to have a useful Mobi-Gust 2. Wind
conditions are measurable; both at single elevations (52.3.2), or via vertical profiles (§2.3.6). Next,
the erosion process itself is also measurable. To clarify, while in-situ erosion could not yet be
generated, tests show that Mobi-Gust 2 is sand tight (§2.3.4). The erosion process is thus
measurable, as the sand trap can be manually emptied; so that the eroded material can be collected
and measured (§2.2.1.6).

The mobility of Mobi-Gust 2 is the following important characteristic. The design of Mobi-
Gust 2 is modular (§2.2.1.1). Consequently, Mobi-Gust 2 fits in an MPV car (e.g., a Chrysler
Voyager) and can be transported via box wagons (§2.3.7). On top, the modularity of Mobi-Gust 2
preserved its mobility, even if more aerodynamic functionality is added. Aerodynamic functionality
may include developing the flow to get more reliable wind conditions (§2.5.3). Next, the setup is
easy (dis)ymountable with (very) basic tools and little to no experience (appendix G.3). Next,
components are light as well (§2.2.1.1). Experience showed that the parts are indeed easy to
handle. Next, the power supply is portable, so that Mobi-Gust 2 is able to measure independently.
Mobi-Gust 2 is minimally able to measure for 2 [h] straight with stable wind speeds (§2.4.1). Next,
the entire sustainability section (§2.5.1) already substantiates the usability of Mobi-Gust 2. Without
the explained level of robustness Mobi-Gust 2 could not conduct field measurements at all.

2.5.3 Judging Mobi-Gust 2’s Reliability

In general, Mobi-Gust 2 is reasonably reliable. For example, the design of Mobi-Gust 2 is available
(§2.2.1); which greatly boosts the reproducibility of this research. As explained, Mobi-Gust 2 is
sand tight (§2.3.4). Next, real-time wind speeds are visible in the field, via a Liquid Crystal Display
(LCD) module. These real-time velocities concerns valuable information. For example, these real-
time velocities can be used to check the wind speed after the experiment. Besides, these real-time
velocities directly indicates whether the wind gauging system is operates correctly (e.g., observing
wind speeds nearing 40 [m/s] might indicate an error).

Mobi-Gust 2 has aerodynamic functionality enhancing its reliability. The honeycomb
(§2.2.1.4) for example is effective in two ways. Firstly, the honeycomb mitigates the spiral motions
that are produced by the fan; and secondly it onsets flow development (e.g., §2.4.2, §2.4.5 or
§2.4.6). Yet flow conditions are still underdeveloped (as expected). In elaboration, logarithmic
velocity profiles span approximately 50 [%] of the total required length (§2.4.6). In turn, this
effectively means that boundary layers approximately span 25 [%)] into the duct. On top, similar
vertical velocity profiles have been measured repetitively (§2.4.6); especially when considering the
sources for variations present in the approach (§2.2.2.6). Next, the intake shield walls might further
mitigate sand suction, without affecting the wind speeds within Mobi-Gust 2 (§2.4.5).

The wind gauging system however requires some development still. First some positives.
The wind gauging system is namely designed to be reliable. To clarify, interferences are actively
mitigated (§2.2.1.7); e.g., by shielding the hardware and regularly performing zero-measurements.
Consequently, the wind gauging system measures signals over noise (§2.2.2.2). For example, the
discharging curve of the power supply can be deduced from wind speed data (§2.4.1). On top,
measured relative turbulent fluctuations are only slightly increased; and are near values from
uniform wall flow (§2.4.2). Measuring signals over noise is additionally demonstrated by two other
tests. Firstly, the wind gauging system is able to capture wind speed adjustments as a result of
changing system characteristics (§2.4.5). Secondly and in repetition, vertical velocity profiles are
measurable by the wind gauging system (§2.4.6). Yet as introduced there are also some concerns
on the reliability of the wind gauging system. The concerns are threefold. First of all, the resolution
of the system is still rather coarse (§2.4.2). Second of all, the wind speed accuracy is still ambiguous
(§2.4.2). And finally, the sampling frequency of the system is still variable in time (§2.4.2).

Next, the reliability of the saltation hopper is not up to standards. To clarify, artifacts (e.g.,
shell fragments) in the used natural sand samples partly clog the hopper (§2.4.3).

Next, the power supply is relatively reliable. The power supply generates a stable voltage
(§2.2.1.8); allowing stable wind speed measurements (5§2.4.2). Next, the power supply is durable
and is able to cope with relatively harsh weather (§2.2.1.8). On top, the power supply is also
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relatively safe; i.e., far safer than other lithium-based chemistries (§2.2.1.8). Yet a negative aspect
on the power supply can be provided as well. The connections between the power supply and the
electrical systems of Mobi-Gust 2 namely easily loosen (§2.4.1). In elaboration, the loose
connections impact the wind conditions within Mobi-Gust 2.

2.5.4 Evaluating Mobi-Gust 2’s controllability

Mobi-Gust 2 is relatively controllable. For example, wind speeds can be adjusted (§2.2.1.2). In
turn, a controllable wind speed implies a controllable erosion process (i.e., provided the wind speed
determines the erosion flux). Next, the saltation hopper is controllable as well. To clarify, the
hopper has lids of different gap sizes (§2.2.1.5). These lids ensure different discharging rates, for
the same granular material used (§2.3.3). Next as mentioned implicitly, the pitot tubes are height
adjustable. On top, these pitot tubes can also be installed either at the up- or downwind end of
the erosion zone. It is stressed that both pitot tubes do not have to be used at the same time
(§2.2.1.7). Finally, the wind gauging system is configurable into different modes (§2.2.1.7).

2.5.5 (Dis)Mounting and configuring

Especially the usability and the reliability of Mobi-Gust 2 also depends on its instalment. To this
end appendix G.3 shows manuals on (dis)mounting and configuring Mobi-Gust 2.
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2.6 Recommendations

The conclusions showed that Mobi-Gust 2 can be improved. The improvements involve multiple
sections: i.e., the wind speed (§2.6.1); the development of the flow (§2.6.2); the tailored sand pit
(§2.6.3); the saltation hopper (§2.6.4); the visualisation of the flow (§2.6.6); velocity profiles
(82.6.7); shear stresses (§2.6.8); the wind gauging system (§2.6.9); and the power supply
(§2.6.10). A supplement of recommendations is provided in §3.6.2. The mentioned supplement
could only be created after successfully generating aeolian erosion with Mobi-Gust 2; i.e.,
explaining it is not added within this section.

2.6.1 Increasing the wind speed

Most obviously the wind speed can be improved. Yet, improving the wind speed can be laborious
and expensive. The wind speed improvements are summarized into five main options

The first option involves changing the position of the honeycomb. To clarify, the honeycomb
can be moved in upwind direction. In that direction, cross-sectional areas become larger. In other
words, flow velocities are smaller. As energy losses scale by the velocity squared (appendix D);
moving the honeycomb in upwind direction, has a quadratic effect on the associated energy losses.
As the vertical contraction is asymmetric; the best location might be between the vertical- and
horizontal contraction.

The second option involves the cross-sectional shape around the fan. The fan is namely
enclosed by a squared cross-section (§2.2.1.3). At the corners of this squared cross-section flow
separation and recirculation will occur. In other words, energy is lost right after generating the air
flow. By enclosing the fan in a circular cross-section the situation improves. Yet, in this way the
contraction also becomes much more complex.

The third option involves purchasing an additional fan. A fan can be applied in series (i.e.,
doubling the pressure) or in parallel (i.e., doubling the discharge); see appendix D. The air flow
that is produced by the current fan is high enough in view of Mobi-Gust 2’s cross-sectional size. In
other words, the fan does not produce high enough pressures to overcome all resistances (e.g.,
friction). Consequently, the fan has to be applied in series. However, buying a second fan also
involves some negative side effects. Having a second identical fan doubles the total amperage
required (i.e., 17.4 [A] - 34.8 [A]). However, the used speed controller cannot cope with this
(appendix C.1.1). Next, the power supply only has a finite power capacity (appendix C.3). Buying
an extra identical fan thus means that the power supply will be draining at least a factor 2 faster.
This factor might be larger as other electrical parts (e.g., wiring) have effects as well. Overall,
buying a second fan might also result in replacing the speed controller and power supply.

The fourth option involves a more powerful wind generation system. Yet this solution may
involve similar electrical problems as described in the previous paragraph. On top, if this new wind
generation system is considerably more powerful; then it may also require a large and polluting
power aggregator. In terms of finances, mobility and sustainability that would provide issues; while
re-using the fan of the prototype (i.e., Mobi-Gust 1) actively mitigated these adverse effects (§2.1).
It is also noted that the air can be pulled instead of being pushed; if another wind generating
system is applied. As said (§2.1), pulling the air causes better aerodynamic properties.

The fifth option involves a complete redesign of Mobi-Gust 2 based on energy losses. In
other words, Mobi-Gust 2 should be overhauled based on a pipe flow analysis (appendix D). For
convenience, the of minor- and major loss terms are shown below (equation 51 and 52). These
losses reveals design options; i.e., including adjusting boundary roughness, changing length scales
or altering cross-sectional sizes of components.
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The mentioned options based on a pipe flow analysis (appendix D) seem to be laborious and
unviable in general. First of all, decreasing the boundary roughness is difficult; as most surfaces
already are quite smooth (§2.2.1.1); i.e., aluminium and acrylic glass. The only rough surfaces
concern the ones of the transition- and erosion zone. These surfaces are intentionally rough; for
example since the roughness of the transition zone matches the one of the erosion zone (§2.2.1.4).
Second of all, decreasing the length scales of parts implies losing aerodynamic functionality. For
example, omitting transition ducts results in even less developed flow conditions in the erosion
zone (§2.2.1.4). Third of all, the cross-sectional area of the ducts can be increased. The increased
cross-sectional size allows for stronger dynamics within Mobi-Gust 2. The analysis to be conducted
involves finding the sweet spot between mass conservation and energy losses (appendix D).

2.6.2 Improving the development of the flow

A design choice resulted in not obeying the required development length (§2.2.1.4). Yet tests with
Mobi-Gust 2 showed that the situation can be improved relatively easily. The speed-component
test (§2.4.5) namely revealed that the addition of one transition duct decreases the wind speed by
only 3-4 [%]. On top, adding two transition ducts results in a wind speed loss of 7-8 [%]. Both
reductions are relative to using no transition ducts at all. Adding more transition ducts thus seems
viable; so that flow development is facilitated further (§2.2.1.4). Extra ducts can easily be created
and evaluated now that Mobi-Gust 2 is realised. Assessing the additional ducts requires measuring
the achievable wind speeds; and checking whether this is still sufficient enough to onset aeolian
erosion. Yet to check the feasibility upfront, a pipe flow analysis (appendix D) can be performed
as well. As boundary layers currently span approximately 50 [%] of the total length required
(5§2.4.6); it is advised to add two or three extra transition ducts; i.e., each of them having a length
of 1 [m]. It is stressed that the roughness of the transition zone is important. To clarify, a sand bed
was glued on the bottom plate of the transition zone (§2.2.1.4); and the used sand must be similar
in all duct sections. Consequently, the entire transition zone should be re-glued (i.e., 1 Dg, [m]
thick). On top, re-glueing the sand bed would fix the imperfections related to the bottom; which
are treated shortly. Besides, experience showed that the flanges of the ducts fail relatively easily
(82.4.4). If new ducts are created, the flanges can be attached more firmly to the ducts. This
strengthens the design and improves the sand tightness of Mobi-Gust 2.

Next are the mentioned imperfections within Mobi-Gust 2. While the flow is underdeveloped
because of design choices, the imperfections further hamper flow development. These
imperfections cause more variable and increased variable velocity gradients and (bed) shear
stresses (§2.2.1.4). These imperfections thus need to be smoothened out. For example, the sand-
glueing can be improved. In elaboration, at the downwind end of the transition zone a sill has
formed (§2.4.6). The sill needs to be sanded and reglued. Even better would be to sand and reglue
the entire transition zone to get a uniform result. Next, the roof of the duct system includes a
protruding edge of about 2 [mm] (§2.4.6); caused by a minor flaw in the design drawings. It is
advised to chamfer off this ridge by an angle less than 15-30 [°]. The chamfering effectively creates
a gradual contraction, which is associated negligible energy losses (appendix C.1.3). Additionally,
the cross-sectional shape between the erosion zone and the sand trap is not entirely squared;
which can be smoothened as well. Next, the removable plank with wood-glued sand presented
issues (§2.4.6). This plank must not be used anymore in aerodynamic tests. This plank was namely
a source for disturbances (§2.4.6); for example due to the presence of a small back step, or leakage
around the edges. A solution includes creating a new removable bottom plate. This plate must be
manufactured similarly to the transition zone. In elaboration, the plate must be created from similar
materials; and should contain the same epoxy-glued sand bed. Instead of a removable plate, one
can also use the sand pit. To clarify, Mobi-Gust 2 could not mobilize a wet sand surface. In turn,
by spraying the sand surface soaking wet really mimics field conditions and replaces the need for
a tailored plate. On top, the erosion zone walls can be driven into that wet sand bed; i.e.,
simultaneously sealing the edges.
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Next, the performed experiments used a static bed (§2.2.2). It might be interesting to re-
do some of the experiments using a dynamic bed (e.g., §2.4.5 or §2.4.6). A dynamic bed mimics
field conditions even more. Again, the sand pit can be used for this. However, directly measuring
in the field is also a possibility. To clarify, the laboratory tests can be re-done in the field quite
easily; provided the weather and the preparation are adequate (appendix G).

It is finally stressed that flow development must not become an obsession as well. At first
glance, it seems wise to keep investing in improved flow properties. After all, this benefits the
reliability of the experiments. Yet there are multiple side aspects to consider. For example, the
pressure capacity of the wind generation system (e.g., a fan or pump) is important. To clarify, the
ducts cannot be extended infinitely, as the added resistance can become too large for the system
to manage. It is additionally important to realise, that even if the flow at the downwind end of the
transition zone is near perfect; it still gets disturbed when entering the erosion zone. This
disturbance is caused by the very process that is explored in this research. To clarify, the bottom
of the transition zone is static, while the one of the erosion zone is lowering. In other words, a
backstep-like feature will be formed. The widening cross-section is associated with negative
pressure gradients; i.e., impacting flow performance. A (very) futuristic solution would include an
automatically lowering bottom in the transition zone, mimicking the lowering of the bed within the
erosion zone. Besides the formation of a backstep-like feature, beaches are generally characterised
by a variety of roughness elements (e.g., bed forms, shells or litter). All these roughness elements
lead to additional disturbances.

2.6.3 Creating a tailored sand pit

The test field expedition was unsuccessful. The failure likely followed from the relatively wet
conditions (§2.4.7). To this end, a tailored sand pit was designed. Consequently, the focus of the
research is shifted. Instead of considering supply limitations in general, the influence of moisture
content and saltating sand are explored. It is namely believed that Mobi-Gust 2 is able to transport
dry granular material (§2.4.7). It is therefore also suggested that Mobi-Gust 2 is fit to conduct
experiments in dryer (summer) conditions.

2.6.4 Improving the saltation hopper

The saltation hopper (partly) clogs if natural sand is used. Partial clogging is also an issue, as tests
are not repeatable anymore. As explained (§2.4.3), natural sand contains all kinds of artifacts (e.qg.,
shells, pebbles or litter). Mitigation involves filtering the sand before usage. Using filtered sand also
implies that the saltation hopper calibration should be redone (§2.4.3). The discharging rate namely
changes if sand of another size- and shape distribution is used; or when other gap sizes are applied.

Next, some sand mass remains on the lids when using the saltation hopper (e.g., §2.3.3 or
§2.3.4). Experiments need to be corrected for this. Yet, a permanent fix would be re-designing the
lids. V-shaped lids (i.e., descending towards the gap) likely ensures all sand will be drained.

2.6.5 Never stop mitigating sand losses

It is stressed to never forget the gap taping and using the wire mesh cylinder. Mobi-Gust 2 is only
sand tight if all these mitigation measures are used (§2.4.4). The best position for the wire mesh
cylinder is in the centre of the sand trap (§2.4.5). Any closer to the exit of the ducts might hamper
the flow within Mobi-Gust 2.

2.6.6 Invest in flow visualisation

An attempt was made to visualize the flow within Mobi-Gust 2 using smoke. In turn, to better
understand the aerodynamic functioning of Mobi-Gust 2. For example, the empirical data suggests
the effectiveness of the honeycomb (e.g., §2.4.2, §2.4.5 or §2.4.6). Flow visualisation might
however be helpful to check whether the spiral motions from the fan are actually mitigated or not.
The smoke was however advected so fast that the analysis was complicated (§2.4.5). Of course,
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flow visualisation can be re-attempted. The smoke tests can for example be supplemented by high-
performance cameras. Other techniques possible techniques might include Particle Tracking
Velocimetry (PTV) or Particle Image Velocimetry (PIV) (§2.4.5). Yet, Mobi-Gust 2 can also be
digitized. This enables flow analysis through simulations (e.g., Reynolds-average modelling or
Large Eddy Simulations). As an additional benefit, the digitizing enables testing newly created or
improved components, before actually constructing them.

2.6.7 Remeasuring and verifying velocity profiles

The velocity profiles need to be remeasured. Especially, the velocity profiles measured at the
downwind end of the transition zone are of inadequate quality (§2.4.6). As explained (§2.6.2), the
poor-quality results from the underperforming plank in the erosion zone; or the imperfections within
the duct system itself. However, upwind velocity profiles need to be remeasured as well; after
improving the development of the flow (§2.6.2). On top, velocity profiles also need to be measured
above the vertical centreline of the duct (§2.4.6). To clarify, velocity profiles are not symmetric
along this vertical centreline, as the roof and bottom have different roughness’s.

Next, the velocity profiles must also be verified. The verification can be performed after
applying the improvements on flow development (§2.6.2). Then one should measure three velocity
profiles, for three unique cross-sectionally averaged flow speeds (i.e., three different fan-settings).
These velocity profiles intersect on a semi-log scale if the flow is (nearly) developed (§2.4.6).

2.6.8 Verification of the boundary shear stress

Shear stresses can also be verified. Again, flow development improvements must be applied first
(§2.6.2); and then velocity profiles should be remeasured and verified (§2.6.3). The re-established
flow parameters can then be verified using additional techniques. An example of an additional
verification technique concerns a longitudinal array of pressure sensors (§2.4.6). At least two
pressure sensors can measure one pressure gradient. In stationary duct flow, such a pressure
gradient is proportional to the boundary shear stress. To this end one can verify the bed shear
stress, as calculated with the velocity profiles (§2.4.6). On top, this for example helps verifying
flow development (§2.4.6); and the working of the wind gauging system (§2.4.2).

2.6.9 Improving the wind gauging system

The sampling frequency of the wind gauging system is variable. Sampling frequencies are namely
decreasing in time (§2.4.2). Presumably, this is caused by inefficient datalogging. A possible
solution concerns buffering; i.e., a distinct way of datalogging involving set time intervals. The
buffering additionally triggers higher sampling frequencies. However, when the wind gauging
system malfunctions, one can lose buffered data that was not yet logged. So, a careful investigation
is required, as to what the problem is. Another possible cause for the variable sampling frequency
might namely be insufficient computing power of the microcontroller.

Next, the resolution of the wind gauging system is relatively coarse. Improving the coarse
resolution involves two viable option. The first option involves a purchasing a higher resolution
pressure sensor. The pressure range and the operating voltage of the pressure sensor are
important aspects. As explained (§2.4.2), wind speeds of about 10 [m/s] involves a pressure
differential of 61.25 [Pa]. If wind speeds increase to 20 [m/s] the pressure differential increases to
245 [Pa). So, a pressure range of 0-500 [Pa] seems suitable. On top, the pressure sensor must
operate at the same voltage as the microcontroller (§2.2.1.7); i.e., 3.3-5 [V]. If the operating
voltage of the pressure sensor is not suitable, measures like voltage dividers could be required. An
example of an appropriate pressure sensor involves the Fermion LWLP5000 (DFRobot, 2024). The
second option involves investing in a more powerful microcontroller. To clarify, the used
microcontroller divides the mentioned pressure range into 1,024 [-] discreet values. Yet, a 12-bit
microcontroller divides this pressure range into 4,096 [-] discreet values. For example, the new
generation Arduino Uno (i.e., 14-bit) or the Arduino Giga (i.e., 16-bit) are suitable options (Arduino
S.R.L., N.d.).
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Then, the accuracy of the wind gauging system has to be regarded in a more detailed
fashion. The accuracy of the wind gauging system was verified with a handheld anemometer
(§2.4.2). However, the error range of the wind gauging system is still ambiguous. The verification
of the wind gauging system involved checking the wind speed. However, it is also possible to
directly verify the pressure sensor itself. For example, pressures of known magnitude can be
measured in order to check whether the pressure sensor returns the same.

Next, interferences can be mitigated more effectively. Electromagnetic interferences are
best shielded by conductive caps; i.e., a grounded metal box (§2.4.2).

Then, the Real Time Clock (RTC) module requires an upgrade. The used RTC-module has
a resolution equal to one second. However, the wind gauging system samples above 1 [Hz]; i.e.,
multiple measurements receive the same timestamp. This complicates creating timeseries and
might be solved by purchasing a higher resolution RTC-module.

2.6.10 Improving the power supply

Finally the power supply can be improved. Theoretically the power supply should last about 3 [k]
(appendix C.3). The experimented discharging duration reaches only 2.25[h] (§2.4.1). These
discrepancies are mainly caused by the electrical resistance of various electrical components. For
example, improvements can be made by applying shorter and thicker wires between the battery
and the electrical systems of Mobi-Gust 2.

Next, battery management is important. Battery management involves three main aspects.
First of all, the connections between the battery and the electrical systems of Mobi-Gust 2 should
be regularly checked (§2.4.1). Experience showed that these connections loosen easily (e.g., by
charging or transporting). Besides the associated and undesired safety hazards; the loose
connections directly impact the performance of the fan. Permanently fastening these connections
however provides the best solution. Second of all, the first and last 5-10 [min] of each power cycle
should be excluded from measurements (§2.4.1). Most variability was namely measured within
these timespans. This explains the claim that only 2 [h] of the total measured discharge duration
(i.e., 2.25[h]) is practically useful (§2.4.1). Within the mentioned timespan winds are relatively
stable. Third of all, the power supply should not be overcharged or fully drained too often (§2.4.1).
Avoiding this improves the overall performance of the power supply; and extends its lifetime. For
example, the battery-durability test should not be redone too often (§2.2.2.1).
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3 The erodibility of the sand surface

This chapter presents part 3 of this report and regards the aeolian erodibility of sand surfaces. To
this end, Mobi-Gust 2 is employed in applied aeolian research. Part 3 will start off by providing a
short recap on part 1 and 2 (§3.1). Amongst others, this recap facilitates readers with little time.
Next, the methodology of the mentioned applied research is clarified (§3.2). This approach leads
to the results (§3.3); which are discussed (§3.4) thereafter. Part 3 then ends by providing the
conclusions (§3.5) and the associated recommendations (§3.6).

3.1 Brief recap

Part 1 of this report regarded the general introduction of this research. In short, this introduction
considered five main topics. Firstly, the main motivation of this research was clarified (§1.1).
Secondly, the historical background on aeolian research was regarded (§1.2). Thirdly, the limited
coastal applicability of this fundamental theory was treated (§1.3). Fourthly, the general approach
of this research was explained (§1.4); which additionally introduced part 2 of this report. Finally,
the main research question was introduced (§1.5); which is repeated below for convenience.

The aeolian erosion process on sandy beaches,
Is solely determined by wind speed and does not rely on surface erodibility.

Part 2 of this report provided the Proof Of Concept (POC). This POC explored whether a specialized
mobile erosion device could be realised. This tailored device is called Mobi-Gust 2; and consists of
a mobile wind tunnel system and a wind gauging system. The POC started off by clarifying the
project outline (§2.1); which amongst others described the project criteria. Besides sustainability,
these project criteria involve the usability, reliability and controllability of Mobi-Gust 2. Next, the
approach to develop Mobi-Gust 2 was clarified (§2.2). This methodology was split into a design
section (§2.2.1) and a performance section (§2.2.2). In summary, Mobi-Gust 2 has a sturdy and
modular design (§2.2.1.1) that consists of the following main components: a fan (i.e., propelling
the air; §2.2.1.2); a contraction (i.e., accelerating the air flow; §2.2.1.3); a honeycomb and a
transition zone (i.e., conditioning the air flow; §2.2.1.4); an erosion zone and a saltation hopper
(i.e., allowing and enhancing the erosion process; §2.2.1.5); a sand trap (i.e., catching the eroded
granular material; §2.2.1.6); a wind gauging system (i.e., measuring the wind speed; §2.2.1.7);
and a power supply (i.e., powering the electrical systems; §2.2.1.8). After completing the design,
the performance of Mobi-Gust 2 was checked through a series of experiments. The experiments
covered the following main topics: the durability of the electrical systems (§2.2.2.1); the wind
(gauging system) properties (§2.2.2.2); the drainage rate of the saltation hopper (§2.2.2.3); the
sand-tightness of the mobile wind tunnel system (§2.2.2.4); the achievable wind speeds in relation
to the modular design of the mobile wind tunnel system (§2.2.2.5); the development of the flow
within the mobile wind tunnel system (§2.2.2.6); and finally the in-situ erosion performance of
Mobi-Gust 2 (§2.2.2.7). The separation between the design and the performance was not applied
anymore from the methodology onward. To clarify, the design and the performance of Mobi-Gust
2 were discussed simultaneously, as they are closely related. Next, the results of the methodology
were provided (§2.3) and discussed thereafter (§2.4). The results and the discussion allowed the
formulation of a conclusion regarding the project criteria (§2.5). Overall, Mobi-Gust 2 partially
meets the project criteria. However, Mobi-Gust 2 is still suitable to explore the main research
question of this applied research (e.g., §2.4.7 or §2.5.2). As the project criteria were only partially
fulfilled, recommendations could be formulated (§2.6). The recommendations for to the mobile
wind tunnel system mainly target flow development. On top, it is advised to not yet improve the
achievable wind speeds within the mobile wind tunnel system; as this is relatively laborious and
costly. The recommendations for the wind gauging system mainly target the variable sampling
frequency, as well as improving its resolution and accuracy.
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3.2 The methodology to explore sand surface erodibility

This section clarifies the approach of the applied aeolian research using Mobi-Gust 2. In general,
the methodology describes how the main research question is confronted. On top, the methodology
highlights how the field expeditions are conducted. This section is subdivided in five subsections.
Firstly, the general outline of the experiments are clarified (§3.2.1). Secondly, it is discussed how
these experiments are used (§3.2.2). Thirdly, the data to be gathered will be discussed (§3.3.3).
Fourthly, transport- and time management are treated (§3.2.4). Finally, remarks are provided on
the safety during field expeditions (§3.2.5).

3.2.1 The layout of the experiments

The applied research employs two types of experiments. These experiments are called the erosion
test (§3.2.1.1) and the saltation test (§3.2.1.2). Both tests will be explained in outline.

3.2.1.1 The outline of the erosion test

The erosion test is analogues to clear wind erosion (Schiereck, 2019). To clarify, the erosion test
involves generating aeolian erosion, without an upwind supply of sand. Practically this means that
the saltation hopper (§2.2.1.5) is not used during the test. The erosion test can be compared to
natural erosion, caused by winds that attack the beach from the ocean. To clarify, these landward
directed winds are also clear of sand (i.e., as the ocean surface does not contain erodible material).

The experiment can be summarized in three main steps. Step one concerns mounting and
configuring Mobi-Gust 2 according to the manuals (appendix G.3). To be clear, this includes
correctly setting the mobile wind tunnel system, as well as the wind gauging system. Step two
concerns switching on the fan. Consequently, an enclosed and adjustable wind flow is generated
within Mobi-Gust 2 (§2.2.1.2 & §2.2.1.3). In turn, the associated wind shear (§2.2.1.4) can be used
to generate aeolian erosion (§2.2.1.5). Step three concerns manually emptying the sand trap
(§2.2.1.6). Emptying the sand trap is done after specified intervals and/or after a full experiment.

3.2.1.2 The outline of the saltation test

The saltation test is analogues to live bed erosion (Schiereck, 2019). To clarify, the saltation test
involves an upwind supply of sand during the aeolian erosion process. Practically this means that
the saltation hopper (§2.2.1.5) is used during the test. Likewise to the erosion test, the saltation
test is representative for natural processes. In elaboration, the experiment describes the generation
of aeolian erosion at one location (e.g., the supratidal beach); while being influenced by a supply
of sand from another location (e.g., the intertidal beach).

The experiment can be summarized in four main steps. All steps are similar to the erosion
test (§3.2.1.1); yet between step two and three the saltation hopper must be used. This hopper
injects sand into Mobi-Gust 2 with a specific rate (§2.3.3). As explained, the resulting upwind supply
of sand causes enhances the aeolian erosion process within the erosion zone (§2.2.1.5). The
enhanced erosion process will be experimentally demonstrated.

3.2.2 Using hybrid experiments to assess the main research question

The Proof Of Concept (POC) showed issues concerning the erosion performance of Mobi-Gust 2
(§2.4.7). In repetition, the finite pressure capacity of the fan and the (wet) time of year were likely
influential. To this end, it is expected to be difficult to explore the aeolian erodibility of sand surfaces
through field expeditions only. Consequently, an alternative measurement strategy is adopted. The
original strategy is however provided in appendix G.4.1 for reference. The mentioned alternative
uses a series of hybrid tests. The new strategy employs the erosion- and the saltation test as
explained (§3.2.1). However, both tests are embedded in overarching hybrid experiments. In this
case, the hybrid tests refer to two experimental combinations. The first combination of tests
explores the influence of the moisture content on the erosion flux. The second combination
investigates the influence of an upwind supply of sand on the erosion flux.
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The first hybrid experiment involves conducting two erosion tests. Six main steps
summarize the total approach of this overarching experiment. Step one involves performing an
erosion test (§3.2.1.1) in the field (i.e., on the Sand Engine; appendix A). Step two involves
excavating the experimented sand bed. Step three concerns transporting the excavated sand to
Delft University of Technology. Step four involves drying the sand sample. Step five involves filling
the tailored sand pit with the dried sand (§2.4.7). The last step concerns reconducting an erosion
test (§3.2.1.1) in the laboratory. This first hybrid test can be used to assess the main research
question; as both tests are conducted with the same (dried) granular material. To clarify, if both
tests exhibit a unique erosion flux, while wind conditions were similar, the main research question
must be incorrect. This hypothetical result namely demonstrates that similar winds might erode a
sand surface differently, depending on moisture content variations.

The second hybrid experiment involves performing an erosion test and a saltation test. Two
main steps summarize the total approach of this overarching test. Step one again involves
performing an erosion test (§3.2.1.1) in the field (i.e., on the Sand Engine; §1.4). In contrast, step
two involves conducting a saltation test (§3.2.1.2) at that exact same location. To be clear, this
means that Mobi-Gust 2 will not be relocated in between the experiments. In preparation the
quantity of sand required is estimated for a single saltation test. This estimate is based on the
mentioned discharge rate of the saltation hopper (§2.3.3). The same granular material will be used,
with which this discharge rate was established. This hybrid test can again be used to assess the
main research question; since both tests will be conducted on the same in-situ sand surface. To
clarify, if the tests show different erosion fluxes, while wind conditions were similar, the main
research question must again be incorrect. This hypothetical result namely shows that similar winds
might erode a sand surface differently, depending on already having sand in transport or not.

Both hybrid experiments will be verified in the laboratory. After all, Mobi-Gust 2 has a
tailored sand pit (§2.4.7), while an in-situ sand bed will be sampled. Besides verifying the results
of the hybrid experiments, these laboratory tests add robustness to the applied research. To clarify,
the second hybrid experiment only involves field tests. As explained, in-situ erosion experiments
might present difficulties (§2.4.7). Consequently, an erosion test (§3.2.1.1) and a saltation test
(§3.2.1.2) will be reconducted in the laboratory. Field conditions are mimicked by occasionally
wetting the sand surface. This artificial wetting is done systematically (appendix 1.4).

Overall, a variety of experiments will be conducted. Table 15 includes the hybrid
experiments. To clarify, Field I and Lab I form the first hybrid experiment. The second hybrid
experiment concerns Field II and Field III. As explained, Field II and Field III are conducted on the
same in-situ sand surface. Field II thus reconducts Field I, as the bed of Field I is already excavated.
Table 15 also includes the verification tests. The first hybrid experiment can be verified by
comparing Lab I and Lab III. The second hybrid experiment can either be verified by comparing
Lab I and Lab II; or by comparing Lab III and Lab IV.

Table 15 — The experiments (rows) and their characteristics (columns)

Field I | Field IT | Field III | Lab I | Lab II | Lab III | Lab IV |

Erosion test X X x x
Saltation test X x x
Wet surface x X X x* x*
Excavation x

3.2.3 The expected data and the additional activities

Different tests must be compared. To this end, erosion fluxes are estimated (De Vries et al., 2014);
see equation 53. The erosion flux (E [kg/m?/s]) regards the eroded sand mass (m, [kg]) averaged
over the surface area where the erosion took place (4, [m?]) and the duration involved (¢, [s]).
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Conducting the experiments provides all necessary parameters. To clarify, a timekeeping device,
such as a stopwatch, reveals the elapsed time (¢, [s]). The eroded sand mass (m, [kg]) follows
from collecting and weighing the content of the sand trap. However, the saltation test requires an
additional step to determine the eroded sand mass. To clarify, sand will also be injected into Mobi-
Gust 2 using the saltation hopper (§2.2.1.5). So, to find the erosion mass (m, [kg]), the collected
sand mass (m. [kg]) should be corrected for the added sand mass (m, [kg]). This is summarized
in equation 54. Next, the surface area (4, [m?]) of the erosion process is already known. The
surface of the erosion zone is namely 1 [m] by 0.15 [m] (§2.2.1.5).

54) Me =M — Mg

The wind speeds within Mobi-Gust 2 will be measured during the experiments. Specifically, the
wind gauging system senses pressure differentials; and uses this data to calculate and visualize
wind speeds in real-time (§2.2.1.7). Simultaneously, the calculated wind speeds are logged. Also
the raw data will be logged, in order to add robustness to the approach. The raw data concerns a
digitized version of the measured pressure differentials. The approach thus allows to recalculate
and check the measured wind speeds; for example using programming tools.

Additional activities are performed as well. One of the activities concerns mapping the field
location, using the Global Navigation Satellite System (GNSS). Sand properties are explored using
a Grain Size Distribution (GSD) analyses. Next, environmental conditions are regarded by
conducting Moisture Content (MC) analyses. The sand bed will be photographed as well (e.g.,
showing shells, bed forms or vegetation). These actions involve specific rules to enhance the
reproducibility; see for example appendix I.5 or 1.6.

3.2.4 Transport- and time management during field expeditions
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Figure 88 - The Sand Engine and its accessibility; see also appendix A

The Sand Engine (appendix A) is relatively accessible (Google, 2022). The mega nourishment is
located relatively near Delft University of Technology; and is surrounded by major highways
(appendix G.2). Around the Sand Engine there are three parking lots are available (figure 88). The
distances and transit times between the university and these parking lots are relatively similar. On
average the journey involves a distance of about 20 [km] in a duration of roughly 30 [min].
However, the involved duration might be different depending on traffic. In elaboration, the rush
hours around 5PM tend to be busiest. More information is listed in appendix G.2. A performed test
expedition (§2.3.7) roughly confirmed mentioned transit times. As introduced (§1.4), the close
proximity of the Sand Engine enables short-lasting field expeditions. In this case, the field
expeditions will last just one day; and are launched from and ended on the university.
Independent transportation will be used to transport Mobi-Gust 2. The used vehicle
concerns a general MPV car (i.e., a Chrysler Voyager). Mobi-Gust 2 easily fits in such a car (figure
89), which also demonstrated in appendix G.2.1.2. Parking will primarily take place closest to the
measurement location (figure 88); i.e., parking P1. This parking is normally solely available for
bikes, yet specialized access is granted from the authorities. The parking is expected to be available
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always, as the parking is normally restricted for cars. Next, the measurement location (figure 88)
is reached by means of a converted box wagon. Mobi-Gust 2 fits completely on this box wagon
(figure 90), which is also demonstrated in appendix G.2.1.2. A test expedition (§2.2.2.7) revealed
that loading the car takes roughly 30 [min]. However, if the equipment is prepared the day before,
this duration shortens a bit. Next, it takes about 30 [min] to simultaneously unload the car and
pack the box wagon. With the fully packed box wagon it roughly takes an additional 30 [min] to
reach the measurement location. Yet the mentioned durations can be a bit different, depending on
the number of people within the field crew. On the one hand, this way of transporting involves
long durations and is rather laborious. On the other hand, this way of transporting provides
robustness and flexibility to the applied research. Using a private car, as well as the upgraded box
wagon, omits the need for assistance from Delft University of Technology.

Figure 89 - Fitting Mobi-Gust 2 in an MPV Figure 90 - Moving Mobi-Gust 2 by means of a box wagon

The field expeditions are conducted within normal working hours. In elaboration, that means that
field expeditions generally focus between 94AM and 5PM. The (un)loading and the cleaning of
equipment might fall outside the mentioned timespans. Next, it is possible to conduct multiple
experiments during one field expedition. The number of achievable experiments per day depends
on multiple aspects, of which six are listed. Firstly, the duration of individual experiments matters.
Secondly, the power supply is of importance, as it has a finite power capacity (§2.4.1). Thirdly, an
available solar panel can provide extra power (i.e., 100 [W]) on sunny days. Fourthly, the size of
the field crew is of importance; i.e., having more or less assistance. Fifthly, the distance between
subsequent measurement locations is of importance as it takes time to reposition Mobi-Gust 2.
Finally, the available daylight is of importance as well. To clarify, the field expeditions are conducted
in wintertime, in which the sun may set as soon as 5PM (\Weeronline, 2023). The available day
light is of course important in view of safety. In most cases it is expected that the number of
experiments per day is restricted by the power supply. If the presence of the solar cell is neglected,
it is for example possible to conduct four experiments of half an hour each.

3.2.5 Safety during field expeditions

Safety is a major concern during field expeditions. As mentioned, assistance from Delft University
of Technology is not required. However, that does not mean that field expeditions are allowed to
be conducted individually. From a safety perspective, at least one extra person is required to be
present during the expedition. However, this person does not have to be tied to Delft University of
Technology. As explained (§2.2.2), a dedicated safety plan was made for the field measurements.
Amongst others, this safety plan includes general safety hazards. These safety hazards are for
example related to the flora and fauna to be encountered; as well as environmental conditions
(e.g., weather, water levels or winds). On top, research hazards are regarded as well. These
research hazards for example concerns the used equipment and how these are protected during
field expeditions. Finally, the safety plan considers mitigation measures to the mentioned risks.
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3.3 Analysing the erodibility of the sand surface

This section displays the results of the applied aeolian research. Mobi-Gust 2 was used to gather
the erosion- and wind speed data; and additional activities were conducted as well (§3.2.3). The
gathered data is exhibited in four subsections. Firstly, general remarks are provided on the
attempted field expeditions (§3.3.1). Secondly, the results from the first hybrid experiments are
shown (§3.3.2). Thirdly, the results from the second hybrid experiments are shown (§3.3.3). Lastly,
the results from all experiments, i.e., including the verification tests, are provided (§3.3.4).

3.3.1 General remarks on the conducted field expeditions

Mobi-Gust 2 was employed in field expeditions. The unsuccessful expeditions still contributed to
the insights of this research. In short, the experiments were hampered by rainfall, frost and intense
winds. Small reports of the field expeditions are added in appendix H.

As explained (§3.2.2), hybrid tests were used to assess the main research question. In
elaboration, a series of erosion tests (§3.2.1.1) and saltation tests (§3.2.1.2) were employed. These
tests explore the aeolian erosion process; related the erosive ability of the wind, opposed to the
supplying ability of the sand surface. Figure 91 shows the location of the successful measurements.
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Figure 91 - The measurement location on the Sand Engine; see also Figure 88

3.3.2 The influence of moisture content on the erosion flux

The first hybrid experiment explored the influence of moisture content on the erosion flux. To this
end, an erosion test (§3.2.1.1) was conducted in the field (figure 92); i.e., Field I. The experimented
sand surface was relatively ‘clean’ (figure 93); e.g., relatively free of shells, vegetation or litter.
Moisture contents reached roughly 5 [%]; see appendix 1.6. Yet, the moisture content samples
were taken relatively deep; and are therefore not representative for the surface layer (appendix
1.6). Field I did not produce any measurable erosion (i.e., 0.00 [kg/m?/s]). The average centreline
wind speed within Mobi-Gust 2 was 9.05 [m/s]. On top, the centreline wind speed had a standard
deviation of 0.61 [m/s]. After Field I, the sand bed was excavated (figure 94). This excavated sand
volume was similar to the volume of the sand pit (§2.4.7); and was sampled right below the erosion
zone. The excavated sand bed was then taken to the laboratory, where it was dried (figure 95).
Next, a Grain Size Distribution (GSD) analysis was conducted (figure 96). Eventually, the erosion
test (§3.2.1.1) was reconducted in the laboratory (figure 97) using the tailored sand pit (§2.4.7);
i.e., Lab I. Lab I showed an erosion flux of 0.01 [kg/m?/s]. The average centreline wind speed
within Mobi-Gust 2 was 9.38 [m/s] (i.e., + 3.65 [%] with respect to Field I). On top, the centreline
wind speed exhibited a standard deviation of 0.65 [m/s] (i.e., + 6.56 [%] with respect to Field I).
All mentioned data is also shown in §3.3.4.
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Figure 92 - A prepared Mobi-Gust 1 just before Figure 93 - A close up of the tested bed of Field I;
conducting Field I on the Sand Engine the picture includes a 1 [m] folding ruler for reference
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Figure 96 - The GSD of the excavated material Figure 97 - Conducting Lab

3.3.3 The influence of saltation sand on the erosion flux

The second hybrid test explored the effects of an upwind supply of sand on the erosion flux. To
this end an erosion test (§3.2.1.1) was performed in the field (figure 98); i.e., Field II. The explored
sand surface again appeared relatively ‘clean’ (figure 99); and was very similar to the previous one
(i.e., Field I). As both tests are conducted close to each other (e.g., see figure 98) this is logical.
The moisture content remained virtually unchanged; and roughly reached roughly 5 [%]; see
appendix 1.6, It is stressed that this moisture content is not representative for the surface layer.
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Field II did again not produce any measurable erosion (i.e., 0.00 [kg/m?/s]). The average centreline
wind speed within Mobi-Gust 2 was 9.00 [m/s]. On top, the centreline wind speed had a standard
deviation of 0.54 [m/s]. Next, a saltation test (§3.2.1.2) was conducted at the exact same spot
(figure 100); i.e., Field IIL. Notice the presence of pre-packed sand samples of known mass. The
total amount of sand required was estimated using the drainage rate of the saltation hopper
(§2.3.3). Field III produced an erosion flux of 0.03 [kg/m?/s] (figure 101). The average centreline
wind speed within Mobi-Gust 2 was 8.43 [m/s] (i.e., — 6.33 [%] with respect to Field II). On top,
the wind speed exhibited a standard deviation of 0.36 [m/s] (i.e., — 33.33 [%] with respect to Field
IT). The mentioned data is visualized in §3.3.4.

Figure 98 - Conducting Field 1I; Figure 99 - A close up of the tested bed of Field II;
Notice the excavation hole from Field I behind Mobi-Gust 2 the picture includes a 1 [m] folding ruler for reference

Figure 100 - Conducting Field III on the Sand Engine Figure 101 - The eroded bed after conducting Field 11T

3.3.4 Summarizing the gathered data

Table 16 (on the next page) shows the gathered data from all tests (§3.2.2). The mentioned table
thus includes the hybrid tests (i.e., Field I, IT and III; and Lab I); as well as the additional laboratory
tests (i.e., Lab II, III and IV). For convenience, table 16 repeats the setup of each test. It is stressed
that all laboratory tests used the excavated sand bed from Field I (figure 96). Amongst others,
table 16 shows: the duration (t, [s]) of each test; the eroded sand mass (m, [kg]); and the surface
area (4, [m?]) over which the erosion took place. The stated parameters are used to establish the
erosion fluxes (E [kg/m?/s]); see equation 53 (§3.2.2). If applicable, table 16 also includes the
added sand mass (m, [kg]) and the collected sand mass (m, [kg]); see equation 54 (§3.2.2). Table
16 finally shows the statistics of the non-averaged wind speed data, i.e., the means (u, [m/s]) and
standard deviations (g, [m/s]). The eroded mass is corrected for a mass of roughly 10 [g] (see
§2.4.3, §2.4.4 & appendix 1.3.5). Appendix 1.3 shows pictures of the sand mass determination.
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Test setup

Test duration

Sand masses

Surface area

Erosion flux

Wind conditions

Table 16 — All results of the conducted experimental research (*the saltation hopper)

Experiment | Field I | Field IT | Field ITI | LabI | Lab II | Lab III | Lab IV
Erosion test X x — X — x —
Saltation test — — X — x — X
Wet surface X X X — — x* x*
Excavation x — — — — — —
te [s] 594 600 666 602 618 602 617
my [kg] — — 12.05 — | 1252 — 13.32
m, [kg] 0 0 15.22 1.07 | 18.24 0 15.10
m, [kg] 0 0 3.17 | 1.07 @ 5.72 0 1.78
A, [m?] 0.15 0.15 0.15 0.15 0.15 0.15 0.15
E [kg/m?/s] 0 0 0.03 0.01 | 0.06 0 0.02
Uy, [m/s] 9.05 9.00 843 | 938 | 9.08 | 951 | 897
gy, [m/s] 0.61 0.54 0.36 0.65 0.35 0.61 0.31

For reference, figure 102 provides the wind speed data. Mind that these graphs show moving
averages evaluated over one-second intervals. Using moving averages namely improves the clarity

of the graphs. Appendix 1.2.4contains the raw wind speed data.
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Figure 102 - Wind speed data (one-second moving averages);

Left = field data & right = laboratory data

Finally, the erosion zone walls were undermined in experiment Lab II (figure 103).
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Figure 103 - Lab 1I showing undermining of the erosion zone walls
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3.4 Discussing the erodibility of the sand surface

This section discusses the results of the applied aeolian research using Mobi-Gust 2. This discussion
is divided into three subsections. To start off, general remarks are provided on the acquired field
data and the associated difficulties (§3.4.1). Next, the measured erosion data is discussed, in
relation to the moisture content (§3.4.2). Finaly, the measured erosion data is discussed, but then
in relation to an upwind supply of sand (§3.4.3).

3.4.1 General remarks on the acquired data

General variations exist between the performed tests. These differences are tackled first to facilitate
the comparisons later on. To this end, the gathered data (§3.3.4) is partly visualized in figure 104.
The surface area of the erosion is not added but concerns a constant value of 0.15 [m?].
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5 Eroded
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Figure 104 - Visualization of the data in table 16

The first variation source concerns the duration of the tests (figure 104 & §3.3.4). Most variability
is present in the saltation tests (§3.2.1.2); i.e., Field III, Lab II and Lab IV. These variations are
primarily caused by the drainage of the saltation hopper. After filling, the hopper must fully drain,
as the sand samples are weighted upfront. This drainage is more manageable in the laboratory. In
the laboratory the sand can namely be weighted while carrying out the tests. In that case, the
hopper must still fully drain after filling, yet sand samples are more easily varied in size. Weighing
the sand samples in the field is not reliable without shielding the weighing scale. The surrounding
wind namely exerts pressure on the weighing plate. Pre-packed sand samples were used to mitigate
this situation; which also reduced the workload during Field III. Yet, the sample bags were filled
quite well (i.e., about 1 [kg] each). Overall, this explains why Field III is the most off. The
differences in the other tests are not very striking. The erosion tests (§3.2.1.1) almost show no
variability at all; i.e., Field I, Field II, Lab I and Lab III. This is logical as the tests can be stopped
when necessary. Only Field I was stopped a bit too early, due to an undefined error. By defining
an erosion flux the differences are however smoothened out. While, the fluxes are based on a bit
shorter or longer duration, the tests are still comparable.

Another source of variation concerns the undermining of the erosion zone walls in Lab II
(8§3.3.4). The undermining does not compromise this research. This can be summarized in three
main arguments. Firstly, no other test has exhibited this undermining. Secondly, Lab II is not part
of the main comparisons, but concerns a verification test. Thirdly, the nature of this research still
enables using this compromised result; yet in a quantitative manner. To clarify, this study primarily
produced absolute differences, rather than exposing spatiotemporal variations. So, the erosion flux
itself may not be very useful. Yet, a binary observations (i.e., observing or not observing erosion)
might still be valuable. After all, the undermining results from relatively severe aeolian erosion;
while other tests could not even produce aeolian erosion.

Another source of variation concerns the wind speed within Mobi-Gust 2. While the wind
speed statistics (§3.3.4; table 16) might be comparable, there is still some variation present. Figure
105 visually shows this by comparing the main experiments (§3.2.2). Again, these graphs show
one-second moving averages for clarity purposes. Appendix 1.2.4 shows the raw wind speed data.
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Starting off with the statistics of the measured wind speeds. Especially, the means and standard
deviations of the saltation tests (i.e., Field III, Lab II and Lab IV) are lower than the ones of the
erosion tests (i.e., Field I, Field II, Lab I and Lab III). Yet, maximum power was provided to the
fan in all the tests. These discrepancies are caused by the added upwind supply of sand in the
saltation tests (§3.2.1.2). As explained (§2.4.5), the injected sand extracts momentum from the
wind flow (LU & Dong, 2011); and it also suppresses turbulence levels (Zhu et al., 2019). In turn,
clarifying the observed differences. Equation 44 (§2.4.5) is re-used on the data in figure 105 to
learn how much momentum was extracted; see table 17. The Proof of Concept (POC) also used
this analysis, so that value is repeated in table 17 as well. The calculations used an air density
applicable to Standard Temperature and Pressure (STP); i.e., 1.225 [kg/m3] (appendix B). The
value of the POC mostly agrees with observed data (LU & Dong, 2011). While being a bit lower,
field II/III and Lab III/IV resemble each other the most. Field II/III and Lab III/IV included a
dynamic bed, i.e., the changing flow area influenced the velocities as well (\White, 2011). The value
that is most off concerns Lab I/II. Yet, this group includes Lab II, which suffered from undermining.

Table 17 - Comparison momentum extraction from the centreline wind speed

POC | Field IT & IIT | Lab I & IT | Lab IIT & IV

Sand-clear speed (u. [m/s]) 9.43 9.00 9.38 9.51
Sand-laden speed (u; [m/s]) 8.61 8.43 9.08 8.97
Momentum extraction (AM [kg/m?/s] | 1.00 0.70 0.37 0.66

Additionally, the field data shows more large-scale variations. These oscillations are caused by two
effects. Firstly, the power supply was compromised during the field expeditions. The POC (§2.4.1)
already demonstrated this; however, the problem was not recognized in time. In repetition, loose
battery connections causes more variability in the generated wind speeds, as the fan receives a
varying power. Secondly, the oscillations are also caused by pressure fluctuations of the
surrounding wind (Voorendt, 2022). To clarify, if surrounding winds were constant and collided
with the entrance of Mobi-Gust 2, pressure is locally raised. This increased pressure travels through
Mobi-Gust 2. As surrounding winds are variable, it is clear why the field data shows more variability.

The initiation of motion for dry sand is assessed, to mitigate the impact of the stated wind
variability. R.A. Bagnold (1941) specified an experimentally verified (capacity limited) threshold
equation (equation 55). This threshold friction velocity (u; [m/s]) depends on: the median grain
diameter (D5, [m]); the gravitational acceleration (g [m/s?]); the density of sand (p, [kg/m?3]); the
density of air (p, [kg/m3]); and an empirical coefficient (i.e., equal to 0.1 [-] in air). Substituting
equation 55 into general expressions for the bed shear stress (Bosboom & Stive, 2023); provides
a critical bed shear stress (z;, . [N/m?]) for the initiation of motion for dry sand (equation 56).

55) W = A |Dsyg (ps B pa)

a

56) Tpe = pa(uZ)z
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Analysis reveals that dry granular material could have been moved by Mobi-Gust 2. Measured flow
properties within Mobi-Gust 2 namely exceed the critical values as calculated with equation 55 and
56. To clarify, the critical values are determined for the median grain sizes that were encountered
within this research. These grain sizes concern 430 [um] (figure 19 in §2.2.1.4), 393 [um] (figure
39 in §2.2.2.3) and 386 [um] (figure 96 in §3.3.2). The coarsest grains will result in the highest
critical values; which provides a safe approach. On top, the coarsest grains (i.e., 430 [um]) were
also scraped from the sand surface, while the others (i.e., 393 and 386 [um]) were excavated.
Overall, the coarsest grains are most representative for the sand surface in the applied research.
As explained, standard values are used for the other parameters (i.e., A = 0.1 [-]; g = 9.81 [m/s?];
ps = 2,650 [kg/m3]; pg = 1.225 [kg/m3]). The outcomes for the critical friction velocity (u} [m/s])
and the critical bed shear stress (z, . [N/m?]) respectively become 0.302 [m/s] and 0.112 [N/m?].
These outcomes are compared to the measured data within Mobi-Gust 2 (§2.4.6). The lowest
measured friction velocity (u*[m/s]) and the lowest measured bed shear stress (z, [N/m?]),
respectively concern 0.540 [m/s] and 0.357 [N/m?] (§2.4.6). These measured values exceed the
critical friction velocity and the critical bed shear stress by roughly 80 [%] and 220 [%] (i.e., these
percentages are rounded to increments of 10 [%]). If even coarser grain sizes are used (e.g.,
Dq, [um]), the critical values are still exceeded considerably. Mobi-Gust 2 was thus able to move
the sand grains if they were dry. As a critical remark, the measured friction velocity and the
measured bed shear stress are established in the laboratory. Yet, those values are representative
for field conditions as well. To clarify, the measured values originate from the pitot tube mounted
at the upwind end of the erosion zone. This pitot tube measures the conditions leaving the
transition zone. These flow conditions thus also enter the erosion zone in field experiments. The
pitot tube even sticks a bit into the transition zone.

A final remark is provided on the erosion zone walls. These walls are quite blocky; and
driving them into the sand bed, tends to displace sand into the erosion zone. While this effect was
minor, it still disturbed the sand bed. These disturbances can however not explain the observed
differences. To clarify, these disturbances affected all experiment, yet there are tests that showed
no aeolian erosion, while others did.

3.4.2 The influence of moisture content on the erosion flux

The conducted tests show that the moisture content may impact the erodibility of the sand surface
(i.e., Field I vs. Lab I). The measured variations in the erosion flux (figure 104 or table 16 in §3.3.4)
are namely not explained from variations in wind conditions alone. The wind speed statistics were
namely of a comparable order of magnitude (figure 105). On top, while wind speed variations exist,
Mobi-Gust 2 should have been able to move a dry sand surface (§3.4.1). The winds within Mobi-
Gust 2 were namely already strong enough at the upwind end of the erosion zone. Yet on the one
hand, a wet in-situ sand surface could not be moved (E;.;q; = 0.00 [kg/m?/s]; table 16 in §3.3.4).
While on the other hand, that same dried sand surface could be moved in the laboratory (Eyp; =
0.01 [kg/m?/s]; table 16 in §3.3.4); just as predicted with equation 55 and 56. Overall, the results
show that the erodibility of the sand surface varies, depending on moisture content.

A verification test backs the observations from the main comparison (i.e., Field I vs. Lab I).
The moisture content was likely not perfectly isolated within this main comparison. The approach
(i.e., excavating, transporting and drying the sand bed) may have also loosened and mixed, a
possibly compacted and armoured sand surface. These factors may also influence the erodibility of
the sand surface (Van Rijn, 2023). Luckily, all laboratory tests used the same loosened and mixed
sand surface. Consequently, moisture content concerns the only variation within the laboratory
test. Figure 104 shows that an erosion tests (§3.2.1.1) performed on a dry or a wet surface (i.e.,
Lab I vs Lab III) supports the main comparison (i.e., Field I vs. Lab I). The sand surface in Lab I
could namely be mobilized (E;4,; = 0.01 [kg/m?/s]; table 16 in §3.3.4). But after artificially wetting
the sand surface in Lab III erosion could be stopped (E}4p, ;;; = 0.00 [kg/m?/s]; table 16 in §3.3.4).
The wind conditions in Lab I and Lab III were even more comparable (figure 106) than in the main
comparison (i.e., Field I vs. Lab I). Yet as mentioned, possible differences should not matter, as
the threshold of motion for dry sand was exceeded (§3.4.1).
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Figure 106 — Wind conditions during the laboratory experiments Lab I and Lab III

Other comparisons seem possible at first glance but are less usable. For example, Lab II and Lab
IV maybe also show different erosion fluxes (figure 104), between a wet and a dry sand surface.
Yet, both tests involve the saltation hopper; and saltation hopper issues (§2.6.4) caused differences
in amount of sand added (figure 104). On top, Lab II was affected by undermining (§3.4.1). Next,
Field II and Lab I also seem comparable at first glance. Yet strictly speaking these tests did not
use the same sand surface. As explained, the laboratory tests used the excavated sand bed from
Field I. Due to the mentioned reasons, also Field III and Lab II are hard to compare.

The first hybrid experiment can be linked to seasonal variations in sand surface erodibility.
While the amount of rain is rather equally distribution across the year; rain in the Dutch winter is
generally weaker and lasts longer (KNMI, 2023). On top, the evaporation in winter is generally
much weaker (KNMI, N.d.). Overall, winter conditions tend to be wetter, causing moisture contents
to be higher. As mentioned before, a moisture content of 2 [%] might be enough to completely halt
aeolian transport (Hallin et al., 2023). That explains why natural aeolian transport tends to coincide
with moderate wind conditions, as more extreme conditions often involve rain (Arens, 1996). Dune
growth patterns along the Dutch coast tend to depend on precipitation patterns as well. In
elaboration, beaches tend to be narrower during wet periods (Van Straaten, 1961). In general,
dune growth tends to focus within calmer periods of moderate weather; while extreme periods of
stormy weather generally involve to dune erosion (Bosboom & Stive, 2023). The mentioned
conditions are representative for the winter. Counterintuitively, the winds in the Netherlands are
generally strongest in winter (Janssen, 2021); because of (strong) westerlies and seasonal effects
(Bosboom & Stive, 2023). While stronger winds should have higher drift potentials (Hoonhout,
2017). It is however noted that stronger winds may also winnow erodible material (Huisman et al.,
2021). The described seasonality in weather- and dune growth patterns, illustrate the importance
of sand surface erodibility along the Dutch coast. This seasonality is also implicitly shown through
figure 107 and figure 108. These two pictures are taken within different seasonal periods, roughly
at the same location (i.e., notice the tower in the back). Already visually, it appears as if the sand
surface is more erodible when summer is closing in. The tests conducted with Mobi-Gust 2
demonstrated this seasonality. On the one hand, the bed of figure 107 (next page) can be
compared to the sand surface in Lab I. In contrast, the figure 108 (next page) can be compared
to the sand surface in Field I. The contrasting observations of the mentioned tests are steered by
differences in moisture content, compaction and armouring. As a final remark it is noted that rain
may also generate aeolian transport. Yet, this is related to rain-drop impact, rather than the
investigated moisture content (Van Rijn, 2023). On top, the associated transport is generally only
10 [%] compared to similar winds without rain.
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Figure 107 - The Sand Engine in May, 2023 Figure 108 - The Sand Engine in January, 2024

3.4.3 The influence of saltation sand on the erosion flux

The conducted experiments also shows that an upwind supply of sand may impact the erodibility
of the sand surface (i.e., Field II vs. Field III). Variations in the wind conditions only, cannot explain
the observed differences in the erosion flux (figure 104 or table 16 in §3.3.4). Again, the wind
speed statistics were of a comparable order of magnitude (figure 105). On top, despite the
variations in the wind conditions, comparisons can still be made because of two main reasons. First
of all, the wind did not lose momentum, but transferred it to the injected sand grains (§2.2.1.5,
§2.4.5 or §3.4.1). As mentioned, the sand grains focus the extracted momentum in a region close
to the sand surface. The momentum redistribution is also actually the process studied in these
tests. Second of all and as mentioned, Mobi-Gust 2 should have been able to mobilize dry granular
material (§3.4.1). Yet on the one hand, Mobi-Gust 2 was not able to mobilize a wet in-situ sand
surface (Efeq 1 = 0.00 [kg/m?/s]; table 16 in §3.3.4). But on the other hand, Mobi-Gust 2 was
able to mobilize that same sand surface, after the introduction of an upwind supply of sand
(Efieta i = 0.03 [kg/m?/s]; table 16 in §3.3.4). Overall, the tests demonstrate that the erodibility
of the sand surface changes, depending on whether the wind already transports sand or not.

A remark is made on the formation of scour holes. Field III namely showed scour
development at the upwind end of the erosion zone (figure 109). This was expected, as the flow
is underdeveloped (§2.2.1.4). But scour holes have not been clearly observed in the other tests
(i.e., except for Lab II; the test that suffered from undermining). Scour holes appear to emerge in
tests involving relatively strong erosion; or when an upwind supply of sand is involved; or both,
since the upwind supply of sand triggers relatively strong erosion. However, the erosion flux was
not corrected for the presence of these scour holes. The approach seems justifiable in view of this
research. As explained, binary observations are still meaningful (i.e., observing, or not observing
erosion). On top, the erosion process took place across the entire erosion zone (figure 109). In
other words, scour holes did not solely cause the observed differences.

Figure 109 - The appearance of the explored sand surface just after conducting Field I1I

79

Delft
e t University of
Technology



Part III
The erodibility of the sand surface: discussion

Laboratory tests verified the observations. Lab III and Lab IV are performed on the same sand
surface, that was artificially wettened (appendix 1.4). The tests were performed shortly after one
another, in order to minimize the effect of sand surface drying in between the tests. On top, the
sand surface was also not altered in between the tests (e.g., by re-spraying it or something else).
All this to ensure that the conditions were as equal as possible. In Lab III the artificially wettened
sand surface could not be moved (E,;, ;;; = 0.00 [kg/m?/s]; table 16 in §3.3.4). In contrast, after
introducing an upwind supply of sand (i.e., Lab IV) the sand surface could be moved (E;;, v =
0.02 [kg/m?/s]; table 16 in §3.3.4). Again, winds in the Lab IV were less strong and less variable
(figure 110) due to the redistribution of momentum. On top, the wind conditions within Mobi-Gust
2 exceeded the threshold of motion for dry sand.
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Figure 110 - Wind conditions during the laboratory experiments Lab I and Lab 111

Other comparisons seem possible but are again less usable. For example, Lab I vs. Lab IV or Lab
II vs. Lab III, also involve comparisons between an erosion test and a saltation test. Yet these also
include variations in moisture content (dry vs. wet). Next, Field III can also not be compared freely
to any of the laboratory tests, as the laboratory tests used the excavated sand bed of Field I. It is
also hard to compare Field I to Lab IV, as moisture contents did not match (appendix I.6).

The second hybrid experiment can be linked to the non-linearity in sand surface erodibility.
For example, consider two locations; one situated upwind of the other. On top, this upwind location
is higher elevated than the downwind location (e.g., it is a berm). After precipitation, the upwind
location probably dries and drains faster than the downwind location; as it is more exposed and
higher elevated. Velocity thresholds at the upwind location are thus also lowering faster than at
the downwind location; as moisture contents are dropping faster (Arens, 1996). The upwind
location will thus suffer from erosion earlier than the downwind location. While the sand surface at
the downwind location is still too wet for erosion to occur; it all of a sudden receives a supply of
sand from the upwind location. As explained, this upwind supply of sand focusses in an area close
to the sand surface (§2.2.1.5). These saltating (i.e., bouncing) and creeping (i.e., rolling) sand
grains transfer momentum (i.e., collide) to the sand surface of the downwind location. As a result,
the downwind location might be eroded, even before it has dried enough for sand-clear winds to
actually erode it. In that case, the erodibility of the downwind location depends on the erodibility
of the upwind location. The erodibility of the sand surface thus exhibits non-linear behaviour as it
depends on itself. The mentioned example is observed in the field (Hallin et al., 2023).

This non-linear behaviour is also present along the vertical axis. To clarify, a simplified two-
dimensional and layered sand bed is considered (figure 111). A shielded sand layer (A) can only
be eroded, after the grains on top are eroded (B). This top layer (B) might also be more or less
erodible at one place or another. The erodibility of the sand surface is for example impacted by
differences in grain sizes (C), interlocking processes (D), the presence of shells (E), or many other
examples (e.g., §1.3). The moisture content is also of importance (figure 111), which is influenced
by the examples given. Overall, the erodibility of the sand surface concerns a non-linear interplay
between sand characteristics and environmental conditions.
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Figure 111 - Non-linearities in sand bed erodibility

The discussed non-linearity has consequences for the results in this research. Erosion fluxes are
namely used to compare the results (e.g., figure 104, or table 16 in §3.3.4). These erosion fluxes
are computed for entire experiments, i.e., without using intervals. In other words, the computed
erosion fluxes assume a linear erosion process throughout the experiment. In view of the provided
explanations within this section, that assumption cannot be accurate. Actually, this concerns the
next big step in coastal aeolian research. What actually is this relation?
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3.5 The conclusions from the applied aeolian research

The research question of the applied research with Mobi-Gust 2 is assessed within this chapter.
This research question follows from the desire to better understand coastal aeolian sand exchange
(see part 1 of this report). To answer the research question, a novel and specialized mobile erosion
device was developed and tested (see part 2 of this report). In clarification, the mentioned device
is called Mobi-Gust 2; and consists of a mobile wind tunnel system and wind gauging system.
Subsequently, Mobi-Gust 2 was deployed in the laboratory and in field expeditions (see part 3 of
this report). For convenience, the research question to be answered is repeated below.

The aeolian erosion process on sandy beaches,
is solely determined by wind speed and does not rely on surface erodibility.

The conclusions on this research question are divided into two stages. The research was namely
conducted using two sets of experiments. The first set of experiments provides a conclusion related
to moisture content (§3.5.1). The second set of experiments substantiates this conclusion, but then
related to an upwind supply of sand (§3.5.2). To finalize, remarks are provided on the position of
these conclusions within the academic field of coastal aeolian research (§3.5.3).

3.5.1 Aeolian erosion from a dry and wet sand surface

The experiments studied aeolian erosion from sand surfaces of different wetness (§3.2.2). In short,
these experiments involved laboratory- and field tests. Mobi-Gust 2 was first used in a field
expedition that attended the Sand Engine (see appendix A for more information). Here it was tried
to generate aeolian erosion from a wet in-situ sand surface with sand-clear winds (§3.2.2); i.e.,
analogues to clear wind erosion (§3.2.1.1). Following this in-situ test, the sand bed was excavated.
Next, the sand sample was dried within the Hydraulic Engineering laboratory of Delft University of
Technology. The same experiment was then repeated in a tailored sand pit (§3.3.2).

Coastal aeolian erosion is not solely controlled by the wind speed. In contrast, coastal
aeolian erosion also relies on sand surface erodibility. This conclusion follows from comparing
experiments Field I and Lab I (§3.3.2 & §3.4.2). The wet in-situ sand surface could namely not be
eroded (i.e., Efje1q; = 0.00 [kg/m?/s]). However, that same dried sand surface could be eroded
(i.e., Ejqp; = 0.01 [kg/m?/s]). Besides comparable wind conditions within Mobi-Gust 2 (§3.4.2);
both tests involved wind conditions above the threshold of motion for dry sand (§3.4.1). As a result,
the wind conditions cannot explain the observed differences. Verification tests (i.e., Lab I vs. Lab
III) exhibited similar outcomes (§3.3.2 & §3.4.2). Verification was important as the approach (e.g.,
excavation) likely also loosened and mixed the explored sand bed. However, the verification tests
involved the same loosened and mixed granular material. In one of the verification tests the sand
surface was artificially wettened (appendix 1.4). Consequently, the verification tests isolated
moisture content even better. Overall, the erodibility of the sand surface varies, depending on
differences in the moisture content.

A final remark is made on the seasonality of aeolian processes; as a result of seasonal
variations in sand surface erodibility. Aeolian processes govern dune growth (§1.1). Both aeolian
processes and dune growth are stronger in moderate conditions; while being weaker in more
extreme conditions (§3.4.2). To clarify, extreme (stormy) conditions often coincide with rain; and
moisture content hampers aeolian erosion. Moderate conditions can be representative for (dry)
summer conditions, while extreme conditions can be representative for (wet) winter conditions. In
that same manner, Lab I can be representative for (dry) summer conditions; while Field I can be
representative for (wet) winter conditions. These tests thus implicitly demonstrate seasonal
variations in sand surface erodibility (§3.4.2).
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3.5.2 Aeolian erosion with and without an upwind supply of sand

The experiments investigated aeolian erosion from a wet in-situ sand surface with and without an
upwind supply of sand (§3.2.2). In short, these experiments concerned field experiments on the
already mentioned Sand Engine (see appendix A for more information). Two different experiments
were conducted during the field measurements. The first experiment tried to generate aeolian
erosion from a wet in-situ sand surface with sand-clear winds (§3.2.2); i.e., analogues to clear
wind erosion (§3.2.1.1). In contrast, the second test tried to generate aeolian erosion from that
same wet in-situ sand surface with sand-laden winds (§3.2.2); i.e., analogues to live bed erosion
(§3.2.1.2). Simulating sand-clear or -laden winds can be done by means of a saltation hopper
(§2.2.1.5). In short, this hopper injects sand grains into Mobi-Gust 2 upwind of the erosion zone.
Again, coastal aeolian erosion is not solely governed by the wind speed. In contrast, coastal
aeolian erosion also depends on the erodibility of the sand surface. This conclusion stems from
comparing experiments Field II and Field III (§3.3.3 & §3.4.3). The wet in-situ sand surface could
not be eroded with sand-clear winds (i.e., Ef;e1q 1 = 0.00 [kg/m?/s]). Yet after adding an upwind
supply of sand, that exact same sand surface could be eroded (i.e., Ef;e1q; = 0.03 [kg/m?/s]). On

the one hand, wind conditions within Mobi-Gust 2 exhibited variations (§3.4.3). On the other hand,
the wind conditions can still not explain the observed differences due to two main reasons. First of
all, one of the test did not suffer from momentum losses, but merely suffered from momentum
redistribution (§3.4.3). On top, it was intended to explore exactly that redistribution effect. Second
of all, the wind conditions in both tests were above the threshold of motion for dry sand (§3.4.1).
In other words, wind conditions alone cannot explain the observed differences. Verification tests
(i.e., Lab III vs. Lab IV) provided similar outcomes (§3.3.3 & §3.4.3). Overall, the sand surface
erodibility varies, depending on whether the wind already transports sand or not.

A final remark is made on the non-linear behaviour of sand surface erodibility. Sand-laden
winds may erode a sand surface, which was unerodable for sand-clear winds (§3.3.3 & §3.4.3).
This discrepancy means that the erodibility at one place, might depend on the erodibility at another
place. By example, two hypothetical beach locations are considered; one upwind of the other. The
upwind location is higher elevated and more exposed (e.g., a berm) than the downwind location.
Compared to the downwind location, the upwind location thus dries and drains faster after being
wettened (e.g., by precipitation). When the erodibility of the upwind location becomes sufficient
enough, an upwind supply of sand is generated towards the downwind location. This upwind supply
of sand may then cause aeolian erosion at the downwind location (i.e., Field III); even before sand-
clear are able to erode that surface (i.e., Field II).

3.5.3 Experimental verification with a viable Mobi-Gust 2

The development of Mobi-Gust 2 (part 2) changed the direction the applied research (part 3). The
initial focus concerned aeolian erosion in a more general context; just as the tone of the main
research question suggests. Yet, the Proof Of Concept (POC) of Mobi-Gust 2 (part 2) demonstrated
that a shift of focus was necessary (e.g., §2.4.7). To this end, the applied research concentrated
on aeolian erosion; but then in relation to moisture content (e.g., §3.4.2) and an upwind supply of
sand (e.g., §3.4.3). Consequently, the research question could be retained and solved in relation
to the mentioned perspectives. As multiple sources within this report already suggested, the answer
to the main research question might have been (partly) known already. Amongst others, this report
can thus be regarded as experimental verification of known literature. However, this report also
demonstrated the viability of Mobi-Gust 2 in conducting applied aeolian research. Consequently,
Mobi-Gust 2 can be employed to fill in knowledge gaps surrounding coastal aeolian processes. For
example, Mobi-Gust 2 might be used to find the mentioned (non-linear) erodibility relations
(8§3.4.3). Ultimately, to improve predictive models, such as Aeolis (§1.3).
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3.6 The recommendations from the applied aeolian research

The performed applied research with Mobi-Gust 2 resulted in a set of recommendations. These
recommendations are subdivided into two sections. The first set of recommendations focusses on
the aeolian research itself (§3.6.1). The second set of recommendations however concerns Mobi-
Gust 2, in relation to the applied aeolian research (§3.6.2). To clarify, extra remarks arose on the
performance of Mobi-Gust 2; which could only be made after conducting the applied aeolian
research (part 3). The second set of recommendations can thus be regarded as a supplement to
the Proof Of Concept (POC; part 2) of Mobi-Gust 2.

3.6.1 Recommendations concerning the applied aeolian research

The main recommendation involves using Mobi-Gust 2 before improving it extensively. To clarify,
the Proof Of Concept (POC; part 2) already showed that Mobi-Gust 2 is reasonably capable of
conducting useful, reliable and controllable measurements. The applied research (part 3) verified
that Mobi-Gust 2 is indeed capable of performing applied aeolian research. As a result, the main
recommendations involves two steps. Firstly, it is advised to only perform minor improvements,
regarding the performance of Mobi-Gust 2 (§2.6). It is stressed, that these minor improvements
do not include a major overhaul related to improving the wind speed. Secondly, Mobi-Gust 2 should
be employed in more applied aeolian research as soon as possible. Both the POC (part 2) and the
applied research (part 3) demonstrated the viability of Mobi-Gust 2. Especially, when Mobi-Gust 2
gets deployed in more favourable (summer) conditions. Deploying Mobi-Gust 2 allows exploring
other supply limiting factors; i.e., other than moisture content and an upwind supply of sand. After
conducting more applied research, it might be considered to improve achievable wind speeds within
Mobi-Gust 2; so that Mobi-Gust 2 might cope with more adverse (winter) conditions.

When using Mobi-Gust 2 in more applied aeolian research, it can be employed to quantify
the aeolian erodibility of the sand surface. As explained, there are multiple ways to achieve this
(§1.4). To clarify, velocity thresholds for the initiation of motion can be found. However, Mobi-Gust
2 can also be used in supply limited conditions; in order to directly measure spatiotemporal
variations in sand bed erodibility. In short, the approach involves generating aeolian erosion by
using controlled wind speeds (§1.4). Adding time intervals to the experiments, might reveal
temporal variations in sand surface erodibility. Next, the spatial dependency is found by conducting
experiments at different beach locations. For example, Mobi-Gust 2 can be used to explore spatial
differences between the intertidal- and supratidal beach. Or experiments may for example focus
on shell pavements, vegetated areas or sloping surfaces. There are of course other (supply limiting)
factors that can be explored (§1.3). It is stressed that this report assumed a linear erosion process,
by establishing mean erosion fluxes (§3.3.4). Yet, the erodibility of the sand surface is most likely
(far) from linear.

Creating aeolian erosion by means of sand-laden winds can be further explored. To clarify,
the saltation hopper of Mobi-Gust 2 is used to create an upwind supply of sand towards the erosion
zone (§2.2.1.5). This sand supply enhances the erosion process (§3.3.3 & §3.4.3). Yet for example,
if the amount of injected sand is doubled, does that cause a doubled erosion quantity as well?

Finally, a statistical foundation must be added to this report. In other words, if the weather
allows Mobi-Gust 2 should be deployed in as many experiments as possible. After doing so,
statistical quantities can be derived and compared. The original measurement plan of this report
contained some statistical analysis; and is added in appendix G.4.1 for reference.

3.6.2 recommendations concerning Mobi-Gust 2 (POC supplement)
Finally, some recommendations could be formulated concerning the performance of Mobi-Gust 2;
i.e., related to the Proof of Concept (POC) of Mobi-Gust 2 (part 2).

The erosion zone walls must be improved in two departments. Firstly, a dry sand surface
and/or an upwind supply of sand, causes undermining due to relatively strong erosion (i.e., Lab II;
§3.4.1). This undermining leads to exchanges of sand and air with the outside world. The erosion
zone walls were already elongated in the design stage (§2.2.1.5). Yet, this extension was not
sufficient enough. Secondly, driving the (blocky) erosion zone walls into the sand bed causes issues.
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The issue concerns sand displacements into the erosion zone (§3.4.1). As the erosion zone walls
already need to be extended, they easily be chamfered outward. This chamfering will ensure that
sand displacements are directed out of the erosion zone.

Next, scour holes should be accounted for. The mentioned undermining primarily occurred
at the upwind end of the erosion zone (i.e., Lab II; §3.4.1); as a result from scour development.
On top, one of the saltation tests in the field (i.e., Field III; §3.4.3) also showed some minor scour
development. In view of this research the formation of scour was less of an issue. To clarify,
conclusions could still be drawn from observing or not observing aeolian erosion. On top, erosion
took place in the entire erosion zone (i.e., not just at the scour holes). However, if spatiotemporal
variations in sand bed erodibility are measured one might want to account for these scour holes.
To this end, hatches were added to the roof erosion zone (see §2.2.1.5 or §2.2.1.7). These hatches
give access to the interior of Mobi-Gust 2. To this end, the dimensions of emerging scour holes can
be measured. By means of idealised scour hole shapes, the eroded sand volume (or mass) can be
corrected for the scour volume (or mass).

Surrounding winds in the field impact the wind conditions within Mobi-Gust 2 (§3.4.1).
Consequently, measured wind speeds exhibit more variability in the field than in the laboratory
(i.e., as the laboratory generally contains no surrounding wind). It might therefore be sensible to
determine the properties of the wind gauging system in field conditions as well. This means redoing
some assessments from the Proof Of Concept (POC; §2.4.2) using field data. However, the
increased variability in the field can also be mitigated to some extent. The situation can namely be
improved by actively minding the orientation of Mobi-Gust 2. The entrance of Mobi-Gust 2 should
not be oriented directly into the surrounding wind; as pressure fluctuations from the surrounding
wind will propagate into Mobi-Gust 2. The situation is for example mitigated by orienting the
entrance of Mobi-Gust 2 parallel to the surrounding winds. When active repositioning is not enough,
the removable intake shield walls can be used to further (partially) shield the entrance. While these
walls cause a bended air supply, the Proof Of Concept (POC; §2.4.5) demonstrated that these walls
have a negligible effect on the achievable wind speeds within Mobi-Gust 2. These walls may not
only (partially) block winds but surrounding aeolian transport as well. However, it is questionable
whether environmental conditions are appropriate enough to use Mobi-Gust 2 when ambient
aeolian transport is occurring (appendix H). It is namely advised to only measure in moderate
conditions and stop when these are exceeded. When conditions worsen (> 5 [bft]) experiments
might become impossible from a physical, practical and safety point of view. First of all, the influx
of sand into Mobi-Gust 2, from surrounding aeolian transport, becomes close to unmitigable.
Secondly, the eyesight might be reduced by painful sand grains, from the mentioned surrounding
aeolian transport. Thirdly, wielding equipment becomes practically difficult and unsafe. This was
all learned from experience (appendix H).

Measuring in wet conditions benefits from longer experiments. To clarify, when the sand
surface is wet, Mobi-Gust 2 must be kept operational for as long as possible, in order to dry the
surface. This practically means performing one test of 1 [h] instead of four of 15 [min] each.

The success rate of field experiments also depends on preparation and strategy. To this
end, appendix G includes a preparation- and a measurement plan. These manuals are a supplement
to the already mentioned (dis)mounting and configuration manuals (POC; §2.5.5).

Two aspects from the Proof Of Concept (POC; §2.4.2) are stressed once again. These
aspects namely also affected the field measurements in the applied research (part 3). The first
aspect concerns the saltation hopper. The use of natural sand hampered the discharging ability of
this hopper (§3.4.1). As the POC (part 2) indicated, mitigation involves using filtered sand.
Additionally, pre-weighted sand samples were prepared for the field expeditions (§3.4.1). In itself,
that is a good preparational move. However, it is advised to also prepare a few smaller sand
samples. These smaller samples can be used when the experiment almost ends. Consequently, to
not overshoot in time, as the hopper needs to be fully drained. The second aspect concerns the
power supply. These connections easily loosen, affecting the wind conditions within Mobi-Gust 2
(§3.4.1). These connections should be checked regularly and fastened if applicable. However,
permanently fixing the issue might be most robust.
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A Sand Engine background

The field measurements are performed on the Sand Engine; or the Sand Motor. The Sand Engine
concerns a mega nourishment near The Hague, along the Holland-Coast (The Netherlands). The
location and the appearance of the Sand Engine are visible in figure 112,

Figure 112 — Map showing The Netherlands (A), the Sand Engine in 2022 (B) and just after construction in 2011 (C)
Adapted from (Compendium voor de Leefomgeving, 2021), (Google, 2022) and (Hoonhout & de Vries, 2017)

A.1 Building with Nature

The Sand Engine concerns a Building with Nature pilot (EcoShape, 2024). This innovative mega
nourishment mitigates structural erosion caused by sea level rise (Stive et al., 2013). Yet, the Sand
Engine is not just a local measure; as it naturally feeds the adjacent coastline with sediments. The
mega nourishment namely diffuses along the Holland Coast; through the combined action of (tidal)
currents, winds and waves (De Zandmotor, N.d.). The Sand Engine pilot facilitates nature recovery;
as it reduces the need for (more frequently required) traditional nourishing (Huisman et al., 2021).
To clarify, the area of influence is expected to be free of maintenance, up to about 20 years after
construction (EcoShape, 2024). The Sand Engine primarily mitigates flood risk, but other functions
include recreational activities, drinking water resources and nature development (Luijendijk & Van
Oudenhoven, 2019). Figure 113 provides some functions at the smaller scale; which includes the
available parking lots (i.e., P,, P, and P;).

1 (k]
l—l Jacob Marinus (Mark) van Langeraad
[ wates S (] Wetiareas S (@] Parkingilo N [N M bike pati
Figure 113 - Functional analysis of the Sand Engine
(Google, 2022)
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A.2 Construction characteristics of the Sand Engine

The Sand Engine was constructed in 2011 along a formerly alongshore uniform coastline (Hoonhout
& de Vries, 2019). The nourishment consisted of roughly 21.5 million [m3] sand (Rijkswaterstaat,
N.d.); with a median grain diameter of about 280 [um] (Luijendijk et al., 2017). The sand was
borrowed from the North Sea; and included shells, pebbles and other non-erodible materials
(Hoonhout & de Vries, 2017). Next, the Sand Engine had a hooked-shaped appearance and initially
occupied about 128 [ha] (Van Oord, N.d.). This area included a dune lake and a tidal lagoon (panel
Cin figure 112). In this state, the Sand Engine protruded about 1 [km] into the sea; and spanned
about 2 [km] in alongshore direction (Deltares, N.d.). In vertical direction the Sand Engine reached
on average about 5 [m] + MSL (Hoonhout & De Vries, 2017); which is well above common surge
levels (§A.5). Consequently, the dry beach is significantly influenced by aeolian processes.

A.3 Current characteristics of the Sand Engine

Morphodynamic activity changed the appearance of the Sand Engine over time. The Sand Engine
now reaches about 0.4 [km] less far into the sea; and significantly widened (panel B in figure 112).
The hook-shaped silhouette changed into a Gaussian shape. Next, the average elevation of the
Sand Engine also reduced. Beach elevations still reach about 5 [m] + MSL locally; but substantial
portions lowered to about 1-2 [m] + MSL (AHN, 2023). Consequently, these portions are now below
common surge levels (§A.5). Two beach elevation profiles are shown in figure 114 for reference.
Next, the tidal lagoon was almost closed off by the morphodynamic activity. Yet a tidal channel still
connects the lagoon to the sea. Also the dune lake is still present. The volume of the Sand Engine
has logically also decreased (Huisman et al., 2021). The mentioned properties show the diffusive
character of the Sand Engine. In contrast to all declining trends, median grain sizes on the dry
beach have been coarsening over time (Huisman et al., 2014); to about 300-350 [um]; but even
larger median grain sizes are encountered in this report. On top, the dry beach remained relatively
stable; and dune growth was less than expected (Hoonhout & de Vries, 2019).

o]
7]   P 7 1)

Alongshore transect

z [m MSL]

P ~

%,
%,

Cross-shore transect

z [mMSL]

$ + A $ L & &
x [m REF]

Figure 114 - Beach elevation profiles on the Sand Engine (AHN, 2023)

A.4 The Sand Engine is a supply limited system

The relative stability of the dry beach, as well as the lower dune growth rates, are explained by
supply limitations in aeolian sand transport. Measured transport rates on the Sand Engine are
namely roughly 65 [%] below the transport capacity of the wind (Hoonhout & De Vries, 2017). The
Sand Engine can thus be classified as a supply limited system.

97

Delft
I U Del t University of
Technology



The main report (§1.3) lists several reasons for supply limitations, yet the main mechanism
that is limiting supply at the Sand Engine, will be explained here. To begin with, the supratidal zone
is contributing less to in the supply of sand to the wind. This is caused by various beach armouring
processes. To clarify, the construction sand was coarser than sandy material of the adjacent
beaches and dunes (Huisman et al., 2016). On top, the construction sand contained a lot of shells,
pebbles and other non-erodible materials (§A.2). Shell pavements may armour the already
relatively coarse bed (McKenna Neuman et al., 2012). Additionally, the supratidal beach has been
coarsening over time as well (§A.3). The coarsening occurs as the wind prefers to pick up the finer
granular material first (Huisman et al., 2021). Overall, the beach armouring processes ensure that
the dry beach contributes less and less in supplying sand to the wind (Hoonhout & de Vries, 2017).
In contrast to the supratidal beach, the intertidal zone is continuously stirred and mixed by waves
(Huisman et al., 2021). As a result, fine granular material remains available; provided the sand bed
has sufficiently dried during low waters. However, morphological feedback and roughness
processes ensure that the intertidal zone continuously contributes to supplying sand to the wind
(Hoonhout & de Vries, 2017); even during high waters. Combining all effects largely explains the
observed supply limitations; i.e., a reduced supply zone, that is dominated by the periodically
flooded intertidal area. Additionally, much of the supplied sand might be trapped in the wet areas
on the Sand Engine (Huisman et al., 2021); further limiting supply towards the coastal dunes.

Aeolian transport models cannot yet reproduce these supply limited transport rates fully
(Sherman & Li, 2012). Yet, effort is made to improve predictions by for example using the Sand
Engine as a learning case (Hoonhout, 2017). This knowledge is for example used to improve Aeolis;
a process-based, numerical model; to simulate aeolian processes (De Vries et al., 2024). This model
can account for sand availability, consequently it is able to limit sand supply.

A.5 Environmental conditions around the Sand Engine

The dominant wind direction in the area of the Sand Engine is south to southwest (figure 115). On
top, storms tend to attack from either the south- or northwest. Consequently, aeolian sand
transport potentials show similarities to these orientations (Hoonhout & de Vries, 2017). The wind
rose in figure 115 shows measured data at Hoek van Holland; which lies about 9 [km] away from
the Sand Engine (Google, 2022). The data spans from the construction year of the Sand Engine
(i.e., 2011) up to and including 2023.

1 [0.0:25) [ [50:7.5) N [10.0:125)
3 [25:5.0) B [7.5:10.0) 125

All values in the legend are in [m/s]
Figure 115 — Wind speed data measured at Hoek van Holland between 2011-2023;
The used data can be downloaded online (KNMI, N.d.)
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Storms might be accompanied by storm surges. Storm surges are generally most severe during
north-westerly storms, because of the funnel-shaped North Sea (Bosboom & Stive, 2023). At Hoek
van Holland, common storm surge levels (1-year return period) are about 2.5 [m] + NAP (table 18).
Extreme storm surges (10,000-year return period) may reach about 5.1 [m] + NAP (table 18). The
values in table 18 are relative to NAP (Dutch: Normaal Amsterdams Peil), which is roughly equal to
the mean sea level on the North Sea (Rijkswaterstaat, N.d.). NAP only differs about 0.1 [m] from
MSL (Bosboom & Stive, 2023). To get an idea of the actual water levels figure 116 shows measured
data at Hoek van Holland. The graph roughly confirms the occurrence of normal surge levels. This
measured water level is primarily the sum of the mean water level, the astronomical tide and the
storm surges. To clarify, the tidal levels added in figure 116 are taken from figure 117.

Table 18 - Water levels at Hoek van Holland per return period determined from data between 1900-2010;
Values rounded to increments of 0.1 [m]
(Dillingh, 2013)
Return period [y] 1 | 10 | 100 | 1,000 | 10,000
Water level [m + NAP] | 2.5 | 3.0 | 3.6 | 4.3 5.1

-- MHW = 1.1 [m + NAP]
—— MSL=0.1 [m + NAP]
NAP [m]
== MLW =0.0 [m + NAP]

h [m + NAP]
|

& & &° & g + &

tly]

Figure 116 - Water level data measured at Hoek van Holland between 2011-2023;
The data is online available (Rijkswaterstaat, N.d.)

As introduced, the water level also periodically varies due to the astronomical tide. Tides in the
Netherlands are semi-diurnal (Bosboom & Stive, 2023); i.e., showing two high- and two low waters
per day. At Hoek van Holland, Mean High Waters (MHW) occupies roughly 1.1 [m] of the mentioned
storm surge levels (figure 117). Yet, average MHW during spring- and neap tidal cycles may roughly
occupy 1.3 [m] and 0.9 [m] of these storm surge levels (Dillingh, 2013). Mind that figure 117 only
shows data from 2023.

-- MHW =11 [m + NAP]
—— MSL=01[m +NAP|
NAP [m]
== MLW =-0.5 [m + NAP]

Water level [m + NAP]

& S & & o o &
S < < i & &7 Y
P P + » P & +
Time [YYYY-MM]

Figure 117 - Astronomical water levels measured at Hoek van Holland (2023);
MHW and MLW are respectively calculated as the average of all high- and low waters in the timeseries;
Values are rounded to increments of 0.1 [m];
The data is online available (Rijkswaterstaat, N.d.)

Waves are generally largest in winter; as The Netherlands is characterised by a storm climate
(Bosboom & Stive, 2023). Offshore waves tend to attack from the south- or northwest (figure 118
& figure 119). The lowest waves (H; < 0.6 [m]) tend to attack from the northwest (figure 118).
Average waves (0.6 [m] < H; < 1.5 [m]) tend to attack from the south- or northwest (figure 118).
The largest waves (H, > 1.5 [m]) tend to attack from the south- and northwest; while the latter
direction dominates (figure 118). The wave heights are classified according to their wave energy
(Bosboom & Stive, 2023). The wave roses in figure 118 and figure 119 are measured at the Euro
Platform. This platform is located beyond the 20 [m] depth contour (Navionics, N.d.); which is
generally considered deep water relative to the waves on the North Sea (Bosboom & Stive, 2023).
The Euro Platform lies approximately 55 [km] away from the Sand Engine (Google, 2022).
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All values in the legend are in [m] All values in the legend are in [s]
Figure 118 - Wave height and -direction data; Figure 119 - Wave period and -direction data;
Measured at Euro platform between 2011-2023; measured at Euro platform between 2011-2023;
The data is online available (Rijkswaterstaat, N.d.) The data is online available (Rijkswaterstaat, N.d.)

The wave properties shown in figure 118 & figure 119 are also provided as timeseries in figure 120
for further reference.

H, [m]

Boe » v © & o o
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Figure 120 - The data of figure 118 & figure 119 as timeseries

Weather conditions around the Sand Engine are provided in figure 121 (next page). Again, the
data is measured at Hoek van Holland and spans the year 2023.
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B Relevant air (flow) characteristics
B.1 Air properties for STP-conditions

This report assumes Standard Temperature and Pressure (STP) conditions. Depending on the
background (e.g., engineering or chemistry) STP-conditions differ a bit. Yet, the values have in
common that they are representative for the surface of the Earth. Most books involving fluid- or
aerodynamics use a standard temperature of 15 [°C] (White, 2011), (Cengel & Cimbala, 2014) &
(Anderson Jr., 2005). The same books report a standard pressure of 1 [atm] = 101,325 [Pa]; a
second valid assumption can be 1 [bar] = 100,000 [Pa]). The mentioned values concerns the air
pressure at sea level; and mean surface temperature of the Earth (NASA, 2023).

TCL,STP = 15 [OC] & pa,S'I'P = 101,325 [Pa]

Following the STP-assumption generic air properties can be listed (White, 2011), (Cengel &
Cimbala, 2014) & (Anderson Jr., 2005); see. table 19. These values are used throughout the report.

Table 19 - Air properties applicable to STP-conditions

Property Symbol Value Unit
Temperature T, 15.0 [°C]
Pressure Pa 101,325.0 [N/m]
Speed of sound Uy 340.3 [m/s]
Density Pa 1.225 [kg/m3]
Dynamic viscosity Na 1.789- 107> | [kg/m/s]

B.2 Air compressibility

In contrast to water, air is compressible. The air density changes when temperatures, pressures or
humidity changes (Anderson Jr., 2005). This complicates matters. For example Bernoulli’s principle
is only valid along streamlines, in steady conditions, without friction; and most importantly for an
incompressible fluid (Chassagne & Van den Bremer, 2021).

However, air can still be assumed incompressible in some cases, i.e., when the air density
variations are relatively little. The Mach number can be used to assess the compressibility of air
(NASA, 2021). The Mach number (M [—]) is a dimensionless number, which compares the speed
(u [m/s]) of an object (or flow); to the speed of sound (c, [m/s]) through a medium. In this case
the speed of air is compared to the speed of sound through air. The Mach number is shown in
equation 57 (Cengel & Cimbala, 2014). When the threshold of Mach 0.3 [—] is exceeded, air must
be considered compressible; as air density variations are larger than 5 [%] (Elger et al., 2012).

u
57 M=—
CS

The Mach number sheds light on how information is travelling through a medium (e.g., air). In this
case the information concerns sound (or pressure) waves. The most obvious example why the
Mach number can be used to assess the compressibility of air, is a jet plane in a sonic boom. While
travelling, an airplane namely sends out pressure (or sound) waves in all directions (Anderson Jr.,
2005). When the plane increases its speed the pressure (or sound) waves in front of the plane are
compressed. When the airplane exceeds the speed of sound of the medium (i.e., air), it catches
up on its own pressure (or sound) waves. This results in a shock wave of compressed air, traveling
at the speed of sound. This shock wave, or sonic boom, occurs at Mach one (NASA, 2021).

The speed of sound (¢, [m/s]) of table 19 is used. Mobi-Gust 1 is designed to reach wind
speeds (u [m/s]) of 15 [m/s]. This results in a Mach (M [—]) number as calculated on the next
page. This outcome is (far) lower than the limit of Mach 0.3 [—]. It is thus safe to assume that the
air is incompressible, for the conditions within this report (STP-conditions).
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Table 20 - Calculation box

15
M=——=0.044..~ 0.04 [-]

340.3

The compressibility limit can also be assessed in another way. For example, one may calculate
from which wind speed onward the air becomes compressible in STP-conditions. To this end
equation 57 is set equal to Mach 0.3 [-]. The associated outcome is (far) above the design wind
speed of Mobi-Gust 2 (i.e., 15 [m/s]).

Table 21 - Calculation box

m
u=0.3"340.3 = 102.09 [?]

As the air is incompressible the air flow within Mobi-Gust 2 can be regarded as a hydraulic flow. In
turn, equations like Continuity and Bernoulli can be used without modifications.

B.3 Mass and energy conservation

B.3.1 Continuity
The cross-sectionally averaged flow velocity reads as follows (Voorendt, 2022).

58) ¢ = Y ' 4

Cad — -
Discharge Flow velocity Cross—sectional area
The continuity equation (i.e., conservation of mass) reads as follows (Voorendt, 2022).
59) Q1 =0,

Location 1 can be upwind and location 2 can be downwind.

B.3.2 Bernoulli

The Bernoulli equation (i.e., conservation of energy) in terms of head appears like the following
(Chassagne & Van den Bremer, 2021).

Piezometric head

2

. P u
60) H = z + — + — = constant
- o Pg 29
Energy head Elevation head ) -
Pressure head Velocity head
2
u
H = h + — = constant
61) (] . - Zg
Energy head Piezometric head <

Velocity head

Assumptions (Chassagne & Van den Bremer, 2021):
¢ Valid along a streamline (i.e., valid for a contraction or a pitot tube; i.e., z; = z,).
e Flow is incompressible (i.e., valid for this report; i.e., STP-conditions and low wind speeds).
e Steady flow (i.e., valid for a particular fan setting).

e Without friction (i.e., valid for a contraction or pitot tube; i.e., a short pipe, % < 20).
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The Bernoulli equation can also be written in terms of pressures (i.e., handy for designing a mobile
wind tunnel system); by multiplying the Bernoulli equation (in terms of head), by the density of
the fluid (p [kg/m3]) and the gravitational acceleration (g [m/s?]).

2

u
62) P=2zpg+p+ PT = constant

B.3.3 Applying mass- and energy conservation
The pitot tube formula can be derived from Bernoulli's equation as follows.

Bernoulli

63) H; = H,
2 2
P1 Uy b2 Uz
64) Zi+—+—=z,+—=+-—=
YWpg 29 7 pg 29

The pitot tube lies along a streamline (z; = z,)
65 Py ui _ D2 uj
65) e T A TR
pg 29 pg 29

The stagnation port measures velocity, while the stagnation port does not (u, = 0)
66) P WP
pg 29 pg

Rearranging provides the pitot tube formula

67) Uy = 2(pr—p2)
Pa

68) u= 24p
Pa
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The tables below shows the venturi effect; i.e., mass- and energy conservation over a contraction.

Table 22 - Demonstrating the Venturi effect (Cengel & Cimbala, 2014)

Derivation: Continui

(Mass conservation)

Manipulation

Equation

1 = upwind of the contraction
2 = downwind of the contraction

Q1 =0

Q =uA

U4y = uyA,

Assessment

Comparing u, to u,

Comparing u, to u,

A,
AZ <A1 &u1 =——U

Ay
AZ < A1 &u2 = A—u1

A o A A :
2 2 1 1
A—1<1&u1=A—1u2 1<A—2&u2=A—2u1
A, Ay
A—1<1&u1<u2 A_2>1&u2>u1
Derivation: Contraction relation (Bernoulli's equation)
Manipulation Equation
2 2
1 = upwind of the contraction pu=y pu-
2 = downwind of the contraction <pgz tpd 2 )1 B (pgz tpd 2 )2
u? u’
Zup = Zdown pgz; + p; + pTl =pgz; +p, + pTZ
2 2
Rearranging P+ % =p, + %
2 2
Rearranging pzﬁ _ % = p,— 4

Rearranging

p
E(u%_ug) =P2—DN

Rearranging

D
P2 — D1 =E(u%_u%)

Assessment

Comparing p; to p,

Comparing p, to p;

7
U > Uy &py =p2—§(uf—u§)

p
Uy > Uy &, :E(u%_u%)+p1

p
Uy — Uy > U — U &Py =p2—§(u%—u%)

p
Uy — Uy > U — U &Py =§(U%_U%)+P1

2
0>u; —u, &py =p2—§(uf—u§)

p
0>u1—u2&p2=5(u%—u%)+p1

p
U —u; <0&py =p2—§(u%—u%)

p
U —u; <0&p, =§(U%_U%)+P1

u—u; <0&p; >p,

U —u; <0&p, <pg

Table 23 - Demonstrating the Venturi effect (short)

Bernoulli P2 —P1= g(uf —u3)
Continuity WA = U4,

AZ < A1 uZ > ul

uz > u1 p2 < pl
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C The design Mobi-Gust 2

C.1 Mobile wind tunnel system

1000 000 1000 836

- i - —— - -

units mm
scale 1:20

Figure 122 - Main measurements of the mobile wind tunnel system;
Upper = top view and lower = side view;
(Van der Gaag, 2024)

C.1.1 The blowing fan

C.1.1.1 Datasheets
The datasheet from the manufacturer is added below. The manufacturer is not directly offering
this fan anymore. The datasheet was thus obtained from an arbitrary seller.

VA18-AP70/LL-86A
VA18-AP70/LL-86S

AUTOMOTIVE

= N®12 BORCHIE - ALTEZZA H= 12
INTERASSE 2404.9

FORI@3.2-
m:mm -¥- ~N®12 BOSSES - HEIGHT H= 12 _11

| | 8
= e
uwm@
mwm@
87821
AMP connector Code 180908 Connettore AMP Cod. 180908
e i LD N Wi scrow M5 amts 4 st Corshga: S+ 120) s con ea M5
W 55T s apro Peso 2,57 Kg. circa

Figure 123 - VA18-AP70/LL-86S datasheet; 1 of 2 (Airconco, 2024)
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PRODUCT FEATURES . .
/
SRS -

Waterproof motor, IP 68 v e o Statie
Motore chiuso, IP 68 Airflow Airflow [das
Drassione Portata Pontata Srassons;
statica = & statica
Long lfe/ Lunga curata v mm H,0 inH,0
— } +
VLL version™ / Veersione VLL V4 0 3250 185 1918 3450 174 2036 0
5 2850 197 1682 3070 187 1811 0.2
Waterproof connector
Connettoria tenuta stagna v 10 2420 201 1428 2640 19,2 1558 04
12,5 2170 208 1280 2460 19,4 1451 05
Accessories: all the fixing kits ‘/ 15 1880 202 1109 2080 19.4 1227 0.6
e sy 175 1570 20,2 926 1690 195 997 0.7
20 1190 19,5 702 1460 19.3 861 0.8
25 640 19,5 378 790 183 466 1
275 470 19,2 217 490 183 289 1.1
30 0 192 0 0 179 0 12
* for OEM applications only. = Standard feature
* per applicazioni OEM Caratteristiche standard
= Avaliable upon request
Disponibile su richiesta

Test voltage 13 V. d.c. - Tensione di prova 13 V. c.c.

Figure 124 - VA18-AP70/LL-86S datasheet; 2 of 2 (Airconco, 2024)

C.1.1.2 Wind speeds

Equations 69, 70 and 71 show the cross-sectionally averaged flow velocity (u [m/s]), the area of a
circle (4 [m?]) and the radius of a circle (r [m]). The equations furthermore include the airflow
(Q [m3/s]) and diameter (d [m]).

Q
69) .
Y=
70) A =nr?
1
71) _ -
T 2d

The fan has a diameter (dy,,) of 0.385 [m] and produces an air flow (Qy,y,) of 3,450 [m3/h].

Table 24 - Calculation box

3450- (3’6%)

7™ an %7‘[(0.385)2

Qfan

Upan = 7 =8231..~ 823 [?]

Yet, the fan is enclosed by a rectangle cross-section at the upwind end of the contraction. Equation
72 shows the area of a rectangle.

72) A =bh
The fan cross-section has a height (h,,,, [m]) and width (b, [m]) of 0.405 [m] and 0.410 [m].

Table 25 - Calculation box

Qfan _ 3,450~ (3,6—100)

m
_ _ = 5771..~ 577 [=
Yran = ohewy 0405 - 0.410 [s |
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The outcomes are implying around the fan immediately some energy will be lost. This is because
the fan is not enclosed by a circular cross-section; i.e., the flow immediately expands. The choice
was however made to retain a squared cross-section, to facilitate the construction process. The
squared cross-section was however made as small as possible; to minimize these energy losses.

C.1.2 The speed controller

EM-285 DC-MOTOR SPEED REGULATOR EM-285 WIRING and INSTALLATION
12 / 24v 20A Recommended sur 12-32Vdc fitered DC

Ripple should be ess lnan 0% at max. power.

At high pows wires should be as short
:s sws<ble The usepgll extemal fuse is recommended.
AT e e P o camage

FEATURES At 2kHz there are lower
ot oo v o ENiC sigton v b same
- Speed cont. to 1-direction cases there can occur audiable noise. 5 6
- Panel mountable I N
Range trm s used to scale the usable speed adjust T
- Small size Seen?:aglam below. Sd ko e, L.
= Mofor atze 30- 2000 Gurment mit (1im ) imts the motor current, in other words 1 |g
g i i E
Good speed b "'"":S - o ko rove, Ths epeemon shouls b6 426 o S0t 10 A !
- Load comp. adjustable Rxl imit o suitable level according to the application. [Lizsm] 2eom |
- Adjustable current limit i itk - _— s
- Overheat tecti is device can be inst; using one 10mm diameter —
2 g"uc lesl"o? proseotion the envioment ras gh veraon vl he fastening can e
secured wih two external 3mm scr
The body of this device can warm F]
Tt et et tan ToR. Tone e ot c = compamsation
when installing device in o plastic enclosure. In high adjustment
fawer appication the metal box s recommended. E
Moo o oflers  boterEMC poparies and g
EM-285 is a PWM-based DC-motor driver. The materials and features meet the industrial standards. EDAWANS the r Sien ot 204 axent y
Squamart il whth endotes sioat $o0d urin ot 1oaing, BoCoust offhess oahte. SL e S i cmenin
jjustment ( RxI ), enables ste: ring motor loading. Because of t features
E0-285 can offer 3 good DC-molor speod roguiaion. I he powe ine of EVH285 hor s an ooy Lol ’;”OQD'Y‘,'."‘;“,;’“S;QM
overvoltage limit, which trips the power stage in case the voltage would try lo rise 100 high. oy e Aoy bl L s y
Thisis possibio n Gecaleration shuaon (o voitage genoration n braking S spabog sl et irscet o i LA
¥ potentomotr i turned on zsro(dpowan e kgmwe'w‘u make momng s motor wires for 5 s oyl b bR o by ladg b "ﬁm?{‘
creates a lynamic ) can 10 stop or t mOlOl fast.
The current hnum":mennome(er range can be adjsied wih on-board \immer potentomel funning turis nenvous the adjustment is overcompensating
The device s EMC moasurod and maots indusiral oquirements in typical insialation, EM-285 s

casylo mount 10.a D10 hole in the assembly panel. The power stage is not short circuit protected,
is recommended to use an external fuse in application supply wiring.

Motor voltage vs. potentiometer position

£

E

Motor voltage/V Rd E] |§I

TECHNICAL DATA | - : Him. E RANGE

o - A~ max. range
Supply vonaoe 10-35Vdc : >

downssv
e i Qeeee
: TIrls

sh down 10V
s 100

H
A7.0mm

Slanupvolaga 1V
Idle curr 20mA

Motor cunem cont. max 20A(Ta<50'CD

losses 4W (sl 204 e e - 11
Gunanllll‘mlad' 1-
PWM frequency 2kHz or‘&kHz  — potentimeler position / % 20mn m
Temperature limit 90°C LN 1 I~ Lo
mucar - swp:yzc:né:clom 2,_gmm 4 J i Range is adjustable with inbuilt range trim :Fvgxse:m ! .
Wi 0% = potentiometer full counter clockwise e
Operating temp ( Ta) -20..60°C 100% = potentiometer full clockwise ( )
SN oY i W rizcrsonevon i
Figure 125 - Page 1 of the speed controller datasheet Figure 126 - Page 2 of the speed controller datasheet

(RS, 2024) (RS, 2024)

C.1.3 The horizontal- and vertical contraction

500 500

LI 1I-11

Figure 127 — The vertical- and horizontal contraction;
Upper = top view, left = side view and right = cross-sections;
(Van der Gaag, 2024)
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C.1.3.1 Short contractions

To minimize energy losses the contraction must be short. In elaboration, a duct is long when its
length-to-diameter (L/D) ratio is larger than 500 [—]; and a duct is short when this ratio is below
20 [—] (Delft University of Technology, 2013). Deceleration losses are negligible in long ducts, as
friction losses dominate (i.e., the other way around for short pipes). The hydraulic diameter of a
rectangular cross-section can be calculated according equation 73 (Cengel & Cimbala, 2014). For
a squared cross-section equation 73 simplifies to the cross-sectional dimension (D, = h = b [m]).

. b, — bk
2(b+h)

There are three cross-sections to assess. The cross-section is rectangular at the upwind end of the

entire contraction (b,, = 0.410 [m]; h,, = 0.405 [m]). The cross-section is rectangular between

the vertical- and horizontal contraction (b,igaie = 0.410 [m]; hpmigaie = 0.150 [m]). The cross-

section is however squared at the downwind end of the entire contraction (bso,» = 0.150 [m];

haown = 0.150 [m]). See figure 127 for the selected dimensions.

Table 26 — Calculation box

D = 4byphyy  4-0.405:0.410
P4 " ) (byy + hyp)  2(0.405 + 0.410)
4bmiddlehmiddle _ 4‘ " 0150 " 04‘10

D, : = = =0.219... = 0.22
hymiddle 2(bmigaie + Nmigare)  2(0.150 + 0.410) L]
4bgownhaown  4°0.150-0.150

D = = -
hdown = 5 huown)  2(0.150 + 0.150)

= 0.407 ... ~ 0.41 [m]

0.15 [m]

The mean hydraulic diameter is calculated for the entire contraction as this provides the highest
length-to-diameter ratio.

Table 27 - Calculation box

0.407 ...+ 0.219 ...+ 0.150
Dh,tot,mean = 3 = 0.259... =~ 0.26 [m]

The vertical- and horizontal contraction have a total length of 1 [m].

Table 28 - Calculation box

= 5759 = 3:860...~ 386 -]

The contraction can thus be seen as a short duct, as the calculated length-to-diameter ratio is
smaller than 20 [—]. This means that friction losses can be neglected.

C.1.3.2 Gradually curved contractions

Next to the length of the contraction also its slope is important. Sudden- and gradual contractions
exist (Cengel & Cimbala, 2014). Energy losses in gradual contractions are often neglected. Still, a
(very) minor loss can be present, related to the slope of the contraction. This is summarized in
figure 128. As figure 122 shows, the vertical- and horizontal contractions have maximum slopes of
45 [°] and 27 [°]. The associated losses are thus at maximum about 2-4 [%] (figure 128).
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Gradual Expansion and Contraction (based on the velocity in the smaller-diameter pipe)

Expansion (for 8 = 20°): _/—— Contraction: 1

K, =030fordD=0.2 =—— K, = 0.02 for 6 = 30° —

K, = 0.25 for d/D = 0.4 K, = 0.04 for 6 = 45° ol s ;
K, =015forap=06 " |* [* |° K, = 0.07 for § = 60° -
K, = 0.10 for d/D = 0.8 x _/—

Figure 128 — Loss coefficient for gradual expansions and contractions (Cengel & Cimbala, 2014)

To minimize energy losses the contraction is also curved to guide the flow. To clarify, the slope of
the entrances are nearly zero; while the curvature of the exits are nearly zero as well. These design
choices resulted from conversations with the staff of the low-speed laboratory of Delft University
of Technology. To clarify, zero slopes at entrances mitigate flow blockage; and zero curvatures at
exits mitigate flow separation. These important sources for energy losses are thus mitigated.

C.1.3.3 Wind speeds

Likewise to the prototype (i.e., Mobi-Gust 1), Mobi-Gust 2 is desired to reach 15 [m/s]. The required
cross-sectional area is based on the continuity equation and a loss coefficient (equation 74 and
75). Continuity is evaluated between the up- (1) and downwind (2) end of the contractions.
Continuity states that the air speed (u, [m/s]) depends on the discharge (Q, [m3/s]) and the flow
area (4, [m?]). The loss coefficient (C,) depends on the achieved air speed (u, ) and the designed
air speed (u,4). Energy losses make sure the loss-coefficient is smaller than 1 [—].

Qa1
74) Ugp = Cp—=
@ Ag
u
75) C,=—2<1
ua,d

The loss coefficient is based on operational data of the prototype (i.e., Mobi-Gust 1). The prototype
was designed to achieve 15 [m/s]; but only got to 10.58 [m/s] without honeycomb and 6.56 [m/s]
with honeycomb (De Wilde, 2020). 6.56 [m/s] is used as Mobi-Gust 2 also contains a honeycomb.

Table 29 - Calculation box

Next, equation 74 and 75 are used to define the required cross-sectional area; in order to reach a
wind speed (u, , [m/s]) of 15 [m/s] downwind of the contraction. The air flow (Q, 1 [m/s] ) upwind
of the contraction is still equal to 3,450 [m3/h].

Table 30 - Calculation box

=0.027 ... ~ 0.03 [m?]

The cross-sectional shape of the ducts will be squared. Amongst others, this shape facilitates
mounting equipment on it. By square-rooting the calculated cross-sectional area (4, [m?]) the
width (b, , [m]) and the height (h,, [m]) of the cross-section are revealed; i.e., equation 76.

76) ba,z = ha,z =4/ Aa,z
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Table 31 - Calculation box

JAgz2 =V0.027 ... = 0.167 ... = 0.17 [m]

The cross-sectional dimension is rounded to 0.15 [m] because of two reasons. First of all, to
facilitate the construction process. Second of all, previous research with the prototype (i.e., Mobi-
Gust 1) recommended raising the design wind speed by a factor of 3 [-] (De Wilde, 2020). This
recommendation amounts to a similar value as calculated above. This is shown by re-using
equation 69 (C.1.1) and equation 76. As recommended, a factor 3 [-] is added to equation 69.

Table 32 - Calculation box

1
| Qaa 3,450 (3507) _
dus = /3ua,2 - 00 = 0.145 .. ~ 0.15 [m]

The width (b, , [m]) and the height (h, , [m]) downwind of the contraction are thus chosen to be
0.15 [m]. To see the effect of energy losses, these dimensions are used to calculate the wind speed;
based on continuity only. Again, equation 69 (C.1.1) is re-used, just as equation 72 (C.1.1).

Table 33 - Calculation box

Qa,l _ 3,450 (3,6%)

Ya2 =} he,  0.15-0.15

— 42.592 .. ~ 42.59 [?]

Comparing this values (i.e., 42.59 [m/s]) to the design wind speed (i.e., 15 [m/s]) reveals that
about 27.59 [m/s] will be lost due to the resistance within the aerodynamic system.

C.1.4 The honeycomb

1

16.3 04l 2 s

L\ T vy T e
Figure 129 - The honeycomb screen;

Upper = top view, left = side view and right = cross-section;

(Van der Gaag, 2024)

Figure 130 - Failed 3D-print of a honeycomb
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The main considerations to design the honeycomb are twofold. The first consideration concerned
an optimal range of length-to-diameter ratio (equation 77). When this optimal ratio is obeyed, the
honeycomb is effective, irrespective of the opening-shape (Kulkarni et al., 2011). A value close to
the mean ratio was chosen.

77) L—8t 10
5— (0]

The second consideration concerns the abilities of the 3D-printer. To clarify, the large-scale spiral
motion (i.e., produced by the fan) must be reduced; and the (smaller scaled) turbulence is not so
much the target. The openings are thus chosen to be as large as practically possible. Consequently,
the honeycomb contains fewer separating walls; which minimizes flow blockage (i.e., resistance).
The 3D-printer has a maximum printing length of 300 [mm]; which defines the size of the holes.

Table 34 - Calculation box

300

1
D = —=33= [mm]

Yet, selecting this value leads to multi-day printing durations. A faulty test-print (figure 130),
sparked the decision to shorten the length of the honeycomb to 150 [mm]. This implies that the
honeycomb is 150 [mm] long in all dimensions (i.e., it is a cube).

As can be seen in figure 129 the final length-to-diameter ratio is not exactly equal to the
mean ratio (equation 77). This discrepancy results from finding the correct geometry. To clarify,
one must find a squared opening-size (i.e., 16.3 [mm]), which obeys the mentioned range of
optimal ratios. On top, the available cross-section is limited (i.e., 150150 [mm?]); and the
openings are enclosed by boundaries of a certain thickness (i.e., 2 [mm]).

Table 35 - Calculation box

_ 150
ratio = —— = 9.202 ... ~ 9.2 [—]

16.3

The ratio is thus a bit higher than the mean length-to-diameter ratio. That is accepted, as too short
holes might result in the spiral flow escaping the honeycomb without being reduced (figure 131).

Insufficient amount or too short holes Sufficient amount or long enough holes

Figure 131 - An inefficient honeycomb (left) vs. an efficient honeycomb (right)
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C.1.5 The transition zone

1000

2| D

Fiqure 132 - The transition zone;
Upper = top view, left = side view and right = cross-section;
(Van der Gaag, 2024)

The transition zone develops the (turbulent) air flow. Virtually all natural flows are turbulent; except
for porous flow in soils, or the flow in blood veins (Uijttewaal, 2022). The flow within Mobi-Gust 2
will also be turbulent (i.e., easily verifiable through the Reynolds number). The table below includes
several empirical estimates; in order to calculate required length for flow development. The used
hydraulic diameter (D;, [m]) is 0.15 [m]; which was calculated in appendix C.1.3.

Table 36 — Empirical estimates for the required development lengths

Development length | Purpose Source Outcome
10D, First major stresses (Cengel & Cimbala, 2014) | 1.50 [m]
20Dy, Lower bound development | (Uijttewaal, 2022) 3.00 [m]
25Dy, Upper bound development | (Uijttewaal, 2022) 3.75 [m]
75Dy, Homogeneous conditions | (Uijttewaal, 2022) 11.25 [m]

These empirical estimates are based on the development of the (turbulent) boundary layer. Another
empirical equation is shown below (Schiereck, 2019). Inversely, this empirical relation estimates
the thickness of the boundary layer (6(x) [m]), based on the development length (x [m]).

78) 6(x) =~ 0.02x to 0.03x

The equation above was eventually used to dimension the transition zone. Boundary layers develop
from all boundaries (i.e., no-slip). Next, they grow into the ducts because of momentum exchange.
The flow is nearly developed when the boundary layers meet along the centreline of the duct. That
means that the thickness of the boundary layer (§(x) [m]) must span half the hydraulic diameter

(i.e., %Dh [m]).

Table 37 - Calculation box

Dy, Dy,
Xrequired ~ m to m
0.15 0.15
xrequired =~ m to m = 2.5t03.75 [m]
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C.1.6 The erosion zone

1000 _

-

32

- 6 Vv

Figure 133 - The erosion zone;

Upper = top view, left = side view and right = cross-section;
(Van der Gaag, 2024)

The erosion zone is shown above; the involved calculations are already treated in appendix C.1.3.

C.1.7 The sand trap

836

i
!

760

VII-VII o
-t units mm
scale 1:12

Figure 134 The sand trap;
Upper = top view, left = side view and right = cross-section;
(Van der Gaag, 2024)

The design of the sand trap is based on the fall velocity of sand (Bosboom & Stive, 2023). These
fall velocities are considered within the Stokes (Re; [—] < 0.1 to 0.5) and within the Newton range

(400 < Re, [—] < 2-105).

79) Ws stokes = E_ (ps - pa)DZ

80) w =
s,Newton
Pa
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The air properties of appendix B are used (i.e., p, = 1.225 [kg/m3]; n, = 1.7894 - 107° [kg/m/s]).
On top, normal values are used for the sand density (i.e., ps = 2,650 [kgtm™3]) (Bosboom & Stive,
2023); and the gravitational acceleration (i.e., g = 9.81 [m's~2]). The fan discharge results from
appendix C.1.1 (i.e., Q = 3,450 [m3s~1]). The Wentworth classification was used to define the sand
sizes to assess (U.S. Geological Survey, N.d.); and the construction sand has a median diameter
of roughly 280 [um] (Luijendijk et al., 2017). That means that the next grain sizes are assessed.

*  Dspcoarse = 500 [um] (= 0.500 [mm]);

*  Dsoconstruction = 280 [um] (= 0.280 [mm]);

*  Dsomedium = 250 [um] (= 0.250 [mm]);

b DSO,fine =125 [um] (= 0.125 [mm]);

® DSO,veryfine =63 [/-lm] (= 0.063 [mm]).

Lastly, the cross-sectional shape of the sand trap will be squared; as shown below.
81) Q
82) b=h=vVA
Finally, the grain Reynolds number is assessed (Bosboom & Stive, 2023); as shown below.

_ pUL _ PaWsDso

83) Reg > ”
a

The next two tables emerge by using all relations and parameters described. The first table
concerns the Stokes range and the second one the Newton range (i.e., rounded to two decimals).

Table 38 — Outcomes in the Stokes regime

Grain size (Dsg) [um] 500 280 250 125 63
Fall velocity (Stokes) (Ws stokes) [m/s] 20.17 6.32 | 5.04 | 1.26 | 0.32
Cross-sectional dimension (b = h = VA) [m] | 0.22 039 | 044 | 087 | 173
Grain Reynolds number (Rey) [—] 690.36 | 121.24 | 86.29 | 10.79 | 1.38
Table 39 — Outcomes in the Newton regime

Grain size (Dsp) [um] 500 | 280 | 250 | 125 | 63

Fall velocity (Newton) (W yewton) [m/s] 5.32 398 | 3.76 | 2.66 | 1.89
Cross-sectional dimension (b = h = VA) [m] | 0.42 049 | 050 | 0.60 |0.71
Grain Reynolds humber (Re;) [—] 182.04 | 76.28 | 64.36 | 22.75 | 8.14

In all cases the grain Reynolds number is above 0.5 [—] (exceeding the upper limit of the Stokes
range); but not reaching 400 [—] (i.e., the lower bound of the Newton range); so it must be
somewhere in between. Overall, the dimensions are chosen to be as follows.

84) b=h=0.8[m]

The chosen dimension is larger than most calculated sand sizes; except for ‘fine-" and ‘very fine’
sand (i.e., in the Stokes regime). On top, the chosen dimension is still constructable and
transportable. This choice means that possibly some fine sand and/or very fine sand might be lost;
if they really settle in the Stokes regime. Since the Stokes regime is only approached for very fine
sand, the situation is accepted. If test experiments show that too much sand is escaping, then the
sand trap will be upgraded with a cloth/mesh/filter; which is associated with extra energy losses.
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C.2 Wind gauging system
C.2.1 Wiring scheme of the hardware
The figure below summarizes the wiring scheme of the wind gauging system.

Real Time Clock RTC DS3231 12C

GND|

GND

Digital Pin 20 (SDA)

“EERSEEEE tgriiBEd f

GND Digital Pin 21 (SCL)

5V

HD44780 1602 LCD module (12C)

Figure 135 - Wiring scheme of the Arduino

C.2.2 Arduino sketch

This section shows the Arduino sketch in order to program the Arduino. Consequently, the Arduino
will gauge the wind speed, together with the additional hardware.

During the coding process an issue arose concerning the Real-Time-Clock (RTC) module.
The issue involves the compile time; i.e., the time at which the sketch is compiled; just before it is
uploaded to the Arduino. The compile time is namely used to configure the RTC-module. That
means that every time the Arduino is reset, the RTC-module is configured towards this compile
time. In other words, the RTC-module will be off, as the compile time is constant. The workaround
is to first upload the sketch provided below, which amongst others configures the RTC-module. In
that case, the RTC-module receives the compile time from the connected computer. After this, the
Arduino must not be reset anymore (!); and the uploaded sketch must be overwritten by an
alternative sketch. The alternative sketch ensures the RTC-module is not re-configured anymore.
The alternative sketch is obtained by removing a few lines in the provided sketch below. The lines
that need to be removed in the second script are the following: 108; 312 until 321; and 454 until
465. These lines are also highlighted in the sketch with the following urgent messages: "REMOVE
THIS FUNCTION IN THE SECOND SCRIPT!!!” and “"REMOVE THIS LINE IN THE SECOND SCRIPT!!!”,

Then there was another problem concerning the RTC-module. The RTC-module is hamely
offline during compiling process; which produces a time delay. To this end, a drift time was added
to the sketch. This drift time is dependent on the compile time, i.e., the length of the sketch.
Consequently, if the sketch below is altered a new drift time has to be found by trial and error.
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This sketch contains the routine for calculating airspeed.

The list below presents the main components used to enable this routine.
- Broco airspeed sensor (pitot tube).
- MPX7002DF differential pressure sensor.
- Arduino Meqga 2560 Rev3 circuit board.

The Broco airspeed senscr (pitot tube) measures both samnation: and static pressure;
and therefors, the differential pressure between those two

The Braco sirspesd sensor (pitot tube) is connected to the MPX7002DP differentisl
pressure sensor, which receives this 1 pressure an ly converts
it into an electrical signal.

The MPX7002DF differential pressure sensor sends this electrical aignal to one of the
analogue pins of the Arduino Mega 2560 Rev3 circuit board.

The 10-bit Analog to Digital Converter (ADC) on the Arduino Mega 2560 Rev3 converts
this received electrical signal into a digital value.

The airspeed can be calculated using 3 building blocks:
1) The Pitot tube formula (e.g
https://wew.qre.nasa.gov/wins/ k-12/8GF/pitot .himl) derived from the Bernoulld
equation
2) The relationship between the measured differential pressure and the output
wvoltage of the MPX7002DP differential pressure sensor
(https://www.nxp.con/docs/en/data-sheet /MPXVT002. pdf ) .
3) The ADC conversion, » the conversion from an analogue value into a digital
value (e.g., https://1 3 als/. og gi ionfall).

The secondary components that are used, are summarized in the list below.
Az-delivery HD44780 1602 LCD 2x16 characters display (12C).
- AZ-delivery Real Time Clock (RTC) DS3231 (I2C).
AZ-delivery SPI Reader Micro Memory SD TF Card Shield Module.
- Sandisk 128GB Extreme MicroSDXC card (FAT32 formatted).
- Fafeicy mini rocker switch (SPDT) with 3 pins/positions (6 mm; 6A; 125Vi AC).

The airspeed is calculated in realtime and displayed on the AZ-delivery HD44780 1602
16D 2x16 characters display (12C).

Time is being tracked by the AZ-delivery Real Time Clock (RTC) DS3231 (12C) and that
same module also measures temperature.

The data is then stored on the Sandisk 128GB Extreme MicroSDXC card (FAT32 formatted)
that is plugged into the AZ-delivery SPI Reader Micro Memory SD TF Card Shield Module.
This data consists of a timestamp, the temperature, the raw data (i.e., the digital
represantation of the differential pressure received on the Arduino Mega 2560 Revd),

TASE1 0 S LTl ol Ao KATIRE O, Mo ‘e ¥k (OO kU
the following 3 mode
1) Tast mose = ‘aleApaed messurementascalculations: aicepesd displey o0 the 6B
screen.
2) Standy mode = nothing happens (this mode can for example be used to collect the
eroded sediments) .
3) Experiment mode = SD card initialization; airspeed measurements/calculations:
sirspeed display on the LCD screen; on the SD card
temperature, digital differential pressure and airspeed)

This sketch is created by Mark van langeraad on 27-06-2023, with contributions from
the people listed below.
- Joshua Hrisko (pitot tube;
hreps:/
periment) on 08-02-2019.
- Tom Igoe (datalogging: File > Examples > SD > Datalogger) on 09-06-2012.
- Pleter van der Gaag (rocker switch; from conversations) on 28-06-2023.
./

2019/02/06 pit pe y

1"

/{ start of global setup for the airspeed calculation (i.e., define analogue pin,
parameters, variables)

// define constant: integer v
const int pressureSensor = AD

ue of the analogue pin connected to the pressure sensor

// {analogue pin}

Figure 136

// start of global setup for the LCD screen

// include library: LCD screen
#include <LiquidCrystal 12C.h>

lumns (chars) and 2 lines display

// define ob oct: LCD zzc 0x27 addnu t‘or a 16
_12¢ C(0x27,

// for a 20x04 screen change “16, 2* to “20, 4*
// define conatant: the minimus fatantes, Rulehl gl dprpleniaonies o
send/print new info. to the LCD s
const int minPrintInterval lcd = 10 as

1/ tas)
// detine variable: unsigned long value (positive with no decimals) to store the
millis() relative to the last time sending/printing info. to the LCD screen
unsigned long previousMillis lcd = 1;

/1 ima]

// end of global setup for the LCD screen
1"

// start of global setup for the RTC module

// include library: communicate with RIC (Real Time Clock) devices; compatible with
DS1307, DS3231, PCFB523, PCFS563 on multiple architectures
#include <RIC1ib.h>

// define RIC (Real Time Clock) cbject
RTC_DS3231 rte;

{/ detine variable: char-array for storing a timestamp of 8 characters uoo 00:00%,
00:00:01", *00:00:02", etc.), + 1 character for the null-terminator ('
char timestamp_rtcl%);

/{ [bhimm:ss]

// define constant: integer value for the RIC module compile time drift
(innaccurately determined using a stopwatchs but "driffime® can only be an integer
anyway)

const int driftTime =

/1 [a]; REMOVE THIS LINE IN THE SECOND SCRIPT!!!

// end of global setup for the RTC module
"

// start of global setup for the SD card module

// include library: communicate with SPI devices using the Arduino circuit board as
the controller device
#include <SPI.h>

// include library: reading and writing on $D cards
#include <SD.h>

// dafine object: logFile
File logFile.

" dtflnt constant: char-array to store the current File ('logFile’) used on the SD
car:
cuns: char® currentFile;

// define constant: integer value for the Chip-/Slave Select (CS/SS) pin (SPI
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// define conatancs: to execute the airspeed calculation
const float rho_a = 1.22%

/4 [kg/m*3]s air density
.52

conat float ADC_baseline =

#/ [bit]y 10-bit ADC baseline: outcome of 0.5 + (2°10 - 1) =
1023/2
conat int ADC_offset_average_size = 107

J/ 1-1; number of samples: reading the average digital pressure sensor
offset
const int ADC_average_size = 207

Mol
differential pressure
const int u_average_size = ADC_average_size;

; number of samples: reading the average digital

15 number of sample

s caleulating the average airspeed
const int zero span = 47

arcund the ADC baseline

1/ Ibitl: span (or rang
regarded as a 0 reading

/4 define variable: floating point (digital) value for the offset of the pressure
sensor
float ADC_offset_average = 0.0;

#/ Ibit]s float: digital pressure sensor offset parameter

// end of global setup for the alzspeed calculation (i.e., define analogue pin,
parameters, variables)
"

/1 end of global setup for the rocker switch

/1 define constants: integer values of the digital pins that are connected to the
rocker switch
const int switchPin_2 = 2;

/4 [digital pin]
const int switchPin 3 = 3;

/4 [digital pin]
/! define variables: booleans Lraclum; if the code has been executed in 'Test-',

'Standby-', or 'Expeciment’
bool experimentExecuted = mn:

/1 boelean variable for tracking 'Experiment' mode
bool standbyExecuted = false:

// boolean varisble for tracking ‘Standby’' mode
bool testExecuted = false;

/! beolean variable for tracking 'Test' mode

// end of global setup for the rocker switch
1

/4 start of global setup for I2C/TWI communication

/4 include library: communication with I2C/TWI devices
#include <Hire.h>

/1 end of global setup for I2C communication
1"
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communication)
const int csPin = 53;

// ldigital pinls Arduino Mega 2560 Rev3 circuit
board

// end of global setup for the SD card module
1

’e

The functions below are required for both the 'test-' and ‘experiment’ mode
*/

"

// start of the readAverageOffset function: retrieve ‘size' (i.e.,
'ADC offser_average size! ) samples from the pressure sensor and return an average ADC
offset reading (i.e. offser_average')
float readAverageOff: er.(A t sensor, int baseline, int size) (
// create temporary variable 'sum' for storing samples I
i B calculate an average ADC offset
£loal

ived from the pressure

/4 start of for-laop: read the analog pin of the pressure sensor ‘size' times (in
this case 'ADC_¢ oﬁ':er. _average_size' times), then subtract the ADC-baseline and add
to the ‘sum’ para
for (int ii = 07 ii < size; iiv4) {

sum #= analogRead (sensor) - baseline;

]
// end of for-loap

// return sum = sum / size, L.e., devide 'sum’ by ‘size’ samples resulting in an
average 'sum' (‘sum’ and ‘size' represent 'ADC_offset_average' and
'ADC_offset_average size' respectively)

return sum /= size;

)
// end of the readAverageOffset function
"

// start of the printAverageOffset lod function: send/print to the LCD screen:
average pressure sensor ‘offset’ (TADC offset average') over 'size
(*ADC_offset_average_size') samples; cal d with fser()
void printAverageOffset lcd(float offset) (

// define temporary variable: integer version of ‘offset’ (i.e.,
'ADC_offset_average')

int offset_lcd = 07

/7 Ibit]

// round float ‘result ADCOffset' (i.e., 'ADC_offser average') towards closest
whole number and store in temporary integer variable 'result ADCOffset led'
offset_lcd = round(offset);

1 tbit)
" sena/pun: text + result 'result ADCOffset lcd' (i.e., rounded version of
ADC offset_average') to LCD screen
lcd.print (offset_lcd) ;

/¢ Ibitl; send/print
led.print (" R

// send/print; added extra spaces to whipe LCD
screen clean; omits lcd.clesr()

// end of the printAverageoffset_led function
7"
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165 // start of the readAverageADC functio:
samples from the pressure sensor and return an average ADC rea
*ADC_average' )
166 float xudAvvnv.ADC(xnl aarory das baseline, int size, float offset) (
167 // create temporary variable 'sum' to store samples received from the pressure
SabE U CAMRTOLN (M Gowcaide ROC reading

trieve ‘size’ (i.e., 'u reading size')
ing (i.e.,

168 £loat sum = 0;

169

171 // start of for-loop: read the pressure sensor ‘size’ (in this case
'ADC_sverage_aize') times; subtract the average ADC offset calculated in void
setup(); add to ‘sum' parameter

mn for (int ii = 07 ii < size; Lie#){

172 sum 4= analogRead(sensor) = offset;

173 )

178 // end of for-loop

176 // return sum = sum / size; devide ‘sum’ by 'size' samples resulting in an average

‘sum' ('sum' and ‘size' represent 'ADC_average' and 'ADC average size' respectively)
7 return sum /e size;

1
1 )

173 // end of the readAverageADC function
1 "

181 // start of the calculateAverageAirspeed function: calculate average airspeed using
‘reading’ (i.e., 'ADC_average') and Lha manipulated pitot tube formula (i.e., using
the ADC and pressure sensor relation!

162 float c-:.cuu:uv-:munmd(‘m: reading, flost bnuuw, int spen, float :no) {

eading' was calle
'ADC’, but this conflicted with internal Arduino languas g
183 // start of if-statement: if ‘readin between ‘baseline’ +- ‘span' then
izeadlog' Ls regarded & 0 (‘reading’, ‘baseline’ and ‘span’ represent
‘ADC_average’, 'ADC baseline' and 'zero_span
184 if ((m.axm > baseline - span) and (reading < baseline + span)) (
185 return

/4 Im/s]; remove 'return 0' and the
code works the same

186

187 // end of if-statement

188

183 // start of else-statement: else (if ‘reading’ is not between ‘baseline’ 4~ ‘span‘)
then the airspeed is calculated from ‘reading’ ('numnq , 'baseline’ and ‘span’
represent 'ADC_sverage', 'ADC_baseline' and 'zero_span

190 1se (

191 // start of if-statement: calculate a negative airspeed if ‘reading’ (i.

'ADC_average') is below 'baseline' (i.e., 'ADC_baseline')
192 if (reading < baseline) {

return -sqrt((~ 0.0 % ((reading / 10. ) = 0.9 / rho);

{m/s]: the minus 10000 is necessary, otherwise the aquare root is negative

// end of if-stamtement

// start of else-statement: calculate a positive alrspeed if 'reading' (i.e.,
*ADC_average') is above ‘baseline’ (i.e., 'ADC_baseline')
else (

i u.. x xeamnq > baseline
193 Teturn sqrt((i0U00.0 * ((reading / 10:3.0) - ‘n / o
"
(m/s1
/1 end of else-statement

1l
// end of else-statement

// end of the calculateAverageAirspeed function
1"
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/1 stact of the checkSwitchPosition function: checks Lf chie svitch s in the Staddsy
position initially thin void setup()
Toid checkswitchPosition() {
// send/print texi 0 LCD screen: rocket switch position check
lcd.setCursor (7,

// go to start (left) of first line (upwsrd)
256 led.print("Check Switch ")z

/1 send/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()

// start-delay of the switch check
delay(1000);

/7 1000 [ms) or 1 (s)

261 // start SEIEapatmnt 1 ok E you’ o i mtiilymoda (a2, 15gidic o ok
the offse:
i (1( - ) & digit 3) =) {

_2)
// send/print text to LCD screen
1cd.setCursor(c, 1)

// go to start (left) of second line (downward)
265 lcd.print (“Flip to Standby!™);

/1 send/print; no extra spsces needed to whipe LCD aczeen
clean

// start of while-loop: if the rocket switch is put into the Standby position,
then you may leave the while loop
while

// start of if-statement: if the rocket switch is put into the Standby

position, then you may leave the while loop
270 it (((diql:almd(:vi:chrin 2) == ) & (qunaxmd(nuchnn 3) =)
mn // send/print text to LCD screen
272 led.setCursor(l, -);
// 9o to start (left) of secand line
{downward}
273 led.print("Froceed "

// send/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()

// end-delay of the switch check
delay(1c00);

/7 1000 {ms} o 1 (s}

// bresk (free) from the loop and continue
break;

// break
]
// end of the if-statement
// end of the while-loop
// end of the if-statement

/1 if rocker :nuch is in the 'Standby' position send/print tex: to LGD screen
lcd.setCursor (0, O

// go to start (left) of first line (upward)
289 led.print ("Switch Set! 5%

// send/print; added extra spaces to whipe LCD screen
clean; omita lcd.clear()
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// start of the formatFerLCD function: print the airspeed on the LCD screen in a §
characters format, to avoid staggered characters (improving readability and the use
of lcd.clean ()}
chaz* formatPorlCD(float result_u) {
// create a char-array of & characters (enables .mmnq ~99.99 until 995.89 [m/s])
+ null-terminator ('\D'} to temp =
static char result_u_formatted[7];

// convert float 'speed’ to char 'formattedSpeed' with 5 digits, 2 decimal places
drostrf(result_u, ¢, 7, result_u_formacted);

/4 return the messured speed ('result_u') in the format to be used for the LCD
screen

return result_u_formatted;

¥
// end of the formatForlCD function
1"

/4 start of the checkRIC function: checks and prints whether the RIC module is ready

or not
woid checkRTC() {
send/print text to LCD screen: RTC module communication check
led.setCursor (0, 0)

/4 go vo start (left) of first line (upward)
RE

// sead/print; added extra spaces to whipe LCD screen
clean; cmits led.clear()

// start-delay of the RIC check:
delay(l000);

/7 1000 [ms) or 1 (s]

// start of if-statement: see if the RTC is present and can be initialized
Lf (!xu: begin) {
send/print text to LCD screen
:ch. tCurser (0,

// go to start (left) of second line (downward)
lod.print ("RTC Fail! ")

/4 send/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()

4/ start of while-loop

while €

,',' trap code inside while-laop if RTC communication fails
JJ end of while-leop

/} end of if-statement

// if RIC medule communication is checked send/print text to LCD screen
led.setCursor{o, 03:

// go to start (lefr) of first line (upward)
led.print (*

// send/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()

// end-delay of the RIC chack
delay(l:

// 1000 [ms] or 1 [s]

]
/! end of the checkRTC function
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lcd.setCursor (s, 1):

/1 go to start (left) of second line (downward)
led.print ("

// send/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()

// end-delay of the switch check
delay(1000);

// 1000 [ms] or 1 (s]

)
// end of the checkSwitchPosition function
"

// start of updateSwitchBooleans function: change the boolean variables, that keep
track in which mode you are in, to either true or false
void (bool bool bool (

// change the boolean variables, that keep track in which mode you are in, to
either true or false

// ‘Experiment' mode
standbyExecuted = boolStandby;

// *Standby’ mode

testExecuted = boolTes
/¢ 'Test' mode

L3
// end of updateSwitchBooleans function
1"

/e
The function below is only required to be present in the sketch that is used to set
the correct time on the RTC module.

This function can be deleted in the second sketch and that sketch will be the program
on the Arduino ¥ega 2560 Rev3 (after setting the time with sketch 1)

*/

’"

/1 stact of adjustRTC function: zetrieve the compile time and add & drift
compensate for compiling + uploading + MCU start; REMOVE THIS FUNCTION IN THE sEcoND
SCRIET
void adjustRTC(int drife) {
// update the date and time on the RTC (setting it equal to the compile time, i.e.,
st the start of complling
rec.adjust (DateTime(_DATE_, _TIME_));

// ada a arire to iling + + MCU stare;
the magnitude of the ann depends on the cmnc:enaucs of the sketch
DateTime = DateTi 0 it

/1 ger
current time from RTC module and add time drift
rtc.adjust (correctTine) ;

/1 vpdate time on RTC module

)
// end of adjustRTC function
1"

The functions below are only required for the 'experiment’ mode
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408

443
444
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1"

// start of the cavFileMaker function: checks (and prints) if the SD card module is
ready or not
conat char® csvFileMaker() (
// Create a new file with 10 characters for the filename ("EXP000.CSV",
“EXPO01.CSV", "EXPODZ.CSV", etc.), + 1 for null-terminator (‘\0')
static char filename(3) = "R000.CSV™;

// start of for-loop: search thzough the files (1 10 is the modulus operator and
r after division by 10)
e

// hundreds; 317 / 100 = 3.17 (i.e., 3); +'0°

(ASCII-offset)
filename[-] = (L / 10) & 10 # '

// dozens; 317 / 10 % 10 = 31,7 % 10 = 1.7 (i.e.,

7 +'00
(ASCII-offaet)
filename[?] = i & 10 4 '0

/ integers; 317 % 10 = 7; +'0" (ASCII-offset)

// start of the if-statement: if the next file does not exist... then create it
and leave the for-loop
if (15D.exists(filename)) (

// continue loop until filename does not exist
logFile = SD.open(filename, FILE_WRITE);

// cpen a new file when it doesn't exist
break

// leave the for-loop when the

next filename is cpened/created
// end of if-statement

// end of for-loop

/1 start of i
for writine
if (tlogFile) (
// send/print text to LD screen
1cd.setCursor (0, )7

: check if the

// 9o to start (left) of second line (downward)

led.prine ("File Wr

// send/print; no extra spaces needed to whipe LCD screen

clean

/{ start of the while-loop: trap code inside while-loop if logFile
opening/creation fails
while [

1l
// end of while-loop

// end of if-statement

// close the file immediately if it is not used in this function
logfile.close();

// return the newly created file name (the filename array itself), 3o that we can
use it later
return filename

)
// End of the csvFileMaker function
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logFile.print ("Temperature");

/f write in file + line ending; header
logFile.print(";",

// write in file + line ending; seperator
logFile.print ("ADc");

/4 write in file + line ending; header

logFile.print(";") s

1/ write in file + line ending; seperator
logFile.println("Windspeed”) s

/7 weite in file + line ending; header

/# close the file after writing to it
logFile.close ()

]
// end of the writeoffsetToFile function
1"

file is op fully

// start of the writeResultsToFile function: search for the last file on 5D card and

write results to it
woid writeResultsToFile(char time[%], flcat temperature, float result ADC, flcat
result_u, const char* filename) {

// open the file which was made in the csvFileMaker function

logFile = $D.open(filenama, FILE WRITE):

/4 start of 4

for writing

if (1logFile)
// send/print text to LCD screen
led.setCurser (0, 1

check 1f the

// go to start (lefr) of second line (downward)

led.print("File Write Fail!™

/4 send/print: no extra spaces needed to whipe LCD scresn

clean

// start of the while-loop: trap code inside while-loop if logFile
opening/creation fails
e (0 1

]
/! end of while-locp
// end of if-statement

/4 weite ‘time' (i.e., ‘timestamp') to SD card
logFile.print (time) s

/4 [hh:mm:ss]; send/print variable

"

(*rimestamp_rt
logFile.print(

/4 send/print (delimiter)
// write 'temperature' (i.e., T rtc) to SD card ('temperature' originates from a
sensor on the RIC module)

logFile.print (temperature) s

/e

send/print variable ('T_rtc')
logFile.print(

y:
/4 send/print (delimiter)
/f write 'result_ADC' and 'result_u' (i.e., 'ADC_average' and 'u_average') to the

D card
logFile.print (result_ADC)
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// start of the writeOffsetToFile function: search for the last file on 5D card and
e results to it
wvoid writeOffsetToFile(float result ADCOffset, const char®* filename) {

// open the file which was made with the cavFileMaker function

logFile = SD.cpen(filename, FILE WRITE);

// start of if-statement: check if the requested file is opened/created succesfull

for writing
if (MlogFile)
// send/print text to LCD screen
led.setcurser (0,

// go to start (left) of second line (downwasd)

led.print ("File Write Faili®);

/1 send/print; no extra spaces needed to whipe LCD sereen

clean

/£ start of the while-loop: trap code inside while-loop if logFile
opening/creation fails
while () {

)

#4 end of while-loop
/4 end of if-statement
/4 write "result_ADCOffset! (i
line ending)

logFile.print ("0ffset™);
logFile.print(";");

e., 'ADC_offset_average') to SD card (send/print +

/4 write ‘result ADCOffset’ (i.e., 'ADC offset average') to SD card (send/print +
line ending)
logFile.println(result_ADCOffset);

/4 [bit]
logFile.println("");

/4 write in file + line ending; add whitespace

// create headers for the columns
logFile.print (" [hh:mm:sa] ")y

/I write in file + line ending; units
logFile.print(";");

/4 write in file + line ending; seperator
logFile.print ("[deg C1");

// write in file + line ending; units

// write in file + line ending; seperator
logFile.print (" [bit

/4 write in file + line ending; units

logFile.print(":")

/4 urite

file + line ending: seperator

logFile.println("[m/s

/4 write in file + line ending; units

logFile.print ("Tine

/f write in file + line ending: header
logFile.print

/4 write in file + line ending; seperator

Figure 145

// Ibit]: send/print variable ('ADC_average')
logFile.print(";");

/4 send/print (delimiter)
logFile.printin(result_u);

1/ imis

send/print variable (‘u_average') + line
ending

// close the file after writing to it
logFile.close();

)
// end of the writeResultsToFile function
"

// start of dateTime function: call back for file timestamps (add the right date-time

to files); DO INOT! REMOVE THIS FUNCTION IN THE SECOND SCRIPT
void dateTime(uint16 t® date, uintlé t* time) {
// receive the current time on/from the RTC module
DateTime now = rtc.now():

// veturn the date, using the FAT_DATE macro, formatting date-field to be
compatible with FAT file systems (0.g., when using SD cards)
*date = FAT_DATE(now.year(), now.month(), now.day()):

/4 return the time, using the FAT_TIME macro, formacting time-field to be
compatible with FAT file systems (e.g., when using SD cards)
*time = FAT_TIME(now.hour (), inute (), 20

]
// end of dateTime function
1"

// start of the printC
experiment number to the LCD screen
void printCurrentExperiment_lcd (const char® inputfile)
// start and end position of the 3-digit number in the current file/experiment
int start = 1;

_lcd() function: prints current mode +

// *EXP000.CSV"; digits start at index 3
int end = 4

"

IXP000.CSV™; digits end at index &

// start of for-loop: send/print 3-digit number of the current file to the LCD
screen
for (int i = start; i < end; i+4) {
// $end/print text to LCD screen: add the number of the current file/experiment
lcd.print (inputFilefil);

// end of for-loop
// send/print extra spaces to whipe 1D screen clean (i.e., filling all 16
characters on & single line); omits lcd.clear()

lcd.print(® *);

)
// end of the printCurrentExperiment led() function
"

1+
start of the initialization of the main program, i.e., void setup()
./

1"

// stact of the void setup() function: initialization of the program/routine; this
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t determines the average digital pressure sensor cffset ready or not (first this was perate function called void checkSD(), but
490 wvoid setup( { Shesitha oko-gcatimmnt dosan't vock)

491 // startup: rocket switech

492 pinmode (switchrin 2, INPUT_PULLUF) ;

// send/print text to LCD scres
1cd. setCursor (0, 1);

$D module communication check
/4 define switch pin & use internal resistor between digital pin

2 and vee (5v)
a93 pindode (switchpin_3, INPUT_PULLUP) ; // 9o to start (left) of first line (upward)
536 lcd.print("Check SO Card ™)
#/ define switch pin & use internal resistor between digital pin
2 and vee (5V) // send/print; added extra spaces to whipe LCD screen

L1 clean; omits lcd.clear()
495 // startup: initialize various components lcd.setCuzsor(l, )7
496 Wire.begin();
// go to start (left) of second line

/f Wire (i.e., I2C/TWI) communication (downward)

487 led.iait); 538 led.print(” R
/4 LCD (12¢) communication // send/print; spaces to whipe LCD screen clean: omits
498 rre.begin(); led.clear()
539

/4 RTC (12€) communication 40 7/ start-delay of the SD Card check
499 541 delay(1000)
500 // Remove forward slashes ('//') to check the time cn the RTC
501 " 4 1000 [ms] or 1 [s]

Serial.begin(9600);
// Remove forward slashes ('//') // start of if-statement: see if the SD card is present and can be initialized
i (15D.begin(csPin)) (
// send/print text Lu 1D screen

1cd. setCursor (1,

to check the time on the RTC

/¢ turn on the backlight of the LCD scresn
lcd.backlight ()3
// 9o to start (left) of second line

// check RIC: checks/prints if the initialization was successful; if not, routine (downward)
stops here 547 led.print("SD Card Failt  ");
507 checkRTC () ;
// send/print; added extra spaces to whipe LCD screen
/{ RTC (12C) communication; clean; omits led.clear()
508
509 " updar.e the date & time on the RTC module, adding a 'driftTime' compensarion for // pause-delay of the SD Card check
ile-, uploade- and NCU startup time delay (1000
510 justRTe (i teTine) ¢
// send/print text to LCD screen
// REMOVE LINE 1N THE SECOND SCRIPT! lcd.setCursor(i, ):
511
512 /4 check if the rocket switch is in the correct position (Standby: to note the // 9o to start (left) of second line
offset)s if not, routine stops here (downward)
513 checkSwitchPosition () 554 led.print("Fiip to Standby!™);
514}
515 // end of the void setupl) // send/print; sdded extra spaces to whipe LCD screen
516 1/ clean; omits led.clear()
// start of while-loop: if the rocket switch is put into the Standby
position, then you may leave the while loop
517 /* 557 while (1) (
519 start of the routine of the main program, i.e., void leop() 558 // start of if-statement: if the rocket switch is put into the Standby
519 =/ position, then you may leave the while looj
520 1/ 559 Af (((digitalRead(switchPin 2) == ) & (digitalRead(switchpin_3) == 1)) (
360 // send/print text to LCD screen
61 led.setCursor(c, 1);
521  // start of the woid lecp() function: main part of the program/routine; this part // go to start (left) of second line
provides the test-, standy- and experiment mode of this program/routine (downward
522 woid loop() { 562 led.print(“Frocend )i
523 /4 start of the while-loop: experiment mode
524 while ((digitalRead(switchPin 2) == 1) & (digitalRead(switchPin 3} == 1)) ( // send/print; added extra spaces to whipe LD
525 /4 start of if-statement: communicate in which mode the rocket switch iz screen clean; omits lcd.clear()
positioned 363
526 if {lexperimentExecuted) { 364 // end-delay of the switch check
527 // initialize communication with 5D card module 565 delay(i000);
528 SD.begin(csPin) i
529 /1 1000 (ms) or 1 {s)
530 I 566
531 start of the checkSD function: checks (and prints) Lf the 5D card medule is 567 // change the boolean variables, that kesp track in which mode you are
Figure 148 Figure 149
in, to either true or false either true or fal
568 updateSwitchBooleans (brue, false, false! 611 updateswitchBooleans (trve, false, false):
// 'Test' mode is not executed; i.e., change to 'false’ // order: ‘Experiment-', 'Standby-' and ‘Test' mode
563 2 )
570 // goto-statement: teleport code to label *jumpToStandby* 3 /4 end of the if-statement
s goto jumpToStandby; 14
615 // retrieve time from the RTC module to create a timestamp
// break (free) from the laop and 616 DateTime now = rtc.non();
continue
// [Whimm:ss]; get current time from the RIC module
// end of the if-statement 617 sprintf (timestasp_rec, "102 4:4024", now.hour(), now.minute(), now.second()};
[hhimm:sal; format the
// end of the while-loop timestamp string
818
// end of {f-starement 619 // retrieve Sampsiinis from the RTC module
620 float T rtc = 0
// if s module communication is checked send/print text to LCD screen
lcd.setCursor(d, U): // 1°Cl; initialize variable ('T_rtc')
621 T rte = rrc.getTemperature();
1/ go to start (left) of first line (upward) .
lcd.princ("sp card Sett ") // 1°C); read variable {*T_rtc')
622
// send/print; added extra spaces to whipe LCD screen 621 // use 'ADC_average size' ADC readings from the pressure semsor to calculate an
ts lcd.clear() average ADC reading
1cd.setCursor (7, 1); 624 f£loat ADC_average =
// 9o to start (left) of second line {bit]; initialize variable ('ADC_average')
(downward) 625 ADC_average = naewnugnnc(pnssunscnsor ADC_baseline, ADC_average_size,
1cd.print (" b ADC 0ffset_average) ; // Toitl: read
variable (TADC_average')
// send/print; added extra spaces to whipe LCD screen 626
clean; omits led.clear() 627 /] wae ADC_svarage’ to, ealculste an avazage sirepesd
584 28 float u_average =
585 // end-delay of the SD Card check
526 delay(: // tm/si; initialize variable ('u_average'l
u_sverage = calculateAveragehirspeed (ADC_average, ADC_baseline, zero_span, rho_s);
7/ 1000 (ms) or 1 (s} /7 Im/s); calculate
587 variable ('u_average')
588 e €30 7
589 end of the checkSD function: a seperate function was not made for this piece of 631 // write the result (‘ADC_offset average') to 5D the card omce in the

'EXPO00.CSV' file, or a newer one with ascending number

code, as the Goto statement becomes dysfunctional
./ WriteResultaToFile (timestanp_rtc, T_rtc, ADC_average, u_avarage, currentfile);

9z // set the date & time of files using the callback function and the RTC module ’2
593 SdFile::dateTimeCallback (dateTime) ; Between the block notes (this one and the next) there is the code to send/print a
594 formatted 'u_sverage' (so that the LCD screen displays without staggering) st
595 // if 80 card module is initialized create a file 'EXP000.CSV', or & newer one lower frequency than the measurements

with ascending number o/
596 curreatFile = csvFileMaker();

// format the result (‘u_average') enabling sending/printing to the LCD screen
598 // caleulate pressure sensor offset: use 'ADC_offset average size' samples to without staggering
calculate an average offset ('ADC_offset average') 638 chare u_average_formatted m formatForLCD(u_average);

ADC_offset_average = readAverageOffset (pressureSensor, ADC_baseline,
ADC_offset_sverage_size); /7" Ibie) 14 Imls)
640
(iR e R S Fr i T o e Rl 641 // define temporary variable: unsigned long value (positive with no decimals) to
"EXPOCO.CS? , Or a newer one with ascending nusber store the current millis() from starting up the Arduino circult board
writeottsetrorile (ADC_offset_average, currentFile); 642 unsigned long currentMillis_lcd = millisQ):
// send/print text to LCD screen: current run (experiment mode] + average 17 ims}
‘offset' ('ADC_offset average') 643
lcd. setCursor (0, )z €44 // start of if-statement: if the interval between ‘previossMillis lcd' and
‘currentMillis_lcad' exccud: the desired send/print interval, i.e
// 9o to start (left) of first line (upvard) ‘minPrincinterval lcd' then we send/print it to the ICD screen
606 led.print (" B7); 615 if 1lis_lcd - iousMillis_lcd >= mi 1_1cd) {
646 // store current millis() relative tc the startup of the Arduino circuit board
// send/print; added extra spaces to whipe in p:evmuawlua lcd' to be used in the next iteration
1CD screen clean; omits lcd.clear() 647 is_lcd = 1lis_led;
. 1e);
printAverageoffset_lcd(ADC_offser_average): // Imsl; save currentMillis as previousMillls for the next
iteration
// change the boolean varisbles, that keep track in which mode you are in, to 648

Figure 150 Figure 151
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LCD screen at lower

// send/print formatted ‘speed' (i.e., 'formattedSpeed') to
1¢ characters in

than the s (the contais

total|
leod. setCurser (0,

/1 go to start (left) of second line
(downward)
lcd.print("s "} ;

/4 send/print
1cd.print (u_average_formatted) ;

/f [m/s]i send/print variable (formatted 'u_avezage')

led.print (" o
/4 send/print
]
/1 end of if-statement

’

A seperate function was not made for this pisce of code, since
‘previousMillis_lcd' should be a global variable

«/

7/ delay for stability purpases
delay(10);
/1 10 [ms) or 0.01 (sl

L}
// and of the while-loop
1

// start of the while-loop: standy mode
while (({digitalRead(switchPin_2) == |) £& (digitalRead(switchPin_3) == 1)) {
code is teleported towards this label *jumpToStandby"

// start of if-statement: communicate in which mode the rocket switch is
positioned
Aif (!standbyExecuted) {
// send/print text to LCD screen: communicate in which mode the rocket switch
is positioned
1cd. setCursor(t, 0):

/4 go to start (left) of first line (upward)
lod.print("s

/1 sena/print; added extra spaces to whipe LCD screen
clean; omits lcd.clear()
lcd. setCursor (i, 1);

/1 go to start (left) of second line
(downward)
led.print(

/4 send/print; added extra spaces to whipe LCD screen
clean; omits led.clear()

// change the beslean variables, that keep track in which mode you are im, to
either true or false

updateswitchBooleans (£alse, true, false):

and 'Test' mode

/4 order: "Experiment-', 'Standby-'

]
// end of the if-statemeat

/ retrieve time from the RIC module to creste a timestamp
DateTime now = rtc.now():

// [hhism:ss]; get current time from the RTC module
sprintf(timestamp_rte, "$024:402d:5024", now.hour(), now.minute(), now.secend()

Figure 152

// use 'ADC_average_size' ADC readings from the pressure sensor to calculate an
average ADC reading
oat ADC average = 0.0:

// ibit]: initialize variable ('ADC_average')
+ ADC baseline, ADC_average size
/¢ Tbit]; read

Aoc average =
offse!

vorage
CecTone (TApe _avezage')

// use 'ADC_average' to calculate an average airspeed
flost u_average =

14 im/s); tislize variable ('u_average')
u_average = calculateAverageAirspeed (ADC_average, ADC_baseline pan, rho_a):
// m/s); calculate

variable ('u_average')

s

Betwsen the block notes (this one and the next) there is the code to send/print a
formatted 'u_average' (so that the LCD screen displays without staggering) at
lower frequency than the measurements

o/

// format the result (‘'u_average') enabling sending/printing to the LCD screen
without staggering
char# u_average_formatted = formatforLCD(u_average!

1/ Imls)

// define temporasy varieble: unsigned long value (positive with no decimals) to
store the current millis() from starting up the Arduino circuit board
unsigned long currentMillis lcd = millis();

/7 ims}

// start of if-statement: if the interval between 'previousMillis lcd' and
‘currentMillis lcd' exceeds the desired send/print interval, i.e.,
!minPrintInterval led' then we sand/peine it to the LCD screen
it 11is_lcd - i1lis_lcd >e Interval_lcd)
// store current millis() relative to the startup of the Arduino circult board
in ‘previousMillis lcd' to be used in the mext iteration
previousMillis_lcd = currentMillis_lcd;

// Ims): save currentMillis as previousMillis for the next
iteration
// send/print formatted 'speed’ (i.e., 'formattedSpeed’) to ICD screen at lower
than the (the 3 ntain 16 characters in

total)
lcd

tCursor(t, );

// go to start (left) of second line
(downwazrd)

led.print (s ")

// semd/print
lcd.print (u_average formatted);

/! m/s): send/print variable (formatted 'u_average')
lcd.print (" i

// send/pr.
)
// end of if-statement
/v

A seperate function was not made for this piece of code, since
'previousMillis_lcd' must be a global variable
o/

// delay for stability purposes
delay( )

Figure 154
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/4 bhimmiss]; format the
timestamp string

/¢ Remove forward slashes ('//') to check the time on the RTC
i
Serial.println(tinestamp_rtc)s

// Remove forward slashes
(*//") to check the time on the RTC

/4 send/print text to LCD screen: current time ('timestamp')
)

lod.setCursor (1,

// go to start (left) of second line (downwazd)

led.print("t ")z

/4 send/print
lcd.print (timestamp rec);

/1 send/print
led.print (" Rk

/4 send/print; added extra spaces to whipe LCD
screen clean; omits lcd.clear()

// end of the while-loop
1"

test mode
1) B8 {digitalRead(switchPin 3) == 1)) {
the rocket switch is

/4 start of the whila-loop:
while ((digitalRead(switchPin 2) ==
// start cf if-st
positioned
if (ttestExecuted) {
// calculate pressure sensor offset: use 'ADC offset sverage size’ samples to
caleulate an average offset ('ADC_offset_average')
ADC_offset _sverage = readAverageCtfset (pressureSensor, ADC baseline,
ADC_offset_ave ) 71 [bit]

atement: communicate in which mede

/4 send/print text to LCD screen: current mode + average 'offset’
1"ADC_cEtsst_average')

lod.setCursor (0,

// go to start (left) of first line (upward)
led.print ("1 ") ;

/4 send/print; added extra spaces to
whipe LCO screen clean; omits led.clear )
printAverage0ffset_lcd (ADC_cffaet_average) :
/4 change the boclean variables, that keep track in which mode you are in, to
either true or false
updateSwitchBooleans (false, false, true);

/f order: "Experiment-', 'Standby-' and 'Test! mode
)
// end of the if-statement

// retrieve time frem the RTC module to create a timestamp
DateTime now = rrc.now();

/4 [bhimm:ss]:
=402d:402d:%02d",

get current time from the RTC module
sprintf (timestamp_tte,

[hhimm:as]; format the
timestamp string

// zetrieve temperature fram the RTC medule
float T_rtc = 0

/7 [°Cl; initialize varisble (‘temperature)
T_rte = rte.getTesperature();

/7 [*Cli read varisble ('temperature')

Figure 153

7/ 10 [ms] or 0.01 [a]

]
// end of the while-loop
1"

now.hour (), now.minute(}, now.second()):

end of the woid loop() - to be repeated infinitely (when powered)

/"

end of the sketeh

Figure 155

121



C.2.3 Programming logic (summary of the Arduino sketch)

The scheme below shows the program logic that summarizes the Arduino sketch. The scheme
highlights one of the RTC-module commands, which must be removed in the second script.

Include libraries;
define constants & global variables

[ Define various functions used In the

vold setup() & void Ioop()

Void setup
Initiation of the main program

Pinmodes
Couple the digital pins to the rocker switch

| Start the communication with various hardware |

Led backlight
Turn on the backlight of the LCD to display stuff

Check serial/-tc Fal Reset

| Check if the Serial- and RTC-communication are setup cor!

While: rocker switch = standby

If True | Break

Void loop
Main program
While
(Change) the position of the rocker switch
1f the switch is in ﬂ\el Experiment position 1f the switch is in the | Standby position 1f the switch is in melTest position
Experiment mode Standby mode Test mode
[ 'ex nt i exis f ‘standby’ is not exicuted yet f ‘test’ is not exicu
This ensures that the True-path below is This ensures that the True-path below is This ensures that the True-path below is
executed 1x per experiment-cycle executed 1x per standby-cyde executed 1x per test-cycle
False ' True False ' True False * True
SD begin Print current mode Read average offset
Start up the SD-module Print the mode to the LCD-module Read the pressure sensor 20 times
= to determine the offset/drift
] 1f True | Goto Y
Update switch booleans
Check if SD-module is ready Experiment executed = False Print current mode
(i.e., if SD-card is inserted) Standby executed = True Print the mode to the LCD-module
Test executed = False
T
| Print offset
Print this offset to the LCD-module

Update switch booleans
Experiment executed = False

Date-time callback function Standby executed = False
Giving files a date & time Test executed = True
| CSV file maker it T.ADC
Create a CSV-file to log data Recieve the time and the e
v from the RTC-module; read the pressure
< sensor, while accounting for the offset/
rand mf:ead average oﬂsezto s drift; and calculate the i
to determine the offset/drift
Write offset to file
Write the offset to the CSV-file
Print current mode™*

I Print the mode on the LCD-module

Print offset
Print the offset to the LCD-module

Update switch booleans
Experiment exect = True
executed = False
Test executed = False

]

+
Recieve the time and the
from the RTC-module; read the pressure
sensor, while accounting for the offset/
drift; and calculate the airspeed

Figure 156 - Programming logic of the Arduino sketch

122

Delft
e t University of
Technology



C.2.4 The adapted pitot tube formula

C.2.4.1 The differential pitot tube formula
Pitot tube formula (Cengel & Cimbala, 2014)

85) u= |22
Pa

Where:
e u[m/s] is the wind speed.
e Ap [Pa] is the differential pressure.
e p, [kg/m3] is the air density.

C.2.4.2 The differential pressure sensor relation
Transfer function (calibration) of the pressure sensor (NXP, 2021)

) 1 1
86) Vout = Vsystem (g Ap + E)

Where:
e V.. [V] is the output voltage of the pressure sensor.
e Vsseem [V] (i.€., abbreviated to V; [V]) is the system voltage of the Arduino.

The formula is in [kPa], i.e., it needs to be converted to [Pa].

Plug in the information and re-arrange
87) Ap = 5,000 (V””t - 1)
v, 2

C.2.4.3 The Analogue-to-Digital-Converter (ADC) relation

The Analogue-to-Digital Converter relation (Elektor, 2022)

88) ADCresolution — ADCout

Vsystem Vmeasured

Where:
o ADCresomution [—] is the resolution of the ADC.
e ADC,,;: [-] is the output value of the ADC.
o Vieasurea V] is the measured voltage.
e Vsyseem [V] (i.€., abbreviated to V; [V]) is the system voltage of the Arduino.

The resolution (ADC,esomution) Of @ 10-bit ADC is 21° = 1024 [—], running from 0 [-] up until and
including 1,023 [—]. Next, the measured voltage (V;.cqsureq) 1S €qual to the output voltage of the
sensor (i.e., Vineasurea = Vout [v]).

Plug in the information and re-arrange
_ ADCoyVs

) Vour = 1024
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C.2.4.4 Combining all relations
Pitot tube formula

90) u= 24p
Pa

Plug in transfer function

Vour 1)
)
Pa

o) 10,000(

Plug in ADC relation (Hrisko, 2019)
ADC 1)

1,024 2
Pa

0 10,000(

u =

T Delft
U De I t University of
Technology
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C.3 Power supply

The datasheet from the manufacturer is added below.

{({@ victron energy

}}) BLUE POWER

12,8 V & 25,6 V Lithium SuperPack batteries

www.victronenergy.com

Integrated BMS and safety switch
The SuperPack batteries are extremely easy to install, needing no additional components.
The internal switch will disconnect the battery in case of over discharge, over charge, low or high temperature.

Abuse proof

Alead-acid battery will fail prematurely due to sulfation:
. If it operates in deficit mode during long periods of time (i.e. if the battery is rarely, or never at all, fully charged).
. If it is left partially charged or worse, fully discharged.

A Lithium-lon battery does not need to be fully charged. Service life even slightly improves in case of partial charge instead of a full charge. This
is a major advantage of Li-ion compared to lead-acid.

The SuperPack batteries will cut-off the charge or discharge current when the maximum ratings are exceeded.

Efficient

In several applications (especially off-grid solar), energy efficiency can be of crucial importance.

The round-trip energy efficiency (discharge from 100 % to 0 % and back to 100 % charged) of the average lead-acid battery is 80 % .

The round-trip energy efficiency of a Li-ion battery is 92 % .

The charge process of lead-acid batteries becomes particularly inefficient when the 80 % state of charge has been reached, resulting in
efficiencies of 50 % or even less in solar systems where several days of reserve energy are required (battery operating in 70 % to 100 % charged
state).

In contrast, a Li-ion battery will still achieve 90 % efficiency even under shallow discharge conditions.

Can be connected in parallel
The batteries can be connected in parallel. Series connection is not allowed.
Use in upright position only.

12,8/100
Lithium SuperPack 12,8/20 12,8/60 12,8/100 High 12,8/200 25,6/50
current

Chemistry LiFePO4
Nominal voltage 128V 256V
Nominal capacity @ 25 °C 20Ah 60Ah 100 Ah 200 Ah 50Ah
Nominal capacity @0 °C 16 Ah 48 Ah 80 Ah 160 Ah 40 Ah
Nominal energy @ 25 °C 256 Wh 768 Wh 1280 Wh 2560Wh  1280Wh
Cycle life @80 % DoD and 25 °C 2500 cycles
CHARGE and DISCHARGE
Max. cont. discharge current 30A 30A 50A 100A 70A 50A
Peak discharge current (10 sec) 80 A 80A 100 A 150A 100A 100A
End of discharge voltage 10V 20V
Charge voltage, absorption * 142V- 144V ZEN=

rge ge, ot 3 288V
Charge voltage, float 135V 27V
Max. cont. charge current 15A 30A 50A 100A 7J0A 50A
Parallel configuration Yes, unlimited
Series configuration No
Operating temperature Discharge: 20 °C to +50 °C Charge: +0 °C to +45°C %
Storage temperature -40°Cto +65°C
Max. storage time when fully
charged 1year<25°C 3 months <40°C
Humidity (non-condensing) Max. 95 %
Protection class P43
OTHER
Power connection (threaded 5 . - - -
inserts)
S 167x181  213x229 220x330 208x520  220x330

x77 x138 x172 x269 x172
Weight 35kg 95kg 14kg 21kg 14kg
1. The battery may disconnect when a load with a high input it ected, such The y wil retry and
‘connect after approximately 10 seconds.
2. The absorption period should preferably not exceed 4 hrs. A longer i ightly life.
3. Serial number HQ: i the cell below 043 °C. It will accept
«charging again when i 343 °C. Discharge i -20+3°C. This

protection resets when temperature above -1543 °C.

Figure 157 — Datasheet for the used power supply
The power capacity can be calculated according to the following equation.
93) P=V-I
Where:
e P is the power capacity in Watt-hours [Wh].

e V is the electrical energy (or voltage) in volts [V]
e [, is the electrical capacity in ampere-hour [Ah].
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The used power supply has an electrical voltage (V [V]) equal to 12.8 [V]; and it has an electrical
current capacity (I, [Ah]) of 60 [Ah]. The power capacity in Watt-hours then becomes 768 [Wh].

Table 40 - Calculation box

P. =12.8 -60 = 768 [Wh]

The power (consumption) tree of the Arduino microcontroller is provided below.

LMV3S58LIST-A.9
(OPAN) L 5v ] ATMEGA2568 I
() D

208mA

SPX1117M3-L-5-8/TR
—)[ KPT-2012SGC (Green LED) l
(Regulator)
12v 5. 6mA
Ta0nA
—)[ KPT-2812YC (Yellow LED) ]
—)[ LP2985-33DBVR-A.2 ]—@—)

Legend:

D Component . Max Current

. Power I/0 . Voltage Range

Power Tree

Figure 158 - Power tree of an Arduino (Arduino SRL, 2024)

The power supply is connected to the Arduino through the power-jack. The power-jack corresponds
to the 12 [V] PWRIN entry in the power tree above. However, an electrical voltage of 12.8 [VV] must
be used, as a 12.8 [V] power supply is used. Just after the power jack, a regulator is present. This
regulator scales down the incoming electrical voltage, through heat losses, towards the operating
voltage of the Arduino; i.e., 12.8 [V] — 5 [V]. The regulator draws a maximum electrical current
(1 [A]) of 750 [mA] from the 12.8 [V] input. The consumed power can be calculated according to
the formula below.

9) P=V-I

Where:
e P is the electrical power in Watts [W].
e V is the electrical energy (voltage) in volts [V].
e [ is the electrical current (amperage) in ampere (amps) [A].
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It is assumed that the Arduino consumes the maximum electrical current; which is a safe approach
as these conditions are usually not reached.

Table 41 - Calculation box

750 [mA]

Prax W] =V [V] - Inax [A] = 128 [V] - 1000 9.6 [W]

The fan is powered by the same 12.8 [V] power supply. Below there is another datasheet of the
used fan. To be clear, this is the same fan as in appendix C.1.1. This datasheet is however obtained
from the seller where the fan was purchased. This seller still offers the fan to this day. The fan
draws a maximum electrical current of 17.1 [4] (i.e., when the speed controller is fully opened).

= N°12 BORCHIE - ALTEZZA H= 12
FORI @3.2 - INTERASSE ©404.9

N°4 FORI 6.5 - N°12 BOSSES - HEIGHT He= 1
N°4 HOLES 06.5 r M q Hotssm-lmxm&ga.o -
i
~
i ,\.‘; O
7 ’

- AIRRFLOW
@ . %
g 5 | qu—
'
1 A ; '
» »
L 430 e )
K SEZIONE A-A
SECTION A-A L_S78n
- 73 i
-
. B Air .
item number| Vol | A™P- FanSize | U Type Weight |,
X. A
max (mm) I (Kg)
1609019 12 174 385 3450|Blowing 2,57 |68

Figure 159 - VA18-AP70/LL-86S datasheet (Venus, 2024)

The maximum electrical power (i.e., drawn by the fan) can now be calculated.

Table 42 - Calculation box

Poax W] =V [V]- Lo [A] = 12.8[V] - 17.1 [A] = 218.88 [W]

127

Delft
e t University of
Technology



The Arduino consumes about 9.6 [W] and the fan consumes about 218.88 [W]; so, in comparison:
¢ Relative power consumption — Arduino vs. total

Table 43 - Calculation box

9.6 [W]

c 0] = ~ 42019
S T S 100 [%] = 4.201 ... ~ 4.20 [%)]

e Relative power consumption — fan vs. total

Table 44 - Calculation box

218.88 [W]

. o] = =~ 0
218.88 [W] + 9.6 W] 100 [%] = 95.798.... = 95.80 [%]

If the fan consumes about 218.88 [W] and the Arduino consumes about 9.6 [W]; then one can
calculate the lifetime of one (battery) discharging-cycle with this setup.

Table 45 - Calculation box

768 [Wh]
228.48 [W]

=3.361..~ 3.36 [h]

This is equal to 3 [h], 21 [min] and a rounded 40.8 [s].
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D Pipe flow analysis

The equations to conduct a pipe flow analysis are provided below (Cengel & Cimbala, 2014).

Table 46 - Pipe flow analysis equations
Minor loss Major loss

L pgu?
APminor = _KIT Apmajor = _fD_h 2

The pipe flow analysis will contain loss terms for the honeycomb, the ducts and the outflow.
However, the contraction will not contain a term, as it has negligible energy losses.

pu?
b Aphoneycomb =—K; >
_ L pqu?
b Apduct - D_h 2

pu? ,.
b Apoutflow = (l-e-/ K; =10 [_])

To estimate the friction factor the Moody-Diagram must be used (Engineers Edge, 2024).

Moody Diagram
0.1 R R
0.09 S
0.08
0.07 0.05
| 0.04
0.06 0.03
0.05 0.02
0.015
T R o 4 NP CE U [ U L L L O D O O R T
= 0.01 5
< =
Lﬁ 0.03H -t NN - S e 0.005 s
g Laminar Flow 0.002 %U
S @
:;9_: 0.001 =
= 5\ Material ¢ (o) | 5x107 8
0.015 * T Conerete, coarse 025 AR e S g -4
i |(‘|(-:u, new smooth 0.025 210 g
' 'n tubing 0.0025 10~4 @
' lastic Perspex l)vl)(rﬁi [ 107\') %
001 S T e
77 Steel, mortar lined 0.1 5
JJ Steel, ia :)) -4- 107> 4
| el riction Factor = 2 AP--.- ey
10° 10 10° 106 107 108

Reynolds Number, Re = #
Figure 160 — Moody diagram (Engineers Edge, 2024)

Next, an energy balance must be constructed to perform a pipe flow analysis; where the mentioned
terms should be plugged in.

95) u2 u2
p1+Pa2 1 =p2+Pa2 2 +2Ap

Solving the pipe flow analyses is done iteratively; and provides an estimate of the pressure losses.
This pressure loss can be used in combination with the pressure-discharge relation of the fan (next
page; or appendix C.1.1). In turn, this allows finding the discharge that can still be produced by
the fan, according to the pressure losses.
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The datasheet of the fan (appendix C.1.1) contains the fan discharge (Q [m3/s]) according to the
pressure buildup (p [mmH,0]). Equation 96 is used to convert the units of the pressure from
[mmH,0] into [Pa]. The mentioned formula calculates (hydrostatic) pressure (p [Pa]), from the
density of the fluid (p [kg/m3]), the gravitational acceleration (g [m/s?]); and the height of the
fluid-column (h [m]). The density of fresh water is used (p,, = 1,000 [kg/m3]).

96) p = pgh

Next, the discharge-pressure relation is plotted. The plot also includes curves for two fans in series
and in parallel connection (Rotron, N.d.). This was done in advance of buying an extra fan. Two
fans in series, causes having twice the pressure capacity (2p [Pal]), for an equal air flow (Q [m3/s]).
Two fans in parallel, causes having twice the air flow (2Q [m3/s]), for an equal pressure capacity
(p [Pa]). If two fans are connected in series, some spacing is required (Noctua, N.d.).

600 4

W —— Push ===~ Series (push) - parallel (push)

\N — Full —-=-=- Series (pull) .- Parallel (pull)
500 1 T

400 1

200 4

100 4

N

& &

N

N
N\ @Q

&“Q' N
Q[m?¥/s]
Figure 161 - Val18-ap7011-86s discharge (Q [m3/s]) pressure (p [Pal) relation
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E Handling the pitot tubes

The pitot tube is situated along the horizontal centreline of the duct and can solely be repositioned
along the vertical. The pitot tube is embedded in a 3D-printed holder (see the left picture). This
holder can be attached in a 3D-printed hatch that is located in the roof of the erosion zone (upper
right picture). Additionally, there is a 3D-printed cap as well (see the lower right picture). This cap
can be used to seal of the hatch (i.e., mitigating energy losses); when the pitot tube is not in use.

e

Figure 163

Figure 162

Figure 164

E.1.1 Levelling the pitot tube

The air within Mobi-Gust 2 flows longitudinally, from the upwind- to the downwind boundary. It is
thus safe to assume that the streamlines within Mobi-Gust 2 run parallel to the boundaries of the
duct system. It is namely quite straightforward to mount the pitot tubes roughly parallel to the
boundaries of the system. To this end, the pitot tube must be positioned against the roof (see the
left picture below). In this position the pitot tube is oriented roughly parallel to the boundaries of
Mobi-Gust 2; and thus also roughly parallel to the streamlines within Mobi-Gust 2. While the pitot
tube still touches the roof, a mini-level must be attached to the pitot tube holder (see the right
picture below). Make sure this mini-level shows a levelled (i.e., a flat) reading; even if Mobi-Gust
2 is mounted on a sloping surface. The levelled state of the mini-level then indicates that the pitot
tube is mounted parallel to the streamlines within Mobi-Gust 2.

Figure 165 Figure 166
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E.1.2 Repositioning the pitot tube

The holder sticks out of the roof of the erosion zone; which can be used to infer the vertical position
of the pitot tube within the duct. This is schematically shown in the sketch below.

Az| 72

Zy

Figure 167 - Visualized distances to deduce relations to reposition the pitot tube

To this end, the pitot tube is positioned against the roof of the duct. The distance between the top
of the holder; and the raised plate (i.e., where sealing-cap rests if the pitot tube is not in use) is
called the reference-distance a. Next, the cross-section of the pitot tube is circular. Consequently,
the stagnation entrance is exactly one radius below the roof of the duct. The radius of the pitot
tube is called the radius-distance c. After positioning the pitot tube at the desired height (i.e., which
is still an unknown distance), the distance between the top of the holder and the raised plate is
called the position-distance d.

Now the pitot tube is lowered into the duct. The stagnation entrance of the pitot tube is
lowered over an arbitrary lowering-distance Az. The pitot tube and the holder are part of the same
rigid body. Consequently, if the stagnation entrance is lowered a certain lowering-distance Az, then
the entire holder has also lowered a certain lowering-distance Az. Next, the difference between the
reference-distance a; and the position-distance d is equal to the lowering-distance Az.

Next, some extra definitions are required to finalize. The height of the duct is called the
duct-height H; the distance between the stagnation entrance and the bottom is called the bottom-
distance Z;; and the distance between the stagnation entrance and the roof is called the roof-
distance Z,. The duct-height H is equal to the sum of the bottom-distance Z, and the roof-distance
Z,. Finally, the roof-distance Z, is equal to the sum of the radius-distance ¢ and the lowering-
distance Az. Now that all definitions and relations are clarified, two equalities can be written down.

Distance from the bottom Distance from the roof
Az=Z,—cla=Az+d | az=H—-7,—cla=0z+4d
a=Az+d a=Az+d
a=(Z,—c)+d a=H-Z,—c)+d
a—(Z,—c)=d a—(H-Z,—c)=d
d=a—-7Z,+c d=a—-H+Z +c

After selecting a certain bottom-distance Z, or roof-distance Z,, the only unknown is the position-
distance d. All the other distances can be determined; i.e., with a calliper. The use of a calliper and
the measured distances are shown following sections.
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E.1.3 Using a calliper

The pitot tubes are vertically adjustable. To adjust the pitot tube in elevation an analogue calliper
was used. A calliper can measure inside and outside distances; but it can also measure depths.
The used calliper had a precision of 0.02 [mm]. A calliper has a special vernier scale. The Vernier
scale is the smaller scale that is located on the slider of the calliper (shown in the picture below).
The zero of the vernier scale provides the amount of [mm] measured. If the 0 falls in between two
values, such as 20 [mm] and 21 [mm], then the value before the comma is equal to the smallest
value (i.e., 20 [mm]). The next stripe on the Vernier scale that is collapsing on one of the stripes
of the normal scale provides the digits behind the comma; which should be read from the Vernier
scale instead of the normal scale. In the picture below a calliper is shown with 0.05 [mm] precision.
The stripe falls exactly on the 0.7 [mm]; so the length measured is 20.70 [mm]. If the second stripe
of the vernier scale would have been between 0.7 [mm] and 0.8 [mm] then the total measured
length would have been 20.75 [mm]. If the zero of the Vernier scale exactly collapses on a stripe
of the normal scale, then the measured length has no digits behind the comma.

A RO -

20 30 40 50 60 70

0 10 80
h||||||||\||||||||MWM&HBJ+%WH[IHH|MH
’_—]!0123456T8910’m

i -

\\( // ®

igure 168 - How to read a calliper (Duursma, N.d.)
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E.1.3.1 Reference height
Upwind pitot tube: a = 172.96 [mm].

Figure 170

Figure 172

LU

Figure 173

Figure 174
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E.1.3.2 Duct heights

Upwind erosion zone:
o HYPWIN _ 14800 [mm]

erosion

e Height ‘c’ is half the pitot tube diameter: %dpiwt = Tyitor = 2 [mml].
) +2 = 100.96 [mm].

148.00

erosion

e Centreline height— d = a — H*?*™ 4 ¢ = 172.96 — (

Figure 176

Figure 177

Downwind erosion zone:
o HAownwind _ 14804 [mm]

erosion

e Height ‘¢’ is half the pitot tube diameter: %dpiwt = Tyitor = 2 [mml].
« Centreline height— d = a — HQWm™ + ¢ = 172.56 — (*5) + 2 = 100.54 [mm].

erosion 2

Figure 179

ey

Figure 180
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F Anemometer

All pictures below are taken from (Amazon, N.d.).

7 BLADES OF WIND LEAF
mote ourats messuromenthan

Anemometer

MODE *C/I'F SET

MANUAL/AUTOMATIC ,
POWER-OFF FUNCTION Infurider

wind chilldisplay, real time measurement. YF-816B

Figure 181

YF-816B BASIC FUNCTIONS

@ Wind speed measurement
9 Temperature measurement

@ with abackight

@ Manual/Automatic power-off function

0 5 kinds of wind speed unit selection

Mode switch

“Cl'FKey

Figure 183

Delft
U e t University of
Technology

Battery Type CR2032 3.0V
Temperature NTC

Relative temperature | -[0'C~45C(14TF~1137T)
Resolution =90%RH

Temperature Range | -40'C~60'C(-40'F ~140°F)

Current About 3mA
Weight 53g(with battery land yard)
SPECIFICATION
wind speed range
Unit | Range | Resolution | Threshokd | Accuracy
Ms | 0-30 01 8]
Fumin_|0~5860 19 39
Knots | 0-55 02 [ +5%
Knvhr | 0~90 03 03
Mph | 0-65 02 02

Figure 182

BATTERY REPLACEMENT
OPERATION

*Rotate with coins

+Open the battery cover

Figure 184

Anemometer

MODE TfF ger

Infurider

YF-8168

*Replacement the battery
=i — +Rotate the battery cover
back
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G Fieldwork management

G.1 Preparation plan

G.1.1 Date selection

To select a measurement, check the weather frequently. Conditions that are not favourable for
measuring with Mobi-Gust 2 are listed below (i.e., learned from experience; appendix H).
e Rain. During or just after a rainy period the sand bed is hard to mobilize; i.e., moisture
contents from 2 to 10 [%] might be enough to prevent aeolian erosion.
e Frost. It is hard to invoke aeolian erosion during a frost period, as the sand bed might be
hard and dry (especially when the frost period follows after a rainy one).
e Wind. Wind forces of 5 [bft] or higher, complicate the measurements; as they become
unpleasant, unpractical and unreliable; and most importantly it might become unsafe.
o The safety plan treated this; yet during the field expedition of 02-02-2024 winds
of > 6 [bft] were experienced by accident; i.e., caused by optimistic forecasting
and incorrect real-time weather updates (i.e., 4 [bft]).

G.1.2 Packing list

Table 47
What Category Purpose
Intake shield walls Mobi-Gust 2 Shield the mobile wind tunnel entrance
Fan Mobi-Gust 2 Propel the air through the mobile wind tunnel
Vertical contraction Mobi-Gust 2 Accelerate the airflow
Horizontal contraction Mobi-Gust 2 Accelerate the airflow
Honeycomb screen Mobi-Gust 2 Minimize the spiral flow produced by the fan
Transition duct (2x); one has the saltation . Facilitate flow development; add an upwind
. Mobi-Gust 2
hopper mounted on it supply of sand
Erosion duct; it has the wind gauge box* |, . Provide the test section for aeolian erosion;
. obi-Gust 2 )
mounted on it measure the wind speed
Sand trap Mobi-Gust 2 Catch the eroded sediment
Sand trap tray Mobi-Gust 2 Retrieve the eroded sediment
LiFePO,, battery and its housing Mobi-Gust 2 Power Mobi-Gust 2_ (i.e., the mobile wind tunnel
+ the wind gauge system)
Wire mesh cylinder Mobi-Gust 2 Breaking the (jet) outflow from the erosion zone
(Back-up) Nuts, washers and bolts Mobi-Gust 2 Connect the parts of Mobi-Gust 2
Batting wood (2x) Mobi-Gust 2 Place the erosion duct
SD card Mobi-Gust 2 Log the windspeed data
Box wagon Transportation Transport Mobi-Gust 2 and additional gear
Carrying plate Transportation Transport Mobi-Gust 2 and additional gear
Lashing strips Transportation Secure Mobi-Gust 2 and additional gear
Rubber hammer Tools Drive the erosion zone walls into the sand bed
Pliers Tools Remove the lids from the saltation hopper
Brush Tools Clean equipment
Crosshead screwdriver (2x 100 [mm]) Tools Open the erosion hatches
Flat screwdriver (3.0 [mm]) Tools Open the pressure sensor covers
Flat screwdriver (2.5 [mm]) Tools Adjust the contrast of the LCD-module
Stanley knife Tools Cut stuff (e.g., tape)
Combination spanner 13 Tools (Un)Tighten the connections of Mobi-Gust 2
Ratchet spanner 13 Tools (Un)Tighten the connections of Mobi-Gust 2
Protection gloves Safety Protection while mounting
Stopwatch Time Keep track of time
Parking license Utility Park at the Schelpenpad

*The wind gauge box consists of the wind gauge system, i.e., the differential pitot tube; the
differential pressure sensor; the Arduino Mega 2650 Rev3 microcontroller; the RTC-, LCD-, SD-
modules; tumbler switches (3x); and the speed controller of the fan.
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Table 48

What

Category

Purpose

USB cable

Electrical tools

Update or repair the Arduino;

Beach laptop

Electrical tools

Update or repair the Arduino;
check the SD card

Multi-meter Electrical tools Check the Arduino hardware
Anemometer Electrical tools Check the windspeed
Sand scraper Sediment Excavate the sand bed in layers
Shovel Sediment Excavate the sand bed
Buckets Sediment Store the sand
Weighing scale Sediment Weigh the sand samples
Zip bags Sediment Confine the sand samples
Pre-weighted sandbags Sediment Conduct the saltation experiment

Markers

Sediment/notes

Label the sand samples;
write notes

GNSS suitcase; this includes a GNSS

unit, tablet, batteries (2x) and GNSS Make beach elevation profiles
chargers (2x)
GNSS pole GNSS Make beach elevation profiles
GNSS holder GNSS Make beach elevation profiles
TU Delft jacket Clothing To be recognizable
Safety jacket Clothing To be recognizable
Duct tape Tape Repair stuff
Painters tape Tape Sealing off gaps
Mount levels on the pitot tube; mount
Double sided tape Tape electrical hardware of the wind sensing
system
Level Slopes Level the ducts and other parts
Small levels Slopes Level the pitot tubes
Folding ruler Distances Measure distances
Roller tape Distances Measure distances
Paper Notes Write notes
Pen Notes Write notes
Pocket calculator Notes Make or check (quick) calculations

Mobile phone

Pictures/timekeeping/safety

Take pictures; keep track of time;
make emergency calls

Photo camera

Pictures

Take pictures

Differential pitot tube

Arduino backup

Sense differential pressure

Differential pressure sensor

Arduino backup

Sense differential pressure + convert
that into voltage output

Arduino Mega 2650 Rev3
microcontroller

Arduino backup

Control the wind gauge system +
computations

RTC-module Arduino backup Keep track of time
LCD-module Arduino backup Display real-time information
SD-module Arduino backup Datalogging

Tumbler switch Arduino backup Configure the ng::e?: the wind gauge

Jumper cables

Arduino backup

Provide the electrical connections
between the electrical hardware of the
wind gauge system

Food and water

Food and drinks

Measurements last the entire day; i.e.,
you need enough energy

Coffee

Food and drinks

Measurements last the entire day; i.e.,
you need enough energy

Folding chairs

Comfort

Resting in between experiments

* The sand scraper includes two steel components; a rubber hammer, a batting wood, a plastic
carrying device, a small garden shovel and sandbags.
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G.1.3 Charging the electrical components

Empty the SD-card and charge the following electronics:
e The LiFePO, battery.
e The Global Navigation Satellite System (GNSS) batteries (2x) and the tablet.
e The camera.
e The beach laptop.

Figure 185 T Figure 186 Figure 187
Print the following documents:

e The Global Navigation Satellite System (GNSS) manual.

e The measurement plan (including the manuals for the wind tunnel system)

e The safety plan.

G.2 Measurement plan

G.2.1 Mobility
G.2.1.1 Route

G.2.1.1.1 TU Delft < Sand Engine

There are three parking lots available (see appendix A), i.e., P1 (Google, 2023), P2 (Google, 2023)
and P3 (Google, 2023). The average distance between Delft University of Technology and the three
parking concerns roughly 21.5 + 1 [km] spread over 3 main routes. The average duration involved
is checked around 94AM and 5AM (i.e., rush hours). At 9AM the mean duration concerns about
33.5 + 1.5 [min]. But the mentioned duration at 94AM can be as low as 24.5 + 1.5 [min] or as high
as 42.0 + 2 [min]; depending on traffic. At 5PM the mean duration concerns about 36.5 +
2.0 [min]. But the mentioned duration at 5PM can be as low as 25.5 + 2.0 [min] or as high as
48.0 + 1.5 [min]; again depending on traffic. The main choice to park concerns the specialized
parking along the Schelpenpad, Monster (location B on the next page). The second car can be
parked along the Haagweg (location A on the next page). Parking the second car at location A
minimizes interference from the public; and the parking along the Haagweg is free of charge.
The coordinates and addresses are listed below.

e 52°02'34.9"N 4°11'05.0"E; Schelpenpad, Monster.

e 52°02'20.9"N 4°11'26.8"E; Haagweg, 2681 PB Monster.
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g e

Lt L by por
Figure 188 - Haagweg & parking Schelpenpad (Google, 2022)

G.2.1.1.2 Sand Engine <> Measurement location

After unloading the car at location B the measurement location (i.e., location C) must be reached.
Experience showed that the walk to the measurement location lasts quite long. Amongst others,
that is because the box wagon is quite heavy when fully loaded. The walk lasts approximately
30 [min] with a field crew of three people in total.

Figure 189 - Measurement location (Google, 2022)

Measurement will take place at location C because of the following main reasons.

e The relevant parts of the beach concern the supratidal- and the intertidal beach; those
areas namely contribute to dune growth.

e Conditions at the beach are expected to be relatively wet everywhere, since it is winter-
time in The Netherlands (i.e., low evaporation and moist conditions). So, a somewhat
higher elevation is preferred, to have the highest probability for relatively dry conditions.

e The locations just seaward of the embryo dunes contain relatively few shells, pebbles and
other non-erodible materials; which is beneficial, as the focus is shifted towards aeolian
erosion in relation to the moisture and an upwind supplies of sand.
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G.2.1.2 Transport

G.2.1.2.1 Packing the car
Table 49

Place the sand trap.

Fill the box-wagon with a variety of gear
(in this case some bags, a laptop, the
honeycomb, a GNSS unit and some shovels).

Load the box wagon, by lifting the sand trap
and placing the box wagon underneath it.
Next, apply lashing straps to secure
everything.
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Table 50

Put the sand tray within the sand trap. By
twisting the ropes, extra space is created
below the sand trap tray, for the gear that
was stored in the previous step. On top of the
sand tray some additional equipment can be
stored that is preferably not too heavy (i.e., to
not damage the aluminium plate).

Put the intake (i.e., the fan and the
contractions) besides the box wagon in a
tilted manner.

Figure 194

Add the ducts against the box wagon. Next,
add the sand trap lid at the side. Then, add
the carrying plate; also at the side.

The leftover space can now be filled with the
additional gear.

Fiqure 196
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G.2.1.2.2 Packing the box wagon
Table 51

Position the box wagon.

Place the carrying plate on top of the box
wagon. Grooves are carved into the carrying
plate, to fit the walls of the box wagon.

Place the intake (i.e., the fan and the
contractions) on the carrying plate. A raised
edge is added to the carrying plate, between

which the intake fits.

Place the sand trap on the carrying plate,
gently against the intake.

Figure 201
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Table 52

Place power supply in the sand trap. The
power supply is quite heavy, i.e., use it to
balance the box wagon. Next, add other stuff
in the sand trap as well.

R ..
Figure 202

Place the sand tray in the sand trap. Next,
rotate the ropes to elevate the sand tray. This
action creates extra space, so that the power

supply actually fits below it.

Place the ducts (3x) on the sand trap.
Preferably the flanges touch each other.

Use lashing strips to secure the sand trap and
ducts to each other.

Figure 206
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There is also a lid for the sand trap, which was not included in the pictures. Yet, this sand trap lid
can easily be placed on the sand trap like shown below.

Figure 207
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G.3 (Dis)Mount Mobi-Gust 2

It is important to correctly setup and use Mobi-Gust 2. The setup of Mobi-Gust 2 consists of
(dis)mounting the mobile wind tunnel system; and configuring the wind gauging system.

G.3.1 Prepare the mobile wind tunnel

First some general remarks. In the manual below, the parts are placed levelled. However, one can
also mount the components on a sloping surface. In that case, make sure that every component
is equally tilted. To level of components, sand can be added or removed below them (i.e., of course
except for the erosion zone). Also, preferably only walk along one side of the mobile wind tunnel
system; to enable taking neat pictures from the other side. Before one tightens the components,
it is important that contact surfaces (e.g., the flanges) touch completely. For example, check
whether there is sand in between (i.e., if so remove it).

G.3.1.1 Step 1 - Place the erosion duct

e The erosion duct is a duct without bottom and has hatches in its roof (i.e., these hatches
are designed to hold the removable pitot tubes).

Figure 208 Figure 209

¢ Place the duct gently on the undisturbed sand surface (i.e., do not yet drive the erosion
duct walls into the sand bed).

Figure 210

Figure 212
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e Place the batting wood on one end of the erosion zone roof; and place a hand on the
other end of the erosion duct roof. The hand stabilizes the duct when driving the erosion
zone walls into the sand bed (next bullet).

Figure 213 © Figure214

e Drive the erosion duct walls into the sand bed. To do so, use a rubber hammer and strike
repeatedly on the batting wood; the stabilizing hand on the other end of the roof helps
mitigating lateral displacements of the duct. It is important to swap the batting wood and
the stabilising hand regularly; so that the walls subside steadily and evenly into the sand
bed; and on top it minimizes the formation of loose sand along the erosion zone walls.

Figure 215 Figure 216

e Stop hammering when the top of the iron strips, that are located on each end of the
erosion duct, are levelled with the undisturbed sand bed. In that case the bottom of the
sand trap will be levelled with the undisturbed sand bed in the erosion duct. From now
on, it is important to not disrupt the sand bed within the erosion duct anymore.

Figure 217 Figure 218

e Make sure the erosion duct is levelled (or as equally tilted as the other parts).

Figure 219 Figure 220
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e Carefully excavate a trench at both ends of the erosion duct (i.e., just outside the erosion
duct). These trenches help mitigating disturbances to the sand bed within the erosion
duct, while mounting the other components.

Figure 221

e Tape the hatches in the roof of the erosion duct to prevent sand- and energy losses.

Figure 222

e Check and/or place the lids in the hatches in the roof of the erosion duct (i.e., if
applicable) to prevent sand- and energy losses.

>

Figure 223

Figure 224 Figure 225
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G.3.1.2 Step 2 - Place the downwind transition duct
e The transition duct is a duct with bottom.

G e |

Figure 226 Figure 227

e Construct Mobi-Gust 2 in outward direction. So, place the transition duct gently against
the erosion duct; and be careful to not disturb the sand bed within the erosion duct.

Figure 228

e As said, if the components do not connect well, e.g., due to an uneven beach surface,
remove or add sand below the component. If the transition duct needs to be driven a bit
into the bed use the batting wood as well. Be careful to not disturb the sand bed within
the erosion duct; and try to avoid sand falling into the transition duct. On top, make sure
that the contact surfaces between the flanges completely touch (e.g., without sand grains
in between); this assists the mounting process and reduces the stress on the flanges.

e Make sure the transition duct is levelled (or as equally tilted as the other parts); and
connect the flanges by tightening the hexagon bolts, nuts and washers.

Figure 229

Figure 230 Figure 231
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G.3.1.3 Step 3 - Place the upwind transition duct

e Again, the transition duct is a duct with bottom. Additionally, this upwind transition duct

contains the saltation hopper.

Figure 232 Figure 233

e Place the upwind transition duct against the downwind transition duct; and then follow

the same procedure as in the previous step (i.e., placing the downwind transition duct).

Figure 234

e Place a lid in the saltation hopper:
o Place a lid without gap when the saltation hopper will not be used; to prevent
energy losses.
o Place a lid with gap when the saltation hopper will be used; there are lids with
different gap sizes available.

Fig'u}e 235 Figure 236

" }

Figdre 237 Figure 2
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e The lids can be removed in two ways. First of all, a pliers can be used. Second of all, a
chord can be attached to the lids, so that it can pulled out later.

Figure 239 Figure 240

G.3.1.4 Step 4 - Place the honeycomb screen
¢ The honeycomb is a 3D printed cross-section divider with squared openings.

» Figure 241 » Figure 242

¢ Place the honeycomb gently against the transition duct.

Figure

e In repetition, if the components do not connect well, e.g., due to an uneven beach
surface, remove or add sand below the component. Next, try to avoid sand falling into
the components. Also, make sure that the contact surfaces between the flanges
completely touch (e.g., without sand grains in between); this assists the mounting
process and reduces the stress on the flanges.

e Make sure the honeycomb is levelled (or as equally tilted as the other parts); and connect
the flanges by tightening the hexagon bolts, nuts and washers.

Figure 244  Figure 245

151

Delft
e t University of
Technology



G.3.1.5 Step 5 - Place the intake (fan and horizontal-/vertical contraction)

e This is the intake, consisting of a fan, a vertical- and a horizontal contraction. These
components are tightened ‘always’ as it is hard to neatly connect them when in the field.

Figure 246

Figure 247 Figure 248

e Place the intake gently against the honeycomb.

Figure 249
e In repetition, if the components do not connect well, e.g., due to an uneven beach
surface, remove or add sand below the component. Next, try to avoid sand falling into
the components. Also, make sure that the contact surfaces between the flanges
completely touch (e.g., without sand grains in between); this assists the mounting
process and reduces the stress on the flanges.

e Make sure the intake is levelled (or as equally tilted as the other parts); and connect the
flanges by tightening the hexagon bolts, nuts and washers.

Figure 250 Figure 251
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G.3.1.6 Step 6 - Place the fan shield (if there is surrounding aeolian transport)

e This is the fan shield; i.e., removable wooden walls. These walls can be used to (partly)
shield the intake from the sand-laden ambient winds. Preferably, this part is not in use.

Figure 252

e Place the fan shield against the intake; if required.

|

| el
Figure 253 Figure 254

G.3.1.7 Step 7 - Place the sand trap
e This is the sand trap; i.e., a large hollow crate.

Figure 255 Figure 256 -

e Place the sand trap gently against the erosion duct.

Figure 257

e In repetition, be careful to not disturb the sand bed within the erosion duct. Also, make
sure that the contact surfaces (i.e., between the flange of the erosion duct and the wall
of the sand trap) completely touch (e.g., without sand grains in between); this assists the
mounting process and reduces the stress on the flange.
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e Make sure the sand trap is levelled (or as equally tilted as the other parts); and connect
the flanges by tightening the lock bolts, nuts and washers. To facilitate the levelling
process, the sand trap lid can be temporarily placed.

Figure 258

Figure 260 - Fgur6261

e Place the sand trap tray within the sand trap. After placing the sand trap tray, sometimes
the bottom of the erosion duct does not connect neatly to the bottom of the sand trap
tray (e.g., due to an unlevelled sand surface). Fix this by excavating a shallow pit (i.e., a
few [mm] to [cm]) inside the sand trap. In this way, the sand trap tray will always be
levelled with the sand bed within the erosion duct, as it is suspended inside the sand trap
by steel plates. Again, be careful to not disturb the sand bed within the erosion duct.

Figure 262

Figure 263 Figure 264
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e Tape the transition between the erosion duct and the sand trap to prevent sand losses.

Figure 265 ‘

e Tape the edges of the sand tray inside the sand trap to prevent sand losses.

Fgure 266 Figure 267

e Place the wire mesh cylinder that breaks the jet flow exiting the erosion duct; ultimately,
to prevent sand losses. Be careful to not place it to close to the exit of the erosion duct,
as this affects the achievable wind speeds within Mobi-Gust 2 due to (partial) blockage.

Figure 268 Figure 269
e Place the sand trap lid. This sand trap lid is only placed temporarily, in order to determine
the zero offset and -drift of the wind gauging system. The ropes of the sand trap tray can

be temporarily stored within the sand trap; so that the sand trap lid fits neatly on the

sand trap.

Figure 270 ﬁigure 271
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G.3.1.8 Step 8 - Place the LiFePO, battery

e This is the LiFeP0, battery, with its wooden protection box. The battery must always be
kept in this box, e.g., to mitigate battery corrosion; i.e., which is important for battery
performance, as well as safety.

7 '-Z?iéﬁre.é.72 Figure 273

e Place the LiFeP0O, battery in the vicinity of the wind gauging system and the fan.

Figure 274

e Connect the LiFeP0, battery to the wind gauging system. The required plug is situated at
the backside of the plastic box of the wind gauging system, located on the erosion duct.

Figure 275 Figure 276

e Connect the LiFeP0O, battery to the fan. The required plug is attached to the fan.

Figure 277 Figure 278
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G.3.2 Prepare the wind gauge system

G.3.2.1 Step 1 - Place the pitot tube
e Unscrew the hatch in the roof of the erosion duct; and remove them (see appendix E).

e Place a pitot tube in the removed hatch; and do not place the hatch back just yet.

e Connect the PVC-tubing between the pitot tube and the pressure sensor, by means of a
coupler (see appendix E).

e Check if the PVC-tubing is connected correctly. The check involves switching on the wind
gauging system; and waiting for the offset determination to finish. Next, blow into the
pitot tube; and check the received values (i.e., on the LCD-module).

o When the returned values are positive, the system is configured correctly.
o When the returned values are negative, the system is configured incorrectly. In
that case disconnect the PVC-tubing and swap them.

e Place back the hatch in the roof of the erosion duct (see appendix E).
e Position the pitot tube at the correct elevation (see appendix E).

e Make sure the pitot tube is levelled (or as equally tilted as the other components), by
checking the mini level attached to it (see appendix E).

G.3.2.2 Step 2 - Place the SD-card

e Place the SD-card in the SD-module. This SD-module is located within the plastic box of
the wind gauging system, located on the erosion duct.

G.3.2.3 Step 3 - Configure the mode and determine the pressure sensor offset

e [Itis repeated to place the sand trap lid. This sand trap lid is only placed temporarily, in
order to determine the zero offset and -drift of the wind gauging system. The ropes of
the sand trap tray can be temporarily stored within the sand trap; so that the sand trap
lid fits neatly on the sand trap.

¢ Configure the wind gauging system into the desired mode and wait for the offset to be
determined automatically (appendix C.2.3).

e The experiment may now start. Mind removing the sand trap lid.
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G.4 Experimental setup

G.4.1 Favourable conditions

The figures within this section show a sandy shoreline with a dune row. This coastal profile is not
universal (!); but common for The Netherlands. The erodibility near the waterline and near the
dunes will be different. The approach assumes similar erodibility for measurements carried out
close to each other; and dissimilar erodibility for measurements carried out further away from each
other. From a general point of view (e.g., regarding the distribution of salt, moisture, grain sizes,
armouring patterns, benthos or vegetation) this might be justified. Yet, there is of course always
natural variability present; and the site of interest (i.e., the Sand Engine) is also not a conventional
shoreline. Some additional procedures are carried out to quantify the erodibility; i.e., quantifying
moisture content (i.e., by weighing wet and dry sand samples), grain size distributions (i.e., by
sieving sand samples) and exploring other environmental- and bed characteristics (i.e., by taking
notes and pictures). On top, the test site around Mobi-Gust 2 can be shielded from solar radiation
or winds, respectively by parasols or wind shields.

G.4.1.1 Experiment one

This experiment involve multiple locations along a transect (see figure below). This experiment
might reveal (possible) gradients in the erosion flux along the cross-shore. On top, this experiment
provides an idea of what to expect later on.

Figure 279 — Experiment one

G.4.1.2 Experiment two

This experiment targets to measure the erodibility. To do so, the erosion flux (E) is used to measure
this erodibility (e); as the wind speed (u) is controlled (i.e., kept as constant as possible). In its
most elementary form there are two general experimental types.

1. Type 1 consists of two experiments performed at two nearby sites in the cross-shore. The
two sand beds of (supposedly) similar erodibility (e; = e,) are mobilised with dissimilar
wind speeds (u; # u,). E.g., perform tests at site A vs. B or C vs. D (next page).

2. Type 2 consists of two tests conducted at two distant sites in the cross-shore. The two
sand beds of (supposedly) dissimilar erodibility (e, # e,) are mobilised with similar wind
speeds (u; = u,). E.g., perform tests at site A vs. C or B vs. D (next page).
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Figure 280 - Experiment two

If the erodibility (e) really controls the erosion flux (E) along a sandy shores; i.e., rather than the
wind speed (u); experimental type 1 should result in comparable erosion fluxes (E, = E,); while
experimental type 2 should result in incomparable erosion fluxes (E; # E,).

Table 53
Type | Strength | Force | Outcome
1 eg~e |U+FU | Ei=E,
2 eg#e |uy=u, E #E,

G.4.1.3 Experiment three
If the experiments are successful; carry out as many experiments as possible (see below).

Figure 281~ Experiment three
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As the measurements contain time intervals, timeseries of the erosion flux are obtained. The
different measurements can thus be statistically compared in order to form conclusions.

Interval 1 (t = 5 [min)): u = 2541.67, 0 = 475.37 Interval 2 (t = 10 [min)): y = 1991.67, 0 = 258.47

00010 1 — scipy 000150 1+

@ Experiment 1
® Experiment 1

® Experiment1 000125
4000 — z
- pele g”‘“w T
w420 % aooors
p4-30

000050 1

000000 4
1000 1500 2000 2500 3000 3500 4000 1250 1500 1750 2000 2250 2500 2750
Mass [g] Mess [g]
Interval 3 (t = 15 [min)): 4 = 2002.33, 0 = 776.33 Interval 4 (t = 20 [min)): 4 = 1150.00, 0 = 142.89
0.0005 00030 4+ T T T ~—— scipy
wee Manual
s . 00004 o ek [|
< < 00020 { -
£ g‘ 0.0003 g
3 0.0015 4 -
S
£ o000z ot
00001 00005
0000 0.0000 -
0 1000 2000 3000 4000 600 800 1000 1200 1400 1600
Mass [g] Mass (9]
Interval 5 (t = 25 [min]): = 1008.33, 0 = 454.76 Interval 6 (t = 30 [min]): u = 462.00, o = 150.07
— scipy |
00008 oes it
Z oo00s
00004
‘ 0.0002
p 00000
3 1 = 20 2 » 500 0 500 1000 1500 2000 2500 o 20 a0 60 800
Time: t [min] Mass (g] Mass [g]

Figure 282 - Timeseries of the erosion mass + statistics Figqure 283 - Statistics of the erosion mass
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G.4.2 Hampering conditions

The table below shows the tests to be conducted during the field expedition and the measurement
location is shown below the table.

Table 54 - Tests to be conducted

Experiment [—] | Saltation sand | Wet surface | Excavation | Duration [min] | Intervals [min]
Field I No Yes Yes 10 0
Field II No Yes No 10 0
Field III Yes Yes No 10 0
Figure 284 - Measurement locations ( Google, 2022)
When arrived at location I, perform Field I.
Table 55 — Measurement schedule
Step 1 2 3
Choose a location for the Use the GNSS-unit Mark a 1 by 1 [m] space
erosion duct and place it - (e.g., using folding
. . according to the manual
Action on the sand surface; do rulers) on the sand
- - to log the measurement
not start mounting Mobi- location surface and take a
Gust 2 just yet. ) picture of the sand bed.
Time 5 [min] 10 [min] 5 [min]
Step 4 5 6
Take a moisture content | Mount Mobi-Gust 2 (i.e.,
sample, i.e., by digging a | the mobile wind tunnel + | Start Field I (or Field II);
Action small hole in the sand the wind gauging and mind the
surface; and collect the system) according to the timekeeping.
sand in a sample bag. manuals.
Time 5 [min] 40 [min] 10 [min]
Step 7 8 9
If Field I is performed,
After 10 [min] stop the Dismount Mobi-Gust 2 then excavate the sand
. ; I h h ile wi bed afterwards; and
Action experiment; and collect (i.e., the rr_10b| e wmd make use of the sand
the sand from the sand tunnel + wind gauging scraer! Sand pit volume:
trap in a sample bag. system) P V — L. g H )
V =1.10-0.30-0.10 [m3]
Time 5 [min] 30 [min] 10 [min]
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Following experiment Field I a lunch break can be held. On top, use the Global Navigation Satellite
System (GNSS) unit (i.e., create a beach elevation profile, by walking a beach transect). If the time
goes faster than expected, then move the lunchbreak behind the following activities. When arrived
at location II, perform experiment Field II (see the previous table; except for action 8 and 9); and
then perform experiment Field III (see the next table).

Table 56 — Measurement schedule

Go measuring at location III or go home:
e After the experiments above it is desired to measure for 30 [min] straight and add time
intervals to these tests. Yet, it might also be time to go home; as the desired tests are quite
lengthy, while the other activities are also quite lengthy: i.e., transporting the gear to the
car (~30 [min]); unpacking the box wagon and loading the car (~ 30 [min]); and driving
towards home (~ 1 [h]); tidying and cleaning equipment (~ 30 [min]).
e But if there is some time left, then start extra tests at Location III. The plan is virtually the
same as at locations I and II; only now the tests last 30 [min] with 5 [min] intervals.

]
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Step 1 2 3
Start Field III; mind the
Leave Mobi-Gust 2 were tg:ﬁléeiﬁtpénﬂg Egcélljrgte;t After 10 [min] stop the
Action it was m?t:mted during through the saltation experiment; and collect
Field II; i.e., do not hopper (i.., 15 sample the sand from the sand
reposition it! bags of 1 l[k:g’}] sand for a trap in a sample bag.
test of 10 [min])
Time 5 [min] 10 [min] 5 [min]
Step 4
Dismount Mobi-Gust 2
. (i.e., the mobile wind
Action - .
tunnel + wind gauging
system)
Time 30 [min]
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H Conducted field trips
H.1 Field trip 12-12-2023

On the 12t of December Mobi-Gust 2 left the laboratory for the very first time. This field expedition
mainly focussed on learning how to use Mobi-Gust 2 in-situ. The sand surface was in general wet
and compact; following a relatively rainy period. Mobi-Gust 2 could not generate aeolian erosion
on this sand surface. The deployment of Mobi-Gust 2 is visible below. The outdated saltation hopper
is also visible. This hopper was redesigned following this very expedition, since it was too low (i.e.,
too little sand fits in it), too wide (i.e., you only need a small gap to discharge the sand); while the
horizontally sliding hatch easily jams due to sand grains.

Figure 285 - Test deployment of Mobi-Gust 2 on 15-12-23

H.2 Field trip 12-1-2024

A second attempt was initiated a month later; on the 12™ of January. This expedition was initiated
following a brief period of relatively calm and dry weather; after weeks of rain. It was hoped that
the few calm and dry days initiated some sand surface drying. While the sand surface was still
generally wet and compact; an immobile sand bed was coated by a very thin, relatively dry and
loose top layer. Mobi-Gust 2 was able to partly mobilize this top layer; within the first few seconds
of a faulty experiment. Unfortunately, the data was flawed, as it began to rain. While the electrical
hardware is protected in a splash-waterproof box; the expedition got cancelled. On top, rain is also
not accommodating the aeolian field measurements themselves.

Figure 286 - Deployment of Mobi-Gust 2 on 12-1-24

163

Delft
e t University of
Technology



H.3 Field trip 2-2-2024

The third field expedition was conducted on the 2" of February. This attempt was conducted in
the calmest and dryest period; compared to the other attempts. However, also this expedition got
aborted. The expedition was cancelled due to strong ambient winds; which resulted in unpractical
and dangerous situations; as well as unreliable results. Preceding the expedition, winds around
4 [bft] were forecasted. However, once on the beach the ambient winds already felt quite strong.
On top, there was ambient aeolian transport occurring on the beach. At its peak, a saltation layer
of several centimetres was visible. The decision was however made to continue the expedition.
This decision was fuelled by reassuring weather updates (i.e., 4 [bft]) and the hunger to produce
valid measurements. The sand surface within Mobi-Gust 2 was moved a bit in the first experiment.
Yet, shielding entrance of Mobi-Gust 2 from the ambient sand-laden winds proved to be virtually
impossible. Also, the fan seemed to be affected by these ambient winds (i.e., later on it was found
that loose battery connections were also responsible for this observation). As Mobi-Gust 2 got
buried increasingly, the call was made to cancel the expedition. The gathered results were in the
end unusable as well. As said, the influx of sand from outside was close to unmitigable, affecting
the erosion experiments. In hindsight, ambient winds exceeded 6 [bft] during the expedition.

Figure 287 - Deployment of Mobi-Gust 2 on 2-2-24

H.4 Field trip 14-2-2024

The beach was visited once again on the 17t of February. This was the final attempt to gain usable
and reliable field data. This expedition proved to be a success. During this expedition, the beach
surface was initially wet and compact. However, as the day progressed, temperatures rose, while
the sun began to shine every now and then. These weather conditions made sure the sand bed
partially dried during the day. Mobi-Gust 2 was able to mobilise the sand surface just a little bit on
its own. Yet, the involved quantities were so small, that they were virtually meaningless. However,
when the saltation hopper was used, relatively strong erosion was generated.

Figure 288 - Deployment of Mobi-Gust 2 on 17-2-24
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I Results
1.1 Measuring frequency (Arduino)

void setup() {
// Setup serial communication (speed):
Serial.begin( ) ;

}

void loop() {

// determine the start-time and print result:

long int t start = millis();

Serial.print ("t (start) = "); Serial.print(t start); Serial.println("
[ms]™);

// add whatever task, whose time needs to be measured:
Serial.println("Hello World!"™);
delay(10);

// determine the end-time and print result:
long int t end = millis();
Serial.print ("t (end) = "); Serial.print(t _end); Serial.println(" [ms]");

// determine the period and print result:

long int T task = t end - t start;

Serial.print("T = € (end) - t (start) = "); Serial.print(T_task);
Serial.println(" [ms]");

// determine the frequency and print result:

float f task = / T task;

Serial.print (" [ms]; £ = 1000 / T = "); Serial.print(f task);
Serial.println(" [Hz]");

// add a while loop to trap the code (handy for debugging):
while (1) {

}

Output  Serial Monitor x

> t (start) = 0 [ms]

> Hello World!

> t (end) = 10 [ms]

> T t d) - t (start) = 10 [ms]
[ms]:; £ = 1000 / T = 100.00 [Hz]

Figure 289 — Output in the Serial Monitor of the Arduino IDE software

165

Delft
U e t University of
Technology



1.2 Wind speed data

1.2.1 Power supply and wind gauging system

The raw datasets of the entire experiments are shown below. The first test that was conducted is
shown in figure 290 and the second one is shown in figure 291.

Mean fluctuations: u” = 0.0 [m/s]

- Relative turbulence intensity: r, = 0.052 [-]
12
1
°
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é s 8
7
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Figure 290 - First durability experiment

Mean fluctuations: u” = 0.0 [m/s]
5 Relative turbulence intensity: ry = 0.069 [-]
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Figure 291 - Second durability experiment

The datasets were trimmed (i.e., between the first and last time the mean wind speed was
exceeded); resulting in figure 292 and figure 293.

Mean fluctuations: u” = 0.0 [m/s]

. Relative turbulence intensity: r, = 0.043 [-]
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Figure 292 - First durability experiment trimmed

Mean fluctuations: u” = 0.0 [m/s]

- Relative turbulence intensity: r, = 0.062 [-]
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Figure 293 - Second durability experiment trimmed
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Moving averages over one-second periods are shown in figure 294 and figure 295.

Mean fluctuations: u” = 0.0 [m/s]

5 Relative turbulence intensity: r,, = 0.018 [-]
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Figure 294 - Moving average of the first durability experiment

Mean fluctuations: u” = 0.0 [m/s]
Relative turbulence intensity: r, = 0.021 [-]
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Figure 295 - Moving average of the second durability experiment

The isolated periods originate from the second test (figure 291). The first test was namely
compromised by loose connections (i.e., between the power supply and the electrical systems).

Mean fluctuations: u* = 0.0 [m/s]
Relative turbulence intensity: r, = 0.060 [-] (MA: r, = 0.017 [-])
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Figure 296 - Isolated timeframe around the start of the second experiment and its moving average (figure 293)

Mean fluctuations: u” = 0.0 [m/s]
Relative turbulence intensity: ry = 0.060 [-] (MA: ry = 0.017 [-])
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Figure 297 - Isolated timeframe around the centre of the second experiment and its moving average (figure 293)
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Relative turbulence intensity: ry = 0.059 [-] (MA: ry = 0.017 [-])
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Figure 298 - Isolated timeframe around the end of the second experiment and its moving average (figure 293)
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1.2.2 Wind speed vs. modular design

The raw datasets of all experiments are provided in figure 299.
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Figure 299 - Raw wind speed data as used in the speed-component test

168

Delft
e t University of
Technology



After selecting appropriate periods, with a duration of 1 [min], the datasets were trimmed; and
subsequently moving averages were determined over one-second periods. This results in the
graphs provided in figure 300. The statistics of the moving averages are not added for clarity
purposes; but these can be found in the main report (e.g., §2.3.5).
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Figure 300 - Isolated and averaged wind speed data as used in the speed-component test
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1.2.3 Velocity profiles

The raw and averaged datasets, with which the velocity profiles are constructed, are shown below.
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Figure 301 - Raw velocity data for profile A
Averaged data of profile A
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Figure 302 - Averaged velocity data for profile A
Raw data of profile B
125 ‘
10.0 1
5 73]
2% 50
Z % 25
= 00
2 - W =7.70[m/s] M0y =7.70+173 [m/s]
=50 : :
N N N o A
\(,5?"’ {59’ ,@5’ \6??’ \6.\“’
Time
t [hh:mm:ss]
Figure 303 - Raw velocity data for profile B
Averaged data of profile B
10
I I |
B
\ )
£7 ‘
&l - —— upma (l-second period) = —— upma (5-second period)
5 $ N > e
\05'5" {,-??’ \4,9‘ @@’ \.6.\*’
Time
t [hh:mmss]

Figure 304 - Averaged velocity data for profile B
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Raw data of profile C
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Figure 305 - Raw velocity data for profile C
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Figure 306 — Averaged velocity data for profile C
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Figure 308 - Averaged velocity data for profile D
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Periods of one minute were isolated per elevation; and averaged. This results in measured velocity
profiles, as shown below.

- Profile A i Profile B
0.07 0.07 ’
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Figure 309 — Measured vertical velocity profiles
The involved data is listed in the table below.
Table 57 - Measured velocity profiles (values)
Profile A Profile B Profile C Profile D
z[m] u [m] z[m] u [m] z[m] u [m] z [m] u [m]
0.0050 6.21 0.0050 5.69 0.0050 6.00 0.0050 5.58
0.0075 6.85 0.0075 6.24 0.0075 6.64 0.0075 6.19
0.0100 7.18 0.0100 6.6 0.0100 7.13 0.0100 6.77
0.0125 7.51 0.0125 7.06 0.0125 7.37 0.0125 7.23
0.0150 7.89 0.0150 7.26 0.0150 7.81 0.0150 7.38
0.0175 8.13 0.0175 7.68 0.0175 8.18 0.0175 7.71
0.0200 8.35 0.0200 7.85 0.0200 8.35 0.0200 7.93
0.0225 8.56 0.0225 8.11 0.0250 8.66 0.0250 8.37
0.0250 8.72 0.0250 8.22 0.0300 8.96 0.0300 8.76
0.0275 8.93 0.0275 8.45 0.0350 9.11 0.0350 9.02
0.0300 9.05 0.0300 8.61 0.0500 9.19 0.0500 9.42
0.0325 9.07 0.0325 8.74 0.0750 9.22 0.0750 9.64
0.0350 9.12 0.0350 8.87
0.0750 9.37 0.0750 9.57
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1.2.4 Wind speed data of the applied research

The raw data of the experiments are provided below.
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Figure 310 - Raw wind speed data of the field- and laboratory experiments
The isolated data of the experiments is provided below.
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Figure 311-Isolated wind speed data of the field- and laboratory experiments
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Experiment Field I

Experiment Field I

Experiment Field III
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The moving averages of the data (i.e., over one-second periods) are provided below.
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Figure 312- Averaged wind speed data of the field- and laboratory experiments
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[.3 Erosion results

The weighing process was generally performed three times per sand sample. The involved standard
deviations are rather small; at maximum 0(2) [g] of 1,000 [g] samples (i.e., the standard deviation
is 0.2 [%] of the sample weight). Some weighing’s were not performed three times; yet it is safe
to say that weighing was done appropriately.

[.3.1 FieldI

After finishing Field I the sand trap was virtually empty. The sand trap contained only a very small
quantity of sand (figure 313). The granular material was still retrieved; and weighted in the
laboratory (figure 314 and figure 315).

Figure 314 - Eroded sand of Field 1

Figure 313 - A virtually empy sand Figure 315 - Weighing the eroded
trap following Field I sand of Field I

This amount is virtually negligible. When comparing this erosion quantity to the erosion quantity
from a dry bed (e.g., lab I); then it becomes clear that Field I showed a negligible erosion quantity
(i.e., ~1 [g] erosion is 0.1 [%] of 1,000 [g] erosion). This negligible amount may have also resulted
from driving the erosion zone walls into the sand bed; i.e., loosening some sand along the sides.

1.3.2 Field II

Field II is a repetition of Field I; conducted about 1-2 hours later in time and just a few meters
apart in space. The outcomes of Field II greatly resemble the outcomes of Field I. When Field II
was finished, the sand trap was (again) virtually empty. On top (and again), a very small quantity
of sand was visible within the sand trap (figure 316). The granular material was still retrieved; and
weighted in the laboratory (figure 317 and figure 318).

i

-

Figure 316 - A virtually empty sand = Figure 317 — Eroded sand ofField 11

trap following Field IT

Figure 318 - Weighingwthe eroded
sand of Field 11
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The amount of erosion is very comparable to Field I, i.e., a negligible amount of erosion. However,
Field II showed a little more erosion than Field I (figure 315 vs. figure 318; and figure 319). While
the result remains unusable, one might say that this discrepancy indicates a little bit of surface
drying (as Field II is conducted 1-2 hours later than Field I).

Figure 319 - Visual comparison between the erosion fluxes of Field I and 11

[.3.3 Field IIT

Sand-laden sample bags of known mass were prepared before this field expedition. This was done
to slightly ease the workload during the field experiments. Additionally, experience learned that
weighing the sand within the field can be difficult as ambient winds may exert pressure on the
weighing plate (i.e., influencing the measurements). In the end six bags were emptied into the
saltation hopper (figure 320); of which the weights are shown in and figure 321 through figure 326
(more sample bags were prepared, but of course only the used ones are shown). The plastic bowl
was tarred in the weighing process; and is thus not part in the mass determination.

<y =3

Figure 320 - The emptied sandbﬁgs into the saltation hopper during Field ITI

Table 58 — Mass of the added sand through the saltation hopper
Batch | 1 2 3 4 5 6 Total
Mass | 2,001 | 2,005 | 2,002 | 2,002 | 2,020 | 2,019 | 12,049

i ' = h
Figure 321 - Field 111 added batch 1 Figure 322 - Field III added batch 2 Figure 323 - Field 1II added batch 3
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Figure 324 - Fﬂ added batch 4 Figure 325 - F'ield.'IH added l.mtch 5 Figure 326 Field 11 added batch 6

Following Field III the sand trap appeared as shown in figure 327 and figure 328. The sand trap
contains the added sand mass from using the saltation hopper; and an erosion mass from the
erosion zone. The shown sand mass in figure 327 and figure 328 was collected and put into sample
bags. The sand was taken to the laboratory, where it was weighted (table 59). This was done three

times. The determined mass includes the bags, like shown in figure 329 through figure 343.

Figure 327 - The sand trap and its wire mesh cylinder after :
Field ITI Figure 328 - The sand trap after Field ITI
Table 59 - The masses of the eroded sand from Field 111
W1 =weighing 1 and B1 = bag 1 (and so on)

Total Total
M B RS BRI B (incl. bag) | (excl. bag)
3,013 3,172 15,249 15,220
3,031 3,023 3,016 3,176 15,258 15,228
3,009 3,171 15,232 15,204
3,028.00 | 3,021.00 | 3,012.67 | 3,173.00 | 15,246.33 | 15,217.33
2.67 2.44 2.00 9.56 8.89

W1 [g] 3,012 3,029 3,023
W2 [g]| 3,012
W3 [g] 3,011 3,024 3,017
ulgl | 3,011.67
o [g] 0.44 2.67

1 302 = | = . >
Figqure 334 -W2; B1  Figure 335 -W2; B2 Figure 336 - W2; B3  Figqure 337 -W2; B4  Figure 338 - W2; B5
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Figure 39 - I/\};VBY Figure 340 - W3; B Ii"igure 341 W3; B3 Fgurc 342 -W3; B4 Figure 3 -W3; B5
As can be seen table 59 is corrected for the mass of the empty bags (table 60). Weighing the
empty sample bags was done exactly the same as shown figure 329 through figure 343. It is visible
in figure 320 that sample bag 1, 2 and 3 differ from sample bag 4 and 5. In the end, sample bag
1, 2 and 3 were slightly lighter than sample bag 4 and 5. Sample bag 1, 2, and 3 have a mass of

roughly 5.5 [g] and bag 4 and 5 have a mass of roughly 6.5 [g].

Table 60
W1 =weighing 1 and B1 = bag 1 (and so on)
Total
BL[-] B2[-] B3[-] B4[-] BS[-1| | poos

W1lg]| 5 5 6 7 6 29

W2 [g] 5 6 6 7 6 30

W3 [g] 6 5 5 6 6 28
ulgl 5.33 5.33 5.67 6.67 6.00 29.00
olg] 0.44 0.44 0.44 0.44 0.00 0.67

Other tests (see Lab IT) demonstrated that the saltation hopper does not always fully drain. This
can be mitigated by gently hammering the saltation hopper during drainage. Yet this was not done
within the field- and laboratory experiments. On top, it was unfortunately not documented how
much residue mass was left on the lid of the saltation hopper. Lab II showed a residue mass in the
order of 11.4 [g]. This residue mass has to be subtracted from the added sand mass; as the residue
mass was not used to enhance erosion. Other unrecorded tests showed similar residue masses.

Erosion sand mass = collected sand mass — injected sand mass
Erosion sand mass = collected sand mass - (added sand mass — saltation hopper residue)
me =m; — (mg —m;)
m, = 15,217 — (12,049 — 11.4) = 3,179.4 [¢]

Other experiments (e.g., Lab II) showed that there might be some reliability issues. In Field III
those issues, appeared not to be very influential. The erosion zone walls were namely not
undermined (figure 344, figure 345 and figure 346). Next, the saltation hopper appeared to work
properly, but was maybe partly clogged (figure 347). Finally, taping the edges of the sand trap
proved to crucial (figure 348).

| =

s S g

Figure 344 - Erosion duct Figure 345 — Erosion duct Figure 346 — Erosion duct
(upwind) (centre) (downwind)
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Figure 347 - View of the saltation hopper working Figure 348) The sand tray edges with sand grains on them

[.3.4 Labl

This experiment is the counterpart of Field I. After excavating the sand bed, it was brought to the
laboratory. After drying the sand, it was put in the tailored sand pit of Mobi-Gust 2. Then, an
erosion test was conducted. After the test, the sand trap contained eroded sand. The eroded sand
was poured into an aluminium container, which was then weighted. The aluminium containers was
tarred; and is thus not part in the mass determination.

i AN

Figure 349 Figure 350 Figure 351

Table 61
W1 = weighing 1 (and so on)

W1 [g]l W2[g] W3[g] wulgl |olgl
1,068.6 | 1,068.4 | 1,068.6 | 1,068.53 | 0.09

Figure 354
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[.3.5 Labll

The sand masses that were added through the saltation hopper are shown in the table below.

Table 62
Batch | Mass [g]
1 931.6
2 1,046.8
3 1,026.2
4 1,038.2
5 1,156.0
6 1,322.4
7 1,205.2
8 1,203.4
9 1,227.6
10 1,196.0
11 1,164.0
Total | 12,517.4

Pictures of the weighing process are provided below. The steel bowl was tarred; and is thus not
part in the mass determination.

Figure 358 Figure 359 Figure 360
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Figure 362

Figure 364

After the experiment, the sand trap appeared as follows.

LG J

Figure 366 Figure 367

The sand was then collected from the sand trap and weighted; as shown in the table below.

Table 63
W1 = weighing 1 (and so on)

Wilg]  W2[g] W3[g] wulgl | algl
18,239.6 | 18,239.8 | 18,239.4 | 18,239.6 | 0.13

The pictures of the weighing process are added below. The bucket was tarred; and is thus not part
in the mass determination.
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Figure 368 Figure 369 Figure 370

Between the weighing’s the bucket was emptied in another one; to provide fair weighing’s.

Figure 371
There is some residue sand mass left in the saltation hopper. To this end, the residue mass was
retrieved and weighted.

Figure 372 Figure 373
Table 64
W1 = weighing 1 (and so on)

W1 [g] | W2 [g] W3 ([g] wulgl olg]
11.2 11.4 11.6 | 11.4 | 0.13

Pictures of the weighing process are provided below. The aluminium containers was tarred; and is
thus not part in the mass determination.
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Figure 374 Figure 375 Figure 376

Erosion sand mass = collected sand mass — injected sand mass
Erosion sand mass = collected sand mass - (added sand mass — saltation hopper residue)
me =m, — (mg —m,)
m, = 18,239.6 — (12,517.4 — 11.4) = 5,733.6 [g]

The experiment was however unreliable due to undermining. The experiment was thus redone two
times. However, reconducting the test showed similar outcomes. On top, the saltation hopper
appeared to clog partly.

Figure 377 Figure 378

[.3.6 Lab III

This experiment is virtually the same as other laboratory experiments. However, the sand surface
was sprayed wet (see appendix 1.4). The spraying was done systematically.

e 4 rows over the length; of 20 shots per row (2x).

e 15 rows over the width; of 5 shots per row (1x).

After the experiment, the sand trap was virtually empty. This amount is negligible due to the same
reasons provided by the experiments Field I and Field II.

Figure 379 Figure 380 Figure 381
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[.3.7 LabIV

This test was virtually the same as Lab III. For example, the sand pit was left untouched (i.e., the
sand surface was also not rewetted). The sand bed might have dried a bit, because of the winds
in the previous test; but other than that the sand surface was confined from the outside world.
The added sand mass through the saltation hopper is shown in the table below.

Table 65
Batch | Mass [g]
1 1053.6
2 1211.2
3 1069.8
4 1205.2
5 1045.8
6 1225.4
7 1336.8
8 1155.4
9 1431.4
10 1104.6
11 709.0
12 563.2
13 207.2
Total | 13,318.6

The pictures of the weighing process appear as follows. The bowl was tarred; and not included in
the mass determination.

Figure 385 Figure 386 Figure 387
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Figure 388 - Figure 390

|

\\ ] ; '.

Figure 391 Figure 393

Figure 394

After the experiment, the sand was collected from the sand trap.

Figure 395 Figure 396

The involved sand mass is provided in the table on the next page.
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Table 66
W1 = weighing 1 (and so on)

W1 [g] | W2[g] W3]g] ulgl | olgl
15,100.4 | 15,100.0 | 15,100.2 | 15,100.2 | 0.13

The weighing process appears as shown in the pictures below. The bucket was tarred; and not
included in the mass determination.

Figure 397 Figure 398 igure 399

Again, between the weighing’s the bucket was emptied in another one; to provide fair weighing'’s.

Figure 400

Erosion sand mass = collected sand mass — injected sand mass
Erosion sand mass = collected sand mass - (added sand mass — saltation hopper residue)
me =m; — (mg —m;.)
m, = 15,100.2 — (13,318.6 — 11.4) = 1,793.0 [g]

In other tests (e.g., Lab II) some reliability issues were spotted. This time, the erosion walls were
not undermined; and the saltation hopper was partially clogged at some spots.

Figure 40 Figure 402
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1.4 Spray can calibration (used in lab III and IV)

The characteristics of the used spray can were determined as follows (i.e., facilitating repeatability).
¢ Filling the spray can with tap water.
e Squeeze the spray mechanism a few times to get rid of the air.
e Use the desired spray mode (i.e., the level of mistiness).
e Spray in a measuring cup; while pressing the spray mechanism completely and also
releasing it completely after spraying; and count the number of sprays to reach 100 [ml].

Test | 1 2 3 ul=1 | o[-]
Shots | 153 | 155 | 158 | 155.33 | 1.78

Figure 403 Figure 404 Figure 405

The amount of water per spray is approximately calculated as follows.
100 [ml] . [ ml ]

155.33 [shots] ~ shot

The sand bed is then sprayed according to specific rules (i.e., facilitating repeatability).
e Do not change the spray mode (i.e., the level of mistiness).
e Use the spray container to spray 1 row at a time:
o Note the number of shots per row.
o Note the number of rows to fill the entire sand pit.
o Note when the lanes are doubled, tripled, etc.
e Spray ~5 [cm] above the surface.

The following sketch is just an example of how the process appears. The sketch shows 6 lanes;
and every layer is applied 3 times (i.e., 6 layers, each 3 thick).

QU= WN -

Figure 407

Figure 406
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1.5 Grain Size Distribution (GSD) analysis

This section shows how the Grain Size Distribution (GSD) analyses were conducted. The steps/rules
were written down, because there is no European or global standard available; consequently, the
steps/rules safeguard the consistency throughout this report.

[.5.1

1.

2.

No

Delft
I U Del t University of
Technology

Dry sieve analysis guideline

Dry the sand sample; or sand grains might stick to the sieves. Use a sand sample of
~300 [g]. Next, dry the sand for roughly 2 [h] with an oven temperature of 110 + 5 [°C].
Weigh the total sand sample. The total sand mass provides a useful check. To clarify,
after the shaking process each sieve will contain a sand fraction. Summing all sand
fractions should roughly provide the mentioned total sand mass. This approach might
reveal (possible) sand losses during the analysis.

Select the sieves. The used sieve tower can hold up to 12 sieves. The size-bounds for
sand are: 2.000 [mm] (pebbles), 1.000 [mm] (very coarse sand), 0.500 [mm] (coarse
sand), 0.250 [mm] (medium sand), 0.125 [mm] (fine sand), 0.063 [mm] (very fine sand).
Mesh sizes are selected, based on these bounds. Next, this research encountered grain
sizes in the order of 0.350 [mm] to 0.450 [mm]. Based on that extra information, the
following mesh sizes were selected: 2.000 [mm], 1.000 [mm], 0.800 [mm], 0.600 [mm],
0.560 [mm], 0.500 [mm], 0.400 [mm], 0.300 [mm], 0.250 [mm], 0.125 [mm], 0.090 [mm],
0.063 [mm]. Note the 0.090 [mm] mesh size; i.e., about equal to the sand dust bound, as
defined by R.A. Bagnold. Next, sieves might have circular or squared openings; and only
squared openings will be used. Choosing between the mentioned shapes would not
matter much if sand grains were perfectly spherical. Yet as sand has irregular (and
sometimes elongated) shapes, the circular openings are slightly more accurate. Most
importantly, one must document the opening-shape that is used. On top, one must not
use openings of different shapes in a single analysis. Next, also only use sieves that fit
well. For example, sieves that are too loose, might cause sand losses during the shaking-
process. On top, sieves that clamp too much, might cause sand losses while separating
the sieves from each other; after the analysis. Next, preferably also only use sieves from
the same manufacturer. Those sieves namely involve similar tolerances. The sieves that
are used in this analysis are generally manufactured by a company called ‘Interlab’; and
some sieves are manufactured by a company called ‘Fritsch’. ‘Interlab’ only uses the term
‘opening [mm]’ to define the mesh size; while ‘Fritsch’ uses ‘Maschenweite, w [mm]’ to
define the mesh size. The sieves from ‘Fritsch’ also include a ‘d [mm]’ that refers to the
wire thickness of the sieves. Finally, a rubber must be added to every sieve; as this helps
to disconnect the sieves from one another.

Clean the sieves before analysis starts. Do not use a (paint) brush or something similar;
as this might damage the sieves. Instead, clean the sieves by gently tapping it against an
arbitrary object (e.g., a table).

Weigh the empty sieves before the analysis. Preferably, take pictures of the mass-
determination; i.e., to check the process later on. Do not remove or add heavy objects
around the weighing plate; as this might influence the mass-determination. On top, also
not tare the scale in between weighing subsequent sieves; for fair (relative) weighing's.
Next, the smallest (i.e., 0.063 [mm]) and largest (i.e., 2.000 [mm]) mesh sizes normally
contains no sand; and thus, these sieves can be used to check whether the weighing
scale was set correctly.

Prepare the sieve tower. The mesh sizes should decrease from top to bottom.

Add the total sand sample in the top sieve and switch on the sieve tower. Make sure the
sieve tower shakes with maximum force for about half an hour. After the shaking is
finished, carefully disconnecting the sieves from each other (i.e., to prevent sand losses).
If only one or two sieves contain almost the entire sand sample, swap some of the empty
sieves, for mesh sizes around the sand-laden sieves.
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8. Weighing the fractal sand samples. Weighing can be done using a ‘normal’ scale, which
has a resolution and precision of 0.2 [g]. This normal scale allows weighing the sand-
laden sieves. The difference between the empty- and laden sieve then provides the
retained mass on that particular sieve. However, a ‘precision’ scale can also be used.
Unfortunately, this precision scale has two negative side effects. First of all, the precision
scale determines masses up to 205 [g]. So, the total sample mass cannot be determined
using this precision scale (i.e., when samples of ~300 [g]). Second of all, the precision
scale is quite small in size. In elaboration, the sand-laden sieves do not fit on this scale
(i.e., both in terms of their size, as well as their mass). That means that the sand
fractions have to be separated from the sieves; to weigh them in smaller (aluminium)
containers. In other words, the approach can be associated with sand losses. Comparing
both analysis (i.e., the normal scale vs. the precision scale) provides comparable results,
as shown below. So, it was decided to use the normal scale in view of time efficiency.

GSD
20-10-2023

100 4 —— Normal scale

——~- Precision scale

80

60

40

Sand passing [%]

20 A

- DR
10-1 10° Figure 409
Opening [mm]

Figure 408

9. As a last optional step, sometimes there is some sand that passes all the sieves. This
fraction, smaller than sand, can also be weighted.

Some additional gear is required.

Oven gloves or pliers [emptying the oven.

Aluminium container [ weighing-/oven container].

Spoon [scooping and stirring].

Hopper [pouring].

Brush [emptying/cleaning the containers (not the sieves!)].
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1.5.2 An example of a sieve analysis
The total mass of the sand sample (weighted upfront) is 300.2 [g].

Table 68

Sand samEIe

Weighing

Sieve tower

Table 69
Sand Sand
Empty sieve | Laden sieve Sap d Sap d cumulatively | cumulatively
9] o] retained retained retained passed
. Lg] [%] A p
. Opening [%] [%]
Sieve [mm] A B C D E F
1 2.000 376.2 376.2 0.0 0.00 0.00 100.00
2 1.000 429.2 429.4 0.2 0.07 0.07 99.93
3 0.800 358.4 361.8 3.4 1.13 1.20 98.80
4 0.600 321.0 343.4 22.4 7.46 8.66 91.34
5 0.560 387.6 391.2 3.6 1.20 9.86 90.14
6 0.500 300.2 327.4 27.2 9.06 18.92 81.08
7 0.400 349.0 428.2 79.2 26.38 45.30 54.70
8 0.300 282.4 380.8 98.4 32.78 78.08 21.92
9 0.250 271.6 308.8 37.2 12.39 90.47 9.53
10 0.125 261.6 290.0 28.4 9.46 99.93 0.07
11 0.090 253.4 253.6 0.2 0.07 100.00 0.00
12 0.063 251.0 251.0 0.0 0.00 100.00 0.00
T Totalmass 3002 10000

]
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[.5.21 Empty sieves

Table 70

0.063 [mm]

0.500 [mm]

Delft
e t University of
Technology

0.090 [mm]
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[.5.2.2 Laden sieves

Table 71

0.063 [mm]

0.500 [mm]

Delft
e t University of
Technology

0.090 [mm]

0.125 [mm]

0.400 [mm]
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.6 Moisture content

This section shows the moisture-content analysis for several tests. Yet the analyses in this section
generally show minor variation. The field samples were namely taken too deep. Consequently,
minor variation is measured in the moisture content. The interface between the beach surface and
the atmosphere is namely most important. That region, i.e., the top layer of the sand bed, namely
contains most variability (e.g., surface drying). On top, aeolian processes focus exactly within that
region as well. Shallower samples must thus be taken in the future. Yet it must also be noted that
minimum masses are required for two reasons. First of all, the Grain Size Distribution analysis
requires a minimum mass of ~300 [g] (appendix 1.5). On top, the moisture content analysis itself
requires a weighing scale with a precision of about 0.1 [%] with respect to the sand sample;
meaning that a sand sample of 300 [g] requires a scale having a precision of at least 0.3 [g].

Figure 410

[.6.1 Field I, Il and III

The moisture content is calculated as the ratio of water mass to the sand mass.

97) mc = =100 [%]

mg

The moisture content can also be calculated as the ratio of water mass to the total mass.

m
98) MC =— =100 [%]
my

Determining the moisture content is straightforward; and consists of five steps. First, a sand sample
is taken. Secondly, the (wet) sand sample is weighted. Thirdly, the sand sample is dried in an oven.
Fourthly, once dry the sand sample is weighted again. Finally, the explained equations are used to
calculate the moisture content.

Rules Method of Test for Moisture Content of Soils and Aggregates by Oven Drying (ca.gov).
e The oven temperature: 110 [°C] + 5 [°C].
e The oven time: ~16 [h] (e.g. during the night).
e The minimum sand mass should be at least: 100 [g].

The moisture content determination is shown in the tables below. The analysis contains samples
that were taken throughout the day. The weighing process was conducted three times; i.e., there
is also a mean table. All rows are obtained by weighing, except for row D, F, H, I and J; the
associated relations are provided in the table.
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https://dot.ca.gov/-/media/dot-media/programs/engineering/documents/californiatestmethods-ctm/ctm-226-a11y.pdf

Table 72 - Definitions

Time [hh: mm] A The time was recorded when the sample was taken
Dry laden bag [g] B The laden sample bag was weighted after drying
Empty bag [g] C The empty sediment bag was weighted
Dry sand only [g] D D=B-C
Check dry sand only [g] E | The sand was weighted after drying without sample bag
Error [g] F F=|D—E|
Wet laden bag [g] G The sample weight before drying
Wet sand only [g] H H=G-C
. my Myet — mdry
Moisture content (MC,) [%] | I I(=MC;) = —-100 [%] = ———- 100 [%]
ms Mary
Moisture content (MC,) [%] | J |  J(= MCy) = 2100 [9] = &4 . 190 [o5]
my Myet
Below there is the table of the first weighing round.
Table 73 - First analysis
Time [hh: mm] Al 13:39 12:00 13:47 14:25 15:20
Dry laden bag [g] B | 1320.00 | 1665.00 | 1495.00 | 1419.00 | 1454.00
Empty bag [g] c| 5.00 5.00 6.00 5.00 6.00
Dry sand only [g] D | 1315.00 | 1660.00 | 1489.00 | 1414.00 | 1448.00
Check dry sand only [g] E | 1313.00 | 1658.00 | 1489.00 | 1414.00 | 1448.00
Error [g] F 2.00 2.00 0.00 0.00 0.00
Wet laden bag [g] G | 1363.00 | 1734.00 | 1547.00 | 1464.00 | 1501.00
Wet sand only [g] H | 1358.00 | 1729.00 | 1541.00 | 1459.00 | 1495.00
Moisture content (MC;) [%] | I 3.27 4.16 3.49 3.18 3.25
Moisture content (MC,) [%] | ] 3.17 3.99 3.37 3.08 3.14
Below there is the table of the second weighing round.
Table 74 - Second analysis
Time [hh: mm] Al 13:39 12:00 13:47 14:25 15:20
Dry laden bag [g] B | 1321.00 | 1664.00 | 1493.00 | 1419.00 | 1455.00
Empty bag [g] C 6.00 5.00 5.00 6.00 5.00
Dry sand only [g] D | 1315.00 | 1659.00 | 1488.00 A 1413.00 | 1450.00
Check dry sand only [g] E | 1313.00 | 1657.00 | 1488.00 | 1412.00 | 1448.00
Error [g] F 2.00 2.00 0.00 1.00 2.00
Wet laden bag [g] G | 1365.00 | 1733.00 | 1550.00 | 1466.00 | 1503.00
Wet sand only [g] H | 1359.00 | 1728.00 | 1545.00 | 1460.00 | 1498.00
Moisture content (MC;) [%] | [ 3.35 4.16 3.83 3.33 3.31
Moisture content (MC,) [%] | J 3.24 3.99 3.69 3.22 3.20
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Below there is the table of the third weighing round.

Table 75 - Third analysis

Time [hh: mm] A| 13:39 12:00 13:47 14:25 15:20

Dry laden bag [g] B | 1320.00  1663.00 | 1495.00 | 1418.00 | 1455.00
Empty bag [g] C 5.00 5.00 5.00 5.00 5.00

Dry sand only [g] D | 1315.00 | 1658.00 | 1490.00 | 1413.00 | 1450.00

Check dry sand only [g] E | 1315.00 | 1657.00 | 1489.00 | 1412.00 | 1448.00
Error [g] F 0.00 1.00 1.00 1.00 2.00

Wet laden bag [g] G | 1363.00 | 1735.00 | 1549.00 | 1465.00 | 1503.00

Wet sand only [g] H | 1358.00 | 1730.00 | 1544.00 | 1460.00 | 1498.00
Moisture content (MC;) [%] | I 3.27 4.34 3.62 3.33 3.31
Moisture content (MC,) [%] | J 3.17 4.16 3.50 3.22 3.20

Table 76 — Mean values

Below there is the table that provides the mean values of the three weighing rounds.

Time [hh: mm] Al 13:39 12:00 13:47 14:25 15:20

Dry laden bag [g] B | 1320.33 | 1664.00 | 1494.33 | 1418.67 | 1454.67
Empty bag [g] C| 533 5.00 5.33 5.33 5.33

Dry sand only [g] D | 1315.00 | 1659.00 | 1489.00 | 1413.33 | 1449.33

Check dry sand only [g] E | 1313.67 | 1657.33 | 1488.67 | 1412.67 | 1448.00
Error [g] F 1.33 1.67 0.33 0.67 1.33

Wet laden bag [g] G | 1363.67 | 1734.00 | 1548.67 | 1465.00 | 1502.33

Wet sand only [g] H | 1358.33 | 1729.00 | 1543.33 | 1459.67 | 1497.00
Moisture content (MC,) [%] | I 3.30 4.22 3.65 3.28 3.29
Moisture content (MC,) [%] | ] 3.19 4.05 3.52 3.17 3.18
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[.6.2 Lab Il and IV

The same rule, as provided in the previous section, apply to this section.
e The wet sand sample mass is provided in the table below.

Table 77
W1 = weighing 1 (and so on)

W1 [g] W2 [g] W3 [g]l| wulg]l olgl
305.8 | 305.8 @ 305.6 | 305.73 | 0.09

Figure 411 Figure 412 Figure 413

¢ The dry sand sample mass is provided in the table below.

Table 78
W1 = weighing 1 (and so on)

W1 [g] W2[g] W3[g] wulgl  olgl
290.6 | 290.2 | 290.4 | 290.40 | 0.13

Figure 414 "~ Figure 415

The moisture content is calculated as follows.
N MC1 _ ﬂ _ Myet—Mdry — 305.73—-290.40 ~ 0053 [_] (53 [%D

mg Mary 290.40
~ 0.050 [—] (5.0 [%])

Myet—Mdry _ 305.73-290.40
Myet 305.73

. MC2=%=
t
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