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Industrial Motivation: coastal zones

I arid and desert regions
[ active sand deposits

- coastal dunes

EU Windstorm frequency +44%

Windstorm intensity  +96%
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Industrial Motivation: desert regions

I arid and desert regions
[ active sand deposits

-~ coastal dunes

Infrastructure scale
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Industrial Motivation: railway megaprojects

Railway megaprojects

Iron Silk Road

Gulf Cooperation Council Network

Arab League Network

400

300 -

&“r
mZOOA

100

<

2010 2012 2014 2016 2018
year

Market potential Railway length

- 0008 - 00000 km

on KARMAN INSTITUTE {4, A% pofitecnico VKI Seminar: Hybrid performance
assessment of sand mitigation measures

1 arid regions
.| northern desert belt

OR FLUID DYNAMICS di Torino



Phenomenology

Long-term
suspension

Dust d < 0.063 mm < long-term suspension
* short-term suspension
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Sand Mitigation Measures: Source

Path SMM K
; Receiver SMM
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source windblown sand path receiver
. Layer sys’rem from L. Bruno, M. Horvat, L. Raffaele (2018)

v

n
Q X Uy erp KU |—| ULy

— 5

Hedge system Layer system

 Hedge sy

~

- T e
straw che

P S : .
= von KARMAN INSTITUTE Af Y VKI Seminar: Hybrid performance

assessment of sand mitigation measures



Sand Mitigation Measures: Path

Path SMM X
wind upwind strip downwind strip :
< > < - - > | >
source windblown sand path receiver
« Surface-like from L. Bruno, M. Horvat, L. Raffaele (2018)

POrous solid

porous fence Straight Vertical Wall (SYW)  Shield for Sand (S4S)
o \/0|Ume_|ike WO 2016/181417 Al
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Sand Mitigation Measures: Receiver
S

- , o _ _ ‘Receiver SMM
;\“> upwind strip downwind strip : . i
__________________________ - ¥ > T > :
< >« - >< | >
source windblown sand path receiver
« Aerodynamic based from L. Bruno, M. Horvat, L. Raffaele (2018)
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HyPer SMM

« Am
Develop an innovative hybrid approach by combining Wind-Sand tunnel tests and Wind-Sand CFD
simulations as a brand-new design-and-assessment methodology in the field

laser cavities sand fetch upwind sand fetch

 Main Tasks

1. Development of highly reliable
Wind-Sand Tunnel Tests to assess
SMM  performance (flat plane
conditions + SMM obstacle)

) side section
measuring section

1.5e-4
S5e-5

2e-5

le-5

5e-6 bs
2e-6

ramp measuring plane end plate

/-—'—-’
2. Tuning and validation Wind-Sand ,
Eulerian multiphase CFD model ——

OPTIFLOW

WSMM

3. Extrapolation of WSTT-based performance from scale
to full-scale through Wind-Sand CFD simulations

=/
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di Torino

VKI Seminar: Hybrid performance
assessment of sand mitigation measures



Windblown Sand Action: categorization

Environmental Free Variable
« site-dependent <+ wind- « long-term varying * non monotonic
inborn dependent accumulation (periodic sand

randomness accumulation process removal)

2 months
later...

Windblown
Sand

analogous to

probabilistic  Wind and sand Time-variant Evaluation of sand
modelling modelling reliability analysis removal period
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Windblown Sand Action: modelling chain

Windblown sand action VS Wind action
/\
Qin v lﬁ’ F N
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Incoming Windblown Sand 2

Semi-empirical models

Bagnold type

Q~u}

Modified Bagnold type

Q [kg/ms]

QNuf,eff (u*l u*t); (1)5

O’ Brien-Rindlaub type
Q~u
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[ |——— Kawamura (1951)

smemeseeees Owen (1964)
Lettau & Lettau (1978)
Kok et al. (2012)

mean wind velocity profile i
Z Zz
U,/(2) 4(2) sand flux profile
\Qi"> l
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shear stress @ wind-sand interface sand bed
B

Large discreponcies due fo:
» large randomness of physical
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Modelling: u,,

Deterministic models

Microscopic models
« EqQuilibrium of the
moments
Entraining aerodynamic
forces VS
Stabilizing forces

Macroscopic models _|Pp—Pa

. o . u*t - A 'gd

*  Semi-empirical Pa
(free parameters)  Bagnold (1941)

 Trend VS d

Probabilistic models

« Scatter of experimental data

« Random turbulent wind flow, bed
grain geometry, interparticle
forces zimon (1982)

Duan et al. (2013)

4 MIiCroscopic r.v.s
Modelling and technical difficulties

Y
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Bagnold (1937)

Zingg et al. (1953)
Fletcher (1976)
Iversen et al. (1976)
+ Bagnold (1941)
Shao & Lu (2000)

OOII\J
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dU's’r

sand
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Duan et al. (2013)
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1000
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Modelling: u.,

Statistical approach

“Lack of exact knowledge, regardless of what is
the cause of this deficiency” Refsgaard et al. (2007)

Aleatory

Epistemic

Sand uncertainties: grain size,
shape, relative position, surface
cleanliness, grain size
distribution.

Wind uncertainties: furbulent flow inborn variability, uncontrolled
environmental conditions, e.g. temperature, humidity.

Model uncertainty: simplified representation of the real physical
behaviour, identification of relevant variables, hypothesis, interactions
left out. Lack of a shared definition of u,; Shao (2008)

Measurement uncertainty: errors and/or different procedures.

Parameter uncertainty: values of model parameters.

Q> « Nonlinear regression
« Copula-based regression
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Modelling: u.,
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Modelling: u,, B3
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K L 5
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from L. Raffaele, L. Bruno, F. Pellerey, L. Preziosi (2016)
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Modelling: ws

Statistical approach

« Sedimentation velocity affects the mode g-;,
of tfransport, distribution of particles above
the ground, and fransport rate

107 -

—
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« Discrepancy among semi-empirical laws =
. . . 10!}
« Sedimentation velocity bound to drag |
coefficient
dust
2 10°
L4 F 1 w C d :
3
d
F:g = ppg 6 min' 10! 10° n‘n 10° 10? 10 Re[-] 10°
a
md3 ] @
Fb = pfg 6 Stokes regime Intermediate regimes‘ Newton’s regime
=
Re<25 20<Re<300 130<Re<420 270<Re<2000 1000<Re<3.7x10"
L] smooth spheres for reference (Brown and Lawler, 2003) * laminar attached BL ¢ laminar detached BL « laminar detached BL * laminar detached BL * laminar detached BL
i - I - « fully symmetric wake e axisymmetric wake « non-axisymmetric wake « non-axisymmetric wake « non-axisymmetric wake
§ ko 2 E '5 ko « steady wake « steady wake « steady wake « unsteady wake « unsteady wake
. ;j ; ; ;’ ; 8 g * no vortex o ring vortex * 3d vortex « hairpin vortex shedding « turbulent vortex shedding
E28 33 E248 3 el
A Bagnold (1935) # # +  Stringham et al. (1969) % Chen and Fryrear (2001) . N Re=50 t e " : e
x % Schultz (1954) <1 < Komar and Reimers (1978) o o Dioguardi et al. (2017) = Q — = O\ V‘O “L: (== = - O
— = —> =zs B = s = =
v Briggs et al. (1962) v Wilson and Huang (1979) # +# Wangetal (2018) Re=200 E— i . -
[ - Alger (1964) Cui et al. (1983) Q;‘/; O‘&( xS O = AF (b)
< Romanovskiy (1966) Malcolm and Raupach (1991) from L ROffOele L BI’U no D Shermon (2020)
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Modelling: o
odelling: w, )
10' TREEEEN] FREE| R T (2
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Incoming Windblown Sand

2
_3_
mean wind velocity profile —
z z
(2) 4(2) sand flux profile
Dy l
Tl ‘Tlxu*;
shear stress @ wind-sand inferface and bed
kf(U A
Wind shear velocity u, = u,(Uyo,29)  f(u,) = f(Wsorer) “
Inz..r/2 o >
Threshold shear velocity — u.. = u..(d) f (u.¢|d) from Raffaele et al (2016)
>
Sedimentation velocity w. = wg(d) f(w.|d) from Raffaele et al (2020)
|ﬂC0mIﬂq . too f(an) — A d__f(u*) 1-— W if * *t
Qin = CI(Z) dz rd *
sand fransport rate 0
0 if e < Uy

~ Qin(Usy Usg, 05) from Raffaele et al (2017a)
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Aerodynamics/Morphodynamics E3
(—-0 Side view E

source windblown sand path structure
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Sedimentation coefficient Qsi V - /

CS = QS/QiTL € [071] A

Cs
(56, To, V) \

monotonic decreasing vs V S

No closed forms > WT or multiphase CFD testing

Sedimentation rate Q) = Csf(Qi)

Outgoing transport rate  f(Qoue) = [1 — Cs] f(Qin)
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Wind-Sand Tunnel Testing: flat sand bed

sand fetch  Field of View

PIV-PTV laser cavities

P
-
p_—

e
-

-
-
-

—— FoVl —— 1.3u,

— FaV2 - 1.5u,

ramp
measuring plane
|

o
=)
T

AQ [kg g

0 3
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Wind-Sand Tunnel Testing: obstacle (2]

- State-of-the-art 3
Setup A 4 1 sand source volume V),
e obstacle B initial conjectured sand volume F,
= Vo f-mm---- —— equilibrium sand bed
— \ — equilibium sand bed with g, . . .
— . |dentification erosion/

[ i i i Vol T . .
é . . 2 % RENEA | , sedimentation zones
A ¥

e e Y r
Setup B i | upper sand feeder ' :
wy || e | .
: | | .
Setup C | 5 - Aty .1 Sand transport and
N 0 | | sedimentation regions
B and fetch
T o ] | A around clean obstacle
= . NN ] -
[ ! [ — o ! ! R
7 R, V=0 i >
, ! ! ! ! At At f
Setup D | ! i < > 3
I I I '&IE‘
") | 2.5 | : + '
==l l | B
S Lo I e e
| ,i : ; L g ; A T e SMM performance
I ! I e = | | | I .
iz 7 i —— 5 »  assessment
wind flow  sand flux development : n,L n,L : L Al '___]I{ K !
development . J : Arn.l "ﬁru_z K
inlet section test section N >
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g: 545 2

& shield for

+1. Trapping vortex
2. Reversed flow close to the
ground
3. Sand subtraction from the
iIncoming flux
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Wind-Sand Tunnel Testing: s4s (2]

*  Wind tunnel setup in L-1B

upwind sand fetch

¢out(z’t)
u(z)
z _
- 54
I,
L
dpl : ' 3 ‘
end plate I side section : s Fetoh Shield for Sand
measuring section initial sand accumulation levels

*  PIV-PTV measurement setup

FoV #2 (¢)

_ L\:

_f@%_vnn KARMAN INSTITUTE {4, A% poitec
<= FORFLUID DYNAMICS - assessment of sand mitigation measures
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Wind-Sand Tunnel Testing: s4s (2]

. . 3
+ Sand concentration and morphodynamics
. 2 : . : .
1 (b) (c)
0.8 8 1.8
0.6 8 1.6
I0.4f . I 14
02+ ] 12
L R s s 2
o wp,) [ 0 EERTCI S
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Wind-Sand Tunnel Testing: s4s (2]

.
«  Wind flow & morphodynamics pattern L

Vv, [-]

0 0.07 0.1 013 017 023 031 041 055 072 1

« Sedimentation Coefficient

+— pAC)

0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1

z  Jh[-]

_ L\:
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*  Wind tunnel setup in L-1B

transparent end plate

end plate

R st o]

Mecco Medmo line

» u(z) »

(pom(z ’t)

4 I
upwind sand fetch sand fetch c sinusoidal berm |
« Some results
sedimentation - entrained sand

Qin — Qout Qin Qout
C, =~ <out =)
Qin \&

0.6¢
0.5 =
04 F———==smmsou ——
— . “N‘"‘\ °
= 03 ° . )
%5 S~ @ (-]
0.2 58
0.1 ~
\,\
0L . . M|
0 500 1000 1500 2000 2500
0 0.2 0‘4 0 0.2 0.4 0 0 77»!47 0 0.2 04 ,[S]

qlkgm’s’] qlkgm’s’] qlkgm’s’] qlkgm’s']
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*  Wind tunnel setup in L-1B

end plate transparent end plate

railway in China

- u(z) "
0ou(251)
h &
upwind sand fetch candTetch e Iporous fence
« Some results
erosion i sedimentation |entrained sand — Qout
0.05 i 1 ;
0.04 8
£ | E 0.03 1
u ! —
. -
n ! i @%’ 0.02 - .
n i / 1
/ 0.01 ; — 1
" - o LA T T
. 1 () 1 1 1 1
\*‘——— 0 500 1000 1500 2000 2500

0 02 0 02 I[S]
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Similarity mismatching 2

« Similarity requirements VS past studies

=-E I +

L * *_ 1o”
e L
; ] . +
o | om0 T
m
10" E T T T T T T T T T T T T T 107" E +
[ i E outlier
$ +£whi5kc‘r
— 75th percentile
10t E * E R I L median
g Hod ] 107 F | ~ L 25th percentile
I [— j : | * 43
p , | I | existing studies
107 o
: ! o | E | .
dlL Re Fr BR AR

0 ' ' ' 0
¢*=¢_m 10} ] 10t
¢p w0t . 20t

— # 3t ] # 30f
d

¢>={Z,Re,Fr aor 1 40y

50 - 1 S0

60 . . . 60

from L. Raffaele, J. van Beeck, L. Bruno (2021)
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Wind-Sand CFD model

Eulerian 1st order multiphase model =  crTFLOW

OF
—

V.4 =0,

Wind flow:

a;f +u;-Vuy = ——Vp+ V. [(vf+ vr)Vﬁf}
RANS k- SST % LV (ki) V- [(akuf +V)VK] + B — Bkeo.

%—t + V. (wuf) =V - [(0,v; +V)Vo] +05%Pk - Ba? + (1 ~F)2%2Vk. Vo, . "lﬂm

@ T 338 if o
Sand phase:
Ao _ 0
Sand mass o
conservation equation q = Ur s + UseqPs — Verpdd Vb
Sand erosion B.C VeIV - = Ayp E(u2 —u?)
e eff¥s S HPf * *t) 4
Ho et al. (2012)
Sand bed DED o — _ 1 q.nz¢s(utr+used)'n_l_veffd);(_lvd)s'n
morphodynamic evolution z bep — s b= bop— s
Deposition Erosion

Sand avalanching oh (IVh| —tan6,), Vh

— = Vg,V
o0 v [1+|vh2 VA

Lo Giudice and Preziosi, Appl. Math. Model. (2020)

+ Deposition + Erosion
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Wind-Sand CFD model: tuning (2

Mean sand concentration ¢

Mean sand velocity ug

Mean sand flux g

0.1

z
u(z )
sand fetch FoV'::'j T FoV2 FoV3 3

1, AN =GR -

0.08

'='0.06
E

N 0.04 §

WSTT WSCS u./u.,
o — 13 ]
s = 18

ol

0.02 [ N
i
0.1
0.08
™
£ 0.06
N 0,04
0.02

0.08

0.02

02 04 06 08 1.,0 02 0.:1 .016 08 1,0 02 04 06 08 1
g [kgm’s’] g [kgm”s"] g [kgm”s"]
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Wind-Sand CFD model: tuning (2

Z
(2) )
u sand fetch - FoV--= _ FoV2 FoV3 3
ramp e | § gi;\jfh(z) P [te Fo=
: H , , ,
=
204_ (b) ,,,,,,,,,,,, — | B | WST ETD
sand transport rate o | I ! wro Loowlu.,
o = ? 1 [ — 1.3
_ : I 1.5
Q= jo q(z) dz ‘El_d.o rA o o f § 7
S SR S
0 1 2 3 4

«  WSTTs results are reproduced fairly good

«  Mismatching of experimental results induced by:
(i) high intermittency for u, /u,; = 1.3
(il) short fetch length
(iii) 1t order nature of the model

<
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line side! embankment
SMM: berm & ditch ; access traclq‘ Protected Railway Land

-
»~

i
Y

P Railway Land

v

0.9 1

increasing filling level

- initial B&D sedimented

e bs 60 70 80 90 100 110
geometry sand

from L. Raffaele, NI'@oste, G. Glabeke (2022)
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Windblown sand action

N
| |

Time-variant WbS action V (t) Resistant sand volume 1y

oo « Structure/Infrastructure <=1 LS
fr (@) = Z(gl * gi % * gn)CsQinP[Ng = n] SMM <: efficiency (Cy)
n=1

\ J
|

Time variant reliability analysis  V(t) <

A | /pf(l‘) ) l
no. o M. Probability of failure
Ve | Ve oS
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A case study: wind-sand site analysis o
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A case study: sedimentation coeffs
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A case study: LCCA o
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To sum up

The proposed modelling framework allows to:

*  Move from trial-and-error to rationale design
« Assess the performances of SMMs
* Plan sand removal maintenance operations

« Assess the economic impact of SMMs

Next steps...

« Validation of Wind-Sand CFD model thanks to wind tunnel testing

« Quantification of scale effect induced by wind tunnel scaling by means of
Wind-Sand CFD simulations
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