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Abstract

In this study, wind flow is simulated via CFD ovare ‘nebkha’ dune forms that range in
shape from a cone, to a hemisphere (approximaely)}o a dome in order to examine the
structure of the wake zone formed downwind anceffect on the leeward flow separation
zone and shadow dune formation. Dune height waslfat 0.5 m while the nebkha diameter
increased in 0.25 m increments from 0.5 m to 1&nehaspect ratio (h/D) from 1.0 to 0.3.
The mean flow comprises an upwind region of reduegdcity which expands as nebkha
width increases, high velocity marginal wings, @aited counter-rotating reversing vortices
leeward of the nebkha. The point at which flow sapan occurs moves further downwind as
the nebkha diameter increases. The core regiotie gkversing vortices are situated further
downwind behind the smaller nebkha than in the chslee larger nebkha. These factors in
combination allow for higher velocity perturbatiofikE) and narrower wake behind the
smaller nebkha, and the suppression of downwincevagelopment in the case of the
increasingly larger nebkha. Shadow dune lengtteas®s as nebkha width increases for
lower incident velocity flow and is barely affectbg nebkha width at higher flows. The
extent of the leeward separation or wake zonehande shadow dune length, more strongly

varies as a function of wind velocity.
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1.0 I ntroduction

Vegetation is critical to the development of maogstal, semi-arid and desert dunes such as
nebkha, foredunes, blowouts and parabolic dunesaaritie partial to complete stabilisation
of dunefields (Nield and Baas, 2008; Mountney andsell, 2009; Hesp et al., 2011; Hesp,
2013; Tsoar; 2013; Mayaud et al., 2016). Nebklesaatommon dune type in almost all
dunefields, arid to tropical humid, and coast totceental (Sokolov, 1884; Nichols, 1969;
Hesp, 2004; Hesp and Walker, 2013; Ruz and Hedpl)20lebkha are dunes formed by
aeolian deposition within a discrete plant (Cookalg 1993), and they may reach 10 m in
height in some deserts (Warren, 1988) but rarebwval3-4 m in coastal areas (M-H. Ruz,
pers. comm.). The large, discrete, semi-vegetated to vegethee mounds observed in
some coastal transgressive dunefields (e.g. Cotpér,; Hesp, 2013) may be mega-nebkha
but they may also be vegetated remnant dunes astisKne. formed by aeolian erosion).
Nebkha have also been termed nabkha, bush moumgisgpenetic dunes and mounds
(Cooke et al., 1993), foredune hillocks (Coopef7)9 coppice and shrub-coppice dunes
(Melton, 1940), (Cooke et al., 1993), hummocks (Bok 1884), sand hummocks (Maun,
2009) and hedgehogs (Ranwell, 1972; Hesp and Smmygitess). A shadow dune, which
typically is characterised by a triangular- to t#ap-shaped ground plan and steep side
slopes tapering downwind, may form downwind of tieékha (Bagnold, 1954; Hesp,1981)
in both sand, sand and clay, and/or snow (FigShadow dunes have also been termed
micro-dunes (Pidgeon, 1940), sand shadows or @B#gnold, 1954; Nichols, 1969; Greeley
and lversen, 1985), tongue hills (Cooper, 1968 denes (Cooke et al., 1993), and embryo
dunes where they are forming in an incipient foredmone (Salisbury, 1952; Hesp, 2002).

Possibly some depositional streaks are also shddoes (cf. Thomas et al., 1981).

Nebkha and shadow dunes are important elemente @fdolian landscape because they can
form in all sandy (and snow covered) lands. Thewredlopment has been associated with
protection of oases and croplands (Zou et al., R0déreasing aridity (e.g. Melton, 1940),
desertification (Nickling and Wolfe, 1994; Wangatt 2006), and human driven changes in
rangelands (e.g. Rango et al., 2000). They formaonio mesoscale habitats in some dune
systems (e.g. ElI-Bana et al., 2002), and can beritapt for providing shelter, food and

homes for a variety of fauna (Hesp and Mclachl&®®@. Lines of nebkha form in some
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coastal and desert regions and may in some cas$de¢he formation of vegetated linear
dunes (Tsoar, 2013). The initial vegetation colatia and stabilisation of both coastal and
desert dunefields may begin with nebkha formattéesfp, 2013; Fig. 1). In relatively
unidirectional to low directional variability winegimes and locations (e.g. mountain gaps)
shadow dunes may extend downwind over time andulte stable and large features
(Greeley and Iversen, 1985; Xiao et al., 2015).yTieve also been termed, or may evolve
downwind into lee dunes, linear dunes and longitaddunes (Greeley and Iversen, 1985;
Rubin and Hesp, 2009).

2.0 Flow around discr ete roughness elements

As Gillies et al. (2014) note, the flow around ogers and hemispheres (Sutton and
McKenna-Neuman, 2008) has similarities to flow ar@dmebkha, with one principal
difference that nebkha are porous to various degiieng et al., 2008; Mayaud et al., 2016).
There are multiple studies of flow around disctinders, pipes, flat plates and other
obstacles or roughness elements both solid andipdeog. Kiya and Sasaki, 1983). Some of
the relatively recent (~last 3 decades) work isenged in Niemann and Holscher (1990),
Zdravkovich (1990), Vogel (1994), Williamson (1996utton and McKenna-Neuman
(2008), Bauer et al. (2013), Gillies et al. (2013xinger et al. (2014) McKenna-Neuman
and Bédard (2015), and Chawdhury and Morgenth@lL§p

The flow around a discrete cylinder and hemisphemes to be characterised by six flow
regions, namely: (i) an upwind region of stagnapoassure and reversing flow at and near
the bed, (ii) an upwind region of accelerated flover the top, (iii) a region of flow
deflection or diversion and acceleration aroundaihject and the possible development of a
horseshoe vortex extending downwind around the msuaf the cylinder forming the outer
boundary of the wake zone, (iv) a separation orenadne (or envelope) formed on the sides
of the cylinder (location dependent on Reynolds neinRe]) and extending downwind
behind the cylinder. Within the wake zone or sefianeenvelope, (v) an arch vortex may
form behind the cylinder and paired, opposed vestiorm at the base, and (vi) trailing
vortex pairs form downwind (Savory and Toy, 198@afar and Smith, 1987; Rodi, 1997;
Meneghini et al., 2001; Xu et al., 2007; Sutton MuKenna-Neuman, 2008; Kharoua and
Khezzar, 2013; McKenna-Neuman and Bédard, 2015aKal\et al., 2015). As noted by
Vogel (1994, p. 93), aboveRe of ~40 the vortices formed behind a cylinder alégely

detach, “producing a wake of vortices with eaclatiag in a direction opposite that of its



predecessor farther downstream” creating a VVon l&artrail or vortex street (see e.g. Fig 4
in Catalano et al., 2003). This periodic sheddihgootices continues up toRe of ~ 100,000
—200,000. Above Re of ~200,000 to 250,000 the wake narrows and besduoily

turbulent. The Von Karman vortex pattern is antigyetric when the aspect ratio of the
cylinder (h/D where h is roughness element heighita is element diameter) is large, and
becomes symmetric as the aspect ratio decreaseméBet al., 2004; McKenna-Neuman
and Bédard, 2015). On average, ttean flow behind a cylinder, hemispheres and many
other objects at relatively high Reynolds numberg.(cubes; Luo et al., 2012, 2014; Bauer
et al., 2013; Fu et al., 2015) comprises a paaoointer-rotating vortices at or near the bed
(Tavakol et al., 2010, 2015).

The flow into, over and around a discrete plangiieed to form a nebkha) is similar to that
described above except that there can be conslddstaed flow through parts or all of the
plant prior to sand deposition within the plant eleging on plant morphology and density
(Dong et al., 2008; Bauer et al., 2013; Mayaud.e2816; Hesp and Smyth, in press). Dong
et al. (2008) show that the positions of the rewexstices move in response to changes in
shrub density with the reversing vortices situdtether downwind at lower densities
because the bleed flow pushes the reverse cellawiom. However, this depends entirely on
how dense the lowermost portions of the plant tieabed are as illustrated by Mayaud et al.
(2016). In natural plants exhibiting high densiganthe bed, little bleed flow will occur
(Hesp, 1981), but with increasing height abovelth@, the plant porosity and hence the
degree of bleed flow typically increases. Belowitiaal plant density, bleed flow can
dominate (Dong et al., 2008). The flow structuré also vary depending on the degree of
cover and position of the vegetation on a nebkhet shat, for example, scour around the
frontal base and sides is more likely where thatptaver does not reach or cover the basal
circumference of the nebkha (Sutton and McKennariNey 2008; Hesp and Walker, 2013;
McKenna-Neuman and Bédard, 2015).

Multiple studies of the wind flow, and particulatlye shear stress partitioning and
distribution, and drag around terrestrial plantgehlaeen conducted (e.g. Wolfe and Nickling,
1996; Wyatt and Nickling, 1997; Gillies et al., Z)@002, 2014; Li et al., 2008a, 2008b;
Leenders et al., 2011; Yager and Schmeeckle, 2ab8)many studies of flow in plants in
aguatic environments have been carried out (e ggiRa al., 2004, 2009; Bouma et al., 2007;
Nepf, 2012 review; Ortiz et al., 2013; Okamotolet2014; Chang et al., 2014; de Lima et



al., 2015). However, while there are many studfeb®wake zone and associated flow
structure around and downwind of obstacles, rougheéements, and discrete plants and
vegetation patches (as above), very few studies baamined the dynamics of shadow dune
formation behind a plant or nebkha (real or simadat Additionally, flow around a blunt or
curved solid object tends to produce marginal aswnivind bed erosion (Sutton and
McKenna-Neuman, 2008) while porous objects andtpland to produce leeward
deposition (Bauer et al., 2013). Hesp (1981) cotedlia field and wind tunnel study of the
mean flow around natural erect plants varying fibto 19 cm diameter and across a range of
wind velocities from 5 — 20 m's He showed that a wake formed behind the plant and
comprised symmetrically opposed reversing vortigigsin which a triangular shadow dune
formed. Shadow dune height was dependent on piesatl lispanwise) width and sand repose

angle as follows:
h=w/2 tan® (egn. 1)

whereh is shadow dune height;is plant width and taé is the dune slope which obviously
cannot be greater than ~32° for medium dry sandelheight is greatest at the immediate
rear of the plant and tapers downwind as the shamme decreases in spanwise width (Fig
1C). Shadow dune length was a function of wind d@aa plant width, but the relationship
was not linear. Savory and Toy (1986) stated tmapbint downwind at which the wake
terminates - the reattachment length or distaneas-1.1 times the dome diameter. However,
this point increases with the aspect ratio h/Drfea et al., 1990; Palau-Salvador et al., 2009;
McKenna-Neuman and Bédard, 2015), and dependsecsutiface roughness with the
distance increasing as roughness increases (KharauKhezzar, 2013). Gillies et al. (2014)
demonstrated this where they showed that the presafra porous vegetation cover on a
nebkha reduced the rate at which the wind speaxveeed to the freestream speed compared

to the same nebkha mound once it was de-vegetated.

Luo et al. (2012) examined shadow dune formatidniritecuboids, but to the authors’
knowledge there has not been a study which exanteelationship between nebkha
dimensions and shadow dune formatiense. Luo et al. (2012) state that shadow dunes are
the least well understood of anchored dunes. litiaddthe Hesp (1981) study was
conducted with relatively low technology equipmeainpared to current technology, and

exactly defining the wake flow structure and shadimne length was difficult.



The aims of this study are to: (i) examine furtther flow around various single or discrete
dome shapes simulating nebkha via computationil éynamics (CFD) modelling, and (ii)

examine the structure of the flow separation erpelor wake zone formed downwind of the

nebkha wherein a shadow dune would form.

Figure 1: Various nebkha and shadow dunes. (A) Hpharic nebkha in NW China (person
is 1.8m tall). (B) Shadow dunes formed on a stsibilj parabolic dune near Horrocks,
Western Australia (28deg S; scale bar is 30m) Si@3dow dunes formed downwind of small
nebkha.

3.0 Methods

3.1 Nebkha Topography



Nebkhamorphology can be highly variable in the fidepending, among other things,
vegetation cover, andgnt species form. However, the dune formed withplan often
roughly approximateones, hemispheres or domes (Li et al., 2008a, b; Awadhi and
Al-Dousari, 2013; Gillies et al., 20! as indicated in Fig. 1A. In this studyind flow was
simulated over five ‘nebkhalune form that range in shape from a cone to a hemis;
(approximately) to a dom@&his was considered reasonable since many neblgraxamate
one of these shapes (see Hig). In order tokeep one dimension constant and minin
computational time and complexitthe reight of the dune was fixed at 0.5 m. The dian

of the nebkha increased in 0.26increments from 0.5 m to 1.5 m (Fig. 2).

Figure 2. Simulated nebkhtapographies over which wind flow was modelled. ddines
measured 0.5 m high atite diameteincreased in increments of 0.25 Tine smalles
nebkha cone is 0.5 m diamet@spect ratios (height/Diameter) range fro.0, 0.66, 0.5, 0.
and 0.33.

A mesh of each dune was created using the meshagiemeutility, snappyHexMesh,
included in the open source computational fluidaidyics (CFD)toolbox, OpenFOAN
(Weller et al. 1998)Each mesh contained approximately 2.2 million catidwas meshe
with increasing spatial resolution toward the dune shiaa maximum of 0.00625 m (F.
3). The boundaries of the computational domain wereespé& m (10H) upwind, 25 m (50l
downwind, 12.5 m (25H) from the centre of the nebkind 10 m (20H) high, conting 50

vertical levels, to ensure secondary wind flow ¢rais could be adequately resolv



Figure 3. Mesh at the surface of the computatidoatain. Cell size decreased to a minimum
size of 0.00625 m at the dune. The inlet boundafy) (s located 10H upwind of the dune

while the downwind boundary is 50H downwind.
3.2 CFD methodology

All CFD modelling was performed using OpenFOAM (Wekt al. 1998). The SIMPLE
(Semi-Implicit Method for Pressure Linked Equatipakgorithm was used to solve the
Navier-Stokes equations (Patankar and Spalding2)19his method produces a steady-state,
averaged solution of flow. Turbulence was modellsithg the Renormalization Group

Theory (RNG) ke method which accounts for the smaller scales dfaon@nd offers

improved predictions for separated flows than thgimal k-« model (ANSYS, 2013, Smyth,
2016). An, upwind spatial discretisation scheme araployed to ensure all simulations
achieved convergence. Calculations were considaagblete once the residual of each
iteration was lower than 0.0001 for Ux, Uy and W avind speed in the lee of the dune

varied by less than 0.01%.
3.21 Boundary conditions

In each simulation vertical profiles of wind spdé&d, turbulent kinetic energyj and

energy dissipationsj at the inlet boundary were defined assuming ateon shear velocity
(u,) value with height using equations 2, 3 and 4 IfRids and Hoxey, 1993; Blocken et al.,
2007):

U@ = %I (*) (eqn. 2)
k(z) = j‘c_u (eqn. 3)



e(z) = =& (eqn. 4)

K(z+2zp)

wherez is the height above the surfagds the von Karman constant (0.42) (Richards and
Hoxey, 1993; Blocken et al. 200%), is the surface roughness length &pda constant of
0.09 (Richards and Hoxey, 1993; Jackson et al. 011

To examine how flow dynamics changed with wind sheémulations were conducted using

5 values ofs, ranging from a minimum of 0.41 it 1.11 m & (Table 1), and a range of
Reynolds numbers (Table 2)hile 20 m & (u, = 1.11 m &) winds at 1 m above the surface are
rare, they are not unknown in desert and coastét@mments. For example, Hesp et al. (2013)
measured wind speeds of 18 Tas 1 m height on a foredune crest, and Smyth. ¢2@1.3) measured
1-minute averages in excess of 20.8hos a foredune slope in Western Irelarfébr each

simulation a surface surrounding the dune was phesta surface roughness constagj (

of 0.0005 m, the equivalent of a sand surface (Blayri954).The dune structure could only be
assigned a maximum roughness length of 0.00312 s1irface roughness length cannot exceed half
the height of the smallest cell (cf. Blocken et 2007; Smythin press) (Fig. 3).

Shear Velocity (m | Wind Speed 1 m above surface (M) S
0.41 7.5
0.55 10
0.83 15
1.11 20

Table 1. Shear velocities (ri)sand equivalent wind speeds () &t 1 m above the surface

at the inlet of the computational domain for eaomugation.

Velocity (m s
7.5 10 15 20
0.50 | 268,750, 358,333 537,500 716,667
0.75 | 403,125/ 537,500 806,250, 1,075,000

diamete
r (m)




1.00 |537,500] 716,667 | 1,075,0001,433,333
125 |671,875 895,833 | 1,343,7501,791,667
150 | 806,250 1,075,000 1,612,500 2,150,000

Table 2. Resulting Reynolds numbers accordingeadinge of velocities modelled (7.5 to 20

m s?) and the nebkha diameters(0.5 to 1.5m). The lateall classified as fully turbulent.

Reynolds number was definedRes = ”:—D wherep is air density (1.29 kg W v is incident

wind speed 1 m above the surface, D is diamettreohebkha anq is air viscosity
(0.000018 Pa.S).

3.3 Determination of the Shadow Dune Length

Hesp (1981) determined the length of the separatbme or wake region (within which the
shadow dune would form) by measuring the point dewwd on the centreline axis behind a
plant where the velocity reached 4 fhes ~ 2 cm above the surface following Bagnold’s
(1954, p. 69) threshold velocity (cf. Hsu, 1973)isTvalue was assumed to be the threshold
wind speed at which sediment transport would atgda place in the lee of the plant and
shadow dune formation would cease. While Luo et28112), for example, determined this
position by estimating the point where the reveaygiall streamlines converged, in this study
the Hesp (1981) method was followed as it was deamed to be more accurate than
estimating a streamline convergence point, andda/aomparison between those results

and the CFD simulations conducted herein.

3.4 Limitations of the M odelling

This study includes some key constraints and assongpthat should be considered when
examining the results. First, the rule regardingdsaeposition to the lee of the nebkha or
‘dune’: the shadow dune is assumed to terminatendomd when the flow velocity reaches
4 m s'at 0.1 mabove the bed. In reality in the field this terntioa point also depends on
grain size and at what height the measurement dentecond, in the field, as a shadow
dune begins to form in the triangular wake (sepamatzone behind the nebkha, there is a
positive feedback between form and flow such thatsymmetrical paired vortices are

increasingly forced to flow upslope as the shadaneddevelops. The vortical structures
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therefore likely change somewhat as shadow dumedion occurs. In this modelling study
we assume the shadow dune will grow within theinabwake or separation zone, and that
the shape or size of this zone does not changed, Tthie surface of the modelled nebkha
dune is relatively smooth. It has no vegetatiors@né and therefore bleed flow typical of

flow through a plant on a nebkha does not occue. ditsence of vegetation also means that it
cannot trap sand and grow upward over time, aloitiy thve formation of the shadow dune.
This is not a critical issue since at any one dehe field, a nebkha and its attendant
vegetation will induce a shadow dune related tgize and shape and porosity on that day.
Given these constraints and assumptions, in esseéeceesults developed here are a first

approximation only.

4.0 Nebkha Flow Dynamics

The instantaneous flow behind a nebkha as simuleteglis characterised by turbulent
vortices. However, the mean flow is typically ctaesised by two symmetrically opposed
vortices within the flow separation wake zone atsthhigh Reynolds numbers (Fig. 4a). Fig.
4b provides a snapshot of the turbulent charadtfreowake behind a 1 m-diameter nebkha

for comparison. Only the mean flow conditions aferred to in the following study.
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Figure 4:Average (a) and instantaneous (b) plots of wind fle@locity aroind a 1 n-high
nebkha dome, calculated using a Reyr-Averaged NavieStokes (RANS) and Large Ed
Simulation (LES). Plot (b) demonstrates the formmaf turbulent eddies and flow structu
in lee of the form which are not present in simolag conduted for this study as a RAN
(plot a) model has been employ



Wind Speed (m/s)

Figure 5. Zones of wind speed at 0.1 m above thfaseifor an incident wind speed of 10 m
st at 1 m above the surface. The dashed line depietsxtent of the wake zone within which
a shadow dune forms. Nebkha diameter increase2%nd increments from 0.5 m at the top
to 1.50 m at the base. Shadow dune length and naielength increases gradually as
nebkha diameter increases.

4.1 Horizontal flow structure

Fig. 5 illustrates a plan view of the wind speedess at 0.1 m above the surface up- and
downwind of the five nebkha for an incident windl@f m §' (at 1 m above the surface). The
region within the dashed lines indicates the shadone defined as terminating downwind at
a near surface wind speed of 4 Th $he extent of the shadow zone as indicated by the
dashed line, increases slightly with nebkha widtthough there is little difference between
the second and third nebkha. The length of thems3 zone displays a more regular increase
in length with increasing nebkha width. Shadow diemgith would therefore also increase as
nebkha width increases. Note that as nebkha wittleases, the zone of upwind flow

deceleration expands, and the form of the highdaeral (spanwise) or marginal flow
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regions change from compressed elongate (deltg-tyipgs to wider arcuate (swept-type)
wings. These differences in the flow structure piad reflect the differences in aspect ratio
between the smaller and the larger width nebkhabatso that the point of flow separation
on the lateral margins moves upwind for the larggskha. The elongate high speed flow on
the margins of the smallest nebkha cone compressatiral (spanwise) extent of the
downwind separation envelope creating a largegdonflame-like low velocity zone behind

the nebkha compared to the other four larger nebkha

14
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The morphologies of the nebkha are quite diffeterthe more vertical cylinders studied by,
for example, Sutton and Mckenna Neuman (2008) amigf et al. (2014), and thus the

degree of turbulence in front of the nebkha is thas in their cases.
4.2 Vertical Flow Structure

Fig. 6 illustrates the flow patterns for the fivebkha in a vertical plane aligned along the
central axis line. On average, the zone of low fleithin the separation envelope downwind
of the nebkha tends to scale to that of the hotédlow shown in Fig. 5, and as found in
other studies (e.g. Luo et al., 2012). In the adgbe first two smallest nebkha (0.5 and
0.75m widths), the lowest velocity lee zone bounbgthe 0 to 1 m$zone describes an
arch extending from the leeward top of the nebkiardto the surface. Once the nebkha
reaches 1.0 m wide and above, this lowest velbegyzone comprises two separate parts; a
narrow finger-like form extending downwind from tleeward top of the nebkha, and a small
dome projecting above the surface some distanasawiod of the nebkha. The lowest
speed zone is also detached from the bed in therléinree nebkha compared to the two
smaller nebkha.

4.3 Streamline Structure and Velocity Profiles

Fig. 7 shows the wind speed zones and streamlir@®& an above the surface of the dune for
an incident wind speed of 10 nf at 1 m above the surface. The location of thetgsta
vorticity in the paired symmetrical reversing flewrtices moves upwind with increasing
nebkha width. Note that even in the case of thdlsstanebkha, the leeward zone of lower
than incident flow is extensive and it takes a abgrable distance for full flow recovery to
take place (Fig. 5). The central axis velocity pesfassociated with two of the nebkha are
displayed in Fig. 8 for comparison. The velocitpfile structure is similar for the upwind
positions at the nebkha toe and for the immediatenavind location where pronounced flow
separation results in negative velocities and srgrflow. Flow recovery occurs more
rapidly behind the smaller (0.75 m) nebkha compé#wetie larger 1.5 m-wide nebkha, and
the profiles diverge in the lower near-bed regiowdwind (compare profiles at 2 m and 6

m). At around 15 m downwind, both velocity profil@se again similar (Fig. 8).
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Figure 7 Wind speed at 0.1 m above the surface of the thmaincidentwind speed of 1!

m s’ at 1 m above the surfacgtreamlines were seeded at 0.1 m ie the surface upwii of
the nebkhaNebkha diameter increases in ( m steps fron9.5 m at the top of the diaim
to 1.50 m at the bottonThe location of the greatest vorticity in the pdisymmetrica

reversing flow vortices moves upwind with incregsirebkha widtt
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Figure 8 Wind velocity (u) profilesdown the centreline axis for an incidevind speed of 1i
m s’ at 1 mabove the surface at the inlet. Two examples avevstior the 0.7 m (dots) and

1.5 m (crosses) diameter nebkha

4.4 Variationsin Wind Velocity
Fig. 9 illustrates plots of wind velocitymulated at every 0.02 npwind and downwind c

the five nebkha for four incident wind velocities705, 10, 15 and 20 s*. This was carrie!
out to examine the effect of incident wind veloaty flow separation. The upwind incide
wind begins to decrease first in ttase of the largest nebkha and displays a cons
pattern with decreasing nebkha size or width. This line with theobserved increasing
greater size of the upwind low velocity zone witkreasing nebkha width as shown in .
5 and 7. As incidgrnwind velocity increases, the point where the elmahreshold velocit(4

m s%) occurs moves upwind and closer to the ne. In addition, as nebkha size decrea
the zone of flow separation decreases, and thettble velocity point of 4 1s* obviously

moves closer to the nebkha.
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Figure 9 Wind velocity (u) at 0.1 m above the surface tigto the centreline of tr
computationbdomain for wind speeiof 7.5 m &, 10m &, 15m&and 20 m*at1 m
above the surface at the inlet. Each colopresents a differemtebkha diamet. Wind

velocity was measurdd the modeat every 0.02 m from 4 m upwind to &®@downwinc.

4.5 Turbulent Kinetic Energy

Fig. 10illustrates the variation in turbulent kinetic egyeTKE) measured just above the t
on the centreline at 0.08 intervals downwin, starting from 4 m upwindpr the lowest an
highest wind speeds modelled. Upwind and immedjiadjacent to the neba, thee is a
near-verticalncrease in TKE for each incident wind velocityhi§ occurs in the upwin
flow region (region (i) - seentroduction) where there is consideraflow stagneion and
low pressure at and near the laeljacent to the nebkha. Thpwind reaction distance to t
large pressure change increases with increasimggimcwind velocity. The TKE is als
markedly greater for the higher incident wind végp¢20 m ¢* compared to 7.5 n™%).

Notably the CFD model does not indicate flceversal in front of the five nebkh

Immediately downwind of the ibkha, in flow region (vkharacterised by flow separati
and reversing vortices, the TKEcreases for each of the nebkha diametean inciden
wind velocity of 7.5 m 4. The increze is not uniform and is relatively higher for thaaler
of the two nebkha (Fig. 10). Ain incident flow velocity of 20 s* the TKE is significantly
greater behind the nebkha compared to the ' s* flow. In addition, the TKE results a

separated into two groups. The TKE is substlly greater for the two smallerebkha (0.t
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and 0.75m diameters) compared to the significantly lowerETieasured downwind of ti
medium tolarger nebkha (1.0 to 1.5diameter).

W

b
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Figure 10. Turbulentiketic energy(TKE) at 0.1 m above the surface through the centr
of the computational domain for wirspeeds of 7.5 mi*sand 20 m $at 1 m above th
surface at the inlet. Each colour represa nebkha diameteT KE was measureat every
0.02 m.The TKE is substantially different for the two steat nebkha at the high20 m &'

incident velocity.

The results shown in Figs.a®d10 when combined with those presented in Bigndicate
that the position of the coherent, symmetrical fl@wersal vortices produced behind the
smaller nebkha (0.5 n®.75 m) are influencing ttstructure of wake developmeln Figs. 5
and 7 the core regions of the reversing vortices auated further downwind behind t
smaller nebkha (0.5 m, 0.75 thgan in the case of the larger nebkha m, 125 m, 1.5 m).
In addition, the lateral ‘wingsf high velocity change shape from a streamwis&v(aand)
extension to a spanwise (acrossv) extension. These factors in combinatiayallow for
thehigher velocity perturbations (TKE) behind the sierahebkha, and the suppressior
downwind wake developmeirt the case of the increasingly larger net. This results in th
threshold value of 4 m'sbeing reached at a similar position behindlargernebkha onc:

incident wind velocities are above —~12 m §.
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5.0 Reélationships between Nebkha flow and Shadow Dune length

For this study, the termination point for the shadiune (shadow dune length) is taken to be
the point in the horizontal reversing wake regidreve the velocity reaches 4 i s

(following Hesp, 1981). Shadow dune length variethtas a function of nebkha width and
wind velocity (Fig. 11).

Nebkha diameter or spanwise width affects shadave dength up to at least an incident
wind velocity of 10 m 3, and subsequently has little effect at higher véipeeds. At the
lowest wind velocity of 7.5 m“sshadow dune length increases by 50% between @aebk
diameter of 0.5 m and 1.5 m. As wind velocity irages, the effect of nebkha diameter or
width is rapidly reduced such that there is onBb&6 increase in shadow dune length at 10 m
s', 15% at 15 mSand 13.5% at 20 m'between the 0.5 and 1.5 m-diameter nebkhas (Fig.
8). Hesp (1981) examined a significantly smallexgeaof plant widths than the nebkha
modelled herein. His plant widths ranged from Z%xcm diameter with aspect ratios (h/D)
of 10, 5.8, 4.6 and 3.6, and showed that for aidlé@mnt wind velocity of 7 m$shadow dune
length increased by ~29% between a 7 cm and anl@lant width. This percentage increase
in shadow dune length as a function of plant wid#s roughly maintained (typically ~25%)
through the range of wind speeds up to 20’measured by Hesp (1981; see his Fig. 6).
However, Hesp’s curves were approximately curvdiner Z-shaped. Dong et al. (2008)
found that their vertical reverse cells changedniyaas a function of shrub density and only

slightly with wind velocity.
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Figure 11. Estimation of shadow dune length indethe various nebkha assuming a
threshold velocity of 4.0 mi’sat 0.1 m above the surface where shadow dune catistr
would terminate. Shadow dune length increases laishaewidth increases for the 7.5 th s
incident flow, slightly for the 10 m’flow, and is not affected by nebkha width at higher

flows. Flow velocity affects shadow dune length tretdower velocities.

Shadow dune length more strongly varies as a fomatf wind velocity. For example, for a
1.0 m diameter nebkha (h/D of 0.5), shadow dungtteis 1.3 m at 20 m’s 1.6 m at 15 m's
1 2.9mat10 m% and 5.6 m at 7.5 m'sAs noted by Hesp (1981), the higher the incident
wind speed, the shorter the shadow dune for articpkar plant or nebkha diameter or width.
In contrast, for the vertical case, Dong et al0@0examined wind tunnel flow through and
around a single ‘plant’ formed of 1mm rigid sta& mm high of varying densities placed
within a 50 mm diameter circular base and found tiwa structure odertical reverse cells

varied only slightly with wind velocity.

6.0 Discussion

The value of this approach in utilising CFD to exaenthe flow structure around nebkha lies
in the ability it provides to examine a range ofitksd nebkha morphologies, rarely presented
in the field in any systematic way, a range of wiedbcities in a uni-directional incident

flow regime, and the more detailed visualizationhaf flow fields and structure. While this
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study has limitations due to the lack of vegetatarthe nebkha, the conclusions in the Hesp
(1981) study regarding the relationship betweemlsiadune length and wind velocity are
largely supported in this present study. Howeversd(1981) found that shadow dune length
was determined more by nebkha or plant width rattmem wind velocity (as found in this

study) for a range of small nebkha up to 20cm diame

New findings on the nature of the flow structurearying nebkha morphologies and
incident wind velocities have been revealed. Fameple, the location of the greatest
vorticity in the paired lee vortices moves upwiniihwncreasing nebkha width, the shape of
the marginal high velocity zones (the lateral ‘vaygchange shape from a streamwise
(downwind) extension to a spanwise (acrosswincgresion with an increase in nebkha
diameter, and the vertical flow structure in thadsbw zone behind the nebkha also varies
with nebkha diameter. These factors in combinatiary allow for the higher velocity
perturbations (TKE) behind the smaller nebkha, thiedsuppression of downwind wake

development in the case of the increasingly langdkha.

7.0 Conclusions
The following conclusions may be made:

1. While the CFD modelling conducted here cannot mith&various levels of bleed
flow that occur through plants of varying densitgsthe surface of a nebkha, nebkha
shapes can be reasonably represented.

2. The mean flow is characterised by two symmetricafiposed vortices within a flow
separation wake zone at the high Reynolds nhumbeesiigated and modelled here;

3. The aspect or shape ratio of the nebkha influetieegature of the horizontal and
vertical flow structure as also found by Luo et(2D12). In the present study, the
lowest velocity flow zone in the vertical plane behthe two smallest nebkha
approximates an arch, whereas once the nebkhageadhm wide and above, this
lowest velocity lee zone displays two segments Withupper larger one
characterised by a finger-like form, perhaps duiaéochange in aspect ratio;

4. The horizontal flow structure behind the small@sb (n width) nebkha displays a

flame-like pattern compared to the larger four feblhich display a triangular
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shape. This result differs from that of Luo et(2D012) who found that the horizontal
reverse flow area was wider behind a thin obsténaa behind a thick obstacle;

. Flow recovery occurs more rapidly behind the smalebkha compared to the larger
nebkha;

. The location of the greatest vorticity in the leake region moves upwind with
increasing nebkha width;

. Shadow dune length is most affected by nebkha véattbw wind velocities. Length
increases as nebkha width increases for a 7 Bintislent flow, slightly fora 10 m's
 flow, and is barely affected by nebkha width ateigflows (cf. Hesp, 1981);

. As wind velocity increases, the effect of nebkhenuter or width is rapidly reduced
such that there is only a 25% increase in shadow tength at 10 ni’s 15% at 15 m
st and 13.5% at 20 m'between the 0.5 and 1.5 m diameter nebkhas;

Shadow dune length more strongly varies as aifumaof wind velocity rather than
nebkha diameter. For example, for a 1.0 m diamegbkha (h/D of 0.5), shadow
dune length is 1.3 m long at 20 M .6 m long at 15 m’s 2.9 m long at 10 m’s
and 5.6m long at 7.5 m's

10. Additional field and CFD research examining a raofyjeebkha morphologies with

differing vegetation species and densities (antetbee a variety of bleed flow

conditions) is required to further validate theiselihgs.
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Highlights

Wind flow is modelled via CFD over five ‘nebkha’ e forms

The flow structure within the leeward flow sepavatregion is examined to better understand
shadow dune formation.

Shadow dune length increases for low velocity ianidlow but is affected little by higher
velocity flow.

The location of the greatest vorticity in the péitee vortices moves upwind with increasing
nebkha width.

The shape of the marginal high velocity zones l@keral ‘wings’) changes with an increase
in nebkha diameter.
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