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1. Imtrodisction

h:ppmion:d'ﬂuunhmclmwm“lﬁd:ﬂ;. 1), where annual precipitation is meagre.
Mmmmmam.unmmmmmmmmmm
.mwmm[mihznIrﬁlﬂ.ﬂmdﬂﬂnmﬂalhﬁnﬁy@mh
Sawdi Arahin, receive less than 10 em of rain annually, and this rain comes in bricl torrents tha
quickly run off the ground surface. Intense sunlight and beat are present in all arid ares. Air
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Fig. 1. Distribution of arid reses o carth [1]

Trequently in most deserts. The “Seistan” desert wind in Iran and Afghanistan blows constanily
for wp to 120 days a year.

El.ld].'orﬁlltliuﬂﬁmHl:nﬁmlulrmmmdwilhmﬂwmwl"ﬂu"ﬁamh[in
ferm, As some areas may contain sand dunes that are over 300 m high and 16-24 km long.
Trlliﬂbilﬁ.rii—d]minﬂild:pmdmlhﬁrﬂn:hiwbcwlrdﬂupenlih:dumudlh
munoflhum,ﬁhumm.mh:ﬂuhrnmmdmnm.miremym-_-,-ﬁm
mnthmhm!mhiﬂuMﬂmhlmﬁdmnimmmemﬂm&humlh
Empty Quarter of the Arabian Desert, areas of California and Mew Mexico and the Kalakari in
South Africa.

In ihe inlrimo!duu'h,hohﬂ\uuwrrﬁhmbtmmdl:ndmptﬁynfrmnn
exactitude of repetition and a geometric order, In plmwnmmuhﬁumd’und.wﬁﬂil]
millions of tons, move inexorably in regular formation over the surliace of the counlry, growing,
and retnining their shape. Elsewhere, lheduﬁmﬂthuaumberpulml'ndminmld
ramges, peak following peak in regular successson over & landscape so flan that their formation
cannot be influenced by any local geographical features. Or again, there are smaller forms con-
sisting of rows of coarse grained ridges even more regular than the dimes [2],

It is believed that hundreds of millions of fons of sand are being displaced annually by the
action of sandsiorms. One can imagine the massive amount of energy behind these movements
m-ﬂwummmmﬁqumummmwmmwk-m‘
mlht,h:uiumunpundmm.hmHl:lnmmudnnmﬁnnhhﬁp.pn
i& to discuss some properties of sandstorms and 10 propase means of extracting part of this
ah-wind'mwbin;nrmwwﬁ:mdnm.

L Sand

IV an object of amy size, shape or material s allowed 10 fall from rest throwgh any Auid, whether
air, water or oil. its velocity will increase, at first with the acceleration of gravity but thereafier at a
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decreasing acceleration (ll it reaches 5 constant value known a3 the terminal velocity of fall, The
reason is that the net force on the object is the resultant of the pull of gravity acting downwards
amd the resisting force of the fluid acting always in a direction epposite to that of the motion. As
the vebocity of the motion increases, so does the resistance agasnst that motion, Gill eventually the
wa are equal. Mo net force any longer acts on the object which, therefore, moves at a constant
spend

The downward force of gravity depends on the voedume of the ohject and its density. The re-
sisting foree depends on the frontal area exposed 1o the Auid, on the shape of the object and on its
speed through the Auid. Hence, simce natural solid particles are of irmegular and haphazard shape,
the particles or grains will not have the same rate of fall

Small particles in air, those constituting thin smokes and hazes, do not fall a1 all due 1o the
mmimnfli.ﬂnﬂwmhrhnd.ﬂudndtyn{mm'ummmam The short period of
minimnl‘mud,enlhmmnkdulnmehmldwafmm.hmm
mmoﬁﬁn:ﬁwﬁh&hddimkm;dmmhmnd,MUmdammm

pomnents of the eddy velocity have been found 1o be les than the compoments in oiher di-
tections, Although the ratio of the upward velocily to ihe mean velosity of the wind is very

the wind, some of these particls may be carried upwards and may femain for & time in partial
suspension, Om the other hand, larger particles with greater lerminal velocities will remain on or
near the ground.

MNow, it can be shown that when sand is being driven by the wind, the grains rarely rise higher
than | m above the grownd [2] and that the average height is less than | m. Also, it can be shown
that the wind velocily, a5 measured ai this heighs, which is just strong encugh 1o set the Eraing on
the ground in motion, s in the neighbarhood of 5 mfs, Taking as a rough estimate the walue af
Sx02 =1 mis as the maximem upward velocity of the eddy currents in this wind, i can be
shawn that sand graing having this velocity of fall have a diameter of abaour 0.2 mem.

When erodible particles are present on a bare sol surface, soil movement begins when the wind
welocity at 30 cm above the surface exconds 20 kmv'h [1] (3.6 mds). The wind velocity nearly atisins
its free flow velocity at a beight of | m above the sarface, Drust particles smaller than 802 men are

ighly resistant 1o movement by wind until they are disturhed by a sabtation process,

When samples of matwral sand are analyzed by sifting, it is found that, in peneral, graing of one
diameter predominate and that the weights of sand of dismeters hoth larger and smaller full off
rapidly s the diameter departs from the peak value. In the finest wind blown sands, the pre-
dominant diameter i pever less than 0.08 mm. Usyal values, depending on the locality, e be-
fween 0.3 and .05 mm. We can, thus, define the kvaer limit of size of sand grains, without
refirence 1o their shape or material, as that a1 which the terminal velocity ol fall becomes bess thany
the upward velocity of eddy currents. Partiches of smaller stz tened 1o be carried wp into the air and
1o be seattered as dusi. The upper limit of sand sz is that at which a grain resting on the surfsce
ceases bo be movable cither by the diroct pressure of the wind or by the impact of other moving
Erains,

Any substance comsisting of solid non-cohesive particles. which lie within these Emits of size,
miay be classified as sand”. Such substances all possess one peculiar characteristic: alone of all
artificial or nataral salids, they have the power of self-nccumulation by utilizing the energy of the
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wind to colkect thewr scatiered components together il definiie heaps, leaving the intervening
country free of grains. They can do this in open bocations, unsheltered by windbreaks other than
those of their own making, and the heaps, or dunes, can relain thear identily and can move abot
Irom place o place

In air, for the normal wind speeds prevailing on the carth's suriice, ihe critical dmeter of sand
is about 0.2 mm; and grains of this size are found 1o predominate in the finest sand that collects at
ihe tops of dunes [2],

s.mmmmumm

A popular misconceplion exisis regarding sandstorms due 1o a Failure o distinguish sand (rom
dust. When, in any arid country, after o spell of calm weather, & strong wind beging 1o blow from
& mew direction, the air hecomes charged with a mist of small particles. Where the surface is al-
huvaal, with litle or no sand on it sch as in Iragq or the coumtry arcund Khartoumn, the dist rises
in densz clowds 1o a height of several thousand feet, and the sun is obscured for a long period (see
Fig. 1) [4]. This is obviously & dust storm, though it is often wrongly designasted [5.6] by the
passibly mone thrilling and clean term “sandstorm™

O the other hand, in an erosion desert, the only free dust consists of those fine rock particles
which have been loosened by weathering since the last wind blew and hawe, therefore, mot baen
carmied away. In such country, the wind produces, for the first howr or o, & mist consisting of
bath dust and sand, Later, although the wind velocity is mo less, the mist disappesrs. But the sand
still comtinues 1o deive across ihe country as a thick low fying chowud with a clearly marked upper
surface. The air above the sand clond beeames clear, the sun shines again, and peoples’ heads and
shoulders can ofien be soen projecting above the cloud [2} Where ihe ground is composed of
coarse grains, pebbles of kirge siones, the top ol the clowd may be 2 m above the ground, bat it is
wstally less. Whene the surface consists of fine sand, such as thas of & dune, the hetght of the sand
cloud s noticeably lower ™9

The baulk of the sand movement takes place considerably nearer the ground than the visible top

of the cloud. Evidence of this i given by the effecis of the sand blast on posts and rocks progecting @
50

from ibe ground. The erosion is greatest a1 ground level, and it is innpprociabile o1 5 heighe of 4
cm [10-12),

Fig- L Frontal cloud of dus siomss
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1'|ul-ﬂ|liﬂhdBwimu-uufuhlﬁﬂn{imﬂﬂmbﬂsﬂh:rlimhwﬂmmq‘ {which
consists of sliding or rofling along the surface, withowt jumping) and & small remainder g which
may be carried in suspension. Measurements, both in the wined tunnel and the open, indicate that
the surface creep g is approximately equal to a quartes of the whole sand flow ¢ [13-15]. The
effiect of true sugpension can be neglected, except perhapa in the case of a very dusty sand, since iis
contribution Lo total sand flow appears 1o be very small indesd [16-18]. It may be shown [2] that
1l:=nudﬂuwqmﬁuhmhufﬁtmu{mmwxmmdahwﬂwmuut
threshold velocity an which the smand begins 1o move. Fig. 3 [2] llusirates how the fow rate of sand
carried by the wind varies with wind speed. Accordingly, when the wind speed drops, the sand
cloud disappears with it, indicating that this is a true sand storm. Within Saudi Arabia, winds
average 3-5 mis and can reach over 30 mfs.

Thus, of the total sand in motion in the gir, about three quariers moves In salintion and a
mhmmmmmmuarmmkﬁrmmﬂmwm
nthmtmmumﬂmhyﬂuimpm ﬂ'ﬂ:&mﬂiq:ﬂqﬁmrﬂmm being

direct action of the wind [19],
mwmmmmmmmhmhMmﬁonﬁ&m

from splashing 1o bouncing, a given wind can drive sand over a kard immobile sarface at a

mmpmummummwmmm“ﬁu.mmm is of preat
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importance and explains the fusdsmental property possessed by wind blown sand of nccumus
lating on areas already sand covered in preference 1o the surrounding country. From the above, it
appears that a flat sand surface must be unstable because af the kol sand removing action of
saltation. This differentinl effect of the sabation is due o its semsitivity to changes in the angle of
incidemce between il and the surfce,

4. Accumulation

Accumulation of sand can convenently be classified as follows, according Lo the special con-
diticns which appear 1o give rise ta them: {8} Depasits caused by fixed obstructions in the path of
mmmm.mwwmmkmmmm shadows and sand drifts
are dependent for their continwed nhmmﬂnmnru:nburkadmwmﬂtm
rmit.:HTmmlu.ﬂiuﬂdummrhﬂnﬂnumumhiﬂﬂ'mﬂ which rises 1o &
singhe summit. Dunes may exist alose or attached to one another in colonies or dune chains.
Unlike Mmln&dﬁlﬁ.dmannﬁtin&pﬂdﬁ]ﬂyﬁujfmmfﬂwﬁudhh
fact, reach their most perfect development on flat featureless country. Alhough capable of
mevement from place 1o place, they are able o retain their own characteristic shape [20,21] A
special feature of all dunes, which have attained a certain stage of development, is the slip fice,
where the slope of the dune surface reaches the Hmﬂﬂﬂmmimmdbflltm of shear of
the deposited material, Dunes assume two fundamental shapes (i) the crescent duane and (i) the
seil dume,

4.1 Band shadvws beting obsracies

The material i deposited 1o Form a sand shadow when the wind velocity is locally checked by
an abstacle in its path. Tt will be enough 1o take one simple exanple. a single sharp comered
ohstachke such is n wood packing case standing by itself on a flat open sand sheet. Since we are pow
dealing with air streams which are deflectad from the straight path, it must be borne in mind that
the direction of travel of the air and of the sand grains will not mecessarily coincide. The sand
grains are not readily deflected by sudden changes in the direction of the ar stream and, therefore,
tend to pass straight on. For this reason, it will be well to consider srparaiely the low of air and of
sand round the chetacle.

The air bath in front of and behind the obstack: is divided mio twe pans by o somewhat ill-
defined wﬂmdmmmirwmlmxmmpthhmhmm:mlh in Fig.
4a [2] by dotied lines. Outside this surface, the air stneam Bows smoothly by, but the volume
within the wind shadow of the obsiscle is flled with swirls and vartices of air whase average
farward velocity is bess than that of the air stream oulside, As we go down wind from the obstacle,
the forward vedocity of the air inside the shadow gradually increases, and the shadow Fades away
to merge cvenually with the general Aow of the wind [23].

The sand grains which sirike the obstacle rebound off it and come 1o rest in the relatively
stagnant air in front (Fig. 4. When the resulting beap has grown so that s slopes stand at the
limiting angle of repose (about 34°), all additional magerisl slides dowi the slopes 1o jain the sand
stream passing ulomg the sile of the obstacle, The grains of this stream, as can be seen from Fig. 4a,
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. Fig. 4, Formation of ssnd skadows (1)

pass siraight through the surface of discontinuity into the zone of lesser forward wind velogity
mside. Here, they, therefore, tend to settle, Successive stages in the growth of the shadow are
irl:dmd'l'lFmib—d.Thlwnﬁm;ﬂdmdlr:uhmbH:niriol'lh'uilhhthudnd
shadow carry the grains towards the middle,

The above refers Lo an ideal wind which is truly constant in direction. Usually, the shape af the
mnmmmmmmik:tm:mninm_u. Here, the wind is supposed io
swing between two limiting directions which are indicaied by the armows, The sand shadow is
confined 1o Ilnmnﬁ:upidhythmluphammhlwﬁmhh'ﬂum

hdmuidh:nmuirhluu-ﬁﬁmmndalmmy:nwpuumuzmﬂmu
ifriction angle), the beight of the sand shadow is always limited by the size of the ground plan of
the wind shadaw i which it is fofmed, Any sand which slips down the sides and protrudes bevond
lb:h-blndu-_'rnnhclinduhdnwinwrymmemawarbyumﬂrmw‘ndnm.mm
of deposit s, therefore, very semsitive 10 the shape of the bottom of the obstacle, A rownd Boibder,

.owatl:nnhhmullihthaﬂm;cmnd’nkcanbluw.willullnwmel‘nmmimuﬂhlhmm
sund shadow,

4.2, Sand drifis between ohstacles

A sand shadow is, 45 its name implies. an accumualation formed in the shelier of, and imme-
diately behind, an obstacle. A drift, on the other hand, is formed im the lee of & gap between two
obstacks and is due to ‘funneling’, the concentration of the sand siream on the windward side
from & broad front 1o & narrower one. Fig. 5 [2] represents two sections of 5 low wall with a gap
besween them. The wind as it Bows initially is skeiched in Fig. $a. It goes over the 1op of the walls
a8 well a3 through the gap, but the oncoming sand is unahble fo rise over the walls (whose ex-
tremities alwiys remain unburied owing 1o their vertical endsh. Hence, the wand, which arvives
over a wide frontage, drifts sideways and s concentrated 10 pass through the gap. The sand flow
through the gap must, therefore, exosed in indensiiy the equilibrium Bow in the apen
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Fig. !n.-h_‘ld.rﬂ'liwmdlﬂhﬁ.-pﬂ].

Tbewiudﬂtmpﬂ:ppi-ﬂmmmw. but & short distance down wind iis velocity begins 1o
slacken ns ihe air stream merges with the general flow, So, i is inevitable that the surplus sand
mhdmppﬂﬁmmuinmwrum.mdmh.mwlym; is sketched in Fig.
b At a later stige, the deposit has risen 1o such a height as to become, of itself, an additional
obstacle round which the wind is again dellected. Further oncoming sand, being deflected 1o
lesser degres, tends 1o pass straight on and is deposited on the drifl in the comparative shelter ol
its lee side. The limil of growth is reached when the frontage of the drift, off which sand can
mawatﬂnqtﬂwrhmrm.bmmquuwmrruaunu{mup wind collecting area,

5, Emergy extraction

lu:mnm‘lbehﬂlhlaﬁummisﬁlﬁ'mll'mml,:llthmwilhmprdlnthunmmol'
available energy and the distribwtion of the emergy density, an effort is being made here 1o
highlight mmnnrwﬁmmunmnamumwmﬁmummm
m-mwmwn mass density,

Ammh-rumurmmlpnnlym.mnuum:ynrlh:m-&qmmmu
hl;ldmmhnnhluf&.Nuﬂrw-mdmuparthmlmdmmﬂmmmam:ﬂn
surface,

As it was stated ﬂn'm-,-mmu:ptniuumptmlmnhunﬂum soil mave-
meml beging when the wind velocity at 30 cm above the surface excesds 20 ke/h [1]. This signals
lhbq;i.wh;m‘ldmwundﬂnmdcp-endhgon:haﬁmofp-ﬂkbmmind.ﬂnm:nﬂm
hnuuliumndwmﬂynluhiu&mﬂmwbd:fnubﬁgmnrlmlhmtlh:!url‘iu.
Thes indlicates that the full energy of the wind is available fior retrieval during o sandstorm al
heights of a meter ar more from the surfce. It is fusther clear from the above discussion that the
wind above the sand clowsd i clear and clens,
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With the ndvent of satellite technalogy, it has become o routise activity 1o observe winds and
their propertics [23] and to report related findings in the open literiture. The ercsion caused by
wird farces, on the other hand, bas been a subject of considerable research inleres [24,25]. Sull
other rescarchers have studied the effect of wind erosion as relnted 10 sand blasting [26] and sand
cutfing [27,28]. The Imternet is fooded with advertisements comcernmg the sale of wind eroded
abjects.

51, Wind ewergy

As a source of encrgy, the possibility af harnessing wind energy, including the energy possessed
by sandstorms, is of prime imponance for small desert and rural communities located far from
ulility eleciric power networks. h:ml,ummmuniliumdnmdjudmmar anemal
and human labor to pump underground or surface water for irrigntion, watering cattle and other
|pmmﬂmnhdmmmamnndinwdlhmmmiﬁumuwnhm¢

@ energy for domestic applications and for small indusiries,

Oz of the prime conditions for wilizing wind energy is knowledge of the propertics of wind in
hmwm.mmmhﬁdwm:m:ﬂuwuﬁmw:
1o years are very important for the desighing, testing and operation of wind energy conversion
m.muﬂmgmwmmmmmauﬂmmm“
suited 1o these time scales should receive careful attention. The influence of the topography on the
energy oulpul from a windmill is so great that the selection of the site for its installation is s
matier on which the econamy of the while project may depend,

Most of the imformation on wind speeds and directions exists in the records of mational me-
teorclogical services. Also, oil companies have in their records the surface wind data for the
QAPEC countries. Wind data obiained by both sources have fiot been hased on wind power
requirements. They are related 1o the peneral wind regime for the sites surrounding the ohser-
vation station and not to particular windy sites. For cxample, recorded data in Saudi Arabian
sites are collected al the airport of that site where the wind energy density is nol necessarily
maximum. Mevertheless, they are reliable long-terms records and are used in estimating the wind
emergy potential in some sebected countries,

€ According to one source [29], datn collecied From 67 stations in nine different coumtries were, in
the majority of cases, in the form of tabulations for anmusl and moathly sirface wind speeds,
directions and percentage frequency over periods ranging from one year up 10 10 vears. Some of
Ih:n.-ﬂulioumaﬁdwm.ulhmmhmuulmlndmoﬁhnnminhnd.mﬂnd
mﬂmﬂmlmmhmwmm:mpmmhepmnﬁuln]iudm
Tabke 1. The effective wind speed, v I8 computed for each site from the available wind data. The
effective wind speed i defined us the speed with which wind blows 8760 h in a year and produces
the same amount of energy per unit swept aren which is produced by the actual wind in the site
under consideration. The effective speed i computed s

K=oy riant

where 6 is the percentage of the total time for which the wind blows at a speed F. In the com-
putation, ¥is taken always greater than the cut-in speed, which ranges between 3.5 and 5 més. The
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Table |

Amﬂrﬂmw.mﬂmrﬂl
Cioumtry Site Efornive wind gpeed {méi) Available wind power (WimT)
Bahrain Muhasrag &12 141
Epyp Alevandria S i
K it Al Al B850 I
Lebanin Beban a9 TS
Melborooos Tanger Ed L
Cuitar Dhoha LT a1
Savd Arabia Dhahran L] 17
Tuniua T L3 s
UAE Sharejah 5.3 "

term effective speed is much mare Mhliwwhmﬁﬁﬁunﬂmmlbnﬂmm
nmmspud.mmﬁqu-mhwamlhumuldb-ammmdl‘imwiudsoﬁr:nm
average speed are not necessarily equal,

m-mmwm power densily :iiﬂknlnhdu!-l].ﬁﬂl;’. The annual
average pawer that cam be effectively collocied per square meber of swepl area is caloubated as
£ = 02580 Ww.ﬁhlmmiﬁmm;ummamufwhdwww&hh
thearetically recoverable is anly 0,59 of the total wind power, and that the windmill elficiency is
nromd?ﬂ!i.i::.lpuurmdﬁﬁmld’ﬂdzhmm,mnulthdnﬁmd peed and the
.mmmm:ummmqmmmum-m are also given in Table 1,

Tunisia.

With 1979 fused prices and equipment cosis, il was found in the same sudy that wind technalagy
15 maove economical than traditionsl technologies for small scale electric or mechanical Power
generation m remodely located arcas with favorable wind characteristics. With the progress in
development of wind driven water desalination plants, it was concluded that wind technalogses
could find significant markets in arid regicons.

A variety of wind turbines appropriate for installation in rural areas or desert communities is
[: ly available. Wind turbis can be classified, in general, into horizontal axis and vertical
axis types. The horizontal axis wind turbines hiave been known for a long time, There is evidence
lhltlhemci:utEﬂmmm“mlyumxmmwummiﬁ“:mmd
grain grinding. This type of wind turbine may serve both high and low vorque loads. The basic
disadvantage of these machines is that the rotor avis must be kept parallel 1o the wind direction,
mmuwmummmmrm.wmwummu
powered by wind coming from any direction, Moreover, generating equipment can be coupled 1o
the drive shafi at ground level, thus reducing tower structiral costs, Vertical axis Iypes of wind
turbines, however, are capable of powering relatively low torque boads, sand some disilgns require
supplemnental starting. Within both the horzontal and the vertical axis types of windmills, it is
possible 1o find windmills with mechanical power cwlpul and wind generstors with electrical
Pawer ouipuL.
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creasing diameters [30],

Since wind speed is not constant, wind energy i comsidered an intermittent source of emergy.
Uﬁlﬁilhd‘&hinumm:umg rhnmbmmprm':.aody i’mmdw
storage is possible. Wind energy conversion Sysiems aperating independenily may nequire up io
mﬁpnrwmww:rwu on the wind regime where these units are in-
lalled, Thas is cspecially true for applications that fall within the constraints of desert and rural
commimnities. When wind energy conversion ystems are wsed mainly for waler pumping, the
encTgy can be stored in the Fonnﬂpmcmilluunbrpmpina WHIEF 10 @ reservoir at @ high
level and allowing it 1o Bow down 1o & lowet reservoir for direct utilization when reguired. This
systcm will be efficient if & natural basin of appropriate size is found near the warer FESOUICE Lo ac
& o higher level reservodr. The well known conventional bead acid huttery is still the most ap-
propriate electrical energy storage devioe that is available, pecially for low d I communi-
ties,

.ﬁl;‘uﬂ-lh_—h

Consider next ihe moving sand in a sandstorm, It would be of inberess 12 gstimate the amount
nj‘an.ih.blrm:fn- per unit area. Table 2 has heen sugpested [32] For helping predict the amaumnl
of available energy for different sandstorm speeds and densities. Wing speed in a mindstorm i
varied in this table from 1 to 30 mds, Considering the regular clear pir visibility distance 1o be 10

It can be dedisced from Tahle 2 that sandstorms can possess inipressive amounts of emergy. [1
needs Lo be pointed oul, however, that 1be kst column in Table 2 seems 1o represent eslimates of
upper bound values for the availahle energy. Referring 10 Table 2, one is led 1o believe that the
energy of a sandstorm blowing at a speed of only 4 m's and featuring a vasibility of 200 m i nearly
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equivakent 1o that possessed by clear wind blowing a1 a speed of 135 mis. Assume now thai a
sublable extraction system is available for harvesting energy in maving sand a1 low height (less
than 1 m from the ground surfsce) and assume again that this system has a 3% efficiency (a 30
power coefficicnt]. For & sandstorm blowing o1 10 mes, then Lhe available energy per unil area
comes aut to be an unlikely 6 k'W for sandy air with a ™% suspemsion, There seems 10 be a nosd
o verify the predictions of Table 2.

.\'ilbi.itynflhm.
On the other hand, it must be remembered that it is the very presence of winds thal siaris
mmmmmnmmpmmwmw. Muw-w,nim_.sprueund

b0 perform well in regions thai experience frequent sandstorms, althisugh mainienance and erg-
sion problems can be expected, since the machines may be chrouded by dust clouds at times, For
proper utilization of energy from sandstorms, wind speeds, durations and directions must be
measared at patential sites of inferest and ag various aliudes throughowi the veur,
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