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Abstract— The flanged diffuser is the most used tool for

increasing wind power produced by small wind turbires. The
open angle is one of the principal geometric paraners that

significantly affect the diffuser performances. Reslts obtained
from numerical simulations and experiments show thathe ratio

between the free stream velocity and the wind velig recorded

in the inlet section of the diffuser (u/U) increases linearly with
the open angle. It reaches a maximum and then de@ses before
becoming nearly constant. The optimum angle was fodhto be
10° and 12° respectively for an empty diffuser andor a diffuser

shrouding a small wind turbine. This observed behawdr was

explained by the dynamics of two contrarotating votices
generated directly downstream the flange. Indeed, menever the
open angle become larger than the optimum value, ¢hvortex
located nearer the exit area, partially covers thaliffuser outlet

section. It causes the emergence of a recirculatiartone at the
diffuser inner wall. This phenomenon happens simultaeously
with the wind speed slowing down at the diffuser ilet section.

Keywords— Flanged Diffuser, Wind energy,
Simulation, Fluent, Wind tunnel experiment
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I. INTRODUCTION

To diversify their energy resources, many countiies
steadily moving towards renewable energy includimigd

Fig. 1 Design of the tested diffuser and the sisedle horizontal axis wind
turbine.

The open angle is one of the main parameters thatal
the mechanism of increasing wind velocity at tHetisection
of the diffuser. It has been the subject of sevexglerimental
and numerical works [7, 9-12]. The optimum openlanglue
at which the wind speed reaches a maximum, has been
founded to be around 4° and 6°for an empty diffySet0]
and larger for a DAWT (10° and more) [7, 13, 14helet al.,
(2004) and Toshimitsu et al., (2008), found thatwla wind
turbine is installed inside the diffuser, it resistir flow and
limits the flow separation inside the diffuser {4].

It should be noted that these research have indoklve
relative limited range of open angles. Also lactoimation
regarding the physical process is recorded. Thusplge

energy. However, wide-spread of wind energy teabgwl jnyestigation could complete prior works and explahy and

remains limited owing to the low wind speed thgio the diffuser open angle affects on the windosity
characterizes many parts of the world. The powedpeed by jncrease at the inlet section. The adopted apprisachsed on

a wind turbine is well known to be proportionaltte cubic
power of the wind velocity approaching the rotohisSTmeans

numerical simulations and experimental measurements

that even a small amount of wind velocity increkeseals to a Wind [ Th
large increase of the wind turbine energy outputer&fore, —_—
many research groups have tried to find out newsway —_— -
effectively accelerate the wind velocity at theoroplane. —_
Most of them are about the Diffuser Augmented wind — | b o
Turbines (DAWT) [1-4]. —_—
A diffuser is an empty frustum-shaped structure Ll
characterized by an open angl, (a small diameter inlet - Hﬁ%
section (Da) and a large diameter output sectios).(Dhese -

sections are separated by a distance (L) repregertie
length of the diffuser [5-8] (Fig.1 and Fig.2).

Fig. 2 Geometric characteristics of the testetigér.
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Il. METHODS small-scale wind turbine S807), then the turbinewemo

In order to investigate the effect of the open anmh the coefficient (Cp) and _the coefficient C were fourndibe 0.48
aerodynamic performances of a flanged diffuseraproach and 234.5/m respectively. . o

based on numerical simulations and experimental Otherwise, since the flanged diffuser is axisymingetwo-

measurements was adopted. Two diffuser configuratioere dimensional simulations (2D) were performed on dhby half

studied. The first one is an empty small-scaleud#f model Of the diffuser. The computational domain was carted

and the second one is the same diffuser when assddio a USing GAMBIT. It was meshed into about 11000 quatkial

small-scale wind turbine (DAWT). However, to anaythe Cells using the structured mesh. Cells were graglual
contribution of the diffuser, it was interesting tmnsider condensed toward the diffuser inlet and outletisastwhere

additional configuration of a bare small-scale winbine. air flow dynamics is expected to be more active ).

The studied flanged diffuser has a curved inletisecits ~ At the entrance of the domain (inflow boundary)eefr
length (L), the diameter (Da) of its narrow sectiand its Stréam was initialized at a mean velocn_y of 5 mmgt gives
flange height are fixed. They are 341; 194 and 7th mangnoIds number of 66500 (by refer_n_ng to théudir inlet
respectively. The ratio (L/Da = 1.76) is of the samagnitude section). The other boundary conditions were choasn

as used in previous works [6-8] (Fig.2). follows: atmospheric pressure at the exit sectiontffow
boundary), a symmetry line for the bottom sectiod the top
A. CFD Simulations section and no-slip boundary condition at the wgfllthe

For both cases (empty diffuser and DAWT), seventeéiffuser (Fig.4).
open anglesd ranging from 0° to 35° were tested. The open
angles ranged from 0 to 12° are of the same order o
magnitude as those used in previous works [9, O@her
values (from 14 to 35°) were added to better udeding the
flow behavior for larger open angles.

A porous jump condition method was chosen to siteula
the small-scale horizontal axis wind turbine thaswised in
experiments (Fig. 1). It is advisable to remembsat tthe
porous jump condition method is a one-dimensional -
simplification of the porous medium method [15, .16]was X(m)

used successfully for modeling air flow around wincbines _ , _
[12 17] Fig. 3 Computational domain and meshes

The thin porous medium has a finite thickness ougich a Numerical simulations were carried out using FLUEGIB
pressure drop occurs. This can be deduced frormbication which is a useful computer program for modelingdffiow in
of Darcy's Law and an additional inertial loss t¢ih, 18-21] complex geometry. The physics of air flow around arithin

(equation 1). the diffuser is governed by the incompressible Ra@tokes
(u 1, equations. A first order discretization scheme wssd and a
Ap—(av+C2p\/ )Am 10-6 residual convergence criterion was chosen.
p: The fluid viscosity coefficient (kg.m/s) =
a: The permeability of the medium coefficient (m2) -
C: The pressure jump coefficient (1/m) g 3
v: The velocity normal to the porous face (m/s) 1 E
Am: The thickness of the medium (m) >::
=
However, the use of equation (1), requires to estnthe 050, _ v//x/ oymmety

coefficientsa. and C first. These can be obtained based on the
following hypothesis:

1- Porous media thickness was set to be 2 mm wihah
thought to be a good approximate value for thektréss of The adopted numerical model is the shear stresspoat

5D, 10D,

Fig. 4 Boundary conditions

the tested rotor. (SST) Ko turbulence model. It was developed to effectively
u blend the robust and accurate formulation of the Krodel in
2- The tern‘(—vj is assumed to be zero [16, 12, 22}he near-wall region with the free-stream indep@&céeof the
a K-¢ model in the far field [19, 22]. In particular,ishmodel

consequently, the face permeability of the medigjnshould developed by Menter [19] has shown its capabilitydetect

have a high value. In our casavas set as 1& m? attached and slightly separated flows. Nowadayis, widely
3- When induction factor (a) is set to 0.19 (thaue is used for wind turbine computation.

obtained in a prior experimented work performed tbe
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To insure that computational conditions do not iigantly
affect simulations results, ke grid systems and thr
Reynolds number values were tested. Differencesdmat the
obtained maximum velocities (at the inlet sectioh tle
diffuser) have not exceeded 2% [17]. In consequetiig is
reassuring about the quality of the results obd by the
numerical model.

B. Wind Tunnel experiments

Experiments were performed in the wind tunnel of
Research and Technologies CenterEwfergy Borj Cedria
(Tunisia). It is a closetbop wind tunnel with a total length
14.6 m and a width of 4.8 m. Thest sectio has 800 mm
width, 1000 mm depth and000 mm lengtl The wind
velocity insidethe wind tunnel can vary from 0 to about
m/s. The free stream velocityas measured \ a Pitot tube
positioned at 10xP upstream of the diffuser, While
measurements of wind velocitgt several points along tl
diffusers centerlinewere carried out with a second Pitot tu
The accuracy of this device is about 1%. The ampterature
variations were considered negligible for the cuoirtests

I1l. RESULTS ANDDISCUSSON

A. Flow description

For the empty diffuser as for the DAWT, two vorscare
generated behind the flange producing a-pressure region.
This allows air flow to accelerate inside the narrnlet
section where the maximum of wind velocity (u) weasord«
[23] (Fig.5). This result is expected since it waso founc
hardly in all previous studies including simulatoand winc
tunnel experiments [7, 8, 10].

s L iy L
-1 2] 1 2 3 4
x/Da

(a):Empty diffuser

(b): Association diffuseporous medi

Fig. 5 Velocity contours obtained from numerical simulato(a). Empt
diffuser, (b). Association diffusgrerous medi

Figure 6 represents for the thressted configurations, tt
velocity ratio u/U, versus a dimensionless length . The

ratio u/U, was considered for the same wind conditions,
point located at the rotor diglenteline.

As shown by this figure, the ratio (L) reaches values of
1.75 and 1.45 respectively for an empty diffuset arbDAWT.
Roughly similar experimental results were obtai(&®@3 for
the empty diffuser and 1.40 for the DAWT). We urider
that the ratio u/|J is greater in the case of the empty diffu
than that otthe DAWT in both simulations and experimer
The drop in the ratio u/l) while passing from an emp
diffuser to a DAWT is calculated equal to 19%. T
obviously dues to the resistance effect of the p®rdisc.
From figure 6, wind velocity at the rotdisk is ranged as
follows: U/UooPourousDisc< u/UooDAWT < U/u:oEmptyDiffuser

2
uw/U,

XD,

0,4 L

-2 -1 0 1 2 3 4 5 6
~=Empty diffuser =Only turbine ~Diffuser with turbine

Fig. 6 u/U,, vs.x/D, simulations resultHE12°)

B. Open Angle Effect

By plotting the wind velocity ratio (ul/,,) against the open
angle ¢) for the empty diffuser and the DAWT, we can
that curves have similar shape (Fic

In both cases, wind velocity ratio (L) increases as the
opening angle increases. It attains a peak themease:
before becoming nearly constant. The ratio ,) reaches a
maximum value of 1.76 whetr10° (for the empty diffuse!
and 1.45 whe=12° (for the DAWT). Thu$=10° andd=12°
could be suggested as an optimum angles for thetye
diffuser and DAWT respectively [24]. It should beted tha
u/U,, has decreasduay 14% for the empty diffuser and only
3% for the DAWT.

2w,

08

- Empty diffuser, Simulations - - DAWT, Simulations A Empty diffuser, Experimental measurements

Fig. 7 Velocity ratiau/U,, versus open angle.

To better understand this behavior, we have plo#ed
analyzedthe stream lines corresponding to the area loc
directly downstream the flange for different openglas
surrounding the optimal one (Fig.!

Obtained figure clearlghow ttat just beyond the optimal
angle, a recirculation zonemerges at the diffus inner wall
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adjacent to the exit area. That corresponds ta#techment
of the boundary layer.

Open angle:8° Open angle:12° Open angle:18°

Fig. 9 Distances and centers characterizing \estttownstream the flange

1% vortex_dynamic
By plotting the first vortex coordinatesqyvs. x;) for the
Fig. 8 Stream lines downstream of the empty diffédseopen angles entire tested open angleB),(we realize that the obtained
including the optimal one curves have the same shape for both the emptyseiffand
Above the optimal angle values, boundary layer sjpm the DAWT (Fig.10). In all cases the™ vortex center is
has been grown quickly (Fig.8). For larger anglésis located above the flange level.
phenomenon has caused a notable disturbance airtfew,
and as mentioned above, it has induced a signifidacrease
of the wind velocity ratio (u/l)) (Fig.7). Nevertheless, when a
wind turbine is installed in the diffuser (DAWT)he
beginning of the boundary layer separation is ratless
severe. That is why the decrease of the wind vgigaiio is
less significant and therefore, the optimal opeglarof a
DAWT is relatively larger than that of an empty fdger ) Xmm)
(Fig.7).

o Empty diffuser e DAWT

Open angle:10° Open angle:14° Open angle:22°

C. Open angles and dynamics of contra-rotating vogice
As mentioned in section Ill.1, streamlines indudsdthe
air flowing around the diffuser show two contraatitig  For the open angles included in the interval60<<6, this
vortices directly beyond the diffuser flange (F8). The exact Vortex tends to move toward the flange plane oveshart
location of theses vortices changes with the opeyieavalue. distances. While whefi becomes greater than 6°, it moves
This dynamic can be characterized based on: away for a relatively longer distance following ascending
«  The (x, y) center coordinates of the vortex 1 an@ straight path. With respect to the flow directidinis s_tra|ght
(Xe1, Yer) andCs (Xea Vo) respectively. path has an average angle of about 36° (emptysaiffjuand
«  The distance between the two ceni@is 55° (DAWT). Analyze of data also show that th& vbrtex

. : - generated by the DAWT moves twice as fast as the on
Ltit:észn;z tigteerlségﬁ)rr? nt():eethc;?ifh e(xf?;;’]ggctr;%d induced by the empty diffuser. This observatiorreionly to
exit area of the diffuser (Fig. 9). We note that b e vortex motion along X-axis for open angles m_h@om 6°
conception, the x coordinate of this point is canst 0 16°. For other cases, this speed is constagi(E}.

while the y coordinate varies according to the udiffr
open angle.

750 500
X campty diffuser (M)

700
450 .

b d
650
& : 400 = 0.9748x
4 y=1,0978x- 156,68 v =09748x
R= 0,963

600 R==0,9986 /

Fig. 10 The T vortex center Coordinates

Y empry diffuser (M)

-
F 2 350
550 %
T - 0

~ 300

500 = -
y=0.4814x+239,58
nd R*=10.9929 -
450 250
X, (mm)
DAWT Y pawr(mm

400 200 Dayrmm)
400 500 600 700 800 900 200 250 300 350 400 450 500

(a)Along x-axis (b)Along y-axis

Fig. 11 The 1 vortex displacement speed

2"vortex dynamic
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The center coordinates of th& gortex for the whole teste
open angles6] are represented in Figure 12. The obta
curves have similar shape for both configuratiomspty
diffuser and DAWT and are characterized by two segfs

OEmpry Diffuser soawT
(a) :Oﬁfeoptima

Vimm)
L P ]
° ) e

L

Xfemm)

a3

£
g

Empry Diffuser ®onwT

(b):e>eoptima
Fig. 12 The two segment of*¥ortex center coordinat

At first sight, the 2 vortex dynamics along the-axis is

fairly limited. However, its effect on the diffus
performances is a determining factor.

e X empty diffuser (M) /'//ﬂ

480 /

A

b4
WP

7T
/ y=1,2378x- 103,79
R?=0,9949

460

-
440 o~

KXpawr(mm)

10 420 130 440 450 460 470 480 490

(a): Along x-axis

Y empry diffuser (1N

Y, (mm)
AW
160 DAWT

100 110 120 130 140 150 160 170 180 190

(b): Along y-axis
Fig. 13 The Pvortex displacement speed<0<0ptima)

The first segment is straight line which decreases with 1
open anglef). It concerns angles less than the optimal a
(Fig.12.a). For this range of angles, the motionttw ™
vortex toward the flange plane is very similar (ofitatively
and qualitatively) to that of the"vortex. Nevertheless, alol
the flow direction, the ¥ vortex generated by the em;p
diffuser approaches the flange a little faster thila one

generated by the DAWT (Fig.13.a). In other wordse

presence of the turbine causes t™ vortex motion along x-
axis to slow down. However, the speed remains taoh
along the y-axis (Fig.13.b).

The second segment (Fig.12.b) is roughly horizoatad
located at y =188. It starts when the opening abgleome:
greater than the optimal one.r these angles, thé"2vortex
moves away and become farther from the flange ager
angle increases (Fig.12.b).

» The first zone Zone 1) corresponds to angles ranged fr
0 to 10° (the empty diffuser) and from 0 to 12° (\BA).
It corresponds to thersight horizontal line of the curv
In this case, the"2vortex is substantially stationary alo
the y-axis and the diffuser reaches its better performs
when6 tends towards its optimum val

» The second zon&6ne 2) concerns angles from 10° to °
(the empty diffuser) and from 12° to 15° (DAWT), evk
the 2¥ vortex starts to move downward. When its lo
part begins to partially cover the diffuser outiettion, the
air flow becomes disturbed and a recirculation z
emerges at the diffuser irr wall adjacent to the outlet
section. That corresponds to the boundary layesirstipn
(Fig.8). This phenomenon happens simultaneousiyn
the wind speed slowing down at the diffuser inketton
(Fig.7). At 14° (Empty diffuser) and 15° (DAWT),, is
located exactly in horizontal plane passing throthé
reference point ().

» The third zone4one 3) concerns open angles greater t
14° (Empty diffuser) and 15° (DAWT). For these &gy
C, is located downright below the reference poiny).
Whenever the distance betwee, and Gy increases, the
portion of the diffuser outlet section covered hg tortex
become larger, and depending on the diffi
configuration (Empty or including a wind turbinetfe
effect of swirl on the air flow more or less intense.

Zone 1
20 B & @ 8y ] eo’/,
3 x @ e(°)
0 X
= 5 10 155 20 2 30 35 40
g 20 X
= o
8 w0 3
g x %,
Z 60 S
= x
o]
-80
8
-100
8
120 8
i o Empty diffuser X DAWT 5

-160

Fig. 14 The distance between&hd C.s along y-axis vs. the open angle

The distance between the two vortices centers

By plotting the distance D1 betweel; and G vs. the open
angle @) (Fig.15), we found that for low values ©f0 to 6°),
D1 increases slightly and vortices remain closeach other
Beyond6=6°, both vortices move away from eacher as the
open angle increases.
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