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Abstract The present study shows a development and analysis of 2-D axisymmetric CFD model of
flanged diffuser that was used as a casing for developed small wind turbines to increase the gener-
ated power. The 2-D CFD diffuser model grids are developed by GAMBIT, while the flow field
analysis has been carried out using commercial software FLUENT. This study focuses on the effect

CFD of flange’s angles as a varied parameter on velocity at diffuser entrance. All models have the same
dimensions in diffuser length, entrance diameter, exit diameter and flange height but differ in flange
angle. Flange angles of these tested models vary from —25° to +25°, where flange angles were mea-

sured to vertical axis.

Present model verification indicates a good agreement between present numerical work and pre-
vious published experimental work. The numerical simulation shows the created vortices behind
flange that cause pressure drop which increases mass flow rate through the diffuser. The results indi-
cate also that the right flange angle at 15° is the optimum angle that accelerates flow at diffuser
entrance. The increase of velocity at this optimum flange angles is higher than the case of normal
angle, where the expected increase in the generated power by wind turbine can reach 5% more com-

pared with normal flange.

© 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Combustion of huge quantities of fossil fuels worldwide for
power production causes a numerous environmental problems
such as acid rain, smog, and climate change due to fossil fuel
combustion’s emissions.
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In recent years, there are global efforts to reduce the world-
wide dependence on fossil fuels. So the global awareness has
led to a reawakening of interest in renewable energy technol-
ogy as cleaner power generation methods.

The wind energy is one of the most potential sources of
renewable energy. So, there is an increase of manufacturing
rate of wind generator turbines with different sizes. One of
the differences between large and small scale wind turbines is
that small scale wind turbines are generally located where
the power is required, often within a built environment, rather
than where the wind is most favorable. To yield a reasonable
power output from a small scale, the turbines have to improve
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Nomenclature
A swept area (m?) L length of diffuser (m)
D, diameter of diffuser’s inlet (m) U, free stream wind speed (m/s)
D, diameter of diffuser’s inlet (m) U mean wind speed through diffuser (m/s)
H height of diffuser’s flange (m) e flange’s angle (°)

their energy capture, particularly at low wind speeds and be
responsive to changes in wind direction.

2. Literature review

It is known that generated power by wind turbines is propor-
tional to the cubic power of the incident wind speed; any small
increase in the incident wind causes a large increase in the
energy output. Therefore, researchers try to increase wind
speed locally at wind turbine blades by different techniques.
Shrouded or ducted wind turbine is one of important used
techniques to improve power captured.

Lilley and Railbird [1] performed a theoretical study to
obtain the gain of generated power output from a fully ducted
land type wind turbine that was 65 % of the maximum power
output of the ideal bare wind turbine. Igrae [2] used a blowing
at shroud intake and airfoil shaped ring-flap at exit of diffuser
as two techniques to prevent flow separation and increase
power generation. The blowing increased the output power
by 20%, while using airfoil shaped ring-flap produced an
increase in power by 65%. Igrae [3] also did experimental stud-
ies on a shrouded aero generator in wind tunnel. The power
generated from his model was about twice the output power
generated from an ideal wind turbine working under the same
conditions. Foreman et al. [4] investigate a technical and eco-
nomic study about diffuser augmented wind turbine
“DAWT”. The study obtained significant power augmentation
from DAWT approaching twice of power generated by bare
wind turbine. The increase of power was produced due to
low pressure at diffuser exit that pumps much larger amounts
of air through a DAWT than a conventional wind turbine. Gil-
bert et al. [5] study the parameters that affect on the perfor-
mance of the diffuser system and examined it in wind tunnel.
Their first generation of DAWT provided about twice the
power of a conventional wind energy conversion system
“WECS” with the same turbine diameter and wind velocity
and Maximum augmentation ratio reaches 3. Igrae [6] dis-
cusses the design and performance of an axial flow turbine
which is the most suitable for the proposed shrouds. His tur-
bine produced a fairly stable output for varying wind speeds
while exhibiting a fairly high efficiency. The augmentation fac-
tor of power generation was in the range of 2—4. Phillips et al.
[7] investigate theoretical, numerical and experimental tests on
Vortec 7 wind turbine and compared it with previous experi-
mental work. It was obtained that the CFD agreed quite well
with field measurements. Many of the field results also agreed
with the previous experimental result. Hansen et al. [8] com-
pared the CFD computations of a bare turbine with the theo-
retical expression for the power coefficient as a function of the
thrust coefficient. The actuator disk approach is sufficient for
modeling the rotor of wind turbine and also was seen that

the Betz limit can be exceeded with a ratio corresponding to
the relative increase in mass flow rate through the rotor when
using diffuser for rotor. Abe and Ohya [9] study the flow fields
around flanged diffuser using CFD to develop small-type wind
turbines under 1.5 kW. Comparison of the computed results
with the corresponding experimental data shows that their cal-
culation had the capability of providing reasonable predictions
for the complex turbulent flows. It was shown that the perfor-
mance of a flanged diffuser strongly depends on the loading
coefficient as well as the opening angle. Abe et al. [10] carried
out experimental and numerical investigations for flow fields of
a small wind turbine with a flanged diffuser. The results show
that the power coefficient of the diffuser shrouded wind tur-
bine was about four times as high as that of the bare wind tur-
bine, and the power augmentation of this kind of wind turbine
was mainly caused by the acceleration of the approaching wind
by a flanged diffuser. Matsushima et al. [11] studied experi-
mentally and numerically the effects of a frustum-shaped dif-
fuser on the output power of small wind turbine. Their
results showed that the used diffuser parameters were able to
increase the maximum wind speed at diffuser entrance by
around 1.7 times and maximum energy production ratio of
around 2.4 times was obtained by collecting wind energy in
the turbine. Ohya et al. [12] found hollow-structure diffuser
is as effective as the shroud form wind turbine for collecting
and accelerating the wind. Also they found when using a flange
of proper height attached to the outer periphery of the diffuser
exit, a remarkable increase in wind speed of 1.6-2.4 times that
of the approaching wind speed power augmentation for a
given turbine diameter and wind speed by a factor of about
4-5 compared to a bare wind turbine due to a low-pressure
region in the exit area of the diffuser by vortex formation
and draws the wind into the diffuser. Wang et al. [13] used a
scoop to improve energy capture from wind turbine at low
wind speed. Their study used physical tests conducted in a
boundary layer wind tunnel and commercial CFD code to
get an optimal design of a scoop. The final design of scoop
boosted the airflow speed by a factor of 1.5 times equivalent
to an increase in power output of 2.2 times with the same swept
area. Raj and Nair [14] did a development and analysis on a
3D CFD model of a shrouded wind turbine with flange by
GAMBIT and analysis had been carried out in commercial
software FLUENT. Their result showed a good agreement
between their numerical study and previous experimental
work. Ohya and Karasudani [15] developed a very compact
brimmed diffuser that achieved two to threefold increase in
output power compared to conventional wind turbines. Kar-
dous et al. [16] investigate a numerical simulation and PIV sim-
ulation to get a better understanding of the effect of the flange
height on wind velocity increase at the inlet section of an
empty flanged diffuser. It is shown that the flange contributed
with diffuser to increase wind at its inlet section. The wind
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Figure 1  Schematic diagram for the problem.
Table 1 Results from grid dependency simulations.
No. Total number of U, (at x/D; = 5 With Diff. %
grid points U;/Up = 20/10)
1 11,392 19.15977 m/s -
2 14,700 18.92985 m/s 1.2
3 19,440 18.924175 m/s 0.03
4 27,900 18.9241 m/s 0.0004

velocity increase rate by diffuser without flange was about
58% while for the flanged one, this rate ranged from 64% to
81% and the flange height seemed to be without significant
effect to increase wind velocity beyond H./D, = 0.1 (H, is
flange height and D, throat diameter).

In the present study a numerical simulation by commercial
CFD package describes the effect of diffuser flange angles on
flow speed at diffuser entrance and getting an optimum angle
that occur at its maximum speed . Also the numerical study
shows flow field around diffuser at different cases.

3. Numerical work

In present work, commercial package “FLUENT 6.3” is
used to transform and solve the partial differential equa-
tions based on the “SIMPLE” algorithm introduced by
Patanker [17].

3.1. Governing equations

The governing equations that describe the present problem
configuration are continuity, momentum, and energy; the tur-
bulence model used in this study is (K-& model) expressed by
the full elliptic Navier—Stokes partial differential equations
which are available in text books. For the present problem,
the flow is assumed to be steady, turbulent, incompressible
and two-dimensional whereas air is taken as a working med-
ium. For standard K-¢ model, a common method employs
the Boussinesq hypothesis to relate the Reynolds stresses to
the mean velocity gradient.

— 614,‘ 814]' 2 811,‘
_puiu/—,u,{aXl_—Q-auJ 3 {pK—Q—aXJéij (1)

where J; is the Kronecker delta function 6; = 1 for i = j,
otherwise 6; = 0.

 is the dynamic viscosity of the fluid, and u; i is the
turbulent Reynolds stress.

After modeling the Reynolds stresses term the above
governing equations can be simplified as follows:
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where

U 1s the effective viscosity, u, = u + u,
1, is the turbulent viscosity which is calculated from the
following relation: p, = pCMKT2

Turbulence Equations
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3.2. Boundary conditions

Due to symmetrical nature of the configuration as shown in
Fig. 1, the flow is considered to be two-dimensional flow
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Figure 2 Schematic of diffuser model is hanged in test section of open wind tunnel.
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Figure 3  Fluent’s numerical result and Ohya’s experimental results’ [1] curves.
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Figure 4  Schematic of diffuser models hanged at center of test section.
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Figure 5 Velocity magnitude contour of flow field at flange angle 0 = 0°.
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Figure 6  Velocity vector contour of flow field at flange angle 6§ = +15°.

(2D) in the x-y plane, with no changes of problem variables in
the z-direction.

Boundary conditions are a very important step in the
numerical solution. It depends on some assumptions, so, it
should be taken when putting boundary conditions. Fig. 1
shows the problem boundary condition.

For the boundary (1), inlet-velocity, u = u,,, v = 0.0

For the boundary (2), Wall, no slip boundary condition
u=0.0,v=00

For the boundary (3). Outlet flow, in compressible flow,
flow in = flow out

For the boundary (4), Wall(Body), no slip boundary condi-
tionu = 0.0, v = 0.0

For the boundary (5), Symmetric axis.
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Figure 7 Velocity magnitude contour of flow field at flange angle 6 = + 15°.
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Figure 9  Velocity magnitude contours for left angles compared with 6 = 0°.

3.3. Mesh test

The problem domain discretization is achieved by dividing the
domain boundaries into a finite number of nodes and applying
a mesh generation code to create a finite number of cells. The
cells number and size are depending on the number of the
nodes in domain boundaries and mesh type, structured or
unstructured. In the problem under investigation, the domain
is divided into quadrilateral cells; the streamwise direction is
divided into 225 cells while the radial direction is divided into
124 cells. Number of the nodes in the mesh generated is 27,900
nodes. Table 1, summarizes the results obtained during the
grid dependency tests. Based on its tests, it is found that, the
grid size (Ax and Ay) network of 2 mm *2 mm will be used
in all the computations.

3.4. Model verification

This model is verified with experimental results that were done
by Ohya et al. [12]. A subsonic open wind tunnel is used to
avoid the blockage effect with test section: 3.6 m wide, 2 m
high and 15m long with the maximum wind velocity of
30 m/s. Hot wire I-type used to measure velocity distributions
of wind velocity, U. The smoke-wire technique was employed
for the flow visualization experiment.

The inner flow of diffuser model with both ends of the hol-
low structure model is examined, the narrow end is a square
cross-section of Dy =12cm and the wide end is
D> = 24 cm. The area ratio u is defined as the outlet area/inlet

area = 4, and the angle of inclination ¢ is 3.71. The length
ratio L/D = 7.7, here, L is the model length shown in Fig. 2.

It is obtained from experimental result a remarkable effect
on the collection and acceleration of the approaching wind. A
maximum of U/U,, = 1.8 is shown in the neighborhood
immediately after the entrance. By Gambit, the diffuser model
is prepared with same dimension under same condition to be
simulated by Fluent. Fluent options help us to find velocity
magnitude at any points of domain, so it is easy to compare
numerical result with experimental one. Two curves at Fig. 3
show velocity ratio between maximum local velocity and free
stream velocity U = 5m/s across diffuser length. The differ-
ence between the two curves that is shown in Fig. 3 varies from
0.12% to 8.3%. These values indicate a good agreement
between present numerical study by fluent package and Ohya’s
experimental results.

4. Numerical study

In this part, the effects of diffuser flange’s angles are simulated
by Fluent package. The objective of this study was determining
an optimum flange’s angle that causes maximum increase of
inlet’s velocity and consequently more generated power. Dif-
fuser models that are tested have same geometry but with dif-
ferent flange angles. The following dimensions are fixed
dimensions for all models: diffuser’s length L = 9 cm, inlet
diameter D; = 6 cm, exit diameter D, = 7cm and Flange
height # = 1.5cm. The flange’s angles vary from —25 to
+25 with step 5° as shown in Fig. 4.
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Figure 10  Curve obtained relation of velocity increase at diffuser entrance and flange angles.

5. Numerical results

The CFD FLUENT Modeling provides detailed information
and visual indication of air flows. These results help to validate
the phenomenon of velocity increase when using flange at dif-
fuser exit and also to have the optimum flange angle which
causes the maximum increase of velocity at diffuser entrance.
FIUENT’s results include velocity magnitude at any point in
the physical domain. Also it is easy to extract velocity vectors
and static pressure contours as shown in the following figures.
Fig. 5 shows the velocity vectors contour inside and around the
diffuser with flange angle 6 = 0° and at free stream velocity
U, = 4.5m/s, while Fig. 5 shows the velocity magnitude con-
tour in the same domain for the same conditions.

Fig. 6 shows the velocity vectors, velocity magnitude at the
same free stream velocity = 4.5 m/s but with flange diffuser
angle 0 = +15°.

The previous figures indicate an increase of velocity at dif-
fuser entrance and decrease of velocity with negative pressure
area behind flange, Fig. 7. As example for 0 = + 15° the veloc-
ity reaches a value of 5.63 m/s at diffuser entrance, Fig. 7. The
negative pressure area is generated by vortices due to flange
effect and diffuser shape. Also it is noticed that the velocity
increase at = + 15° is larger than velocity increase at normal
case 0 = 0°. The main reason for this velocity increase is a
pressure difference between diffuser entrance and diffuser exit.

While Fig. 8 shows the velocity magnitude contour for pos-
itive flange angles compared with zero angles, Fig. 9 shows the
velocity magnitude contour for negative flange angles com-
pared with zero angles.

Using the numerical results extracted from Figs. 8 and 9, it
is possible to draw the dimensionless air velocity variation at
diffuser entrance related free stream velocity, Fig. 10. It is con-
cluded from Fig. 10 that the optimum flange angle 0 is
obtained at +15°, at which there is the maximum entrance
velocity increase.

6. Conclusions

The present numerical study using FLUENT package shows
the flow characteristics inside diffuser model and around it
for different flange angles, where the flowing conclusions are
obtained:

(1) There is a good agreement between numerical results by
FLUENT package and published experimental results.

(2) The present numerical results validate the presence of
vortices behind diffuser flange that causes negative pres-
sure region, and consequently diffuser entrance air
velocity increase.

(3) Present study indicates an optimum flange angle 0 =
+15°, where maximum entrance air velocity increase is
reached.

(4) The expected power increase ratio at optimum flange
angle reaches a value of 1.953 related to the expected
power of bare turbine, while the expected power increase
ratio at normal flange reaches 1.903, that means the
enhancement in power generation is about 5% due to
optimum flange angle.
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