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Abstract

Numerical investigations are carried out for flow fields around flanged diffusers to develop
small-type wind turbines under 1.5 kW. In the calculations, an advanced closure approxima-
tion is adopted, within the framework of non-linear eddy-viscosity modeling, which aims
specifically at an improved representation of turbulence anisotropy. Comparison of the
computed results with the corresponding experimental data shows that the present calculation
has the capability of providing reasonable predictions for the present complex turbulent flows.
Furthermore, by processing the computational results, the input-power coefficient is estimated
under various conditions of diffuser opening angle and loading coefficient. It is shown that
the performance of a flanged diffuser strongly depends on the loading coefficient as well as the
opening angle because it greatly affects the nature of the separation appearing inside the
diffuser. The present investigation suggests that the loading coefficient for the best
performance of a flanged diffuser is considerably smaller than that for a bare wind turbine.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The power in the wind is well known to be proportional to the cubic power of the
wind velocity approaching a wind turbine. This means that even small amount of its
acceleration gives large increase of the energy generation. Therefore, many research
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groups have tried to find a way to accelerate the approaching wind velocity
effectively [1-5]. Among them, some attractive studies were reported by Igra [1],
Gilbert and Foreman [2], Nagai and Irabu [3] and Phillips et al. [4], regarding
diffuser-augmented wind turbines.

Recently, on the other hand, Ohya et al. [6] have developed another kind of wind—
acceleration system. Although it adopts a diffuser-shaped structure surrounding a
wind turbine like the others [1-4], the feature that distinguishes it from the othersis a
large flange attached at the exit of diffuser shroud. Fig. 1 illustrates an overview of
the present wind-acceleration system. Generally, a flange may be thought to be an
obstacle against the flow coming smoothly. However, this flange generates large size
of separation behind it, where a very low-pressure region appears to draw more wind
compared to a diffuser with no flange. Owing to this effect, the flow coming into the
diffuser can be effectively concentrated and accelerated. In this system, the maximum
velocity is obtained near the inlet of diffuser and thus a wind turbine is located there
as shown in Fig. 1. A simple design theory of wind turbine with flanged diffuser has
also been developed by Inoue et al. [7], indicating that its design concept is very
different from that for a bare wind turbine. Although a wind turbine designed by
Inoue et al. [7] gives high performance in combination with a flanged diffuser, more
detailed investigation about flow fields inside and periphery of diffuser is still needed
to achieve the best performance.

Having considered the above background, in this study, several numerical
investigations were carried out for flow fields around flanged diffusers. The
computed results are compared with the corresponding experimental data to show
the fundamental capability of predicting complex turbulent flows of this kind.
Furthermore, by processing the computational results, the input-power coefficient is
estimated under various conditions of diffuser opening angle and loading coefficient,
with which we try to find a possible way of developing a small-type wind turbine with
a flanged diffuser.

Wind Turbine Diffuser

Flange

Fig. 1. Schematic view of flow mechanism around a flanged diffuser.



K. Abe, Y. Ohya | J. Wind Eng. Ind. Aerodyn. 92 (2004) 315-330 317
2. Numerical method and computational conditions
2.1. Governing equations and turbulence model

The present flow field is generally expressed by the continuity and the
incompressible Reynolds-averaged Navier—Stokes equations as follows:
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where () denotes Reynolds-averaged value. In Eq.(2), p, P, U, u; and v,
respectively, denote density, mean static pressure, mean velocity, turbulent
fluctuation and kinematic viscosity. In the equation, F; is the body-force term
imposed for the representation of a load.

To predict complex turbulent flow fields in this study, the non-linear eddy-
viscosity model proposed by Abe et al. [8] was adopted with some modifications for
the length-scale equation. Although detailed descriptions of the algebraic expression
for w;u; are given in the previous paper [8] and then dismissed here, it should be
emphasized that this model provides good predictions for flow fields with massive
separations [8,9].

In this model, the turbulence energy k is determined from the usual form of the
transport equation:
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where ¢ is the dissipation rate of k. As for the length-scale variable, the original
model proposed by Abe et al. [§8] has two versions. One of them adopts ¢ (referred to
as AJL-&¢ model) and the other introduces w, which is specific dissipation rate of
turbulence energy, i.e. woce/k (referred to as AJL-w model). Note that the last
relation is used to extract ¢ from w, which is required in the transport equation (3)
and the model components [8].

So far, it has been said that the w-equation tends to provide better results for the
flow-field predictions with the adverse pressure gradient [10]. In fact, AJL-w model
provides better results than AJL-¢ model for separated flows which are subjected to
the strong adverse pressure gradient [8,9]. Although AJL-w model has such an
advantage, there still remains a crucial weakness that it gives a extremely large value
in the vicinity of the wall and sometimes causes numerical stiffness. To reduce this
numerical weakness, in this study, a new attempt was carried out to adopt another
variable suited for the length-scale equation. This new parameter  is proportional
to \/5 and then its order becomes much smaller than that of w. It may have the
following formulation:

b= 3 @)
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Note that Eq. (4) provides the means of extracting ¢ from s, which is required in the
transport equation (3) and the model components to follow. A basic constitution of
the transport equation for i can be derived from the transport equations for k and e,
followed by some effective modifications to improve the model performance. In this
study, the final form of the y-equation is modeled as
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In Eq.(6), n*(= (vs)1/4n/v) is the non-dimensional wall distance with the
Kolmogorov velocity scale introduced [11,12] and ¢ is a prescribed constant. Note
that n is determined as the nearest distance from all the wall surfaces. The
model coefficients for -equation were calibrated in some representative test
cases. The other model functions and model constants are the same as those of Abe
et al. [8].

2.2. Computational conditions

The present computational conditions and grid system around a flanged diffuser
are shown in Figs. 2 and 3, respectively. In this study, the flow was assumed to be an
axisymmetric steady flow, with x and r being the streamwise and radial coordinates,
respectively. In Fig. 2, L, D, ¢ and h, respectively, denote diffuser length, diffuser
diameter at the inlet, diffuser opening angle and height of flange. The computational
domain was determined not to give any serious problem to the obtained results. In
fact, in the region far from the diffuser, the effect of blockage on the free stream was
less than 2%. In Fig. 3, subscripts 0, 1, 2 and b denote values at the inlet (free
stream), in front of the load (approaching), behind the load and at the exit of the
diffuser, respectively. The load inside the diffuser was represented by the following
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where U is the streamwise velocity. In Eq. (7), C, and 4 are the loading coefficient
and its streamwise width imposed, respectively.

As for the inlet boundary condition, a uniform flow (Uj) with 3% of free stream
turbulence was specified. At the outlet boundary, zero-streamwise gradients were
prescribed. Concerning the top boundary, slip conditions were adopted. No-slip
conditions were specified at the walls, where the nearest node was properly placed
inside the viscous sublayer. The number of grid points in this study was 131 x 81.
The Reynolds number (Re = UyD/v) was set to be 20000. Calculations were
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performed with the finite-volume procedure STREAM of Lien and Leschziner [13],
followed by several improvements and substantially upgraded by Apsley and
Leschziner [14]. This method uses collocated storage on a non-orthogonal grid and
all variables are approximated on cell faces by the UMIST scheme [15], a TVD
implementation of the QUICK scheme. The solution algorithm is SIMPLE, with a
Rhie-Chow interpolation for pressure.

The corresponding experimental data were taken by Ohya et al. [6]. A large
boundary-layer wind tunnel was used at the Research Institute for Applied
Mechanics, Kyushu University. It has a measurement section of 3.6 m (width) x
2 m (height) x 15 m (length) with the maximum wind velocity of 30 m/s. The
diffuser model was hung and supported with strings in the center of the measurement
section. In this experiment, the on-axis pressure was measured using a static pressure
tube with the diameter of 3 mm. The on-axis streamwise velocity was measured using
an I-type hot wire (for the results shown in Fig. 6) or evaluated from the pressure
values measured by the aforementioned static pressure tube and a total pressure tube
with the diameter of 3 mm (for the other results). The diameter at the inlet of the
diffuser (D) was 0.2 m. The free stream velocity (Up) was 5 m/s and then the
Reynolds number based on the model diameter and the free stream velocity was
67000. Although the Reynolds number is different between the computation and
the experiment, it was confirmed from the experimental results that there was little
Reynolds-number dependency at least in the present conditions. Note that the
Reynolds-number dependency in the computational results will be discussed in the
next section.

The present test cases are as follows. First, to examine the basic performance,
computations were performed for various heights of flange (5/D = 0 — 0.5) with the
condition of L/D = 1.5, ¢ = 4° and C; = 0 (no load) fixed. Next, to investigate the
effect of loading coefficient, several computations were performed under various
loading coefficients, with the condition of L/D = 1.5, ¢ = 4° and h/D = 0.5 fixed.
Finally, to show a possible direction of optimizing the performance of a flanged
diffuser, another set of parameters, L/D = 1.25, ¢ = 15° and h/D = 0.35, were
examined and then the obtained results were compared with those of the other cases.
For all the test cases, the load was imposed in the region of x/D = 0.2 — 0.3 (i.e.
A = 0.1) inside the diffuser.

3. Results and discussion
3.1. Basic performance of the present calculation

First, to assess the grid dependency and the Reynolds-number dependency of the
computational results, Fig. 4 compares the on-axis distributions of streamwise
velocity and pressure coefficient (C, = (P — Po)/(%pUg)), under the condition of
L/D=1.5, ¢=4°, h/D=0.5 and C, =0 (with no load). Two different grid
numbers and two different Reynolds numbers were considered for comparison. As
seen in the figure, the difference is very small between the results with two different
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Fig. 4. Comparison of on-axis distributions (L/D = 1.5, ¢ =4°, C, =0): (a) Streamwise velocity and
(b) pressure coefficient.

grid numbers and thus it is found that the effect of grid dependency does not give
any serious problem to the discussion on the flow fields. Also, as for the Reynolds-
number dependency, the difference is very small between the results at two different
Reynolds numbers. Therefore, it is understood that the lower Reynolds-number
condition (Re = 20000) presently used does not cause any essential problem to
investigate the flow fields in this study and it is practically useful to reduce the
computational cost.

Streamlines and streamwise velocity contours for the same test case are shown in
Fig. 5. It is seen that the streamlines smoothly flow inside the diffuser and the
streamwise velocity does not change so much in the radial direction except for the
boundary-layer region close to the diffuser wall. Considering this fact, it can be said
that the on-axis distributions successfully explain the fundamental feature of the
performance in such diffuser flows. Hence, in what follows, the diffuser performance
is discussed mainly by using the on-axis values.

Figs. 6 and 7 compare the on-axis distributions of streamwise velocity and
pressure coefficient, respectively, for various heights of flange under the condition of
L/D = 1.5, ¢ =4° and C, = 0 (with no load). The present results show reasonable
trends for both on-axis velocity and pressure variations, though slight under-
prediction is seen in the computational results inside the diffuser. In the region far
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Fig. 5. Overview of flow field (L/D = 1.5, ¢ =4°, C; =0): (a) Streamlines and (b) contour lines of
streamwise velocity.

downstream of the diffuser exit, some difference is seen between the computational
and the experimental results. In this region, the experimental results tend to show the
decrease of the total pressure, while the computational results still show the aspect of
the potential core. This fact may indicate that the turbulent wake behind the flange is
more active in the experiment than in the computation. However, considering the
fact that the characteristics of the flow field inside the diffuser are well captured and
the effect of flange height is also reproduced properly, it can be thought that the
aforementioned discrepancy in the downstream region gives no serious effect to the
discussion on the performance of the flanged diffuser at least in this study.

From the figures, the acceleration mechanism of approaching flow can be
understood. In a diffuser, the flow expands along the inside wall unless a massive
flow separation occurs in the near-wall region, resulting in the increase of C, and
then the decrease of U toward the diffuser exit. As seen in the case with no flange
(h/D = 0), they usually return to almost the same values as those of the surrounding
flow (i.e. free stream values in this case). Due to this, the flow must accelerate in
advance at the inlet to cover such a deceleration inside the diffuser. This is the reason
why the approaching flow accelerates and the maximum velocity is obtained near the
inlet.

Such being the case, the flow inside a diffuser has a strong connection with the
surrounding flow. In this sense, a flange attached at the diffuser exit plays an
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Fig. 6. Comparison of on-axis streamwise velocity (L/D = 1.5, ¢ =4°, C, =0): (a) Predictions and
(b) experiments.

important role to accelerate the approaching flow more effectively. As seen in Fig. 5,
a flange generates a massive separation behind it, where a very low-pressure region
appears. Owing to this, a much lower C, is obtained at the diffuser exit (x/D = 1.5).
On the other hand, the deceleration mechanism inside the flanged diffuser is similar
to the case with no flange, so long as the same diffuser shape is used. Hence, under
this condition, C, inside the diffuser must return to a much lower value at the
diffuser exit. Due to this restriction, the approaching flow must accelerate more to
decrease C, near the diffuser inlet, as is shown in the figures.

From these results, it can be said that the present computation sufficiently
reproduces fundamental features of the flow fields of this kind. Also is found that the
present computational results are very useful to investigate such flow fields in more
detail.

3.2. Effect of the loading coefficient
Fig. 8 compares the computational results under various loading coefficients, with

the condition of L/D =15, ¢=4° and h/D =0.5 fixed. Note that in the
corresponding experiments, wire-netting sheets were imposed as the load instead
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Fig. 7. Comparison of on-axis pressure coefficient (L/D = 1.5, ¢ =4°, C, =0): (a) Predictions and
(b) experiments.

of turbine blades [6]. In Fig. 8(b), the discontinuity in the pressure profile reflects the
load, while the velocity varies continuously due to the restriction of the continuity
equation. It is seen from the figure that the present computation returns generally
reasonable trends for the variation of the loading coefficient, though its accuracy is
not perfect. As the loading coefficient increases, the maximum velocity decreases and
the discontinuity in the pressure profile becomes larger. It is interesting that even the
case of C;, = 0.9 still provides a high level of the maximum velocity around 1.0, which
can never be achieved by a bare wind turbine.

Fig. 9 compares the characteristic values for the condition of L/D = 1.5 and
¢ = 4°. Characteristic values investigated are acceleration factor (K = U;/U),
input-power coefficient (C;‘ = C,K?), base-pressure coefficient (Cop = (Pp —
Py)/( pUy)) and pressure-recovery coefficient (C,g = (P, — P»)/(3 pU3)). Note that
h/D = 0 in the figure denotes a diffuser with no flange. As seen in the figure, the
present results are in generally good agreement with the corresponding experimental
data, though a slight difference is seen. From these results, it is shown that the
present computation has the capability of predicting such complex flow fields even
under conditions with a load inside the diffuser.

From the figures, some interesting and important knowledge can be obtained. As
for the C,y profiles in Fig. 9(d), even with a load inside the diffuser, there is not large
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Fig. 8. Comparison of on-axis distributions (L/D = 1.5, ¢ =4°, h/D = 0.5): (a) Streamwise velocity and
(b) pressure coefficient.

difference among all the cases regardless of the existence of a flange. This fact
supports the aforementioned explanation that the deceleration mechanism inside a
diffuser is similar, so long as the same diffuser shape is used. From the one-
dimensional design theory of a flanged diffuser by Inoue et al. [7], the best
performance is obtained under the condition as

C, =21 — Cp). ®)

Note that in Eq. (8), C, is determined as C; = (P, — Pz)/(%pUzz) and corresponds to
Eq. (7) under the present computational condition. In Fig. 9(d), C,, is roughly 0.4-
0.5 and thus the best C, is estimated to be 1.0-1.2 by using Eq. (8). Having
considered that the best performance for a bare wind turbine is obtained at C;, = 2,
the value of C, presently estimated is considerably smaller than that for a bare wind-
turbine case. From Fig. 9(b), it is confirmed that the highest performance is actually
achieved at C, = 1.0—1.2.

Also is shown that C,, with a flange is maintained at a constant level with small
range of variation, regardless of the operating condition (C;). This indicates that the
existence of a flange is a very strong boundary condition to determine the flow
behind the flange and also periphery of the diffuser. Owing to this lower Cp, a
flanged diffuser draws wind much more than a diffuser with no flange does,



326 K. Abe, Y. Ohya | J. Wind Eng. Ind. Aerodyn. 92 (2004) 315-330

T T 15 .
Exp. Calc. 1 Exp. Calc.
(] O  h/D=0 1 e o h/D=0
1.5 ¢ <O h/D=0.25 4 ¢ <& h/D=0.25
] O h/D=0.5 | = O h/D=0.5 i
@ 1 o0, 8
% g o |
« 1 o “y a ] o. o
° O.’ & ] 05 6 o ° B
o 1 Q@
0.5 L L I I |
0 0.5 1 1.5 0 0.5 1 15
@ Ct (b) Ct
F y ] 1 : T
Exp. Calc. Exp. Calc.
05+ e O h/D=0 B e O h/D=0 ]
* <& h/D=0.25 * <& h/D=0.25
] O h/D=0.5 1 u O h/D=0.5
0 ° ° — -
o 6 & o o o & 0.5 wn & B
& i 1 # 6 ~
—05 5 g L 8‘ g A
-1 . 1 . 1 . . 1 . 1 .
0 0.5 1 1.5 0 0.5 1 15
(© Ct (d) Ct
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(b) input-power coefficient; (c) base-pressure coefficient and (d) pressure-recovery coefficient.

providing higher values of both K and Clj". The base-pressure coefficient C,, is one of
the important factors for the performance of a flanged diffuser [7] and thus the
knowledge presently obtained is very useful for its further development.

3.3. Examination of larger opening angle

So far, it has been generally said that the optimum diffuser opening angle to
prevent separation is around 4° for an axisymmetric diffuser. According to this fact,
most test cases in this study were performed under the condition of ¢ = 4°. Recently,
however, it has been elucidated that a wind turbine with flanged diffuser using a
larger opening angle (10° or more) can provide rather higher performance [16],
though such a widely expanded diffuser usually suffers from separations caused by
the strong adverse pressure gradient. To reveal unknown characteristics on this
matter, computational results for a larger opening angle (¢ = 15°) were compared
with those of the other cases for ¢ = 4°.

Fig. 10 compares the characteristic values. In Fig. 10(b), the dotted line denotes
the Betz limit (C; = 16/27) and the results with no diffuser are also included for
reference. It is clearly seen that the performance for the case of ¢ = 15° shows a
special trend. In the lower C; (<0.7) range, its performance is not so high, rather
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coefficient; (c) base-pressure coefficient and (d) pressure-recovery coefficient.

inferior to that for the case of ¢ =4° (h/D =0.5). As the loading coefficient
increases (C; > 0.7), however, the performance for ¢p = 15° becomes higher, reaching
the highest performance at C, = 1.3. Similar trends are seen in the behavior of both
the acceleration factor (K) and the pressure-recovery coefficient (C,y). In contrast to
such a special trend, however, there is not so large difference regarding C,, between
the cases of ¢ = 15° (h/D = 0.35) and ¢ =4° (h/D = 0.5). It is confirmed again
that the existence of a flange is a very strong boundary condition to determine the
peripheral flow.

To investigate the cause of such a special trend for ¢ = 15°, streamlines for three
different loading coefficients (C; = 0,0.4,1.3) are compared in Fig. 11. The flow
detaches at the inlet of the diffuser for all three cases. However, the separated
streamline shows different trends between the case of C, = 1.3 and the other two
cases. In the lower C; cases (i.e. C;, =0,0.4), the separated streamline does not
reattach the inside wall and then a massive separation is generated all over the near-
wall region inside the diffuser. On the other hand, in the case of C; = 1.3, the
separated streamline reattaches the inside wall soon after separation, owing to which
the flow goes along the wall with no massive separation generated downstream. This
also enables the flow to expand effectively and then a high level of C,4 is maintained,
leading to a higher acceleration factor (K) as shown in Fig. 10(a). Such being the
case, the performance of a flanged diffuser strongly depends on the fact whether
there exists a separation inside the diffuser. Also, the loading coefficient has strong
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Fig. 11. Comparison of streamlines for various loading coefficients (L/D = 1.25, ¢ = 15°, h/D = 0.35):
(@) C,=0;(b) C, =04 and (c) C, = 1.3.

relationship with the generation of a separation. This suggests that the performance
of a flanged diffuser needs to be discussed under conditions with suitable loading
coefficient.

From these results, it is confirmed that a flanged diffuser even with a larger
opening angle (10° or more) has a possibility of reaching the highest performance, so
long as the flow inside the diffuser is successfully controlled not to cause any
separation. This fact is a notable feature of a flanged-diffuser flow and very useful
information for its optimum design.
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4. Concluding remarks

Numerical investigations were carried out for flow fields around flanged diffusers
to develop small-type wind turbines under 1.5 kW. The main conclusions derived
from the study are as follows:

® Computational results were in good agreement with the corresponding experi-
mental data. It has been confirmed from this fact that the present computational
procedure is very useful to investigate flow fields of this kind.

® Design concept for a wind turbine with flanged diffuser is considerably different
from that for a normal one. The local loading coefficient for the best performance
of a flanged diffuser is considerably smaller than that for a bare wind turbine.

® Performance of a flanged diffuser strongly depends on the fact whether there
exists a separation inside the diffuser. Also, the loading coefficient has strong
relationship with the generation of a separation. From these facts, the
performance of a flanged diffuser needs to be discussed under conditions with
suitable loading coefficient.

® The present investigation suggests that a relatively small loading coefficient,
avoiding a separation and maintaining a high pressure-recovery coefficient, tends
to give high performance for a wind turbine with flanged diffuser.
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