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Abstract. This paper presents computational fluid dynamics (CFD) modelling of the
performance of a building-mounted ducted wind turbine. A resistive volume within the duct is
used to represent a cross-flow turbine and different diffuser geometries have been investigated.
A comparison is made between the power performance ratio of such a building-mounted
ducted wind turbine rotor predicted by CFD calculations and those predicted on the basis of
one-dimensional (1D) theory. Good agreement is seen between the two approaches for a free-
standing duct but deviations are seen for the building-mounted case for the calculated power
performance ratio apparently due to asymmetry in the flow profile entering the duct and the
flow geometry around the combination of building and duct.

1. Introduction

There has been an increasing interest in the installation of wind turbines within the built environment
on and around buildings in order to help meet increasing demands for energy and targets for renewable
energy generation. A number of small turbines reputedly suited to such applications have been
proposed including free-yawing up- and down-wind horizontal axis turbines [1], [2], vertical axis
turbines [3] and cross-flow turbines [4]. Although sparse, some research has been undertaken to assess
the expected yield from such turbines [5], [6], [7], but almost nothing has been published on building-
integrated wind turbines. This paper presents an assessment of the expected power output and energy
yield from a hypothetical cross-flow wind turbine placed in a diffusing duct on a flat-roof building in
an urban environment.

First, a brief review of ducted wind turbine research is presented. Following this, the paper
describes in outline a 1D model developed to calculate the power output of a rotor in a duct. The main
section of the paper describes CFD results from a commercial package ANSYS CFX 10 used to model
the wind flow through a hypothetical duct with various rotor area to outlet area ratios and for a range
of resistances within the duct representing a cross-flow wind turbine rotor. Finally, a comparison is
made between the CFD and 1D model results and any differences discussed.

2. Ducted Wind Turbine

Some earlier research work on the effect of diffusers and augmenters for wind turbine rotors is
available. The basic principle behind the use of a diffuser is to obtain a higher energy density at a rotor
than would be seen in a free moving fluid (either air or water). This then allows:
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e The generation of increased power from a given rotor diameter;

e The generation of increased power from a given area of fluid stream.
The second of these is most relevant for a tidal stream device and the first is of most relevance for
wind turbines. The economic motivation is the savings potentially achieved through reduction in the
size and cost of the rotor for a given power output.

The research work in this field has taken a number of approaches in studying the effect of diffusers,
namely:

Simple semi-empirical models;
Computational fluid dynamics;
Wind tunnel tests;

e Full or partial-scale outdoor tests.

In ref. [9],CFD simulations of flow through a free (i.e. not building-mounted) ducted diffuser were
analysed. These showed:

e  That the optimum angle of diffusion was 6";

e That increasing the duct length increased the wind speed up to a point, but then flattened
off (at around 2-3 times the duct diameter;

e That adding a flange to the outlet of the duct increased optimum wind speed up from 1.4 to
1.7;

e The size of the flange did not make much difference.

These CFD simulations were then compared with field experiments carried out with a ducted
turbine. The duct had an expansion angle of 4° and a flange at the outlet. When the turbine was
allowed to yaw, the increase in production of the ducted turbine over that in the free stream was found
to be 1.16. When the turbine was fixed (no yaw), the increase in output was found to be 1.65. This was
much lower than the predicted factor of around 5, but the authors point out that the theoretical
calculations were for a case with no rotor and that frequent and rapid changes in wind direction
degraded performance. It is interesting that the estimate given in [8] of 30% was in the middle of the
range for the yawing and fixed configuration.

Ref. [10] looked at the performance of a flanged diffuser using a combination of CFD modelling
and wind tunnel tests. This confirmed the assertion in [9] that a flange can significantly enhance
performance. It was also seen that a relatively low rotor resistance was required in order to maximise
wind speed-up within the duct. It was stated in this paper that a duct angle of 4° was expected to
optimise performance before flow separation would be expected to occur. Experiments were done with
a diffuser at a 15° angle which showed a reduced speed-up at low turbine resistance, but at higher
loading the drop-off in the performance was less than for a 4° diffuser. It was proposed that for the
highly loaded case, the flow re-attached to the wall of the diffuser which would explain the better
performance in this case. Notably, it was found that the base pressure coefficient was very important
in determining the performance of the flanged duct.

A related group [11] looked at another flanged diffuser with an actual wind turbine within the duct
and without the duct. Once again, CFD calculations (with a load) were compared with the
experimental measurements in a wind tunnel. This time the flanged diffuser has a 12° angle. The
power coefficient for the ducted wind turbine was found to be about four times as high as the bare
turbine. When normalised to the actual wind speed immediately upstream of the rotor, the
performance was found to be identical. This would imply that the enhancement of performance was
solely due to speed-up of wind approaching the turbine due to the diffuser. Interestingly, it was noted
that the vortex structure downstream of the rotor differed markedly for the shrouded and unshrouded
cases. It was seen with the turbine in the duct that the vortex structure was rapidly destroyed, but in the
bare case, vortex structures were apparent far downstream.

Results from a CFD simulation made in [12] show that the power of a wind turbine within a
shrouded diffuser can be increased by a factor of over 5, though this was not verified against any
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experimental results. It was unclear what the angle of the diffuser was in this case, as it had a sail wing
profile increasing in angle from the throat to the outlet.

One group [13] has looked at a ducted wind turbine integrated into a building taking advantage of
the pressure drop between the face of a building and the top of the building. Their results suggested
wind speeds of up to 30% higher than in the approaching free-stream could be induced in the duct.
This duct did not have any degree of augmentation or diffusion.

To date, there appears to be no research work reported on the performance of an augmenter or
diffuser situated on top of a flat-roof building.

3. One-Dimensional Model
Ref. [8] gives a good review of the principles behind ducted turbines, developing a one-dimensional
(1D) model which allows for the optimisation of the performance of a free-standing duct with
contracting inlet and diffusing outlet as shown in Figure 1. A formula has been derived for the power
performance coefficient, C,:
3/2

C, =nk| T "Cn__ (1)

o Ny + K =Cp,

where 7, is the efficiency of the turbine, K is the resistance coefficient for the rotor in the duct given
by:

_R-P
- 2
3PU;

and P, and P, are the static pressures immediately upstream and downstream of the rotor, respectively,
U, is the one-dimensional wind speed immediately upstream of the rotor and p is the air density. The
base pressure coefficient due to the pressure drop created due to the overall blockage effect of the

2

duct, Cp, , is given by:
_B-h
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where P, is the static free-stream pressure upstream of the duct, P; is the static pressure at the duct

outlet and U, is the one-dimensional free-stream wind speed approaching the duct. The diffuser

pressure coefficient out of the duct, C »,, 18 given by:

2
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where Usj is the one-dimensional wind speed at the duct outlet.
There is a similar pressure coefficient for flow into the duct, C), :

2
_h-h _ U,
RN

where 77,, and 7,; are diffusion efficiencies into and out of the duct, respectively. These values

represent how efficiently fluid is pulled into the entrance and out of the exit to the duct without
pressure gradient losses due to flow separation, friction, etc.
From continuity:

U, A4
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where A, is the area of the duct inlet, 4, is the area of the duct immediately upstream of the turbine
and A, is the area of the duct outlet. Note that U, = U, and 4, = 4, where U, is the wind speed

immediately downstream of the rotor and A, is the area of the duct immediately downstream of the
rotor.
With values determined from experiments for C p,» Cp, and Cp is it possible to estimate the

performance of a duct with varying degrees of resistance K using equations 1, 5 and 4.
Application of these equations for cases where the area ratios 4, / A, ranged between 0.25 and 0.5

showed that for a duct with high inlet and outlet efficiencies, i.e. 77, =1, 77,,= 0.8, a maximum

power coefficient greater than the Betz limit (0.593) from actuator disc theory is achieved with a value
of K around 0.5 (a relatively low resistance turbine), although it should be noted that this is referenced
to the rotor area, not the duct size.

This theory was compared with experimental measurements and showed that there was little to be
gained by controlling diffusion at the inlet, but that efficiently controlled diffusion at the outlet could
give rise to a 30% power enhancement compared with a turbine in the free-stream. It was also
concluded that if turbine rotational speed needed to be high due to the requirements of the generator,
that the blades of the rotor should be highly pitched and lightly loaded (at least for a propeller type
turbine).

Uo

_’Ul A] : Az Uz —> A3

—p A

Rotor with
resistance K

'

Figure 1: Schematic diagram of duct with contracting inlet and diffusing outlet and resistance to
simulate a rotor at the throat.

4. CFD Modelling of Duct Performance

4.1. Model Set-Up

The flow around both a building-mounted and free-standing duct with a resistive volume within the
duct to represent a cross-flow wind turbine was computed using the Reynolds Averaged Navier Stokes
(RANS) equations implemented in the commercial CFD software ANSYS CFX. ANSYS CFX is
based on a coupled solver for mass and momentum and uses an algebraic multi-grid algorithm for
convergence acceleration. The numerical scheme is a co-located pressure based method for all Mach
numbers. A Rhie-Chow interpolation scheme [14] is used to locate the solution of the pressure and
velocity fields at the same nodal locations in the mesh. Due to the impracticality of modelling the
turbulent structure close to the ground, wall functions are used to model the mean wind profile and
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turbulent kinetic energy. The model was run using the SST (k-®) turbulence model [15] which has
been shown to predict flow separation within diffusers with a better accuracy than the commonly used
k-¢ turbulence model [16]. The model was run in a steady state mode.

Figure 2 shows a schematic of the building and duct modelled using ANSYS CFX. To reduce
computational time, only half the duct and building were modelled assuming a symmetry plane at one
wall passing through the centre of the building and duct. The building has a half-width of 25m, height
of 20m, and a length of 14m. The duct has a half-width of 5m and height of 3m. The domain was
made large enough so that the walls of the domain did not influence the flow close to the building with
an inlet having a half-width of 130m metres and a height of 100m. The domain extends 300m in the
direction of wind flow and the inlet is 100m from the building. The entrance to the duct as shaped as
far as possible to smooth the flow into the duct.

A free slip boundary condition was implemented at the top and side walls of the domain. A 5 m/s
uniform vertical profile wind speed was set entering the inlet with constant static pressure at the outlet
to the domain. Note that this is a simplification, as in reality there will be a significant wind shear in
the urban environment which will tend to reduce the wind speed-up over a real building.

The no slip boundary condition was implemented at the ground and the surfaces of the building and
duct. An unstructured tetrahedral mesh was used with the finest resolution (down to 2mm) close to
regions where the greatest changes in wind speed and pressure gradient were expected, i.e. at the
building edges and within the duct, and with a coarser resolution at the outer walls of the domain (up
to a few metres). Close to the ground and surfaces of the building and duct, the mesh was extruded as
an inflation layer to more accurately model the flow which would be parallel to the surfaces.

Within the duct at the point of maximum contraction, a sub-domain of a cylindrical volume shape
was created to represent a cross-flow wind turbine rotor. It was impractical to model the aerodynamic
effect of the rotor blades, so momentum extraction was simulated by giving the cylindrical volume
resistance to the flow in the form of a thrust term where the thrust could be varied corresponding to

differing degrees of resistance K corresponding to the 1D modeling.
‘ ‘ sty
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Figure 2: The duct and building modelled using ANSYS CFX. There is a symmetry plane through the
centre of the duct and building.

4.2. Results

A number of CFD simulations were carried out for three different contraction ratios (43/4,=1.9, 3.75
and 6.6), several simulated rotor resistances K, and a full-span and half span duct. The rectangular duct
has an internal contraction in both the vertical and lateral directions as seen in Figure 2.
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Figure 3 (a) and (b) show streamline plots for the full span duct for low resistance and high
resistance cases, respectively, for the case where 43/4,=1.9. The structure of the streamlines is broadly
similar, with a lower overall wind speed for the high resistance case and some flow separation in the
bottom of the duct. The wind speed shows significant vertical shear in both cases.

Figure 4 (a) and (b) show streamline plots for the half span duct for low resistance and high
resistance cases respectively, again for the case where 43/4,=1.9. The half-span duct, as the name
suggests, only spans half the length of the building. This time, the low resistance case shows
significant flow separation, however, in the high resistance case, the separation is almost eliminated.
This would appear to be due to the greater resistance of the rotor in the centre than at the edges forcing
the flow towards the walls inhibiting separation. Figure 5 shows how the power performance
coefficient C, varies as a function of resistance K for the case where 43/4,=1.9 comparing the full duct
with the half duct. The peak performance is reached for a K of slightly greater than 1. It can be seen
that at very low resistance, the full span has a greater efficiency than the half-span case, however, as
resistance increases, the half-span duct becomes more efficient. This is consistent with the inhibiting
of flow separation and increase in efficiency of the duct is noted above from Figure 4.

The difference between the half-duct and the full duct case would seem to be due to a greater duct
diffusion angle, i.e. 6° for the half-span duct compared with 3° for the full-span duct, and a different
flow geometry, i.e. in the full-span case there is a large flow separation bubble behind the building
with upward flow directly interacting with the flow exiting from the duct which is pushing the exiting
flow upward and encouraging separation from the bottom of the duct. In the half-span case, there is a
much smaller area of re-circulating flow behind the duct on top of the building which can be more
easily inhibited by the forcing of flow to the edges of the duct by a higher resistance rotor.

Figure 6 shows the vertical wind shear in the duct just upstream of the rotor for the different
contraction ratios and the full duct/half cases in the case of low resistance. It can be seen that the
profiles in all cases are far from uniform. The degree of profile asymmetry is greatest for the 43/4,=1.9
contraction ratio cases and especially, the half-span duct case.
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(a) (b)
Figure 3: Streamlines for flow through full-span duct with 45;/4,=1.9 with (a) K=0.38, (b) K=1.33.
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Figure 4: Streamlines for flow through half-span duct with 45/4,=1.9, with (a) K=0.36, (b) K=1.29.
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Figure 5: Power coefficient C, as a function of resistance K for the full-span duct and half-span duct
where 43/4,=1.9.

3
~ 2.5 A
£
g 2 1.9 (full)

———-1.9 (hal

% 15 (half)
2 | e 3.75
[
£ 1 6.6
=
£ o5

0 ‘ ‘ ‘ ‘

3 4 5 6 7 8
Wind speed (m/s)

Figure 6: Comparison of vertical wind speed profiles within ducts of different contraction ratios just
upstream of the rotor. K=0.38 (43/4,=1.9, full duct), K=0.36 (45/4,=1.9, half duct), K=0.45
(A3/A1=375), K=04 (A3/A1=66)
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5. Comparison with 1D Model
A comparison was made of the CFD calculated values for C, and those calculated using the 1D model.

The parameters 77,, and 77,, were used along with an extra multiplier a to take account of other
factors which may reduce the performance of the duct, e.g. flow asymmetry and the effect of the
building, such that:

C,=aC, ()

where C ;, is the performance coefficient adjusted for factors which reduce the overall performance of

the duct, to give the best fit of the 1D model to the CFD calculations. In addition, because there is off-
axis flow into the duct which cannot be modeled by the 1D theory, 77,, is assumed to be divided by

cos(#) where @ is the angle that the flow makes to the horizontal on entering the duct. The values of
Mo /cos(d), n,, and a determined using an iterative best fit, along with the base pressure drop

coefficient C,, determined from the CFD model are shown in Table 1. The value of 77,; for the

contraction ratio 43/4;=1.9 is broadly in line with the observations in [17]. The values for other
contraction ratios are out of the range of observations in [17]. Assuming that 77,, would be close to 1

for an efficient inlet, then & would appear to be around 37° which is not inconsistent with the
streamlines entering the duct in Figure 3 (a) and (b). The a parameter ranges for 0.75 to 1 for
contraction ratios 43/4;=1.9 to A3/4,=6.6, respectively. This reflects the largest degree of separation
for the lower contraction ratio case. This is to be expected as the flow has to be turned through 90
degrees with the sharpest angle for the lowest contraction ratio duct compared with the highest
contraction ratio. Higher contraction ratios also cause greater flow acceleration in the inlet, eliminating
local adverse pressure gradients in the boundary layer of the duct inlet and preventing flow separation.

As a base case, a CFD run was done for the 43/4,=1.9 contraction ratio with no building, i.e. for a
free-standing duct, and the parameters in the 1D model adjusted accordingly for the best fit. These

results are shown in Table 2. It can be seen that 77,,/cos(f)) is 1 corresponding to a perfectly

‘swallowing’ duct with no appreciable off-axis flow in this case. The pressure drop in the diffuser is in
line with [17] where 77,; is 0.9 as for the building mounted case. The magnitude of the base pressure

coefficient is lower than the building case as expected. No reduction in overall duct performance is
apparent, i.e. a=1 as would be expected.

Finally, the half-span duct CFD results were compared with the 1D model adjusting the parameters
as before. It can be seen that for low resistances the overall duct performance parameter a is quite low
(0.5). As the resistance is increased, the parameter a increases up to an apparent value of 0.97 for the
highest resistance value. This is consistent with Figure 4 (a) and (b) where the streamlines show a
large degree of separation for the low resistance case and virtually no separation for the high resistance
case.

A3/A] ;701/005(0) 123 a Cpb
1.90 1.25 0.9 0.75 -0.1
3.75 1.25 0.95 0.9 -0.1
6.60 1.25 1 0.95 -0.1

Table 1: Parameters in 1D model to give best fit to CFD calculations for ducts of varying contraction

ratio on building.
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Ag/A[ 7’]()1/COS(0) 23 a Cpb
1.90 1 0.9 1 -0.06
Table 2: Parameters in 1D model to give best fit to CFD calculations for 45/4,=1.9 for a free-standing

duct (no building).

K (half) 1o1/c0s(0) 123 a Cop
0 1.25 0.9 0.5 -0.4
0.36 1.25 0.9 0.5 -0.4
0.68 1.25 0.9 0.5 -0.4
0.98 1.25 0.9 0.65 -0.4
1.29 1.25 0.9 0.97 -0.4
1.6 1.25 0.9 0.97 -0.4

IOP Publishing
doi:10.1088/1742-6596/75/1/012001

Table 3: Parameters in 1D model to give best fit to CFD calculations for the 43/4,=1.9, half-span duct.
Note that the a parameter varies as resistance K is increased.

6. Discussion

The performance of a wind turbine rotor within a free-standing duct is clearly different to that where
the duct is mounted on top of a flat-roofed building. The building itself creates a significant
acceleration of the flow as it approaches and moves over the top of the building. The flow separates
where it hits the leading edge of the building, though this separation point will be displaced upwards
by the addition of the duct then occurring at the top edge of the duct.

Designing the inlet to the duct in order to maximise its ‘swallowing’ efficiency is not trivial and it
is difficult to separate out the efficiency of the inlet from the speed-up effect of the building. There is a
significant vertical component to the flow close to the building and designing an inlet capable of
directing that flow horizontally whilst avoiding flow separation is difficult.

One significant difference between the free-standing duct and the building-mounted arrangement is
the asymmetry seen in the vertical profile within the duct and an adverse pressure gradient in the lee of
the building and above the building due to the flow separation bubbles. This produces loss in
performance even at low contraction ratios (small diffuser angles) for the building-mounted case
compared with the free-standing duct as flow separation is seen at the bottom of the duct. These facts
make determination of diffuser efficiencies from the 1D model problematic. Indeed, it is not obvious
that the diffuser inlet and outlet efficiencies can be treated as independent of the rotor resistance.

A half-span duct has the potential to reduce material costs but seems to exhibit significant flow
separation at low rotor resistance resulting in loss of performance. However, as the rotor resistance is
increased, performance seems to improve and approach that which might be seen for the free-standing
case. This would seem to be due to the rotor forcing the flow towards the edges of the duct and so
inhibiting flow separation. This observation is consistent with the experimental findings described
earlier in [10].

7. Conclusions
A comparison has been made between the performance of a building-mounted ducted wind turbine as
predicted from 1D theory and calculated using a CFD code in 3D. When comparing results for a free-
standing duct, agreement between the 1D theory and simulations is good. However, in the building-
mounted case, deviations from the 1D results are apparent and would seem to be due to:

e The acceleration effect of the building;

e Vertical flow asymmetry within the duct affecting the diffuser performance;

¢ Building-induced separation effects affecting both the inlet and diffuser performance.



The Science of Making Torque from Wind IOP Publishing
Journal of Physics: Conference Series 75 (2007) 012001 doi:10.1088/1742-6596/75/1/012001

It is interested to note that when simulating the performance of a shortened duct (not spanning the
entire length of a building), that at low rotor resistance performance is poor, but as rotor resistance is
increased, so performance increases approaches that of a free-standing duct.

Though the advantage of the CFD simulations is to provide some insight into the patterns of flow
and possible reasons for the change in performance of the duct in different configurations, field testing
measurements would be required to validate the conclusions of this work. Nonetheless the results
presented here give some insight into the performance of a building-mounted ducted wind turbine and
provide an indication of how a simple 1D theory might be empirically corrected to account for the
effect of mounting the duct on a building.
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