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ers with the area ratio of six and two, respectively, are in 
common use. This means such nozzles accelerate outlet 
flow velocity by six times and diffusers decelerate out-
let velocity by two times. For wind turbine designers, 
these devices are very attractive because the wind pow-
er is proportional to cube of wind velocity. For exam-
ple, a nozzle with the area ratio of six enhances the wind 
power by a factor of 36. Therefore, many researcher and 
scientists exploited different approaches to develop and 

Abstract
There are fundamental differences between internal and external flows over short hollow devices. 
For internal flows, the outflow velocity in a pipe with constant cross section is unchanged, in a nozzle 
is accelerated, and in a diffuser is retarded. This is tempting for general wind turbine practitioners to 
develop enclosure type wind turbines for accelerating wind speed and augmenting wind power. In 
this study, the short hollow accelerating devices without interaction of wind turbines is investigated 
in vertical orientation using analytical and CFD (Computational Fluid Dynamics) techniques. The 
literature on shrouded wind turbines and wind catchers are briefly reviewed. Bernoulli energy equa-
tion are used to derive some simple analytical formulations considering viscous losses to determine 
inlet and outlet pressure and velocity along centreline of three short hollow devices of tube, nozzle, 
and diffuser shapes in external flows. Then, CFD simulations are carried out for the hollow devices 
in both horizontal and vertical orientation. The results of computational and analytical methods in-
dicate that the wind speed at the inlet of nozzle retarded due to development of a pressure zone, 
in good agreement with the experimental data, and the outlet flow velocity is slightly increased 
compared with the free stream inlet velocity at low wind speeds. Flow simulations around diffuser 
device however reveal a suction zone at the inlet where intake of air improves and the intake air 
velocity is increased compared with free stream inlet air velocity particularly at higher wind speeds. 
No noticeable differences are observed between flow features around horizontal and vertical accel-
erating devices. It is concluded that for vertical enclosure wind turbines, the diffuser shape of the 
enclosure particularly at the section with a wind turbine may be more suited in agreement with the 
proven concepts of shrouded wind turbines and wind catcher.
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Introduction
From the classical fluid mechanics it is well known 

that nozzles accelerate and diffusers decelerate steady 
internal flows with constant mass flow rate. In such de-
vices, the outlet to inlet velocities will be proportion to 
the ratio of inlet and outlet areas; hence, there would be 
appreciable conversion factor for these fluid devices. For 
example, in design of wind tunnels, nozzles and diffus-
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[3] conducted experiments with a diffuser-augmented 
model of wind turbine in 1983.

From 1981 forward, attention was also drawn more in 
mathematical and computational modelling of shrouded 
wind turbines. Fletcher [4] has used blade element com-
putational method on diffuser augmented wind turbines 
including wake rotation and blade Reynolds number ef-
fects. His computational results matched well with some 
experiments on power coefficient and axial velocities. 
Maximum power augmentation of four times was re-
ported using solidity factor of 0.1 ≤ σ ≤ 0.15 depending 
on the aerofoil section used for the wind turbine blades. 
Nagai and Irabu [5] have also developed the momentum 
based theory for diffuser augmented wind turbine in Ja-
pan.

Helmy [6] further developed theoretically shrouded 
wind turbines assisted with rear edge flanged diffuser. 
His studies revealed that power coefficient was doubled 
and he suggested optimal dimension of diffuser and the 
flange. In parallel in UK and Denmark, Phillips, et al. [7] 
used CFD modelling and the development of the diffuser 
augmented wind turbine and Hansen, et al. [8] studied 
effect of placing a diffuser around a wind turbine. Bet 
and Grassmann [9] studied computationally two diffuser 
rings around the wind turbine rotor and reported that by 
creating a field of low pressure behind the wind turbine 
the power coefficient was doubled.

design wind turbines by devices to accelerate wind veloc-
ity at rotor plane. Because of fundamental differences of 
external flows over nozzles and diffusers compared with 
internal flows, a large number of literatures focuses on 
diffuser or shrouded wind turbines. The orientation of 
accelerating devices within shrouded wind turbines were 
mainly horizontal for improvement of horizontal axis 
wind turbines; but, no study were conducted to study the 
flow accelerating devices in vertical orientation. With re-
cent growth interest in using wind catchers in architects 
of modern buildings and applications of renewable en-
ergies, there is opportunity to develop wind generators 
within wind catcher architecture.

Backgrounds in shrouded wind turbines
Research works exploiting applications of wind tur-

bine inside shrouded aero generator may be dated back 
as early as 1976 when Igra [1] built and tested two wind 
turbines in wide range of axial and angular inlet veloc-
ities for several numbers of blades. His investigation 
also included wind turbine design in enclosures which 
indicated that his simple model can be used for design 
of shrouded wind turbines. His experiments for a load 
factor below 0.3 showed good agreement with his mod-
el for a range of solidity factor (1.57 ≤ σ ≤ 6.28). Even-
tually he observed that for low load factors (below 0.3) 
the number of blades above 6 will not improve power 
performance. Igra [1] also summarized that for higher 
load factors the viscous effects should be incorporated 
within his model and for higher Reynolds number than 
narrow band of his experiments (105 ≤ Re ≤ 2.6 × 105) 
from similarity laws the power performance can be bet-
ter. A relatively constant power capture for wide range of 
a velocity factor reported. Igra [2] reported research and 
development of shrouded wind turbines with significant 
power augmentation using a compact shroud and up to 
80% extra power improvement by using ring shape flaps 
while additional 25% enhancement were also observed 
using appropriate bleeding from exterior of shroud. He 
also presented design of the axial wind turbine for the 
proposed shroud. A pilot wind turbine with 1 hp pow-
er at 5 m/s with 3 meters in diameter were built and its 
field test results were compared with models (Figure 1). 
He reported measurements of wind power which shows 
augmentation of two times compared with shroud less 
wind turbine. The power augmentation was related to 
two important factors: the in viscid wake recovery caus-
ing subatmospheric pressure at the shroud exit plane and 
the kinetic energy conversion into pressure in the rear 
part of diffuser. From economical point of view also the 
given concept proved to be more efficient than conven-
tional wind turbines.

The new idea of using diffuser assisted wind turbine 
spread in US, Japan, and Europe. In US, Gilbert Foreman Figure 1: Fronted view of the Igra’s shrouded wind turbine [2].
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tex formation and interaction occur inside the diffuser. 
Their optimal design claimed to produce 4 to 5 times 
more power compared with their bare wind turbine (500 
W). Both wind tunnel tests and field tests performed as 
expected. Ohya, et al. [14,15] introduced a new diffuser 
design with a broad-ring brim at the exit in several com-
pact dimensions. Two to five times wind power augmen-
tation was achieved using new compact designs due to 
low-pressure region mainly produced by strong vortex 
formation behind the broad brim. This brings more mass 
flow rate to the wind turbine inside the diffuser shroud.

In another work, Matsushima, et al. [16] studied a 
similar diffuser-flanged wind turbine using field testing 
and also computation of the bare diffuser-flanged with-
out wind turbine. From computation, they reported the 
maximum increase of wind speed by a factor of 1.7 of 
the free stream velocity using appropriate diffuser length 
and expansion angle. They also reported fastest air speed 
near the inlet of diffuser. The field test results also con-
firmed that the wind power increased by up to 2.4 times 
compared with the bare wind turbine. They however 
argued that their numerical results overestimated the 
maximum wind speed ratio and output power of 1.7 and 
5, respectively, compared with measured values. There-
fore, they suggested that their wind turbine had negative 
effects when introduced to the diffuser or the frequent 
and rapid changes in wind speed and wind direction has 
caused the discrepancy leading lower performance of the 
wind turbine generator than computed optimal one.

In UK, Wang, et al. [17,18] reported on aerodynamic 
design of a small urban wind turbine with scoop. CFD 
simulations of the wind turbine and detailed design for 
blades, nosecones and nacelles were given. Estimation of 
the annual power output of this wind turbine calculated 
using hourly wind data of Scottish Weather Station was 
compared with other commercial turbines and reported 
as rather competitive. The final design of the scoop wind 
turbine boosted wind speed and power output by a fac-
tor of 1.5 and 2.2 times, respectively, compared with the 
bare wind turbine of same swept area confirmed also by 
wind tunnel tests. The results also indicated that power 
capture improved particularly at locations where aver-
age wind speed was lower and wind was more turbulent. 
Grant, et al. [19] also considered urban wind power us-
ing a roof-mounted ducted wind turbine to use pressure 
difference by wind flow around a building in UK. A sim-
ple mathematical model presented and compared with 
outcomes from tests at model and prototype scale. It 
was concluded that ducted turbines have, for in the most 
promising applications, power coefficients well in excess 
of the conventional Betz limit. Another advantage was 
low visual impact and safety.

In Taiwan, Hua and Cheng [20] designed a vertical 

Later in Japan, Ohya, et al. [10,11] have developed a 
diffuser-flanged shroud system around small wind tur-
bines. The flanged-diffuser shroud job was to collect and 
accelerate the free stream wind. The flange at the exit 
of the diffuser shroud generated a low-pressure region 
in the wake region of the diffuser by vortex formation 
and entraining more air into the wind turbine inlet. The 
shrouded wind turbine was optimized for which wind 
power augmentation of about 4-5 times is reported com-
pared with the bare wind turbine.

Abe, et al. [12] have carried out an extensive exper-
imental and numerical study on the same wind turbine 
with a flanged diffuser of Ohya, et al. [10,11] (Figure 2). 
They observed four times augmentation of wind turbine 
power coefficient using both hot-wire anemometry mea-
surements and computations. In addition, they noticed 
when the power performance of diffuser-flanged was 
normalized by a mean velocity behind blades, both the 
bare and diffuser-shrouded wind turbines presented 
similar performances. Thus, they conclude that in both 
situations the wind turbine operates similarly and the 
power augmentation was mainly related to the acceler-
ation of approaching air by the flanged diffuser. Wind 
tunnel experiments and filed measurements indicated 
that the output performance was as expected.

In 2008, Ohya, et al. [13] have developed their opti-
mized diffuser shroud wind turbine with a broad-ring 
flange (Figure 2) at the exit of diffuser. Their emphasis 
was on placing the exit flange dimension and position 
so that a low-pressure region generated behind of the 
wind turbine in the wake of rotor where a strong tip vor-

Figure 2: Ohya’s flanged diffuser shroud (500 W) wind turbine 
[13].
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steadiness effects. Their results show that the interaction 
with upstream bowed wakes has a beneficial effect on 
casing end wall flow behaviour resulting in weakening 
secondary flows. The combined unsteady effects on tur-
bine performance depend on the balance of unsteady 
end wall mixing and end wall secondary flows and the 
negative impact of these effects should be alleviated to 
achieve enhanced performance.

Review of wind catchers
Wind catchers (Badgirs) are important infrastruc-

ture part of the Iranian traditional architecture for sup-
plying natural conditioned air to buildings in both dry 
hot and humid hot weather conditions for thousands of 
years. The wind catchers not only used for air ventilation 
of buildings but also used for cooling in water cisterns 
(Ab-anbar) [25,26]. The natural ventilation of buildings 
is the tradition of ancient Persia buildings to allow wind 
entry from tall towers for cooling and conditioning air 
above a basement pond into rooms and hall of building. 
The wind catchers are widely used in architecture of des-
ert type buildings in the central and the southern parts of 
Iran and are known as Bawdgir [27-30]. The wind catch-
ers configurations are varied among one sided, two sid-
ed, four sided and eight sided towers. The design of the 
wind catcher is varied from one city to another city. For 
example, the design of wind catchers in the city of Yazd 
are taller with four to eight sided configuration com-
pared with the nearby city of Maybod with lower height 
and one sided types [31]. The reason for this difference 
may be related to the fact that Yazd city is located among 
mountains with weak winds while Maybod is located in 
a flat desert with frequent strong dust storms. In general, 
wind catchers with short and one sided designs or tall 
and with four to eight sided designs are widely adapted 
to suit air conditioning of building in different meteoro-
logical conditions.

The wind catchers are traditionally built for heights 
from just 2 meters to 20 meters or higher on top of build-
ings using wood-reinforced masonry constructed by clay 
and sun dried clay bricks. Some authors suggest that 
taller towers capture higher wind speeds with lower dust 
entry [27,30,32,33].

Figure 3 shows a typical four and eight sided wind 
catcher in Dowlat-Abad house and garden in the city of 
Yazd. The house was built in the 18th century and was 
once the home of the Persian regent, Karim Khan Zand 
[34].

Recently, many researches were conducted to assess 
operation and performance of wind catchers in Iran. 
Montazeri [35] has investigated wind catchers with dif-
ferent number of opening using smoke visualization and 
computational techniques. His results suggest that the 

bucket-shape ducted wind turbine. They argued that 
conventional ducted wind turbines required large inlets 
to absorb more mass flow rate; however, the task should 
be increasing the speed of wind. They optimized geom-
etry of the ducted wind turbine using object-oriented 
optimization and CFD simulations. The optimal shape 
of their duct appeared to be an unconventional nozzle, 
which increased wind speed by 60%. The results of their 
field tests of their prototype ducted wind turbine showed 
power augmentation of 1.6 to 1.8 times the bare wind 
turbine. Chen, et al. [21] also developed a shrouded, 
small, horizontal-axis wind turbine installing on mov-
ing vehicles. They studied the effects of flanged diffusers 
on rotor performance of a small (30 cm rotor diameter) 
wind turbine with different rotor solidities (20-60%) 
and wind speeds (10-20 m/s). Wind tunnel experiments 
confirmed that the flanged diffuser may significantly in-
crease the power output of the wind turbine for higher 
solidity of 30% to 40% and low wind speeds. Their study 
also showed that a small wind turbine has the character-
istics of low torque and high rotational speed, and high 
rotor solidity for maximum power output compared to a 
conventional large wind turbine.

In Australia, Kosasih and Tondelli [22] studied shroud-
ed micro-wind turbine by examining diffuser shape and 
geometries, blade airfoils, and wind condition of a mount-
ing site. The effect of different configurations namely: 
straight diffuser, nozzle-diffuser combination, and dif-
fuser-brim combination were investigated. Test results 
confirmed that straight diffuser improved wind turbine 
performance by 60%, the nozzle-diffuser enhancement of 
63%, and brimmed diffuser also improved performance. 
Increasing the diffuser length (L/D) did not affect the opti-
mum Cp of the wind turbine but shifted the performance 
curve and the optimum Cp to higher tip-speed-ratio. But 
adding brim (flange) at the exit plane of the diffuser in-
creased the performance, Cp as well as reduced the cut 
in speed and shifted optimum to higher value. Jafari and 
Kosasih [23] also reported experimental and Computa-
tional Fluid Dynamic (CFD) studies for diffuser shrouded 
an AMPAIR300 wind turbine which demonstrated signif-
icant power augmentation. Their studies showed strong 
dependency on the shape and dimensions of the diffuser. 
Different diffuser shapes and dimensions were investigat-
ed to understand their effects on power augmentation. 
From the CFD results, sub-atmospheric back pressure is 
found to be the most influential factor in power augmen-
tation. It was argued that flow separation on the diffuser 
surface led to significant reduction in the pressure recov-
ery coefficient and so the overall power augmentation.

Gao, et al. [24] have computationally studied inter-
nal unsteady flow in a 1.5-stage shrouded turbine with 
straight and bowed vanes. Their aim was to control of 
casing end wall secondary flows and losses due to un-
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bines, namely INVELOX (Figure 4). The innovative fea-
ture of INVELOX is by combining wind tunnel and wind 
catcher systems to capture wind flow through a vertical 
enclosure intake and hence eliminating the need to yaw 
control. The flow accelerates through a shrouded Ventu-
ri and exhaust into atmosphere by a diffuser.

CFD simulations and field testing were conducted to 
evaluate performance of this wind turbine. The results of 
their studies showed that it is possible to capture, accel-
erate and concentrate the wind. The total average wind 
power augmentation of INVELOX over 8 days was re-
ported about 314% compared with bare wind turbine. 
The cut-in wind speed of 1 m/s is promising for develop-
ment of enclosure wind turbines integrated within wind 
catcher designs for low speed regions in hot deserts.

The Allaei’s idea seems to stem on the concept of wind 
catcher designs which used to generate natural cool-
ing comfort through drift of wind into building. Wind 
catchers considered as the tradition of Persian architec-
ture which was developed and used for many centuries. 
However, there is a fundamental difference between 

crucial parameter in performance of the studied wind 
catchers is the number of openings. Kalantar [36] re-
search in the city of Yazd showed that the evaporative 
cooling is the main cooling mechanism in this dry hot 
city and he suggested equipping the wind catchers with 
the water vaporization system to reduce considerably air 
temperature inside buildings. Bahadori, et al. [37] inves-
tigated two new designs for wind catchers, with wetted 
column and wetted surfaces, and compared their perfor-
mances with a conventional wind-catcher in the city of 
Yazd. The two new designs have improved temperature 
reduction and increased relative humidity compared 
with traditional one.

Kazemi Esfeh, et al. [38] applied smoke visualization 
to assess wind catcher models with flat, inclined and 
curved roofs. His study showed superior performance 
using the wind catcher with a curved roof.

Development of an enclosure wind turbine
Most recently in US, Allaei and Andreopoulos [39] 

have introduced the new concept of enclosure wind tur-

Figure 3: The four sided (left) and eight sided (right) wind catchers in Dowlat-Abad house and garden in the city of Yazd [34].

Figure 4: Allaei’s INVELOX enclosure wind turbine [39].
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found that the best concentrator should locate 5 cm in 
front of the wind turbine and it should be a nozzle shape 
with inlet to outlet ratio of 6.

The aim of present study is to exploit external flows 
over vertical accelerating devices such as nozzles and dif-
fusers for application in such wind generators. The paper 
is outlined as to give a background study on shroud-dif-
fuser wind power augmentation followed by theoretical 
modelling of the accelerating devices. Then, the results 
of mathematical modelling are compared with results of 
CFD simulations and some available experimental data 
on horizontal axis accelerating devices. Next, computa-
tional results are presented for vertical nozzle and dif-
fusers at wide range of wind speeds. Finally, conclusions 
and guidelines are provided for future development of 
vertical accelerating devices in enclosure wind generat-
ing systems.

Mathematical Modelling
Literature discussed above has merely reflected on 

simple models for wind turbine integrated with shroud 
diffusers. Some authors suggested that the main cause 
of power augmentation was due to shroud diffuser and 
others considered interaction between wind turbine and 
shroud was responsible for this. Ohya, et al. [13] exam-
ined three bare hollow circular nozzle, pipe, and diffuser 
geometries, with no wind turbine and area ratio of 1/4, 
1, and 4, respectively, and L/D = 7.7 in wind tunnel ex-
periments as shown in Figure 5. Air flows with smoke 
strip visualization technique were used through inside 
and outside of the three model devices. Results indicat-
ed that air flows avoided the nozzle-type model instead 
air better flows into the diffuser-type model because air 
was sucked into diffuser due to the back suction side. It 
was also shown that wind speed gradually increased with 

Allaei’s model as shown in Figure 4 and the traditional 
wind catchers. As seen in Figure 3, the wind is drawn 
into a big space from a uniform cross section canal. This 
is more likely act as a diffuser than a nozzle. The open-
ings of the wind catcher are narrow and much smaller 
compared with room space where wind is drawn. There-
fore, the above literature of research on diffusers and the 
proven concept of wind catchers may suggest that a en-
closure wind turbine should utilize a diffuser to collect 
and expand air into the designs such as INVELOX and 
then the concentrated wind should be accelerated in a 
contraction nozzle and an expanding diffuser (or Ventu-
ri) similar to design of blower wind tunnels to augment 
wind speed. The advantage of such design compare with 
Ohya’s diffuser assisted horizontal wind turbine is that 
the wind can enter into the structure from any directions 
without the need for yaw mechanism control. Design 
of enclosure wind turbine can also integrate with wind 
catchers to be incorporated in architecture of modern 
buildings with natural air conditioning systems [31,40].

Bussel [41] have reviewed 50 years of Diffuser Aug-
mented Wind Turbines (DAWTs). Bussel concluded 
that using 1D momentum theory power extracted from 
a DAWT is the same as a bare wind turbine. He reported 
that power augmentation beyond 3 has never achieved. 
However, Wong, et al. [42] reviewed various flow aug-
mentation methods for the purpose of utilizing with Ver-
tical Axis Wind Turbines (VAWTs) and reported large 
magnification of 9 times output power. Chen, et al. [43] 
has reviewed innovative wind turbine concepts. They 
believe the main challenges of new innovative wind tur-
bines are not only augmentation of power but also eco-
nomical and environmental friendly aspects of designs. 
Shonhiwa and Makaka [44] has reviewed the concept of 
Concentrator Augmented Wind Turbine (CAWT). They 
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Figure 5: Hollow circular devices tested in wind tunnel by Ohya, et al. [13].
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the loss coefficient of k1 as follows [45]:
2 22

0 0 01 1
1  

2 2 2
P V VP V k

g g gγ γ
+ = + +             (1)

Energy equation for air flows inside pipe between 
point 1 and point 2 is expressed by [45]:

2 2 2
1 1 2 2 2

1 2 = 
2 2 2

P V P V VLf
g g D g

α α
γ γ

+ + +           (2)

From continuity equation, the volume flow rates at 
inlet and outlet of the pipe must be equal; hence, for 
constant cross sectional area of the pipe, the inlet and 
outlet average velocities are equal; i.e. 1 2V  = V , although 
the kinetic energy coefficients are not equal because of 
different velocity profiles at inlet and outlet for this un-
developed fluid flow; i.e. α1 ≠ α2. At inlet however, the 
inlet velocity is assumed nearly uniform, V1c ≈ V0, for 
which α1 = 1, and at the outlet, the velocity profile is as-

sumed turbulent with 
1

 = 1
n

c

V r
V R

 − 
 

, in which V is the 

velocity at radius r and Vc is the centreline velocity. For 
general turbulent flows with n = 7, the average velocity in 

outlet is given by: ( )( )2
2

2

1 2 1
 =  = 1.2245

2
c n nV

V n
+ + , and hence 

by assuming similar average velocity at inlet, it yields to: 
2

1

 = 1.2245cV
V

; α2 = 1.2245. From Ohya, et al. [13] experi-

ments, the outlet pressure can be nearly approximated by 
the free stream pressure; i.e. P2 ≈ P0; hence, equations (1) 
and (2) can be simplified as:

( )
22

1 0 01
1 = - 1

2 2
P P VV k

g gγ
−

+ −           (3)

2
1 0 1 = 0.2245

2
P P VLf

D gγ
−  + 

 
          (4)

Equating right hand sides of (3) and (4), the relation 
between inlet and free stream velocities are obtained as 

L/D; hence, it was concluded that the diffuser structure 
is most effective for collecting and accelerating the wind. 
A remarkable increase in wind speed ratio was obtained 
at inlet of diffuser, between 1.6 to 2.4, if a long diffuser 
over L/D = 3 is used; however, it was preferable to have 
a shorter diffuser body with a L/D of less than 2 for their 
shroud wind turbine so that they examined several short 
diffuser-type structures with end flanges to achieve high 
velocity ratio at inlet.

Ohya, et al. [13] presented experimental wind veloc-
ity and static pressure distribution on the central axis of 
the hollow circular devices. These data will be used for 
validation of our simple mathematical model and also to 
verify our CFD computations. Below, the simple mathe-
matical models are presented for horizontal devices. The 
same idea can be explored when using the devices in ver-
tical orientation; however, it is avoided here due to lack 
of experimental data; instead, more reliable CFD simu-
lation are carried out to compare if there is any appre-
ciable difference between the accelerating devices with 
horizontal and vertical orientation.

Horizontal pipe flows
Here, simple mathematical models based on energy 

equation by some head losses are developed for external 
flows over pipe, nozzle, and diffuser at locations 0, 1, and 
2 as shown in Figure 5.

In general, the external flows over and inside the hor-
izontal pipe is highly complicated due to inlet and outlet 
interaction with free stream flow, developing inner and 
outer boundary layers outside and inside pipe, entrance 
pipe undeveloped flow, turbulent flows inside and out-
side pipe. To simplify this, it is assumed that the inlet ef-
fect is to raise entrance pressure so that pressure gradient 
along inside pipe allows for flowing air through the pipe. 
Hence, air velocity at inlet and through pipe will be low-
er than free stream velocity. By writing energy equation 
from point 0 to point 1, including inlet minor loss with 

Outflow
Slip Wall

surrounding
boundaries

Nozzel / Diffuser
Arrangement

Velocity Inlet
Z

X Y

Figure 6: General view of the utilised CFD model showing boundary types and mesh elements.
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et al. [13] suggested that a high pressure zone created at 
the nozzle inlet avoided air to easily enter the nozzle and 
this limited mass flow rate passing through the nozzle. 
It was observed that air velocity at the outlet of nozzle 
did not increased from the value at upstream value and 
hence the nozzle was not considered as suitable device to 
accelerate air speed. The inlet velocity was also consid-
erably reduced compared with upstream velocity. From 
these observations, air velocity and pressure coefficient 
at inlet and outlet of the nozzle can be estimated using 
continuity and energy equations. Writing energy equa-
tion from point 0 to point 1 for the horizontal nozzle in-
cluding the nozzle inlet loss (k1) as follows [45]:

2 22
0 0 01 1

1 = 
2 2 2

P V VP V k
g g gγ γ

+ + +            (7)

Energy equation for air flows inside the nozzle be-
tween point 1 and point 2 can be expressed by [41]:

2 2 2
1 1 2 2 2

1 2 2 = 
2 2 2

P V P V Vk
g g g

α α
γ γ

+ + +            (8)

The nozzle loss coefficient k2 for a typical nozzle may 
be found in reference [45]. From continuity equation, 
the volume flow rates at inlet and outlet of the pipe must 
be equal; hence, for the area ratio of 4 between inlet and 
outlet of the nozzle, the inlet and outlet average veloci-
ties are given by, i.e. 2

1 2 2
1

1 =  = 
4

AV V V
A

. As observed from 

Ohya, et al. [13] experiments, the outlet centreline ve-
locity is nearly equals to upstream velocity, i.e. V2c ≈ V0, 
for which α2 = 1 Similar to the pipe flows, the kinetic en-
ergy coefficients at inlet and outlet are different so that 
by assuming nearly uniform flow at inlet, we can write 

1
1 = 
4

α  and 
1 0

1  
4cV V≈ . The centreline velocity values 

at inlet and outlet are shown in Figure 6. Similar to the 

follows:

0

1
1

1 = 
1.2245

V

kV Lf
D

−

+
            (5)

For the air velocity of  V0 = 5 m/s, the Reynolds num-
ber value is Re = 4.1 × 104, hence by using Moody di-
agram, the friction coefficient for a smooth pipe is ob-
tained as: f = 0.021. For a typical loss coefficient of  k1 = 
0.02 (from reference [45]), although the loss coefficients 
should be obtained from experiments, the inlet average 
velocity is calculated from (5) as: 1 0 = 0.84 V V , and con-
sequently the outlet centreline velocity is obtained as: V2c 
= 1.03 V0. 

This is in good agreement with experiments as shown 
in Figure 6. Although for each case, the coefficients of 
the head losses should be determined from experiments.

In order to determine pressure coefficient, 0

2
0

 = 1
2

p
p pC

Vρ

− , 

for the inlet and outlet centreline of the pipe, equation (4) is 
rewritten as follow to obtain pressure coefficient:

( )1

0.2245
 = 1

1.2245
p

Lf
DC kLf
D

 + 
− 

 +
 

           (6)

For the pipe with the given values above,  Cp1 = 0.237, 
Cp2 = 0. This slightly overestimates experiment as shown 
in Figure 7.

Horizontal nozzle flows
As shown in Figure 5, the external and internal flow 

over an open nozzle is considered here. A mathematical 
model is developed based on energy equation consider-
ing inlet and interior head losses. Experiments by Ohya, 
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found in reference [45]. Taking k1 = 0.4, k2 = 0.02, A2/A1 = 
4 although the loss coefficients should be obtained from 
experiments, the average outlet velocity is determined as: 

2 0 = 0.37V V . It is also assumed that the kinetic energy co-
efficients are equal for this fully turbulent flow; i.e.

α1 = α2 = 1. Hence with n = 7 at inlet,  

( )( )
2

2

2

2 =  = 0.817
1 2 1c

V n
V n n+ +

 or V2c = 0.45V0 which 

greatly underestimates the outlet velocity compared with 
experiments. This may be due to highly viscous effects 
with separation of boundary layer at outlet. For the in-
let velocity:  1 0 = 1.47V V  or  V2c = 1.8 V0 which perfectly 
match with experiment (Figure 6).

Inserting the above findings into equation (7) and 
manipulating to find the inlet pressure coefficient, the 
following is found:

( )2
12

1 2
1 2

1 2
1

1
 = 1-  

1
p

kAC
A Ak k

A

+ 
 

  
+ + 

 

        (12)

Substituting the above values, the inlet pressure co-
efficient is determined as Cp1 = -2.02 . The pressure co-
efficients at inlet and outlet are shown in Figure 7 which 
nearly matches with experiments.

CFD Simulations
In order to develop the vertical enclosure wind tur-

bine, the components such as pipe, nozzle, diffuser, and 
Venturi should be studied when oriented in vertical di-
rection. From the mathematical models developed in 
section 2, it may be discovered that the potential heads 
due to elevation between inlet and outlet play an import-
ant role. However, it is difficult to test such devices in 
vertical arrangement because most of widely used wind 
tunnels are designed to test objects with horizontal wind. 
Hence, the objective of this section is to evaluate perfor-
mance of such devices in vertical wind using Computa-
tional Fluid Dynamics (CFD) simulations.

In this work, CFD simulations are performed for 
solving air flows over the Ohya’s nozzle and diffuser 
outlined in section 2. The purpose is to verify and vali-
date CFD solutions with the available wind tunnel test 
data [13]. The commercial CFD software, Fluent pack-
age [46], is used in this study to solve the Reynolds av-
erage Navier-Stokes (RANS) equations with (k-ω)-SST 
turbulence model for the three dimensional Ohya’s noz-
zle/diffuser model. The computational domain consists 
of unstructured mesh with 452,000 mesh elements. The 
mesh inside the nozzle/diffuser arrangement was con-
structed using hexagonal elements as shown by Figure 
6. Outside the nozzle/diffuser arrangement, the hybrid 

pipe flows, the velocity profile is assumed turbulent with 
1

 = 1
n

c

V r
V R

 − 
 

. Taking n = 7 for turbulent flows, the average 

velocity in outlet is given by: ( )( )
2

2

2

2 =  = 0.817
1 2 1c

V n
V n n+ +  

or 2 0 = 0.817V V  and hence by assuming similar velocity 
profile at inlet, it yields to: 1 0 = 0.204V V .

Inserting the above findings into equation (7) and 
manipulating to find the inlet pressure coefficient, the 
following is found:

( )
2

1
1 1

0

 = 1p
VC k
V

 
− −  

 
             (9)

Substituting k1 = 0.02 [45] and 1

0

 = 0.204V
V

, although 

the loss coefficients should be obtained from experi-
ments, the value of pressure coefficient at inlet is found 
to be Cp1 = 0.94. Similarly by substituting the above given 
data in equation (8) and manipulating the outlet pres-
sure coefficient is obtained as follows:

( )
2 2

1 1
1 2 1 2

0 2

 = - 1p p
V VC C k
V V

α
   

− + +   
  

         (10)

Substituting above values and k2 = 0.02  [45] in equa-
tion (10), the outlet value of pressure coefficient is ob-
tained as Cp1 = 0.268. The pressure coefficients at inlet 
and outlet are shown in Figure 7 which exactly matches 
with experiments.

Horizontal diffuser flows
As shown in Figure 5, the external and internal flow 

over an open diffuser is considered here. A mathematical 
model is developed based on energy equation consider-
ing inlet and interior head losses. Experiments by Ohya, 
et al. [13] suggested that a low pressure zone developed 
at the diffuser inlet which accelerated air flow inside the 
diffuser increasing mass flow rate passing through the 
diffuser. It was observed that air velocity at the inlet con-
siderably increased by a factor of 1.6 to 2.4 times of the 
upstream velocity. From these observations, air velocity 
and pressure coefficient at inlet and outlet of the diffuser 
can be estimated using continuity and energy equations. 
The same energy equations as the nozzle given in equa-
tions (7) and (8) can be used for the diffuser. Assuming 
the outlet pressure as atmospheric, P2= P0, and using 
continuity equation, 2

1 2
1

 = AV V
A

, the equations (7) and 

(8) are combined to find outlet velocity as follows:

0
2

2
1 2

1

 = 

1

VV
Ak k
A

 
+ + 

 

         (11)

The loss coefficient k1 for a typical diffuser may be 



• Page 10 of 14 •Sedaghat et al. Int J Astronaut Aeronautical Eng 2017, 2:009

Citation: Sedaghat A, Waked RAI, Assad MEIH, Khanafer K, Salim MNAB (2017) Analysis of Accelerating Devices for 
Enclosure Wind Turbines. Int J Astronaut Aeronautical Eng 2:009

diffuser model, the CFD results agrees very well half way 
through the diffuser with the wind tunnel test data; but, 
it fails considerably the reminder of diffuser and down-
stream of flow because of strong viscous interaction and 
possible separation zone with vortex formation in the 
diffuser and its downstream. It appeared that the CFD re-
sults and our simple analytical model agree well for both 
inlet and outlet of diffuser flow. Therefore, the simple 
external flow over diffuser may cast an interesting exam-
ple for CFD model validations to address some physical 
phenomena underneath flow features of such typical de-
vices. From Figure 8 as expected, the pressure coefficient 
has exactly matched up with experimental data for both 
nozzle and diffuser flows. This indicates that pressure 
field has perfectly obtained using CFD simulation. How-
ever, the mismatch in velocity field should be addressed 
to the flow viscosity and shear stresses obtained from the 
studied turbulence model. This can be separately investi-

mesh element was used. The boundary conditions uti-
lised in the current study are depicted in Figure 6. The 
solution is deemed converged if the difference between 
two consecutive iteration was less the 10-4 for all involved 
parameters (velocities, k,ω). The Semi Implicit Method 
for Pressure Linked Equation (SIMPLE) algorithm was 
employed for the calculation of pressure and velocity 
fields. Third order MUSCAL discretization scheme was 
used with momentum, turbulent kinetic energy, and spe-
cific dissipation and energy equations. However, the sec-
ond order upwind discretization scheme was used with 
the pressure mode. Furthermore, the values of Y+ at the 
walls of nozzle/diffuser ranged from 20-85.

The CFD results for the centreline velocity and the 
pressure coefficient distribution are shown in Figure 7 
and Figure 8, respectively. The velocity distribution re-
sults from CFD have nicely matched up with the experi-
ments for the nozzle flow as observed in Figure 7. For the 
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vertical direction of wind. The interesting finding from 
the results in Figure 9 is that the nozzle perform as dis-
cussed in previous section by retarding flow and hence 
increasing pressure at inlet and then regain almost the 
same upstream velocity at the outlet. This clearly shows 
that there is fundamental difference between internal 
nozzle flows which accelerate upstream velocity by the 
nozzle area ratio. However for the open nozzle flows 
with internal and external flows, the external flows dic-
tate that the velocity retard at inlet and then regain to the 
external upstream velocity value.

Changing the upstream air velocity from 1 m/s to 5 
m/s, the effects on the centreline velocity and the pres-
sure coefficient are shown in Figure 10 and Figure 11; 
respectively, for the vertical nozzle. The nozzle inlet is lo-

gated and is out of scope of present study.

For the purpose of present study, two devices includ-
ing circular nozzle and diffuser in vertical arrangement 
are examined using FLUENT software [29]. The noz-
zle and diffuser used here are with the Dimensions of: 
Length of L = 0.85 m, smaller diameter of D = 0.25 mso 
L/D = 3.4, and the area ratio of A2/A1 = 6. The different 
geometries are adopted here for a practical application 
for which shorter lengths of the devices are required.

External flows over nozzle
Here, CFD simulations around the vertical nozzle in 

external flows are presented. As shown in Figure 9, com-
putational results for the nozzle suggest that there is no 
appreciable differences between lateral (horizontal) or 

-2                    -1                      0                     1                      2                     3

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

U
Y/U

∞

X/L

1 m/s

2 m/s

3 m/s
4 m/s

5 m/s

Figure 10: Centre line wind velocity in the vertical nozzle with L/D = 3.4 and area ratio of 6 at different free stream velocities.

-2                  -1                    0                    1                   2                    3

2.0

1.5

1.0

0.5

0.0

C
p

X/L

1 m/s

2 m/s

3 m/s

4 m/s

5 m/s

Figure 11: Centre line pressure coefficient distribution in the vertical nozzle with L/D = 3.4 and area ratio of 6 at different free 
stream velocities.



• Page 12 of 14 •Sedaghat et al. Int J Astronaut Aeronautical Eng 2017, 2:009

Citation: Sedaghat A, Waked RAI, Assad MEIH, Khanafer K, Salim MNAB (2017) Analysis of Accelerating Devices for 
Enclosure Wind Turbines. Int J Astronaut Aeronautical Eng 2:009

there. The general structure of pressure contours around 
the nozzle remains unchanged except the high pressure 
values magnify by increasing wind speed (Figure 11).

External flows over diffuse
CFD simulations around the vertical diffuser are in-

vestigated here in external flows. The objective is to ex-
amine by changing the upstream air velocity from 1 m/s 
to 5 m/s what will be the effects on the centreline velocity 
and the pressure coefficient. Similar to the nozzle prob-
lem, the diffuser inlet is located at X/L = 0 and its outlet 
at X/L = 1. The centreline velocity and pressure coeffi-
cient are shown in Figure 12 and Figure 13, respectively. 
From Figure 12, it is observed that inlet velocity of dif-
fuser increases by a factor of 1.2 to 1.3, for this particular 
design, by changing wind velocity from 1 m/s to 5 m/s. 
However unlike Ohya’s diffuser, the outlet velocity of the 

cated at X/L = 0 and its outlet at X/L = 1. From Figure 10, 
it is observed that the nozzle outlet velocity has slightly 
increased from the upstream wind velocity by increas-
ing wind speeds from 1 m/s to 5 m/s. This is in agree-
ment with what was observed in experimental works in 
wind tunnels. However, the most interesting observation 
here is the pressure coefficient as shown in Figure 11. By 
increasing wind velocity from 1 m/s to 5 m/s, both in-
let and outlet pressure coefficient increase considerably 
which may suggest that air avoids entering the nozzle 
due to formation of a high pressure zone at inlet. From 
CFD simulations, it can be seen that by increasing wind 
velocity the accelerated zone forms at exterior part of 
inlet causing less air mass flow rate to pass through the 
interior part of nozzle. Moreover, high pressure zones 
forms at inlet and outlet of nozzle pushing more air to 
pass from exterior part of nozzle due to low pressure 
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the design of each accelerating devices should be con-
sidered separately for the full range of operational 
wind speeds and carefully design the full structure of 
enclosure wind turbine to operate optimally for prac-
tical range of wind speeds.

7. Considering conventional wind turbines, the range of 
wind speed is within 3 m/s to 25 m/s. But, new in-
novative designs may extend this operational range 
of wind speeds through which the power generation 
may also aligned with wider range. From practical 
point of view, it is required that some electrical gener-
ators to operate at very wide range of powers or alter-
natively the control devices may be needed to avoid 
overload of such electric generators.
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