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Abstract—This study examines the practicality of the diffuser 
augmented wind turbine (DAWT) relative to the conventional 
horizontal axis wind turbine (HAWT). The history of DAWT 
development is reviewed. Statements in the literature of 
DAWTs being able to exceed the Betz limit are true, when the 
swept area is defined as the rotor diameter. However, when 
swept area is defined as the maximum diameter of the diffuser, 
it is clear that DAWT power output is subject to the Betz limit. 
Theory and results reported in the literature lead to the 
conclusion that the power output of a DAWT and a HAWT of 
comparable diameter (diffuser and rotor respectively) will be 
similar. All wind turbines must be designed to survive loads 
from an extreme wind gust, which are much higher than loads 
during operation, even if blades are feathered. It is shown that 
extreme wind loads on a DAWT will always be higher than 
loads on a comparable HAWT, potentially by one or more 
orders of magnitude. This limitation is believed to one of the 
primary reasons that there have been no examples of 
commercially successful DAWTs despite half a century of 
research.   
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I.  INTRODUCTION 
A diffuser augmented wind turbine (DAWT) includes an 

additional aerodynamic structure around the periphery of the 
rotor which serves to increase mass flow rate through the rotor 
by producing a region of reduced pressure behind the rotor. 
DAWTs have been studied by many researchers for several 
decades. Most studies focused on development of a diffuser 
that, when added to a horizontal axis wind turbine (HAWT) 
rotor, would produce significantly more power than the same 
rotor without the diffuser.  

Additional power is produced when a diffuser is added to a 
rotor because of increased air mass flow rate being captured by 
the rotor due to lower exit pressures. Compared to HAWTs 
without diffusers, DAWTs should be capable of increased 
power output at low wind speeds and have reduced losses when 
operating in yawed states. DAWTs have lower tip losses, 

which increases efficiency while reducing aerodynamic noise 
generation at the blade tips.  

Proponents also suggest that DAWTs should exhibit 
improved performance in turbulent conditions, experience 
lower rates of bird strikes, and have reduced maintenance 
requirements due to the diffuser’s ability to shield the rotor 
from precipitation.  

Negatives of DAWTs include increased system complexity, 
including the need to manufacture, install and maintain 
relatively large diffuser structures. The additional mass and 
aerodynamic drag of a diffuser also means that a designer must 
strengthen the tower and foundation. 

The goal of this study is to examine the performance gains 
possible by adopting a DAWT architecture, versus the added 
costs and complexities of utilizing a HAWT of comparable 
capacity. 

II. HISTORY OF DAWTS 
Research on the DAWT concept has been pursued for half a 

century. Lilley and Rainbird developed theories on the increase 
in inlet mass flow rate and the decrease in tip losses possible by 
adding a diffuser to a wind turbine in the 1950s [1].  

Foreman further developed DAWT theory and conducted 
wind tunnel tests at Grumman Aerospace in the 1970s, focused 
on optimizing the diffuser to develop a low exit pressure that 
would increase flow through the rotor. Foreman found a 
DAWT’s power output would be minimally impacted in a 
yawed operating state at misalignments up to 30° [2]. Foreman 
also concluded that DAWTs could be cost effective (relative to 
HAWTs) at small and large scales, but not at middle scales 
[2,3], but did not detail the analysis leading to this conclusion. 

In the 1980s, Igra of Ben Gurion University continued 
examining diffuser exit pressure, and concluded decreasing exit 
pressure would increase the power output of a DAWT [4]. 

Phillips of Auckland University, in partnership with 
Grumman, continued Foreman’s work starting in the 1990s, 
which centered on the development of the Vortec 7 DAWT. 
The Vortec 7 prototype produced close to 3 times more power 
than a similar rotor without a diffuser [5]. Phillips’ analysis of 
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the multi-slotted diffuser utilized by the Vortec 7 found that 
power augmentation and increased structural drag were 
interdependent. High loads due to aerodynamic drag at high 
wind speeds prevented the Vortec 7 from being 
commercialized [6] and Vortec ceased operation in 2001.  

In the early 2000s, Ohya, Abe, and Takahashi of Kyushu 
University began an aggressive DAWT research campaign that 
has continued to the present. This effort has lead to the 
development of the “Wind Lens” compact DAWT [7], which 
has recently reached commercialization [8].  

DAWT research has also been pursued at Delft University 
in the Netherlands. Van Bussel showed using theoretical 
arguments that significant power augmentation could be 
achieved by increasing the mass flow rate at the rotor. He 
concluded that the increase in power output dependent on the 
diffuser’s back-pressure reduction factor and exit to inlet area 
ratio [9]. In 2011, van Dorst, developed an alternate version of 
Balde Element Momentum (BEM) method to simulate rotors 
accounting for the diffuser shape, and found that a rotor 
properly optimized for DAWT use could produce significantly 
more power than simply substituting a rotor designed for use 
without a diffuser [10]. 

Some early researchers attempted to examine the economic 
feasibility of DAWTs. Foreman’s economic analysis [2] 
suggested that large DAWTs and small DAWTs could both be 
more economically efficient than HAWTs, but that at middle 
size ranges, the HAWT was more appropriate. Importantly, 
both authors reports are not detailed enough to clarify these 
claims. Five years later Foreman completed preliminary 
designs of 3 different sized DAWTs, and derived scaling 
relations that projected increasing cost effectiveness with 
increasing DAWT size [11].  

A more detailed history of DAWT development is 
presented by van Bussel [9]. There have been many DAWT 
studies, including simulations and experiments involving 
prototypes, focusing on diffuser design, including optimizing 
pressure gradients, slots, air foil sections and separation, to 
achieve maximum power production [12-22]. Most predicted 
or measured increases in velocity and power at the rotor disk, 
relative to a rotor of similar diameter without a diffuser, and 
focused on very small pico-turbine scale rotors. No work on 
non-building integrated DAWTs greater than 5 kW was found 
in the past decade, since the end of work on the Vortec 7. 

III. POWER OUTPUT 
The wind energy industry has, after decades of convergent 

evolution, arrived at the HAWT configuration for all large 
scale, and many small scale wind turbines. Diffusers are 
nonexistent across the range of commercially available wind 
turbines. After half a century of research and development, and 
many prototypes, there have been no DAWTs that can be 
considered commercially successful, even though it has been 
conclusively shown that adding a diffuser to a wind turbine 
rotor can increase the power output of the turbine by several 
times. 

This study seeks to understand this non-adoption of 
DAWTs, by comparing the dominant HAWT paradigm with 
comparable DAWTs. We consider the question: is the best way 
to increase the power output of a wind turbine to (1) add a 
diffuser to the existing rotor in a DAWT configuration, or (2) 
increase the rotor diameter of a conventional HAWT? 

It is important to examine this question from several 
perspectives. Most of the literature has focused on power 
augmentation. However, the amount of power that can be 
generated must be considered in concert with the cost (in 
economic, energy and life cycle) terms of fabricating and 
installing the wind turbine system. We will start by examining 
the specific question: which is potentially more efficient, a 
HAWT with a rotor diameter Dr, or a DAWT with a diffuser 
diameter Dd equal to the HAWT rotor diameter (and a smaller 
rotor diameter Dr)? 

The power coefficient of a wind turbine is 

 𝐶𝑝 = 𝑃
1
2𝜌𝐴𝑈

3 (1) 

where P is the power output of the wind turbine, ρ is air 
density, A is the turbine “swept area” and U is the wind speed.  

The rotor is the energy conversion component of the turbine 
system in a HAWT, and so swept area is based on rotor 
diameter. Since in DAWTs, the diffuser is an active energy 
conversion component (due to its role in reducing pressure 
behind the rotor), the appropriate “swept area” A for a DAWT 
is based on the maximum diffuser diameter (A = ¼πDd

2).  

Betz (and at least two others) famously showed that Cp 
cannot exceed 16/27, or 0.593, for a conventional wind turbine 
[23]. The literature on DAWTs commonly reports Cp values 
exceeding this value, based on A being the swept area of the 
rotor, not the projected area of the rotor and diffuser 
combination. Power coefficients greater than 16/27 are possible 
because Betz’ analysis assumed atmospheric pressure 
throughout the flow field, however, a diffuser produces a 
region of reduced pressure downstream of the rotor, allowing 
higher theoretical power. 

HAWTs typically have a maximum Cp in the range of 0.35-
0.45, with the higher end of the range associated with large, 
utility scale turbines. Table 1 gives examples of maximum Cp 
values found in the DAWT literature. If data for the turbine 
with the diffuser removed was reported, comparison values for 
equivalent non-shrouded turbines or rotors are also listed. All 
Cp values in Table 1 have been normalized to a swept area A 
based on the maximum diffuser diameter. 

The maximum Cp values vary considerably in Table 1. 
Generally, the practical power coefficients of DAWTs and 
HAWTs are of similar magnitude (0.2 to 0.45). There is 
significant variation between studies, which is expected since 
the range of methods, scales and system types varied widely 
between studies. It should be noted that many of the studies in 
Table 1 are not for fully optimized diffuser configurations.  
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It is difficult to draw detailed conclusions from Table 1. 
However, it is clear that both HAWTs and DAWTs are subject 
to the Betz limit (that Cp must remain below 0.593) when the 
swept area is taken to be the extent of wind energy conversion 
components. For DAWTs, this means the swept area A in Eqn. 
(1) should be based on the diffuser diameter. 

Van Bussel demonstrated that when basing power 
coefficient on the exit area of the diffuser, the amount of 
energy extracted by a DAWT should be the same as for a 
HAWT with a rotor of the same area [9]. Van Bussel’s survey 
of experimental results found that Cp values based on diffuser 
exit area greater than 0.5 had not been achieved. This suggests 
the maximum value of 0.54 recently reported by Ohya for a 
prototype 5 kW DAWT [8] is exceptional and unlikely to be 
significantly exceeded. 

IV. WIND LOADS 
For design purposes, any wind turbine must be designed to 

withstand (with a factor of safety) the maximum extreme wind 
gust likely to occur at the turbine location, which will greatly 
exceed the normal operating loads [6,11]. This extreme wind 
speed typically must be estimated by applying appropriate 
probability distributions to measured wind data [24]. Wind 
turbines are typically located at exposed, windy sites, where 
high extreme wind speeds could be anticipated. The IEC Class 
I and II maximum three second gust wind speeds are 70 m/s 
(157 mph) and 59.5 m/s (133 mph) [25]. 

The wind loads on comparable HAWT and DAWT turbines 
will be compared. Based on the arguments above, it will be 
assumed that a given diameter (rotor for HAWT, diffuser for 
DAWT) will correspond to the same capacity for both types of 
turbines. It will also be assumed that the turbine rotors are not 
moving, since virtually all wind turbine control systems halt 
rotor motion in high winds to reduce wind loads. 

Wind loads will be predicted using first order estimates of 
drag on the blades and diffuser (if appropriate). It should be 
noted that there will be additional wind loads the tower that 
increase with tower diameter. The drag of the nacelle has been 

neglected: both cases will include a nacelle, and the drag 
difference between cases would be difficult to estimate.. 

The aerodynamic drag Fd on a body is 

 𝐹𝑑 = 1
2
𝐶𝑑𝜌𝐴𝑓𝑈2 (2) 

where Cd is drag coefficient, Af is the projected frontal area 
of the body and U is the wind speed. For a particular body, 
drag is reduced by lowering Cd (e.g. through streamlining) or A 
(e.g. by making the body smaller when viewed “head on.”) 

The DAWT literature contains less discussion of drag 
forces and drag coefficients. Igra [26] measured lift, drag and 
side load forces on a revolved airfoil diffuser (apparently 
without turbine included) and determined a Cd of 0.06, based 
on the side area of the diffuser, when it was aligned with the 
wind. This drag coefficient is the same magnitude as those of 
two dimensional airfoils at moderate angles of attack. 
Measured side load increased with yaw angle and were 
trending towards the 0.3 drag coefficient that would be 
expected of a long cylinder in turbulent cross flow [27].  

Foreman [11] examined drag loads on three conical frustum 
diffusers as part of preliminary structural design and cost 
estimates for DAWT designs using these diffusers. Foreman 
reports using a Cd = 1.1 based on diffuser frontal area, however 
his calculations (Table 3, [11]) suggest he used half this value 
(0.54) when projecting diffuser wind loads in a 64.9 m/s 
extreme wind. Foreman also estimated scaling parameters and 
concluded that cost effectiveness increases with size. 

Phillips [5] reported that Grumman wind tunnel tests 
determined a drag coefficient of 1.1 for the Vortec 7 diffuser 
when aligned with the wind, and 0.77 with wind from the side 
(both values based on projected frontal area). Phillips noted 
that details of the tests leading to these values were not 
reported. He also questioned whether these values accounted 
for wind tunnel blockage, which he observed in related 
Grumman DAWT tests. Phillips conducted wind tunnel tests on 
a model of a rotorless multi-slotted Vortec 7 diffuser, and 

TABLE I.  POWER COEFFICIENT DATA 

Source Dr 
(m) 

Dd 
(m) 

Area ratio 
(diffuser/rotor) 

Max.Cp 
w/ diffuser 

Max Cp 
no diffuser Power Diffuser Method 

Fletcher 
[13]   

3 
4 
5 
6 

0.32 
0.28 
0.24 
0.21 

0.44 Mechanical Generic 
BEM simulation incl. wake 

rotation, Re effects. Diffuser incl. 
via empirical formulae 

ten Hoopen 
[14] 1.5 2.0 1.78 0.32  Electrical Revolved airfoil w/ 

Gurney flap 
Wind tunnel test of complete 

turbine (Donqi Urban Windmill) 

Igra [22] 0.39 0.96 6 0.10  Mechanical Flapped ring wings Wind tunnel test. Torque 
controlled w/ prony brake 

Igra [4] 3.0 6.0 4 0.33  Electrical Long, small angle, 
revolved airfoil 

Field test 8 m long prototype 
DAWT, generator below 

rotor/diffuser, driven by V belts 
Kishore et 

al. [16] 0.394 0.533 1.83 0.07 0.09 Electrical Conical Wind tunnel tests of prototype 
turbine. Diffuser not optimized. 

Moeller  & 
Visser [18]   2.78 0.24  Electrical Curved, medium 

length 
CFD predictions of complete 

turbine (Windtamer) 
Toshimitsu 
et al. [20] 0.194 0.266 1.88 0.35 

0.30 
0.23 
0.18 Mechanical Compact flanged Wind tunnel tests of rotor w/ 

compact flanged diffuser 
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found Cd = 1.10 at zero yaw angle, based on the projected 
frontal area of the diffuser [5]. No rotor was simulated in the 
diffuser. A diffuser drag coefficient of 1.1 is of similar order to 
the drag coefficients of cones, annular disks and solid disks 
[27], suggesting this is a reasonable value for a short-type 
diffuser with flow separation and pressure reduction at the exit. 

V. RELATIVE WIND LOADS ON DAWTS AND HAWTS  
Since all DAWT designs in the literature have relied on 

passive yaw, the extreme wind loads on a DAWT will be 
estimated assuming the diffuser is aligned with the wind. It 
should be noted that this is a conservative approach for very 
short diffusers, but not for long diffusers (such as Igra’s 
designs) where wind loads on the side of the diffuser would be 
higher. 

The drag force on a diffuser aligned with the wind (Fd) is 
estimated as 

 𝐹𝑑 = 1
2
𝐶𝑑𝑑𝜌

𝜋
4
�𝐷2 − 𝐷𝑟2�𝑈2 (3) 

where D is the diameter of the swept area of the turbine (the 
maximum diameter of the diffuser in this case; Figure 1) and 
Cdd is the diffuser drag coefficient. 

It will be assumed that the rotor is stopped in an extreme 
wind. Following the logic of Hansen [28], the drag force on N 
rotor blades is estimated as 

 𝐹𝑏 = 1
2
𝑁𝐶𝑑𝑏𝜌𝐷𝑐𝑈2 (4) 

where c is the blade chord, D is again the diameter of the swept 
area of the turbine (which is also the rotor diameter for a 
turbine without a diffuser) and Cdb is the blade drag coefficient 
taken as 1.5 for wind across the blades [28] and approximately 
0.01 for properly feathered blades aligned with the wind.   

Equations 3 and 4 can be combined to predict the relative 
extreme wind drag force on a HAWT and DAWT of similar 
size. Assuming the mean chord of a wind turbine blade is 
approximately 12% of the blade length, c ≈ 0.06D, 

 𝐹𝑏
𝐹𝑑

= 𝐷2

𝐷𝑟2+26.18�
𝐶𝑑𝑑
𝑁𝐶𝑑𝑏

��𝐷2 −𝐷𝑟2�
 (5) 

Equation 5 suggests that Fb < Fd for all sizes of diffuser 
(i.e., Dr > 0). Figure 1 further illustrates that the presence of 
even a small diffuser still significantly impacts extreme wind

 loads, relative to using a conventional rotor of the same 
diameter as the diffuser.  

Higher tower-top loads translate to larger towers. This 
means a larger diameter tower containing more material would 
be needed to support a DAWT of any area ratio, relative to a 
HAWT. 

While this calculation appears to be new, the conclusions 
are not. Phillips analysis [6] found that the cost efficiency of a 
DAWT increases as the extent of the diffuser is reduced, 
resulting in the extreme case that a conventional diffuser-less 
wind turbine is most cost effective. Phillips also found, and 
clearly states, that it is design for extreme wind loads that is the 
limiting structural case for DAWTs, and that these loads will 
be many times greater than for a HAWT of comparable size. 

VI. CONCLUSION 
All wind turbine systems must be designed to survive an 

extreme wind gust that is many times higher than normal 
operating wind speeds, resulting in much greater wind loads 
than are experienced during normal operation, even with rotors 
stopped.  

DAWTs require significant additional structure in the form 
of an added diffuser, and strengthened towers and foundations, 
relative to HAWTs with a rotor diameter equivalent to the 
DAWT diffuser diameter. This is theoretically true for all 
scales of wind turbines, including very small pico-turbines, 
(although in practice support structures for pico-turbines are 
often so overbuilt that it is less relevant here). 

DAWTs and HAWTs of the same diameter (diffuser and 
rotor respectively) are both subject to the Betz limit when the 
swept area is based on this diameter. Some researchers have 
made a case that a DAWT has the potential to produce 
incrementally higher power than the same diameter HAWT, 
although the range of experience to date suggests that this 
theoretical advantage is rarely realized.  

 

 
Figure 1. Definition of diameters for DAWT (left) and HAWT (right). 

 
Figure 2. Ratio of drag force on diffuser versus conventional rotor of same 

diameter, assuming 3 bladed rotors. 
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Diffusers with flanged exits, sharp bends or very large 
opening angles that cause separated flow will experience 
significantly greater aerodynamic drag than long, revolved 
airfoil diffusers, which can significantly impact required 
structural strength to ensure survival in extreme winds. 

Large scale DAWTs have been impractical to date because 
the wind loads on the diffuser assembly are orders of 
magnitude greater than those on the feathered or furled blades 
of comparable non-shrouded turbines, necessitating 
impractically massive towers and foundations to ensure 
survival in extreme wind conditions. 

It is recommended that future DAWT designers optimize 
the diffuser for both power output and wind loads, instead of 
focusing only on maximizing power output. Surprisingly, none 
of the many studies in the literature to date have taken this 
design approach. Many do not acknowledge wind loads, and 
those that do treat the problem in a reactionary manner if at all. 

An area that has received little attention is the design of 
diffusers that change shape. Conventional wind turbines use 
variable pitch blades to extend the operating range of the 
turbine and reducing extreme wind loads. Alternatively, some 
downwind turbines incorporated rotor coning as winds 
increased, effectively reducing the swept area in high winds. A 
similar approach to diffusers may be worth investigating: a 
variable diameter diffuser would have the potential to reduce 
cut-in speed and allow operation at very low wind speeds, 
while also reducing extreme wind loads at high speeds. A 
carefully designed coning diffuser would potentially maintain 
the advantages of the DAWT configuration including 
potentially lower cut-in speed, reduced noise, and greater 
tolerance to turbulence and operating in a yawed state, while 
reducing design structural loads and therefore material and 
manufacturing costs.    
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