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The development of renewable and clean energy has become more crucial to societies 
due to the increasing energy demand and fast depletion of fossil fuels. A state-of-the-
art design for an augmented wind turbine has been introduced in the past years to 
increase the efficiency of compact horizontal axis wind turbines, exceeding the ideal 
Betz’s limit of the maximum energy captured from the wind. The optimization of the 
flanged diffuser - so-called diffuser augmented wind turbine DAWT - is investigated 
numerically using the multi-objective genetic algorithm “MOGA”. A 2D computational 
model is developed using ICEM CFD and solved by ANSYS Fluent. The Turbulence model 
selected is shear stress transport K-omega, with a pressure-based solver and a coupled 
algorithm scheme. The optimization objectives are to maximize the velocity ratio at 
the shroud throat and minimize shroud form dimensions. 517 design points were 
solved, and the design dimensions were categorized into four types: compact, small, 
medium, and large design. The results showed that the diffuser dimensions are the 
main parameters to increase velocity inside the shroud throat, where a long diffuser 
with a low converging angle drags more air inside the shroud, reaching in some cases 
more than double the upwind velocity. While the nozzle and flange are also effective 
in the different design types. It was found that a super long diffuser with a length ratio 
of 2.9 LD to throat diameter D is optimal with a diverging angle of 7.6˚, accompanied 
by a nozzle of ratio 1.2 LN/D and 12.6˚ converging angle and a flange length ratio of 0.6 
LF/D. This optimal design increased the velocity ratio by almost 2.5 times. 
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1. Introduction 
 

The possession of an energy surplus is a requisite for any kind of civilization. Increasing global 
population and economic production put pressure on the earth’s finite resources and ecosystem 
capacity, pushing governments to highly consider energy resource efficiency [1]. But it also relates to 
the environmental impacts that result from extracting resources from natural systems, creating 
waste, and emitting pollutants. All these concerns are driving the world to rethink its energy mix and 
develop diverse sources of energy from domestic resources that can be cost-effective and replaced 
or renewed without contributing to climate change or major adverse environmental impacts. Primary 
energy sources take many forms, including fossil energy, like oil, coal and natural gas, nuclear energy, 
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and renewable sources like solar, wind, hydropower and geothermal. They can be used directly or 
transformed into electricity which is another form of energy that can be carried to households and 
businesses through power line infrastructure [2]. 

Wind energy is one of the world's most old and abundant renewable energy sources, and due to 
its preference over other energy resources, it has been targeted for centuries [2]. Basically, wind 
energy converters are classified into horizontal-axis and vertical-axis wind turbines. HAWTs, or 
horizontal axis wind turbines, are currently the most used type of wind turbine. These turbines use 
aerodynamic blades, typically three blades, consisting of tapered and twisted aerofoil sections, the 
blades are connected to a rotor and as wind drives the rotor to turn, a shaft attached to the rotor 
spins a generator, the generator converts the rotating mechanical energy into electricity. Today’s 
modern horizontal axis wind turbines have scaled up in size to multi-megawatt power ratings. 

Moreover, vertical axis wind turbines are the oldest form of wind turbines. According to historical 
data and regardless of the use of wind in sailing, the Persians used vertical form of windmills to crush 
grains and pump water [3]. Despite being the oldest form of wind turbine, vertical axis wind turbine 
(VAWT) is still considered a niche market product, they have mainly two distinctive designs with 
different working principles: Darrieus and Savonious. Darrieus turbines have long, curved wings with 
each end attached to the top and bottom of a vertical rotor shaft that depends on lift force to spin, 
while Savonius wind turbines have blades built around the vertical shaft in a helix form shaped like 
scoops, and the differential drag causes the rotor to spin. The usage of VAWT is limited due to several 
reasons, most likely, low efficiency compared to HAWT, starting difficulties in Darrieus wind turbine, 
and relatively high vibration and noise due to installation limitations [4, 5]. Wind energy has enough 
power to generate electric power and it also has preference over other energy resources due to their 
advantages. Environmental changes can affect wind power generation; a decline in wind speeds 
would reduce energy yield. Wind speeds may decline due to climate change, increased forest growth, 
or wind farms' shadowing effect [6]. 

A lot of research was performed to improve the performance of horizontal-axis wind turbines. 
The conventional technique is improving rotor blade design where the blade is the most important 
part of a wind turbine, by increasing the coefficient of lift or reducing the drag coefficient [7, 8]. Large 
Scale Wind Turbines have been extensively examined but very few studies have been conducted on 
small-scale wind turbines, especially for applications near ground level at low wind speed, where 
VAWTs appear to be particularly promising for such conditions regardless of their operating 
disadvantages [9]. As a result, the introduction of a new wind power system that produces higher 
power output even in areas with lower wind speeds and more complex wind patterns is highly 
desirable. It can be also a standalone energy converter to reduce the dependency on the national 
grid [10]. Furthermore, small-scale wind turbines have low efficiency due to the small swept area by 
blades and low wind speeds as the power in the wind is directly proportional to the cubic power of 
the velocity of the wind. Therefore, increasing the mass flow rate affecting the turbine’s blade should 
significantly increase wind power generation [11].  

One of the methods to improve the performance of small-scale wind turbines by increasing the 
wind speed approaching the wind turbine is the so-called Diffuser-Augmented Wind-Turbine (DAWT), 
sometimes called a shrouded or ducted wind turbine. It is basically a turbine installed inside a cone-
shaped structure, where this technique of augmenting air simply increases the upstream wind speed 
of the turbine by generating separation regions behind it, where low-pressure areas appear to draw 
more air through the rotors compared to a bare wind turbine, a flanged diffuser form surrounding a 
vertical axis wind turbine is one of the popular configuration adopting the idea of wind augmentation 
using a diffuser structure and thus increasing the overall power output of the wind turbine, exceeding 
the ideal Betz’s limit of the maximum energy captured from the wind [12]. 
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Betz was the first to discover the potential of ducted/diffuser wind turbines, as claimed by 
Hoopen [13], Sanuki [14] conducted experiments on a tiny wind turbine with and without a shroud. 
He found that the power coefficient of the shrouded turbine with three blades rose by 4% in 
comparison to the identical turbine without a shroud, showing a 30% improvement in shrouded 
turbine performance [14]. The idea was proposed again by Lilley et al.,  [15] that a good shroud design 
is capable of increasing output by 65% compared to an unshrouded wind turbine. The idea of 
fabricating the diffuser using light fiberglass was also suggested [16–18]. Preformed experimental 
studies showed that power extraction beyond the Betz limit is achievable. However, DAWT 
technology is considered not profitable since its costs outweigh its revenues when compared to 
relative conventional wind turbines. Thus, these experiments were discontinued. Thus, CFD studies 
of blade and shroud design were carried out. The DAWT design and performance were optimized by 
Phillips [19]. The results of the optimization concluded that the data of the full-scale DAWT showed 
that only an augmentation level of 2.4 instead of the expected 9 was reached. This was also 
supported in other publications. A numerical investigation was carried out by Abe et al., [11] for the 
flow fields of a small wind turbine with a flanged diffuser. The formation of vortices creates a low-
pressure region drawing more mass flow to the turbine inside the shroud. An experimental model in 
the same publication resulted in a power coefficient higher than the Betz limit (=16/27) due to the 
flanged diffuser effect.  

Ohya et al., [20] continued this study experimentally, a wind turbine system that consists of a 
diffuser with a broad-ring flange at the exit. The power augmentation of this investigation was 
increased by a factor of around 4 to 5 in comparison to the bare wind turbine. These results were 
verified through field measurements in addition to wind tunnel experiments. In 2010, this research 
was extended by the same authors for further field experiments and different compact brimmed 
diffuser shapes for the so-called wind lens and it showed a two to threefold increase in the output 
power as compared to the conventional bare wind turbine [21]. The shape and geometry of the 
diffuser, the airfoils of the blades, and the wind speed at the mounting point all affect how well a 
diffuser-augmented Wind Turbine performs. The primary factors influencing this wind energy 
device's aerodynamic performance are its geometric elements. The diameter of the inflow diffuser is 
affected by the rotor diameter, diffuser length, diffuser angle, and brim height (flange height) [22, 
23].  

Several optimization studies took place to identify the optimum configuration for the diffuser 
shroud. Liu [24] combined genetic algorithm and CFD as an effective way for optimizing wind lens 
profiles. The shape of the wind lens was optimized using MOGA performed by Khamlaj [25], The 
optimization results showed a power increase of 12-14% in compact designs. A sensitivity analysis 
for the angle and length of the diffuser in addition to the brim height was studied by Maw [26] using 
numerical simulations, where he concluded that a diffuser length of L/D = 1, brim height is H/D = 0.35 
and a converging angle equals to 10° can achieve nearly 50% higher performance than that of 
baseline diffuser design used in his previous research in which a 25% increase in performance was 
reported. It was also mentioned that if the diffuser length is too long, the maximum length studied 
was L/D = 1.5, which will decrease the performance of the wind turbine. On the contrary, A. Elsayed 
[21] mentioned in his numerical parametric study that a long diffuser (L/D=3.94) with an open angle 
of 5.47 and flange height (h/D=0.29) can maximize the diffuser entrance average velocity ratio to 
1.763. Using a Simplex algorithm in a wide search space and the same design variables used in Maw's 
work [26]. He also stated that power output can be augmented by a factor of 2.76:5.26 compared to 
bare wind turbines. 

To Summarize the literature of the previous studies, the potential of installing wind turbines in 
urban areas is still very challenging. Diffuser technologies have received several developments and 
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evolutions to understand the phenomena that enhance the flow fields around the shroud device, and 
consequently increase wind turbine-produced output, which can be a solution for applications near 
ground level. Different configurations of the shroud profile were investigated including a simple 
diffuser, a diffuser accompanied with an inlet nozzle, a flanged diffuser, a curved diffuser, and a 
multilayer diffuser. Optimization techniques were used to evaluate the best design parameters in 
terms of size in parallel with the velocity augmentation. Those investigations showed that the velocity 
augmentation is limited to 1.5 to 1.7, and this is one of the reasons that small wind turbines are still 
far from technological maturity and economic competitiveness [27]. In some studies that extended 
this parameter to include long diffusers as Elsayed [28], the velocity ratio can be multiplied by 2 to 
2.5 of the inlet velocity. 

The work presented in this paper is an extension to those optimization studies aiming to 
investigate different forms of the shroud dimension while considering the inlet opening (nozzle) by 
designing an optimization loop with embedded CFD numeral simulations to find the optimal 
dimensions. While this study is an optimization process on different empty shroud numerical models, 
it derives the optimal dimensions of the diffuser geometry including the converging section, diverging 
section, and the flange, that can develop the highest velocity ratio when affecting the blades of a 
turbine. The optimization study also provides design guidance by analyzing a wide range of numerical 
models in a large search space to evaluate the best design parameters in terms of size in parallel with 
the velocity augmentation as the diffuser makes the wind turbine quite bulky, increasing the overall 
aerodynamic drag and thus a stronger mounting will be required through minimizing the diffuser 
geometry as possible.  

 
2. Methodology 
 

A fully automatic optimization takes place, using the mode FRONTIER commercial program. The 
optimization loop model was created and MOGA II was applied to solve this model coupled with CFD. 
The two objectives of the optimizer were to maximize the average velocity ratio inside the Shroud 
Throat and to minimize shroud dimensions. 

 
2.1 The Turbulent Models 
 

As a CFD-based optimization was selected for this research, the prerequisite for CFD modeling is 
the setup of governing equations; the three fundamental governing equations are the conservation 
of mass, momentum, and energy. After that, a mesh is made, and boundary conditions are chosen 
based on various flow conditions. The purpose of the meshing model is to discretize equations and 
boundary conditions into a single grid. A cell is a basic element in a structured or unstructured grid. 
The basic elements of a two-dimensional unstructured grid are triangular and quadrilateral cells.  

To create a two-dimensional model ICEM CFD was used, and it was used also to create a 
structured mesh for the shroud. CFD simulation was done for flow fields inside using the RANS model 
as a governing equation. The equation of Reynolds-averaged Navier-Stokes (RANS) is defined as: 
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Shear-stress transport (SST) k-ω model was also selected because it absorbs the property of good 

accuracy in the near-wall region of the standard k-ω model and good precision in the far field region 
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of the k−ε model. Consequently, compared to the traditional k-ω model, it is more accurate and 
trustworthy for a wider class flow. 

 

2.2 Optimization 
 

Optimization Algorithms are more adaptable to dealing with issues involving complex objective 
functions and limitations. For this reason, these procedures are now more suited for use in industrial 
settings. Evolutionary Algorithms (EA) are considered stochastic methods designed to tackle complex 
problems. Within an EA, a group of artificial beings explores the problem's domain, aiming to uncover 
the most optimal regions within the search space [29].  

Multi-objective genetic algorithm (MOGA) is a direct search method for multi-objective 
optimization problems. It is based on the process of the genetic algorithm; the population-based 
property of the genetic algorithm is well applied in MOGAs. By comparing it with the traditional multi-
objective algorithm whose aim is to find a single Pareto solution, the MOGA intends to identify 
numbers of Pareto solutions. During the process of solving multi-objective optimization problems 
using a genetic algorithm, one needs to consider the elitism and diversity of solutions. However, there 
are some trade-offs between elitism and diversity. For some multi-objective problems, elitism and 
diversity are conflicting with each other. Therefore, solutions obtained by applying MOGAs have to 
be balanced with respect to elitism and diversity. In this paper, the proposed method was already 
tested by some well-known benchmarks and compared its numerical performance with other 
MOGAs; the result shows that the proposed method is efficient and robust [30]. The Genetic 
Algorithms for multi-objective optimization can find difficulties in converging to the true Pareto 
frontier and can get stuck in a local Pareto front. A new elitism operator MOGA II that uses a smart 
multi-search elitism can preserve some excellent solutions without bringing premature convergence 
into local optimal fronts. Moreover, the efficiency of this algorithm will be orderly proved on six well-
known test functions for multi-objective optimization [31, 32].  

 
2.2.1 Optimization parameters 
 

The nozzle and the diffuser as well as the flange are the components of the shroud design in this 
research. All sizes are presented as a ratio to shroud throat diameter to keep all design parameters 
in a dimensionless form except the opening angle of the nozzle and the diverging angle of the diffuser 
(See Figure 1). The Optimization parameters that need to be investigated in this research as shown 
in Figure 1 are:  

 
i. Nozzle length factor LN/D 

ii. Diffuser length factor LD/D 
iii. Flange length factor LF/D 
iv. Converging angle (Nozzle) θ1 
v. Diverging angle (Diffuser) θ2 
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Fig. 1. Optimization parameters 

 

For optimization parameters, Table 1 shows the selected spatial parameters for geometric 
variables. The nozzle was set to have a minimum length of 0.1 LN/D that can be increased to two 
times the turbine throat, the flange also was selected to be within the same range, while the diffuser 
was increased to three times the shroud throat. Both the converging angle of the nozzle and the 
diverging angle of the diffuser were set to have the same range starting from 0.1˚ to 40˚. All the 
design parameters have a wide design space as the DOE step was set to 0.1. 

 
Table 1 
Range of the design parameters 

Optimization parameter 
Minimum 
allowed value 

Maximum 
allowed value 

Step 

Nozzle length factor LN/D 0.1 2 0.1 

Diffuser length factor LD/D 0.1 3 0.1 

Flange length factor LF/D 0 2 0.1 

Converging angle (Nozzle) θ1 0.1˚ 40˚ 0.1˚ 

Diverging angle (Diffuser) θ2 0.1˚ 40˚ 0.1˚ 

 
2.3 Grid Generation 
 

To create a two-dimensional model, ICEM CFD was used, and it was used also to create a 
structured mesh for the shroud (see Figure 2), and boundary conditions were chosen based on 
various flow conditions. In order to get a good and structured mesh to ease computational 
simulations, a TCL (scripting language) code was created to cover all design points in the selected 
search space and to cover different design parameters without affecting mesh quality, taking 
advantage of the domain blocking options in ICEM CFD to create a structured mesh with an adequate 
number of near-wall cell in order to meet wall function and Y+ requirements. 
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Fig. 2. Mesh quality of the current 

 

2.4 Numerical Methods 
 

The numerical calculation was pressure-based through steady flow simulations. Pressure-velocity 
coupling was adopted, as using a pressure-based coupled algorithm has some advantages compared 
to segregated algorithms making it more efficient and robust in steady-state flow calculations. 
Boundary conditions are shown in Figure 3. For the inlet, a 3 m/s constant free stream with turbulent 
intensity of 3% was predefined. For top and bottom boundaries, symmetry and axis conditions were 
prescribed respectively.  For the flow outlet, a pressure outlet with 5% backflow turbulence was 
selected. 

The convergence criteria were set to 10-5 while the max no. of iterations was 300 to avoid 
unnecessary computing costs, to obtain precise results and to be able to investigate the flow fields 
and pressure distributions accurately. 

 

 
Fig. 3. Computational and boundary conditions 

 

3. Results 
3.1 Numerical Case Validation 
 

Wind velocity distributions on the shroud’s central axis are compared with the available 
experimental measurements of Ohya [11]; a circular-diffuser model with a flange, diffuser factor LD/D 

 

Velocity 

Inlet 

Axis  

Outlet 

Shroud “Wall” 

Symmetry 

8D  16D  

1
0D

  

Domain 



CFD Letters 

Volume 16, Issue 7 (2024) 54-70 

61 
 

= 1.5, Diverging Angle (Diffuser) θ2 = 4˚, Flange Factor LF/D = 0.625, as seen in Figure 4. These results 
give a good agreement obtained between experiments and the present CFD model using the shear-
stress transport (SST) k-ω model. The overall error is limited to 4% on average, the velocity ratio in 
the shroud throat showed almost no variations where this research is focusing on. The simulated 
velocity ratio is within the scatter of the available experimental data. 

 

 
Fig. 4. Comparison of the present numerical model with previous experimental results 

 
3.2 Optimization Results 

 
In order to understand optimization results, the mechanism of the MOGA II needs to be first 

demonstrated. The ability to prevent premature convergence and approximate the set of optimal 
trade‐offs in a single run promotes its usage to achieve fast Pareto convergence. The tendency of the 
optimization iterations to have retained design cases in new populations is clearly recognized to 
stabilize optimization convergence. The maximum number of iterations was 300 to avoid 
unnecessary computing costs. This was the main reason non-converged design cases were excluded 
in the discussion of the results regardless of their substantial proportion which is close to 23% of 
solved cases. 

 
3.2.1 Factor analysis 
 

In Figure 5, the five parameters selected for the optimization model are represented in a 
sequence of box-whisker plots (sometimes called the design of experiments plot) to determine a 
ranking list of the important factors and the most appropriate value for each factor. In order to 
determine whether the mean value is increasing or decreasing, all input factors are shown in two 
levels, “high” (or simply “+”) and “low” (or simply “-“) where the data set is split into two equal-sized 
groups. Figure 6 shows a parallel coordinate chart for the design parameters to have a better 
visualization of their effect on the first objective of the optimization loop. As shown in Figure 5 and 
Figure 6, the diffuser length is the most important factor for the design of the shroud, other factors 
affect the optimization objective, it can be noticed that the optimal shape most likely has a long 
diffuser with a low converging angle, a short nozzle with medium or large opening angle, while a 
short flange has a moderate effect in some cases. 
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Fig. 5. Main effects chart for optimization parameters 

 

 
Fig. 6. Parallel coordinates chart for optimization parameters 

 
In Figure 7, the main effects chart is extended to display the first-order interaction effects for 

determining a ranking list of the most significant interaction between each parameter involved, each 
box plot shows if the mean varies in the two groups of data, where a large difference implies the 
interaction is important and a small difference would imply the opposite It is clearly observed in 
Figure 6 that the diffuser length and the flange length is the most significant interaction, both the 
interaction between the diffuser length and its diverging angle and the interaction between the 
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nozzle length and its opening angle is also important, in addition to the interaction between the 
nozzle and diffuser length. 

 

 
Fig. 7. Interactions effects chart for the first optimization objective: maximizing velocity 
ratio inside the shroud throat 

 

In order to have a deep investigation of each parameter and how it affects the optimization 
objectives, mainly the first objective, some cases were selected to see the absolute effect of changing 
the value of this parameter while the others remained constant, starting with the diffuser length LD, 
as shown in Figure 8, a comparison between two design cases was done, the first one has a medium-
sized diffuser (LD = 0.8) and the second one with a compact diffuser (LD = 0.1), same for the nozzle 
and the flange. The effect of the diffuser length on the velocity contours is obvious, despite both 
designs forming wakes at the end of the geometry, two recirculation zones with the same size, the 
first one drags air at a higher speed as shown. 

The effect of the opening angle of the nozzle on the optimization objective can be seen in Figure 
9, two large-sized shrouds were selected where one has an opening angle of 12.6° and the other is 
38.5°, increasing the opening angle in the second design point results in moving the recirculation 
zone from the end of the shroud geometry to the outside part of the geometry above the nozzle and 
shroud, the velocity ratio drops from 2.43 to 1.74. For the effect of diffuser diverging angle, it can be 
easily determined from different design points that increasing the diverging angle makes the wake 
zone start from the shroud throat and hence the area swept by the incoming air stream remains 
constant leading to a slight increase in the velocity ratio compared to other design point having a 
smaller diverging angle. 
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Fig. 8. Effect of diffuser length LD on velocity streamlines and downstream vortices 

 

 

 
Fig. 9. Effect of opening angle of nozzle A1 on velocity streamlines and downstream vortices 

 

While most of the optimal shapes in large design points have a significant nozzle, the length of 
the nozzle LN seems to have a minor effect on the flow regime around the shroud geometry. As shown 
in Figure 10, increasing the size of the nozzle does not affect a poor-performance shroud. 

It can be observed from Figure 11 and Figure 12 The effect of the flange on the shroud 
performance. In Figure 11, a large flange increased the velocity ratio by almost 20%, and the large 
recirculation zone formed at the geometry is clear to have a positive effect. While in Figure 12, the 

Velocity Ratio 1.58 

Velocity Ratio 1.2 

Velocity Ratio 2.43 

Velocity Ratio 1.74 
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flange doesn’t improve the velocity ratio despite the formation of the recirculation zone, but in this 
case, the large diverging angle of the diffuser pulled these wakes to be close to the geometry center 
and the laminar flow regime has almost the same area across the shroud. The added flange has no 
effect on the velocity streamlines in this case. 
 

 

 
Fig. 10. Effect of nozzle length LN on velocity streamlines and downstream vortices 

 

 

 
Fig. 11. Effect of flange LF on velocity streamlines and downstream vortices 

 

Velocity Ratio 1.16 

Velocity Ratio 1.17 

Velocity Ratio 1.91 

Velocity Ratio 1.66 
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Fig. 12. Effect of flange LF on velocity streamlines and downstream vortices 

 

3.2.2 Optimal design 
 

To be able to identify the effect of design parameters on the optimization objectives, mainly the 
first objective, the shroud design was divided into four categories according to the overall size of the 
formed Duct: 

 
i. Compact Design (LN/D + LD/D + LF/D) > 0.3 

ii. Small Design  0.3 < (LN/D + LD/D + LF/D) > 0.6 
iii. Medium Design 0.6 < (LN/D + LD/D + LF/D) > 1.2 
iv. Large Design  1.2 < (LN/D + LD/D + LF/D) 

 
Table 2 shows the number of each design point solved per category as well as the Optimal design 

configuration of the optimal design point. 
 

Table 2 
Optimal design point in each category 

  Compact design 
 Small 
design 

Medium 
design 

Large design 

No. of design points in the optimization 49 60 177 386 

No. of design points solved 32 43 126 316 

Dimensions of 
optimum 
design point 
DP 

Nozzle length factor LN/D 0.1 0.1 0.1 1.2 

Diffuser length factor LD/D 0.1 0.4 1 2.9 

Flange length factor LF/D 0.1 0.1 0.1 0.6 

Converging angle (Nozzle) θ1 1.4˚ 29.1˚ 31.6˚ 12.6˚ 

Diverging angle (Diffuser) θ2 0.3˚ 9.4˚ 8.4˚ 7.6˚ 

Velocity ratio at shroud throat 1.22 1.44 1.76 2.43 

Velocity Ratio 1.25 

Velocity Ratio 1.28 
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The optimal design for the compact design category achieved an average velocity of 1.22 m/s 
inside the shroud throat. As shown in Figure 13, the velocity contours and velocity path lines show 
medium-sized recirculation zones behind the flange where the pressure drops allowing more air to 
flow inside the shroud. 

 

  
Fig. 13. Velocity contours and path lines around the shroud profile of the optimal design 
point in the compact size category 

 

In the second category, small design, the optimal design achieved an average velocity of 1.44 m/s 
inside the shroud throat. It is obvious from Figure 14 that compared to those of the optimal design 
point for the compact design category, the quit larger recirculation zone in the upper downstream of 
the shroud geometry tends to drag more air inside, improving the velocity ratio by 15%. This zone 
plays the most important input for the optimization process, where the larger the recirculation zone, 
the higher velocity can be reached at the shroud throat. The same concept can be applied in the third 
category, the low diverging angle and longer diffuser results in a larger recirculation at the end of the 
shroud geometry and higher velocity ratio achieved (see Figure 15). It shows also a full laminar flow 
regime inside the diffuser, and this is a main parameter for the shroud performance. The optimal 
design point in the third category reached a velocity ratio of 1.76. 

 

  
Fig. 14. Velocity contours and path lines around the shroud profile of the optimal design 
point in the small size category 

 

  
Fig. 15. Velocity contours and path lines around the shroud profile of the optimal design 
point in the medium-size category 
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In the large design category, in which most of the optimization cases were generated by the 
optimizer, the optimal design for this category achieved an average velocity of 2.43 m/s inside the 
shroud throat (see Figure 16). 

Fig. 16. Velocity contours and pathlines of the optimal design point 
in the large design category and the whole optimization results 

As discussed previously in the factor analysis section, the main input to maximize the velocity 
ratio is to have a large eddy or recirculation zone at the end of the shroud while keeping flow laminar 
inside the shroud, the latest can be achieved by lowering the diffuser angle, it is strange that the 
optimal design point in this optimization model was one of the 16 cases solved in the first generation, 
ranked 12 of total 800 design point selected by the optimizer. This can be due to the combination of 
long diffuser, low diverging angle and flange, as most cases with this criterion have a velocity ratio 
ranging from 2 to 2.43. This is also an indication that a longer diffuser can achieve higher velocity 
ratios, but this should be investigated experimentally as well to check the behavior of the flow fields 
in the downstream region where backflow may occur.  

4. Conclusion

In this work, numerical simulations were performed on a different design of an empty flanged 
diffuser with a concentrator (nozzle) through a random-based optimization loop. The conclusion 
and outcomes of this research can be summarized in the following points: 

i. The CFD numerical model results for the diffuser shroud have shown good agreement with
the published experimental measurements of the velocity distribution on the central ais of an
empty flanged diffuser. The simulated velocity ratio using the realizable k-ω model is within
the scatter of the available experimental data. Therefore, this turbulence model was used for
the investigation of multiple design points.
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ii. ICEM CFD script file was developed to create the geometry domain and mesh for a wide range 
of design parameters, using the previously mentioned turbulence model and configuration 
used in the validated numerical case. 

iii. The Genetic Algorithm model was a good choice that makes the optimization parameters 
come across a wide range of design cases, some of which seem awkward, but it helps to know 
how the design parameters selected in this study affect velocity augmentation.  

iv. It was found that a super long diffuser with a length ratio of 2.9 LD to throat diameter D is 
optimal with a diverging angle of 7.6˚, accompanied by a nozzle of ratio 1.2 LN/D and 12.6˚ 
converging angle and a flange length ratio of 0.6 LF/D. This optimal design increased the 
velocity ratio by almost 2.5 times. 

v. The results showed that the diffuser dimensions are the main parameters to increase velocity 
inside the shroud throat, where a long diffuser with a low converging angle drags more air 
inside the shroud, reaching in some cases more than double the upwind velocity. While the 
nozzle and flange are also effective in the different design types. 
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