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Abstract
Flanged diverging diffusers are advantageous because of higher durability, lower mass and cost, better 
environmentally friendly design, compared to various diffuser models used to increase the wind velocity at 
wind turbine rotor planes. Diffuser length, expansion angle, and flange height affect the diffuser performance 
in terms of velocity enhancement and mass. This study has systematically used Design of Experiments (DOE) for 
these three parameters at five levels. The computational Fluid Dynamics (CFD) simulations are performed for 
a total of twenty-five diffuser models obtained using DOE. The results of one selected CFD model are validated 
with wind tunnel experimentation, showing acceptable agreement. CFD results are further examined using 
multivariate regression analysis, Pareto Charts, main effect plots, 2D interaction contours, and 3D surface 
response plots. The obtained regression equation delivers the predicted accuracy. Among the parameters, the 
expansion angle is observed as an important factor that influences the velocity output, followed by the diffuser 
length and flange height. Further, the optimum dimensions of the diffuser are found using desirability function 
analysis, which suggests the intermediate value of diffuser length, lower values of expansion angle, and flange 
height provide compromised velocity performance with significantly reduced mass and cost.
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I.	 Introduction
Use of major electricity-consuming devices for 
domestic applications is continuously increasing. 
To meet the demands of a modern lifestyle, the 
power requirements of manufacturing and service 
industries  are  also  rising  significantly  [1, 2]. 
Additionally, in many developing countries, the 
acceptance of electric vehicles for transportation is 
growing rapidly. To meet these increasing energy 
requirements and due to increasing awareness about 
global warming, individuals, researchers, scientists, 
and governments have accepted the significance 
of renewable energies [3-9]. Amongst various 
renewable energies, solar and wind energy have 
significant potential to fulfill the growing demand 
for electricity with sustainable development [10-
12]. 

The electric power produced through any wind 

turbine rotor is based on the conversion of wind’s 
kinetic energy into rotational energy. The wind 
turbine power output could be enhanced by 
increasing the wind velocity at the rotor plane. 
This can be achieved by surrounding the rotor 
using an accelerator, commonly termed a diffuser. 
Small wind turbines combined with diffusers have 
significant potential to generate electricity even at 
low wind speeds [13-18]. Many researchers have 
reported multi-fold increases in power output using 
diffusers as compared to bare wind turbines using 
different theories, computational simulations, and 
experiments. Various diffuser designs are studied by 
these researchers and found varying performance 
in terms of accelerating the wind velocity with 
respect to the free stream wind velocity. The current 
research trends in this field include studies on the 
modification and development of various shapes 
and parametric evaluation using computational and 
experimental techniques. 
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Basic diffuser types include conical diverging 
diffusers, converging-diverging diffusers, and 
airfoil-shaped diffusers. These diffusers are 
studied with and without flanges. Researchers 
are also investigating modifications to these basic 
designs, such as changing geometries, adding new 
components, and multi-staging of basic shapes in 
order to improve the approaching wind velocity 
at the wind turbine rotor [3, 14, 19-22]. Although 
various diffuser shapes have been proposed by 
researchers to improve small wind turbines’ power, 
the basic diverging diffuser with a flange has 
significant capability to accelerate wind velocity 
[23-26]. This research paper focuses specifically on 
the diverging diffuser with flange due to its design 
simplicity, manufacturing ease, and established 
effectiveness in previous research studies. 

The diverging diffuser has four dimensional 
parameters: 1) inlet diameter (D), 2) length of 
diffuser (L), 3) semi-expansion angle (α), and 4) 
height of flange (h) as presented by Fig. 1. The 
outlet diameter (Dₒ) is a dependent parameter and 
changes with respect to semi-expansion angle and 
diffuser length. The summary of previous research 
works about diverging diffusers with and without a 
flange is presented below. In this summary, for easy 
evaluation, the description is based on dimensionless 
parameters. These dimensionless parameters are 
expressed in terms of the inlet diameter. The first 
dimensionless parameter is used to define diffuser 
length and expressed as length to diameter ratio 
(L/D), and the Second dimensionless parameter is 
used to define flange height and expressed as flange 
height to diameter ratio (h/D).

(a) (b)

Figure 1: Terminology of a diverging diffuser with flange.

Badawy and Ali (2000) theoretically studied the 
velocity enhancement for diffusers without flanges 
at seven levels of length and angle. They considered 
lengths ranging from 1 to 7 times the entry 
diameter and semi-expansion angles from 0 ° to 15 
°, respectively, and claimed an augmentation ratio of 
up to 7. Though the augmentation is impressive, its 
use can be limited by considerably higher diffuser 
lengths [27]. Abe and Ohya (2004) presented the 
computational study of diffusers with and without 
flanges. They considered four different h/D ratios as 
0, 0.125, 0.25, and 0.5, and also two semi-expansion 
angles as 4 ° and 15 °. They found that the flanged 
diffuser performance is significantly based on the 
angle and loading coefficient [28].

An experimental study by Matsushima et al. (2006) 
claimed a 1.7 times velocity enhancement for a 
diverging diffuser with an L/D ratio of 2 and a semi-
expansion angle of 4 °. They have also reported the 
CFD results for varying L/D from 0.4 to 3 in seven 

variable 7 levels, seven levels of semi-expansion 
angles from 0 to 12 ° in steps of 2 °, and six levels of 
flange height in terms of h/D, ranging from 0 to 0.5 
h/D. This CFD study was conducted by fixing some 
parameters, focusing on specific configurations 
rather than using a systematic design of experiments 
[29].

Ohya et al. (2008) experimentally studied the fixed-
length (1.25 D) diffusers with seven h/D ratios 
from 0 to 0.625 in steps of 0.125,  semi-expansion  
angle of 4°, and claimed considerable power output 
compared to bare wind turbines [30]. The diverging 
diffuser experimental study by Kosasih and Tondelli 
(2012) at L/D and h/D ratios ranging from 0.63 to 1.5 
and 0 to 0.2,  respectively,  at a fixed expansion angle 
of 12 ° compared with the converging-diverging 
diffuser claimed only 1.7 % less performance [31].

Barbosa et al. (2013) studied a diffuser with a 40 
semi-expansion angle and an L/D ratio of 0.75 and 
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claimed good agreement between experimental 
and analytical results with a velocity enhancement 
ratio of about 1.22 [32]. Jafari and Kosasih (2014) 
used short-length diffusers with four levels L/D 
ranging from 0.1 to 0.4 and 14 levels h/D ranging 
from 0.025 to 0.35 in steps of 0.025. They observed 
that the h/D ratio can be limited to 0.05 to 0.15 for 
selected lengths. [33]. 

In a research by Roshan et al. (2015), 1.19 times 
velocity enhancement is observed for a flangeless 
diffuser of L/D = 0.54 and semi-expansion angle of 
9 ° [34]. Lipian et al. (2015) have carried out a study 
to identify the potential of diverging diffusers 
for small wind turbines using computational and 
experimental methods. They analyzed diffusers 
for a fixed L/D ratio of one, three h/D ratios (0.1, 
0.3, and 0.5) at sixteen different semi-expansion 
angles from 0 ° to 15 °. They obtained mixed 
velocity improvements at various positions for said 
combinations [35]. Olasek et al. (2016) performed an 
experimental study for three different dimensions 
with the same dimensional proportion  as L/D = 1, 
h/D = 0.1, and a semi-expansion angle of 2.12 °. They 
observed 70-75 % power enhancement [36]. 

Masukume et al. (2016) conducted research on 
various diverging diffusers without a flange. They 
considered six levels of two variables. L/D ratios 
experimented with ranged from 0.5 to 3 with 
fixed steps, and semi-expansion angles used were 
3.5 °, 4.5 °, 5.5 °, 7.5 °, 11 °, and 14 °. They observed 
better performance at an L/D ratio of 2 [37]. The 
comprehensive study on the effect of surface 
roughness on wind turbine blade performance was 
carried out by Zidane et al. (2016). The authors 
showed that roughness can result in the boundary 
layer thickening along with a change in the location 
of (early) transition, which can substantially reduce 
power output. DAWTs shall be smooth in order to 
have a better flow acceleration [38]. El-Zahaby et 
al. (2017) have conducted computational analysis 
for diverging diffusers with an L/D ratio of 1.5 and 
a semi-expansion angle of 3.18 °, and a h/D ratio of 
1.25. Further, they studied velocity enhancement 
at various flange inclinations and found marginal 
changes for positive angles [39]. Zidane et al. (2017) 
carried out a CFD investigation on transitional 
separation bubble characteristics using the NACA 
63415 airfoil at lower Reynolds numbers. The 
studies focused on the effect of development, 
growth, and reattachment of separation bubbles 
on the lift and drag experienced during laminar–
turbulent transition and separation of flow. Bubble 

separation can affect the local increase of Reynolds 
number at the rotor [40]. 

Zidane et al. (2017) studied the effect of 
contaminated or dusty air flow on the performance 
of NACA 63415 airfoil blades. The findings were 
interesting and showed that the dusty flow can 
alter pressure distribution, boundary layer, and 
thus overall performance. Changes in lift and drag 
coefficients were also reported.  [41]  Masukume 
et al. (2018) have conducted an experimental study 
for  a  diverging  diffuser without  a  flange   at   
L/D  = 0.5 and semi-expansion angle of 14.5 ° and 
reported a power enhancement of 2.5 times [42]. 
Takey et al. (2020) performed a computational 
investigation on a short diffuser of L/D ratio 0.23, 
h/D = 0.1, and semi-expansion angle of 10 ° and 
found better performance than that of without a 
flange and only a flange [43].

Zidane et al (2020) use machine learning techniques 
to investigate the effect of sandstorms on the 
performance of wind turbine blades. The drag 
force increases and the lift force reduces due to 
the presence of sand, which alters aerodynamic 
forces [44]. İlhan et al. (2021) studied different 
dimensional combinations of diverging diffusers.  
Their first group consists of four diffusers with a 
fixed L/D ratio of 1.4 and a semi-expansion angle 
of 90, and four different h/D ratios from 0 to 0.4 
with constant intervals. The second group includes 
six diffusers with a fixed L/D ratio of 1.35 and 
semi-expansion angles of 3 °, 4 °, 5 °, 6 °, 9 °, and 12 
(variable intervals) with a fixed h/D ratio of 0.2. The 
third group comprises five diffusers with fixed h/D 
as 0.2 and semi-expansion angle 6 ° with variable 
L/D values from 1.3 to 1.5, having a constant 
interval. The computational analysis found velocity 
enhancements of 1.511, 1.567, and 1.584 times 
the free wind velocity in these three groups [45]. 
Mohanan et al. (2021) conducted computational 
research on diffusers without flanges at semi-
expansion angles of 2 °, 3 °, and 5 ° with an exit 
diameter equal to the diffuser length. They found 
better performance at low angles [46]. Rahmatian 
et al. (2022) reproduced results for a conical 
diverging diffuser of L/D = 1.5, α = 4 °, and h/D = 0.5, 
and compared with the modified diffuser [47].

Zidane et al. (2023) used upstream deflectors, 
which improved the performance of the 
H-Darrieus wind turbine. The study also optimizes 
the geometrical configuration of deflectors to have 
a better performance [48]. Abdallah et al. (2024) 
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and Abdallah et al. (2025) showed performance 
enhancement of the H-Darrieus type of vertical axis 
wind turbine (VAWT) by using innovative J-shaped 
blade geometries. CFD analysis was carried out, 
which revealed better starting torque, delayed flow 
separation, and enhanced aerodynamic efficiency. 
The J-blade approach is compatible with Diffuser 
Augmented Wind Turbines, both of which reveal 
geometry-induced flow guidance that can be used 
to improve energy extraction, especially in low-
speed areas [49, 50]. 

Through the literature reading, it is noticed that the 
diverging diffuser performance depends not only on 
one or two parameters but on all three-dimensional 
parameters (L/D, h/D, and α). Most of the reported 
research works either performed research using one 
or two variables. Few researchers studied the effect 
of all three parameters, but with uneven intervals 
as well as different parametric evaluations. Also, 
the consideration of mass during diffuser design is 
very rarely observed in the literature. 

This work is carried out to study the influence of 
input variables (L/D, h/D, and α) on the diffuser 
performance using a systematic Design of 
Experiments (DOE) approach. For each of these 
three  parameters,  five  levels  (L/D = 0.5 to 1.5,  
h/D = 0.1 to 0.5, and α = 3 ° to 15 °) are selected, and 
computational Fluid Dynamics (CFD) of all twenty-
five diverging diffusers with flange is carried out 
using ANSYS FLUENT 2022 R1. In addition to 
velocity performance evaluation, it is important 
to study diffuser bulkiness, which is also one of 
the barriers to placing them in actual applications. 
Hence, the effect of input variables on the mass of 
the diffuser is also included in this study. 

Hence, this study used systematic Taguchi-based 
optimization, including mass as a second objective. 
In this research work, all three parameters are 
symmetrically varied within considerable ranges. 
Results are also evaluated using appropriate 
statistical techniques on the basis of velocity 
enhancement as well as the bulkiness of the diffuser 
in the form of mass. The current research results 
are also validated with experimental results. 

II.	 Materials and Methods
As per the defined scope of the present research, 
it was decided to study the influence of all three 
input independent variables (L/D, h/D, and α) on the 
performance of the diffuser. This performance can 

be measured in terms of velocity augmentation. The 
computational experiments are designed using the 
Taguchi Orthogonal array method. Computational 
fluid dynamics (CFD) simulations are performed 
using ANSYS FLUENT 2022 R1. The following 
subsections describe the procedure for the design 
of experiments and the CFD procedure used for 
this research.

A.	 Design of experiments

In the current study of the diverging diffuser, 
there are three independent variables: L/D, h/D, 
and α, which change the output performance (Vₓ) 
and mass of the diffuser. The randomly developed 
experiments may not give insight into the effect 
of input variables on the output variables. In such 
cases, appropriate statistical techniques can be 
useful to decide various combinations of diffuser 
dimensions in order to get better velocity output. 
Well, the acceptable Design of Experiments (DOE) 
used for product or process design is also used by 
many researchers for CFD studies [45-48]. In the 
current research, five levels of each parameter are 
proposed, which requires a total of 125 (53 = 125) 
experiments. 

Table 1: Parameter levels finalized for the Taguchi arrays

Parameters Level 1 Level 2 Level 3 Level 4 Level 5
L/D 0.5 0.75 1 1.25 1.5
α (o) 3 6 9 12 15
h/D 0.1 0.2 0.3 0.4 0.5

Table 2: L25 (P = 3, L = 5) Orthogonal array for the study of 
velocity enhancement 

Model L/D α h/D

C01 0.5 3 0.1
C02 0.5 6 0.2
C03 0.5 9 0.3
C04 0.5 12 0.4
C05 0.5 15 0.5
C06 0.75 3 0.2
C07 0.75 6 0.3
C08 0.75 9 0.4
C09 0.75 12 0.5
C10 0.75 15 0.1
C11 1 3 0.3
C12 1 6 0.4
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C13 1 9 0.5
C14 1 12 0.1
C15 1 15 0.2
C16 1.25 3 0.4
C17 1.25 6 0.5
C18 1.25 9 0.1
C19 1.25 12 0.2
C20 1.25 15 0.3
C21 1.5 3 0.5
C22 1.5 6 0.1
C23 1.5 9 0.2
C24 1.5 12 0.3
C25 1.5 15 0.4

Using Taguchi orthogonal arrays, it is possible to 
design only 25 computational experiments, L25(53) 
(orthogonal matrix array), to analyze the velocity 
performance appropriately for three variables 
with five levels. In the L25(53) array, ‘L’ represents 
the orthogonal array with a total of 25 samples for 
study, including 3 variables and 5 levels [51]. 

As shown in Table 1, length-to-diameter ratios (L/D) 
are taken from 0.5 to 1.5 with a fixed interval of 
0.25. Second-dimensional variable - semi-expansion 
angles (α) range from 3 ° to 15 ° in steps of 3 °. The 
third input variable (h/D) starts at 0.1 and ends at 
0.5 with an increment of 0.1. Inlet diameter for 
all models is kept fixed. The models used for these 
computational analyses are named as C01 to C25, 
respectively, and shown in Table 2. Each of the 
independent variables is tested five times. The 
scope of this study is limited to short and medium 
diffuser lengths. Maximum L/D is limited to 1.5 as 
the feasibility of long diffusers reduces because of 
higher mass, bulkiness, handling, and installation 

difficulties. 

To analyze the results effectively, the mass of 
the diffuser models is taken dimensionless and 
normalized appropriately. The extreme mass of a 
diffuser with maximum dimension is considered 
as a unit, and other diffuser masses are normalized 
accordingly. So all normalized masses (mₙ) are scaled 
from 0.22 to 1. Here, the parameter - normalized 
mass is used only to represent compactness and 
relative material usage among different diffuser 
configurations. This is taken on the basis of geometry 
with a uniform wall thickness of 3 mm. For all 
models, Glass Reinforced Plastic with a density of 
1600 kg/m3 is considered. The detailed structural 
requirements, material strength, or manufacturing 
constraints are not included in the scope of this 
research. Here, the primary objective is to evaluate 
the aerodynamic performance of different diffuser 
geometries. Hence, structural analysis, thickness 
optimization, and cost analysis are purposely 
excluded from the current scope. 

B.	 Modeling for computational analysis

For all diffuser models, the inlet diameter is fixed 
at 210 mm, and other dimensions are proportioned 
accordingly. In order to get correct flow details, 
the inside diffuser’s appropriate domain size is 
important. The inlet of the diffuser is positioned at a 
distance of 3D from the domain inlet. Performances 
of diffusers for three different domain lengths, 
6D, 12D, and 18D, are studied, and no significant 
difference is found for domain lengths 12D and 
18D. Hence, the domain of upstream length 3D and 
downstream length 12D is taken for this study, as 
shown in Fig. 2. The width of the domain is taken 
as 8D.

Figure 2: Domain dimensions used for CFD analysis.
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From this, it is observed that there is no significant 
difference in the third and fourth cell counts. 
Hence, the mesh size with 62818 cell count is 
finalized. For other models, the same size mesh 
quality was defined. Full diffuser mesh view with 

domain and magnified mesh view of partial diffuser 
portion indicating the fine mesh used inside and 
downside of the diffuser are shown in Fig. 3 (a) and 
(b), respectively.

(a) Full diffuser mesh view with domain (b) Magnified mesh view of diffuser portion

Figure 3: Sample mesh view of a diffuser model C01.

During CFD analysis, it is important to select a 
suitable model for solving the problem. Many 
researchers have preferred k-ω Shear Stress 
Transport (SST) for analyzing flow through diffusers. 
In this model, turbulent kinetic energy and turbulent 
specific dissipation rate are represented by k and ω, 
respectively, and given by two transport equations, 
Eq. 1 and Eq. 2 [24]. 

( ) ( )i K k kG
i j j

kK Ku K Y S
t x x x
ρ ρ

 ∂ ∂ ∂ ∂
+ = Γ + − +  ∂ ∂ ∂ ∂ 

           (1)

( ) ( )i k
i j j

u G Y D S
t x x xω ω ω ω

ωρω ρω
 ∂ ∂ ∂ ∂

+ = Γ + − + +  ∂ ∂ ∂ ∂ 
         (2)

Where,

G K =
The result of mean velocity 
gradients creating turbulent 
kinetic energy

Gω = generation of ω
ΓK = effective diffusivity of k
Γω = effective diffusivity of ω
Yk = dissipation of k due to turbulence

Yω = dissipation of ω due to turbulence
Dω = cross-diffusion term

Sk and Sω = user-defined source terms

SST appropriately combines the k- ε and k-ω during 
the change of distance from the wall. This model 

is well accepted for diffuser studies because of its 
accuracy and robustness. Further, as expected in the 
case of diffuser simulations, this model has a good 
ability to solve flow separation problems, transition 
from near and far from wall regions, shear flows, 
and comparatively less computational time [10, 16, 
47, 51-53]. 

For the computational domain, an unstructured 
mesh was used, and a high quality (orthogonality) of 
0.99 is observed. The simulation was carried out in 
a two-dimensional axisymmetric domain to reduce 
computational time without affecting the results. 
A no-shear condition was applied on the diffuser 
wall, and specified shear conditions were applied 
on the domain walls. Incompressible, turbulent 
flow is considered here. Constant air density is 
taken as 1.225 kg/m³. The inlet velocity for all case 
studies is taken as 6 m/s. Turbulence intensity at 
the inlet and outlet was set to 2%. The output of 
the computational domain is set to atmospheric 
pressure. The residual convergence criterion was 
fixed at 0.0001. Maximum iterations allowed were 
set to 1000. The mesh aspect ratio was maintained 
within acceptable limits, with a maximum value of 
4 in the diffuser region and 55 in the fluid domain. 
The total number of cells varies from 66444 for 
C01 to 211224 for C25.

The near-wall mesh quality was evaluated using 
the non-dimensional wall distance (Y⁺) at different 
wall locations. Area-weighted average Y⁺ values 
were obtained for the flange, diffuser wall, and 
domain wall regions. The Y⁺ values ranged from 
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2.53 to 5.52 near the diffuser walls. Very low 
values were observed near the domain wall. The 
overall net Y⁺ value was observed as 0.14. For the 
SST k–ω turbulence model, Y⁺ values close to one 
are preferred to get accurate flow near the wall. 
The near-wall Y⁺ values in the diffuser region were 
observed within the acceptable range and hence 
with sufficient refinement near the walls. Here, 
the diffuser wall region is critical for obtaining 
velocity gradients and flow behavior. Hence, the Y⁺ 
distribution is considered satisfactory. 

C.	 Wind tunnel testing

To validate the CFD results, it is decided to 
test a diffuser using a wind tunnel. For wind 
tunnel experimentation, diffuser model C01 is 
selected. The wind tunnel testing is carried out 
at the Aerodynamics Lab, Defence Institute of 
Advanced Technology, Girinagar, Khadakwasla, 
Pune, India. The experimental setup, along with 
the tested diffuser, is shown in Fig. 4. A Pitot tube 
(Make Dwyer) and a micro-manometer (Make 
ACIN Instrumentation) were used during this 
experimentation. The initial velocity of air in the 
tunnel was set to 6 m/s (ΔP = 22 Pa). The diffuser 
was placed inside the tunnel. Using pitot tube 
readings, the velocity of air is measured at nine 
different points along a considered plane inside the 
diffuser. This plane is considered at a plane at x = 
0.2L from the diffuser inlet. These nine points were 
selected at equidistant intervals from the axis and 
moving towards the diffuser wall. The pitot tube is 
inserted from the outlet side of the diffuser in order 
to take a reading from the undisturbed flow.

Figure 4: Wind tunnel experimental setup.

The 25 diffuser geometries considered in the 
study differ in terms of diffuser angle, diffuser 
length, and flange height. The overall geometry 
remains fundamentally the same. No additional 
features, such as steps or slots, are introduced that 

would result in a drastic alteration of the flow 
physics. Experimental testing of a single diffuser 
configuration is sufficient, as it can help in validating 
the CFD results. This approach is consistent with 
prior studies reported in the literature, where 
experimental investigations are commonly limited 
to a single diffuser out of those under study.

D.	  Data analysis

As discussed earlier, CFD results are important to 
know the diffuser models’ performance. Identifying 
the limitations of visual observations of velocity 
contours obtained through CFD, it is decided to 
use suitable statistical techniques for a detailed 
evaluation. It is decided to get the multivariate 
regression equation to identify the effect of linear 
terms, quadratic terms, and interaction terms to 
get an effect in detail. Also, it is decided to use 
Pareto charts, whose visual observation can deliver 
some important directions. Further to study the 
interaction between two input variables, it is 
decided to plot the 2D contours and 3D surface 
response plots.

E.	 Diffuser dimensions optimization 
and validation

Optimum dimensions of the diffuser (L/D, h/D, α) 
to get the higher velocity ratio and lower diffuser 
mass are obtained using the desirability function 
analysis (DFA). The predicted performance of this 
optimized diffuser, as suggested by DFA, is validated 
with the CFD results. The objective of the present 
research is limited to the design and optimization 
of the diffuser geometry. The wind turbine rotor, 
its dimensions, and performance are assumed fixed 
throughout the study. Therefore, the optimization 
is performed on the basis of velocity enhancement 
along with diffuser mass, rather than overall turbine 
performance parameters. This allows a focused 
research on the effectiveness of diffuser models 
independent of rotor characteristics. Modeling 
of the turbine rotor, determination of the power 
coefficient, and detailed power output analysis are 
planned as part of future studies.

III.	 Results
A.	 Velocity contours from CFD
During the computational fluid analysis for all 
diffuser models, the inlet velocity (Vᵢₙ) is taken as 
6 m/s to maintain uniformity of simulation results. 
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The velocity contours obtained from CFD for 25 
computational experiments are shown in Fig. 5. 
These velocity contours show the regions with 
different velocity magnitudes in m/s. The velocity 
contours in this figure are arranged in such a 
structured way for easier comparison and analysis. 
Each row is assigned for diffuser length to diameter 
ratio (L/D), and each column is assigned for semi-
expansion angle (α). The third variable (h/D) varies 
across each plot. As can be seen from Table 3, L/D 
ratios vary from 0.5 to 1.5, whereas h/D ratio varies 
from 0.1 to 0.5

Diffuser models obtained through the DOE 
orthogonal array L25(53) with three parameters and 
five levels, together with their response, are shown 
in Table 3. In this table, velocities are presented 

in dimensionless form (Vₓ/Vᵢₙ) and represented by 
the velocity ratio (VR). Vₓ is taken as the maximum 
velocity obtained inside the diffuser. This table also 
includes the normalized masses for these diffuser 
models. The mass of all diffusers is calculated using 
a common throat diameter for all the diffusers, and 
automatically, all other dimensions can be obtained. 

B.	 Experimental validation of CFD 
results

The pressure values recorded from the experimental 
setup are converted into velocity values using Eq. 3

                                                                                                   (3)

α = 3o α = 6o α = 9o α = 12o α = 15o

L/
D

 =
 0

.5

i) C01 ii) C02 iii) C03 iv) C04 v) C05

L/
D

 =
 0

.7
5

vi) C06 vii) C07 viii) C08 ix) C09 x) C10

L/
D

 =
 1

.0

xi) C11 xii) C12 xiii) C13 xiv) C14 xv) C15

L/
D

 =
 1

.2
5

xvi) C16 xvii) C17 xviii) C18 xix) C19 xx) C20
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Figure 5: Velocity contours of twenty-five diverging diffuser models.

Table 3: Performance results of the Orthogonal array 
diffuser models

Model L/D α h/D VR mₙ

C01 0.5 3 0.1 1.6 0.22
C02 0.5 6 0.2 1.48 0.27
C03 0.5 9 0.3 1.41 0.32
C04 0.5 12 0.4 1.39 0.38
C05 0.5 15 0.5 1.42 0.45
C06 0.75 3 0.2 1.68 0.35
C07 0.75 6 0.3 1.55 0.41
C08 0.75 9 0.4 1.48 0.48
C09 0.75 12 0.5 1.47 0.57
C10 0.75 15 0.1 1.35 0.36
C11 1 3 0.3 1.73 0.49
C12 1 6 0.4 1.62 0.58
C13 1 9 0.5 1.56 0.67
C14 1 12 0.1 1.42 0.46
C15 1 15 0.2 1.39 0.55
C16 1.25 3 0.4 1.8 0.64
C17 1.25 6 0.5 1.7 0.74
C18 1.25 9 0.1 1.55 0.57
C19 1.25 12 0.2 1.49 0.65
C20 1.25 15 0.3 1.43 0.76
C21 1.5 3 0.5 1.87 0.79
C22 1.5 6 0.1 1.68 0.64
C23 1.5 9 0.2 1.49 0.74
C24 1.5 12 0.3 1.42 0.87
C25 1.5 15 0.4 1.5 1

In equation 3, V = wind velocity, P₀ = stagnation 
pressure, Pₛ = static pressure, and ρ is the air 
density. Equation 3 is derived from Bernoulli’s 

principle and is used when the pitot tube is used 
for the measurement of pressure drop. For the 
experimentation, the same input velocity of 6 m/s 
(ΔPinitial = 22 Pa) is taken as that taken for the CFD 
simulation. The pressure values are recorded at 
nine points at a radial plane placed at 0.2L from 
the diffuser inlet and presented in Table 4. Velocity 
values obtained using the recorded pressure values 
are also added to the table. This table also gives 
the CFD values and the percentage difference in 
experimental and CFD results. The experimental 
values vary from CFD, ranging from 3.82 to 6.07 % 
which can be considered as an acceptable agreement 
[47]. Experimental and CFD results of one diffuser 
model are also validated with the literature. Due 
to practical constraints related to experimental 
setup, manufacturing, and experimentation, only 
one model is tested and validated. These tabulated 
variations are also plotted in Fig. 6. 

Table 4: Comparison of experimental and CFD radial 
velocities for diffuser model C01

Pitot 
Tube 
position
(m)

ΔP = Pₜ - Pₛ 
(Pa)

Vₑₓₚ
(m/s)

VRₑₓₚ VCFD
(m/s)

VRCFD Difference
(%)

0.0 33.5 7.396 1.233 7.74 1.290 4.421
0.012 34 7.451 1.242 7.75 1.291 3.829
0.023 34 7.451 1.242 7.78 1.296 4.214
0.035 34.5 7.505 1.251 7.83 1.306 4.209
0.047 35 7.559 1.260 7.92 1.321 4.610
0.058 36 7.667 1.278 8.06 1.344 4.929
0.070 37.75 7.851 1.308 8.28 1.381 5.222
0.082 41.25 8.207 1.368 8.65 1.441 5.073
0.093 46.5 8.713 1.452 9.28 1.546 6.074
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Figure 6: Velocity ratios obtained through CFD and wind 
tunnel experiments at a radial plane (0.2L from Diffuser 

Inlet).

IV.	 Discussion
The normal probability plot shows a good straight 
line agreement. The number of outliers in versus 
fit is not significantly different. It should be noted 
that the developed regression equation is valid only 
within the investigated ranges of design parameters 
and should not be used for extrapolation beyond 
these limits.

A.	 Effect of input variables on the 
velocity ratio

In the first to fifth columns of Fig. 5, values of α 
are increasing, and it is observed that for all lower 
values of α, higher velocities are obtained. Also, it is 
observed that velocity values are increasing with 
respect to L/D. 

However, it is not sufficient to know about 
the influence of L/D, h/D, and α on the diffuser 
performance through visual observation and limited 
quantitative information from velocity contours. To 

get a detailed understanding, it is important to use 
suitable statistical techniques. 

Hence, it is decided to use different techniques 
that will give a detailed evaluation of the results. 
Multivariate regression analysis and a Pareto chart 
are used to study the influencing factors and their 
intensity velocity ratio (VR). The main effect plot 
is used to understand the effect of each factor 
on VR. Further, to get optimum regions of better 
performance, 2D contours and surface plots are 
used.

Preliminary correlation checks are performed for 
these results before performing the multivariate 
regression analysis to get the mathematical 
relationship between input variables (L/D, h/D, 
α) and output variables (VR, mₙ). The multivariate 
regression analysis will be useful to understand 
the effect of individual input variables and their 
interactive effect on the output variables. 

For performing multivariate regression analysis, 
Minitab software is used. The data from Table 3 
is used for this analysis. The relationship obtained 
for VR is shown by Eq. (4). This equation consists 
of linear terms, nonlinear quadratic terms, and 
interaction terms. However, the interaction 
term α × h/D is omitted because of its redundant 
nature. For other interactions, multi-collinearity is 
checked and found satisfactory. From the various 
coefficients obtained in the analysis, as shown in 
Table 5, it is seen that most of the linear as well as 
interaction terms have a P-value < 0.05, indicating 
their significant effect on velocity performance. 
The  interaction  term  L/D  ×  h/D   has   a   P-value 
= 0.144 > 0.05, which indicates its non-significant 
effect on diffuser velocity performance. 

Table 3: P-values for various terms in the regression equation for VR

Term L/D α h/D L/D × L/D α × α h/D × h/D L/D × α L/D × h/D

P-Value 0.000 0.000 0.010 0.000 0.000 0.006 0.000 0.144
	  

( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( )( )

2

2 2

1.5862 0.4558 0.05356 0.3082 0.1409

        0.002246 0.625 0.01303 0.1528
R L D h D L D

h D L D L D h

V

D

α

α α

+ − − − +

+ − × + ×

=
                               (4)

In this regression equation obtained for VR, 1.5862 is 
the intercept. From the equation, it is observed that 
an increase in L/D significantly enhances the value 
of VR. However, the negative quadratic term of L/D 
indicates that this velocity rise is up to a certain 
limit of L/D, and further increase in length does 
not contribute towards velocity improvement. This 

important result is also in line with the literature 
result [37]. The negative sign applied to the semi-
expansion angle α in the equation indicates the 
reduction in VR with increasing the amount of 
divergence. This result is well-matched with the 
fundamental concept of flow separation and energy 
loss because of the increasing expanding angle. 



http://dx.doi.org/10.21622/RESD.2026.12.1.1765

66

http://apc.aast.edu

Journal of Renewable Energy and Sustainable Development (RESD)                         Volume 12, Issue 1, June 2026 - ISSN 2356-8569

On the other hand, the quadratic term of α2 has a 
positive sign with a coefficient of 0.002246, which 
indicates that an initial increment in α  reduces the 
value of VR; however, there can be an optimum 
value of expansion angle to enhance the diffuser 
performance. The flange height term h/D also 
shows a negative linear effect on the velocity 
ratio, just like α, but the effect is more dominant 
than that of α. In the combined effect, increasing 
values of L/D and α are causing opposite effects 
on the velocity rise, and as discussed earlier, the 
combined effect of L/D × h/D is not significant. R2 
and adjusted R2 values are found as 99.84 % and 
99.67 % respectively, which indicate the well-
accepted accuracy of the regression model. The 
adjusted R² value is also very close to the R² value, 
which shows that the terms included in the model 
are justified and the regression model is robust and 
reliable. Further, the developed regression model 
is based on a structured experimental design with 
25 systematically distributed cases having uniform 
parametric levels. The statistical significance of 
individual terms was checked using p-values, and 
non-significant terms are not considered in the final 
model. In the residual analysis, no abnormal trends 
or large deviations were observed, which shows 
the stability of the regression model. 

To further understand the most influential 
parameters affecting the VR, the Pareto chart 
showing the standardized effects from the analysis 
is presented in Fig. 7. In this chart, A = L/D, B = α,   
C = h/D; AA, BB, CC are the quadratic terms; AB and 
AC are the interaction terms. From the chart, it is 
observed that the nonlinear term α 2 significantly 
changes the value of VR among all other terms. 
Also, the linear terms α and L/D have strong effects. 
All terms AA, AB, and CC are more influential than 
the linear term h/D. The interaction term AC is also 
observed as non-significant, and its standardized 
effect is less than the significance threshold of 2.31.

Figure 7: Pareto chart for standardized effect of various 
terms and interactions VR (A = L/D, B = α, C = h/D; AA, BB, 

CC - quadratic terms; AB and AC - interaction terms).

Here, it is also important to study how individual 
factors affect the VR of these diffuser models. 
The main effect plot, as per Fig. 8, is a graphical 
representation of the effect of the individual input 
variables (L/D, h/D, α) on the velocity ratio. The mean 
VR for each level of a factor is shown in this plot. A 
line joining the means of VR for each level factor is 
useful to compare the influence at different levels. 

Figure 8: Main effect plot for VR.
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The main effect plot in Fig. 8 shows that when L/D 
increases from 0.5 to 1.25, VR steadily increases and 
slightly stabilizes from 1.25 to 1.5. This statement 
matches well with the linear and quadratic terms 
results from the regression equation. Increasing the 
L/D beyond 1.25 does not contribute to enhancing 
VR significantly. The second input variable α is the 
most sensitive variable and has a strong effect on 
the VR. The VR values drop suddenly as α changes 
from 3 ° to 15 °. The diffuser angle should be low 
and can be taken between 3 ° and 6 ° for better 
performance. The h/D values 0.2 and 0.3 are 
reducing the VR, while 0.1 and 0.4 are delivering 
better performance compared to 0.2 and 0.3. 
Additionally, more flange height with an h/D ratio 
of 0.5 shows a slightly higher performance, which 
also increases the diffuser mass significantly and 
makes it inconvenient for practical application.

For further detailed evaluation of the interaction 
between two variables on the output, 3D surface 
response plots are used along with 2D contours, 
from which it is possible to identify the optimum 
zones, delivering better performance in terms of 
VR. The  effect of L/D and α on the velocity ratio 
VR can be studied in detail from the 2D contour 
and 3D surface plot shown in Fig. 9 (a) and (b). 
The performance  measured  in  terms of VR  is 
significantly influenced by the combination of L/D 
and α. For all levels of L/D, the highest values of 
VR are observed at the semi-expansion angle α. In 
the low-angle region (3 ° to 6 °), values of VR are 
considerably greater than those observed in angles 
more than 6 °. All red colored peaks show the values 
of maximum VR at an angle of 3 ° and all five levels 
of the L/D. 

For angles greater than 9 ° and lower L/D values, 
the effect of higher divergence is more adverse. 
Also, these plots show a clear nonlinear interaction 
between the L/D and α as per the regression models, 

and α is the most influential factor as observed in 
the Pareto chart. The 2D contour plot shows the left 
region, shown by green color shades, as an optimal 
design region for designing the diffuser with better 
performance. The region shown in black color 
shade cannot be preferred to get a better velocity 
rise. From the visual inspection of the plot, it is seen 
that at a lower α value around 3 ° and a diffuser L/D 
ratio of around 0.8 or more, the diffuser can deliver 
a better performance without increasing the mass 
considerably. 

Figure 9 (c) and (d) show the 2D contours and 3D 
surface response plots for the relation between 
α and h/D to get the velocity enhancement in the 
form of VR. From the 3D surface plots, it is observed 
that the peak VR ratios (marked by red color) are 
obtained for all h/D ratios at α = 3 °. It also indicates 
that the α is an important parameter and shows an 
inverse effect in order to get better performance. 
From the 2D contour plot, it is clearly seen that the 
higher values of VR are concentrated in the regions 
with low values of α (3 ° to 6 °) when the h/D values 
are between 0.1 and 0.15 approximately, and from 
0.3 to 0.5. For h/D from 0.15 to 0.3, the lower values 
of VR are observed. 

Though the higher VR values are observed for low 
α and higher h/D values, increased heights (h/D) 
make the diffuser bulky, costly, and inconvenient. 
Alternatively, it is beneficial to increase the 
diffuser length instead of flange height to get better 
performance if one wants to compromise for being 
overweight. The interaction between these two 
parameters indicates that a small diffuser angle and 
moderate flange height are able to deliver better 
performance. Hence, the observations obtained 
from these plots are in line with the regression 
equation and Pareto charts. Further, they provide 
more comprehensive observations as discussed 
here.

                                            (a)                                                                                                       (b)
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                                           (c)                                                                                                       (d)

                                          (e)                                                                                                       (f)

Figure 9: 2D contours and surface plots showing interactions among L/D, h/D, α; a and b) Contour and surface plot for L/D 
and α; c and d) Contour and surface plot for h/D and α; e and f) Contour and surface plot for L/D and h/D.

Fig. 9  (e) and (f) present the contour plot and 
response surface plot for the interaction of L/D and 
h/D. It is seen that higher VR values lie along the 
diagonal region, as shown by green shades in the 
contour plot. It is also observed from the surface 
plot that these peak VR values are indicated by 
green color points diagonally. Here, an important 
conclusion about h/D is observed from contour 
as well as surface plots. To get better VR output, a 
diffuser with higher L/D values needs a higher h/D. 
This makes the diffuser bulky and overweight. 
Hence, an appropriate selection of the L/D ratio 
is required to make the diffuser compact with 
low weight. The mixed and random interaction is 
observed between these parameters, which is not 
too significant as obtained from the P-value.

B.	 Effect of input variables on 
normalized mass

In this research, the main objective is to enhance the 
value of VR. On the other side, it is also important to 
minimize the diffuser mass. Here, diffuser masses 
are taken in non-dimensional form and termed as 
normalized mass (mₙ). The brief discussion about 
mₙ is presented in this section. From Table 3, it 
is observed that the mₙ values are considerably 
changing, from 0.22 for the light diffuser to 1 
for the heavy diffuser. Though it is obvious that 
the diffuser mass is increasing with all input 
dimensions, it is important to know about the effect 
of individual dimensions on the mass increment. 
From this study, it is possible to control the diffuser 
dimensions appropriately in order to maximize the 
VR and minimize the mₙ values. 

Similar to VR, the regression equation for mₙ 
obtained from Minitab is shown by Eq. (5). From the 
P-values (0.23, 0.169, 0.281) it is seen that α2, (h/D)2 

and (L/D × h/D) respectively are the non-significant 
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terms which is also observed from the regression 
equation and Pareto chart (Fig. 10). Further it is 
observed that the interaction term (L/D × α) is the 
most influential term as increasing diffuser length 
with expanding angle increases circumferential 

mass of the diffuser. Further, the h/D is a linear term 
which is contributing to increasing diffuser mass 
significantly than individual L/D and α. The main 
significant effect of α2, (h/D)2, and (L/D × h/D) is not 
considerable.

( ) ( ) ( ) ( )
( ) ( ) ( )( ) ( ) ( )( )

2

2 2

.0907 0.1463 0.01741 0.5696 0.0671 

        0.000160 0.155 0.02414 0.067

0

2 
n L D h D L D

h D L D

m

L D h D

α

α α

+ − + += +

+ + × + ×
                        (5)

Figure 10: Pareto chart for standardized effect of various 
terms and interactions mₙ ( A = L/D, B = α, C = h/D; AA, BB, 

CC - quadratic terms; AB and AC - interaction terms).

From the statistical techniques, it is observed that 
the linear term h/D alone does not significantly 
contribute to enhancing the VR. On the other hand, 
it is one of the influencing linear terms in order to 
increase the diffuser mass. As discussed earlier, the 
increased diffuser mass makes the diffuser bulky, 
increases its cost, and also associated handling and 
installation difficulty. 

The most important parameter affecting the mass 
of the diffuser is the combined parameter L/D × α. 
It can be seen that an increase in L/D ratio results 
in an increase in mass. However, an increase in 
the diffuser angle (α) enlarges the exit diameter, 
producing exactly the same effect. However, the 
requirements for enhancing the velocity ratio are 
contradictory requirements of these parameters. 
The results indicate that larger diffuser lengths 
and smaller diffuser angles are more favorable 
for velocity augmentation. Consequently, an 
optimal balance between these parameters must 
be achieved when selecting an appropriate diffuser 
configuration. The h/D ratio influences the flange 
height of the diffuser in a significant manner. An 
increase in flange height results in an improvement 
of the velocity ratio, based on findings of this work. 

However, the gain in velocity ratio is not very high. 
This means lower flange heights can be selected 
from a design perspective. Increasing the flange 
height causes the formation of low-pressure regions 
downstream of the diffuser, which contributes to 
flow acceleration.

C.	 Optimization of diffuser geometry 
using desirability function analysis

It is important to obtain the optimum dimensions 
of the diffuser (L/D, h/D, α), which can give a higher 
velocity ratio and lower diffuser mass. These two 
objectives (maximization of VR and minimization of 
mn) function problem is solved using the desirability 
function analysis (DFA) [54-56]. The optimization 
results obtained by desirability function analysis 
are shown in Fig. 11. For the optimized values 
(L/D = 0.8636, h/D = 0.1, and α = 3 °), the composite 
desirability is obtained as 0.7100. The values of 
individual desirability for mₙ and VR are obtained 
as 0.83619 and 0.60280, respectively. This value 
of composite desirability indicates a reasonable 
balance between these two different objectives. 
A confirmation test is carried out to check the 
optimization results obtained from the desirability 
function analysis. Diffuser with these optimum 
dimensions is simulated using ANSYS, and the 
velocity contour plot for this new diffuser model 
is shown in Fig. 12. Values of VR obtained from 
DFA and CFD are observed as 1.6793 and 1.6867, 
respectively. Only a 0.44 % variation was observed 
between these two values, which reports the 
accuracy of DFA. 

When the performance of the optimized diffuser is 
compared with that of twenty-five diffuser models, 
it is observed that the optimized diffuser has better 
performance with low mass. For optimum diffuser 
normalized mass, mₙ = 0.33, which is greater than 
only three diffusers’ mₙ values. Despite such low 
weight, its velocity ratio, VR = 1.6867, is better than 
that of the twenty-one diffuser models. In many 
models, the velocity ratio is found to increase with 
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mass; however, the optimized model is showing 
a significantly compromised solution with low 
mass and better velocity performance, which also 

indicates the effectiveness of the optimization 
process.

Figure 11: DFA plot for optimum diffuser dimensions.

For diffuser models C06, C11, C16, and C21, 
the VR values are 1.68, 1.73, 1.80, and 1.87 with 
corresponding mₙ values 0.35, 0.49, 0.64, and 0.79, 
respectively. Among these, diffuser model C06 
has VR and mₙ values close to those of the optimum 
diffuser. However, the optimum diffuser has a flange 
height of 0.1 D while C06 has a flange height of 0.2 
D. Although having more length of 0.8636D, the 
optimum diffuser still has a lower mass compared 
to C06. Though the velocity performance of C11, 
C16, and C21 is better than the optimized diffuser 
by 2.37, 6.51, and 10.65 % respectively, their 
normalized masses are 50.08, 96.02, and 141.96 % 
significantly higher. Therefore, a slight compromise 
in velocity performance is acceptable when it 
significantly reduces mass, avoiding the associated 
bulkiness, cost, and handling difficulties.

From this research work, the effect of three input 
variables, L/D, h/D, and α, each studied at five 
levels, on velocity performance and normalized 
mass is identified. Though the major weightage is 
given to velocity performance in order to get better 
performance, the effect on mass is also discussed. 
The long diffuser (with higher L/D up to a certain 
level) and low semi-expansion angles are linearly 

contributing to increase the velocity ratio, and h/D is 
contributing with mixed performance. However, it 
is important to decide the values of these variables 
considering their quadratic and interaction terms. 
A quadratic term of α is the major influencing 
factor for better velocity output. The quadratic 
term of L/D has a medium effect on the velocity 
performance. The interaction term of L/D and α is 
the most influential factor for mass. Also, flange 
height is a linearly influencing term for the mass at 
the second level.

Figure 12: Velocity contour for optimized diffuser model.
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Hence, a good consideration is required to select 
these values to get a higher velocity and lower 
mass. Lower mass not only results in the low cost, 
but it also increases durability, environmentally 
friendly positive impact, handling, and installation 
ease, and further increases acceptance for placing 
them in actual applications. From the DFA, it is also 
observed that the intermediate value of diffuser 
length and lower values of expansion angle and 
flange height deliver compromised performance 
in terms of velocity output and reduce the diffuser 
mass.

The velocity ratio is a major criterion in selecting 
the right diffuser geometry, as it largely affects 
flow uniformity and aerodynamic performance. 
However, in practical applications, things like 
handling, transportation, and installation of 
diffusers are also critical. Larger or bulky diffusers 
not only face challenges during installation but 
can also increase lift and/or drag forces depending 
on the design. Therefore, this adds to additional 
structural requirements and thus increases overall 
system cost. Hence, the diffuser’s velocity ratio is 
therefore assigned greater relative importance as 
performance is considered. The next significant 
factor is the diffuser mass that must be considered 
in the optimization. This shows the need to ensure 
ease of handling and broader practical applicability. 
A balanced consideration of these objectives helps 
design that are not only aerodynamically efficient 
but also feasible for large-scale applications. In 
large-scale applications, ease of handling and better 
cost-effectiveness significantly influence diffuser 
adoption.

V.	 Conclusion
In this research, a total of 25 flanged diverging 
diffuser models for small wind turbines were 
analyzed using CFD to study the effect of three-
dimensional parameters L/D, h/D, and α on the 
velocity enhancement and diffuser mass. CFD 
results were validated from the experimental 

results of a diffuser model, C01, and have shown a 
good, acceptable agreement from 3.8 to 6.0 %. 

Further analysis of CFD results of 25 models 
using statistical techniques, including multivariate 
regression equation, Pareto chart, main effect plot, 
2D contours, and 3D response surface graphs. 
Among the three input variables, semi-expansion 
angle, α, is established as the most important 
parameter (its linear as well as quadratic term), 
whose lower values contribute to getting a better 
velocity ratio VR. The higher L/D value increases the 
velocity ratio up to a certain level and then shows 
no significant effect. 

An important conclusion about a flange height 
is also drawn from the surface response plot. For 
increased diffuser length, greater flange height is 
required in order to get better performance. On the 
other hand, it also indicates that in such cases, the 
diffuser becomes bulky and costly. The cumulative 
effect of diffuser length and semi-expansion angle 
has a substantial effect on increasing the diffuser 
mass, and increasing flange height also increases 
the diffuser mass considerably.

It is important to select appropriate dimensions of a 
diverging diffuser to get a better compromise result 
for increased velocity and reduced diffuser mass, 
as shown by desirability function analysis. This 
analysis suggests the selection of mid-level length 
and low values of semi-expansion angle and flange 
height with better-compromised performance. 
Compared to slightly higher performing models 
C11, C16, and C21, the optimized diffuser shows 
substantial mass reduction with low bulkiness and 
cost. Such a lightweight and compact diffuser design 
is particularly suitable for practical application, 
where ease of installation and material cost are 
important considerations.
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