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1. Introduction

Abstract. To extract power from the wind, the high enough velocity of the wind is a key
factor. However, winds with high enough velocities are not available in most areas; therefore,
finding a method to enhance the velocity potential of the low-speed winds remains a serious
challenge in wind engineering. In this study, a hollow duct with a specific configuration,
called Multi-Stage Inducing Duct, is presented which is capable of significantly enhancing
the velocity profile of low-speed winds, enough to start most of the small horizontal wind
turbines. For example, a three-stage inducing duct can increase the wind velocity from
3 m/s to 9.3 m/s on average at the first-stage throat of the duct, which equals the increase
rate of 29 times in wind potential power. This configuration of the duct was introduced
and numerically simulated. Moreover, the effects of its different geometrical parameters
were investigated. The impact of wind velocity and the number of the stages on the duct
performance were investigated. Finally, a study of the relative effectiveness of adding each
of the stages was carried out to help decide where the upper limit for the number of the
stages is.

(© 2022 Sharif University of Technology. All rights reserved.

Double Multiple Stream Tube (DMST) theory. First,
a DMST code was developed and validated based

For years, fossil fuels have been the main source
of energy in the world. However, global warming
and environmental pollutions caused by fossil fuels
have forced scientists to think of finding some clean
alternative energy sources. Wind as a green source of
energy has received much attention in recent years, and
most countries are planning to develop wind power
plants. Wind turbines are the machines that extract
mechanical power from the wind and they mainly of
two types: Vertical Axis Wind Turbines (VAWTS)
and Horizontal Axis Wind Turbines (HAWTs). Tahani
et al. (2016) studied a straight blade VAWT using
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on existing experimental results. Then, the VAWT
design was optimized using a novel heuristic method
presented in [1]. Tahani et al. (2017) designed and
numerically investigated a Savonius VAWT with dis-
charge flow directing capability. They modified the
design of the turbine and demonstrated that using a
twisted Savonius wind turbine with a conical shaft
would improve the power coefficient by 18% compared
to a simple Savonius wind turbine [2]. Tahani et al.
(2017) investigated the effect of geometrical parameters
on the performance of a HAWT at different turbu-
lence intensities using the theory of Blade Element
Momentum (BEM). Then, the results of the BEM
algorithm were validated using existing experimental
data and the shape of the blades was optimized
using the popular ant colony optimization algorithm.
They found that optimization of the geometry caused
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a delay in the flow separation and therefore, more
power could be extracted [3]. Tahani et al. (2017)
aerodynamically designed and optimized a 1 mega-
Watt HAWT based on BEM. Using a new linearization
method, they considered linear distributions for chord
lengths and twist angles of the blade cross-sections,
and the optimum linearized distributions were obtained
considering the power coefficient as the optimization
criterion [4]. Finding a solution to extract power from
the wind, despite its stochastic nature, helps use this
source of energy in many situations where the wind
does not blow at high enough velocity and throughout
enough hours of the day. Use of hybrid methods is a
way to extract power from the wind even though it does
not blow sufficiently during the day. In 2015, Tahani
et al. optimized a hybrid system for a three-story
building in Tehran, Iran [5]. In case of low-velocity
wind, the use of a duct is an old solution to increase the
wind velocity enough to ensure an economical power
generation. Duct augmentation to enhance the power
generated by a wind turbine remains the subject of
various researches. Abe et al. (2005) carried out
both experimental and numerical investigations of the
flow field of a small wind turbine with a flanged dif-
fuser [6]. Ohya et al. (2008) experimentally investigated
the effects of various geometrical characteristics of a
flanged diffuser on the performance of a flange-ducted
wind turbine. They reported a power augmentation
of 4-5 compared to the bare turbine [7]. Kosasih and
Tondelli (2012) experimentally investigated a micro-
ducted wind turbine. They studied the effects of the
shape and geometrical features of the shroud [8]. Jafari
and Kosasih (2014) numerically simulated a small wind
turbine equipped with a simple frustum diffuser [9].
Mansour and Meskinkhoda (2014) investigated flow
fields around flanged diffusers using computational
fluid dynamics [10]. In recent years, some researchers
have developed new ideas to extract power from low-
speed winds. Zabihzadeh et al. (2015) suggested
adding a step inside the diffuser to cause separation
and achieve more suction due to the low-pressure
region caused by the separation [11]. Han et al. (2015)
introduced a new duct that was able to increase the
wind velocity effectively and extract power from the
low-speed winds [12]. Al-Sulaiman (2017) brought up
the idea of putting an ejector at the outlet of the wind
turbine duct to increase the duct suction [13]. Khamlaj
and Rumpfkeil (2018) computationally investigated a
flanged diffuser-augmented wind turbine using open-
source code software OpenFOAM [14]. Saleem and Kim
(2019) studied the effect of rotor tip clearance on the
aerodynamic performance of an airfoil-based ducted
wind turbine [15]. Noorollahi et al. (2020) carried
out a numerical investigation into the flow around a
small ducted wind turbine [16]. Keramat et al. (2020)
presented the idea of using a variable and controllable

nozzle-diffuser duct with a wind turbine [17]. Bontempo
and Manna (2020) conducted a review and assessment
of the most important theoretical models conceived
for the performance analysis and design of the diffuser
augmented wind turbines [18]. Keramat et al. (2020)
presented a mathematical model of a shrouded wind
turbine and demonstrated that the power coeflicient
of 0.93 could be reached using a properly designed
duct [19]. Prasad et al. (2020) computationally studied
three types of diffuser ducts: straight ducts, curved
ducts, and Vortex Generators (VGs) ducts. They also
studied the effect of brimmed ducts and reported an
improvement in power particularly about curved ducts
and VGs ducts [20]. Rivarolo et al. (2020) studied the
effect of Yaw angle on the performance of a convergent-
divergent ducted wind turbine [21]. Avallone et al.
(2020) delved into the effect of the tip-clearance ratio
on the aeroacoustics of a diffuser-augmented wind
turbine [22]. Nardecchia et al. (2021) analyzed a mini
ducted wind turbine utilizing numerical simulation.
They compared the results with those of a similar
turbine installed in the open field and reported an
increase of up to 432% in the extracted energy thanks
to the use of the duct [23].

In this research study, a specific duct configura-
tion for horizontal wind turbines is introduced that can
provide a great augmentation in wind velocity profile
compared to other presented ducts. This configura-
tion, called “Multi-Stage Inducing Duct”, is shown
in Figure 1. In this configuration, each downstream
stage strengthens the suction produced by its upstream
stage; finally, the maximum suction occurs at the first-
stage throat, where the wind turbine should be placed
there.

All stages are supposed to be cast of aluminum
due to its lightness, acceptable strength, and stainless
properties. A value of 4 mm is assigned to the body
thickness of all the stages. At the two ends of all stages

Figure 1. Configuration of the multi-stage inducing duct.
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(at the inlet of nozzles and the outlet of diffusers), edges
are designed to be rounded (circular).

2. Numerical method

2.1. Governing equations
The general form of the continuity and momentum
conservation equations is as follows:

ap 0

d 15] oP 87'1-]-

where p is the fluid density; x; and w; are the length
and velocity components in the 7th spatial direction, re-
spectively. P is the static pressure; ¢; and F; represent
the gravitational acceleration and body forces in the
1th spatial direction, respectively. The time derivatives
are zero for our steady flow. Moreover, the density is
constant since we study a low-speed flow. The term 7;
is the Reynolds stress tensor that is defined as:

o (Om Qw2 (Oui o (3)
Tig = H 8xj 656-; 3N Gmi 1
where 6;; is the Kronecker delta which equals 1 when
1 and j are the same; otherwise, it equals 0. From
Eqgs. (1)-(3), in the absence of the body forces and

neglecting the effects of the gravity, the Reynolds av-
eraged momentum equation can be derived as follows:
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The term wju, which is related to the turbulence,
appears in the momentum equation and should be
expressed using a suitable turbulence model [11].

15} 0
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2.2. Turbulence model

In this study, the k-w-based Shear Stress Transport
(SST) turbulence model with automatic wall functions
(mixed formulation) developed by Menter is used. k
represents the turbulence kinetic energy and w is the
turbulence-specific dissipation rate. The SST k-w
turbulence model uses a combination of k-w and k-¢
turbulence models using a blending function that is
able to change the model from k-w to k-¢ when the
distance from the wall increases. Thus, the SST k-w
turbulence model benefits from the high convergence
rate of the k-¢ high-Reynolds model away from the
surface, besides the high accuracy of the k-w model
near the wall [11]. This two-equation model is the

most appropriate RANS-based turbulence model for
predicting flow separation [24]. Generally, the SST k-w
turbulence model can be formulated as follows [11,24]:
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where the turbulent eddy viscosity 7, is:

park

(9)

= max (ajw,whFy)’

The blending functions F; and Fy are as follows:

4
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where y is the distance to the nearest wall and CDy,, is:
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Far enough from the wall, F} equals 0 and the model
switches to the k-¢ model. However, near the wall
(inside the boundary layer), F; equals 1 and the model

switches to the k-w model. More details of the above
equations can be found in [24].

2.3. Details of the utilized numerical algorithm
The flow field around the hollow duct is simulated as
an axisymmetric flow using ANSYS-Fluent commer-
cial software. For pressure-velocity coupling, a cou-
pled solver is applied to solve the system of coupled
equations in a steady pressure-based algorithm. The
SST k-w turbulence model described in the previous
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Figure 2. Computational domain and boundary conditions.

ANSYS

2019 R1

Figure 3. Mesh used in the part of the domain that contains the stages (zone 5 in Figure 2).

subsection is used to model flow turbulency. For spa-
tial discretization, the least-squares cell-based method
is used to compute the gradients and second-order
accuracy is chosen for pressure interpolation. The
highly accurate power-law scheme is utilized to cal-
culate all the fluxes. The values of the residuals of
continuity, momentum, turbulence kinetic energy, and
specific turbulence dissipation rate were monitored to
determine the convergence of the numerical method.
Calculations stopped when all residuals were less than
1075, Selecting a double-precision option besides the
mentioned high-accuracy schemes provided an accurate
numerical simulation, which is in good agreement with
the experimental results (Section 3). The computa-
tional domain containing 6 zones with the specified
boundary conditions is shown in Figure 2.

2.4. Grid generation

As shown in Figure 2, the computational domain is
divided up to 6 rectangular zones. A triangle non-
structured mesh used for the part contains the bodies
(zone 5) due to the high ability of triangular non-

structured mesh in capturing the geometrical complex-
ities of the model (Figure 3). In other parts of the
domain (zomnes 1, 2, 3, 4, 6) that are far away from the
bodies, a simple uniform orthogonal structured mesh
is used due to its simplicity and high convergence rate.
To satisfy the requirements of the SST k-w turbulence
model for acceptable ranges of the wall yT, a suitable
amount of the first-layer thickness in the boundary
layer is modified from the former numerical experi-
ences, and some trial and errors until the acceptable
ranges of the wall y* are conducted. Diagrams of the
average and maximum values of y* at all walls (all
stage bodies) are illustrated in Figure 4. As can be
seen in the diagrams, yT is in an acceptable range,
which confirms the correctness of the chosen first-layer
thickness.

Grids with different sizes are tested to find the
suitable size of the grid. The mesh independency
diagram is shown in Figure 5. As can be seen in the
diagram, a grid with about 82000 cells is enough and
then, the results are independent of the size of the
grid.
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Figure 4. Amount of wall y*: (a) Facet maximum of y*
at all stages and (b) facet average of yT at all stages.
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Figure 5. Grid independency diagram. Suitable size of
the grid marked by star on the diagram. Non-dimensional
swallowed mass flow rate defined by Eq. (5).

3. Validation of the CFD simulation

3.1. General description

Published experimental results of a hollow flanged duct
tested in a wind tunnel at a velocity of 5 m /s performed
by Ohya et al. [7] are used to validate the application
of the numerical method in this study. The flow field
around our case and the case they studied both contain
a region of negative pressure at the inlet of the duct, a
region of adverse pressure gradient inside the diffuser,
and a large region of separation at the end of the duct.

3.2. Wind tunnel experiment

Ohya et al. [7] used the large boundary layer wind
tunnel of the Research Institute for Applied Mechanics,
Kyushu University to test various hollow-structure
ducts. The wind tunnel had a measurement section
that was 3.6 m wide x2 m high x15 m long and
the maximum wind velocity was 30 m/s. The models
were hung at the center of the wind tunnel section
supported by strings. An I-type hot wire and a static
pressure tube using a traversing system were employed
to measure the distribution of the axial velocity u
and the static pressure P along the axis line of the
models. The model entrance diameter D = 0.2 m was
the representative scale length of the model; the wind
velocity was Us, = 5 m/s; and the Reynolds number
was Re = 6.8 x 10* [7].

3.3. Comparison of the numerical and
experimental results

A schematic view of the duct tested in the wind tunnel
is shown in Figure 6. In order to validate the numerical
method used in this study, we model a hollow duct
with a large flange (h/D = 0.625) and all of the other
parameters are chosen exactly the same as those given
in [7]. The axial velocity along the central axis line of
the duct measured in the wind tunnel was employed to
validate the viability of the numerical method applied
in this study. Figure 7 shows the numerical results
compared to the experimental results published in [7].

Inlet shroud "- :'

Figure 6. Schematic of the flanged duct tested in the
wind tunnel in [7].
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Figure 7. Validation diagram (experimental results from [7]).

x represents the axial distance from the throat in the
direction of the flow, and L as shown in Figure 6 is
the axial distance between the throat and the flange.
u is the axial velocity at the position x on the central
axis line of the duct and U is the wind tunnel velocity
and equals 5 m/s. As can be seen in Figure 7, there
is very good agreement between the numerical and
experimental results.

4. Results and discussion

4.1. Introducing the parameters reported as
results

In this part, some parameters that are used frequently
in the result diagrams are introduced. The amount
of the mass flow rate swallowed by a multi-stage duct
is the main parameter to evaluate the performance of
the duct. The profile of the axial velocity distribution
versus the radial distance from the axis at the first-
stage throat of a multi-stage duct, similar to what
is shown in Figure 8, is used to compute the non-
dimensional mass flow rate swallowed by the duct at
the first-stage throat as follows:

Rinroat
PUazial(r) (271'7’)d7’
=0
p (ﬂ.Rghroat) UOO 7

NDSMFR =

0.08

0.06 4
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0.0 2.0 4.0 6.0 8.0 10.0 12.0
Axial velocity (m/s)

14.0 16.0

Figure 8. Profile of the axial velocity versus the radial
position from the axis at the first-stage throat of a
three-stage inducing duct at a wind velocity of 5 m/s.

where NDSMFR stands for the Non-Dimensional Swal-
lowed Mass Flow Rate, and Rijr0q: 1S the radius of the
first-stage throat cross-section of the multi-stage duct.
In addition, r is the radial distance from the duct axis
on the first-stage throat cross-section plane, voziai(r)
the axial velocity as a function of r, and U, the free
stream velocity.

Moreover, the average velocity at the first-stage
throat of a multi-stage duct is computed as follows:

Rinroat

1

T E— 14
Athroat ( )

Vazial(r) 27TTdT7

/UH,’UET‘G.QE =

r=0

where Aiproqt 18 the area of the cross-section of the
first-stage throat. Since we are discussing a hollow
duct and there does not exist a turbine inside, the
generated power is irrelevant. Instead, a new quantity
called “swallowed power” is introduced to provide
a criterion to evaluate the magnitude of the power
augmentation caused by the duct. The swallowed
power is the amount of the flow kinetic energy
swallowed by the throat cross-section of the first stage
of the duct computed as follows:

Rinroat

1
Swallowed power = 2,01)3“(1[(“) 2mrdr. (15)

r—=

To have a criterion to evaluate the computed values
of power, the concept of “a duct with zero stages” is
important and the power swallowed by the first-stage
throat cross-section of such an imaginary duct is
selected as the “reference power” as follows:

Reference power = %p (TR hroat) US- (16)
The chosen reference power is the power swallowed
on the same surface as the first-stage throat of a
multi-stage duct if there is not any duct, and the
mentioned surface is exposed to free stream. For the
swallowed power to be independent of the geometrical

sizes, the Non-Dimensional Swallowed Power (NDSP)
is defined as follows:
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swallowed power

NDSP=
reference power

Rihroat

(%pvzzial(r)) 2mrdr

r=0

- . (17)
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The values of the swallowed power and reference power
are computed through Egs. (15) and (16), respectively.

4.2. Single-stage duct analysis
4.2.1. General description
Since a multi-stage inducing duct consists of some
converging-diverging ducts, called stages, studying the
performance of a single converging-diverging duct is
important. In this section, a single stage is studied
and effect of its geometrical parameters is investigated.
Figure 9 shows the velocity contour of the flow field
around a single-stage duct. Details of the simulation
are given in Tables 1, 2, and 3.

Schematic of a single-stage duct is shown in

Figure 9. Flow field around a single-stage duct (contour
of the velocity distribution).

Table 1. Geometrical parameters of the reference case
chosen for all single-stage numerical tests.

Parameter Value
Rthv‘oat 0.1 m
Non-dimensional R, (e 0.75
(Rnozzle/Rthroat)
enozzle 300
Non-dimensional Ra;ffuser 12.5
(Rdiffuser/Rthroat) ’
ediffusev‘ 24°

Table 2. Air properties chosen for all numerical
simulations.

3023
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Figure 10. Schematic of a single-stage duct.

Figure 10. As can be seen in the figure, the longitudinal
sections of the duct act like a system of airfoils whose
lift forces neutralize each other due to the axisymmetric
geometry of the duct. However, their generated circu-
lations boost each other and generate a low-pressure
region at the inlet of the duct. As can be seen in the
contours, a low-pressure region is generated at the inlet
of the duct and it swallows the flow inside the duct.

4.2.2. Test plan (for single-stage tests)

A single-stage duct with geometrical parameters ex-
pressed in Table 1 was chosen as the reference geome-
try. When the effect of each parameter is studied, all
other parameters are fixed and equal to those in the
reference case (Table 1). The reference case geometry
should be as general as possible so that the effect of
all parameters can be seen without being affected by
unsuitable values assigned to other parameters. For
example, we will not be able to observe the effect of
O diffuser Droperly if the value assigned to Rgipuser 1S
too small.

Properties of the air and the free stream at which
all performed numerical simulations (including single-
stage, dual-stage, and multi-stage cases) are expressed
in Tables 2 and 3, respectively.

Parameter Tempoerature Densit3y Viscosity 4.2.5. Effect of nozzle angle (610..1c)
<) (kg/m”)  (kg/m.s) . Effect of nozzle angle is studied in this part and the
Value 15 1.225  1.7894 % 107 results are shown in Figure 11. All other geometrical
Table 3. Free stream properties.
Axial Radial  Turbulence Turbulence
Parameter velocity velocity intensity viscosity ratio
(m/s) (m/s) (%) (%)
Value 5 0 5 10
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Figure 11. Effect of the nozzle angle (0y0:.ic) on the non-dimensional swallowed power.

parameters are fixed as in Table 1 and only the nozzle
angle varies.

If we imagine the longitudinal section of the
duct as an airfoil (Figure 10), when the nozzle angle
increases, the camber of this airfoil will be increased,
causing more circulation which in turn leads to greater
suction and higher mass flow rate swallowed by the
duct. However, as the angle of the nozzle rises, the
blockage effect due to the larger cross-section of the
nozzle is increased as well and it attempts to reduce
the mass flow rate swallowed by the duct. When the
nozzle angle is small, the blockage effect is small as well
and the mentioned effect of the increase in the camber
is the dominant factor and the swallowed flow increases
as the nozzle angle increases. However, when the nozzle
angle increases too much, the blockage effect rises and
becomes the dominant factor. As can be seen in the
diagram, further increase in the nozzle angle causes the
swallowed flow to begin reducing.

4.2.4. Effect of nozzle radius (Rypzz1e)

Effect of nozzle radius is studied in this part and the
results are shown in Figure 12. All other geometrical
parameters are fixed as in Table 1 and only the nozzle
radius varies.

Similar to the previous section, if the longitudinal
profile of the duct is conceived as an airfoil (Figure 10),
when the nozzle radius is small, increase in the nozzle
radius results in increase in the camber of the airfoil,
causing increase in the circulation and suction and,
finally, increase in the mass flow rate swallowed by
the duct. However, as the radius of the nozzle rises,
the blockage effect due to the larger cross-section of
the nozzle rises as well, facilitating the reduction of

the swallowed flow by the duct. At first, the nozzle
radius and the blockage effect caused by it are small
and the mentioned growing effect due to increase in the
nozzle radius is the dominant factor and the swallowed
flow increases. However, with further increase in the
nozzle radius, the blockage effect rises and becomes
the dominant factor and the swallowed flow starts
decreasing as the nozzle radius increases.

4.2.5. Effect of diffuser angle (Baipuser)

In this section, effect of the diffuser angle (fg;f user)
is studied and the results are shown in Figure 13. All
other geometrical parameters are fixed as in Table 1
and only the diffuser angle varies.

When the angle of the diffuser starts increasing
from zero, the camber of the airfoil (longitudinal sec-
tion of the duct shown in Figure 10) begins increasing
as well, leading to increase in the circulation and
suction and finally increase in the swallowed flow by
the duct. With further increase in the diffuser angle,
separation occurs and creates a low-pressure region at
the outlet of the duct, which causes the swallowed
mass diagram to continue increasing. However, with
further increase in the diffuser angle, the separated
region spreads too much, which results in a decrease
in the swallowed flow.

4.2.6. Effect of diffuser radius (Raiguser)
Effect of diffuser radius (Rgiffuser) i studied in this
part and the results are shown in Figure 14. All other
geometrical parameters are fixed as in Table 1 and only
the diffuser radius varies.

As the diffuser radius starts increasing from zero,
the generated circulation of the airfoil (longitudinal sec-

Non-dimensional
swallowed power

1 1 1 | 1

3 | 1 1 1
0 1 2 3 4

5 6 7 8 9 10

Non-dimensional nozzle radius

Figure 12. Effect of the non-dimensional nozzle radius (Ryozzie / Rihroat) on the non-dimensional swallowed power.
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Figure 13. Effect of the diffuser angle (04;ffuser) on the non-dimensional swallowed power.
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Figure 14. Effect of the non-dimensional diffuser radius (R ffuser/Rthroat) on the non-dimensional swallowed power.

tion of the duct shown in Figure 10) begins increasing,
which results in increase in the swallowed flow. With
further increase in the diffuser radius, the separation
occurs and low pressure in the separated region at the
outlet causes the swallowed flow diagram to continue
increasing. However, the larger the diffuser radius, the
lower the body curvature of the diffuser. As the diffuser
angle rises, the flow senses a smaller adverse pressure
gradient, which postpones the separation and yields
increase in the swallowed flow. Although the spread
of the separated region has a decreasing effect on the
swallowed flow, the growing effect due to the separation
postponement is dominant and the diagram continues
its increasing trend. When the diffuser radius increases
too much, the diffuser body becomes like a simple
cone and the sensitivity of the adverse gradient to
the body curvature decreases. Considering the diffuser
longitudinal section as an arc of a circle, use of a simple
geometrical analysis can illustrate the following:

lim |: 0 (aAdiffusm‘(z)>:| :0’ (18)
Raiffuser—00 aRdiffuser oz

where z is the axial distance from the throat cross-
section in the direction of the free stream flow,
Ryiffuser the curvature radius of the diffuser body, and
Aiffuser(z) the area of diffuser cross-section at distance
z from the throat. As can be seen in Figure 14, the
sensitivity to the diffuser radius goes to zero as the
diffuser radius rises to infinity.

4.2.7. Comparing the influence of the geometrical
parameters of a single-stage duct on the duct
performance

In this section, the potential impact of the four dis-

cussed affecting geometrical parameters of a single-
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Figure 15. A comparison between the potential impact
of the four geometrical affecting parameters of a
single-stage duct. Indices 1 to 4 are assigned to the
affecting parameters in Table 4.

stage duct on the duct performance is studied. The
range of changes in the independent, affecting ge-
ometrical parameters as well as the range of the
corresponding changes in the swallowed power are given
in Table 4. Figure 15 shows the potential impact of the
four mentioned parameters using the assigned indices
1 to 4. The value of the NDSP related to the reference
duct (Table 1) is selected as the reference to calculate
the relative augmentation percentages in Table 4 and
Figure 15. As can be seen in Figure 15, the range of
the changes in duct performance due to changing the
diffuser parameters is wider than that of the changes
caused by changing the nozzle parameters. Moreover,
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Table 4. List of the geometrical affecting parameters of a single-stage duct, the specified indices, and the ranges of the

changes.

parameterindex Description

The range of the
The range of . .
corresponding changes in
the changes .
relative swallowed power (%)

Pl enozzle
Non-dimensional Ryos-ie
P
(Rnozzle/Rthroat)
Ps Odiffuser
P Non-dimensional Rg; ¢ fuser
4

(Rdiffuse'r /Rthroat)

0°-80° [—48.4, 6.3]
0-10 [~55.6, 10.8]
0°-70° [—81.8, 0.0]
0-200 [—81.8, 112.0]

the range of the changes in duct performance caused by
changing the angle is smaller than that of the changes
caused by radius variation.

4.3. Dual-stage inducing duct analysis

4.3.1. General description

In this part, ducts with two stages are studied. Fig-
ure 16 shows the pressure contour of the flow field
around a dual-stage duct. All details of the simulation
are given in Tables 2, 3, 5.

4.3.2. Test plan (for dual-stage tests)

Studying the effect of adding the second stage and the
relative locations of the stages is the purpose of this
part. Values given to geometrical parameters of both
stages are fixed that are the same as those dedicated
in the previous section (Table 1). A dual-stage duct
with a certain geometry is selected as the reference

case for all simulations of dual-stage ducts in this part
(Table 5).

4.3.3. Effect of radial gap

The effect of the radial gap between two stages is
studied in this part and the results are shown in
Figure 17. All other geometrical parameters are fixed
as in the reference case and only the radial gap varies.
As shown in Figure 16, overlapping stages create a
converging channel between the stages that causes the
flow to accelerate in passing the radial gap between
the stages. When the radial gap is too small, the

Pressure

[Pa]

Figure 16. Flow field around a dual-stage duct (contour
of the pressure distribution).

Table 5. Geometrical parameters of the reference case
chosen for all dual-stage tests. The value of 0.713 for
non-dimensional radial gap,,, .. 1_- refers to the state at
which the radial gapstages 1—2 is half the first-stage
diffuser outlet radius.

Rihroat,stage 1 (the reference length) 0.1 m
Non-dimensional Ryozzic stage 1

0.75
(Rnozzle,stage I/Rthroat,stage 1)
enozzle,stage 1 30°
Non-dimensional Rg;ffuser,stage 1 12.5
(Rdiffuser,stage 1/Rthroat,stage 1)
ediffuser,stage 1 24°
Non-dimensional radial gapstages 1—2 0.713
(Tadial gaPstages 1—2/Rth'roat,stage+1)
Non-dimensional overlapping lengthsiages 1—2 1.0
(OVel‘lapping lengthstages 1—2/Rth7‘oat,stage 1)
Non-dimensional Ryoz:ie,stage 2

0.75
(Rnozzle,stage 2/Rthroat,stage 1)
enozzle,stu.ge 2 300
Non-dimensional Rg;ffuser,stage 2 12.5
(Rdiffuser,stage Q/Rthroat,stage 1)

o

ediffuse'r,stage 2 24

blockage effect causes a decrease in the suction. As
the radial gap grows, the blockage effect is weakened
and the suction increases. However, massive increase in
the radial gap causes the converging coefficient of the
channel between the stages to decrease substantially,
resulting in a decrease in the created suction.

4.83.4. Effect of the overlapping length

The effect of overlapping length between two stages
is studied in this part and the results are shown in
Figure 18. When the overlapping length increases from
negative to positive amounts, as shown in Figure 16,
overlapping stages create a converging channel between
the stages. Due to the specific shape of the stages,
an increase in overlapping length results in an increase
in the geometrical converging coefficient of the created
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Figure 17. Effect of the non-dimensional radial gapsiages 1—2 (radial gapstages 1—2/ Rihroat,stage 1) on the non-dimensional

swallowed power.

20 T

Non-dimensional
swallowed power
=
=
T

10 | i i

I
-1.0 -0.5 0.0 0.5 1.0

i
1.5 2.0 2.5 3.0 3.5 4.0

Non-dimensional overlapping length

Figure 18. Effect of the non-dimensional overlapping lengthstages 1—2 (overlapping lengthstages 1_2/Rthmatvsmge 1) on the

non-dimensional swallowed power.

gap channel between the stages. At first, the positive
overlapping length is small and the geometrical con-
verging ratio of the gap channel is not too large to cause
a blockage in the flow field, increase in overlapping
length causes an increase in the suction. However, with
further increase in the overlapping length, the blockage
effect occurs which results in a decrease in the suction.

4.3.5. Comparison of the impact of the geometrical

parameters related to the consecutive stages in

a dual-stage duct on the duct performance
Figure 19 shows the potential impact of the parameters
mentioned in Table 6. The value of the swallowed
power related to the reference dual-stage duct
(Table 5) is chosen as the reference to calculate the
relative augmentation percentages in Figure 19. Since
the radial gap and overlapping length are geometrical
parameters that depend on the geometry of both
stages, there is no set rule to determine which of the
two parameters is more effective. Depending on the
geometry of the two consecutive stages, one or another
parameter may be more effective.

50

[==]
|

'
ot
o

in swallowed power (%)

Relative augmentation percent

-100 : :
1 2

The index of the geometric
affecting parameter

Figure 19. A comparison between the potential impact
range of the geometrical affecting parameters related to
the consecutive stages in a dual-stage duct. Indices 1 and
2 are assigned to the affecting parameters in Table 6.

Table 6. List of the geometrical affecting parameters related to the consecutive stages in a dual-stage duct, the assigned

indices, and the ranges of the changes.

Parameterindex Description

The range of the
The range of corresponding changes

the changes in the swallowed

power (%)

P Non—.dimensional radial gapstages 1—2 [0.1426, oo) [—64.1, 0.0]
(l'adlal gaPstages 1—2/Rth'roat,stage 1)

Py Non-dimensional overlapping lengthstages 1-2 [-0.713, o) [—64.0, 0.0]

(OVerlapping lengthstages 1—2/Rth'roat,stage 1)
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Velocity

Figure 20. Flow field around a multi-stage (three-stage)
duct (streamlines).

4.4. Multi-stage analysis

4.4.1. General description

In this part, ducts with several stages are investigated.
Figure 20 shows the streamlines of the flow field around
a three-stage duct. As can be seen in Figure 20,
inducing effect due to the addition of the third stage
causes an increase in the first stage velocity compared
to a dual-stage duct.

4.4.2. Test plan (for multi-stage tests)

In this section, various multi-stage ducts with the
number of stages from 1 to 24 are simulated. Since
we intend to study the effect of the number of the
stages, longitudinal sections of all stages are chosen to
be the same for simplicity. Also, the radial gaps and
the overlapping lengths between all of the stages are
chosen to be the same, as well (Table 5).

4.4.8. Effect of the number of the stages

In this part, multi-stage ducts up to 24 stages are
simulated and the results are shown in Figure 21.
As can be seen in Figure 21, as the number of the
stages increases, the slope of the diagram decreases.
It is shown that the first stages are more effective
than the last ones. In fact, the later downstream
stages need their previous stages as intermediates to
be able to affect the mass flow rate swallowed by the
first stage. Obviously, the larger the number of the
intermediate stages, the lower the inducing effect on
the first stage.

4.4.4. Effect of the wind velocity on the performance
of the multi-stage inducing ducts

Figure 22 shows the average axial velocity at the first-

stage throat of the ducts with various stages at various

wind velocities. Except for velocity that varies in

this section, all other properties of the free stream

are the same as those given in Table 3. As can be

80 =@=Wind velocity 5 m/s

=@=Wind velocity 4 m/s
Wind velocity 3 m/s

25 Wind velocity 2 m/s |
ni@n Wind velocity 1 m/s

201

e rmmmmnn. |
154 3 5 4

w0 fd G ———

Average axial velocity at
first stage throat (m/s)

; o0 °"I‘”‘I"‘|‘||\;°|1\|\\|\\I\\1\y\\I\°4\|\H\IHmmIHo.Hmmmnmu. 7
o e
e
g2
°
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Number of the stages

Figure 22. Effect of the number of stages on the

performance of a multi-stage inducing duct at various

wind velocities.

seen in Figure 22, when the number of the stages is
very small, the diagrams are obviously steep and when
the number of the stages increases to larger numbers,
the slope of the diagrams approaches zero. In other
words, as mentioned in the previous section, the first
stages are more effective than the last ones. However,
as shown in Figure 22, diagrams of different wind
velocities exhibit different behaviors. The diagrams’
slope is larger at higher wind velocities than lower wind
velocities. According to the ducts with one or two
stages, as the number of the stages increases, the slope
of the diagrams at higher wind velocities approaching
zero is slower than that at lower velocities. At higher
wind speeds, the inducing suction effect is stronger
and it, therefore, causes a stronger increase in the
swallowed mass flow rate at the first-stage throat. In
other words, the performance of a multi-stage inducing
duct is enhanced at higher free stream velocities.

The Absolute Augmentation Percentage in Swal-
lowed Power (AAPgp) is defined as follows:

AAPsp= swallowed power —reference power «100%,

reference power (19)

where the swallowed power and the reference power are
computed using Eqgs. (15) and (16), respectively.

'S
T

flow rate
I
T

Non-dimensional
swallowed mass
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(=)
ot
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Figure 21. Effect of the number of the stages on the non-dimensional swallowed mass flow rate.



M. Tahani et al./Scientia Iranica, Transactions B: Mechanical Engineering 29 (2022) 3017-3031 3029

0 i i i N

2 3 4 5 6 7 8

N (N is the number of the stage we intend to

Relative augmentation percent
in swallowed power (%)

add to an existing duct with N — 1 stages)

Figure 23. Diagram of the relative effectiveness of adding
the Nth stage to an existing duct with (N — 1) stages
defined by Eq. (20).

4.4.5. Determining the number of the stages of a
multi-stage inducing duct

In contrast to the absolute augmentation percentage in

swallowed power, the Relative Augmentation Percent-

age in Swallowed Power (RAPgp) is defined as follows:

SPx — 8Py 1

RAPsp = == cp =

x 100%, (20)

where SPy is the swallowed power after adding the Nth
stage, SPy_1 is the swallowed power before adding the
Nth stage, and values of swallowed powers (SPy and
SPx_1) are computed from Eq. (15). Figure 23 shows
the diagram of the relative augmentation percentage in
swallowed power as the number of the stages increases
from N — 1 to N. As can be seen in Figure 23, as
N grows, the relative effectiveness of adding the Nth
stage to the existing duct with N — 1 stages decreases
continuously, whereas the absolute effectiveness of the
new-added stage (Nth stage), as Figure 22 shows,
increases continuously. On the other hand, the last
stages are larger, heavier, and further away from the
turbine; therefore, the costs of manufacturing the
stages and building the necessary equipment for struc-
tural support significantly increase at the last stages.
According to the absolute diagrams seen in Figure 21
and Figure 22, although the larger the number of the
stages, the greater the swallowed power, the relative
diagram illustrated in Figure 23 along with some
economic considerations on the costs of manufacturing
the stages and building the needed equipment for
structural support help determine the number of the
stages. In most applications, choosing two, three, or
four stages is enough to achieve an acceptable result
while it is not economical to use more stages.

5. Conclusion

In this study, a specific configuration of the duct,
called Multi-Stage Inducing Duct, was presented and
numerically simulated, and effects of its geometrical
parameters were investigated. It was shown that

using a multi-stage inducing duct would lead to a
significant increase in the wind velocity profile. In
a multi-stage inducing duct, the downstream stages
induce a suction effect on the upstream stages. The
effect of the geometrical parameters of a single-stage
duct was investigated and it was concluded that the
parameters of the diffuser part would be more effective
than the parameters of the nozzle part. Moreover, it
was observed that the range of changes in the swallowed
power caused by the changes in the radius was wider
than the range of the changes caused by the changes in
the angle in both nozzle and diffuser parts. When the
second stage was added, the inducing effect occurred
and the suction produced by the second stage helped
the flow to exit easier from the first-stage outlet;
consequently, the greater mass flow rate was swallowed
by the first stage. The effects of changes in the radial
gap and overlapping length between two consecutive
stages on inducing effect were studied separately and it
was shown that increase in the radial gap between two
consecutive stages increases and decreases the induced
suction, orderly, at the first-stage throat. Similar
behavior was observed when the overlapping length
between two consecutive stages increased. Comparison
of the impacts of the radial gap and overlapping
length illustrated that they were of the same power
of influence and none was negligible compared to the
other. Effects of the number of the stages and the free
stream velocity on the duct performance were studied
together and it was shown that the last stages were
less effective than the first ones due to their higher
distance from the first-stage throat. It was shown that
the strength of the inducing effect depended on the
free stream velocity and the higher the free stream
velocity, the greater the effectiveness of the downstream
stages. Finally, the effectiveness of adding a new
stage to an existing multi-stage inducing duct was
studied from two different points of view: absolute
effectiveness and relative effectiveness. It was shown
that although the higher the number of the stages, the
greater the swallowed power from an absolute point
of view; however, from a relative point of view, it
is not usually economical to use more than three or
four stages due to the high costs of manufacturing and
building the equipment needed for structural support.

Abbreviations

NDSMFR Non-Dimensional Swallowed Mass
Flow Rate

AAPgp Absolute Augmentation Percentage in
Swallowed Power
RAPgp Relative Augmentation Percentage in

Swallowed Power
SPx Swallowed Power by a N-stage duct
(after the Nth stage be added)
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SPN_1 Swallowed Power by a (N — 1)-stage
duct (before the Nth stage be added)

Nomenclature

P Fluid density

P Static pressure

gi Component of the gravitational
acceleration in the ith spatial direction

t Time

ij Kronecker delta

F; Component of the body force in the
1th spatial direction

Tij Reynolds stress tensor

U; Component of the velocity in the ith
spatial direction

T Component of the length in the ith
spatial direction

b Fluid viscosity

) Turbulent velocity fluctuation in the
1th spatial direction

k Turbulence kinetic energy

w Turbulence specific dissipation rate

U Free stream velocity

T Radial distance from the duct axis at
the first stage throat plane

Vacial (r) Axial velocity as a function of r

T Axial distance from the throat cross
section in the direction of the free
stream flow

Rinroat Radius of the first stage throat cross
section

Ay Area of the first stage throat cross
section

Brozzie Arc angle of the nozzle body

Odif fuser Arc angle of the diffuser body

Ryozzle Curvature radius of the nozzle body

Raiffuser Curvature radius of the diffuser body

Adif fuser(ey Area of diffuser cross section at the
distance z from the throat
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