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Abstract

To extracting power from the wind, the high enough velocity of the wind is the key factor. But, winds with high
enough velocities are not available in most areas, and therefore, finding a method to enhance the velocity potential of
the low-speed winds has been a serious challenge in wind engineering. In this research study, a hollow duct with a
specific configuration, we called Multi-Stage Inducing Duct, is presented which is capable to cause a great
enhancement in the velocity profile of the 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 an increase of 29-times in wind potential power! This configuration of the duct
has been introduced, numerically simulated and the effect of its various geometrical parameters investigated. The
effects of wind velocity and the number of the stages on the duct performance are investigated, and finally, a study on
the relative effectiveness of adding each of the stages is carried out to help us decide where the upper limit for the
number of the stages is.

Key words: wind energy, multi-stage inducing duct, inducing suction effect, wind power augmentation, low-speed
winds.

1. Introduction

For years, fossil fuels were the main source of energy in the world. But, global warming and the
environmental pollutions caused by fossil fuels forced scientists to think of finding some clean alternative
energy sources. Wind as a green source of energy has received a lot of attention in recent years and most
of the countries are planning to develop wind power plants. Wind turbines are machines that extract
mechanical power from the wind and mainly there are two types of wind turbines: the vertical axis wind
turbines (VAWTS), and the horizontal axis wind turbines (HAWTS). Tahani et al. (2016) studied a straight
blade vertical axis wind turbine using double multiple stream tube (DMST) theory. First, a DMST code
was developed and validated with existing experimental results, and then the VAWT design was optimized
using a novel heuristic method they presented [1]. Tahani et al. (2017) designed and numerically
investigated a Savonius vertical axis wind turbine with discharge flow directing capability. They modified
the design of the turbine and showed that using a twisted Savonius wind turbine with a conical shaft
improves 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 horizontal axis wind
turbine in different turbulence intensities using the blade element momentum theory (BEM). After the
results of the BEM algorithm were validated using existing experimental data, the shape of the blades was
optimized using the popular ant colony optimization algorithm. They showed optimizing the geometry



causes delation in the flow separation and therefore, more power can be extracted [3]. Tahani et al. (2017)
aerodynamically designed and optimized a 1 mega-Watt horizontal axis wind turbine based on the blade
element momentum theory (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 us to use this source of energy in many situations
that the wind does not blow at high enough velocity and enough hours of the day. Using hybrid methods is
a way to extract power from the wind even though the wind does not blow at enough hours of the day. In
2015, Tahani et al. optimized a hybrid system for a three-story building in Tehran, the capital of Iran [5].
In the case of low velocity of the wind, using a duct is an old solution to increase the wind velocity enough
to an economic power generating. Duct augmentation to enhance the power generated by a wind turbine
has been the subject of various researches. Abe et al. (2005) carried out both experimental and numerical
investigation of the flow field of a small wind turbine with a flanged diffuser [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 et al. (2012) experimentally investigated a micro ducted wind turbine. They
studied the effects of the shape and geometrical features of the shroud [8]. Jafari et al. (2014) numerically
simulated a small wind turbine equipped with a simple frustum diffuser [9]. Mansour et al. (2014)
investigated flow fields around flanged diffusers using computational fluid dynamics [10]. In recent years,
some researchers developed new ideas to extract power from low-speed winds. Zabihzadeh et al. (2015)
suggested putting a step inside the diffuser to cause the 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 et al. (2018 ) computationally investigated a flanged diffuser-augmented wind
turbine using open source code software OpenFOAM [14]. Saleem et al. (2019) investigated 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 of 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 et al. (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 showed
using a properly designed duct, the power coefficient of 0.93 can be reached [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) investigated the effect of yaw
angle on the performance of a convergent-divergent ducted wind turbine [21]. Avallone et al. (2020) studied
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 configuration for horizontal wind turbines is introduced that can
provide a great augmentation in wind velocity profile compared to other presented ducts. This
configuration, called "Multi-Stage Inducing Duct", is shown in fig. 1 and fig. 2. In this configuration, each
downstream stage strengthens the suction produced by its upstream stage, and 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, as well as its
stainless properties. A value of 4 mm is designated to the body thickness of all the stages. At the two ends
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of all stages (at the inlet of nozzles and the outlet of diffusers), edges are designed rounded (circular) as
shown in fig. 3. To emphasize the thickness of the stage body, fig. 3 is illustrated exaggerated.

Fig. 1. Configuration of the multi-stage inducing duct

Fig. 2. Schematic lateral view of the multi-stage inducing duct
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Fig. 3. An exaggerated schematic of a stage to emphasize the thickness.

2. Numerical method
2.1. Governing equations

The general form of the continuity and momentum conservation equations are as follows:

—+—(pu)—0 )
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Where p is the fluid density, x; and u; are the length and velocity components in i spatial direction,
respectively. P is the static pressure, gi and F; represent the gravitational acceleration and body forces in it"
spatial direction, respectively. The time derivatives are zero for our steady flow. Also, the density is constant
since we study a low-speed flow. The term 7 is the Reynolds stress tensor that is defined as:
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Where &;; is the Kronecker delta, which equals 1 when i and j are the same, and equals 0 otherwise. From

the equations (1)-(3), in the absence of the body forces, and neglecting the effects of the gravity, the
Reynolds averaged momentum equation can be derived as:
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The term u,u WhICh is related to the turbulence appears in the momentum equation and should be expressed
using a smtable turbulence model [20].

2.2. Turbulence model

In this study, the k- 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 ® is the
turbulence specific dissipation rate. The SST k-o turbulence model uses a combination of k-® and k-¢
turbulence models using a blending function that is able to change the model from k-o to k-¢ when the
distance from the wall increases. Thus, the SST k- turbulence model benefits the high convergence rate



of the k-¢ high-Reynolds model away from the surface, beside the high accuracy of the k-» model near the
wall [20]. This two-equation model is the most appropriate RANS-based turbulence model for predicting
flow separation [24]. Generally, the SST k- turbulence model can be formulated as follows [20] , [24]:
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Where the turbulent eddy viscosity is:
_ pak
Ne = max(a,w ,wkF,) (9)
The blending functions F1 and F; are as follows:
. vk 500 4p0 ok o
F, = tanh {{mm [max (ﬁ*wy , yz;/) , ngw;Z ]} } (10)
2k 5000\ 12
F, = tanh {[max (ﬁ*wy , yz(::) ] } (11)
Where y is the distance to the nearest wall, and €Dy is:
10k -
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(6)

Far enough from the wall, F1 equals 0 and the model switches to the k-¢ model. Whereas, near the wall
(inside the boundary layer), F1 equals 1 and the model switches to the k- model. More details on the above

equations can be found in ref [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
commercial software. To pressure-velocity coupling, a coupled solver is applied to solve the system of
coupled equations in a steady pressure-based algorithm. The SST k- turbulence model described in the
previous subsection is used to model the flow turbulency. For spatial discretization, the least-squares cell-
based method is used to compute the gradients, and a second-order accuracy is chosen to pressure
interpolating. The high accurate power-law scheme is utilized to calculate all the fluxes. The values of the
residuals of continuity, momentum, turbulence kinetic energy, and specific turbulence dissipation rate were
monitored to decide on the convergence of the numerical method. Calculations stopped when all residuals
were less than 10, Selecting the double-precision option beside mentioned high accuracy schemes has
provided an accurate numerical simulation that is in good agreement with the experimental results (section
3). The computational domain containing 6 zones with the specified boundary conditions is shown in fig.
4.
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Fig. 4. Computational domain and boundary conditions

2.4. Grid generation

As shown in fig. 4, the computational domain has been divided up to 6 rectangular zones. A triangle non-
structured mesh is used for the part contains the bodies (zone 5) due to high ability of triangle non-structured
mesh in capturing the geometrical complexities of the model (fig. 5). At other parts of the domain (zones
1,2,3,4,6), that are far enough 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-Q turbulence
model for acceptable range of the wall y*, a suitable amount of first layer thickness at boundary layer has
been modified from the former numerical experiences and some trial and errors until the acceptable ranges
of the wall y* be achieved. Diagrams of the average and maximum values of y* at all walls (all stages
bodies) are illustrated in fig. 6. As can be seen in the diagrams, y* is in an acceptable range that confirms
the correctness of the chosen first layer thickness.
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Fig. 5. Mesh that be used in the part of the domain that contains the stages (zone 5 in fig. 4)
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Fig. 6. Diagram of the maximum wall y* at all stages bodies (a), and diagram of the average wall y* at all stages bodies(b).

Grids with various sizes are tested to find the suitable size of the grid. The mesh independency diagram is
shown in fig. 7. 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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Fig. 7. Grid independency diagram. Suitable size of the grid marked by star on the diagram. Non-dimensional swallowed mass
flow rate is 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 the velocity of 5 m/s
performed by Ohya et al. [13] are used to validate the numerical method applied in this study. Flow field
around our case and the case they studied both contain a region of negative pressure at the inlet of the duct,
then a region of adverse pressure gradient inside the diffuser, and finally, a large region of separation at the
end of the duct.

3.2. Wind tunnel experiment

Ohya et al. [13] 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 3.6m wide * 2m high *
15m long measurement section and the maximum wind velocity was 30 m/s. The models were hung in 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 used 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 Uoo=5 m/s, and the Reynolds number was Re=6.8 * 10* [13].



3.3. comparing the numerical and experimental results

A schematic view of the duct tested in the wind tunnel is shown in fig. 8. In order to validate the numerical
method used in this study, we modeled a hollow duct with a large flange (h/D=0.625), and all of the other
parameters are chosen exactly the same as what was given in ref. [13]. The axial velocity along the central
axis line of the duct, measured in the wind tunnel, is used to validate the numerical method applied in this
study. Fig. 9 shows the numerical results compared to the experimental results published in ref. [13]. As
can be seen in the figure, there is a 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 will be 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
throat of the first stage of a multi-stage duct, like what shown in fig. 10, is used to compute the non-
dimensional mass flow rate swallowed by the duct at the first stage throat as follows:

fr:Rthroat

NDSMFR = =°

pvaxial(r) 2mrdr

(13)

p(n'Rt%hroat) Us

flange

inlet shroud "o0e?

Fig. 8. Schematic of the flanged duct tested in the wind tunnel in ref. [13]
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Where NDSMFR stands for non-dimensional swallowed mass flow rate, and Rinoa i the radius of the first
stage throat cross-section of the multi-stage duct. Also, r is the radial distance from the duct axis in the first
stage throat cross-section plane, Vaxiaiy iS the axial velocity as a function of r, and U.. is the free stream
velocity.
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Fig. 10. Profile of the axial velocity versus the radial position from the axis at the first stage throat of a three-stage inducing duct
at the wind velocity of 5 m/s.

Also, we can compute the average velocity at the throat of the first stage of a multi-stage duct as follows:

_ 1 T=Rtproat
Vaverage = vaxial(r) 2rrdr (14)

A, 9r=0
Where A is 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, we can’t speak about the generated power. Instead, we introduce a new
guantity called "swallowed power" 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:

swallowed power = f::ORtmat [%PvgxiaZ(r)]Zm’dr (15)

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 has
been chosen as the "reference power" as follows:

reference power = é p(TRZr0at)US (16)

The chosen reference power is the power swallowed by 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 the free stream. To the swallowed
power be independent of the geometrical sizes, the non-dimensional swallowed power (NDSP) is defined
as follows:

swallowed power

NDSP = (17)

reference power

The values of the swallowed power and reference power are computed from eq. (15) and eq. (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. Fig.11 shows the contours of pressure, velocity and
streamlines of the flow field around a single-stage duct. Details of the simulation are given in tabs. 1, 2 and
3.
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Fig.11. flow field around a single-stage duct: contour of pressure distribution (a); contour of velocity distribution (b);
streamlines(c).

Schematic of a single-stage duct is shown in fig. 12. As can be seen in the figure, the longitudinal-sections

of the duct act like a system of airfoils their lift forces neutralize each other due to the axisymmetric
geometry of the duct. But their generated circulations 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 swallows the flow inside the duct.
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Fig. 12. Schematic of a single-stage duct

4.2.2. Test plan (for single-stage tests)

A single-stage duct with geometric parameters that expressed in tab. 1, has been chosen as the reference
geometry. When the effect of each parameter is studied, all other parameters are fixed and equal the
reference case (tab. 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 specified to other parameters. For
example, we won’t be able to observe the effect of the Ouiruser properly, if the value specified to Ruituser IS
too small.

Parameter Value

Rihroat 0.1m
non-dimensional Rnozzie (Rnozzle /Rinroat) 0.75
enozzle 30°
non-dimensional Rugiffuser (Rdif‘fuser /Rthroat) 12.5
ediffuser 24°

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

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

Parameter Temperature Density Viscosity
) (kg/m®) (kg/m.s)
Value 15 1.225 1.7894*10°
Table 2. air properties
Parameter Axial velocity Radial velocity Turbulence Turbulence
(m/s) (m/s) intensity (%) viscosity ratio (%)
Value 5 0 5 10

Table 3. free stream properties




4.2.3. Effect of nozzle angle (Onozzie)

Effect of nozzle angle is studied in this part and the results are shown in fig. 13. All other geometric
parameters are fixed as in tab.1 and only the nozzle angle varies.
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Fig. 13. Effect of nozzle angle (Onozzie). (2) Non-dimensional swallowed mass flow rate vs Onozzie and (b) Non-dimensional swallowed
power Vs Onozzle

If we imagine the longitudinal section of the duct as an airfoil (fig. 12), when the nozzle angle increases,
the camber of this airfoil will be increased that causes more circulation resulting in more suction and finally
more mass flow rate swallowed by the duct. But as the angle of the nozzle rises, the blockage effect due to
larger cross-section of the nozzle rises as well, that tries to decrease 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. But when the nozzle angle increases too much, the blockage effect rises and becomes the
dominant factor and as can be seen in the diagram, further increase in the nozzle angle causes the swallowed
flow starts decreasing.

4.2.4. Effect of nozzle radius (Rnozze)

Effect of nozzle radius is studied in this part and the results are shown in fig. 14. All other geometric
parameters are fixed as in tab.1 and only the nozzle radius varies.
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Fig. 14. Effect of non-dimensional nozzle radius (Rnozzie/Rthroat). (&) Non-dimensional swallowed mass flow rate and (b) Non-
dimensional swallowed power.

Similar to previous section, if we imagine the longitudinal profile of the duct as an airfoil (fig. 12), when
the nozzle radius is small, increase in the nozzle radius results in increase in the camber of the airfoil, that
causes increase in the circulation and suction and finally increase in the mass flow rate swallowed by the
duct. But as the radius of the nozzle rises, the blockage effect due to the larger cross-section of the nozzle
rises as well that tries to decrease the swallowed flow by the duct. At first the nozzle radius and the blockage
effect cause by it are small and the mentioned increasing effect due to increase in the nozzle radius is the
dominant factor and the swallowed flow increases. But 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 (Ogiftuser)

In this section, effect of the diffuser angle (Oqifruser) IS Studied and the results are shown in fig. 15. All other
geometrical parameters are fixed as in tab.1 and only the diffuser angle varies.
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Fig. 15. Effect of diffuser angle (Buiffuser). (2) Non-dimensional swallowed mass flow rate vs Ouitruser and (b) Non-dimensional
swallowed power vs Ouiffuser.

When the angle of the diffuser starts increasing from zero, the camber of the airfoil (longitudinal section of
the duct shown in fig. 12) starts increasing as well that results in 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 that causes the swallowed mass diagram
continue increasing. But with further increase in the diffuser angle, the separated region spreads too much
that results in a decrease in the swallowed flow.

4.2.6. Effect of diffuser radius (Ruiffuser)

Effect of diffuser radius (Ruitruser) iS Studied in this part and the results are shown in fig. 16. All other
geometric parameters are fixed as in tab.1 and only the diffuser radius varies.
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Fig. 16. Effect of non-dimensional diffuser radius (Ruiffuser/Rthroat). (2) Non-dimensional swallowed mass flow rate and (b) Non-
dimensional swallowed power.

As the diffuser radius starts increasing from zero, the generated circulation of the airfoil (longitudinal
section of the duct shown in fig.12) starts increasing that results in increase in the swallowed flow. With
further increase in the diffuser radius, the separation occurs and the low pressure in the separated region at
the outlet causes the swallowed flow diagram continue increasing. But, 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 that postpones the separation and results in increase in the swallowed flow. Although
spreading of the separated region has a decreasing effect on the swallowed flow, but the increasing effect
due to the separation postpone 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,
by simple geometrical analysis can show:

: a 0Agi
n () o
Rdiffuser_mo aRdiffuser ox

Where X is the axial distance from the throat cross section in the direction of the free stream flow, Ruiffuser
is the curvature radius of the diffuser body, and Auifruser (x) IS the area of diffuser cross section at distance x
from the throat. As can be seen in fig. 16, the sensitivity to the diffuser radius goes to zero as the diffuser
radius rises to infinity.

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

In this section, the potential impact of the four discussed affecting geometric parameters of a single-stage
duct on the duct performance is studied. The range of the changes in the independent geometric affecting
parameters as well as the range of the corresponding changes in the swallowed power is expressed in tab.



4. Fig. 17 shows the potential impact of the four mentioned parameters using the specified indices 1 to 4.
The value of the non-dimensional swallowed power related to the reference duct (tab. 1) is chosen as the
reference to calculate the relative augmentation percent values in tab. 4 and fig. 17. As can be seen in fig.
17, the range of the

parameteringex description The range of | The range of the corresponding changes
the Changes in relative swallowed power (%)
P Onozzle 0° - 80° [-484 ) 63]
P, non-dimensional Rnozzie 0-10 [-55.6, 10.8]
(Rnozzle /Rthroat)
Ps Odiffuser 0°-70° [-81.8, 0.0]
P4 non-dimensional Ritfuser 0-200 [-81.8, 112.0]
(Rdiffuser /Rthroat)

Table 4. List of the geometric affecting parameters of a single-stage duct, the specified indices, and the ranges of the changes.

changes in duct performance due to changing the diffuser parameters is wider than the range of the changes
caused by changing the nozzle parameters. Also, the range of the changes in duct performance caused by
changing the angle is smaller than the range of change caused by changing the radius.
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Fig. 17. A comparison between the potential impact of the four geometric affecting parameters of a single-stage duct. Indices 1 to
4 are specified to the affecting parameters in table 4.

4.3. Dual-stage inducing duct analysis
4.3.1. General description

In this part ducts with two stages are studied. Fig. 18 shows the contours of pressure, velocity, and
streamlines of the flow field around a dual-stage duct. All details of the simulation are given in tables 2, 3,
5.
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Fig.18. flow field around a dual-stage duct: contour of pressure distribution (a); contour of velocity distribution (b);
streamlines(c).

4.3.2. Test plan (for dual-stage tests)

The schematic of a dual-stage inducing duct simulated in this section is shown in fig. 19. Studying effect
of adding the second stage and the relative locations of the stages is the purpose in this part. VValues specified
to geometrical parameters of both stages are fixed, and the same as those specified in previous section (tab.
1). A dual-stage duct with a certain geometry is chosen as the reference case for all simulations of dual-
stage ducts in this part (tab. 5).

Fig. 19. Schematic of a dual-stage inducing duct. All lengths are non-dimensional (dividing by Rihroatstaget).

Rinroatstage1 (the reference length) 0.1m
non-dimensional Rnozzle stage1 (Rnozzle,stagell Rthroat,stagel) 0.75
enozzle,stagel 30°

non-dimensional Rdiffuser stage1 (Rdiffuser,stagell Rthroat,stagel) 125




edif‘fuser,stagel 24°
non-dimensional radial gapstages1-2 (radial gapstagesi-2/ Rinroat,stage1) 0.713
non-dimensional overlapping lengthsigesi-2 (Overlapping lengthstagesi-2/ Rinroatstage1) 1.0
non-dimensional Rnozzle stage2 (Rnozzle,stagezl Rthroat,stagel) 0.75
enozzle,stagez 300
non-dimensional Rdiffuser stage2 (Rdiffuser,stagezl Rthroat,stagel) 12.5
ediﬁuser,stagez 240

Table 5. geometrical parameters of the reference case chosen for all dual-stage tests. The value of 0.713 for non-dimensional radial
gapstages1-2 refers to the state at which the radial gapstages1-2 is half the first stage diffuser outlet radius.

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 fig. 20.
All other geometric parameters are fixed as in the reference case and only the radial gap varies.
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Fig. 20. Effect of non-dimensional radial gapstagesi-2 (radial gapstagesi-2/Rithroatstage1). () Non-dimensional swallowed mass flow rate;
and (b) Non-dimensional swallowed power.

As shown in fig. 19, stages overlapping creates a converging channel between the stages that causes the
flow to accelerate passing the radial gap between the stages. When the radial gap is too small, the blockage
effect causes a decrease in the suction. As the radial gap grows, the blockage effect is weakened and the
suction increases. But too much increase in the radial gap causes the converging coefficient of the channel
between the stages to decrease too much and results in a decrease in the created suction.



4.3.4. Effect of the overlapping length

The effect of overlapping length between two stages is studied in this part and the results are shown in fig.
21.
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Fig. 21. Effect of non-dimensional overlapping lengthstagesi2 (overlapping lengthstagesi2 /Rthroatstager). (&) Non-dimensional
swallowed mass flow rate; and (b) Non-dimensional swallowed power

When the overlapping length increases from negative amounts to positive amounts, as shown in fig. 19,
stages overlapping creates 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 gap channel between the stages. At first that the positive overlapping length is small and the
geometrical converging 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. But with a further increase in the
overlapping length, the blockage effect occurs that results in a decrease in the suction.

4.3.5. Comparison of the influence of the geometric parameters related to the consecutive stages in a
dual-stage duct on the duct performance

Fig. 22 shows the potential impact of the parameters mentioned in tab. 6. The value of the swallowed power
related to the reference dual-stage duct (tab. 5) is chosen as the reference to calculate the relative
augmentation percent values in fig. 22. Since the radial gap and overlapping length are geometric
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.



parameterindex description The range The range of the
of the corresponding changes in
Changes the swallowed power (%)
P1 non-dimensional radial gapstagesi-2 [0.1426 , ) [-64.1,0.0]
(radial gapstagest-2/ Rihroat,stage1)
P, non-dimensional overlapping lengthstagesi> | [-0.713 , ) [-64.0, 0.0]
(overlapping lengthstages1-2/ Renroat,stage1)

Table 6. List of the geometric affecting parameters related to the consecutive stages in a dual-stage duct, the specified indices,
and the ranges of the changes.
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Fig. 22. A comparison between the potential impact range of the geometric affecting parameters related to the consecutive stages
in a dual-stage duct. Indices 1 and 2 are specified to the affecting parameters in the tab. 6.

4.4 Multi-stage analysis
4.4.1. General description

In this part, ducts with several stages are investigated. Fig. 23 shows the contours of pressure, velocity and
streamlines of the flow field around a three-stage duct. As can be seen in fig. 23, inducing effect due to
adding the third stage causes a significant increase in the first stage velocity compared to fig. 18.
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Fig.23. flow field around a multi-stage (three-stage) duct: contour of pressure distribution (a); contour of velocity distribution (b);
streamlines(c).

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 the same
for simplicity. Also, the radial gaps and the overlapping lengths between all of the stages are chosen the
same as well (tab. 5).

4.4.3. 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 fig. 24. As can be
seen in fig. 24, as the number of the stages increases, the slope of the diagram decreases. It shows 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
more the number of the intermediate stages, the less the inducing effect on the first stage.
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Fig. 24. Effect of the number of stages. (a) Non-dimensional swallowed mass flow rate vs the number of the stages; and (b) Non-
dimensional swallowed power vs the number of the stages.

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

Fig. 25 shows the average axial velocity at the first stage throat of the ducts with the various number of the
stages at various wind velocities. Except for velocity that varies in this section, all other properties of the
free stream are the same as given in the tab. 3. As can be seen in the figure, when the number of the stages
is very low the diagrams are obviously steep and when the number of the stages increases to high numbers,
the slope of the diagrams approaches zero. That means, as mentioned in the previous section, the first stages
are more effective than the last ones. But, as fig. 25 shows, diagrams of different wind velocities have
different behaviors. The diagrams' slope is larger at higher wind velocities compared to lower wind
velocities. It can be seen more obviously in ducts with one or two stages, and as the number of the stages
increases, the slope of the diagrams of higher wind velocities approach zero slower than those of the lower
velocities. Because at the higher wind speeds, compared to the lower wind speeds, the inducing suction
effect is stronger and 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 improves at higher free stream
velocities.
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Fig. 25. Effect of the number of stages on the performance of a multi-stage inducing duct at various wind velocities.

The absolute augmentation percent in swallowed power (AAPsp) is defined as follows:

swallowed power—reference power

AAP,

Sp reference power

«100% (19)

Where the swallowed power and the reference power are computed from eq. (15) and eg. (16), respectively.
4.4.5. deciding on the number of the stages of a multi-stage inducing duct

In contrast to the absolute augmentation percent in swallowed power, the relative augmentation percent in
swallowed power (RAPsp) is defined as follows:

SPN—SPn-
RAP, =" -0
P SPN-1

* 100% (20)

Where SPy is the swallowed power after the N stage is added, SPn.1 is the swallowed power before the N
stage is added, and values of swallowed power (SPn and SP.1) are computed from eq. (15). Fig. 26 shows
the diagram of the relative augmentation percent in swallowed power as the number of the stages increases
from N-1 to N. As can be seen in fig. 27, as the N grows, the relative effectiveness of adding the N'" stage
to the existing duct with N-1 stages decreases continuously whereas, the absolute effectiveness of the new-
added stage (N stage), as fig. 25 shows, increases continuously. On the other hand, the last stages are



larger, heavier, and further away from the turbine, and therefore, the costs of manufacturing the stages and
building the necessary equipment for structural support significantly increase at the last stages. Although,
according to the absolute diagrams like fig. 24b and fig. 25, the more the number of the stages, the more
the swallowed power but, the relative diagram illustrated in fig. 27 along with some economic
considerations on the costs of manufacturing the stages and building the needed equipment for structural
support, help us to decide on the number of the stages. In most applications, choosing two, three, or four
stages is enough to achieve an acceptable result, and it is not economical to use more.

250

Relative augmentation percent
in swallowed power (%)

2 3 4 5 6 7 8
N (N is the number of the stage we intend to add to an existing duct with N-1 stages)

Fig. 26. Diagram of the relative effectiveness of adding the N'" stage to an existing duct with (N-1) stages, defined by eq. (20).

5. Conclusion

In this study a specific configuration of the duct, called Multi-Stage Inducing Duct, was presented,
numerically simulated, and effects of its geometrical parameters were investigated. It was shown that using
a multi-stage inducing duct causes 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. When there is only
one stage, there is no inducing effect and only some suction is produced due to the nozzle-diffuser shape of
the stage. The effect of the geometrical parameters of a single-stage duct was investigated and it was
concluded that the parameters of the diffuser part are more effective than the parameters of the nozzle part.
Also, it was observed that the range of the changes in the swallowed power caused by the changes in the
radius is wider than the range of the changes caused by the changes in the angle, in both nozzle and diffuser
parts. When the second stage is added, the inducing effect occurs and the suction produced by the second
stage helps the flow to exit easier from the first stage outlet, and consequently, the more mass flow rate is
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, at first increases and then decreases the induced suction at the first
stage throat. Similar behavior was observed when the overlapping length between two consecutive stages
increased. Comparing the impact of the radial gap and overlapping length showed that they are of the same
power of influence, and none is 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
are 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 depends on the free stream velocity and the higher the free stream
velocity, the higher 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, but, from a relative point of view, it is not
usually economic to use more than three or four stages due to high costs of manufacturing and building the
equipment needed for structural support.

Abbreviations

NDSMFR non-dimensional swallowed mass flow rate

AAPsp absolute augmentation percent in swallowed power

RAPsp relative augmentation percent in swallowed power

SPy swallowed power by a N-stage duct (after the N™
stage be added)

SPn-1 swallowed power by a (N-1)-stage duct (before the
N stage be added)

Nomenclature

p Fluid density

P Static pressure

Oi component of the gravitational acceleration in the
i" spatial direction

t time

8ij Kronecker delta

Fi component of the body force in the i spatial
direction

Ty Reynolds stress tensor

Ui component of the velocity in the i spatial
direction

X; component of the length in the i" spatial direction

u Fluid viscosity

u; turbulent velocity fluctuation in the i spatial
direction

k Turbulence Kinetic energy

® turbulence specific dissipation rate

U free stream velocity

r radial distance from the duct axis at the first stage

throat plane

Vaxial (1) axial velocity as a function of r

X axial distance from the throat cross section in the
direction of the free stream flow

Rihroat radius of the first stage throat cross section

A area of the first stage throat cross section

Onozzte arc angle of the nozzle body

Ouiffuser arc angle of the diffuser body




Rnozzle curvature radius of the nozzle body
Ruiffuser curvature radius of the diffuser body
Adiffuser x) area of diffuser cross section at the distance x from
the throat
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