'.} Check for updates

Journal of
MECHANICAL
ENGINEERING SCIENCE

Institution of

C.
ENGINEERS

Original Article

Proc IMechE Part C:

| Mechanical Engineering Science

0(0) I-16

© IMechE 2018

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/09544062 18784620
journals.sagepub.com/home/pic

®SAGE

Improved design of Savonius rotor for
green energy production from moving
Singapore metropolitan rapid transit
train inside tunnel

Praveen Laws' ®, Rajagopal V Bethi', Pankaj Kumar? and
Santanu Mitra'

Abstract

Nonrenewable fossil fuels are finite resources that will ultimately deplete in near future. Nature sheds colossal amount of
renewable wind energy but humans harvest a morsel. Taking this into account a numerical study is proposed on wind
energy harvesting from a speeding subway train. Subways trains generate a remarkable gust of wind that can be
transferred to useful electrical energy on daily basis. To this aim, a numerical analysis is modeled by placing Savonius
wind turbine in a subway tunnel to crop the wind energy produced from the speeding train. The passage of train in the
tunnel generates very high velocity slipstreams along the length of the tunnel. The slipstream phenomena develop a
boundary layer regime that will be absorbed by the Savonius wind turbine to self-start and generate power. In the present
study, a two-dimensional numerical simulation with modified turbine blade design is carried out using open source
tool OpenFOAM® with PimpleDyMFoam solver coupled with six degrees of freedom mesh motion solver
sixDoFRigidBodyMotion and k—¢ turbulence modeling, to measure the amount of torque predicted by the rotor from
the gust of wind produced by the speeding train in the tunnel. Being a self-start turbine with no yaw mechanism required
the turbine collects air from any direction and converts it into useful power.
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directly proportional to the train speed, train dimen-

Introduction sion, and tunnel length. These unsteady aerodynamic

Fossil fuels are the main cause of global warming;
these fuels when burnt emit harmful gases such as
sulfur dioxide and carbon dioxide. Fossil fuels will
deplete soon as they are a finite nonrenewable
resource. Numerous researches are focused on effect-
ive concepts to harvest the freely available renewable
energy. The major renewable resources available are
the wind energy, solar energy, biomass energy, geo-
thermal energy, and hydropower. Among all these
resources the most generally available and world’s
second fastest-growing resource is the wind energy.
A newfangled concept is proposed to harvest wind
energy conceived by a speeding train in a tunnel
with optimized Savonius turbine blades. Movement
of train in a tunnel alters the pressure and air velocity
between the train—tunnel annulus. A moving train in
tunnel will deflect the air and make it flow parallel to
the length of the train—tunnel.' The flow around the
train surface builds up aerodynamic forces that are

forces were due to (i) the pressure pulse effect as dis-
cussed above and (ii) train-induced airflow or slip-
stream formation. An abrupt change in pressure is
predicted as the induced airflow by the train interacts
with the tunnel wall. The train-induced airflow forms
a boundary layer along the train length and wake
vortices behind the train. Due to viscous effect, the
air around the train will be dragged along the train
length with the speed of the train.”> These pressure
variations initiate a wind discomfort of around 5m/s
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that will be experienced on the platform. While at the
end of the tunnel forms a huge gust of wind and air
buffeting which might lead to wind danger of about
12m/s when the train travels at 140 km/h. Similarly
speeding vehicles in road drag out huge gust of air,
so setting up wind turbines in the side or in the middle
of roadways helps to reap wind flow. Turbines fixed in
the median were able to capture airflow from both the
directions. The turbines are aligned so that the wakes
formed at the end of the turbine will flow in the vehi-
cle direction reducing the resistance against the
moving body and increasing the mileage.® Taiming
Chen” filed a patent on extracting wind power by
providing with two-way airflow duct along the traffic
with an inlet facing opposite direction of the road,
outlet that faces toward the direction of the road,
and middle opening for each provides the working
fluid for the installed turbines.

Designer Ryu Chan, Sinhyung and Hong Sun®
proposed a new concept of fixing small-scaled wind
turbines on the walls of the tunnel for generating
clean electricity. Design engineers Qian and
Alessandro designed a T-box concept, which can be
installed in railway or subway tunnel tracks. The tur-
bines were placed inside a cylindrical grill housing so
that the turbine blades rotate with its central axis. The
turbines harvest wind energy from the speeding train
that travels over the railway track. The major setback
in the design is that speeding train deposits dust,
debris, grease, and oil waste on the surface of the
cylindrical grill housing, thus blocking air causing
maintenance issue.® Wind energy is available 70% of
the time but the available wind strength is not fine
enough to rotate most of the turbines that leads to
poor power production. Power attainable is directly
proportional to the cube of wind velocity. Khadka
demonstrated a possible way to increase the wind
flow around the turbine is by constructing a venture
tube setup. The channel setup helps for a constant
steady flow of air to the turbine and increases its effi-
ciency as the venture tube reduces the pressure and
increases the flow velocity to the turbine, resulting in
increased power production.” For improved rotor
performance modifications required on the existing
conventional Savonius turbine blades, one such
design is the combined end blades to form a circular
concave model. The construction of the blades
remains simple. The combined blades will increase
the power coefficient of the rotor to about 11% of
the conventional rotor and stable with tip speed
ratio. As the torque generated in the concave side is
higher than the torque in the convex side, this reduc-
tion in the negative torque in convex side leads to
improve the power coefficient. The construction of
the combined blades remains simple as that of the
conventional type rotor.® The velocity of the wind
raises up to 1.5 times to that of the train when it
travels inside a tunnel and also positioning of the tur-
bine at an ideal point is the main area of

consideration. Placing the turbine at one car length
distance away from the tunnel exit allows the turbine
to absorb steady wind flow with higher velocity.
Instead, if the turbine is placed closer to the tunnel
exit leads to poor wind velocity with the unsteady
flow.” The aim of this present study is to harness the
wind energy form a speeding train in a tunnel.
Slipstreams generate huge fluctuating force of gust
wind near the trackside. The intensity of these slip-
streams is strengthened near the boundary layer
region that occurs along the length of the train.
Therefore, the main objective is to predict the prac-
tical application of harvesting wind energy from this
adverse gradient flow. The simulation is proposed in
such a way by placing a self-start Savonius turbine in
the region of interest and considering the train is
moving continuously in a closed-loop tunnel.
Finally, the amount of torque and power extracted
by the turbine from the gusting wind is measured
for different train speed.

Mathematical formulation
Governing equations

The entire simulation in the present study is demon-
strated using dimensionless Reynolds number, which
is defined as

_ DU,
h v

Re

()

where v is the kinematic viscosity, D is the diameter
of the rotor, and U, is the free stream wind velocity.

The flow is governed by incompressible Navier—
Stokes equations described as

3
8—‘: 4 V.(uu) = — Vp+vAu )

The fluid flow incompressibility is defined by the
continuity equation

Vu =0 3)

For turbulent flow, the field variables start to fluc-
tuate and become random in both time and space,
therefore equations (2) and (3) are time averaged to
form Reynolds-averaged Navier—Stokes equation

g—? + V.(a) — V.(vVa) = —Vp + A.(u'v) 4)
Vai=0 (5)

Turbulence modeling

The unknown term (w'w’) in equation (4) is modeled
using the Standard k— model, widely used workhorse
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model for flow simulation around turbine blades and
slipstream phenomena around the train.'® The two-
equation k—e turbulence model solves for turbulence
kinetic energy (k) and rate of dissipation (¢) of turbu-
lence kinetic energy.

Turbulence kinetic energy

ok ) 1, T
FTa V.(uk) — V.[(v)VK] = v, [5 (Vu+ Va )} —€

(6)
Dissipation rate
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Train dynamics

The aerodynamic coefficients propagating along the
surface of the speeding train is represented by
Lateral lift coefficient

erain
CL rain) — (8)
(train) (é pA Vgc)

Longitudinal drag coefficient (side force)

Dtrain
Cp(urainy = 9
D(train) (% ,OA V200) ( )

From both the equations, the term 1 pV2 denotes
the dynamic pressure of air, A is the reference area
of the train, L;.,;, 1s the lift force on the train, D,
is the drag force on train, and V., is the velocity of
train.

Rotor dynamics

The coefficient of dynamic torque (Cy,) and coefficient
of power (Cp) obtained by the Savonius rotor is rep-
resented by

M
Cm = (o.spARUg) (10)

P
G = (O.SpAUgo) an

where A is the area of the rotor, R is the rotor radius,
P is the power generated by the rotor, M is the rotor
moment, and p is the air density

The rotor downwind force (Cp) and side force
(Cp) were expressed as the dimensionless aerodynamic
coeffcients

D
= (55 "

L
Cr= <0.5,0A U@,) (13)

where D is the rotor drag force (N) and L is the rotor
lift force (N).

Geometrical characteristics of
control volume

Rotor geometry and design

The construction of the rotor is simple with two semi-
circular blades of diameter (d), overall rotor diameter
(D) of the turbine, angular rotation of the rotor (),
and azimuthal angle of the blades (6). The both end
combined blades and one end combined blades are the
modification of the conventional Savonius rotor
blades as shown in Figure 1. The study has been per-
formed in such a way that a performance comparison
is made with respective different train speeds.

Computation domain and boundary conditions

The proposed two-dimensional model of the train
design is based on the dimensions of Singapore metro-
politan rapid transit (SMRT) corporation circle line.
The train and the turbine were modeled using Gmsh
3.0.2. The aerodynamic performance of the blades is
considered avoiding the shaft and other components
of the rotor to minimize computation time. The geom-
etry is composed of two domains: rotating circular
inner domain and stationary rectangular outer
domain. The rectangular outer domain is of 10m x
2.9m mount the train of width 1.6m and length of
5m, dimensions of the train are selected from the
scaled model of Alstom Metropolis C830C!'" were dis-
cussed in Figure 2 and Table 1. The rotating domain
mounts the turbine of diameter 0.5 m that rotates with
an angular velocity, ®. The domain dimensions allow
the train to generate fully developed drag flow to the
turbine. The blockage ratio is similar to that of the
blockage between the train (Alstom Metropolis
C830C) and the tunnel (SMRT circle line) which is
about 0.54 and the blockage ratio by placing the tur-
bine between the train and tunnel will be about 0.63.
A continuous circulation of air in the domain is con-
sidered and assumption is made with the movement of
the train in the domain as closed-loop structure which
agnate dynamic similarity in a wind tunnel testing.
The boundary condition is composed of pressure
outlet on the left, velocity inlet on the right, top
wall, bottom symmetry plane, train walls, and turbine
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Figure 1. Rotor models: (a) both end combined blade and (b) one end combined blade.
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Figure 2. Schematic and boundary conditions of the proposed model.

Table I. Model parameters for the simulation.

Parameters Dimensions

Length of the train (m) 5

Width of the train (m) 1.6

Length of the tunnel (m) 10

Width of the tunnel (m) 29

Train speed (m/s) 6,12, 18
(Re=2.03 x 10°,
Re=4.06 x 10°,
Re =6.09 x 10°)

Diameter of the rotor (m) 0.5

walls. Symmetry condition is imposed so that it main-
tains the stability of the simulation and allows the
solver to consider the domain further large.'? For
pressure, zero gradient boundary condition is

imposed on the train walls, top wall, rotor, inlet and
fixed value constraint is applied to the outlet. In case
of velocity file, moving wall velocity is set on the rotor
walls. The rotation of the turbine is achieved using
arbitrary mesh interface (AMI) that allows contribu-
tion from overlapping faces between the stationary
and rotating domain. The discussed technique is
more suitable for rotating geometries that require sep-
arate mesh for the fixed and rotating domain. Both
the interfaces are coupled using cyclic AMI boundary
condition. While sliding each other the patch faces
transfer contribution between the faces, the sum of
contributions between intersecting areas should
equal to 1.1

Mesh characteristics

Open source utility Gmsh 3.0.2 is used to generate
mesh. The first node above the wall is set based
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on the given equation

LY |t
=7 | 14
=y ) (14)

r = u(%) (15)

where 1,, is the wall shear stress and Ay is the thick-
ness of the first mesh layer. Calculated dimensionless
wall distance of 149 is applied in the study.

Unstructured hexahedral mesh of about 30,000
elements with highly refined boundary layer grids
around the area detects the train walls and the turbine
blades as shown in Figure 3. The convergence of the
current problem is monitored using the magnitude of
residual values obtained from the simulation, which is
one of the most fundamental solution convergence
measures. Lesser the residual value proves that the
numerical solutions are more accurate. In this present
research, the RMS residual levels of 1E-6 are set
which defines that the solution is tightly converged.
In addition, the Courant number for the entire
simulation is kept below 0.1 to sustain stability and
accuracy. At the inlet, a turbulence intensity of 0.03%
is set, while the maximum nonorthogonality of the
grid is about 80 and maximum skewness of the cells
is about 0.86.

Methodology

Standard OpenFOAM® RANS solver pimpleDy
MFoam has been selected for this investigation, a tran-
sient solver can adopt dynamic mesh with large time
step for both laminar and turbulent flow. An incom-
pressible flow solver for Newtonian fluids and turbu-
lent flows for moving mesh with a combination of
PISO-SIMPLE algorithm is called PIMPLE algorithm.
The pressure—velocity coupling is done by PIMPLE
algorithm which solves the momentum equation to
find the velocity field U* from the guessed pressure
p* and later the pressure and velocity field are cor-
rected explicitly. The iteration goes on until it reaches
the maximum else it takes a new iteration with the
same time step.'* The rotation and morphing of grids
were performed in the analysis using the dynamic
MeshDict dictionary that supports SixDoFRigid
BodyMotion utility. SixDoFRigidBodyMotion solver
helps to mimic the rotation of the rotor to counter
the shear force and pressure generated by the inflow
air. The resultant force and moment acting on the
rotor then solves the governing equations to find the
new position of the turbine blades.

A mass of 5kg and moment of inertia I =0.1 kgm?
were set in the dynamicMeshDict dictionary for the
rotor. The rotor motion is restricted only to Z-axis;
this allows the rotor to rotate in a constrained axis

Figure 3. (a) Overview of the mesh around domain and (b) blade.
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with one degree of freedom in rotation.'> Kinematic
viscosity, v of air is set as 1.5 x 107>m?/s. The time
derivatives are discretized using the Euler scheme
which is first-order implicit suitable for transient
simulations. The gradient of pressure and velocity is
discretized using the Gauss linear scheme which spe-
cifies the Gaussian interpolation of values from cell
center to face center, while the divergence term,
namely advection of velocity, advection of epsilon,
and turbulent kinetic energy were discretized with
Gauss upwind linear scheme which is of second
order and upwind biased. The Laplacian terms are
discretized using Gauss linear corrected which poses
numerical behavior of second order and unbounded.
The maximum Courant number for all the simulation
is fixed to 0.1, with a time step of At=1E-07s and 4s
is specified for the end time.

Result and discussion

The initial numerical study is focused on the region
around the train surface primitively to study the
regions of interest in the thickening boundary layer
to harness the wind. Therefore, two analyses were
performed to find the aerodynamic flow field around
the train with a dynamic train and a static train. The
dynamic simulation is performed using OpenFOAM®
solver pimpleDyMFoam and static simulation is done
using pimpleFoam solver. The magnitude of velocity
field for both the simulations was compared and
discussed.

Dynamic simulation

Dynamic motion of the train is simulated using
pimpleDyMFoam solver with k— turbulence model-
ing and a moving wall velocity of 18 m/s. The velocity
magnitude along the surface of the train is monitored
throughout the simulation to predict the strength of
slipstream boundary layer regime. The movement of
the train in tunnel predicts a localized peak pressure
near the boundary layer regime and drop in pressure
near the tail as shown in Figure 4. The velocity mag-
nitude plot of the moving train with respect to time
gives a clear picture of how the velocity flow field
behaves around the train surface with strong shear
stress as shown in Figure 5(a) to (c). The velocity of

the moving train is directly proportional to the shear
stress formation along the train surface that in turn
increases the slipstream velocity. The forward motion
of the train in the tunnel makes a frontal impact with
the induced air and pushes it to flow in the opposite
direction. The frontal impact reduces the air velocity
and increases the slipstream velocity around the train
surface with high stagnation pressure.'® The forma-
tion of boundary layer and increased air velocity is the
main region of interest from which the useful power is
harvested.

Static analysis

The static analysis is simulated using pimpleFoam
solver. In the static analysis, the train is kept station-
ary and an inlet velocity of 18 m/s is imposed. The
velocity contour plot of the static simulation as
shown in Figure 5(d) predicts an increased flow
field in the region of interest along the length of
the train. The inlet flow makes a frontal impact
with the bluff body and diverges the air toward the
train length. The formation of slipstream boundary
layer regime between continuously moving train with
constant velocity and a fully developed flow around
stationary train is taken in to account. The velocity
magnitude plot for both the static and dynamic
simulation of train shows a similar trend between
the tunnel wall and the train surface. The fully devel-
oped velocity flow field after the train started to
move with a constant speed in the dynamic simula-
tion is compared against the static case. Worst-case
scenario of freight train structure is considered which
contributes strongest slipstream in the boundary
layer regime. The aim is to extract wind energy
from a fully developed high sheared flow. In order
to reduce computational time, resource, and the
study sample, stationary train is selected for the
study based on the principle followed in the wind
tunnel air dynamic test. Moreover, the performance
of the turbine near the head and tail section of the
train is not taken into account as their influence on
the turbine is for very small periods and only the
coach length is considered.

In addition, the downstream distance considered
for the study is consistent and sufficient for the
entire simulation as the measured outlet pressure for

Boundary layer
5 9 ‘306
wake region o Train —— V,  Upstream
‘GD“Q’ Impact
zone

Figure 4. Slipstream regions along the train surface.
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Figure 5. (a) Velocity magnitude plot of moving train at t=0.23s, (b) t=0.33s, (c) t=0.43s, and (d) stationary train velocity
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Figure 6. Predicted torque coefficient, C,, and velocity filed in the domain without train at U, = I8 m/s.

both the static and dynamic simulation of train falls
similar with no significant variation.

Rotor performance

The performance of the rotor is measured based on
the natural circulation of air in the tunnel without the
considering the train. The change in aerodynamic
coefficients on the rotor blades operates the turbine
and these pressure coefficients vary with the change in
azimuthal angle of the blades. Therefore, the stable
performance of the turbine without the train is
tested against a uniform flow, U, =18 m/s. During
acceleration phase, the graph shows instability due
to start-stop phase and the rotor predicts peak
torque coefficient, C, around 0.126 and after
t=1.28s the values become cyclic announcing the

equilibrium. The stabilized solution predicts an aver-
aged torque coefficient, C,, of 0.06 and an averaged
power coefficient, C,, of about 0.033. Thus, the con-
sidered parameters and boundary conditions are suit-
able for predicting torque and power coefficient from
the moving train. The predicted velocity field as
shown in Figure 6 and torque coefficient plot show
a good argument in terms of natural circulation of
air in the tunnel.

Residual convergence

The convergence of the current simulation is moni-
tored by reviewing the residual plot. The residual
values were calculated from each grid point stating
how the governing equation for the numerical simu-
lation is satisfied. Therefore, for both the two different
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Figure 7. Residual convergence of the rotor at 18 m/s train speed.

rotor simulations the convergence criteria are
achieved by the fundamental solution convergence
measure of the RMS residual levels. The RMS resi-
dual levels for the simulation are set to 1E-6 for con-
tinuity, momentum, and turbulence properties with
two sets of iterations for one time step which defines
the solution is tightly converged.!” Hence, the simu-
lation is modeled that all the scaled residual values
had to fall below 1E-6 to obtain a tightly converged
and accurate solution as shown in Figure 7. Once the
convergence is met, OpenFOAM® addresses the pres-
sure, viscous, and moment forces. The plot displays a
sinusoidal wave pattern in Figure 7 that describes
rotational motion; the steadiness of the system
depends mainly on the turbulence properties, which
remains steady with wind velocity.

Rotor with one end combined blade. Wind power extrac-
tion using Savonius wind turbine is performed with
three different train speeds 6 m/s (21.6km/h), 12m/s
(43.2km/h), and 18 m/s (65km/h), respectively. The
performance of the considered blade models is com-
pared based on the amount of torque coefficient and
power coefficient predicted by the rotor blades. The
rotor is placed in the midsection of the railway tunnel
assuming a continuous motion of train in the tunnel.
This particular assumption is based on closed-loop
wind tunnel that constantly recirculates the air accom-
plishing the wind velocity along the length of the
tunnel proportional to the train speed, V.. The
total length of SMRT train is 70.1 m; if the train tra-
vels with a minimum speed of 6 m/s between stations
then the time taken by the train to pass by the rotor is
t=125."" The calculated time taken by the train to go
past the rotor is considered as the observation time to
predict the power generated by the rotor. This obser-
vation time varies with different train speeds. In add-
ition, for simulation point of view the length of the
train is considered as Sm. The air speed inside the
tunnel due to train movement relies on the speed of

the train. The study is mainly focused on the amount
of energy extracted from a train that passes through
a drag-based Savonius rotor by considering the tunnel
as a closed-loop structure with the train moving con-
tinuously inside at a constant speed. The initial study
is carried with one end combined blade by placing the
rotor 0.5m away from the train. During solution ini-
tialization, the coefficient of torque, C,, shows a good
starting torque with transient behavior predicting a
positive peak torque coefficient of 0.99 during the
acceleration period shown in Figure 8. The acceler-
ation phase falls till t=1.45s with a reasonable self-
start by the rotor but this time delay will reduce the
number of rotation of the rotor predicting less power
generation. The rotor equilibrium period starts from
t=1.46s with an averaged peak torque coefficient, C,,
of about 0.52 and predicted averaged, torque coeffi-
cient, C,, of 0.37. The time delay in self-start shows at
minimum train speed the strength of the slipstreams
boundary layers is quite weak that the rotor surface is
not influenced by strong wind. These phenomena will
change if the train speed is further increased. The
rotor predicts a maximum C,, of 0.34 and an average
C,, around 0.1.

The rotor self-starts slowly in the linear acceler-
ation phase and then gradually attaining the plateau
phase. The delay in self-start is well predicted from the
time taken by the rotor to achieve steady rotational
speed. The gradual increase in angular velocity also
figures the loss in number rotation of the rotor attain-
ing just ®=15.23rad/s at t=12s seen in Figure 9.
The present numerical study accurately predicts the
acceleration phase and the converged plateau phase
of the rotor in the considered time, which indicates the
capability of the rotor to observe the flow after the
self-start.'® The rotational velocity of the rotor
changes with different train speeds. Both the linear
acceleration phase and the plateau phase of the
rotor are accurately predicted. The rotor does not
experience any equilibrium phase because the addition
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Figure 8. Torque coefficient with one end combined blades rotor at 6 m/s train speed.
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Figure 9. Passive rotational velocity of one end combined
blades at 6 m/s train speed.

of opposing torque or the negative torque applied by
the generator is neglected throughout the simulation
only; the aerodynamic torque experienced by the
rotor is calculated. The friction effect is neglected
due to nonavailability of data in choosing the particu-
lar opposing torque.'’

When the speed of the train is further increased to
Vo= 12m/s there was a sudden shift in the coefficient
of torque, Cy, as the acceleration phase of the rotor
got reduced and predicts the equilibrium phase
at t=0.7s much earlier than 6m/s as shown in
Figure 10. The reduced acceleration phase will dir-
ectly increase the number of rotation of the rotor in
the equilibrium phase. The rotor predicts a peak
torque coefficient, C,, of 1.01 in the acceleration
phase. While in the equilibrium phase, the averaged
positive peak torque coefficient, C,, falls around 0.56
and the averaged torque coefficient, C,, was about
0.35. The rotor produces a maximum, C, of 0.32
and averaged C, of around 0.11. The rotational vel-
ocity of the rotor changes with different train speeds.

Again, the angular velocity versus time plot for
Vo =12m/s shows that the rotor predicts the linear
acceleration phase earlier as the speed of the train is

increased. In Figure 11, a steady increase in the angu-
lar velocity is measured before achieving the plateau
phase. The rotor gains a maximum angular velocity of
about @ =28.78 rad/s at t =6s. Therefore, increase in
the magnitude of slipstream regime between the
tunnel and train does not affect the self-start of the
rotor as the rotor clearly predicts the linear acceler-
ation and stable equilibrium phase as shown in
the plot.

At V,=18m/s the one end combined blades
rotor’s torque coefficient increases as the wave drag
induced by the train to the rotor increases. The result-
ant moment of the rotor will increase, as the dragging
flow on the concave side return blade will contribute
to enhancing the torque. In the accelerating phase, the
rotor predicts peak torque coefficient, C,, of about
1.05 presented in Figure 12.

Phenomenal increase in the torque coefficient, C,,
of the rotor is observed as increase as the strength of
the slipstream boundary increases attaining equilib-
rium phase very earlier at t=0.47s. Later on, when
settled the values become cyclic and stable. The aver-
aged torque coefficient, C,, in the equilibrium phase
falls for the train speed of V,,=18m/s falls at 0.37
and the averaged positive peak torque coefficient, C,
falls around 0.6. Overall, as the strength of the slip-
stream boundary layer increases, the power obtained
by the rotor drastically increases in t =4s. Hence, the
rotor predicts maximum C, of 0.37 and averaged C,
around 0.12.

The increased wind gust along the train surface is
sufficient to accelerate the rotor without any delay in
the linear acceleration phase. The rotor attains
the plateau region much earlier compared to the
above-discussed different train speeds with an angular
velocity of around 44rad/s in t=4s as shown in
Figure 13. Formation of strong velocity gradient
between the train surface and tunnel wall is developed
due to the frictional force. Hence, the air around the
train surface will be pushed along the train with the
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Figure 10. Torque coefficient with one end combined blades rotor at 12 m/s train speed.
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Figure 11. Passive rotational velocity of one end combined blades at 12 m/s train speed.
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Figure 12. Torque coefficient with one end combined blades rotor at 18 m/s train speed.
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speed of the train. At V,,= 18 m/s there is no delay in
self-start and the rotor achieves a steady passive rota-
tional speed. The rotor gains a maximum angular vel-
ocity of 40.15rad/s in the considered t=4s.

Rotor with both end combined blades. The simulation for
both combined blade shows a slight variation in the
performance with that of the rotor with one end com-
bined blade; for Vo, =6m/s the rotor predicts a peak
torque coefficient, C,, in the accelerating period of
0.92. The rotor attains the equilibrium phase much
earlier than that of the rotor with one end combined
blade at t=1.37s with all positive torque value for
Voo =6m/s. In the equilibrium phase, the rotor pre-
dicts an averaged peak torque coefficient, C,, of 0.6
and averaged torque coefficient, C,,, of 0.4 as shown in
Figure 14. In addition, the rotor predicts a maximum
C, of 0.36 and an average C,, around 0.12. The both
end combined blades show significant performance
than the one end combined blade in case of self-
start and torque prediction. The elliptical shape in
the concave side of the both end combined blades
will increase the area of energy harvesting from the
rotor center. The concave side of the blades is pushed
by the deflected wind from the train gaining positive
torque throughout the cycle. While the decrease in the
distance at the convex side from the rotor center will

® (rad/s)
W W b b
S h © h

= 25 1

—
owmeoe nd
R

Angular velocity,

0 1 2
Time (s)

s
N

Figure 13. Passive rotational velocity of one end combined
blades at 18 m/s train speed.

lead to negative torque in the returning blade with less
obstacle energy. Therefore, the coefficient of drag on
the convex side or blocking side is lesser than that of
the concave side or advancing side of the rotor. Due
to these phenomena, the performance of the both end
combined blades is significantly compared with the
one end combined blade.

The self-starting capability of the both end combined
blades shows encouraging results for V., =6m/s; the
linear acceleration phase is well predicted and the angu-
lar velocity steadily increases to attain plateau phase.
Even at low train speed, the blades are able to hatch
wind and self-start. At t=12s the rotor attains a steady
angular velocity of o=15.65rad/s as indicated in
Figure 15.

At train speed of Vo, =12m/s the both end com-
bined blades show an excellent result in terms of
torque predictions. The time taken to accelerate the
rotor has been reduced which shows the rotor self-
starts much earlier and attains equilibrium period
quickly. At t=0.47s the rotor starts the next cycle
of operation with constant cyclic plot; this shows
that the flow becomes realistic from the assumed con-
dition. In the accelerating period, the rotor measures a
positive peak torque, C,, of 1.03. Later on when the
rotor becomes stable with averaged peak torque coef-
ficient, C,, of 0.66 and an averaged torque coefficient,
Cp of 0.39 as seen in Figure 16. In comparison with
one end combined blades, the both end combined
blades show significant variation in predicting the
torque. The rotor predicts a maximum C, of 0.54
and an average C, around 0.16 in t=6s.

The angular velocity plot predicts a steady rota-
tional speed for V,,=12m/s. From the graph, it is
clearly visible that the initial linear acceleration of
the turbine is well predicted. After the acceleration
phase the passive rotational velocity of the turbine
increases with time and almost linear after t=2s
reaching @ =31.32rad/s in the considered time pre-
sented in Figure 17.

In case of the maximum train speed V=18 m/s,
during the solution initialization phase the rotor

1
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E
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0 T—————— -_——n -—— —_—r—_—————— rFr_—————— _—————— -, T—-—_————
2 4 6 8 10 )|
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Figure 14. Torque coefficient with both end combined blades rotor at 6 m/s train speed.
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Figure 15. Passive rotational velocity of combined blades at 6 m/s train speed.
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Figure 16. Torque coefficient with both end combined blades rotor at 12 m/s train speed.
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Figure 17. Passive rotational velocity of both end combined blades at 12 m/s train speed.
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predicts two positive peak torque coefficient, Cy, of
around 0.82. Instability in predicting the torque
occurs, as the assumed initial conditions may not be
realistic but as the solution is converged, the torque
coefficient becomes stable. The converged solution
shows cyclic and realistic results with improved
rotor number of rotation. Equilibrium period shows
an averaged peak torque coefficient, C,, of 0.68 and
averaged torque coefficient, C,, 0.42. If the train tra-
vels with a maximum speed of V,,=18m/s a single
rotor placed along the length of the train is able to
absorb a considerable amount of wind power in a
considerable time of t=4s as shown in Figure 18.
The rotor measures maximum C, around 0.45 and

averaged C, around 0.14. Immense amount of
power is predicted for a maximum train speed.

The passive rotational speed of the rotor increases
drastically for V., =18 m/s which is much predicted.
The linear acceleration phase exists up to t=0.4s
defines the reduction in turbine self-start time. After
t=0.4s steady increase in angular velocity is pre-
dicted with ®=47.82rad/s at t=4s as seen In
Figure 19, which shows the rotor performance relay
on the speed of the train in terms of acceleration and
stable rotation.

Figure 20 shows a clear visualization of the frontal
impact in the nose region of the train. The frontal
impact makes acceleration of air along the train
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Converged solution
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Time (s)

Figure 18. Torque coefficient with both end combined blades rotor at 18 m/s train speed.
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Figure 19. Passive rotational velocity of both end combined blades at 18 m/s train speed.
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Figure 20. Contour of velocity field around both end combined blades at 18 m/s.
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Figure 21. Variation in the velocity field on both end combined rotor with respect to time.

length forming slipstream boundary layer. The shear
layer tends to form a recirculating bubble along the
train surface that accelerates the flow further due to a
reduced area between the tunnel and train. In add-
ition, the speed of the train drags the surrounding
air and increases the flow velocity. Due to viscosity,
this increase in velocity contributes to the increase in
the drag coefficient of the air along the train surface.
The developed boundary layer zone has been visibly
seen in the velocity contour plot. The developed slip-
stream velocity field between the train and the tunnel
wall provides fruitful wind energy to the rotor. The
wind velocity reduces from upstream to downstream
once it hits the advancing blade of the rotor.

Flow acceleration is figured in the advancing
blade convex side, which develops a lift force along
the leeward side of the blade and the drag force on the
windward side which self-starts the rotor (azimuthal
angle 0°/180°) shown in Figure 21. Therefore, this
acceleration on the leeward side of the blade
leads to flow separation. The evolution of higher velo-
city distribution at the rotor blade ends suggests

the blades develop a considerable amount of
torque. When the rotor is at the azimuthal angle
(90°/270°) the pressure side of the advancing blade
experiences a higher stagnation of flow than the
returning blade results in continuous rotor rotation.
Only the counter vortex field shed from the blade tip
reduces the rotor performance creating a wake region
behind the rotor.

From the pressure contour of the both end com-
bined blades it is observed that how pressure variation
occurs from upstream to downstream of the rotor.
This variation in pressure shows the rotor extraction
of wind power from the developed slipstream bound-
ary layer field. When the train nose makes an impact
with the air a sudden strong head pressure pulse is
formed in front of the nose region; this sudden jump
in pressure changes the surrounding pressure inside
the tunnel as shown in Figure 22. A varying pressure
in the boundary layer region of the slipstream creates
drag waves that are absorbed by the rotor. Therefore,
the advancing blade experiences a high pressure along
the concave surface of the blade to develop a positive
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Figure 22. Contour of pressure field around both end combined blades at 18 m/s.

torque. The positive torque is continuously supplied
from the sheared airflow while the low-pressure vortex
formation along the convex side of the blade reduces
torque. Hence from the pressure contour, relatively
high pressure on the concave side of the rotor gives
rise to increased positive torque or power output,?
whereas returning blade is not much affected by low
pressure with only two low pressure vortexes so the
negative torque will not affect much of the power
production.

Conclusion

Some conclusions on the study of power extraction
from a speeding train with two different blade
models using OpenFOAM®:

e Both the modified rotors are able to harvest wind
energy from the slipstream developed by the speed-
ing train. The blades predict a remarkable torque
coefficient with respect to the different train speeds.
The slipstream boundary layer regime is carefully
modeled around the train and torque is measured.

e The both end combined blades show better per-
formance in terms of predicting the torque coeffi-
cient. A considerable increase in torque coefficient
is due to the elliptical shape in the concave side of
both end combined blades which contributes to an
increase in the energy harnessing distance from the
rotor origin. In addition, the construction of both
the combined and one end combined blades
remains simple as that of conventional Savonius
wind rotor.

e The both end combined blades are able to harvest
the high shear slipstream of wind along the concave
side of the blade. The flow acceleration on convex
side of the both end combined blade is on
the higher note, which helps to generate lift
and reduces the delay in self-starting. So if we con-
sider three-dimensional modeling of the rotor then
considerable amount of wind energy can be
harnessed.
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