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field, with various developing features, progressing from the steady-state, transients
with moving references, and moving mesh approaches, to using user-defined functions
(UDF). This study compared the moving mesh method with the six degrees of freedom
(6-DOF) UDF method for simulation of cross-flow turbines at the pico scale. The two
simulations were treated as similarly as possible, outside of the dynamic approach, and
were run in the 2D domain with 9.5 m of inlet head, using shear stress transport
turbulence modelling. 6-DOF was found to have a much smaller deviation from
experimental results, of about 6.8%, than the moving mesh results, at about 12.4%
deviation. The deviation in the moving mesh results was assessed to be mainly caused
by overcalculated turbulence conditions inside the rotating domain in the moving
mesh calculation. The overcalculated turbulence condition makes the prediction of
second stage energy absorption too low. The 6-DOF method is therefore more accurate
than the moving mesh method for predicting the performance of cross-flow turbines
at the pico scale. However, the moving mesh method is still an alternative because it
has some advantages in terms of effectiveness of resource usage and rate of
convergence.

Keywords:

Numerical simulation; Moving mesh; 6

DOF; Pico-hydro; Cross-flow Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

Some regions in Indonesia do not yet have access to the national electricity grid and are
categorised as remote areas [1]. Various studies have agreed that the best solution for providing
electricity access in remote areas is to use an off-grid electricity network [2]. Off-grid electricity
networks are independent micro-electricity networks that are separate from the centralised
electricity network system. For electricity sources, micro-hydro and pico-hydro small-scale power
plants are considered better than propellers and Pelton turbines, especially for areas that have high
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rainfall levels [2,3]. One type of water turbine that is appropriate for use in a power plant in a remote
area is a cross-flow turbine, with several advantages in simplicity and performance [4-6].

Many studies have been conducted on improving the performance of small-scale (micro-hydro
and pico-hydro) cross-flow turbines using various methods, one of which is the computational fluid
dynamics method. The CFD method is an approach to solving various fluid dynamics—related
problems using numerical computation [7]. In parallel with the development of technology, CFD
methods are becoming increasingly sophisticated and are getting closer to real conditions in the field,
with various developing features, progressing from the steady-state, transients with moving
references, and moving mesh approaches, to using user-defined functions (UDF). A UDF is a method
in which certain functions are manually entered into CFD software and are then processed by that
software [8].

Previous studies on small-scale cross-flow turbines using the CFD method have preferred either
moving mesh or moving reference methods [9-12]. This is because those methods are sufficient to
represent the actual conditions and are simpler than using UDFs; several such studies will be
elaborated upon. Kaniecki and Staller [13] used CFD analysis to investigate the effect of draft tube
additions to cross-flow turbines, using Fluent 5.0 in the 2D domain, with a moving reference frame
method. Andrade et al., [10] investigated the internal flow velocity and pressure field inside a cross-
flow turbine runner and nozzle using CFD simulations in 2011, conducting a 3D simulation using
ANSYS™ CFX 11® with a steady-state moving reference method. The root mean square (RMS) errors
between the numerical simulations and the experimental test results in those studies were 5.37%
and 7.99%, respectively. Sammartano et al., [9] used CFD simulations to optimise some parameters
that were discussed in their paper. The CFD procedure they ran used ANSYS™ CFX 13° in the 3D
domain with a rotor—stator transient option; the optimum results were then tested in several
experimental studies [14,15] to confirm design performance. The RMS error in Sammartano’s study
[14,15] was 4%. Elbatran et al., [11] conducted CFD simulations and experimental tests to investigate
the performance of their novel turbine configuration. Their study used ANSYS™ CFX® with unsteady
analysis. Adhikari and Wood [12] used CFD analysis to examine their new cross-flow turbine nozzle
design. In their study, the numerical simulation used ANSYS™ CFX® with a 3D domain; however, the
dynamic approach in the study was not clearly explained.

In 2017, the ANSYS Fluent software offered an interface feature for a six degrees of freedom (6-
DOF) UDF. With a 6-DOF UDF, an object can move automatically because of the interaction between
the object and the surrounding fluid [8]. Several recent studies [5,6,16] have used this new feature
because it is expected to be closer to the actual conditions of a turbine. Adanta et al., [16,5], in 2018,
used CFD simulations to determine the effect of cross-flow turbine blade curve depth on blade
performance and investigate the reaction turbine effect in cross-flow turbines using air foil profiles
in the blade, testing it using 2D ANSYS™ Fluent 18.2® with a 6-DOF UDF dynamics scheme. The
experimental data in the study was then compared to data from Sammartano’s study [14,15], finding
an error in its numerical results of 1.9%. Siswantara et al., [6] also assessed several types of
turbulence model to identify a suitable one for cross-flow numerical simulations. The simulation was
run using ANSYS™ Fluent 18.2® with a 2D domain and a 6-DOF UDF. The error calculated in the study
was 1.5%. Using the same software and dynamic scheme, Adanta et al., [17] also investigated the
kinetic energy and bucket shape effect on breastshot waterwheel performance.

Although the 6-DOF feature in ANSYS™ Fluent 18.2® has been used for two years, there are no
studies that compare 6-DOF with moving mesh methods. This study will compare the results of
numerical simulations from a moving mesh and a 6-DOF method. The most noticeable difference
between these two methods is how a turbine rotates. Moving mesh methods work by pegging the
rpm of the turbine consistently, while the 6-DOF UDF rpm turbine method depends on the interaction
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between the water and the runner. The results of this study should provide a recommendation as to
which method is appropriate for simulating cross-flow turbines using ANSYS™ Fluent 18.2°.

2. CFD Simulation Procedure
2.1 Case Definition

To simplify the secondary data extraction process, this study used a duplication of Sammartano’s
[15], built as similarly as possible to the native case in the 2D domain. Table 1 is a design specification
and Figure 1 is a representation of Table 1, or a schematic of geometry of the cross-flow turbine;
more information can be found in previous studies [5,6].

Table 1

Cross-flow turbine parameters [15]
Design parameter Value
Outer diameter (D) 161 mm
Inner diameter (d) 121 mm
Angle of attack (a) 22°
Number of blades 35
Blade inlet angle (81) 39°
Blade outlet angle (82) 90°
Blade curve radius (Rs) 22.5mm
Blade curve angle (Js) 59°
Nozzle discharge angle (A) 90°
Nozzle initial height (So) 47 mm

2.2 Boundary Condition

Based on previous studies, the inlet and outlet for the cross-flow turbine simulation were better
defined as a pressure inlet and outlet, to enforce the limitations of the total and static pressures
caused by the available head [4,6,16]. This is because a velocity inlet will cause overpressure when
the turbine starts to rotate in the 6-DOF UDF simulation. The total pressure (P;,;) [Pa], defined in the
inlet, is calculated by Eq. (1):

P_tot =yH (1)

Here, y is water-specific weight (9,810 N/m3) and H is head (9.5 m). The turbulence intermittency
for the inlet was 1, the intensity was 5%, and its viscous ratio was 10. This specification was the
default specification of the inlet, and the total pressure in the outlet was defined as zero. Zero total
pressure in the outlet indicates no further potential energy after passing the system, which means it
is all converted into turbine mechanical energy, and the energy loss is composed of fluid kinetic
energy, fluid pressure and thermal energy. The turbulence specification of the outlet was also the
default as specified for the inlet.

This case was composed of two domains connected by the interface around the turbine runner.
The first domain was defined as a rotating domain, including the turbine runner blades and the space
inside the runner. The other, surrounding the rotating domain, was defined as a static domain
consisting of the turbine nozzle and casing. The interface boundary condition was defined to let the
fluid pass through this type of boundary; if the interfaces were not defined, Fluent would
automatically interpret this as a wall, and the fluid from the inlet could not flow into the turbine
runner.
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All of the wall boundaries were specified with 0 mm of roughness height and a 0.5 roughness
constant. There were two different treatments for the wall boundary of the blades, adjusted
according to the dynamics approach. The adjustment for each approach is explained after the
simulation specification part of this paper. This study’s case boundary location is shown in Figure 1.
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Fig. 1. Schematic of geometry and boundary location

The cross-flow turbine, which is an impulse turbine, is always working in the presence of air.
Because of that condition, the multiphase modelling option was enabled in both cases. The
specification of the multiphase modelling used the ‘Volume of Fluid’” model with implicit formulation
and body force. The surface tension between the water and air was also defined as 0.0728 N/m
[6,18].

To capture the turbulence flow, this study used the shear stress transport k-w turbulence model
[6,15,19] for both moving mesh and 6-DOF. The semi-implicit method for pressure-linked equations
(SIMPLE) pressure—velocity coupling discretisation scheme was used for the calculations to make it
more stable. For spatial discretisation, almost all magnitudes used a first-order upwind scheme,
except gradient and pressure. The gradient discretisation used a least-square cell-based scheme and
PRESTO discretisation scheme for pressure discretisation. The transient formulation used a first-
order implicit scheme. The lowest order of discretisation was used to create a more stable calculation
process, but it needed a finer mesh and timesteps to obtain accurate results. High-order term
relaxation was also enabled for all variables.

2.3 Setup Specification of Six Degrees of Freedom

In the 6-DOF simulation, there were no settings for cell zone conditions, which was different to
the moving mesh. Consequently, both domains (static and rotating) were not defined with any
specific movement. The movement of the rotating domain was specified in the dynamic mesh setup;
furthermore, the wall of the blade was allowed to remain static. The domain of rotation (including
the blade) was defined as the rigid body in the dynamic mesh option. The blade boundary was
specified as an active boundary and the remainder was specified as passive. The active condition
meant that the boundary would interact with the fluid inside the domain, so only the blade condition
was specified as active in this case.

The 6-DOF properties option ‘One DOF Rotation’ was enabled with 1 kg:m? moment of inertia.
The moment of inertia was obtained from computer-aided design software mass-property simulation
results. The preload constraint option was also enabled for the 6-DOF simulation and given as 1 N-m.
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The preload option was enabled to prevent the turbine’s impeller tip speed becoming higher than
the water’s tangential speed.

2.4 Setup Specification of Moving Mesh

For moving mesh, the rotating domain was defined as rotating at a constant speed in the cell
zone condition option. In the boundary condition option, the turbine was also defined as rotating at
the same speed. The rotational speed value for the cell zone and boundary conditions were set to
vary across six different test cases. The six test cases were categorised as ratios of water tangential
velocity to runner tangential velocity (V/U): 2.2, 2.0, 1.8, 1.6, 1.4 and 1.2. These conditions were
based on verified and validated data [9]. The water tangential velocity (V) [Pa] was determined using

Eqg. (2):

Vi = C,cos(a)/2gH — w?R? (2)

Here, C, is the velocity coefficient (0.95), H is the available head [m], w is the runner rotational
speed [rad/s] and R is the radius of the runner [m].

2.5 Independency Test Method

The Richardson extrapolation method was used to estimate the exact value of tested variable
that could vary due to increments in meshing fineness. To find the exact value of a variable, the
convergence coefficient (p) should be determined. The value of p was calculated using an iteration
method according to Eq. (3) [20].

ln<<;z :;i (7‘12p"—1)>+7”12p”>

In(r12:723)

Pn+1 =

(3)

Here, f3, f> and f; are the variable values of the mesh — coarse, medium and fine, respectively;
712 and 1,3 are the ratios of the mesh numbers between fine and medium and between medium and
coarse, respectively. An example determination of r is as follows:

= ) 2

medium

Here, hfine and hpeqivm are the element numbers in the fine and medium conditions,
respectively. The next step is the determination of an exact value (fo) or interpolation value in the
infinite mesh conditions, which is estimated using Eq. (5) [20]:

fo=fi+5—= (5)
The grid convergence index (GCl) is determined using Eq. (6) [20]:

1f-h
firP-1

GCly, = 1.25

x100% (6)
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For the timestep size independence test, the mesh independence test was adopted for a timestep
case, and a different approach to the refinement ratio was used. The ratio for the timestep size
independence is determined using

hf'

T2 =3 ——— < (7)
medium

3. Results

3.1 Independence Test Results

The simulation for the mesh independence test was run using a steady-state approach for the
sake of simplicity. Torque was used as data, which were then analysed using the GCI. There were four
samples to be tested: 19k, 32k, 64k and 129k elements; the number of the mesh was then converted
to a normalised grid spacing: 1, 1.41, 1.99 and 2.6, respectively.

Figure 2 is the mesh independence graphic using Richardson extrapolation analysis. From Figure
2, the result of the extrapolation for the exact value of torque (f,) was 271.1 N-m. Based on this result
and using Eq. (5), f2, having an error from its f, of 2%. This means a mesh number of 64,450 elements
could be used.
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Fig. 2. Mesh independence test results

The mesh independence process, or GCl, was adopted to analyse the timestep independence
test, called the convergence timestep index (CTI). The timestep independence process was used to
test several sizes of timestep: 0.0002 s, 0.0004 s, 0.0008 s and 0.0064 s; the sizes of the timesteps
were normalised to 1, 2, 4 and 8, respectively. Figure 3 shows the results of the extrapolation of the
runner’s torque with dynamics conditions of about 120.46 N-m. Based on the results in Figure 3, the
CTl for f, for timesteps of size 0.0004 s had an error from its f;, of 1%. This case was therefore used.

Figure 3 shows the timestep independence test results, with normalised timestep sizes from 1 to
8 for more focused discussion. Figure 3 also shows that the extrapolated dynamic runner’s torque
was about 120.46 Nm. The CTIl — the adoption from CGI in the dynamic simulation at normalised
timesteps of more than 4 — was still more than 5%. It was decided that the acceptance threshold for
timestep independence would be 2% because, in timestep independence testing, the ratio of
refinement in not rooted that should affect the acceptance threshold. In the condition with a

91



CFD Letters
Volume 11, Issue 6 (2019) 86-96

normalised timestep size of 4, the CGl was 2.2%; the CGI was then 1% at a timestep size of 0.0004 s.
This case therefore used a mesh number of 64,450 elements and a timestep size of 0.0004 s. Figure
4 shows the mesh distribution.
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Fig. 3. Timestep independence test results

3.2 Turbine Simulation Comparison

The different results caused by different dynamic approaches are shown in Figure 5. The
calculation results in Figure 5 show that the average deviation between the moving mesh approach
and the experimental results was almost 12.4%, while the average deviation between the 6-DOF
approach and the experimental results was about 6.8%. At the optimum condition, turbine
performance calculation results were similar, as shown in Figure 6. Beyond that, larger deviations
between the numerical and experimental data occurred at lower V;/U (higher angular velocity
condition), between 1.2 and 1.6. Conversely, smaller deviations occurred at a higher V- /U of 2.2. The
6-DOF approach was much better than the moving mesh approach at predicting turbine
performance.
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Fig. 4. Mesh distribution Fig. 5. Calculation results for 6-DOF and moving mesh

92



CFD Letters
Volume 11, Issue 6 (2019) 86-96

Velocit: me
Sireamine 2 ANSYS
! 1.300e+001 R18.2

9,750e+000

| 6.500e+000

| 3.250e+000

' \ - e

0.000+000 !
[m s*-1)

I_‘.
0 0.100 0.200 (m) [ 0.100 0.200 (m)

0.050 0.150 0.050 0.150

Fig. 6. Velocity streamline results at optimum condition: A. 6-DOF; B. Moving mesh

Figure 7 shows a comparison of the turbulence dissipation rate contour results from 6-DOF and
moving mesh in the V; /U of the 1.2 conditions. The deviation between the moving mesh approach
and the experimental results appears to have been due to the moving rotor forcing the flow to
dissipate so that the water power decreased. The overcalculation of the dissipation rate may also
have caused the water velocity vector to change and decrease. The changed and decreased velocity
vector of the water may have been because the domain was calculated as rotating with a specific
angular velocity, while the water flow also has velocity. In this case, the average turbulence
dissipation eddy inside the runner using 6-DOF was about 431 m?/s3, while the moving mesh
calculation generated a value four times higher than the 6-DOF results, at about 1,631 m?/s3. The
overcalculation of the turbulence dissipation rate indicates the overcalculation of turbulence that is
characteristic of a cross-flow turbine, which also affected the total pressure drop when interacting
with the turbine’s blade in stage 2. The overcalculated turbulence characteristic resulted in
overcalculation of the velocity randomness that occurs at the low energy harvest in stage 2. Figure 8
shows a comparison of the results of the total pressure contours of the 6-DOF and moving mesh
simulations.
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Fig. 7. Turbulence dissipation rate results at V- /U of 1.2: A. 6-DOF; B. Moving mesh

0.200 (m)

With the same colour scaling, Figure 8 shows that the total water pressure when leaving the
turbine in the moving mesh case was higher than in the 6-DOF case. This indicates that there was still
some energy contained in the water that was not yet harvested in the moving mesh case. The energy
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was harvested better in the 6-DOF case, as indicated by lower total water pressure when leaving the
turbine. The overcalculated turbulence characteristic also occurred in the relative drag coefficient for
water entering the turbine. This condition makes the water dynamic pressure when entering the
turbine in the moving mesh case lower than in the 6-DOF condition, with the same static pressure.
This phenomenon makes the water inlet mass flow in the moving mesh case lower than in the 6-DOF
condition, as shown in Figure 9. It was also found that, at higher turbine angular velocity (lower V. /U
value), the deviation of the water inlet mass flow was greater. This condition was in line with above
discussion.

Gipes i3
1.100e+005 1.100e+005
H 9.900e+004 H 9.900e+004
8.800e+004 8.800e+004
7.700e+004 7.700e+004
‘ 6.600e+004 6.600e+004
5.500e+004 5.500e+004
4.400e+004 4.400e+004
3.300e+004 3.300e+004
2.200e+004 2.200e+004
1.100e+004 1.100e+004
0.000e+000 0.000e+000
[Pa) [Pa]

Fig. 8. Total pressure distribution contours at V;/U =1.2: A. 6-DOF, B. Moving mesh
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Fig. 9. Torque and mass flow results comparation between 6-
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The results above were in accordance with prior studies related to 6-DOF simulations [21-23]. Go
et al., [23] concluded that CFD simulations using 6-DOF can determine all linear and nonlinear
hydrodynamic damping coefficients more accurately than other methods. Hopfe et al., [21] also
found that 6-DOF simulation methods can calculate significant aerodynamic forces and moments as
well as other experimental calculations. Both of these studies showed that the 6-DOF UDF approach
has better prediction results than other approaches in CFD numerical simulations. Kim et al.
confirmed that 6-DOF calculations of all external forces for submarines are very accurate, with errors
never greater than 8% [22].
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Even though 6-DOF UDF simulations promise better prediction of pico-hydro cross-flow turbine
performance, there are some technical points that mean that moving mesh simulations are still an
option for cross-flow numerical simulation. In terms of resource usage, the simulation process using
the 6-DOF approach used 2,000 timestep calculations to obtain the holistic data. It also needed five
hours of computer time to finish the calculation. In contrast, the moving mesh simulation only
required 250 timesteps for V- /U variations, or a total of 1,500 timesteps, and needed less than three
hours of computer time in a batch calculation. Because of the implicit statement of the turbine
dynamics, it was more difficult for the 6-DOF simulation to reach convergence than the moving mesh
simulation, for which the dynamics conditions of the turbine were stated before the calculation.
However, the accuracy of the prediction in the 6-DOF condition was very promising, which is more
significant than the other aspects.

4. Conclusions

This study found that 6-DOF has a much smaller deviation, of about 3.4%, from the experimental
results than the moving mesh method, at about 10% deviation. The 6-DOF method is therefore more
accurate than the moving mesh method for predicting the performance of cross-flow turbines at pico
scale. However, the moving mesh condition has advantages in calculation time and rate of
convergence.
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