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Abstract

Zuppinger wheel is one of the most efficient water wheels developed in the 1850s. It has been commonly used

for low-head hydropower generation. The high efficiencies of the wheel over a wide operating range, its

simplicity in design, and the slow rotational speed offer a low-cost and environment-friendly low-head

hydropower solution. In this paper, a physical and numerical model study of a Zuppinger water wheel is

presented. Three-dimensional numerical simulations are performed using a Computational FluidDynamics

(CFD) code Flow-3D. The influence of grid size on the numerical model results is assessed using a systematic

grid refinement study. Grid Convergence Indices (GCI) are calculated on two grid sets each with three different

grid sizes using a constant grid refinement ratio. The GCI values are reduced to levels below 5% for the

selected quantities of interest. CFD model results are compared with the physical model results at different

operating points of the wheel. The maximum difference in power output and efficiency between the physical

and numerical model results are 2.5% and 8% respectively.

Keywords: Modelling; Renewable energy; Hydraulics & hydrodynamics
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1. Introduction

Hydropower is the major contributor among all renewable sources of energy. Hydropower
provides 17% of the world electricity and 71% of the total renewable energy
World Energy Council(2016) from over 1200GW of installed capacity IEA (2012). The
undeveloped hydropower potential is approximately 10,000 TWh/y worldwide World Energy
Council(2016). However, the cumulative hydropower capacity is expected to reach 1319GW

by 2022 IEA (2012) and 2000GW by 2050. This achievement will lead to preventing annual

emissions of up to 3 billion tonnes of CO 2 (50% cut in emissions compared to 2005 levels)

from fossil-fuel plants IEA (2012).
In that context, low-head hydropower sources of below 5m head differences and a power
range of 1 to 100kW are interesting sources of energy. Many such sites are available within
streams, irrigation systems, headworks, weirs, waste water facilities, and at old mill sites
Botto et al. (2010) Botto, Claps, Ganora and Laio, Dimke et al.(2011) Dimke, Weichbrodt
and Froehle, Loots et al.(2015) Loots, van Dijk, Barta, van Vuuren and Paudel and
Saenger(2017), Paudel et al. (2017) Paudel, Weber, Geyer and Saenger. These resources
attained limited considerations mainly due to the environmental and techno-economical
barriers. It is, therefore, worthwhile to develop and optimize appropriate technologies to
utilize these resources.
Water wheels have been in use for centuries for low-head hydropower generation. Wide
varieties of water wheels have been evolved throughout history to suit the range of flow rates
and head differences. The most commonly used water wheel types are overshot, breastshot,
and undershot wheels. Overshot water wheels are driven by the gravitational force of the
water contained in the buckets of the wheel. They are suitable for higher head drops of
2 10m and can have high efficiency of around 70% Basset (1989). Breastshot water
wheels were designed to utilise higher flow rates and smaller heads between 1.5 4m .
Undershot wheels are the simplest type to construct requiring minimum civil works Basset
(1989), and are suitable for very low drops of 0.5 2m . The development of water wheels in
the 18th and 19th centuries became concurrent with many other novel devices including
modern-day turbines that eventually led to the disappearance of the waterwheels. However,
recent works, for example, Denny (2004), Muller and Kauppert (2004), Senior (2009),
Pelliciardi(2015), von Harten (2018), Paudel (2016), Schwyzer and Saenger (2016), Paudel
and Saenger(2017), Quaranta and Revelli(2018), again recognise water wheels as a suitable
technology for low-head hydropower generation.
The most efficient water wheel commonly used for low-head hydropower is the Zuppinger
water wheel designed by Walter Zuppinger in the early 1850s Nuernbergk (2005). Zuppinger
water wheel belongs to the middle-shot to undershot water wheels. On these typesof wheels,
water is directed on or below the axle. The curvature in the blade allows extracting both the
potential as well as kinetic energy of the water. An efficiency of around 75% and power
generation of more than 40kW was quoted in the literature Müller and Wolter(2004).
Despite the popularity of the Zuppinger water wheel, scientific literature on the
hydrodynamics of the wheel is sparse and the complex hydrodynamics of flow in the
Zuppinger wheel is not fully understood. To the best of the knowledge, there is only
one treatise on the theory of undershot water wheel with a large diameter and straight blades
by Bach (1886). Existing literature dating back to the 19th century present designs that are
mostly empirical, for example Bach (1886), Müller (1899), M¨uller (1906). Recent works
such as Nuernbergk (2005), Schneider et al. (2009) Schneider, Saenger and Müller, von
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errors gives the uncertainty bound on the measured variables Taylor (1982). For the total
head, power output, and efficiency, uncertainties are propagated using laws of error
propagation Moffat(1988).

3. Numerical model

A general-purpose CFD software FLOW-3D (version 10.1.0.4) is used for CFD modelling.
FLOW-3D is based on the finite volume method to solve three-dimensional -
averaged Navier-Stokes (RANS) equations of fluid motion. FLOW-3D uses the Volume of
Fluid (VOF) method developed by Hirt and Nichols(1981) to track the free surface of the
flow. This method considers the fraction of liquid and air in each cell. The value of volume
fraction is 1 if the cell is filled with liquid and 0 if the cell is void. Voids have uniform
pressure and represent regions filled with an air of insignificant density compared to the
liquid density. Analogous to the VOF method, Fractional Area/Volume Obstacle
Representation (FAVOR) method defines the solid body as an obstacle. Inthis case, the wheel
is present in the model as a rotating object. The wheel motion was modelled using the
General Moving Object (GMO) model. The GMO model and the modified form of governing
equations due to the presence of the moving object model are presented in Wei (2005).
A two-equation Renormalized Group (RNG k ) model was used for turbulence modelling
as it provides improved predictions of near-wall flows, separated flows, as well as flows in
curved geometries Biswas(2002), pp.358. The maximum turbulent mixing length is
dynamically computed by the solver. In RNG k model, the near-wall region is
approximated by employing standard wall functions for which it is important to assure that
the first grid point occurs within the log-law region of the boundary layer. This condition
requires the dimensionless distance from the wall to the first grid point ( y ) to be between
30 and 500 Versteeg and Malalasekera (2007). Fixed mesh planes were used at a distance
4mm away from the solid surfaces.

3.1. Stability criteria

In FLOW-3D, the maximum stable time step for the simulation is dynamically computed by
the solver based on the four stability criteria. The first criterion does not permit the flow to
cross more than one computational cell in one time step. This criterionis the so-called
Courant-Friedrichs-Lewy (CFL) condition. This condition also ensures that the wheel does
not rotate more than one computational cell in a single time step for the accuracy and stability
of the solution. The second criterion is associated with the propagation of surface waves due
to the presence of a free-surface. This criterion limits the surface waves from propagating not
more than one cell in one time step. The third criterion is related to the diffusion of physical
quantities. It limits the physical quantities from diffusing not more than approximately one
cell in one time step. Finally, the fourth stability criterion controls the centred differencing
used for the momentum-advection terms Flow-3D(2011). The time steps in the simulations
were in the order of 410 to 510 , which correspond to CFL numbers sufficiently small to
expect a negligible iterative error in comparison to the discretisation error.

3.2. Computational domain and boundary conditions

The STL files of the three-dimensional CAD model geometry of the wheel, shroud, and the
flume in the same scale as the physical model were created in Autodesk Inventor 2016. To
save computational time, only half of the model along the spanwise direction is simulated.
One mesh block with uniform mesh size in all three coordinate directions ( x y z )
was used. The solid geometry of the wheel, shroud, and flume is recognised as an obstacle
through FAVOR method. The computational domain extends to 2.4 to 2m in the
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streamwise, 0y to 0.4m in spanwise and 0.2 to 0.7m in the wall-normal directions.
The origin is located at the centre of gravity of the wheel. The geometry and computation
domain is shown in Figures 4 and 5.
Fluid in the model was initialised with uniform pressure and fluid elevation. An inlet was
created at the bottom of the flume 2.2m upstream from the origin to introduce desired flow
rate into the model as a prescribed inflow boundary condition. Pressure boundary condition
with a stagnation pressure and prescribed fluid depth were introduced at the downstream
boundary. A no-slip boundary condition was assigned at all solid surfaces. The rest of the
boundaries were treated as symmetry boundaries. The motion of the wheel is modelled using
a GMO model as a fixed y-axis motion. The motion of the wheel was prescribed to calculate
the torque and total head for the given flow rate. A gravity component was introduced in the
z-direction. Significant surface waves and fluctuating flow features were observed
downstream. For that reason, three different history probes were set on the numerical model
at 1.2, 1.4, and 1.6m downstream of the origin to achieve spatially and temporally averaged
value of the downstream flow depth and flow velocity for total head calculation. The flow
was modelled as a single-phase using water with a density of 31000kg / m and a dynamic

viscosity of 20.001Ns / m . All simulations were performed on 64 bit 12 processors Intel (R)
core i7 3.2 GHz workstation.

3.3. Grid Convergence Index (GCI)

Numerical errors in CFD are contributed by the round-off error, iterative error, and
discretisation error. Among these three error components, a relatively important one is the
discretisation error. The level of discritisation error is determined by the quality of the grid
Freitas (2002), E¸ca and Hoekstra (2014). Systematic grid refinement studies are the most
common approach to assessing the discretisation error of a numerical solution Roache (1994),
Roache(1997), Roache (1998), Roy and Blottner(2006). GCI is based on the generalized
theory of Richardson extrapolation. In this method, discrete solutions at different grid
resolutions are compared. The calculated GCI value is taken as an error band on how far the
solution is from an unknown exact solution. This also gives an idea of how much further grid
refinement would change the solution. The detailed methodology can be found in Roache
(1998).
In this study, solutions were performed in two grid sets, each having three different grid sizes.
A constant refinement ration of 2 1 3 2/ / 1.25r t t t t in all three coordinate directions

were used. Using three different solutions, fine 1t ,medium 2t and coarse 3t for each

grid set, the GCI values were calculated. The details of the grids and the corresponding solver
elapsed times are shown in Table 1.
The GCI measure for a variable f over the fine and medium grid solution 12GCI and

medium and coarse grid solution 23GCI are given by Eqs. 6 and 7 respectively.

2 1
12

1

GCI 100
1

s
p

F f f

r f
(6)

3 2
23

2

GCI 100
1

s
p

F f f

r f
(7)

For constant grid refinement ratio r , the observed order of convergence p is:
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3 2 2 1ln [ / ]

ln

f f f f
p

r
(8)

For the estimate of asymptotic solution for the cell size t approaching 0 , the Richardson
extrapolation is generalized for any thp order approximations and the mesh refinement ratio
r as:

1 2
0 1 1t p

f f
f f

r
(9)

where, f is a measure of a variable of interest. The subscripts 1, 2 and 3 represent the fine,

medium, and coarse grid solution respectively. sF is a factor of safety which is an

empirically determined parameter and represents 95% confidence for the uncertainty
estimate Roache (1994). A 3sF was used in both grid sets.

The convergence condition is evaluated with the convergence ratio R using Eq. 10. A
convergence ratio of 0 to 1 corresponds to a monotonic convergence, a value greater than 1
represents divergence, and values below 0 corresponds to oscillatory convergence.

1 2

2 3

f f
R

f f
(10)

4. Results and discussion

4.1. Validation case

To assess the grid independence of the solution, simulations were performed on the above
described grid set 1 and grid set 2 (Table 1) with successively refined grids at the flow rate of
40 l / s , and wheel rotational speed of 6 rpm . The time history development of selected
variables of interest for grid set 1 and grid set 2 are presented in Figures 6 and 7. The
statistically stationary solution is observed after around 15s of simulation time. In all the
calculations, the number of computed cycles was sufficient enough for the wheel to make
four complete revolutions. The variation threshold was below 1% for 5 consecutive time
windows in all cases. The mean values of variables of interest between the simulation time of
20 to 30s were taken for the GCI calculation. A Matlab curve fitting tool with spline
smoothing fit was used to calculate the mean values excluding the outliers.
The mean values of the torque and total head for both grid sets, and the results of the grid
convergence study are presented in Table 2. Using the mean values of these variables on
coarse ( 3f ), medium ( 2f ), and fine ( 1f ) grids, observed order of convergence ( p ), the

estimate of exact solution ( 0tf ), the GCI values, and the convergence ratio ( R ) are

calculated.
The convergence ratio resulted in between 0 and 1 in all cases indicating the monotonic
convergence of the variables. The GCI values on medium to fine grid solution ( 12GCI ) are

smaller than the values on coarse to medium grid solution ( 23GCI ) on both grid sets. This

indicates the reduction of dependency of the numerical results with successive grid
refinement. The difference in the mean values of the variables between different grid sizes is
minimal. The variation of mean values by 1% between 20 25s , and 25 30s time
windows can be interpreted as the contribution of the statistical error to the numerical
uncertainty. Moreover, a persistent but reducing (with mesh refinement) mass imbalance of
1.3% , 1.15%, 0.7% on coarse, medium and fine grids of grid set 1 and 1.2% , 0.875% and
0.275% on coarse, medium and fine grids of the grid set 2 respectively are observed. Mass
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prediction of free surface also compares qualitatively well with the flow pattern in the
physical model as shown in Figures 13 and 14.

5. Conclusion

This paper presented a physical and numerical study of a Zuppinger water wheel model. A
systematic grid refinement study is performed on a three-dimensional numerical model of a
Zuppinger water wheel using Grid Convergence Index (GCI). Simulations on
different grid sizes are run at one operating point of the wheel to assess the sensitivity of the
grid size on the numerical model results. Results on different grid sizes showed a minimal
difference in the mean values of the key variables. The GCI values on the finest grid solution
are taken as the measure of the discretisation error in the numerical solution. The GCI values
provided the quantitative measure of the modelling error in the mathematical model applied
to this complex flow problem and provided confidence in the CFD modelling results.
Further simulations are run at different operating points of the wheel to compare the physical
and numerical model performance. The maximum difference in the torque values between the
experimental and numerical model is 3%. The difference in the total head, however, reached
a maximum of 10% . This led to a maximum difference in efficiency as high as 8% between
the measured values and numerical model results.
The physical model results have shown maximum efficiencies of around 75% over a wide
operating range. This feature of the wheel combined with its simplicity in design and the slow
rotational speed offers a low-cost and environment-friendly low-head hydropower solution.
The above-presented results also indicate a necessity to pursue further research to understand
the important flow features and the related losses in greater detail. For this purpose, the test-
rig is currently being equipped with advanced flow measurement technique Particle Image
Velocimetry (PIV).
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Notation

h is flow depth in m
v is the mean flow velocity in m/ s

outP the power output (Watts)

is the angular speed in rad / s
is the torque in Nm

N is the rotational speed in revolutions per minute ( rpm )

r constant grid refinement ratio
p the observed order of convergence
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Table 1. Grid details and computation time for set 1 and set 2 grid
Grid Cell size (mm)Number of

cells
Solver elapsed
time

Set 1
3

2

1

Coarse

Medium

Fine

t

t

t

7.5 2084437 0 days 17 hrs
6 4076213 1 day 04 hrs
4.8 7915544 4 days 08 hrs

Set 2
3

2

1

Coarse

Medium

Fine

t

t

t

6.25 3604480 1 day 09 hrs
5 7040000 3 days 06 hrs
4 13750000 9 days 03 hrs
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Table 2. Results of the grid convergence study
Variables CoarseMediumFine p

0tf 12GCI % 23GCI % R

3f 2f 1f (Eq.
8)

(Eq.
9)

(Eq. 6) (Eq. 7) (Eq. 10)

Set 1 Torque ,Nm

Total head ,cmH

73.12 73.80 74.22 2.16 74.90 2.74 4.47 0.62
17.32 17.18 17.13 4.61 17.10 0.49 1.36 0.36

Set 2 Torque ,Nm

Total head ,cmH

73.83 74.21 74.51 1.06 75.64 4.53 5.76 0.79
17.31 17.26 17.22 1.00 17.06 2.79 3.48 0.80

Figure captions

Figure 1. Wheel and shroud geometry
Figure 2. Schematic representation of the test rig
Figure 3. Physical model
Figure 4. xy plane of the geometry and computational domain (black)
Figure 5. yz plane
Figure 6. Torque and total head for set 1 grids
Figure 7. Torque and total head for set 2 grids
Figure 8. Torque
Figure 9. Total head
Figure 10. Power output
Figure 11. Efficiency
Figure 12. x-velocity contour and vectors at 50l / sQ , 8rpmN at different blade

positions. Flow is from left to right.
Figure 13. Iso-surface with velocity magnitude contours
Figure 14. Flow in the physical model
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