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ABSTRACT
In the present paper the implementation of a consistent averaging method for the mix-
ing plane interface in OpenFOAM is presented, which provides the conservation of mass
flow as well as conservation of momentum and angular momentum. Since the conserved
quantities have to be preserved for any type of interface, the implementation was vali-
dated using two test cases, one with an axial and one with a conical interface. The result
of the validation is that, in contrast to an area or mass flow averaging, the consistent av-
eraging method allows the conservation of the mass flow as well as the conservation of the
momentum and angular momentum.
In addition, a new user defined method of creating the ribbon patch, which is used for
averaging the flow quantities, is presented. This new method fixes the problems of the
original implementation when using tetrahedral meshes or in case of a conical interface.
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NOMENCLATURE
A area u velocity vector
fm factor for mass flow averaging un normal velocity
fut factor for averaging tangential velocity ut tangential velocity
k turbulent kinetic energy ε turbulent dissipation rate
p pressure ρ density
r radius φ flow variable

INTRODUCTION
For the design process of a hydraulic machinery with the in-house design tool dtOO (Tismer

et al., 2014) a large number of simulations are necessary, owing to many design degrees of
freedom and operating point parameters (Tismer et al., 2016). One possibility to reduce the
numerical effort are steady state simulations. For steady state simulations of a turbomachine, a
simplified model at the interface between rotating and non-rotating components is required due
to the interaction between these components. One such simplified model is the mixing plane
interface, which provides the flow variables circumferentally averaged and, thus, resulting in a
mixing-out of the wake (Keck and Sick, 2008).

Page et al. (2010) added new capabilities to OpenFOAM to perform steady state simulations
including a mixing plane interface. With the current implementation, further on named original
implementation, it is possible to apply an area or mass flow averaging to the flow variables.
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This is called the RC2 version of the mixing plane interface (Beaudoin et al., 2014). A planned
RC3 version was supposed to allow, besides other things, an area averaging of the velocity
component normal to the interface while the other components of the velocity are mass flow
averaged. This version was presented (Beaudoin et al., 2014) but never officially released.

With the original implementation of an area or mass flow averaging in OpenFOAM it is
not possible to reach the conservation of mass flow as well as the conservation of momentum
and angular momentum. Therefore, the implementation of a consistent averaging method for
incompressible fluids is presented. According to Dzung (1971) the different flow variables
are averaged in such a way that the conservation of mass flow as well as the conservation of
momentum and angular momentum is achieved. It has to be mentioned, that Hanimann et al.
(2014) have implemented such an averaging method for an explicit mixing plane as well as a
fully implicit mixing plane in OpenFOAM. However, this implementation is not part of any
officially released OpenFOAM version. For the validation of the implementation the deviation
of mass flow, momentum and angular momentum across the interface is determined. The results
are then compared with the deviation when using the original implementation with an area
averaging of the velocity vector and the pressure. Two test cases are used for the validation, one
with an axial interface and one with a conical interface.

In the original implementation, the ribbon coordinates of the cylindrical ribbon patch, which
is used for averaging the flow variables, are driven by the largest jump either upstream or down-
stream of the mesh discretization. Therefore the specification of either an axial or radial dis-
cretization profile is required. This leads to problems for conical interfaces where neither an
axial or radial profile is fitting (Page et al., 2010). Furthermore, this original implementation
results in a poorly discretized ribbon patch when using tetrahedral meshes. These problems are
solved with a new implemented user defined method of creating the ribbon patch.

THEORETICAL BASICS
In order to understand the implementation of the mixing plane interface, some theoretical

basics are explained in this section. This includes some basics of the mixing plane interface such
as the explicit and implicit algorithm as well as the averaging of the flow variables using the
ribbon patch. Furthermore, the consistent averaging according to Dzung (1971) is introduced.
In the following, averaged flow variables are marked by a bar above the variable.

Mixing plane interface
For a mixing plane interface, there are two different approaches, namely the implicit and the

explicit algorithm (Hanimann et al., 2014; Amstutz et al., 2015). The mixing plane interface
presented in this paper is based on the theory of an explicit mixing plane. An explicit mixing
plane leads to additional in- and outlets, where the values are used as inlet and outlet conditions
as defined by the theory of characteristics (Amstutz et al., 2015). As mentioned earlier, the
mixing plane interface presented here is implemented for incompressible fluids. For this reason,
a Neumann boundary condition is applied to the non-averaged pressure downstream of the
interface and a Dirichlet boundary condition to the averaged pressure upstream of the interface,
whereas the opposite is true for all other flow variables as shown in figure 1 (a).

The 360 degree cylindrical ribbon patch connects the upstream patch labeled U and the
downstream patch labeled D of a mixing plane interface as shown in figure 1 (b). Therefore,
two general grid interface (GGI) interpolators are set up. The flow variables are interpolated
from the patch to the ribbon patch using the first GGI interpolator and then from the ribbon
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patch to the neighboring patch using the second GGI interpolator (Page et al., 2010; Jasak and
Beaudoin, 2011). The interpolation from the patch to the ribbon patch leads to an area averaging
due to the facet area-based assembly of the GGI weights (Beaudoin and Jasak, 2008).

Inlet OutletInletOutlet

u, k, ε u, k, ε

p p

mixing plane

(a) Explicit algorithm (b) Ribbon patch (Page et al., 2010)

Figure 1: Explicit algorithm and ribbon patch

Consistent averaging method
It is not possible to achieve the conservation of mass flow, momentum and angular momen-

tum if the velocity vector is either area or mass flow averaged. An area averaging of the velocity
component normal to the interface will lead to a conservation of the mass flow, whereas for the
conservation of momentum a mass flow averaging of all velocity components is needed. There-
fore, another method for averaging the velocity components and the pressure is required. A
consistent averaging method for the flow variables according to Dzung (1971) is presented in
the following.

To preserve the mass flow across the interface, the mass flow before and after averaging
must be the same. This leads to equation (1), where un is the velocity normal to the interface, ρ
the density of the fluid and A the area:∫

ρundA =

∫
ρundA. (1)

From equation (1) the averaging method for the velocity component normal to the interface for
an incompressible fluid can be derived as follows:

un =

∫
undA∫
dA

. (2)

The same method can be used to define a rule for averaging the tangential velocity ut. The
assumption that the angular momentum before and after averaging must remain the same leads,
with the radius r, to the following averaging method for the tangential velocity:

ut =

∫
unutrdA

un
∫
rdA

. (3)

The averaging method for the pressure p follows from a momentum equation normal to the
interface. Taking into account the averaged values on the upstream and downstream side of the
mixing plane interface according to figure 1 (a) this leads to:

p =

∫
pdA∫
dA

−
∫
ρunundA∫

dA
+

∫
ρunundA∫

dA
. (4)
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All other flow variables such as the radial velocity and the turbulent quantities are mass flow
averaged. As mentioned before, each averaging method for the mixing plane interface in Open-
FOAM is derived from an area averaging. Hence a factor needs to be introduced for mass flow
averaging and for averaging the tangential velocity component according to equation (3). For
mass flow averaging, this factor is given by the velocity normal to the interface divided by the
area averaged velocity normal to the interface:

fm =
un,i
un

=
un,i∑
un,iAi∑
Ai

. (5)

The mass flow average of a flow variable φ is calculated by the area averaged product of φ and
the factor fm:

φ =

∑
φifmAi∑
Ai

=

∑
φiun,iAi∑
un,iAi

. (6)

The same procedure is used to derive a factor fut for averaging the tangential velocity compo-
nent. The factor is given by the radius divided by the area averaged radius:

fut =
ri∑
riAi∑
Ai

. (7)

Using this factor, an averaging of the tangential velocity component according to equation (3)
can be achieved as follows:

ut =

∑
un,iut,ifutAi

un
∑
Ai

=

∑
un,iut,iriAi

un
∑
riAi

. (8)

IMPLEMENTATION
The implementation of the mixing plane interface includes the implementation of the consis-

tent averaging method as well as the implementation of the new user defined method of creating
the ribbon patch.

Implementation of the consistent averaging method
The original implementation of the mixing plane interface in OpenFOAM is a so called cou-

pled patch. This means that the values on the interface are determined from a linear combination
of the averaged values of the neighboring cells upstream and downstream of the interface. For
the presented consistent averaging, different values on the two patches of the interface are nec-
essary. Consequently a new mixing plane interface is implemented, which does not inherit from
the class coupledFvPatchFields but from the parent class fvPatchFields. For the construction of
the ribbon patch and the interpolation between the patches and the ribbon patch with a GGI the
classes of the original mixing plane implementation are used.

Averaging of the velocity vector
The averaging of the velocity vector is done as shown in figure 2. First, the velocity vector

has to be transformed into cylindrical coordinates. Since, depending on the interface, the third
velocity component is not necessarily normal to the interface, the velocity vector must be trans-
formed afterwards so that this is the case. The velocity vector of the neighboring cells of the
upstream patch of the interface is then consistently averaged, transformed back into cartesian
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coordinates and prescribed as a fixed value boundary condition on the downstream patch. On
the upstream patch a zero gradient boundary condition is set. Therefore, the values on the patch
correspond to the values of the adjacent cells.

Transformation into cylindrical coordinates

Transformation, so that third velocity component is normal to the interface

Averaging of the velocity components

Transformation into cylindrical coordinates

Transformation into cartesian coordinates

Figure 2: Procedure for averaging the velocity components

Averaging of the pressure
The averaged pressure according to equation (4) is set as a fixed value boundary condition

on the patch on the upstream side of the interface. The velocity normal to the interface needed
for the averaging is calculated from the scalar product of the velocity vector of the adjacent cell
of the upstream patch with the normal vector. Due to the zero gradient boundary condition for
the velocity on the upstream patch this is equivalent to the normal velocity on the patch. For
the first term on the right hand side of equation (4), the pressure of the neighboring cells of the
downstream patch is taken. On the downstream patch a zero gradient boundary condition is set,
which means that the values on the patch correspond to the values of the adjacent cells.

Implementation of the new user defined method of creating the ribbon patch
In order to describe the implementation of the new user defined method of creating the rib-

bon patch, two different interfaces will be exemplarily discussed in the following. The first one
is an interface for a hybrid mesh, where the boundary layer is discretized with hexahedrons and
the inner part with tetrahedrons. The second one is a conical interface between the runner and
the draft tube of a Francis turbine. The ribbon patches discretized with the original algorithm
are shown in figure 3. The use of tetrahedral elements as well as a conical interface leads to a
poorly discretized ribbon patch.

In an initial step of the new user defined method, the ribbon patch is discretized with the
original algorithm. Then the ribbons for the final ribbon patch are selected according to the input
parameter definition in a dictionary. The ribbon patch is therefore separated into an inner part
and a boundary layer. In the boundary layer the ribbons resulting from the original algorithm
are used. Thus, the discretization of the boundary layer can be preserved. The distance between
the ribbons for the inner part is calculated according to the defined number of ribbons. With the
calculated distance, the corresponding ribbons are selected, with the inner part being built up
from both sides to ensure even distribution. By default the distance between the ribbons in the
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Patch
cartesian coordinates

Patch and ribbon patch
cylindrical coordinates

(a) Hybrid mesh

Patch
cartesian coordinates

Patch and ribbon patch
cylindrical coordinates

(b) Conical interface

Figure 3: Patch and ribbon patch with original algorithm

inner part is equidistant. However, a grading can be selected by defining the distance between
the last ribbon of the boundary layer and the first ribbon of the inner part. The idea behind the
implemented algorithm is to define the ribbon patch in a most simple way. In the dictionary,
apart from the name of the master patch of the interface, only the number of ribbons in the
boundary layer, the total number of ribbons and, if requested, the grading must be specified.
The ribbon patches discretized with the new implemented algorithm are shown in figure 4.

(a) Hybrid mesh (b) Conical interface

Figure 4: Ribbon patch with new algorithm

VALIDATION OF THE IMPLEMENTED CONSISTENT AVERAGING METHOD
The implemented consistent averaging method must preserve the conserved quantities for

any type of interface. Therefore, two test cases are used, one with an axial and one with a conical
interface. To validate the implementation, the deviation of mass flow, momentum and angular
momentum across the interface is determined and compared with the deviation when using the
original implementation with an area averaging of the pressure and the velocity components.
A comparison with the mixing plane implemented by Hanimann et al. (2014) is not possible,
since this is no part of any official OpenFOAM release. The numerical setup and the results of
the validation are presented in the following.

Numerical setup
The 360◦ test cases are based on the tutorial test case for the mixing plane interface in

OpenFOAM and consist of a bulb turbine with 13 guide vanes and 4 runner blades. In addition
to the determination of the deviation directly across the interface, faceZones (evaluation planes)
upstream and downstream of the interface are defined. This makes it possible to verify the
correct numerical treatment of the implemented boundary condition. For the discretization of
the ribbon patch the original algorithm is used since the problems with the original algorithm
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described previously do not occur for the considered interfaces. The test case as well as a
faceZone downstream of a conical interface are shown in figure 5. As mentioned before, an
identical second setup with an axial interface is investigated.

Guide vane Runner

faceZonefaceZone Interface

Interface

Figure 5: Bulb turbine and faceZone downstream of a conical interface

For each test case two structured meshes of different refinement are used to exclude a dis-
cretization error. The first mesh consists of 1 million nodes and the second of 1.5 million nodes.
The mesh quality between the different meshes is comparable with a minimum determinant of
0.86, a minimum angle of 22.9◦ and a maximum volume change of 1.6. Two mixing plane
interfaces are used, the first between guide vane outlet and runner inlet and the second between
runner outlet and draft tube (pipe extension) inlet. Three simulations are carried out for each
setup. The first one is a simulation with the original mixing plane implementation with an area
averaging of the velocity vector and the pressure. The other two simulations are carried out
with the newly implemented mixing plane interface, where the velocity vector and the pressure
are once area averaged and once consistently averaged. Due to the area averaging with the new
implementation, a direct comparison with the original implementation is possible. The simu-
lations are carried out using the k-ε-turbulence model, where k and ε are mass flow averaged.
The OpenFOAM version used is foam-extend 3.1 extended by a bugfix for the mixing plane
interface, which is also implemented in the not yet officially released foam-extend 4.1 version.

Results
In the following the deviations for momentum and angular momentum for the axial and

conical interfaces are considered. Since the velocity component normal to the interface is area
averaged for all averaging methods presented, the maximum deviation for the mass flow is less
than 0.25 % and is not discussed in detail. The deviation of the conserved quantities between
the faceZones is calculated by summing up the deviation between the upstream faceZone and
the interface, the deviation across the interface and the deviation between the interface and
the downstream faceZone. Thereby, for momentum and angular momentum, the forces and
moments resulting from pressure and shear stresses are taken into account. In the figures,
the notation GVRU is used for the interface between guide vane and runner and the notation
RUDT is used for the interface between runner and draft tube. Furthermore, cA stands for
consistent averaging and aA for area averaging, with the addition o representing the original
implementation.

The results for the axial interface are shown in figure 6. A maximum deviation of 0.03 %
across the interface, when using the consistent averaging method, indicates that the implementa-
tion preserves the conserved quantities. Furthermore, a maximum deviation of 0.24 % between
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the faceZones shows a correct numerical treatment of the boundary condition. As expected, the
deviation over the interface is higher with an area averaging of up to 1.25 %. In contrast to the
results when using the consistent averaging method, the deviation decreases by up to 0.16 %
with the finer mesh. A possible reason for this is that, as the mesh becomes finer, the discretiza-
tion of the ribbon patch in radial direction becomes finer, resulting in a reduced error when
using an area averaging. Since in the original implementation the values on the interface result
from a linear combination of the averaged values of the cells upstream and downstream of the
interface, the deviation across the interface is less than 0.03 %. The deviation due to the area
averaging can therefore only be determined for the original implementation by the deviation
between the faceZones. The maximum deviation is 0.34 % for the momentum and occurs at the
interface between runner and draft tube when using the mesh with 1 million nodes. The original
implementation also shows a reduction of the deviation as the mesh becomes finer, except for
the deviation of the angular momentum between guide vane and runner, which increases by
0.02 % for the mesh with 1.5 million nodes. The maximum deviation, when using the orig-
inal implementation, is higher compared to the consistent averaging, but lower compared to
the area averaging with the newly implemented mixing plane interface. This indicates a better
preservation of the conserved quantities with the coupled patch approach.

1 million nodes 1.5 million nodes

(a) Deviation across the interface

1 million nodes 1.5 million nodes

(b) Deviation between the faceZones

Figure 6: Deviation of momentum and angular momentum for the axial interface

The results for the conical interface shown in figure 7 point to a maximum deviation of
0.02 % of the conserved quantities across the interface when using the consistent averaging
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method. This indicates that the implemented consistent averaging method preserves the mo-
mentum and angular momentum for any kind of interface. With an area averaging of the flow
variables, the deviation is smaller when using the original implementation compared to the
newly implemented mixing plane interface. This again points to a better preservation of the
conserved quantities by the coupled patch approach. In both cases, comparable to the axial
interface, a reduction of the deviation occurs when refining the mesh. This effect does not occur
when using the consistent averaging method. Thus, the variation between the two meshes is
more likely due to the reduction of the error when using the area averaging method rather than a
discretization error. For that reason a direct comparison of the two meshes seems to be suitable.
With the newly implemented consistent averaging method at a maximum deviation of 0.27 %,
the conserved quantities are better preserved than with the original implementation, where a
maximum deviation of 0.75 % occurs.

1 million nodes 1.5 million nodes

(a) Deviation across the interface

1 million nodes 1.5 million nodes

(b) Deviation between the faceZones

Figure 7: Deviation of momentum and angular momentum for the conical interface

CONCLUSIONS
The implementation and validation of a consistent averaging method for the mixing plane

interface in OpenFOAM was presented, which provides the conservation of the mass flow as
well as the conservation of the momentum and angular momentum. The original mixing plane
interface is a so called coupled patch, where the values on the interface are determined from
a linear combination of the averaged values of the cells upstream and downstream of the in-
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terface. In contrast, the presented consistent averaging method requires different values on the
two patches of the interface. Therefore a new mixing plane interface with an explicit approach
was implemented. Two test cases were used to validate the implementation, one with an axial
and one with a conical interface. The deviation of mass flow, momentum and angular mo-
mentum across the interface was determined and compared with the deviation when using the
original area averaging method for the pressure and the velocity components. The result of
the validation is that if the flow variables are area averaged, the original mixing plane interface
leads to a smaller deviation of the conserved quantities compared to an area averaging with the
newly implemented mixing plane interface. This points to a better preservation of the conserved
quantities with a coupled patch approach. Nevertheless, the maximum deviation with the im-
plemented consistent averaging method is 0.27 % compared to a maximum deviation of 0.75 %
with the original area averaging method. This shows that the consistent averaging method, in
contrast to an area or mass flow averaging, allows the conservation of the mass flow as well as
the conservation of the momentum and angular momentum.

In this paper, only the implementation of the consistent averaging method was validated
based on the deviation of the conserved quantities across the interface. The next step would be
an investigation of the effect of the consistent averaging method on quantities such as torque,
net head and efficiency of a hydraulic machinery. This would allow a renewed comparison with
the original implementation as well as a comparison with measurement results. In the context of
this investigation, the influence of the ribbon patch discretization can also be analysed using the
implemented new user defined method of creating the ribbon patch. Furthermore, it has to be
examined whether the approach of a zero gradient boundary condition as a Neumann boundary
condition is reasonable for the explicit approach. An alternative would be the specification of a
gradient according to the gradient of the flow variable in front of the interface. A final evaluation
whether the implementation of the consistent averaging method has advantages compared to the
original implementation is only possible after these investigations.
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Österreich), Innovations and Development Needs for Sustainable Growth of Hydropower,
18:213–223.

Tismer, A., Schlipf, M., and Riedelbauch, S. (2016). Improving the Operating Point Prediction
using a Support-Vector-Machine for the Draft Tube. Wasserkraftanlagen (Wien, Osterreich),
Flexible Operation of Hydropower Plants in the Energy System, 19:263–272.

11


