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ABSTRACT

CFD has become an indispensable tool for the design and analysis of modern
turbomachinery equipment. Commercial codes usually play a major role for these processes,
offering dedicated pre- and postprocessing features, but also advanced solver technology, in
order to ease the approach to CFD for the development engineers.
In the last decade both academic and industrial institutions have started to explore
alternatives in order to achieve more flexibility in the development and implementation of
new specific models and more resources in large-scale deployment of CFD procedures,
especially in unsteady and transient processes as well as automatic optimization procedures.
In this paper, the capabilities of a new, general-purpose coupled pressure-based CFD solver
are presented. The code is developed based on the C++ object-oriented language, the
discretization method employed is a finite volume cell centered approach. Pressure-based
algorithms for the pressure-velocity coupling were adopted for compressible and
incompressible flows with a series of new implicit developments specific for turbomachinery
(mixing plane, boundary conditions, treatment of source terms), to improve convergence
speed and robustness. Beside a large range of state-of-the-art turbomachinery specific
features, new models like k-epsilon with enhanced wall functions and a novel all-Mach real-
gas model are implemented in a coupled way.
The present publication shows an overview of the developed code and models, and a series of
turbomachinery applications, ranging from subsonic to transonic internal flow, turbine
cooling and conjugate heat transfer as well as transient computations in hydraulic machines.
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INTRODUCTION

Turbomachinery flows are among the most challenging. Inherently unsteady, with (1) various
types of instabilities, (2) laminar-turbulent transition, (3) incompressible to transonic behavior to
name a few properties, their simulation is therefore very demanding.

Having a general purpose code able to efficiently cope with all this kind of flow situations is
therefore very important. The pressure-based approach is appropriate for this purpose as it is able to
capture all ranges of speeds from incompressible to supersonic flow.
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From a numerical and implementation point of view, a segregated method is the most
straightforward approach, solving each equation (momentum and continuity) for the independent
variables in sequence while keeping the others constant, as already proposed in the 70’s by [1]. On
the other hand this approach can lead to difficulties in terms of robustness and simulation time when
increasing the mesh size, because the algorithm unphysically decouples the flow variables.

A coupled approach, solving continuity and momentum simultaneously, can overcome these
problems but leads to considerable difficulties from a numerical point of view. This is the reason
why this approach is not often used for pressure based solvers.

In the present publication a completely new framework for the coupled solution of the Navier-
Stokes equations is presented. It is based on the previous pioneering work presented in [2] and [3].
The new C++ framework is particularly designed for the solution of implicit algorithms for CFD
problems and allows to efficiently implement new features and boundary conditions in the code,
especially in an implicit way, thus allowing to achieve an improved robustness of the solution
procedure.

SOLVER DESCRIPTION
In this section the basic ingredients and the advantages of the solver are briefly presented.

Numerics

The core of the proposed solver, coupledNumerics, is a coupled pressure-based algorithm to
solve the Navier-Stokes equations. Starting from the basic idea of the SIMPLE algorithm, i.e.
adopting a pressure-correction equation to enforce continuity, and using an algorithm which couples
pressure and velocity, the well-known convergence deficits of the original SIMPLE approachcould
be overcome. Additionally a consequent implicit treatment for the pressure gradient and source
terms in the momentum equation, the velocity in the continuity equation and the boundary
conditions is adopted. In order to compute compressible flows, the energy equation needs to be
included. A segregated implementation leads to the advantage of efficiently perform conjugate
simulations (CHT) and at the same time is not affecting the convergence for flows with Mach
number below 5 (hypersonic flows).

While density based coupled solvers have been developed in the last two decades, their main
deficiency of computing the Jacobian to take into account the implicit coupling still remains. The
linear convergence of the solver, i.e. resolving the same CFD case in the same number of iterations
independently of the mesh size, deteriorates for density based versions due to this fact. Instead
coupling velocity and pressure in a pressure-based approach does not require the computation of the
Jacobian, is naturally linear, i.e. “only” leads to a large block-coupled matrix to solve at each
iteration, for which linear convergence behavior can be achieved. The proposed solver has been
designed to handle both structured and unstructured grids. Therefore an algebraic multigrid solver
(AMG) for the solution of the linear systems has been adopted.

All these ingredients led to a fast and robust solver suitable for the wide range of applications
present in the turbomachinery world. Moreover the speedup factor compared to state-of-the-art
segregated pressure-based solvers can rise up to 40 for internal flows [2, 3]. Specific details on the
solver numerics can be found in [4].

Spatial discretization is second order high resolution. Steady state computations are performed
with a false transient approach, while unsteady simulations are second order accurate using a
backward Euler approach.

Turbulence modeling

A series of turbulence models have been implemented in the code, in order to cope with the
wide range of applications that still require different approaches.

The available turbulence models are:



- SST[5, 6]

- SST with 4 eq. transition model [7, 8]
- k-gscalable

- k-grealizable ewf [9]

- k-gewf

- EARSM [10, 11]

SST with automatic and k-g¢ with scalable wall functions are standard models used for the
majority of the cases on a regular basis. On the other hand, there are some cases for which more
sophisticated models are necessary. In this sense variations of the k-¢ model are available with an
enhanced wall function (ewf) to allow a mesh independent approach like in the SST model with the
automatic wall functions. For the k- model a two-layer approach has been adopted for situations in
which the mesh has a so-called low-Reynolds resolution with y+ below 11.

For very challenging operating conditions, like instabilities in pump turbines while running in
turbine-brake operation, the resulting vortical structures are dominated by turbulence anisotropy.
Therefore usual models based on the Boussinesq assumption fail for such predictions. In order to
accurately compute these kind of flows, an explicit algebraic Reynold Stress (EARSM) model has
been implemented and successfully tested (see section “Application — Hydraulic turbine”).

Mesh-size independent convergence

A main advantage of the coupled approach is to have a mesh-size independent convergence in
terms of number of iterations. This means that the solver does not suffer from detrimental effects
due to mesh size increase like the original SIMPLE algorithm, thanks to the coupled linking of
pressure and velocity. This fact has been shown in [3].

APPLICATIONS

In this section selected turbomachinery applications are presented, in order to show the code
capabilities and underline the advantages of a coupled, implicit approach for the code.

All cases are computed with a high-resolution scheme and, if not otherwise stated, with the SST
turbulence model [5, 6].

Transonic flow: NASA Rotor 37

The first application presented is a transonic flow compressor, extensively used for code
validation [12], see Fig. 1. This shows the all-Mach capabilities of the code for this challenging
flow problem, which, among other difficulties, also includes shock-induced boundary-layer
separation. The adopted mesh consists of 400’000 cells with a low Reynolds resolution (y+ <I).
The pressure ratio as well as the efficiency of the NASA Rotor 37 are presented in Fig. 2, with
comparison to experimental and a series of published data. The results show good agreement with
the measurements over the complete operating range for both pressure ratio and efficiency.



Number of blades | 36

Tip speed [m/s] 454.14
Tip solidity [-] 1.288
Pressure ratio [-] | 2.106

Figure 1: NASA Rotor 37 characteristic quantities (left) and geometry with mesh (right)
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Figure 2: Performance characteristics of NASA Rotor 37. Left: pressure ratio. Right:
efficiency.

Laminar-turbulent transition: ERCOFTAC cases

Turbomachinery flows can be considerably affected by laminar-turbulent transition, for example
in low pressure turbines. Therefore the transition model proposed by Menter and Langtry [7, 8] has
been implemented, being suitable for general 3D flows. The ERCOFTAC T3 Series Transition Test
Case, configurations T3A and T3B, have been taken as validation data. These correspond to a flat-
plate with sharp leading edge at zero pressure-gradient and different inlet turbulence levels: for case
T3A the turbulence intensity is 3.3 % while for case T3B it is 6.5%.

Fig. 3 shows the computed results with experimental data. In general the implemented model is
able to predict the laminar-turbulent transition for this case, with good agreement of the skin-
friction coefficient along the flat plate. For the case T3B there is an overprediction of the skin
friction in the transition region. In order to assess this apparent weakness of the code, Fig. 3 also
includes data from a commercial-solver solution. It is clearly visible that also the commercial solver
suffers of the same problem at this location. This discrepancy can be therefore attributed to the
model itself rather than to the code.
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Figure 3: Transition results for ERCOFTAC T3 series flat plate. Left: T3A. Right: T3B.

Mixing plane

The mixing plane interface is a widely used approach to mimic the averaged rotor-stator
interaction during the design phase of a stage. The main advantage is that the inherently unsteady
flow in a turbomachinery is transformed into a steady situation by circumferentially averaging the
flow of the upstream component and imposing it as uniform to the downstream one, considering
only spanwise variations [13]. The usual approach to implement the idea of the mixing-plane in
CFD codes is based on the connection of the domains by an explicit boundary condition. This
straight forward approach has numerical drawbacks, so that for example non-reflecting boundary
conditions (NRBC) are additionally needed in order to obtain good results. Furthermore backflow at
the interface can lead to instability of the procedure affecting the convergence.

In [14] an implicit mixing-plane has been proposed. The approach does not need additional
features like NRBC and is able to cope with shocks and backflow, as can be seen in [15, 16]. This is
very important for the robustness of the method which allows capturing off-design conditions in an
accurate way, thus allowing a reliable assessment of turbomachinery stages during the design phase
also when complex flow features are present at the interface.

As a test case the Aachen 1.5 stage turbine has been used, with a mesh consisting of 700’000
cells and a y+ between 40 and 70. Fig. 4 presents the computational domain as well as the flow
angle distribution behind the rotor, at the so called CP2 position. The mixing plane is positioned at
half distance between two adjacent components. The comparison with the experimental data shows
a fairly good agreement. From the qualitative point of view it can be stated that all the flow features
are captured, specifically the position of these features. Additionally the distribution obtained with a
commercial solver is also depicted, in order to assess the code performance. From a quantitative
point of view the discrepancies to the measured data are similar or even lower than with the
commercial solution. This can be attributed to the implicit treatment of the mixing-plane interface,
which is able to enforce circumferentially constant total conditions at every spanwise position
downstream of the interface, while the classical NRBC approach can not enforce this condition
directly for stability reasons.
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Figure 4: 1.5 Stage Aachen turbine. Left: geometry with pressure distribution. Right: flow
angle distribution behind rotor.

Real gas

Usual applications of thermal turbomachinery involve air at relatively low pressure, thus
allowing the use of ideal or even perfect gas relations to describe the thermophysical behavior.
Nevertheless there is a wide range of machines working close to the two-phase region and/or at very
high pressures, so that real gas properties have to be considered. Examples are steam turbines with
superheated steam and similarly any ORC turbine, compressors in heat pumps and refrigeration
plants and supercritical CO2 applications to name a few.

Real gas capabilities have therefore been implemented [17]. As an example to show the code
performance for this kind of applications, a two stage centrifugal compressor with real gas
properties has been computed. Compared to the simulation with ideal gas the computational effort
is about 40% higher, which is typical for this kind of problem, as can also be seen in commercial
codes.

The computational domain consists of 8 domains connected by 7 mixing planes, with overall 4
million cells and a y+ of 20. The geometry as well as the overall compressor performance are
depicted on Fig. 5. Polytropic efficiency, work coefficient and static pressure ratio are compared
with the results computed with a commercial code, showing that the proposed implementation is
able to capture the compressor behavior. Additionally the pressure ratio is compared to the
measured one, showing a fairly good agreement.
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Figure 5: Two-stage compressor computed with real gas. Left: geometry with the domains
connected by 7 mixing planes. Right: performance characteristic with polytropic efficiency,
work coefficient and static pressure ratio. IC: in-house code (coupledNumerics), CC:
Commercial code.

Conjugate heat transfer

A further application field of CFD in turbomachines is the analysis of heat transfer due to large
temperature differences between the gas and the mechanical component. To analyse such
applications conjugate heat transfer (CHT) is employed, where a joint computation of gas and solid
is performed in order to determine the interaction and the temperature behavior in the solid as well
as in the gas, for example in gas turbine blades and liners. The solver is able to directly resolve fluid
and solid interaction in an implicit way. Thanks to this treatment, no additional FEM solver for the
solid is necessary.

In order to show this capability the film-cooled NASA C3X vane has been used, which is
representative for high-pressure stators in gas-turbines. The mesh uses a low Reynolds resolution
with max y+ below 1 and consists of a total of 1.4 M cells.

Fig. 6 shows the mesh of the analyzed configuration, as reported in [18]. It can be seen that the
wall temperature is well captured along the blade. Only at the suction-side leading-edge (Snorm
between 0.3 and 0.5) there is a discrepancy to the experiments. A detailed investigation suggests
that in the experiment there is a thermal barrier between the film cooling region and the radial
channels which is not completely adiabatic.
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Figure Congate heat transfer for the NASA C3X case. Left: geometry with the domains.
Right: wall temperature.




Unsteady flow in hydraulic turbine

As mentioned before, turbomachines are inherently unsteady. Nevertheless for a wide range of
analysis a steady-state approach is sufficient, using corresponding procedures and simplifications.
There are, however, particular flow situations and operating conditions for which unsteady
computations are necessary, like (1) rotor-stator interaction to gain information on excitation forces
like in adjacent blade-rows or between runner and spiral casing, (2) particular operating conditions
like rotating-stall or (3) general instabilities in machines.

In order to assess the unsteady capabilities of the code, a full annulus water turbine including
inlet spiral casing with stay vanes, all guide and runner vanes as well as the exit draft tube has been
simulated, computing an operating line with constant guide vane opening.

The mesh used is about 6 million cells with a y+ of 50, and corresponds to a typical size used
for industrial applications during the design phase, when computations of the full machine with U-
RANS are performed. For this computations both SST as well as k-¢ turbulence model were used.
The use of the k- model was necessary after computation of the characteristic with the SST model
showed bad agreement with the results [19]. It has to be mentioned that the flow is largely separated
for all computed operating points, with complex vortical structures in the guide vanes as well as in
the runner. For these operating points it is found that the SST model, usually more prone to
separation than the k-e model, generates stable vortex structures which do not capture the unsteady
behavior of the machine, thus leading to a stable and therefore wrong characteristic.

Fig. 7 shows the computed characteristic with both models. It can be clearly seen that in these
conditions the k-¢ model shows a superior performance than the SST model. On the other hand the
full behavior is also not captured by this model. Further investigations [19] have shown that the best
results are achieved with an anisotropy model (EARSM). The authors believe that to take in to
account turbulence anisotropy for these conditions is necessary, in order to completely capture the
machine instability.
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Figure 7: hydraulic turbine. Left: geometry with mesh. Right: characteristic for small opening
of guide vanes for turbine and turbine brake operation in 4 quadrant graph.

Adopting a coupled approach largely stabilizes the computational procedure, making very large
time steps possible during the transient initial phase before reaching periodic conditions, which
often takes several runner revolutions. Steps of up to 15 degrees have been tested showing that the
global behavior still can be captured, see [20]. In order to resolve more details after the start-up
phase, smaller time steps (in the order of 1 to 3 degrees) are advisable.




CONCLUSIONS

In this publication a new pressure-based, all-Mach solver named coupledNumerics has been
presented. Adopting a coupled and implicit implementation of the numerics lead to a fast and robust
general purpose code. This code has been used to compute a wide range of turbomachinery flows,
showing the capabilities of the code and validating its results against experimental and computed
data.

The results show that the proposed approach is suitable to efficiently compute incompressible
and compressible turbomachinery flows.
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