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ABSTRACT

Before new turbomachinery simulation is being started, it is very important to think carefully of what it is that
should be predicted and what is the physical or computational (mathematical) phenomena that could affect the
obtained results. Numerical modeling and problem solution for various geometries, design and off-design
conditions, requires a number of very specific modeling and mainly convergence approaches, among others, to
be estimated with taking into account of all aerodynamic particularities. Specific convergence approaches are
crucial for the iteration procedure and to achieve a physically correct solution.

A complex turbine stage with application in industry is under research in current paper. Initially, the geometry
modeling is carried out in Gambit, with established approaches to achieve high-quality grid; numerical
modeling and calculations are fulfilled in Fluent with additionally implemented user defined codes and
convergence approaches, established by the author. Numerical modeling features and various approaches to
obtain solution convergence for 3D compressible, viscous and turbulent flow, through rotating machines, are
under consideration and discussed in current paper. The established methodology, with its specific convergence
approaches, was successfully applied to modeling and research of aerodynamic and specific flow features of
flow through turbine stages to attain higher efficiency performance. Also the methodology is applicable for
research of turbomachines and their exploitation in nominal and variable operating regimes, modernization and
reconstruction.
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INTRODUCTION

Flow in turbomachines is characterized by complexity and many specific aerodynamic features,
caused by 3D and unsteady effects, real physical fluid properties (compressibility, turbulence effects
and viscosity) and complex stator and rotor blade geometry. All aforementioned specifics contribute to
mechanical and thermal stresses, secondary flows and leaks, among others, which significantly affect
turbines reliability and efficiency. Precise modeling, research and analysis of fluid flow characteristics
is important and very relevant task of the modern theory of thermal turbomachines.

Determination of flow parameters, considering the 3D flow characteristics, is related to solving a
system of nonlinear, partial differential equations (PDES) with derivatives on the three coordinates X,
y, z and time t. Nowadays approaches are solving Reynolds-Averaged Navier-Stokes equations
(RANS) system, [3, 12, 18, 27, 32, 33, 35] with appropriate turbulent model, [2, 5, 7, 14, 15, 18, 25,
28, 31]. RANS equations could be solved with 2 main solvers - Segregated Solver [4, 6, 15, 21, 27,
31] and Coupled (Implicit or Explicit) solver, [11, 16].

Flow equations can be discretized with First Order Upwind (FOU) [4,13], Second Order Upwind
(SOU) [8,18,30], Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) [6, 21], etc.

For accurate prediction of complex aerodynamic phenomena, as separation, boundary layer
development, effects of rotation, secondary flows and others, it is often necessary to activate specific
model, even to implement additional terms to the main turbulence model. In [18, 24, 27, 29, 31, 33,
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34] the Standard k- model is applied, but it only gives general picture of how turbulence affects
aerodynamics [22, 30, 18]. Reynolds stress turbulent model (RSM) is appropriate to model effects of
additional vortices, shear stress effects over fluid particles, and rotational features, [7]. Shear Stress
Model (SST) and Spallart-Allmaras (SA) [18, 30, 31] are also applicable in turbomachinery. Shear
Stress turbulence model predicts location of transition; provides good agreement for numerical and
test cases, [1] and has good behavior in adverse pressure gradients and separating flow. In [9, 10] is
studied the capability of Large-Eddy Simulation (LES) to obtain turbulent flow specifics in turbine
configurations.

A contemporary approach to stator-rotor interaction modeling is the ”Mixing Planes” model, [17, 22].

An appropriate set of boundary conditions is total and static pressure, static temperature and flow
direction at turbine stage inlet and static pressure and temperature at turbine stage outlet, as is shown
in [11, 15, 20, 23, 31, 36].

An actual and important problem related to the process of numerical modeling and solving of 3D flow
in turbine stages, is to take into account all geometry and aero-dynamic features; achieve convergence
of the numerical procedure and acquire physically correct aerodynamics of flow through turbine
channels. This will contribute for detailed research of turbine aggregates, working under different
conditions, also to consider specific criteria and approaches for increasing efficiency and
modernization of turbine aggregates.

This research is targeted to establish a numerical modeling procedure, approaches to overcome
divergence problems and to obtain solution convergence for 3D compressible, viscous and turbulent
flow through rotating machines.

RELATED WORK

The turbine stage under consideration, Fig. 1, is part of a double-flow low pressure turbine, working
at a nuclear power plant. The configuration consists of a stator with affixed 113 blades and rotor with
127 twisted blades. Rotor blades rotate counterclockwise with 1500 rpm, extracting work from the
fluid as it flows between the blades.

One important aspect of CFD simulation is the effective grid generation. Fulfilled numerous studies
have shown that poorly defined elements, highly skewed elements, especially those in downstream
direction, left-handed elements and disparity in elements’ size lead to problems with convergence and
to unrealistic results for flow parameters distribution. Thus, it is recommended a geometry
reconstruction to be conducted to improve the mesh quality and avoid the presence of poorly defined
finite elements [13, 19]. Multi-block hexahedral structured grid is reported as an effective mesh for
curved geometries in turbomachines and is applied in our case of research, [8, 13, 19]. Cooper’s
discretization scheme was applied to achieve 3D discretization for the turbo-volume under
consideration. It follows blades shape in radial direction, avoids negative volumes and bad quality
elements. In the process of geometry modeling, different approaches to high quality grid are
established and applied, [13, 19]. Boundary layer, in current modeling, consists of 16 rows of
elements and has O-grid topology, which forms a continuous loop around the blade profiles. The first
row of elements is with height of 0.01 m. This is very important for visualization of the process of
boundary layer growth. Outside of the first cell, at a wall, is advisable to apply a growth ratio of
maximum 1.25, as is proved and applied in the current research.

Due to the axisymmetrical geometry of turbine the computational domain is created only for one
stage.

Water steam is imposed as a work fluid in current case. The flow is compressible, turbulent and
viscous, modeled with RANS equations and solved with application of Coupled Implicit solver.
Equations were discretized and solved initially with First Order Upwind discretization scheme, next
the Second Order Upwind scheme was activated, to obtain more accurate solution [8, 13, 19].
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Figurel. Merged stator and rotor volumes.

The research, described in [13, 19], has found that there is no single turbulence model, which is
suitable to all types of turbomachinery simulations; Standard k-¢ and RSM models were applied to
model main turbulence effects. The interaction effects between both the stator and rotor interaction
were modeled with application of the so called "Mixing Planes” model.

Boundary zones and boundary values are described in details in [13, 19]. Applied boundary conditions
are total and static pressure, static temperature and flow direction at turbine stage inlet and static
pressure and temperature at turbine stage outlet, their values were found after 1D and 2D modeling by
control sections, in radial direction, [19]. Zero flow velocities are applied to the streamed blade
surfaces.

Due to the strong non-linear equations, separation and other aerodynamic effects, the solution is
unstable; that is why a set of relaxation factors was implemented to remove the steep oscillations. For
all under-relaxation factors, calculations were performed with initial values that were equal to the
default values included in FLUENT. After a gradual decrease, the final value for each under-
relaxation factor was 0.5. Convergence was obtained when the scaled residuals were in the range of
10 for all the unknown parameters; exceptions were energy and turbulence parameters, they were set
to 10°,

It is advisable to apply the following logical scheme during the process of numerical modeling, [13,
19]: ereading in Fluent a file with stage geometry and mesh data, accomplished in Gambit. eelements
quality check eapplication of option ”Scale” to check domain dimensions eset up of an appropriate
solver eset up of working fluid type and its physical properties ®application of a definite turbulence
model, what is the turbulence model depends on task under consideration eactivation of stator - rotor
interaction model esetting of boundary conditions by type and value, [7, 13, 19] eapplication of
appropriate discretization scheme eapplication of relaxation factors and monitor convergence
criterions esolution initialization estart of the iteration procedure with specific approaches to solution
convergence eactivation of “Turbo Topology” option for basic turbo zones definition. esolution
results visualization e presentation of various quantitative and qualitative flow characteristics,
evaluation of energy conversion efficiency.

CONVERGENCE PROBLEMS AND APPROACHES TO THEIR SOLUTION

During the iteration process, convergence was monitored by check of residuals, statistics of forces
acting on blades and check of mass flow rates through stages. Solution will stop when each of the
unknown parameters meet its specified convergence criteria. In case of non-convergence, various
relaxation factors must be changed; specific approaches and schemes must be applied, [19]. All
approaches to convergence are related to elements’ quality, fluid flow properties, turbulence model,
boundary conditions, discretization schemes, etc. During the numerical modeling and solution
procedure many specific approaches were settled, as discussed below.
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e Once the mesh file is read in Fluent and grid quality is checked, Coupled Implicit solver is applied
to solve the RANS equations set. Research on how changes of solver (from Coupled Explicit to
Segregated) influence flow parameters distribution, is performed. Impossibility to get to
convergence, in case of Segregated Solver is activated during the iteration process, is shown in Fig.
2. Pulsation of residuals increases close to a definite value, even though relaxation factors to a
minimized value of 0.1, are decreased. In the iterative procedure, after the first some iterations, the
so called “reverse flows” are reported on, [11]. The observed “reverse flows” must gradually
decrease, till they disappear in the researched flow volumes. This is a guarantee for non-admission
of solution errors and faster convergence of the iteration procedure. In case of activated Segregated
Solver, at the beginning of the iteration procedure, convergence could not be achieved, see Fig. 3.
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Figure2. Impossibility for solution convergence in Figure3. Impossibility to convergence when
case of activated Segregated Solver for 3D flow Segregated Solver set by default

e In case of initially activated more complicated turbulence model, the following approach to
convergence is applied: at first, simulations must be carried out, with activated Standard k-e
turbulent model or, in some cases, until convergence is acquired. Next, the obtained solution must
be applied as a base for further computations with applied preferred turbulence model.

o If turbulence residuals are going to divergence, they must be suspended from the iteration
procedure. In a close proximity of the expected convergence point, solution for turbulent
parameters must be activated again.

On the basis of performed research works it’s found that the aforementioned approach is applicable in
case of divergence for the energy equation, Fig. 4.

e Research works have shown that number of points for the ”Mixing Planes” zone, in which
momentum, energy and mass exchange are realized, must be more than the default number of 10.
This is for the purposes to achieve better modeling of stator-rotor interaction influence and solution
accuracy. Interaction between stator and rotor blades is defined of type “rotational”.
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Figure4. Suspend of energy equation during the iteration procedure.
o Relaxation factors must be set initially to 0.5. The initially applied discretization scheme for every
equation is First Order Upwind; Courant-Friedrich-Levy (CFL) number is 2. In most cases of

preliminary research significant variation in the residuals progress is observed. During the iteration
procedure, residuals’ variation gradually vanishes and convergence is obtained, Fig. 5 (a, b).
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FOU scheme, for initial discretization of equations, is defined. In the course of the calculations, a
significant change in residual values is observed. There is almost negligible convergence of the
iterative process even after a reduction of CFL from 2 to 1.5 and then to value of 1. After nearly 300
iterations, SOU scheme is activated. In this case, the initially reported harsh changes in residuals are
followed by a rapid move towards convergence of the solution procedure. Due to the effects of
viscosity, compressibility and turbulence effects, pulsations in continuity and energy equations
residuals can be observed again, Fig. 5.
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Figure5(a,b). Strong variations in residuals progress, (a) progress to convergence after CFL decrease to value
of 0.1, (b)

o Rotation of rotor blades leads to presence of vortices and vortex structures, secondary flows and to
variation in boundary conditions at outlet. Possible convergence problems could be avoided after
application of the following approach, which was established: scalculations to determine flow
parameters distribution in case of stationary rotor *set up of a very small rotational speed eafter
convergence is attained, one must impose a gradual increase of rotor angular velocity. In this case,
each global iteration set will start based on the previously obtained solution, Fig. 6. This process
will continue until full rotational velocity is defined and solution is obtained.

Iterations

e Minimum CFL value that could be set is 0.10. In Fig. 7 is shown the progress of residuals to
convergence after CFL was decreased to 0.10. In Fig. 8 is presented the impossibility to get
convergence when low CFL value is set at the beginning of the iteration procedure. In more details,
in case of observed large peaks for the residuals of the unknown parameters, there is a significant
change in values of all unknown flow parameters. In order to decrease residuals’ variation and to
control the iteration procedure, a decrease of CFL value from 1 to 0.10, is advised. Iteration
procedure continues with a value for CFL equal to 0.10. During the iteration procedure, the flow is
characterized with unchangeable physical properties, rotor blades are stationary and the impact of
turbulence is described with Standard k- model. Any unaccounted flow characteristic leads to
additional convergence problems, thus change in already defined relaxation factors, is advised. In
some cases, activation of new approaches for convergence, are not useful. This has a major impact
on the time needed to obtain solution and leads to a lack of convergence, Fig. 8.
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Figure6. Start of a new iteration with increased Figure?7. Progress to convergence for velocity of CFL
rotational decreased value t0 0.10
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e An additional approach to obtain convergence is to activate the Residual Smoothing option for all
unknown parameters, Fig. 9. Smoothing factor for flow parameters is in the range of 0.5 - 0.1 for
every five iterations or for every one iteration. After a number of studies it’s found that the
continuous growth of residuals could be avoided through further activation of the Residual
Smoothing option, in the Control Solution panel. In case of activated Residual Smoothing, a
periodical smoothing and faster convergence are observed. Also, important roles have options,
called Residual Smoothing and Control Solution.
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Figure9. Progress to convergence in case Residual

Figure8. Impossible convergence for low value of Smoothing option is activated.

CFL being set up in the beginning of the iteration
procedure.
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FigurelO(a,b). Change in progress of residuals in case of strong flow perturbations (a); residuals progress to
convergence in case of preliminarily decreased CFL value from 1 to 0.75 is set up (b).
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Figurell(a, b). Variations in the progress of residuals and impossibility for solution convergence, (a); progress

to convergence in case of preliminarily decrease for relaxation factors (b).
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Figure12. Impossibility to solution convergence in Figurel3. Divergence in case SOU and small CFL
case of unchangeable relaxation factors during @re applied at the beginning of the iteration
solution procedure. procedure.

e One method to obtain solution convergence is the preliminary decrease of residuals, Fig. 11(a,b).
Impossibility for convergence is typical in case of invariable relaxation factors during the solution
procedure, Fig 12.

In the solution process, the established and recommended scheme to achieve smoothing for observed
changes in the residuals, is as described in the following lines. Before the iteration, after which strong
changes in residuals for continuity and energy equations are observed, followed by the impossibility
to return to convergence through described approaches above, to carry out the numerical procedure, a
reduction of Residual Smoothing and Smoothing Factor values is required.

A slight increase in residuals for two consecutive iterations is observed, after application of the
described approach, then residuals go to the solution point under the specified factors of convergence.
For example, at the beginning of the computational procedure when were set up SOU discretization
scheme, relaxation factors of 0.5 and CFL equal to 2, before iteration number 78 is reached, Residual
Smoothing equal to 10 and Smoothing Factor equal to 0.50 must be defined. Before iteration number
145, to avoid the problem of significant variations in the residuals and their divergence, the CFL
number is decreased from 1 to 0.75, Fig. 10 (a, b). Before iteration 245, the observed harsh change in
residuals, can be avoided by a decrease of CFL number to 0.50, followed by a decrease of Residual
Smoothing to 5 and decrease of Smoothing Factor to 0.30, Fig. 11(a).

* In Fig. 13 is shown an example of residuals divergence in case of initially activated SOU
discretization scheme and very low Courant number. After uniform residuals are achieved and
iteration procedure is close to convergence, turbulence equations are re-activated, in order to model
turbulence parameters distribution and to get physically correct results, Fig.14.
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Figurel4. Process to get solution convergence in case of switched off turbulence equations during the iteration
procedure.

Also, the approach is applicable in case of convergence problems with respect to the energy equation.
CONCLUSION

A logical sequence with included specific approaches to attain high quality elements, to overcome
convergence problems, and to fulfill numerical modeling of specific aerodynamic features, in 3D
stages of complex geometry, was attained.
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The established methodology, with its very specific convergence approaches, was successfully
applied to: to obtain static pressure distribution along streamed profiles; research of aerodynamic and
specific flow features at stator and rotor outlets; study on radial gap influence on flow parameters
distribution; research on wet-steam conditions roughness impact over blade surfaces; study on erosion
effects over turbine blades; analysis of boundary layer growth along turbine blades and predicting it’s
separation; also, can substitute expensive experiments.

The logical sequence with all implemented approaches to obtain convergence is very important and
considered as state-of-the-art to attain: a detailed visualization for flow parameters distribution;
evaluation of energy efficiency; study on thermal stresses; to fulfill stress and modal analysis in turbo
aggregates and their elements; research on exploitation in nominal and variable operating regimes;
modernization and reconstruction of turbomachines.
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