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Abstract

In reality, the flows encountered in turbines are highly three-dimensional, viscous, tur-
bulent, and often transonic. These complex flows will not yield to understanding or pre-
diction of their behavior without the application of contemporary and strong modeling
techniques, together with an adequate turbulence model, to reveal effects of turbulence
phenomenon and its impact on flow past turbine blades. The discussion primarily targets
the turbulence features and their impact on fluid dynamics; streaming of blades, and effi-
ciency performance. Turbulence as a phenomenon, turbulence effects and the transition
onset in turbine stages are discussed. Flow parameters distribution past turbine stages,
approaches to turbulence modeling, and how turbulent effects change efficiency and
require an innovative design, among others are presented. Furthermore, a comparison
study regarding the application and availability of various turbulence models is fulfilled,
showing that every aerodynamic effect, encountered of flow pass turbine blades can be
predicted via different model. This work could be very helpful for researchers and engi-
neers working on prediction of transition onset, turbulence effects, and their impact on
the overall turbine performance.

Keywords: interaction effects, separation, transition, turbine blade, turbulence, vortices

1. Introduction

The phenomenon known as “turbulence” was already recognized as a distinct fluid behavior
more than 500 years ago [1]. Figure 1 shows a sketch of L. Da Vinci, related to observations of
free-stream turbulence.

Turbulence is defined as flow regime, characterized by changes in pressure and veloc-
ity, boundary layer separation, creation of vortex structures, and flow disturbances, etc.
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Figure 1. A sketch of turbulence by Leonardo Da Vinci, picture taken from [2].

Turbulence can be discovered in our everyday life and surrounding phenomena such as ocean
waves, wind storms and smoke coming up from a chimney, among many others. Most flows
observed in nature and existing in various machines and aggregates, such as pumps, fans,
turbines, dryers, cyclones, stirred vessels, propulsion systems and their elements (propellers
as an example), combustion chambers, and many others, are turbulent too.

In particular, a turbulent flow can be expected to exhibit all of the following specifics: dis-
organized, chaotic, seemingly random behavior; nonrepeatability in its structures; various
and large range of length and timescales; enhanced mixing and dissipation, depending on
the viscosity; three dimensionality, time dependence and rotationality; intermittency in both
space and time [1].

Here, it is better to clarify that the so-called von Karman vortex street (behind a cylin-
der) is a vortex flow regular and coherent and cannot be referred to as a turbulent flow,
Figure 2.

Figure 2. Von Karman streets behind a cylinder in a nonrotating 2D flow for Re = 140, fluorescein visualization, picture
taken from [3].
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The onset of turbulence can be predicted by the Reynolds number, a dimensionless parame-
ter; it characterizes the ratio between inertial and viscous forces. Reynolds number is equal to

Re = (p.U.L)/y, (1)

In this expression p and u are, respectively, fluid density (kg/m®) and dynamic viscosity (Pa.s),
U is flow velocity (m/s), and L is length scale (m).

When a subvolume of fluid is characterized by excessive kinetic energy, which is higher than the
dampening effect of the fluid’s viscosity, in other words, when very high Re number is realized
in that subvolume, turbulence will appear. That is why turbulence is easier for observation in low
viscosity fluids, but more difficult for observation in highly viscous fluids. If Reynolds is less than a
definite critical value, damping friction forces prevent turbulent movement and the flow is laminar.

In a turbulent flow, vortex structures of various sizes and frequencies could be found. Large
vortex structures, influenced by the domain boundaries and the global flow field, break up into
smaller structures, characterized of higher frequencies. Small vortex structures are character-
ized by less frequency. However, due to the flow aerodynamic character and domain boundar-
ies, small vortices can form bigger vortex structures and vice versa. At the same time, vortices
in a volume, being at continuous interaction, can exchange energy among them, change their
energy levels and travel in the flow volume, changing their so-called “mixing length.”

Vortices, which contain the highest amount of kinetic energy, are described by the Taylor
scale. In the inertial range, the vortex breakup can be described by inertial effects, thus viscous
effects are negligible. Small vortices contain a low amount of energy but contribute mostly to
the dissipation. The smallest turbulent vortices are defined by the Kolmogorov microscale [1].

In general terms, in turbulent flow, unsteady vortices appear of many sizes which interact
with each other, exchanging energy, as a result drag increases due to friction effects.

The level of turbulence has significant impact on the stability of boundary and shear lay-
ers. High stream turbulence scales can contribute to earlier laminar-turbulent transition.
Small turbulence scales, observed in the boundary layer, are very important for the skin fric-
tion levels and can exert the separation due to adverse pressure gradients. Thus, separated
boundary layer and vortices lead to turbulent fluctuations and increase the level of unsteadi-
ness. Shear layers, between the separated and main flow, act as cores of further developed
turbulence levels and turbulent scales.

Turbulence of flow through turbine channels is a prerequisite to problems in blades’ streaming;
they lead to less levels of aerodynamic efficiency; changes in flow regimes; significant pressure
fluctuations, causing vibrations; and variable forces acting on blade surfaces, among many oth-
ers. Aforementioned, lead to worse efficiency, possible blades destruction, and problems related
to other processes and elements, which make part of the turbine aggregate and installation.

The aim of this work is to discuss the complexity of flows through turbine passages with a
particular emphasis on turbulence and its mechanisms and to explain their effects on turbine
aerodynamics and efficiency. The chapter discusses some current state of the art in regard to
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modeling and prediction of turbulence features, adequacy of turbulence models to achieve
physically correct picture for flow parameters distribution in turbine stages. The aim of this
chapter is to discuss the follow characteristics and to provide the reader to a better under-
standing of turbulence mechanisms, their impact on other phenomena in turbines, on the
design of turbine components and on the working regimes. Also, this work could be very
helpful for researchers and engineers working on prediction of transition onset, turbulence
effects, and their impact on the overall turbine performance.

2. Turbulence and its relation to various processes and effects

2.1. Turbulence and interaction effects and losses

Turbulence in turbine stages depends on many aerodynamic features and flow conditions.
In this chapter, the author is trying to shed light, based on previously conducted researched
works, on the unsteady effects and loss mechanisms in turbines, how they depend on the tur-
bulence effects and how the aerodynamic performance could be compromised.

In [4], an extensive review of loss generating mechanisms in turbomachinery is presented. The
three principal sources of losses in turbine stage, are described as: viscous shear in boundary
layers, shear layers and mixing processes; nonequilibrium processes such as shock waves and
heat transfer processes.

Boundary layers are known as highly viscous regions, also could be referred to as regions of
steep velocity gradients and shear stresses. In the boundary layer, a higher amount of energy
losses is produced in the areas where the steepest gradients are found [5].

In [6], a parameter called “dissipation coefficient “Cd is described. Its variation for laminar
and turbulent boundary layers, with Reynolds numbers in the range of 300 < Re6 < 1000,
shows that the phenomenon of transition prediction is very important in the assessment of
losses in turbomachinery boundary layers.

Stator and rotor blades interact, thus unsteady flow perturbations will appear both in station-
ary and rotating frames of reference. Various aerodynamic effects, such as wake shedding at
the trailing edge, secondary flows in radial direction, blade vibrations, flow leakage in axial
gaps, shock waves and effects at trailing edge in transonic stages, angles of attack at the lead-
ing edges, etc., can seriously affect the rotor blades and their efficiency performance. Blades
loading and forces, acting on blades, are significantly lower under aforementioned condi-
tions, leading to less efficiency [7].

Vortex shedding, as a phenomenon, will appear if flow detaches periodically from the back of
a body, forming a Von Karman vortex street. Such flow picture can occur at the trailing edge
of the blade profile. The resulting frequency can be estimated based on the Strouhal number,

Eq. (2).

St = (fe.L)/v 2)
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In Eq. (2) parameters are as follows: L is the characteristic length in (m), the excitation fre-
quency is fe, and v is the flow velocity (m/s).

Turbulence intensity decays much slower than the velocity deficit in the wake [8]. The velocity
deficit in an upstream blade wake can be perceived as an incidence variation by the down-
stream blade row. Turbulence levels in the wake can change the boundary layer from laminar
to turbulent, leading to additional losses. The influence of wake will maintain through the
blade rows far in a downstream direction.

Flow, characterized by low velocities, has normal velocity component toward the suction side
of the downstream blade, thus an upstream wake with low velocities and higher turbulence
levels can move toward the suction side of the blade. In a similar way, a fluid characterized by
higher velocity can move toward the pressure side of the downstream blades. This movement
of fluid particles has the following major effects on the downstream blade row, as described
in [9]: change in boundary layer characteristics of a profile through its effect on the transition
processes; affects the secondary flow generation through the blades in downstream direc-
tion; and influences the wake mixing losses due to the phenomenon of wake stretching or
compression.

One of the first studies related to the interaction between streamwise vortices and down-
stream blades is described in [10]. A significant increase in random unsteadiness at the front
part of rotor blades, in regions associated with stator secondary flow, was observed. This is a
result of vortex breakdown, and is proposed that it occurred due the vortex filling and cutting,
and the strong deformation of the vortex cross-sectional area, at the moment when the vortex
enters into the rotor interblade channels [10]. The vortex energy is converted into energy of
random fluctuations during the process of vortex breakdown. Later, more detailed mecha-
nism for the vortex-rotor interaction, was developed, see Ref. [11]. According to that model,
a moment after the vortex is separated from the rotor blade, thus disturbance will create and
will start propagate along the vortex axis, at the local speed of sound, whilst simultaneously
being swept downstream, at the local convection velocity. The place where vortex arises is
located close to the pressure-side stagnation region [11]. In [12], for one and a half stage, it is
demonstrated that flow passing through the first row of rotor blades is highly unsteady and
is much influenced by the flow generated between two adjacent stator blades. Upstream, flow
disturbances can convect through the rotor blades, without interaction with last mentioned,
for a short time and vice versa [12].

In a passage of low aspect ratio blades, secondary flows generated in the form of streamwise
vortices, are significant across the blade and can take more than 1/3 part of the blade span
[13]. These vortices are convected downstream toward the next blade row where they interact
with the main flow.

In [14], for first time, results of studies related to the origin and mechanisms of secondary
flows generation, on the basis of the analytical modeling, Figure 3, are described. The incom-
ing boundary layer is modeled as a vortex filament ab and is shown that when this filament
convects in downstream blade rows to def, it produces three forms of vorticity: secondary,
trailing filament, and trailing shed vorticity. The distributed secondary vorticity is result of
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passage vortex

Figure 3. Model of Hawthorne for secondary flows, realized in 1955, picture taken from [14].

the turning of the inlet vortex filament; the trailing filament vorticity forms due to the differ-
ences in velocity between the concave and convex surfaces. The last one, the so-called trail-
ing shed vorticity, is formed as a result of the spanwise variation of the blade circulation.
Furthermore, it was stated that these mechanisms contribute to the overall secondary flow
generation [14]. The Hawthorne’s approach, applied and described in [13], is result of many
assumptions; however, it can shed some light on the origin of the secondary flows. Similar
models were developed and presented by other scientists [15, 16].

Every wake is initially represented as a perturbation in the uniform flow, as stated in [17, 18].
Wakes are transported with the main flow and are cut up into separate segments by the down-
stream blades. Inside the blade passage, the wake continues to behave as a jet, taking energy
from the main flow. The velocity induced by that jet leads to generation of wake flow over the
convex blade surface; the induced wake structure over the concave blade surface disappears.
As a result of the blade circulation, in axial turbines, formed wake structures can stretch and
shear over the blade surfaces or along the channel, they are travelling through [19].

Wake, before entering the blade passage, is subjected to “bowing” due to the higher velocities
in the middle of the passage, in comparison to the near blade surfaces [20]. Moreover, wake
experiences “shearing” near the suction surface and “stretching” near the pressure blade sur-
face. It is due to the fact that the part adjacent to the convex blade surface convects more
rapidly in comparison with the part adjacent to the concave surface. As a result of these pro-
cesses of bowing, stretching, shearing, and distortion, the wake is moved to the convex blade
surfaces and its tail is stretched in direction back to the leading edge of rotor blades. This
wake transport is a prerequisite to losses generated from mixing of wakes in the downstream
direction [15, 16, 19, 21, 22].

Secondary flows lead to increase in losses, formed at the end walls, and to nonuniform distri-
bution of exit flow angles. In turbomachines, the upstream end walls are rotating relatively to
a blade row, thus the inlet boundary layer is expected to be skewed. Experiments, described
in [23-25], show that already mentioned skew significantly can affect the existing passage
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vortices and losses. The streamwise vorticity, introduced to the flow, by the skewed bound-
ary layer at the inlet, will strengthen the streamwise vorticity, observed at the exit; all that is
visible in the direction of the turbine rotation.

Existing radial gaps lead to increase in the leakage mass flow rate and causes efficiency
losses. Leakage flows are formed as a result of pressure differences between concave and
convex blade surfaces, dominated by formed trailing vortices, shed in the downstream
direction. These vortices can reduce the local turning, performed by the blade, and can gen-
erate decrease in the extracted mechanical energy. As a consequence of the viscous effects
in the tip clearance, entropy increases. The second major feature is the subsequent mixing
of flow, which passes through the tip clearance gap with that coming from the main flow.
Flow structure in the tip region is studied and explained by a number of researchers; see
Ref. [26-29].

Low pressure, generated immediately behind the trailing edge, leads to very high losses at the
trailing edges. Flow expands around the trailing edge to that low pressure values and is then
recompressed after a strong shock wave, where meet flows coming from suction and pres-
sure sides [30, 31]. The interaction between shocks and boundary layers can lead to unsteady
boundary layer separations and increase in loss for transonic velocities [32, 33].

2.2. Turbulence and condensation effects in two-phase flows in turbine stages

In two-phase flows in turbine stages, the liquid phase could be presented both as water film,
along the streamed blade walls, and as droplets, travelling with the main flow. The inter-
face between primary and second phases is characterized by many aerodynamic and thermal
effects.

Developed models for annular two-phase flows take into account differences and specif-
ics for both the liquid and vapor phases and also introduce continuous and dispersed
fields. Knowledge of the turbulence characteristics related to the continuous vapor phase,
modified due to the presence of the droplet field, is required to introduce closure for
those models. Vapor core turbulence is known to influence interfacial shear and affects
transport and specifics in structure of the dispersed liquid droplet field, and ultimately
interfacial shear effects and droplets dynamics and deposition are affected by vapor core
turbulence.

¢ Condensation processes in turbomachines are random and unsteady phenomenon. Drop-
let growth rates show different characteristics, recognized in numerical simulations and
experiments, also measured in real low-pressure steam turbines. These differences result
by the large-scale temperature fluctuations, which are caused by the segmentation of blade
wakes (mainly those at the trailing edges) by successive blade rows.

* In the case of two-phase flows, one has to clarify the effects of turbulence in relation to
the gas and liquid phases. In other words, the gas phase turbulence can be affected in a
two-way coupled manner by the dispersed phase and the droplet motion may also be influ-
enced by turbulence. In case of liquid phase, the instantaneous flow velocity is decomposed
into mean and fluctuating components:
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u, = u,_+u/ (3)

u' = IT(2k/3)" )

where [T provides normally distributed random number, which allows the fluctuating com-
ponent ui’ to take different values around a mean velocity ui.

The mean component of the fluid velocity will affect the average trajectory of flow particles.
Two identical particles can have different trajectories due to the specifics in flow aerodynam-
ics, such as secondary flows, turbulence, condensation, etc. In the case of turbulent two-phase
flows, the fluctuating velocity component leads to particles’ trajectory deviations.

Particles with Re < 400 tend to suppress turbulence and its effects; particles with Re > 400,
enhance turbulence as a result of vortex shedding [34].

In [35] turbulence measurements in flows with liquid film interface are reported; it was shown
that turbulence intensities were higher than those in a pipe with wall roughness equivalent to
that of the film interface.

Aerodynamic and thermal losses in turbine stages, due to the presence of second phase and
turbulence effects, are as follows:

e Water film losses, originating from the movement of the water film on the blade surfaces;

* Drag loss due to the presence of coarse water droplets: small fraction of the overall losses
originates from acceleration of the large coarse droplets at the trailing edges;

¢ Coarse water braking losses: kinetic energy of droplets decreases by impinging on the fol-
lowing blade row;

¢ Fog droplet loss due to the interphase velocity slip, entropy increases due to the viscous drag;

¢ Fog droplet deposition or collection loss, turbine efficiency performance is affected by de-
creased kinetic energy of fog droplets, merged on the blade surfaces.

The influence of direct losses in nonequilibrium flows grows with the number of stages and
reaches its maximum at the end of the steam turbine. The indirect losses cause changes in
aerodynamic loss by departures from equilibrium.

¢ Changes in flow-incidence angle, leading to increased losses, especially at the tip regions
with thin leading edge blade profiles;

¢ Changes in profile losses due to the variations in surface shear stress, leading to transition
and separation;

* Interactions between both the condensation-induced shock waves and formed boundary
layer;

* Nonuniformity effects—pressure changes along streamed profiles change the working
conditions for the downstream blade row.



On Turbulence and its Effects on Aerodynamics of Flow through Turbine Stages
http://dx.doi.org/10.5772/intechopen.68205

Other specifics of the two-phase flow pass turbine surfaces are as follows:

* Formation of water film over streamed surfaces and its defragmentation due to acting vis-
cous forces, drag forces, pressure differences, secondary flows, deviation of streamlines,
water particles, trajectories of water particles hit blade surfaces;

* Depending on the axial gap, deviations of streamlines, rate of condensation and water con-
tent and specifics of pressure and velocity distribution, weaker and stronger turbulent ef-
fects are observed;

* Boundary layer separation much before the trailing edge is attained, leads to formation
of droplets of various diameters, most of them are condensation nuclei in the process of
blades streaming by two-phase flow [36].

From structural point of view, coarse droplets together with the turbulence impact blade sur-
faces, leading to erosion and efficiency decrease [36].

2.3. Turbulence and cooling in gas turbine passages

Turbine blades, as part of gas turbine aggregates, must be cooled as they are highly exerted
by temperature loads, deformations and stresses. Furthermore, unsteady effects, rotationally
induced forces (Corriolis and centrifugal forces), and secondary flows and change in flow
parameters, among others complicate the flow aerodynamics within the interblade channels.

The flow field is characterized by higher levels of turbulence, transition effects, secondary
flows, unsteadiness, particularly due to the cooling flows and effects. Turbulence results due
to wakes from upstream stages; rotationally induced forces; cooling fluid (coolant) that mixes
with the main stream in turbine channels; interaction effects between film cooling jets and the
mainstream flow; complex flow conditions from the combustor; separation of cooling film,
separation effects associated with cooling jets and cavities, etc.

Heat transfer coefficients increase by the enhancement of flow turbulence levels and bound-
ary layer separation effects. Last mentioned are accompanied by increase in the examined
pressure drop [37].

The effect of turbulence levels on heat transfer, aerodynamic performance, drag forces,
skin friction and flow parameters distribution has been studied by many researchers in last
decades [38-42].

High turbulence levels are provoked due to the presence of upstream wakes and rotation
effects [43—45]. High levels of turbulence lead to increased temperatures over blade surfaces,
particularly at leading edges where temperatures reach maximum values [46].

As an effect of the interaction between cross-flow and film cooling, higher turbulence levels
present in turbine flows. These effects depend on the diameter of holes that supply the cool-
ant jets and their exact place on turbine blade surfaces. Experiments on cooling via inclined
holes, characterized by ratio (61/d<<1), show that a higher percent of turbulence levels
can be achieved immediately in the downstream direction of a row of film cooling holes
[47]. Turbulence effects and their increase are found even after film cooling jet dissipation.
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By application of hot-wire measurement techniques is also concluded that in the case of
(01/d<<11) jet-turbulent fluid could dominate the boundary layer in the downstream direc-
tion [48].

In [49], authors have studied how circular wall jets can increase the free-stream turbulence
intensity. It is found that the increased turbulence levels in the free-stream can cause high
levels of mixing and quick dissipation in the film layer.

An increase in heat transfer levels is related to moderate turbulence intensity levels and rela-
tively small length scales recognized in the fluid.

Mainstream turbulence intensity and length scales have significant impact on the film
cooling jets and their intensity in the flow, also lead to additional interactions between
cooling jets and core flow and affect the effectiveness of film cooling in the downstream
direction [50].

Free-stream turbulence can decrease the efficiency of film cooling, in the downstream direc-
tion and can increase it between injection holes, due to the enhanced mixing [51].

An increase in mixing of momentum, that effectively thins the boundary layer, will result in an
increase in the film cooling efficiency in the downstream direction. At the same time, an increase
in the rate of cooling film disintegration is a reason for less efficiency performance of the film
cooling. In general, which case will be dominant depends on the “blowing ratio” [37, 52]. In
[563-55], the effects of increased turbulence intensity on film cooling performance, at leading
edge were examined and the effects of increased turbulence intensity are in a strong relation to
the blowing ratio.

The efficiency of performed film cooling varies rapidly with the blowing ratio and is in func-
tion of the spanwise angle [56].

At higher blowing ratios and cylindrical film cooling holes, the effectiveness in downstream
direction will increase if the jet angle is deflected in a close proximity to the wall.

An increase in turbulent mixing levels, due to free-stream turbulence, leads to improved
spanwise mixing between holes and better film cooling performance [57].

Film layers characterized with low blowing ratios could be rapidly dispersed by increased
turbulence intensity, while increasing the local heat transfer coefficient. High blowing ratio
film layers were found to be relatively insensitive to increase in the turbulence intensity levels,
consistent with previous studies with flat plates.

Many numerical and experimental studies have been conducted to determine the relation
between turbulence and the Nusselt number. A numerical study of both heat transfer char-
acteristics and flow field of a slot turbulent jet impinging, on a concave surface with constant
heat flux, has been carried out and discussed in [58]. In [59] attention is paid on flat plate with
varying curvature, results are discussed in [59]. Computational results show that maximum
value of Nu is attained at the stagnation point and gains higher values as the Reynolds num-
ber increases.
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3. Transition modeling in turbine stages

3.1. Transition as a phenomenon: transition in turbine stages

Turbulence modeling has been a subject of intensive research for many years. Turbulent
models are able to predict turbulence occurrence and its effects in turbine passages.
However, in the case of modeling, with all specific features, such as stator-rotor interac-
tion, phase changes (if any), compressible and viscosity effects, pressure gradients, among
others, turbulent model lacks of applicability is not able to provide accurate predictions
of turbulence effects on the mean flow characteristics. Models should be more powerful
and enriched by specific terms related to existing specific aerodynamic observations due to
turbulent effects.

One of the most important and most difficult turbulent phenomenon, to model and resolve,
is the so-called transition.

Reynolds is the first scientist who worked on the transition phenomenon; he investigated the
transition from laminar to turbulent flow by injecting a dye streak into a flow through a pipe
having smooth transparent walls [1].

Prediction of the onset of boundary layer transition is one of the most important concerns in
the area of fluid mechanics. There is a great interest to transition as it plays a major role in
many engineering applications and raises important questions to the flow physics, also could
serve as an ingesting example for determinism and chaos.

The so-called viscous instability of a laminar boundary layer was for the first time taken into
account and studied by Tollmien. Under low free-stream turbulence conditions, instability is
observed in the case of two-dimensional unstable Tollmien-Schlichting waves are formed and
propagate in the streamwise direction. These waves lead to additional 3D aerodynamic effects
to appear in the flow structure, such as peaks, stronger secondary flow effects, hairpin vorti-
ces and transition effects. Turbulent spots are formed in the regions of vorticity peaks and can
develop to continuously spreading turbulence. A turbulent spot model to describe the specif-
ics of a transitional flow is proposed in [60]. Later, turbulent spots generated over a flat plate
surfaces, without imposed pressure gradients, were also visualized [61]. Recently, scientists
have been working on more accurate transition length predictions, based on measurement
of transition length in a field of adverse pressure gradients and of triggered turbulent spots,
see Ref. [62]. It was found that spot characteristics, in the case of adverse pressure gradients,
are different from those formed in the case of zero or favorable pressure gradients. Also, it
became clear that in the presence of adverse pressure gradient, a spot can be formed at the
center of a highly amplified transverse waves and is convected at lower velocity than under a
zero pressure gradient, as discussed in [63].

Laminar to turbulent transition is proved as a phenomenon, which seriously affects the effi-
ciency performance of various machines. The transition effects contribute to additional drag
and lift forces, also heat fluxes that are crucial for overall working principles of different types
of machines and installations.
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A particular field, in which there is a specific interest to the transition phenomenon and its
physics, is the area of turbomachinery. Transitional flows can be seen in flows past turbine
blades, mainly in low pressure turbines. Transition is observed when various geometry blades
are streamed at variable flow parameters and boundary conditions. Turbulence and transition
effects significantly decrease the aerodynamic performance of turbine stages and must be
studied and understood in detail [64].

Speaking about transition, one must stress that there are different types of transition [65]. The
first one is called “natural” transition. It begins with a weak instability in the laminar bound-
ary layer, as was described years ago by Tollmien and Schlichting [6], next proceeds through
various stages of amplified instability to fully turbulent flow. The second type of transition is
the “bypass”” transition, defined by Morkovin [84]. Bypass transition is caused by high lev-
els of disturbances in the external flow (such as free-stream turbulence) and can completely
bypass “natural transition.” The third type of transition is the so called “separated-flow”
transition. It exists in a separated laminar boundary layer and may or may not reveals some
instabilities of the Tollmien-Schlichting type.

As it is related to the “bypass” transition, some researchers presumed that it could appear as
an instantaneous turbulent breakdown with zero length of transitional flow. However, the
bypass transition does not always exclude instability processes. Only the long region of two-
dimensional wave amplification preceding the appearance of three-dimensional disturbances
(spanwise periodicity) in low turbulence flow is bypassed, as clarified in detail in [63, 66].
In more detail, during the phase of the so-called “bypass transition,” not all specific laminar
breakdown processes would be recognized. Separated-flow transition occurs when a laminar
boundary layer separates and transitions in the free shear layer, above the already formed
bubble. Transition due to separated flow could develop at the leading edge and close to the
place where minimum pressure on the suction surface sides is formed. This type of transition
is extremely harmful for low pressure turbines and leads to early separation of the bound-
ary layer. There is another type of transition, reverse transition, which is known as “relami-
narization.” Relaminarization is possible to appear at places where a previously turbulent or
transitional region is affected by strong favorable pressure gradients, and as a result of that,
it transfers to laminar again. Depending on the profile section geometry and the flow regime,
near the leading edge, laminar flow followed by a wake-induced or shock-induced transition
could be visualized. Last described phenomenon could be replaced by a relaminarization with
subsequent transition to turbulence, occurring at multiple locations simultaneously [63].

The phenomenon of “separated-flow transition” could arise after the so-called boundary
layer trip wires as a result of laminar separation under strong adverse pressure gradients.
Thus, the flow can reattach as turbulent, forming laminar separation/turbulent-reattachment
“bubble”, on the surface under consideration. In gas turbine stages, the transition of separated
flow could be seen in the so-called overspeed region close to the leading edge of the profile,
over the convex or concave side, or both, and near the place where minimum pressure on
the convex side is observed. What will be the bubble size depends on the transition process
within the free shear layer and may involve all of the stages for a natural transition type. For
bubbles with bigger size and characterized by low free-stream turbulence levels, flow in the
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bubble is dominantly laminar and instabilities could be observed [67]. Big bubbles, along the
blade surfaces, produce losses and act as a prerequisite to exit flow angles deviation. Small
bubble configurations are an effective way to increase the turbulence levels and can possibly
control the blade aerodynamics [63].

Speaking about transition and its effects on the entire flow field, it is necessary to mention that
flow passing through a turbine stage is essentially turbulent and unsteady. The nonstationary
pulsations are obtained as a result from the stator-rotor interaction, mainly. Periodic phenome-
non, caused by stator-rotor interaction effects, excites both the flow, passing over blade surfaces,
and boundary layer characteristics [63]. This results in an increased production of the so-called
turbulent spots and shifts the location of laminar-turbulent transition in the upstream direction.
This laminar-turbulent transition phenomenon is known as “wake-induced transition” [65].

Figure 4, a picture of possible boundary layer development over surfaces of high pressure
blade is shown, see [65]. On the suction side, it is usually expected that in the downstream
direction of the initial laminar part, a boundary layer will transfer to turbulent (2) in Figure 4.
The size of the transition zone is related to the place where transition phenomenon could be
observed - in upstream direction or downstream direction of the place of minimum pressure.
In the upstream direction, the zone of transition is expected to comprehend bigger area. If a
laminar separation bubble occurs in the front part of the suction side (1), then the presence of
high pressure gradients will force the boundary layer to develop as laminar again in down-
stream direction; forward transition will take place [63]. The reverse transition may appear on
the suction surface [67-69]. In the case of research on film-cooled gas turbine blades, the tran-
sition is expected to appear at the places where cooling jets are injected in the main flow [63].
In downstream, a reverse transition process also could be recognized. This fact could affect
the heat transfer distribution over surfaces of film-cooled blades. On the profile pressure side
- if a separation bubble occurs, the reattached turbulent boundary layer may become again
laminar like, (2) in Figure 4. In the case of lack of separation bubble, a forward transition zone,
followed by a reverse one, in the rear part of the profile, could be observed, (1) in Figure 4.
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Figure 4. Boundary layer development on high pressure turbine blades [65].
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In high pressure turbines, the effect of transition on losses is usually small, because the aero-
dynamic losses are mainly related to the turbulent flow development after the moment of
transition. In low pressure turbines, the flow in interblade channels is characterized by low
Re. Especially for gas turbines, as part of aircraft engines, the operating Reynolds numbers
are low at high altitudes to begin with and a further decrease can cause separation before
transition.

In regions where expansion occurs, the fluid is highly accelerated and the boundary layer has
small thickness due to the favorable pressure gradients.

At high Reynolds numbers, transition occurs far in the upstream direction, flow is mainly
turbulent over the profile. Near the trailing edge, in function of the blade profile geometry, the
boundary layer will separate forced by turbulent levels. When Re number decreases, turbu-
lent separation disappears and transition (the “bypass transition”) moves in the downstream
direction; at that moment losses are minimal. If Re number decreases more, laminar separa-
tion ahead of the transition region could appear. In the case of no separation, the bubble is
small enough so that the flow could reattach to the blade surface. In this case, aerodynamical
losses are slightly higher than the previously described case. For lower Reynolds numbers the
increase of laminar shear layer and transition length, until reattachment, before the trailing
edge, is no longer possible and thus a complete separation occurs, Figure 5.

3.2. What transition depends on?

In general, the turbulence Reynolds number (Re,,) increases with increase in acceleration or
with decrease in the free-stream turbulence levels. The effect of acceleration is significant for
low turbulence levels. However, for turbulence levels found in gas turbine stages, it has a
negligible value. In the case of high turbulence levels, the transition onset is controlled by the
free-stream turbulence [65].
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Figure 5. Transition on a low-pressure turbine airfoil at various Reynolds number.
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For accelerating flows, length of transition is variable for thermal and momentum boundary
layers [70, 71].

The local point where boundary layer can separate is not in a close relation to the levels of
free-stream turbulence. In the case of observed increase in levels of free-stream turbulence,
the separation bubble size decreases and turbulent transition point moves in upstream in
regard to the flow direction. The separation bubble decreases with increase of the Reynolds
number [72]. At high free-stream turbulence intensity, the streak structures can be observed
in the upstream direction and are related to the place of boundary layer separation, showing
that bypass transition of an attached boundary layer can be realized at the high Reynolds
number. In the case of low free-stream turbulence intensity, velocity fluctuations are seen
within the shear layer of the separation bubble.

The roughness over streamed surfaces is nonuniform and characterized by significant varia-
tions in streamwise and spanwise directions [73, 74]. Modifications in the behavior of the
boundary layer due to the presence of definite values of surface roughness can decrease the
aerodynamic efficiency [75-77] and can also increase the heat transfer [78-80]). Levels of heat
transfer may also be affected by changes in material properties or in the case of eroded or
broken protective coatings.

The effect of geometry curvature and/or streamlines curvature on the transition was studied
and described in [81, 82]. In [81], it was found that a laminar boundary layer formed over a
concave surface becomes unstable as a result of acting centrifugal forces, three-dimensional
disturbances and streamwise vortices presented in the boundary layer. Liepmann in [82]
showed that transition on a convex surface is only slightly delayed, but can occur earlier over
the concave surface.

The increase in transition Reynolds number is caused by the Gortler vortices, which can
increase velocity gradients near the wall and thus can delay the transition. For highly
curved surfaces, this effect dominates that one caused by turbulence. A concave curvature
can decrease or can increase the transition The Reynolds number depends on the turbulence
intensity and the curvature.

Heating or cooling can seriously affect boundary layer transition at low free-stream turbu-
lence. Heat transfer through a laminar boundary layer formed over the concave blade sur-
face is influenced both by Taylor-Gortler vortices and the main flow turbulence levels [83].
Transition occurs when these factors surpass the tendency of boundary layer to remain
laminar in the presence of higher pressure gradients. If spot production is not affected
by the heat transfer, at high free-stream turbulence intensities, transition would not be
observed.

Film cooling affects the boundary layer formed on the streamed surfaces of gas turbine blades.
At places where cooling fluid is injected, holes are usually much larger than the boundary
layer thickness, thus the injection of coolant through these holes disrupts the flow close to the
surfaces and provides higher turbulence levels within the downstream developing boundary
layer [63]. Therefore, it may be said that film cooling effect is to “trip” a laminar boundary
layer and initiates transition to turbulence.
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In the case of acceleration, sufficient to cause reverse transition in the downstream direction
of the injection, the heat transfer intensity approaches that for laminar flow [69]. This implies
that even though injection can initiate transition, a subsequent strong acceleration can cause
the flow to become laminar again. Such a situation is common for film-cooled blades of first
gas turbine stages. Heat transfer measurements on a stator vane, presented in [85, 86], indi-
cated that the behavior of the boundary layer transition along the suction side of the vane
showed dependency to the film-cooling injection place.

4. Numerical modeling of turbulence in turbine stages

Many numerical and experimental research works have been performed, and various codes
and approaches have been developed and applied, for the purposes of modeling and research
of origin and mechanisms of laminar-turbulent transition and how it exerts the fluid dynamics
in turbine stages. However, the phenomenon in turbomachinery flows is not well understood.
Transition modeling still limits the performance of nowadays CFD codes, and problems in
estimation of the transition onset and extension of the transition affect the efficiency by sev-
eral percent and the component life by more than an order of magnitude [87, 88]. Transition
as a phenomenon and its understanding is of huge importance to arrive to appropriate design
of blade geometry and increased aerodynamic performance.

A brief history of development of turbulence models dates back more than 140 years ago and
is shown in [89].

Many of existing turbulence models are applied for modeling and research of turbulence
effects in turbine stages. The performances of standard k — ¢ model, RNG k — € model, realiz-
able k — € model, SST k — w model, and LRR Reynolds stress transport models for the pur-
poses of research on the convective heat transfer, during slot jet impingement over flat and
concave cylindrical surfaces, were evaluated against available experimental data [90, 91]).
Near-wall models such as equilibrium wall function and two-layer enhanced wall treatment
were applied to the boundary layer to obtain physically correct results. When the impinge-
ment surface is within the potential core of the jet, applied models overpredict the Nusselt
number in the impingement region, and at the same time, Nu is not very correct in the wall
jet region. The RNG k — ¢ model, applied together with the enhanced wall treatment, also the
SST k — w model, gives better Nusselt number distribution in comparison with other models
for flat plate and concave surface impingement cases. However, mean velocity profiles are
not well predicted by the SST k — w model for the concave surface impingement case. Results
for velocity profiles, obtained with RNG k — ¢ model, agree very well with the experiment.
The Reynolds stress model could not give better prediction, compared to other eddy viscosity
models [91].

In [58, 90], performance of various turbulence models to predict the convective heat transfer
for slot jets impinged on flat and concave surfaces was under consideration. The outcomes
as a result of application of more specific model are found very accurate in the case of an
impingement surface placed outside of the jet core. In the case of surface placed inside the jet
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core, results obtained for Nu demonstrated larger discrepancies and variation in the impinge-
ment region, as their models overpredicted the Nu in that region. However, prediction of
values for Nu is fairly accurate in the wall jet region.

Other interesting numerical studies on rib-roughened channels are related to measurements
and simulations with standard k — € and nonlinear k — € turbulence models [92].

The predicted Nusselt number depends on the selected turbulence model. An improvement
in the predicted Nusselt number was found when comparing the LES with a standard k — €
turbulence model [93].

The standard k — € and RNG k — € models can accurately predict streaming over an impinge-
ment surface [94].

As a result of the numerical modeling and analysis on turbulent flow field and heat transfer
in 3D ribbed ducts, it is found that heat transfer predictions obtained using the v*- f cannot
cover well the experimental data for the 3D ribbed duct. On the wall of the duct where ribs
exist, predicted heat transfer agrees well with the experimental data for all configurations,
heat transfer predictions on the smooth-side wall do not cover well the experimental data. It is
mainly due to the presence of strong secondary flow structures which might not be properly
simulated with turbulence models based on eddy viscosity.

The standard k — € turbulence model with wall functions cannot predict very well heat
transfer, due to the presence of large separation regions in the flow field [95]. In [96], it was
found that the k — € model can give only reasonable qualitative agreement with the experi-
mental data. The application of standard k — € model to complex 3D problems is computa-
tionally expensive and leads to wrong results [97, 98]. Application of two-layer k — € with
the effective viscosity model gives bad predictions for heat transfer in rotating ribbed pas-
sages [99]. Computations with low-Re models could give good heat transfer predictions by
introducing a differential version of the Yap length scale correction term [100].

Since low-Re models cannot correctly capture the separation and reattachment that takes
place between ribs, v* — f and Spalart-Allmaras (S-A) were taken under consideration in many
research works. The v* — f turbulence model was successfully applied to separated flow in
[100], to 3D boundary layers [101], impinging jets, [102, 103] and prediction of flow character-
istics and heat transfer in 3D duct with ribs and in model configuration, resembling the tip of
an axial turbine blade [104].

The model of Spalart and Allmaras [105] was proven to be robust and accurate in aerody-
namic applications [106].

As discussed before, the phenomenon of transition is very complicated and depends on many
parameters, such as free-stream turbulence, roughness, curvature, heat transfer and film cool-
ing, among others, and needs specific mathematical models and turbulence closures for the
purposes of its research and analysis.

Due to the strong accelerations and decelerations of flow in turbine cascades, the local value
of free-stream turbulence, at the location of boundary layer transition onset, may significantly
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vary from first to the last turbine stage. Currently applied transition onset correlations involve
data from many scientists, who have adopted different approaches to define the free-stream
turbulence values.

Laminar separation bubbles can result from laminar separation followed by sufficiently early
transition in the separated shear layer and subsequent turbulent reattachment. Errors in pre-
dicting the length of these bubbles will lead to failures in the blade design and wrong solu-
tions. Early attempts at describing bubble development and separation, see [107, 108], were
based on semi-empirical models. In those models, constant pressure for the region of the
separated laminar shear layer, instantaneous transition, and linear variations in free-stream
velocities during the phase of turbulent reattachment was assumed. An integral boundary
layer computation procedure was applied, the location of the transition onset was found with
correlations for separated laminar layer, in function of the momentum thickness and Re.

Flows with transition and separation phenomena could be modeled with application of con-
temporary models for accurate description of all aerodynamic effects, which are expected to be
observed, together with innovative and very correct transition model. Modeling of bubble dynam-
ics is important for the purposes of research and prediction of separated flows with transition [63].

In [109-113] various predictive techniques were described in detail in the area of turbulence in
turbines and stressed on the need for application of improved and correct transition modeling.

In the literature, many papers discuss experiments and their outcomes related to turbine
blades. Mostly, they present research in more global aspect, a small number of experiments
provide detailed results useful for turbulence modeling. This is related to the fact that it is
very difficult to obtain sufficiently thick boundary layers to perform detailed measurements
on the suction and pressure sides. Many results are obtained after modeling and measure-
ments related to research on a flat plate with a pressure gradient, imposed by the external
wall [70, 114, 115] for negative pressure gradients; also, after application of Gortler vortex on
the concave plate [116]. Results for the streaming effects of blade convex side, are shown in
[12]. Studies in [117] discuss results of measurements on the suction surface of blade under
conditions of very low Reynolds number.

There are mainly two approaches used to model bypass transition in industry [65]. The first is
to apply low-Reynolds number turbulence models in which wall-damping functions imple-
mented into the turbulent transport equations were applied to obtain the moment when
boundary layer transition will occur [129, 130]. Research activities have proved that this
approach cannot predict very well the influence of various factors, such as pressure gradients,
free-stream turbulence, and wall roughness to predict the transition onset [131]. Damping
functions, optimized to damp the turbulence in the viscous sublayer, cannot give reliable pre-
diction of the transition when subjected different and complicated processes [132].

The second approach is application of experimental correlations related to the free-stream
turbulence intensity and to the transition Reynolds number, with included boundary layer
momentum thickness [65, 118]. The last approach is proved as accurate, but very challeng-
ing, - actual momentum-thickness, Reynolds numbers must be compared with their critical
values, obtained from correlations, included into the mathematical model, applied for the
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purposes to arrive to physically correct numerical solution. There are additional difficulties
related to application of unstructured mesh, not well-defined boundary layer, and various
approaches to attain numerical solution [64].

5. An example of modeling of turbine stage with twisted rotor blade with
three different turbulence models

The main target of this research in which geometry modeling, numerical set-up, and conver-
gence problem solution are described in detail in [119, 120] is to define the flow parameters
distribution in a 3D turbine stage with twisted rotor blade. For the purposes of the turbulence
modeling, the standard k — ¢ turbulence model, RNG k - ¢, standard k - ¢, for the case of
research on radial gap, and RSM (Reynolds stress model) models are applied, in regard to the
flow conditions.

The Reynolds stress model (RSM) is applicable for modeling effects of additional vortices,
found in flow and shear stress effects over fluid particles [122].

The standard k — ¢ model gives quite good values, especially for the turbulent kinetic energy,
in the core flow see [119, 121, 122]. In [123], results show that the advantage of using the RSM
in regions of flow separation; however, the main flow features were still good enough, cap-
tured by the k — ¢ model.

The RNG model gives the highest prediction of lift and maximal lift angle [124, 127].

The k — ¢ turbulence models are appropriate for flows characterized by high adverse pressure
and intensive separation. This model allows for a more accurate near wall treatment with an
automatic switch from wall function to low-Reynolds number formulation, based on grid
spacing see [125-128].

In the current study, it is found that depending on the specific flow feature, under consider-
ation, different turbulence model have to be applied.

Qualitative results are shown in Figure 6-Figure 9.

Figure 6 shows velocity field distribution in the case of rotating rotor blade and activated the
standard k — ¢ turbulence model.

Figure 7 presents vorticity magnitude values, in radial direction, for the turbine stage under
consideration.

Numerical results for pressure distribution, in the case of applied standard k — ¢ model, are
shown in Figure 8.

Figure 9 visualized vortices, in radial direction, due to difference between the pressure field
values for hub and shroud sections in the turbine stage, in the case of applied Reynolds stress
model (RSM). The area occupied by this vortex is bigger than the one formed in the case of
standard k — ¢ turbulence model, Figure 7.
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Figure 9. Vorticity magnitude values by control sections, in radial direction.

The outcomes of the performed research are as follows:

* The RNG model is acceptable to study both the shear stress and streamlines curvature
effects. It presents vortices formed at the trailing edge and also provides results for aerody-
namic features at the leading edge.

¢ In the case of applied RSM model, a relative decrease of 1.308% for turbine stage efficiency
is observed. This is a result of taking into account of all pulsations and vortex structures
near the wall regions, boundary layer separation, viscosity, and compressibility effects.

* The RNG k — ¢ turbulence model leads to increased values for turbulent intensity and less
turbulent viscosity. This is a prerequisite for decrease of the left-hand side term values
in the momentum equations, furthermore causes relative increase of stage efficiency with
0.147%, in a comparison with the case of implemented RSM turbulence model.

6. Conclusion

On the basis of previously performed numerical and experimental works by many research-
ers and by the author, transition onset, and turbulence origin, their effects and impact on
efficiency, flow parameters distribution, and possible blades design. Various modeling tech-
niques, turbulence models and their application are discussed to obtain physically correct
prediction of turbulence effects in flow past turbine blades. Various turbulence features, and
fluid dynamics specifics, streaming of blades and their efficiency performance are discussed.
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The chapter presents contemporary approaches to turbulence modeling and the adequacy of
turbulence models to obtain flow characteristics, also.

This work could be very helpful for engineers working on prediction of transition onset, tur-
bulence effects and their impact on the overall turbine performance. Moreover, it could be a
basis for future research works related to innovative models and advanced numerical tech-
niques to turbulence modeling and analysis.
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