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Abstract

The distinguishing features of transition in turbomachinery flows are that they are unsteady on time
scales longer than typical eddy turnover times, occur in harsh and highly disturbed environments at
awkward Reynolds numbers, and are generally three-dimensional (even in the mean). As a consequence,
the flow is a veritable-fluid-dynamical ‘zoo’, characterized by separation, reattachment, transition,
relaminarization , retransition, etc., all often occurring in the same flow. But how important is transition
research for the turbomachinery industry? GE compressor tests (made by Halstead) showing transition
extending over 60% of the blade chord, and estimates of potential improvement inefficiency by several
percentage points; considering how widely turbomachines are used in energy conversion and propulsion
systems, significant economic and environmental benefits are possible. It is found out that the ‘lack of
ability to predict the location of boundary layer transition for components in gas turbine engines is
impeding our ability to gain maximum benefit from our design effort. If a complete computational fluid
dynamics (CFD) design tool incorporating transition were to be available, it is foreseen airfoil designs
with higher blade loading that would reduce part count and improve efficiency. It is estimated that a 1%
improvement in the efficiency of a low pressure turbine would result in a saving of $52,000 per year on a
typical airliner. Improved transition technology was thus very relevant. So keeping in mind such
important issue like transition phenomena in design and operation of gas turbines, it is the aim of this
review paper to elucidate the recent research activities in this area.

Introduction

Though numerous gas turbines have been used worldwide for over half a century, the flow on
the turbine blades is not yet completely understood and consequently difficult to predict. In a
first approximation, the heat transfer depends on the boundary layer state. Its calculation is one
of the main objectives of a turbine designer. Precise calculation is needed to achieve high
efficiency engines. If it is now possible to compute laminar or turbulent boundary layers with
good accuracy (except in particular cases such as strong separation), transition is always
difficult to compute as it is the birth of turbulence. All the calculation methods which are able to
take transition into account, use modelling or correlations deduced from experiments
performed sometimes several years before. In these experiments, the definitions of the onset
and end criteria of the transition are often given in different ways. This is more than just the
question of the quality of the measurements, it is one of the reasons for the scattering of the
different results. A second reason is related to the many factors influencing the transition
process: pressure gradients, Reynolds number, curvature, level and scale of turbulence,
roughness, unstationarity, etc., which they sometimes act together and it is then difficult to
separate the governing effects (Bario and Beral, 1998). In the literature, many papers concern
the measurements on turbine blades. Mostly, they present global measurements and only a few
give detailed measurements useful for turbulence or heat transfer modelling. This is related to
the fact that it is very difficult to obtain sufficiently thick boundary layers for detailed
measurements on the suction and pressure side of a turbine blade. Most of the detailed results
are obtained on flat plate with a pressure gradient imposed by the external wall (Blair, (1982),
Keller and Wang (1994), and Kestoras and Simons (1993) for negative pressure gradients) or on
the concave wall for Gortler vortex studies (Peerhosseini and Wesfreid (1988). Sharma et al.
(1982) present results for the suction side of a turbine cascade. Studies of Van Treuren et al.
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(2002) shows the results of measurements of suction surface of blade in a turbine cascade flow
under ultra Low Reynolds number conditions.

Nevertheless, laminar-turbulent transition in boundary layers influences performance of many
technical devices. The location of the onset and the extension of transition are of major
importance since they determine drag and lift forces and heat fluxes that are crucial for overall
efficiency and performance of a variety of machinery and devices. Among the most common
examples of the machinery, where the laminar-turbulent transition is of particular importance,
are gas and aero-engine turbines. Despite technical maturity of gas turbines, the research
optimization and development concerning this technology still continues, as increasing the
engine’ s performance by a fraction of percent or improving the turbine cooling in face of ever-
increasing turbine inlet temperature provides enormous economic benefits. Hence, once more it
is emphasized, the understanding of the laminar-turbulent transition in gas turbine cascades
plays a very important role in their optimization (Mayle, 1991).

It is necessary to mention that the flow in the turbomachinery stage is essentially turbulent and
unsteady, where the non-stationary flow character results from the mutual rotor-stator blade
row interactions. Periodic phenomena generated by blade row interactions excite the flow in
both the blade passage and boundary layers on the blade surfaces, and they trigger an increased
turbulent spot production and finally shift the location of laminar-turbulent transition upstream.
This laminar-turbulent transition mechanism is known as ” wake-induced transition” (Mayle,
1991).

Despite numerous experimental and numerical investigations, the physics of the unsteady
phenomena in turbomachinery flows is not well understood. The understanding of this
phenomenon is important in order to incorporate new modelling methods in CFD codes, which
will be used in future by turbomachinery designers. In fact, despite a lot of effort directed to
improve the modelling strategy, the transition modelling still largely limits the quality of the CFD
codes today, and indeed the errors in estimation of the onset and extension of the transition can
affect the calculated machine efficiency by several percent and the component life by more than
an order of magnitude (Elsner, 2007).

The importance of transitional flow in turbomachinery could be better indicated by giving an
example. Figure 1 (Narasimha, 1985) , based on a study reported by Turner (1971), shows the
heat transfer coefficient on the two sides of an internally cooled turbine blade, at different
freestream turbulence levels. Note that there are extensive regions of favourable pressure
gradient on both surfaces. The peak heat transfer rate, which occurs on the convex surface, is
appreciably higher than would be expected if the flow were turbulent from the leading edge, as
can be seen by comparison with the results calculated by the methods of Spalding and Patankar
(1967). It is now well known that such peaks (which have long been known in surface skin
friction coefficient as well, see, e.g. Coles, 1954), are associated with transition, and tend to occur
towards the end of the transition zone. Note also how the onset of transition is unaffected by
turbulence level up to 2.2 %, but has moved rapidly forward at 5.9 %. On the concave surface, on
the other hand, the effects are not so clear-cut, but at the highest turbulence levels transition
appears to occur early. These observations show how heat transfer rates are strongly influenced
by complex interactions between free-stream disturbances, surface pressure distribution and
curvature and transition location on a turbine blade.

Very few reviews exist on transitional flow in gas-turbines in the literature (e.g. Mayle, 1991),
and the relevant information on this topic are majorly scattered and not compiled properly. So
the main aim of this report is to highlight major research works accomplished so far in both
experimental and computational studies. The following will be the major parts of this review,
first the transition prediction and its modeling will be discussed and next different types of
transition modes in gas turbine are examined. Transition process in various gas-turbine
components is the third major issue which is elaborated, and finally the effect different
parameters on transitional flow in general and specifically in turbomachinery are explained.
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Figure 1: Heat transfer rate on a turbine blade (based on Turner, 1971~ Top, blade section.
Middle, external velocity distribution on blade surface. Bottom, local heat transfer coefficient (in
units of CHU/ft2 h °C: multiply by 1.753 to convert to W/m2 K) along chord at different free-
stream turbulence levels g, at an exit Mach number of 0.75. Note that at g = 5.9, about 80% of the
convex surface of the blade is in the transition zone.

Transition prediction

In axial-flow turbomachinery, the design trend is toward increasing airfoil loading in an effort to
reduce weight and cost of future systems. Transition prediction is critical for accurate loss
predictions of high lift airfoils, and the full multi-moded (Mayle (1991)) nature of the transition
process must be considered. Lakshminarayana(1991), Simoneau and Simon (1993), Simon and
Ashpis (1996), Dunn (2001), and Yaras (2002) all provide detailed reviews of the state of the art
in predictive techniques for turbomachinery, and they point to the need for improved models for
transition. Elevated levels of free stream turbulence (“Tu”>1.0%) have a significant effect on pre-
transitional, or “quasi-laminar (QL)” boundary layers. Further, there is an opinion that the
quality of the laminar boundary layer at transition onset must be predicted accurately before
transition modelling can be used most effectively. Therefore, it is important to capture
accurately the field-wise development of free stream turbulence quantities. To that end, the
ability of the k-w turbulence model of Wilcox (1998) to predict the development of “Tu” was
validated against the experimental data of Ames (1994). Additionally, an accurate technique for
modeling the effects of “Tu” on laminar boundary layers within the framework of the k-w model
was developed. In testing against cascade data it was found that open-literature models for
attached and separated-flow transition (see Figure 2) were not sufficiently accurate for
implementation in a design system. Consequently, an effort was launched to develop new
correlations for attached- and separated-flow transition. A dimensional analysis was performed
considering all transition-relevant quantities available within the framework of a Reynolds
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Averaged Navier-Stokes(RANS) simulation performed with a two-equation turbulence model. A
database of the resulting dimensionless groups was constructed from open-literature and Pratt
& Whitney in-house cascade data (Praisner and Clark, 2007). The cascade data were
supplemented with quantities based on the aforementioned modeling techniques for free stream
turbulence development and its effects on laminar boundary layers. An investigation of the
resulting database enabled the development of new models for attached- and separated-flow
transition.

Reverse-flow
boundary layer

Laminar
separation

Transition/reattachmen
location

Transition location
@ ] (after trailing edge)

Figure 2: Schematic representation of suction-side, laminar-separation characteristics showing
both reattached (a) and stalled (b) conditions.

Transition onset is generally the outcome of competition between different instability modes.
Laminar instability theory describes "natural” transition under low free stream turbulence. The
basis of this was originally confirmed by Schubauer and Klebanoff (1955), and led to the e”
prediction method for transition onset (van Ingen (1956), Smith and Gamberoni (1956)). A
shortcut method for implementing this technique, in which the envelopes of the maximum
disturbance amplification ratio are approximated by empirical relations involving integral
boundary layer parameters, was later suggested by Gleyzes et al. (1985). Early methods for
predicting transition onset necessarily employed integral boundary layer calculations, due to the
rudimentary computation facilities then available. Here, calculation of the laminar layer
momentum thickness Reynolds number proceeds from the origin until some previously
determined correlation curve for transition commencement is intersected. Crabtree (1958)
reviewed available data for turbulent breakdown under low free stream turbulence conditions,
and prediction methods proposed by other workers up to that time. He also considered the
desirability of allowing for history effects on disturbance amplification over the region of
unstable laminar flow. Crabtree finally opted for a simplified criterion provided by a curve of
momentum thickness Reynolds number against the local value of Pohlhausen pressure gradient
parameter at breakdown under low free-stream turbulence conditions. He concluded by
foreshadowing that a family of similar curves might be required for higher free-stream
turbulence conditions."Bypass” transition under high free-stream turbulence is a concept
originally introduced by Morkovin (1969) but never precisely defined. It was erroneously
presumed by some workers to imply instantaneous turbulent breakdown with zero length of
transitional flow. However this was not the intention: bypass transition does not necessarily
exclude instability processes, which are, in fact, essential for transition: only the long region of
two dimensional wave amplification preceding the appearance of three-dimensional
disturbances (spanwise periodicity)in low turbulence flow is bypassed. The approach adopted
to bypass transition prediction has built on that of Crabtree [5]. Abu-Ghannam and Shaw (1980)
observed transition inception on a flat plate over a range of pressure gradients and free-stream
turbulence conditions; they further considered the effects of flow history, but were unable to
find any simple relation and presented their transition onset criteria for different turbulence
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levels in the same form as Crabtree, based purely on local conditions at breakdown. Mayle
(1991) followed a similar approach, but used the acceleration parameter favoured in turbine
engineering practice as the pressure gradient parameter: there is no difference in principle, as
the latter quantity is a function of both the Pohlhausen pressure gradient parameter and the
momentum thickness Reynolds number. Mayle noted that the effects of pressure gradient on
transition onset were significantly reduced under the high turbulence levels experienced in a
turbomachine; he therefore suggested using the flat plate result, in which the momentum
thickness Reynolds number at breakdown was a simple function of the freestream turbulence
level, for predicting transition onset on turbomachine blades. The method and location of free-
stream turbulence measurements is an important issue. Due to the strong accelerations and
decelerations experienced in turbomachine blade cascades, the local value of free-stream
turbulence at the location of boundary layer transition onset may differ greatly from that at
entry to a blade row. Currently used transition onset correlations involve data from several
workers, who may have adopted different bases for defining free-stream turbulence values: Abu-
Ghannam and Shaw, for example, use neither a local value at breakdown, nor some mean value
over the region of unstable flow, but rather an average value of free-stream turbulence taken
midway between the leading edge of their plate and the location in question. The latter point of
detail may not be appreciated by many users of their results. Any blade surface boundary layer
must eventually separate if subjected to a strong enough deceleration. Laminar separation
bubbles can result from laminar separation followed by sufficiently early transition in the
separated shear layer and subsequent turbulent reattachment. Errors in predicting the length of
these bubbles has often led to the failure of aerofoil design routines to give stable or accurate
solutions. Early attempts at describing separation bubble development and bursting, (Horton,
(1969), Roberts (1980)) were based on semi-empirical models assuming a constant pressure
over the separated laminar shear layer region, instantaneous transition, and a linear variation of
free-stream velocity during turbulent reattachment. An integral boundary layer computation
procedure was used, and the transition onset location was predicted using correlations for the
length of the separated laminar shear layer in terms of the momentum thickness Reynolds
number at separation. The implication here is that separated flow transition represents an
entirely different process from that in attached flow. This approach may be fairly reliable for
leading edge separation bubbles, but has fundamental problems with the calculation of mid-
chord bubbles. The transition onset correlations do not admit the possibility of the bubble length
varying continuously to zero as the Reynolds number and/or free-stream turbulence level are
increased. This is physically unreasonable, and can lead to bubbles appearing and disappearing
in consecutive cycles of iterative calculations with viscous/inviscid interaction procedures. The
e" method of transition onset prediction does not suffer from this problem, and has been
employed in the later viscous/inviscid interaction methods (Gleyzes et al. (1985), Youngren and
Drela (1991)) it also makes an inherent allowance for history effects by using local values for
amplification rate throughout the instability region to compute the amplification factor n. The
MISES code (Youngren and Drela (1991)) is widely used in the turbomachinery industry for the
preliminary design of blade elements in cascade. The viscous layer computation procedure is
adapted from the earlier work of Drela & Giles (1987) for predicting isolated aerofoil
performance. Modifications of the e” transition onset prediction procedure to allow for elevated
free-stream turbulence effects, via the method of Mack (1977), are discussed by Drela (1998).
The latter publication discusses further modifications adopted in MISES to ensure physically
reasonable behavior and computational stability. It also provides a useful comparison of
transition onset predictions from the e” and Abu-Ghannam & Shaw correlations after first
recasting the AG&S correlation by using the shear layer shape factor, instead of the Pohlhausen
parameter, as a pressure gradient parameter. This device is necessary to ensure that transition
prediction does not fail in a separation bubble, where the pressure gradient falls to zero
downstream of separation in the real flow. Drela’s modified e” transition onset prediction
method is also applicable to separated laminar shear layers. Thus the MISES code provides a
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unified approach to predicting transition onset from the three principal mechanisms(natural,
bypass and separated flow transition)that avoids discontinuities introduced by employing
different correlations for individual modes. This doubtless contributes to the very creditable
performance of the MISES code in capturing both leading edge and mid-chord separation
bubbles on compressor and turbine blades. Laminar boundary layers on turbomachine blades
only survive until they separate or suffer turbulent breakdown. The viscous instability of a
laminar boundary layer was originally investigated by Tollmien. Under low free-stream
turbulence conditions instability is initiated when two-dimensional unstable Tollmien-
Schlichting (TS) waves are formed; these propagate in the streamwise direction at less than 40%
stream velocity. They subsequently develop three-dimensionality and spanwise variations, and a
concentration into peaks, valleys and hairpin vortices then occurs. Turbulent spots are formed in
the peak regions of vorticity, and eventually coalesce to form continuously turbulent flow.
Emmons (1951) was the first to propose a turbulent spot model of transitional flow. Schubauer
& Klebanoff (1955) later observed the growth of an artificial turbulent spot generated on a flat
plate without an imposed pressure gradient. Walker & Gostelow (2009), have been working on
more accurate transition length predictions, based on measurements of transition length under
adverse pressure gradients in natural and by-pass transition (Gostelow et al. (1994)), and of
triggered turbulent spots. It was realized that spot characteristics for adverse pressure gradients
could be quite different from those for zero or favourable pressure gradients. The characteristics
of turbulent spots under adverse pressure gradients were previously unknown. Measurements
were undertaken of triggered spots under a range of adverse pressure gradients. Under an
adverse pressure gradient a spot is formed at the centre of a highly amplified transverse wave
packet; it convects at a lower velocity than under a zero pressure gradient. The adverse pressure
gradient spot spreads at an included angle as high as sixty degrees, compared with about twenty
degrees under zero pressure gradient and even lower under favourable pressure gradients. It
has been demonstrated (Gostelow et al. (1996)) that a triggered spot replicates the development
of natural transition; but the behavior of such a spot additionally seems to represent well the
response of the blade boundary layer to an imposed wake disturbance. Following a turbulent
spot is an extensive relaxation trail or "calmed region". The calmed region is effective in delaying
the harmonic breakdown to turbulence and in resisting laminar separation [Gostelow et al.
(1997)). The effect of the calmed region in delaying natural transition after a spot passage is
clear: turbulence eventually contaminates the calmed region, but only after the calmed region
has had a considerable favourable influence on the downstream flow. Judicious use of this
property has resulted in a substantial reduction in the blade count of low pressure (LP) turbines
in modern aircraft engines (Hodson and Howell (2005)). More recent work has extended the
spot-spreading correlations (Gostelow et al. (1996)) well into the laminar separation region
(D’Ovidio et al. (2001a), and (2001b)). To reliably predict bubble length, however, it is necessary
to gain a better understanding of the dynamics of transition in a separated shear layer and of the
differing closure modes of bubbles. This is likely to involve an appreciation of instabilities in the
separated shear layer rather than of the TS wave to turbulent spot and by-pass transition routes
which have proved useful for attached flows. Kelvin-Helmholtz (KH) instability dominates the
separated shear layer at low freestream turbulence levels, but the breakdown mechanism is
significantly altered under elevated freestream turbulence, as described by McAuliffe & Yaras
(2007).

Transition modelling

The variety of possible transition mechanisms in turbomachinery flows makes it difficult to
propose the general strategy for numerical simulation. Intuitively, the best solution for the
modelling of the transitional boundary layer is the application of Direct Eddy Simulation (DES)
or Large Eddy Simulation (LES). However, in LES, which unlike DNS resolves only dynamically
important (large) scales, the effect of unresolved small scales is modeled (Elsner, 2007). One
question that arises when applying LES to the transition problem regards its capability to
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predict the development of the shear layer and vortices with scales, which are close to the
numerical filter (Huai et al., 1997). A subgrid scale model should not dissipate the energy of low
level perturbations during the initial stages of transition, but should reproduce the energy
transfer to the unresolved scales during non-linear stages when these marginally resolved
structures are generated. LES was already successfully used in simulating the bypass transition
on a flat plate, among the others by Voke and Yang (1995) and Huai et al. (1997)who were able
to show the pre -transitional linear instability modes, the secondary instability A-vortex
structures and the streaky like structures. However, the application of LES for the modelling of
the transition is still limited to the low Reynolds number flows as for higher Reynolds numbers
the difference between the largest and the smallest eddies increases, and a progressively wider
range of scales needs to be resolved by the subgrid scale model. The second limitation is the
required numerical mesh and resulting high computational time, because when approaching the
wall, the scales diminish their dimension so that finer and finer grid is required. Hence the RANS
methods and, for unsteady calculations URANS, with the appropriately modelled transitional
boundary layer remain the only presently applicable engineering tool to study the transitional
flows. It means that it is worth to make effort to improve and look for new RANS or URANS
modeling approaches, especially because of strong interest from the industry. Application of the
existing low-Re turbulence models for the laminar-turbulent transition boundary layer, as
reviewed by Savill (2002) and Menter et al. (2002), is a highly empirical procedure which
requires experimental data for proper calibration. It means that no model generates a reliable
result for various combinations of Reynolds numbers, free stream turbulences and pressure
gradients. Additionally, the results are sensitive to initial conditions, boundary conditions and
grid resolution. In these methods, usually various experimental correlations are used to
determine the onset of transition. According to Menter et al. (2002), the ability of a low-
Reynolds turbulence model to predict the transition seems to be coincidental, as the calibration
of the damping functions is based on the viscous sub-layer behaviour and not on the transition
from laminar to turbulent flow. The transition process could be described by the intermittency
parameter y , which gives information about the fraction of time when the flow is turbulent. That
is why the coupling with intermittency seems to be the best way to take into account the
physical mechanism of transitional flow and to model the transition in a proper way. One of the
most classic methods for the modelling of the transition with applications of the intermittency
parameter is a model formulated by Dhawan and Narasimha (1958). The estimated
intermittency factor at the current location and in time (for unsteady calculations)is usually
used as a multiplier of the production term in the turbulence model. In the pre-transitional
regime, y is set to zero, and when it attains the positive value, the transition is initiated. Recently,
some new methods have been developed, and all of them rely on the intermittency parameter.
The first one is the Prescribed Unsteady Intermittency Model (PUIM) developed at Cambridge
University (Vilmin et al.,, 2003), which solely relies on empirical correlations. PUIM calculates a
distance-time intermittency distribution as a function of space and time fields(constant in time
in the case of steady flow simulation). To have this information, PUIM employs the Mayle (1991)
and Abu-Ghannam and Shaw (1980)correlations for the transition onset and also the Mayle
(1991) or Gostelow et al. (1996) correlations for the spot production rate. The spreading of
turbulent spots is prescribed using functions of the edge velocity and the pressure gradient
parameter. For a separated flow, the other Mayle correlation gives the spot production rate from
the momentum-thickness Reynolds number at separation. The detection of the separation arises
from the skin friction and Thwaites criterion. Such a solution ensures that not only attached flow
transition onsets but also separated onsets could be identified. The high quality of this approach
was confirmed among the others in T106A (Vilmin et al.,, 2003)and on N3-60 test cases (Elsner
et al, 2004). A more general description of the intermittency is obtained from the dynamic
intermittency convection-diffusion-source equation, where the first method was developed by
Lodefier and Dick (2006) at Ghent University, and the second is a result of the work performed
by Menter and co-authors (2004). According to the first approach, named L&D hereafter, two
dynamic equations for the intermittency: one for the near-wall intermittency y and one for the
9



free-stream-intermittency { were proposed. The near wall intermittency takes into account the
fraction of time during which the near-wall velocity fluctuations caused by transition have a
turbulent character and tend to zero in the free stream region, while on the wall it attains unity.
The free-stream factor ¢ describes the intermittent behaviour of turbulent eddies coming from
the free stream and impacting into the underlying pseudo-laminar boundary layer. Near the
wall, the eddies are damped and the free-stream factor goes to zero while in the free-stream it
reaches unity. For the onset detection in the case of bypass and turbulence wake induced
transition, the model employs the Mayle (1991) correlation. For a quasi-steady separation
transition, a criterion proposed for such a type of flows by Mayle (1991) is applied. An additional
criterion is used in the case of wake induced transition over a separation bubble. This method
shows to be an efficient tool for prediction of wake interaction with the separation bubble and
especially for the wake interaction with the attached flow (Lodefier et al., 2005).A different
strategy is proposed by Menter et al. (2004). In this method, only local information is used to
activate the production term in the intermittency equation, and the link between the
correlations and the intermittency equation is achieved through the use of the vorticity
Reynolds number. The proposed model is based on the SST turbulence model and two transport
equations. The first one is the intermittency equation used to trigger the transition process. The
second transport equation of the momentum thickness Reynolds number Req: is implemented
for avoiding non-local operations introduced by experimental correlations. Outside the
boundary layer the transport variable is forced to follow the value of Reg: given by the
correlations. For this purpose, the standard and in-house correlations are used for the natural,
bypass and separation induced transition. This input is then diffused into the boundary layer
with the use of the standard diffusion term. Due to this methodology, strong variation of the
turbulence intensity and pressure gradient, which are typical for turbomachinery, can be taken
into account. The local information used to trigger the onset of the transition in this model is the
vorticity Reynolds number Rey. This quantity depends only on density, viscosity, wall distance
and vorticity, so it could be easily computed at each grid point. It is the main advantage of this
methodology which could be applied for parallel calculations on unstructured grids. The study
carried out by Piotrowski and Elsner (2006) shows that this model, despite the lack of physics
in the proposed additional equation for Reg;, is able to properly predict the periodical evolution
of the boundary layer under the influence of impinging wake with adequatequality. Recently, the
Intermittency Transport Model (ITM), which was derived on the basis of Menters’ approach
discussed above, has been proposed by Piotrowski and Elsner (2006). Encouraging results for
the N3-60 turbine profile both for steady and unsteady inflow conditions have been obtained
(see Figure 3). One should notice however, that some tuning of the correlation for length of the
transition should be done. All the above transition models are used in connection with the linear
turbulence model. Another approach is proposed by Lardeau and Leschziner (2004), where the
intermittency based formulation is coupled with the low-Realgebraic Reynolds-stress model.
From this assumption, it results that this model should return properly all the Reynolds-stress
components, which is especially important for the near wall flows where strong turbulence
anisotropy is present. The advantage of this modelling approach is the ability to model the pre-
transitional rise of turbulence intensity, which was experimentally confirmed, among the others
by Elsner et al. (2004). This ability is achieved mainly due to the introduction of parameters
modifying damping functions which control its cross-flow and streamwise variations by taking
into account the Klebanoff mode properties observed in the pre-transitional phase of boundary
layer development. The experimental verification of this methodology based mainly on
ERCOFTAC data (www://ercoftac.mech.surrey.ac.uk) shows improvement in the prediction of
onset transition and its length (Lardeau and Leshziner, 2004). They also obtained reasonably
good results for the unsteady test case of T106A aero-engine turbine profile with the low
background turbulence intensity. However, to incorporate the effect of a higher background
turbulence intensity they had to introduce a supplementary algebraic equation for the
intermittency, what limits the general applicability of this method.
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Figure 3: Pressure distribution on the tested N3-60 blade profile (by Piotrowski and
Elsner (2006)).

Further progress in transition zone modelling requires several careful experimental programs.
First of all, the behavior of turbulent spots when subjected to such influences as pressure
gradient, distortion, curvature, three-dimensionality, compressibility, etc., needs to be
investigated more extensively. Parameters of interest will include shape, velocities of
propagation, conditional statistics, and flow structure. Experiments are also needed in two-
dimensional flows with pressure gradient, both favorable and adverse, with a disturbance
environment that is well understood and carefully controlled. In particular, data on flows with
separation bubbles are badly needed in turbomachinery applications. Very little has been done
on three-dimensional transition zones. Significantly better models are unlikely to emerge
without the benefit of all this experimental work, although certain improvements can be
envisaged on current models and will undoubtedly appear as a result of work on hand. In
numerical simulation or direct solution of the Navier-Stokes equations, a study of the processes
of generation and propagation of turbulent spots has just begun: this task should surely be
pursued vigorously.

For the purpose of understanding and modeling the complex physics occurring on a turbine
blade, sufficient progress has been made in the understanding and modeling of Bypass
Transition so that specific recommendations may be made for modelling non wake-induced
transition onset. Two-equation turbulence models appear to capture the growth of non-linear
disturbances in bypass transition and are capable, with appropriate damping functions and
constants, of predicting transition onset. However, these models under-predict the transition
length unless, (1) provision is made for the intermittent nature of the transition region, or (2) a
modification is made for the rate of turbulence production, or (3) a multi-scale model is used to
account for the incomplete nature of the turbulent energy cascade in the transition region
(Simon and Ashpis, 1996). The need for a multi-scale turbulence model has been confirmed by
an analysis of the experimental data. A recommendation is made for the use of the intermittency
calculation approach of Solomon, Walker and Gostelow (1995) in the transition region to permit
the proper turbulent spot growth as a function of the local pressure gradient on a turbine blade.
It has been demonstrated that the use of intermittency in the numerical calculations is the most
effective approach for modeling of the transition region. Direct Numerical Simulation (DNS) has
proven to be a very powerful tool for understanding the physics, supporting and guiding the
experimental results and forming a data base for the development and testing of transition
turbulence models. Results obtained with DNS compare very well to the experimental results. A
great deal more effort needs to be applied to the understanding and modeling of the effect that
the calmed region has on transition and separation, transition on a separated shear layer, and
wake-induced transition.
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Unsteady transition

The main source of flow unsteadiness in turbomachinery is the aerodynamical interaction of the
rotor and stator blade rows and /or the periodic passage of upstream wakes over a blade
surface which often results in a flow phenomenon known as “wake-induced” transition. The
blades and vanes, moving relatively to each other, interact because of the viscous wakes and the
potential effects of the blades. In addition, the wakes and potential effects superimpose with
other flow patterns, for instance the tip clearance vortices and other secondary flow phenomena.
Furthermore in transonic compressors the interaction of wakes and shocks plays an important
role. As a result, the real flow field is highly periodically unsteady and very complex, especially in
multistage turbomachinery. Although this fact has received increasing attention within recent
years, blade row interactions effects are not yet typically addressed in current design systems of
turbomachinery. Actually, there is a requirement of the ability of modern design methods to
predict unsteady flow features. With increasing aerodynamic loading of the blades and higher
Mach numbers the consideration of rotor-stator-interactions gains in importance. It is therefore
one of the challenges of the present and future design of compressors and turbines to include
beneficial unsteady effects to improve the engine parameters. This requires a detailed physical
understanding of the unsteady flow field and the resulting effects on the performance and flow
stability.

The majority of turbomachines are designed on the basis that the flow within each blade row
may be assumed to be steady in the appropriate frame of reference. Yet, the relative motion of
adjacent blade rows in axial turbomachines gives rise to a variety of unsteady flow interactions
and these interactions are known to affect the efficiency and other aspects of blade performance.
There are a number of sources of unsteadiness. The potential influence of a blade extends both
upstream and downstream and decays exponentially with a length scale typically of the order of
the chord or pitch. In contrast, the wakes are convected downstream of the blade row and their
rate of decay is much less than that of the potential influence so that in general, they are more
significant at entry to the next blade-row. Other interactions, such as those arising from trailing
shock-waves (e.g. Ashworth et al. (1985)) or the secondary flow vortices (e.g. Zeschky and Gallus
(1991)) also cause unsteadiness in succeeding blade rows but the effects of these are limited to
specific circumstances and are not considered here. The interaction of the wakes with the blade
surface boundary layers of the next blade-row encourages the laminar boundary layers to
undergo transition and become turbulent. It is this process which is responsible for much of the
deficit in performance when compared to that of the equivalent steady flow cascade (e.g. Speidel
(1957), Lopatitskii et al. (1970)) and it is this aspect of unsteady boundary layer behaviour
which is considered here. The ability to improve the performance of axial turbomachine blading
therefore depends on a better prediction of the blade boundary layer behaviour whether in
terms of heat transfer or profile loss and of how the boundary layers undergo transition from
laminar to turbulent flow. Although this problem remains largely unsolved in the general
context, the specific nature of wake-induced boundary layer transition is such that reasonable
attempts can now be made to model the processes involved. In recent years, the problem of
wake-boundary layer interactions has received much attention. For example, Walker (1974),
Hodson (1983), Tanaka (1984), Hodson and Addison(1988) and Sharma et al. (1988) have all
examined the interaction in a turbomachine while Speidel (1957), Pfeil and Herbst (1979),
Doorly and Oldfield (1985) and Dong and Cumpsty(1989), Liu and Rodi (1989) have used a
simulation. Figure 4 is a schematic representation of wake interactions in the rotor of an axial
flow turbine. It shows the convection of the wakes shed from the upstream stators through the
rotor passages. These interactions are present in all turbomachine stages and it is this which is
responsible for the changes in profile loss. Hodson, (1983) has measured the profile loss of an
axial turbine rotor blade and found it to be 50 percent greater than that measured in a steady
flow environment. Dong and Cumpsty (1989) on the other hand, report almost no increase in
loss for a compressor blade which is subject to incoming wakes in a simulated test. Research has
shown that the most significant effect of the unsteady flow is the periodic forcing of the
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transition of the blade surface boundary layers and this arises mainly because of the turbulent
flow within the incoming wakes. It is precisely because transition is induced by the relatively
high levels of free-stream turbulence within the wakes that successful attempts to model the
flow can now be made.

Figure 4: Schematic of wake interactions in an axial flow turbine.

Wake interactions of the type depicted in Figure 4 are present in all turbomachine stages. It has
already been proved that in steady flow, turbulent spots form not at the leading edge of an
aerofoil but only where disturbances can initiate transition within the boundary layer. There is
evidence to suggest that a similar situation arises in the case where the disturbances originate in
an upstream wake (Hodson and Addison (1988)). In the case of incoming wakes, a band of
transitional flow, which extends across the entire span, begins to form beneath the foot-print of
the wake on the blade surface at this location. Because the inlet flow to the blade row in question
is periodic, this process occurs once per wake passing period. Currently available data suggest
that wake-induced transition does not begin until the momentum thickness-based Reynolds
number Reg exceeds a value of approximately 90-150, which is consistent with the known
behaviour of steady flow laminar boundary layers undergoing transition in the presence of high
levels of free-stream turbulence (e.g. Mayle (1991)). Pfeil et al. (1982), Doorly (1987) and
LaGraff et al. (1989) suggested that the spanwise bands mentioned above contain only turbulent
flow. They also observed that because the leading edge of the band propagated along the surface
at a velocity which was greater than that of the trailing edge, the bands formed under adjacent
wakes would eventually merge with each other and form a fully turbulent boundary layer unless
natural transition took place before this could happen. Using the measured propagation rates
and assuming that the band was fully turbulent, Doorly (1987) was able to predict his
experimentally determined heat transfer distributions with some success. Similar hypotheses
were successfully employed by Hodson (1989) in a simple model for the prediction of the effects
of unsteady transition on profile loss in the general case.

Schobeiri and Wright (2003) in their study carried out research that deal with the unsteady
boundary layer transition modeling and its validation. A new unsteady boundary layer transition
model was developed based on a universal unsteady intermittency function. It accounts for the
effects of periodic unsteady wake flow on the boundary layer transition. To establish the
transition model, an inductive approach was implemented; the approach was based on the
results of comprehensive experimental and theoretical studies of unsteady wake flow and
unsteady boundary layer flow. The experiments were performed on a curved plate at a zero
stream wise pressure gradient under a periodic unsteady wake flow, where the frequency of the
periodic unsteady flow was varied. To validate the model, systematic experimental
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investigations were performed on the suction and pressure surfaces of turbine blades integrated
into a high-subsonic cascade test facility, which was designed for unsteady boundary layer
investigations. The analysis of the experiment’s results and comparison with the model’s
prediction confirm the validity of the model and its ability to predict accurately the unsteady
boundary layer transition.

Wake-induced laminar-turbulent transition is studied by Henderson et al. (2008) at the leading
edge of a C4-section compressor stator blade in a 1.5-stage axial compressor (see Figure 5).
Surface hot-film sensor observations are interpreted with the aid of numerical solutions from
UNSFLO a quasi-three dimensional viscous-inviscid flow solver. The passage of a rotor wake,
with its associated negative jet, over the stator leading edge is observed to have a destabilizing
effect on the suction surface boundary layer. This leads to transition closer to the stator leading
edge than would have occurred under steady flow conditions. The strength of this phenomenon
is influenced by the rotor-stator axial gap and the variability of individual rotor wake
disturbances. A variety of transition phenomena is observed near the leading edge in the wake
path. Wave packets characteristic of Tollmien-Schlichting waves are observed to amplify and
break down into turbulent spots. Disturbances characteristic of the streaky structures occurring
in bypass transition are also seen. Examination of suction surface disturbance and wake-induced
transitional strip trajectories points to the leading edge as the principal receptivity site for
suction surface transition phenomena at design loading conditions. This contrasts markedly
with the pressure surface behavior, where transition at design conditions occurs remotely from
leading-edge flow perturbations associated with wake chopping. Here, the local receptivity of
the boundary layer to the wake passing disturbance and turbulent wake fluid discharging onto
the blade surface may be of greater importance.
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Figure 5: Cross section of the research compressor showing the midpassage blade row
configuration with typical instantaneous wake dispersion pattern. SS: suction side, PS: pressure
side, a: circumferential offset of stator leading edge from center of IGV wake street.

In 2000 the joint research program “Periodical Unsteady Flow in Turbomachinery” was initiated
by German scientists (see Mailach & Vogeler, 2009). The aim of this joint project is to contribute
to an improved physical understanding of the periodical unsteady flow phenomena and to
provide more reliable prediction methods of these complex flow conditions in turbomachinery.
Selected aspects of flow unsteadiness in turbomachines were investigated with complementing
experimental and numerical investigations. Different flow conditions of different complexity
were investigated in detail. The following topics were among the work of the joint research
group: (1) Experimental Investigation of Rotor-Stator-Interactions in an Axial Compressor, (2)
Influence Of Periodically Unsteady Flow On The Boundary Layer Development Of A Highly
Loaded Linear Turbine-And Compressor Cascade, (3) Flow Conditions on a Flat Plate under
Oscillating Inlet Conditions, (4) Simultaneous Measurements of Flow and Heat Transfer in a
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Periodically Unsteady Flow, (5) Turbulence- and Transition Modelling for Unsteady RANS
simulations, and (6) Direct Numerical Simulations of Transitional Flow in Turbine-Related
Geometries. A comprehensive data set on periodical unsteady flows in turbomachinery and
related geometries is provided with this joint project. The experiments performed in the
individual subprojects provide new details of the boundary layer transition process for different
geometries. This is discussed for the flat plate with unsteady inflow conditions, for compressor
and turbine cascades as well as for the investigation of rotor-stator interaction effects in a
multistage research compressor. Selected experiments were chosen to validate numerical codes.
Examples, are the unsteady RANS calculation for a multistage low-speed compressor and the
experiments in a linear turbine cascade. A good agreement between experiments and numerics
for different cases are observed. As a result of this collaboration an improved turbulence model
for turbomachinery flows is introduced which contributes to accurate RANS predictions of
viscous effects in transitional and unsteady turbomachinery flows, (Kozulovic et al. (2004),
Rober et al. (2005)). On the other hand the experiments with less complex setup are
accompanied with Direct Numerical Simulations (DNS). Two cases considered here are : the flow
over a flat plate with boundary layer separation and the periodically unsteady flow around
turbine blades. Again, a good agreement between experiment and simulation is achieved. The
DNS provides high quality data which gives deep insight into vortical flow structures as well as
the details of the boundary layer transition process. Thus these numerical data can be used to
improve existing and to design new transition models. To give a few examples of results of these
research the following figures may be considered. An example of unsteady transition of low
pressure turbine is shown in Figure 6. Once again, the influence of the wake is visible.
Furthermore, a separation with subsequent turbulent boundary layer can be seen. Another
important result is in the DNS of flow in the T106A LPT cascade illustrated by the streamline
plot of the phase-averaged velocity-field shown in Figure 7a, the separated boundary layer
eventually rolls-up owing to a KH instability. Inside these rolls of recirculating flow fluctuating
kinetic energy is produced (see Figure 7b). The separation is found to be periodically
suppressed by impinging wakes. When traveling through the passage between the blades,
fluctuating kinetic energy is produced at the apex of the deformed wake.
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Figure 6: Wall shear stress Tw of T106C, suction side, Rezis = 1.4 x 105, Tu = 1.0%.
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Figure 7: (a) Streamlines of the phase-averaged velocity at ¢ = 0.750 from the simulation of flow
in the T106A cascade with incoming wakes: roll-up of separated shear layer on the suction side.
(b) Contours of the phase-averaged fluctuating kinetic energy at ¢ = 0.750, illustrating the
production of kinetic energy in the rolls of re-circulating flow .

Other modes of transition

It is well known that the boundary layers of blades of an embedded row in a multi-stage axial
turbomachine are dominated by the effect of the adjacent upstream stage. The unsteady
laminar-turbulent transition behavior under these conditions is largely controlled by periodic
transition induced by the relative motion of blade wakes from the row immediately upstream;
this is commonly referred to as wake-induced transition (Hughes and Walker, 2001). Transition
by other modes is observed in regions between wake-induced transitional or turbulent strips.
Mayle (1991, 1992) refers to this phenomenon as “multi-mode” transition. The overall
morphology of unsteady transition behavior for compressors and turbines is well documented
by the extensive set of observations reported by Halstead et al. (1997). The three important
processes identified by Mayle (1991) in his review of laminar-turbulent transition in gas
turbines are:

e Natural transition

e Bypass transition

o Separated flow transition

e Reverse transition

Both Halstead et al. (1997) and Mayle (1991) provide detailed discussions of these phenomena.
Natural transition is the mode most thought of when “transition” is mentioned, and this occurs
as a weak instability grows in a laminar boundary layer until subsequent breakdown and
formation of turbulence. The most likely form occurring in gas turbine engines is “bypass
transition” wherein some or all of the laminar breakdown process does not occur, and is instead
driven by freestream unsteadiness. Separated-flow transition occurs when a laminar boundary
layer separates and transitions in the free shear layer above the bubble. This type of transition
can occur near the leading edges of blades and near the point of minimum pressure on the
suction surface sides. Of all of the modes, separated-flow transition is the most crucial for
compressor and LPT design. Reverse transition, often called “relaminarization”, occurs where a
previously turbulent or transitional region is affected, usually by a strong favorable pressure
gradient, so it becomes laminar. An instantaneous snapshot of the flow over a single airfoil may
include laminar flow near the leading edge, followed by a wake-or shock-induced transition
which is in turn replaced by a relaminarization with subsequent transition to turbulence
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occurring at multiple locations simultaneously. The following paragraphs explain studies on
these different forms of transition process.

Various workers have identified natural transition mechanisms in flows representative of
turbomachinery. Dong and Cumpsty (1990) investigated unsteady flow transition in a large-
scale two dimensional compressor cascade with moving blade wakes simulated by bar passing.
They observed T-S wave activity in the regions between wake-induced turbulent events when
the flow returned to a separated laminar state. Similar results for the development of the
unsteady suction surface boundary layer of a highly loaded LP turbine airfoil in a rectilinear
cascade were presented by Schulte and Hodson (1998). Dring et al. (1982) identified T-S waves
in the decelerating flow region on the stator suction surface of a single stator/rotor turbine
stage. Identification of T-S wave activity in these experiments all occurred when the background
turbulence level between passing wakes was below 0.9 percent. Studies of transition under
conditions representative of an embedded axial turbomachine blade row are rare. The definitive
investigation of Halstead et al. (1997) provided extensive data from surface film arrays on a
third-stage compressor stator and second stage turbine stator. These workers claimed no
evidence of T-S waves. Solomon and Walker (1995), however, noted some evidence of T-S wave
activity from raw surface film traces on the outlet stator of a 1.5-stage axial compressor under
essentially similar conditions. Solomon et al. (1999) used the MISES code of Youngren and Drela
(1991) in a quasi-steady manner to predict transition onset on an axial compressor stator blade
over a rotor passing period. Parallel computations for natural transition, with modification for
free-stream turbulence level according to the correlation of Mack (1984), and bypass transition
indicated that the natural transition mode tended to dominate for the compressor blade. The
success of these transition onset predictions provided strong circumstantial evidence for the
importance of natural transition mechanisms in strongly decelerating flow on an axial
compressor blade.

Natural transition phenomena on an axial compressor blade is studied by Hughes and Walker
(2001). They found out an almost universal appearance of instability wave amplification prior
to turbulent breakdown in deceleration flow regions on an axial compressor blade. There was no
evidence for direct production of turbulent spots in the boundary layer despite free-stream
turbulence levels up to 8 percent. These observations closely resemble the wave packets and
their ultimate breakdown in basic experiments on artificially generated spots arising from weak
initial disturbances. It is therefore clear that high free-stream turbulence conditions do not
imply the universal occurrence of transition via a bypass mode. Unstable laminar flow regions
up to 20 percent chord in length were observed on the compressor blade in the this
investigation, both in the path of the wake-induced transition and in regions between wake-
induced paths. The length of transitional flow, which is governed by turbulent spot inception
rate, may also reach 20 percent of chord. Thus the total length of blade surface over which the
flow is governed by linear stability theory (either directly through wave packet amplification or
indirectly through determining the T-S wave frequency that governs the turbulent spot
inception rate) may be as much as 40 percent of chord.

For transition at high free stream turbulence levels, the first and possibly second stages of the
natural transition process are completely bypassed such that turbulent spots are directly
produced within boundary layer by the influence of the free-stream disturbances. In this case
linear stability theory is irrelevant and, as shown by Blair (1992) for transition in favourable
pressure gradients, no Tollmien-Schlichting waves are found. Since the first stage are bypassed,
a theory for this mode need only be concerned with the processes involved in the production,
growth, and convection of turbulent spots.This was provided by Emmons (1951).

An experimental study carried out by Koyabu et al. (2003) on the bypass transition of the
boundary layer on the test model subjected to periodic wake passing. It is found that The free-
stream turbulence played a dominant role in the bypass transition in comparison with the
periodic wake passage higher than that induced by periodic wake passage for inlet free-stream
turbulence cases. The time-averaged momentum thickness and time-averaged loss coefficient
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exhibited abrupt increase from the beginning of the adverse pressure gradient for both flow
accelerating-decelerating flows.

Anthony et al. (2005) used a high-frequency surface heat flux imaging technique to investigate
bypass transition induced by free-stream turbulence. Fundamental experiments were carried
out at the University of Oxford using high-density thin film arrays on a flat plate wind tunnel
model. Bypass transition was induced by grid-generated turbulence with varying intensities of
2.3%, 4.2%, and 17% with a fixed integral length scale of approximately 12 mm. Unique high
resolution temporal heat flux images are shown (see Figure 8) which detail significant
differences between unsteady surface heat flux events induced by free-stream turbulence and
the classical Emmons-type spots which many turbomachinery transition models are based on.
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Figure 8: Surface heat flux footprints of large, mature turbulent spots in a low disturbance
environment (top two images) compared with turbulent spot heat flux under moderate free-
stream turbulence (bottom three images). Turbulence-induced bypass spots appear at much
lower Reynolds number and are very streaky in nature.

Kalitzin et al. (2003) reported the DNS of blade passage flow with a grid turbulence inflow in a
low pressure turbine. This work addresses the pattern of turbulent kinetic energy generated by
distortion and the effect of external disturbances on boundary layer transition. Their results
show that, the distribution of turbulence in the passage strongly depends on the mean flow field
and can partly be explained by the travel time needed for the inlet turbulence to drift to a certain
location. This results in a local amplification of turbulence near the leading edge stagnation
region and in the passage on the pressure side near the trailing edge. The penetration of
disturbances into the blade boundary layers induces bypass transition. In particular, the
transition pattern on the suction side of the blade differs significantly for the different types of
inflow. The consideration of different types of inlets provides insight into the boundary layer
transition on the blade surface. For a turbulence free inlet, natural transition occurs near the
trailing edge on the suction side of the blade. For the grid turbulence and wake inlets, bypass
transition occurs further upstream triggered by the convection of the inlet disturbances to the
boundary layer of the blade (see Figure 9).
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Figure 9: Visualization of transition near blade suction surface with instantaneous velocity
component normal to the wall for different inlets (a) grid turbulence, (b) migrating wakes, (c)
turbulence free.

The other mode of transition is so called “separated- flow transition” may happen behind
boundary layer trip wires and also as a result of laminar separation in an adverse pressure
gradient. In this case, the flow may reattach as turbulent forming a laminar-
separation/turbulent-reattachment “bubble” on the surface. In gas turbines, separated-flow
transition is common and may occur in an “overspeed” region near an airfoil’s leading edge, on
either suction or pressure side, or both, and near the point of minimum pressure on the suction
side. The bubble length depends on the transition process within the free shear layer and, in
general, may involve all of the stages for natural transition type. For the longer bubbles with low
free-stream turbulence levels, much of the flow in the bubble is laminar and T-S instabilities
have been detected (Gaster 1969). Whether or not this is the case at higher turbulence levels it is
not known but, according to Figure 10, it appears possible.
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Figure 10: Topology of the different modes of transition in a Reynolds number, acceleration
plane (adapted from Mayle, 1991).
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Since long bubbles produce large losses and large deviations in exit flow angles, they should be
avoided. But, short bubbles on the other hand are an effective way to force the flow turbulent
and may be considered as a means to control performance. It should be noted of all the
transition modes, this mode is more crucial to compressor and low-pressure turbine design.
Understanding and utilizing separated-flow transition through separation bubbles can easily
increase low turbine efficiency. Furthermore, since compressor airfoils normally operate
separated somewhere and since their of-design operating characteristics depend mainly on the
nature of the separated flow, it is expected that a design utilizing controlled transition through
separation bubbles will have as great an impact on compressor performance. For calculating
flows with separation, the important steps have already been taken. One essential ingredient of
successfully predicting these flows is the ability to foresee the bubble’s displacement effect on
the mainstream flow. This can be done by most modern boundary layer type, viscous-inviscid
interaction computational programs or Navier-Stokes solvers. A second essential ingredient is a
good transition model to be used. Present models are usually based on the work of Horton
(1969) and Robert (1980), and assume instantaneous transition at an empirically determined
transition location within the bubble. For short bubbles, this may not be too bad, but it precludes
using modern numerical codes from correctly predicting separated flow with transition. MAYLE
Detailed velocity measurements in separated and transitional boundary layers under low-
pressure turbine airfoil conditions reported by Volino and Hultgren (2001). These
measurements were made along a flat plate subject to the same dimensionless pressure gradient
as the suction side of a modern low-pressure turbine airfoil. Reynolds numbers based on wetted
plate length and nominal exit velocity were varied from 50,000 to 300,000, covering cruise to
takeoff conditions. Low and high inlet free-stream turbulence intensities (0.2 and 7 percent)
were set using passive grids. The location of boundary-layer separation does not depend
strongly on the free-stream turbulence level or Reynolds number, as long as the boundary layer
remains non-turbulent prior to separation. Strong acceleration prevents transition on the
upstream part of the plate in all cases. Both free-stream turbulence and Reynolds number have
strong effects on transition in the adverse pressure gradient region. Under low free-stream
turbulence conditions, transition is induced by instability waves in the shear layer of the
separation bubble. Reattachment generally occurs at the transition start. At Re=50,000 the
separation bubble does not close before the trailing edge of the modeled airfoil. At higher Re,
transition moves upstream, and the boundary layer reattaches. With high free-stream
turbulence levels, transition appears to occur in a bypass mode, similar to that in attached
boundary layers. Transition moves upstream, resulting in shorter separation regions. At Re
above 200,000, transition begins before separation.

Another flow measurements were made (Bons et al. 2008) on a highly loaded low pressure
turbine blade in a low-speed linear cascade facility to simulate separated flow transition. The
blade has a design Zweifel coefficient (which is defined by the relationship between the area of
the pressure distribution and the ideal area between total inlet pressure and static exit pressure
and is measure of aerodynamic airfoil load) of 1.34 with a peak pressure coefficient near 47%
axial chord (mid-loaded). Flow and surface pressure data were taken for Re.=20,000 with 3%
inlet free-stream turbulence. For these operating conditions, a large separation bubble forms
over the downstream portion of the blade suction surface, extending from 59% to 86% axial
chord. Single-element hot-film measurements were acquired to clearly identify the role of
boundary layer transition in this separated region. Higher-order turbulence statistics were used
to identify transition and separation zones. Similar measurements were also made in the
presence of unsteady forcing using pulsed vortex generator jets (VGJ) (see Figure 11) just
upstream of the separation bubble (50% c). Measurements provide a comprehensive picture of
the interaction of boundary layer transition and separation in this unsteady environment.
Comparisons between the control and no control data indicate that the nature of the boundary
layer/ separation bubble interaction is not quasi-steady. The pulsed jets play a critical role in
creating premature transition on the blade, thus bringing momentum into the separation zone
and reducing its size dramatically. Since the bubble response to unsteady control is similar in
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many ways to the effect of passing wakes, it appears to be possible to synchronize the two
events synergistically, thus improving blade performance.

el A
Wake cylinder VGJs i 'g& '
optical sensor P N\
location \k%\\

Figure 11: Linear cascade facility (Bons et al. 2008)

A further mode of transition is represented by the transition process from turbulent to laminar
boundary layer, the so-called “reverse transition” or relaminarisation. It occurs in
turbomachinery components as well and is of particular importance for the gas turbine designer,
since it usually takes place on the pressure side of most profiles near the trailing edge and may
occur on the suction side near the leading edge in presence of strong acceleration gradients
(Cardamone, P., 2006). Mayle (1991) explains this process as the stretching of the streamwise
vortex lines associated with the turbulence in the boundary layer under the effect of a large
acceleration, so that the vorticity is dissipated through viscous effects. The relaminarisation
process is expected to occur at moderate turbulence levels if the acceleration parameter exceeds
a value of 3x10°. This indirectly means that forward transition cannot take place as long as the
acceleration parameter does not fall below this value. The blade profiles class examined within
this work features reverse transition on the rear part of the pressure surface. Some profiles
feature reverse transition on the front part of the suction surface as well. A short description of
the possible boundary layer development on high pressure turbine blades is followed as
described in the literature (Mayle, 1991). Figure 12 presents the essential features of the profile
boundary layer for this application on the suction and on the pressure side. On the suction side it
is usually expected that downstream of an initial laminar part the boundary layer becomes
turbulent (right side). The length of the transition zone depends on whether the onset of
transition is upstream or downstream of the minimum pressure location. In the first case the
transition zone will be more extended. If a laminar separation bubble occurs in the front part of
the suction side (left side), then, in presence of extremely favourable pressure gradients, the
boundary layer may become laminar-like again and only marginally downstream a forward
transition takes place. Different authors show that reverse transition may occur on the suction
surface (Hodson, (1984), Warren and Metzger, (1972)). For film cooled blades the transition is
expected at the injection location. Downstream, however, a reverse transition process cannot be
excluded. This circumstance could strongly influence the heat transfer distribution on film
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cooled turbine blades. On the profile pressure side two probable scenarios are illustrated as
well. If a separation bubble occurs the reattached turbulent boundary layer may become laminar
like again (right side). If no separation bubble is featured, a forward transition zone followed by
areverse one, in the rear part of the profile, is expected (left side).
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Figure 12: Boundary layer development on high pressure turbine blades (Mayle, 1991).

Transition phenomena in different components

Transition process in compressors

Even though the flow in a compressor is complex and involves large regions of three-
dimensional end-wall and clearance-leakage flows, the skin friction losses associated with the
airfoils usually account for half of loss in stage efficiency at design. Off design, however, this loss
rises dramatically as a result of massive airfoil separation. For, compressors, as low-pressure
turbines, the separation process is closely tied to transition such that the interplay between the
two must be understood. Therefore, the basic role of transition in compressors is not only to
reduce on-design losses, but in improving the off-design behavior and, as a result, increasing off-
deign margin. Success, however, crucially depends on understanding transition in adverse
pressure gradients, transition in separated flows, and wake induced transition. In fact, nowhere
else, except perhaps in the low pressure turbine, is it crucial in the engine to understand such a
variety of transition modes and their interaction than in the compressor. Since a compressor
operates over a wide range of flow conditions, from low to high inlet Reynolds and Mach
numbers as well as at high positive and negative incidence angles, designing compressors, as
designing low-pressure turbines, is sometimes considered more of an art than a science. Figure
13 shows a modern compressor airfoil pressure distribution Mayle (1991). After an initial
leading edge variation caused by a change in surface curvature , the pressure rises slightly over
the first half of the pressure surface and then drops over the next half. The design concept here
is to obtain the highest possible turning (increase of pressure across the row) with the minimum
loss by promoting a laminar boundary layer over the forward portion of the suction side with
transition near point of lowest pressure. The largest adverse pressure gradient is the imposed
on the flow immediately after transition when the turbulent boundary layer is the thinnest, and
hence least likely to separate. Further aft, as the boundary layer grows, the pressure gradient is
relaxed to prevent separation.

22



2
i

PRESSURE GOEF., C g= 2(p-p;¥pU]

Prassura

o 0.25 05 0.75 i

STREAMWISE DISTANCE, %o
Figure 13: Pressure distributions at design for a controlled-diffusion compressor airfoil.

In Figure 14 (Mayle 1991), the process of transition that usually occur on a compressor airfoil at
design is shown. On the pressure side, transition normally begins before point of maximum
pressure. Near the trailing edge on the pressure side, acceleration parameters approaching
those necessary to reverse the transition. Hence, as is shown by Dong and Cumpsy (1990a), it is
possible to have a flow on the pressure side that is always in a transitional state.
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Figure 14: Transition on a typical compressor airfoil at design conditions.

The boundary layers on compressor blades are observed to be laminar in wide areas along the
accelerated blade front region. Most blade designers take advantage of the laminar boundary
layer on the front and set the maximum suction side velocity around 15-30 percent of blade
chord. This allows high blade loading in combination with low losses. Beyond the velocity
maximum, the suction surface flow is decelerated with a relatively steep gradient and then—to
keep the boundary layer slightly apart from separation—decreased monotonically in strength
toward the trailing edge. These “controlled diffusion airfoils” (CDA) are widely in use in
multistage compressors. Several experimental investigations have provided evidence of the
existence of partial laminar boundary layers on compressor blades. Studies in cascade facilities
with different free-stream turbulence levels and wakes, which have been produced by moving
bars, showed laminar flow on the suction side and final transition within a laminar separation
bubble shortly after the velocity maximum (Dong and Cumptsy, (1990b) and Teusch, Fottner,
and Swoboda, (1999)). In real compressor environments, detailed measurements on stator
blades showed extended laminar boundary layers up to 30-50 percent of blade chord. At very
low Reynolds numbers, transition occurred even further downstream (Solomon, and Walker
(1995), Halstead et al. (1997)). Transition is induced in rather complex modes that depend on
the incoming wakes that impinge on the blade surface boundary layers, on the profile velocity
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distribution, and the Reynolds number. Behind the turbulent wakes so-called calmed “laminar-
like” regions are observed, which are followed by transition either in bypass modes or in
laminar separation bubbles aft of the suction side maximum. In case of separated-flow transition
the separation bubble and its extension oscillates with the blade passing frequency (Pieper et al.
1996). The turbulence level between the wakes was determined by Halstead et al. (1997) to be
about 2.5-3 percent and within the wake region about 5.5-6 percent. All these complex
transition modes are excellently described by Halstead et al. (1997), or in the paper of Cumpsty
et al. (1995), for example. Essential for the above-described observations is that the
corresponding tests, both in cascade facilities and in compressor test rigs, have been performed
at blade chord Reynolds numbers ranging from about 0.05 to 0.45x106. Even tests with a special
Reynolds number variation did not exceed this range. Real compressors in aeroengines,
however, operate at Re=0.6-1.2x10¢ even at cruise altitude (Hourmouziadis,1989), and
industrial compressors or compressors in heavy-duty gas turbines have blade chord Reynolds
numbers roughly from 2 to 6x10° (Figure 15, Schreiber et al, 2002). At these realistic
turbomachinery conditions with high Reynolds numbers, the calmed regions after wake passing,
the laminar boundary layers and, particularly, the laminar separation bubbles will play a less
important role. Recent blade design and optimization studies by Kéller et al. (2000) and Kusters
et al. (1999) showed that under high free-stream turbulence levels, boundary layer transition on
the blade suction side successively propagated forward into the accelerated front region of the
blades when the Reynolds number was increased. The blade profile optimization algorithm
employed considered this early transition location and set the velocity maximum on the blade
suction side much further upstream than is common in so-called controlled diffusion designs,
which assume at least partly laminar flow up to about 20-30 percent of chord (Wisler,1985). It
was clearly shown that the location of transition onset has a considerable influence on the
blading design process. Conversely, the results of new blading designs depend strongly on the
reliability of the transition models employed in the boundary layer codes. Therefore, it is
essential that the transition models have been validated thoroughly for all turbomachinery
relevant flow conditions with realistic turbulence levels and pressure gradients. One correlation
for transition onset, frequently used in numerical boundary layer codes and embedded in many
design tools, is the correlation of Abu-Ghannam and Shaw (1980). It has been comprehensively
verified for tests at lower turbulence levels for zero, adverse, and slightly favorable pressure
gradients on flat plates. For high turbulence levels (>2 percent) there is little information and
Gostelow and Bluden (1989) emphasized that uncertainty exists for favorable gradients. Mayle
(1991) pointed out that, especially for favorable pressure gradients, there are only two data
points from Blair (1982) from a flat plate experiment with Tu=2 and 5 percent that give
sufficient information on transition onset and length.
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Figure 15: Typical blade chord Reynolds number of a heavy-duty gas turbine compressor.
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Some general comments on design of compressors are relevant as reported by Mayle (1991).

1. To calculate transitional flows on compressor airfoils, one must allow transition in both the
forward and reverse directions with periodic wake-induced transition.

2. For modelling transition and separation correctly, all tests for compressor design purposes
must be operated at high inlet turbulence levels with appropriate turbulent length scales.

3.To compute properly, separated-flow transition and the massive separation at low Reynolds
numbers and off-design angles of incidence, one must consider modelling the laminar, the
transitional, and turbulent shear layer flows, which may be large in extent and may or may not
be close to the surface.

Transition process in combustion chambers

Generally it is thought that transition is not occurring in combusors. But, it is shown by Paxson
and Mayle (1991) that laminar boundary layers can and do exist in flows with extreme
turbulence as long as the pressure gradient is favourable. Consequently, in the exit ducts of
combustors where a large favourable pressure gradients are obtained, laminar and transitional
flows occur with transition being in both direction.. Usually, there is no effect on aerodynamic
performance of the combustor unless, as possible in reverse-curved exit ducts, the duct is so
poorly designed that it separates. Therefore, the main role of transition in combustors is its
effect on heat transfer. Since convective heat transfer to the liner walls is significant only in the
exit duct, it is only here that one may like to expect the benefits of understanding the role of
transition in combustion chambers. Usually a combustor may be considered as a device which is
highly turbulent, with constant pressure and low velocity flow condition. At the outlet ducts,
however, acceleration is significant and the acceleration parameter reaches some of the highest
values in the engine. This has a twofold effect. Firstly, the acceleration causes a reduction in the
mainstream turbulence intensity and shifts the frequency range of turbulence toward the lower
frequencies. Actually it can be said, the exit duct acts as low-pass filter. But, the resulting
turbulence is still large and persists, particularly the low-frequency components, through most
of turbine section. Secondly, the high acceleration causes the boundary layers on the walls,
whether film cooled or not, to change from turbulent to laminar flow condition. This latter effect
may be alternatively viewed as an initiation of a new boundary layer, which, because of low
Reynolds number, is laminar. Later, depending on the acceleration, turbulence levels, and duct
length, the flow may again undergo transition, but in a forward direction. This condition is
depicted in Figure 16 for flow through an exit duct in a typical engine where forward transition
may not happen, and in Figure 17 for flow through a reverse-curved exit duct where forward
transition usually follows the reverse transition process on both walls Mayle (1991). In the
second case, forward transition is initiated in a highly accelerated region and it is expected that
the production of turbulent spots to be relatively low. This cause a n extended transition, which
may or may not be complete before end of the duct.
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Figure 16: Transition in an axial duct of a straight-through burner
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Figure 17: Transition in a reverse-curved exit duct.

In either cases, however, the convective heat load will increase through the duct in contrast to
that predicted if turbulent flow were assumed to prevail throughout. That is, because of
transition, the heat loads will be highest in the aft portion of the duct even though the
acceleration there is minimal. A note worthy here is that, to calculate heat loads on combustor
exit ducts correctly, boundary layer codes that allow both forward and reverse transition to be
used. Also, designers should consider that the boundary layer on convex wall of a reverse-curved
exit duct may not be turbulent before the point of minimum pressure.

Transition process in turbines

Flow prediction studies on turbine blades are much ahead of predicting flow in any other
components of the gas turbine engine and is so advanced that many sophisticated unsteady and
three-dimensional effects can easily be handled these days. This is mainly because predicting
airfoil heat loads accurately is very much important in face of the ever-increasing turbine inlet
temperatures. There are other two reasons for the advanced state of turbine flow studies which
are firstly, flows in the compressor and combustor involve large separated regions and are
therefore much more difficult to predict and secondly, the numerical error of many codes
overshadowed the aerodynamic losses that are the designer’s concern in a compressor. Also,
measurements of boundary layer parameters and heat transfer distributions in various test
facilities, such as those conducted by Langston et al. (1977), Graziani et al. (1980), Dring et al.
(1982), and Hodson (1984), Hollon and Jacob (2001), Ubaldi and Zunino (2006), Sohn and De
Witt (2007) and Simoni et al. (2009) were used to verify many modern computational analysis.

The flow on a turbine blade is transitional and also turbulent heat transfer is usually few times
larger than laminar one, so it is expected that transition plays an important role in turbines. In
the high pressure turbine, the primary role of transition is in affecting heat load distributions,
and for modern, extensively film-cooled turbines, transition in the first stage is becoming less
important. It is shown by Blair et al. (1989a, 1989b), the trend toward low aspect ratios with
large regions of vertical flow also decreases the role of transition plays in the overall heat load
and aerodynamics. In high pressure turbines, the effect of transition on losses is usually small,
because aerodynamic losses are mostly attributed to the turbulent flow after transition. In the
low pressure turbine (LPT), the flow is primarily two-dimensional and has a low Reynolds
number. As explained by Hourmouziadis (1989), understanding the role of transition is crucial
to an aerodynamically efficient design of blade. Actually, LPT rely majorly on aerodynamic
expansion to extract work from the fluid. In those regions where expansion occur, the fluid is
accelerating and boundary layers tend to remain thin and attached because the pressure
gradients are favourable. Designers capitalize on this feature and produce airfoils with an
extended region of accelerating flow along the suction surface to reduce boundary layer growth.
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Following this accelerating region is a short region of diffusion. This results in so-called “aft-
loaded” airfoil (Sharma et al., 1982).

As the turbine operation changes from sea level takeoff to cruise, the most critical changes occur
in the low-pressure turbine. The reason is that, the operating Reynolds numbers are low at high
altitudes to begin with and a further decrease can cause separation to occur before transition.
That is why, the role of transition in LPT is almost similar to that in compressors undergoing
large variations in mass flow than to that in a high pressure turbine. As a result, various
mechanisms of transition in compressors discussed earlier can directly be applied to LPT.

Here we discuss first the salient features of transitional flow in high pressure turbine (HPT) and
later LPT one will be discussed.

(a) flow in high pressure turbines:

Referring Figure 18 (Mayle, 1991), a mid-span pressure distribution for a typical high-pressure
turbine airfoil, it can be seen after an initial variation, the pressure on the pressure side is nearly
constant until mid chord and then decreases. On the suction side, the pressure gradient is
favouable over much of the forward portion of the airfoil and slowly adverse over the remaining
half. The ratio between the distances of favourable and adverse pressure gradients (forward or
aft loaded has always been a question for designers, really depends on one’s view of transition.
This was shown by Sharma et al. (1982) who investigated the boundary layer development on a
surface for both forward and aft-loaded type pressure profiles.
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Figure 18: Pressure distributions for a typical high-pressure turbine airfoil.

The variation in pressure near the leading edge, a consequence of the change in surface
curvature there, is always found on turbine airfoils and happens on either the pressure or
suction sides or both. It is particularly noticeable on high-pressure turbine airfoil, where large
leading edges are designed in order to reduce the heat load and provide space for internal
cooling schemes. As in compressors, and on airfoils without film cooling, small laminar
separation bubbles may occur here (Figure 19), which generally have little effect unless, they are
source of an unsteady, wake-induced transition (Dring et al., 1986). In some situations, however,
a short bubble with turbulent reattachment is found (Bellows and Mayle, 1986). For airfoils with
a film-cooled leading edge, Mick and Mayle (1988) have shown that bubbles do not occur.
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Figure 19: Cartoon of separation bubble formation on the suction surface of a turbine blade.

(b) flow in low pressure turbines

The flow on a low-pressure turbine airfoil within a typical operating range of Reynolds numbers
is shown in Figure 19 (Mayle 1991). At high Reynolds numbers, transition occurs far enough
upstream that the flow is turbulent over most of the airfoil. Near the trailing edge, depending on
design, turbulent separation may happen. With decreasing Reynolds number, any turbulent
separation disappears and transition (via the bypass mode) moves downstream. This is shown
on right side of Figure 20, i. e,, fully attached flow with transition. The loss corresponding to this
flow is lowest. With further decrease in Reynolds number, laminar separation ahead of
transition becomes possible. If separation does occur, the bubble is short and the flow reattaches
as turbulent. In this case (shown in middle of the figure), the loss is only slightly higher than
previous case. For lower Reynolds numbers, the laminar shear layer and transition length
increase until reattachment before the trailing edge is no longer possible and the airfoil
completely separates (see left side of Figure 20).
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Figure 20: Transition on a low-pressure turbine airfoil at various Reynolds number.

The aim of the designer, of course, is to design an airfoil that provides the lowest loss through its
operating range This requires one to predict the Reynolds number at which the separation
bubble “bursts” and the losses change dramatically. That is, one must be able to predict
separated-flow transition. (Mayle....Halstead..)

Recent extensive studies (e. g.: Suzen et al., 2003, Mcquilling 2007, Hollon and Jacob 2001, Sohn
and Dewitt 2007, Ries et al. 2009, Sanders et al,, 2011, Hodson and Howell, 2005) on transition
phenomena in low pressure turbines shows that, on both experimental and computational areas
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there are wide scopes of research which definitely could throw some light on this fundamental
problem and non the less the gas turbine engine designers will be benefited.

Effects of different parameters on the flow

Before discussing the effects of controlling parameters on transitional flow, it is necessary once
more to explain briefly the different transition schemes under various flow conditions. Figure 21
shows different transition process modes (Halstead et al. 1997).
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The process of Tollmien-Schlichting, or “natural” attached-flow transition, is shown Figure 20(a).
For very low free-stream disturbance where turbulence intensity is less 1.0 percent, the laminar
boundary layer develops linear oscillations of well-defined frequency when the Reynolds
number exceeds a critical value. This is shown as region 1 in the figure. These oscillations, called
Tollmien-Schlichting (TS) waves, are two-dimensional and convect at a typical speed of 0.30-
0.35 Vo . As the amplitude of the (TS) waves increases, spanwise distortions of the vertical
structure develop (region 2) and grow in an increasing three-dimensional and nonlinear manner
(region 3). They eventually burst into turbulent spots (region 4). Within this region, the
boundary layer alternates between laminar and turbulent states. Eventually the turbulent spots
originating from different locations merge and form a fully developed, continuously turbulent
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boundary layer as transition is completed (region 5). However, when the formation and
amplification process of two-dimensional TS waves in natural transition is “bypassed” due to the
presence of forced disturbances of sufficient amplitude, another mode of transition which is
called “bypassed transition” will occur Sources of such disturbances include higher free-stream
turbulence and surface roughness. In this mode of transition, TS waves are less evident, if
present at all. Rather, the first indication of transition may be the direct formation of turbulent
spots thus “bypassing” region 1-3 of Figure 21(a). This process significantly reduces the length
of unstable laminar flow and will promote earlier transition. Under certain circumstances (e.g.,
at high positive or negative incidence, rapid diffusion or low Reynolds number) The laminar
boundary layer may separate from the airfoil surface. Rapid transition then occurs within the
separated shear layer. Provided the Reynolds number is not too low or the local pressure
gradient too large, the resulting turbulent-like layer will reattach to form a closed region of
separated flow called a “separation bubble” (Roberts, 1980). The region beneath the separated
laminar shear layer within the bubble is quiescent, with very low wall shear stress and nearly
constant static pressure. This process is shown schematically in Figure 21(b).

It is believed that, the onset of transition is completely controlled by free-stream turbulence and
unsteadiness. On the other hand, it appears that the turbulent spot production rate is controlled
by the pressure gradient at onset, turbulence, and whether or not the flow separates. Surface
roughness, surface curvature, flow divergence or convergence, compressibility, heat transfer,
and film cooling do have an effect on the production rate, but it is generally five to ten times less
than that of the pressure gradient. If the flow separates, transition is primarily controlled by the
momentum thickness Reynolds number at separation and the parameters that affect the length
of the laminar shear layer in the bubble. These parameters are not really known, but it seems
that free-stream turbulence is on of them. A discussion of all the above mentioned controlling
parameters is given below.

Effect of free-stream turbulence

The effect of turbulence level on the spot production rate is shown in Figure 22. As might be
expected, the production of turbulent spots increases as Tu increases.
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Figure 22: Spot production rate as a function of the free-stream turbulence level for zero
pressure gradient flows (Mayle, 1991).

The effect of free-stream turbulence level on the momentum thickness Reynolds number at
transition, Reg, is shown in Figure 23. As is well known, the effect of turbulence is to reduce the
Reynolds number at which transition begins.
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Figure 23: Momentum thickness Reynolds number at the onset of transition as a function of
free-stream turbulence level for zero pressure gradient (Mayle, 1991).

An experimental and analytical study has been performed on the effect of Reynolds number and
free-stream turbulence on boundary layer transition location on the suction surface of a
controlled diffusion airfoil (CDA) by Schreiber et al. (2002). Their results in Figure 24 illustrate
that the transition onset location is most sensitive on the Reynolds number when the turbulence
levels are between about 2 and 4 percent. Beyond Tu=4 percent the transition onset location for
a given Reynolds number is more or less insensitive to higher Tu levels.
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Figure 24: Influence of Reynolds number and free-stream turbulence on suction side transition
onset.

Choi et al,, (2004) investigated the effect of free-stream turbulence on heat transfer and pressure
coefficients of a turbine blade in low Reynolds number flows. This study documents the effect of
increasing Reynolds number and free-stream turbulence in suppressing separation, promoting
boundary layer transition, and enhancing heat transfer on blade surfaces.

Predictions for the effects of free stream turbulence on turbine blade heat transfer carried out by
Boyle et al. (2004). Four models for predicting the effects of free-stream turbulence were
incorporated into a Navier- Stokes CFD analysis. Predictions were compared with experimental
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data in order to identify an appropriate model for use across a wide range of flow conditions.
Their results show that, high turbulence levels often result in suction surface transition
upstream of the throat, while at low to moderate Reynolds numbers the pressure surface
remains laminar.

Experimental studies on bypass transition of separated boundary layer on low-pressure turbine
airfoils, focusing on the effects of free-stream turbulence on the transition process carried out by
Taniguchi et al, (2010). The results of this experimental study show that the location of
boundary layer separation does not strongly depend on the free-stream turbulence level.
However, as the free-stream turbulence level increases, the size of separation bubble becomes
small and the location of turbulent transition moves upstream. The size of separation bubble
becomes small as the Reynolds number increases. At low free-stream turbulence intensity, the
velocity fluctuation due to Kelvin-Helmholtz instability is observed clearly in the shear layer of
the separation bubble. At high free-stream turbulence intensity, the streak structures appear
upstream of the separation location, indicating bypass transition of attached boundary layer
occurs at high Reynolds number.

Effect of pressure gradient

Transition studies in flows with different types of pressure gradients are comparatively very
few. Most of these works are carried out at low turbulence levels, a review of which could be
found in Brown and Martin (1979). Abu-Ghannam and Shaw (1980), have done a more
comprehensive measurements. Measurements in favourable pressure gradients by Blair (1982)
from which both the onset of transition and the spot production rate may be determined is
shown in Figure 25.
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Figure 25: Combined influence of streamwise pressure gradient and free-stream turbulence
intensity on boundary layer transition.
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The data for transition onset Reynolds number are compared to the theoretical predictions of
van Driest and Blumer (1963). There is a good agreement between the experimental results and
the theoretical one for both constant velocity and accelerating cases.

The intermittency measurements of Sharma et al. (1982) in an adverse pressure gradient
condition shows (see Figure 26) good matching of the measurements data with Dhawan and
Narasimha’s correlation (1956). It indicates that the distribution of intermittency factor in
transitional flows is independent of the free-stream pressure gradient.
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Figure 26: Wall intermittency factor distribution in the transition zone.

Gostelow and co-workers (Gostelow, 1989; Gostelow and Blunden, 1989; Gostelow and Walker,
1991) and more recently Gostelow and Thomas, 2006) carried out extensive measurements to
investigate the effect of adverse pressure gradient on transitional flow applied to
turbomachinery. They also made intermittency measurements and their results showed good
agreement with the universal intermittency distribution.

The effect of acceleration on the onset of transition is presented in Figure 27 (Mayle 1991). In
general, Reg: increases with either an increase in acceleration or a decrease in the free-stream
turbulence level. For low turbulence levels, the effect of acceleration is significant, while for
levels found in gas turbines, it is negligible. That is, at the high levels obtained in gas turbines,
the onset of transition is controlled by the free-stream turbulence. This was found for all the
other parameters thought to govern transition. For accelerating flows, Blair (1982) and Sharma
(1987) determined that the length of transition is different for the thermal and momentum
boundary layers. The effect produces a longer transition for the thermal boundary layer than for
the momentum boundary layer in flows developing under favourable pressure gradients, while
the reverse is true in flows developing under adverse pressure gradients.
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Effect of surface roughness

Surface imperfections on in-service gas-turbine blade rows can have a significant effect on the
blade-passage flow (e.g., Leipold et al.; Bons and McClain (2000, 2003)). The main causes of
roughness on turbine blades are hydrocarbon deposits and erosion due to impact with small
particles. The level of surface roughness on a gas-turbine blade, which can vary in height from 2
to 160 um (Bons et al,, Taylor (2001, 1990)), depends on the location of the blade within the
engine, and the length of time it has been in service. The distribution of roughness over the blade
surface is typically non-uniform, with significant variations in both the streamwise and spanwise
directions (e.g., Bons et al.; Taylor (2001, 1990)). For example, the roughness level at the leading
edge of a high pressure- turbine stator blade (Figure 28(a)) is noted to be of larger scale than
that observed near the suction peak of a low-pressure turbine rotor blade (Figure 28(b)) from
the same engine. Closer proximity to the combustor and more rapid accumulation of roughness
in stagnation regions are responsible for the rougher surface conditions noted near the leading
edge of the stator blade. Modification of the blade-surface boundary layer by surface roughness
has been shown to reduce turbine aerodynamic efficiency (e.g., Kind et al.; Boynton et al.; Suder
et al. (1998, 1992, 1995)), and increase the surface heat-transfer rate (e.g., Bons and McClain;
Blair, Pinson, and Wang; Wang and Rice (2003, 1994, 1997, 2003)). Blade-surface heat transfer
rates may also be affected by changes in the surface material properties when the roughness is
due to hydrocarbon deposits, or when a protective coating is eroded. Understanding the effects
of surface roughness is essential for predicting in-service aerodynamic performance, and thus
optimizing blade designs for maximum operational efficiency and life. One means by which
surface roughness may affect the flow field is through its influence on the transition of the blade-
surface boundary layer from a laminar to a turbulent state. Sufficiently large surface roughness
is known to “trip” the laminar boundary layer, after which a very rapid transition process takes
place (e.g., Gibbings et al.(1986, 1986, 1986), Klebanoff and Tidstrom (1982)). If the roughness
level is insufficient to trigger immediate transition inception, as is often the case with low-
pressure turbine blades, the location of transition inception in an attached boundary layer
moves progressively upstream with increases in surface roughness (e.g., Pinson and Wang;
Gibbings and Al Shukri; Kerho and Bragg (1997, 1997, 1997). Similar trends have also recently
been observed in separation-bubble transition (Roberts and Yaras; Volino and Bohl (2005,
2004)). For a given surface roughness height, the geometry of the roughness pattern may have a
significant effect on how the boundary-layer development is affected by the surface conditions.
It was suggested by Morris (1955) that the effect of roughness on the boundary layer occurs
primarily through vorticity and turbulence shed in the wakes of roughness elements. The
influence of this wake turbulence on the surrounding flow, and the extent by which neighboring
wakes interact, are affected by the shape, size, and spacing of the roughness elements. The
effects of these features of roughness patterns on turbulent boundary layers have been studied
extensively for both deterministic (e.g.,, Waigh and Kind; Dirling Dvorak (1998, 1973, 1969)),
and random (e.g., Bons; Belnap et al.; Sigal and Danberg (2002, 2002, 1990)) roughness. The
recent experiments of Stripf et al. (2005) over deterministically rough surfaces suggest the
roughness geometry to be less influential in transitional flows than in fully turbulent boundary
layers. Nonetheless, movement of the location of transition inception with variations in
roughness spacing is evident in their experimental data, with the effect of spacing becoming less
pronounced at the highest Reynolds numbers and turbulence levels tested. In a recent study on
the effects of stochastic roughness on separation-bubble transition conducted by the Roberts
and Yaras (2005), transition inception generally occurred further upstream with increased
roughness height. However, a reversal of this trend was observed for two of the surfaces
included in the study, which was attributed to differences in the spacing of the roughness
elements. The above-noted effects of surface roughness on the location of transition inception in
separation bubbles must occur through modification of the mechanism causing instability. In
small separation bubbles, where the shear layer is located relatively close to the surface, a
significant effect of wall damping on the shear layer remains. In these instances, transition
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inception is preceded by the growth of Tollmien-Schlichting (T-S) instability waves (e.g., Roberts
and Yaras; Volino and Bohl; Volino (2005, 2004, 2002)), which may break down and form
turbulent spots characteristic of natural transition in attached boundary layers. The A vortices
normally associated with natural attached-flow transition have also been observed in separated
shear layers (Bao and Dallmann (2004)). As the separated shear layer moves away from the
surface, the damping of the wall becomes less pronounced, and the flow begins to more closely
resemble a free shear layer, in which the inviscid Kelvin- Helmholtz (K-H) instability mechanism
is expected to dominate (e.g., Malkiel and Mayle; Watmuff; Yang and Voke; Spalart and Strelets
(1996, 1999, 2001, 2000)). Computational studies of separated boundary layers have shown
that the distance of the shear layer from the surface, the thickness of the shear layer, and the
flow Reynolds number are all factors affecting the dominant instability mode (e.g., Rist and
Maucher; Chandrasekhar (2002, 1961)). Published studies on boundary-layer transition do not
provide information from which the effects of roughness geometry on the transition process in
separation bubbles may be derived for the stochastically rough surfaces typical of
turbomachinery blades.

Figure 28: Surface roughness at the leading edge of a HP turbine nozzle (a), and near the suction
peak of a LP turbine blade (b). Note: magnification is higher in (b).

Also it is to be mentioned one of the few work which has been done on effect of “distributed”
roughness on transitional flow is that of Feindt (1956) and later by Mick (1987). Figure 29
shows the results of their studies for various sized engines. The interesting outcome of this
figure is that, since turbulence causes an earlier onset of transition than roughness for all
engines, except perhaps the small engines and the low-pressure turbine under the worse
conditions, the effect of roughness on the onset can generally be neglected.
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Figure 29: A comparison between the effects of roughness and free-stream turbulence for
various sized engines.
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Effect of curvature

The effect of curvature on transition were studied rather early by Gortler (1940), who
considered the theoretical aspects of stability, and Liepmann (1943), who carried out
experiments. Gortler found out that a laminar boundary layer on a concave surface becomes
unstable as a results of centrifugal forces to three-dimensional disturbances and formed
streamwise vortices within the layer. Liepmann showed that transition on a convex surface is
only slightly delayed, as did the experiments of Wang and Simon (1985), but it may occur
substantially earlier on a concave wall. Although all of this work was done at relatively low
turbulence levels, it follows that the onset of transition on a convex surface at higher free-stream
turbulence levels will be virtually identical to that for a flat plate. For Tu=0.03, Liepmann found
that transition occurred on a concave surface when Gé=ReoV8427 where Go is Gortler number
and r is the radius of curvature. Later, measurements on concave surfaces at higher turbulence
levels reported by Riley et al. (1989). Their results together with Liepmann’s are shown in
Figure 30. In this format, all straight lines passing through the origin corresponds to a constant
Gortler number and transition for any turbulence level occur when Reynolds number lies close
to G6=7 line. Liepmann’s data lie close to G6=7 line. The rise in transition Reynolds number
above this line found by Riley et al. is caused by the Gortler vortices increasing the velocity
gradients near the wall thereby delaying transition. For highly curved surfaces, this effect
dominates that of turbulence. It may be said, that concave curvature can either decrease, as
found by Liepmann, or increase the transition Reynolds number depending on strength of
curvature and turbulence intensity.
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Figure 30: Reynolds number at the onset of transition on a concave surface as a function of the
curvature parameter.
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Effect of flow divergence or convergence

Streamline convergence and divergence are known to produce large effects on turbulent
boundary layer growth, and so may be expected to have similarly large effects on transition
characteristics as well. While modelling the transition zone in flows with non-parallel
streamlines, it is often assumed that the spot propagation envelope is inclined at a constant
angle to the local streamline, the angle being therefore the same as in two-dimensional flows;
this assumption goes back to the work of Emmons and Bryson (1952), and has been adopted by
Chen and Thyson (1971) in their widely use transition zone model. It has been pointed out
(Narasimha, 1985) that this hypothesis predicts extremely rapid growth in divergent flow: if the
divergence is of the radial source type, the turbulent “wedge” swept out by the spot would be a
logarithmic spiral, and it edges would come together at an azimuth 180" away from the point of
spot generation. The detailed experiments carried out by author (Jahanmiri et al. 1995,1996) on
a turbulent spot in a distorted duct to study the effects of a divergence with straight streamlines
preceded by a short stretch of transverse streamline curvature, both in the absence of any
pressure gradient. It is found that the distortion produces substantial asymmetry in the spot
(see the Figure 31), however, there is no strong effect on the internal structure of spot and the
eddies therein. Or on such propagation characteristics as overall spread rate and the eddies and
the celebrities of the leading and trailing edges. Both lateral streamline curvature and non-
homogeneity of the laminar boundary layer into which the spot propagates are shown to be
strong factors responsible for the observed asymmetry. It is concluded that these factors
produce chiefly a geometric distortion of the coherent structure in the spot, but do not otherwise
affect its dynamics in any significant way.
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Figure 31: Normalized spot shape plan view at y=0.5mm and different time instants.

Intermittency measurements are made by Ramesh et al. (1996) in the transition zone of a three-
dimensional constant pressure diverging flow (similar to Jahanmiri et al. set up) in order to
study the effect of lateral strain rate on the intermittency distribution. Measured intermittency
data are found to follow the two-dimensional behaviour thus indicating that the lateral strain
rate does not affect the normalized intermittency distribution in the transition zone. Later
measurements of Vasudevan et al. (2001) in a laterally converging constant pressure flow also
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showed that the streamline convergence does not affect two-dimensional spot propagation
characteristics. So by these experiments, it may be concluded that the flow divergence or
convergence has least effect on transitional flow dynamics.

Effect of compressibility

There are not much experimental data on this issue, although not mentioned, most of results
were obtained in low turbulence levels. Most of efforts concentrated on obtaining an onset
Reynolds number and transition length by measuring either distribution of surface shear stress
or heat transfer, and later through surface intermittency detection methods. Narasimha (1985),
analyzed all previous data and shows in his figure 35 (see Figure 32). In this figure, Owen (1970)
defines three transition zone Reynolds numbers, at onset, peak and end respectively, based on
the fluctuating signals from a surface film gauge. His data on onset Reynolds numbers in the
Mach number range 2.5 to 4.5 show a slow increase with Mach number, and are generally
consistent with the ZK data. However, especially at the high end of this Mach number range,
Owen finds a much more rapid increase of Re,. with Mach number. This figure also shows the
data of Nagamatsu et al. (1967) at higher Mach numbers (8 to 16). Both Re, and Re. increase
significantly with Mach number; the Re, data on a smooth cone would be consistent with those
of Owen (1970) as well as Owen et al. (1975). The conclusions that stand out beyond
reasonable doubt are that at Mach numbers beyond about 5, both Re, and Ree increase rapidly,
but by a Mach number of about 15 the rate of increase has declined. Furthermore, by comparing
the data at, say, Mach 7 with those at Mach 0, it is reasonably certain that at the same onset
Reynolds number the transition zone is longer at the higher Math number.
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Figure 32: An overview of experimental data at different Mach numbers on Reynolds numbers at
onset and end of transition (Dey and Narasimha, 1985).

More recently Walsh and Davies (2005) carried out measurements in the transition region of a
turbine blade profile under compressible conditions. They concluded that, all the intermittency
measurements in the choked flow experiments were found to fall on a linear F(y) line for the
current data set. This interesting result would need further validation before its widespread use
was feasible. The introduction of correlations to include the effect of Mach number for transition
onset, in general, resulted in better agreement with the measurements. Again, further
experimental evidence is needed under a variation of conditions to fully resolve this issue. So, it
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is conjectured that, the effect of Mach number on the transition region needs more studies
before prediction methods can be used reliably.

Effect of heat transfer

Heating or cooling the flow is known to affect boundary layer transition at low intensity of free-
stream turbulence. Liepmann and Fila (1947) measurements on air flowing along a heated wall
showed that, an increased temperature of the wall will hasten the transition process. But
because transition occurred via the natural transition mode, their result may have less
importance for gas-turbine engines application. Martin and Brown (1979) suggested that heat
transfer through the laminar boundary layer flowing over the concave pressure surface of a
turbine blade is strongly influenced by the presence of Taylor-Goertler vortices, as well as by
mainstream turbulence. Transition occurs when these factors in concert outweigh the tendency
of the boundary layer to remain laminar in the favourable pressure gradients characteristic of
flow over pressure surfaces.

Experiments by Riid and Witting (1986) on a cooled surface appropriate to the gas-turbine
situation shows for Tu>2, the effect of Tw/T. on either the onset or length of transition is
negligible. This effect on Reg is not difficult to understand considering the negligible effect at
high turbulence levels for flows with pressure gradients. The insignificant effect on the length of
transition implies that the spot production rate is unaffected by the heat transfer at high free-
stream turbulence intensities.

Effect of film cooling
Film cooling is supposed to affect the state of the boundary layer on a gas turbine blade. At
injection ports the film holes are usually much larger than the boundary layer thickness in such
a way that injection of coolant into the flow through series of holes completely disrupts the flow
close to the surface and provides a source of high turbulence within the downstream developing
boundary layer. Therefore, it may be said that film cooling effect is to “trip” a laminar boundary
layer and initiates transition to turbulence.
Figure 33 after Mayle (1991), shows this effect, where heat transfer results both with and
without film cooling have been plotted for film cooling on the leading edge of an airfoil. It can be
seen, for no injection, holes covered, a separated-flow transition occurs near x/Dzm/4, (D is
leading edge diameter). With blowing, however, and in spite of the high acceleration, it seems
that neither a laminar boundary layer exists nor a forced transition occurs except that caused by
the injection itself. Measurements of Mehendale et al. (1991) at high main-stream turbulence
confirms the above mentioned findings.
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Figure 33: Effect of film cooling on transition

39



Warren and Metzger (1972) have shown that, for situations where the acceleration downstream
of injection is sufficient to cause reverse transition, the heat transfer approaches that for laminar
flow. 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 airfoils in the first stages of the turbine.

Recent heat transfer measurements of Colban et al. (2006, 2007) on a stator vane, indicated that
the behavior of the boundary layer transition along the suction side of the vane showed
sensitivity to the location of film-cooling injection, which was simulated through the use of a trip
wire placed on the vane surface.

Conclusion

The present overview on transitional flow in gas turbines had many-fold results that can be
summarized as below:

1 Modelling unsteady transition is one of the major problems that need to be pursued. Unsteady
transition onset for compressor blades, and the leading edge interaction effects associated with
wake passing, are being addressed; the modelling of subsequent transitional flow remains to be
incorporated.

2 Turbine blade optimisation models currently incorporate the unsteady effects of wake-
induced transition, but not the transitional flow effects associated with spot merging.

3 Compressor blade optimization studies have been reported for steady flow conditions, but still
lack accurate transitional flow models; true optima may not have been reached, even under
steady conditions.

4 It may be time to undertake a more detailed experimental study of the influence of free-stream
turbulence on turbulent breakdown, informed by recent DNS studies and using modern
observation techniques.

5 Experimental data for transitional flow under accelerating flow conditions remains poor, as
does data on re-laminarization and its prediction.

6 The presence of streamwise vorticity, on both concave and convex surfaces, and its effects on
boundary layers and heat transfer is still not well recognized, understood or predicted.

7 Transition information obtained at low free-stream turbulence levels is vitually useless for the
gas-turbine designer.

8 previous assumptions of predominantly turbulent boundary layers on multistage
turbomachine blading were convincingly proved to be incorrect. Along both paths the boundary
layer clearly goes from laminar to transitional to turbulent, with great extents of laminar and
transitional flow being found in results of Halstead et al. (1997).

9 Transition in gas turbines is controlled mainly by the free-stream turbulence, pressure
gradient, and the periodic, unsteady passing of wakes.

10 The higher shear stress in the calmed region is effective in suppressing flow separation and
delaying transition onset in the region between wakes.

11 The onset of transition in gas turbine depends only on free-stream turbulence, the periodic
unsteady effect of wakes and shock waves, and whether the acceleration is greater or less than
that for reverse transition.

12 The length of transition in gas turbines depends only on the free-stream turbulence and
pressure gradient.

13 The effects of surface roughness, surface curvature, flow divergence or convergence,
compressibility, and heat transfer on transition in gas turbines are less significant as compared
to free-stream turbulence effect.

14. Transition in gas turbines in an accelerating flow region is always of the bypass type. This
can certainly be said for transition in most gas turbine flows except that near separation.

Finally to say, although in recent years many research activities on this issue were accomplished
but some more areas still open for further studies like: experiments on separated-flow transition
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at high turbulence intensity; experiments to be conducted for determination of a design criterion
for the onset of wake induced transition; determining acceleration parameter, free-stream
turbulence level and turbulent length scale at the transition onset location; and investigation on
effect of blade leading edge curvature on transition onset.
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