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Chapter 1

Introduction

1.1 Motivation

Low Pressure (LP) turbines of gas turbine systems are commonly used in the
aerospace and power industries. In aircraft, they are used primarily to provide input
shaft power for fan and compressor components of the turbine engine. For the power
industry, they are used to generate shaft power. Turbine design engineers are con-
stantly working towards achieving increased turbine efficiency, decreased weight, and

reduced part count while simultaneously reducing cost.

An important component of this effort is obtaining a better understanding of
the aerodynamics of turbine stages, which allows the turbine designer to estimate and

optimize aerodynamic performance.

Traditional analysis of turbine blades treated the flow through the turbine as
a steady, turbulent flow. This is reasonable due to the high turbulence of the flow
entering the turbine stage from the upstream components such as the combustion
chamber and upstream turbine stages with features such as blade wakes, film cooling,

endwall cooling, and surface roughness.

However, in low pressure turbines, due to a combination of relatively high free-
stream fluid temperature and relatively low pressures, the Reynolds numbers of these
flows are relatively low compared to those of high pressure turbines. Therefore the
turbine designer must account for flow viscous effects when designing the turbine

stage. These effects include viscous boundary layer growth, laminar to turbulent
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transition, and boundary layer separation, all of which significantly affect the aero-

dynamic performance of the turbine engine.

Transition is important in the high pressure turbine as well, for accurate predic-
tion is needed to properly describe the convective heat transfer coefficient distribution
over the airfoil surfaces. The thermal environment of the high pressure turbine is ex-

treme and prediction of the heat transfer rates is critical to proper thermal design.

Though the disturbance environments of both the high and low pressure turbines
are still being characterized, there is evidence that the low pressure turbine sees lower

disturbance to the flow.

The present study investigates boundary layer development, flow transition, and

separation of the boundary layer flow over low-pressure turbine surfaces.

Laminar to turbulent transition in a very low-disturbance environment is a well-
studied topic. An excellent summary of these efforts is presented by Mayle (1991).
He observed that the majority of experimental work had focused upon laminar to
turbulent transition under steady flow conditions. The actual flow present in turbine
engines has significant unsteadiness resulting from wake shedding by the preced-
ing blade stages; thus, Mayle suggested that experimental investigations should be
conducted to determine design criteria for the effects of wakes upon transition over
turbine blade surfaces. Mayle also expressed concern that the majority of existing
experimental works at that time focused upon laminar to turbulent transition under
low turbulence and steady flow conditions, neither of which is appropriate for turbo-
machinery flows, as the actual flow present in turbine engines has turbulence levels
ranging from 2-10%, with significant unsteadiness due to wakes. Considerable work

has been done since the 1991 paper was written. Much of this research was reviewed
by Simon and Kaszeta (2000).

1.1.1 Unsteady Wake Flows in Turbine Engines

In a turbine engine, the rotor is rotating relative to the stator, moving the
turbine blades through the turbulent wakes produced by the upstream stators. The
impact of these turbulent wakes upon the turbine blade creates a series of turbulent
spots appearing on the turbine blade, which eventually coalesce into turbulent “strips”

which grow and travel along the surface of the blade. The wake trajectories are shown
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conceptually in Figure 1.1. Between these turbulent wakes, laminar to turbulent
transition can occur in the separated flow zone should the boundary layer separate
or by bypass transition in the boundary layer if there is no separation. Thus, at any
given time, the surface of a turbine blade may include laminar flow, turbulent strips
due to wake passage, separation, transition in the separated flow, bypass transition

of an attached boundary layer, and re-attachment of a separated flow.

1.2 Relevant Transitional Literature

A considerable body of literature is dedicated to the study of laminar to turbu-
lent transition. However, much of this literature is dedicated to transition to turbu-
lence of a laminar boundary layer subjected to infinitesimal disturbances. For these
flows, transition to turbulence occurs through fundamental instabilities in the lam-
inar boundary layer which result in the amplification of small disturbances and in
the growth of Tollmien-Schlichting (T-S) waves. Such waves are two-dimensional,
with vorticity perpendicular to the flow. They further disturb the flow, creating
higher-order modes of instability, leading to randomly-oriented vorticity. This even-
tually triggers transition to full turbulence. This mechanism is referred to as “natural
transition,” and is described in detail by Schlichting (1979).

However, for a flow to pass into turbulence via this mechanism, the level of flow
disturbance must be quite small. In flows with high levels of free-stream turbulence,
it has often been observed that the free stream turbulent fluctuations can directly
create turbulent spots in the boundary layer, resulting in a transition to turbulence
without any observable disturbance amplification process as seen in T-S induced tran-
sition. Turbulent spots were first described by Emmons (1951), who identified such
a transition process in water-table experiments. Morkovin (1978) hypothesized that
in cases of large turbulence levels the free-stream could create such turbulent spots
in the boundary layer and labelled this phenomenon “Bypass Transition,” implying
bypassing of the normal instability amplification processes during transition to tur-
bulence. Additionally, while the original discussion of bypass transition concerned
transition under high free-stream turbulence, the bypass mechanism appears to occur
in flows with surface roughness and unsteady wake flows in which passing turbulent

wakes lead to the formation of turbulent spots in the boundary layer.
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Figure 1.1: Sketch of the observed wake distortion, wake induced transition and flow
velocity vectors, from Wu and Durbin (2000a)
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Finally, a third mode of transition that occurs in turbomachinery flows is “Sep-
arated Shear Transition.” Though the stability considerations are a bit different,
transition to turbulence occurs in shear flows, like a free jet or the shear flow which
resides over a separation bubble on a surface. The latter is important to turbine design

as it is also commonly observed in low Reynolds number turbomachinery flows.

1.2.1 Transition in Turbomachinery Flows

While transition to turbulence has been widely investigated, transition in highly-
disturbed environments such as those seen in engine flows is not well documented.
For example, in turbomachinery flows, combustor turbulence, rotor-stator interaction,
and high surface roughness result in flow subject to elevated disturbance levels and
periodic unsteadiness. These high levels of free-stream turbulence often result in
earlier and shorter transition to turbulence than with lower turbulence levels. In many
cases, this transition often delays or completely prevents boundary layer separation
on the surface of the turbine blade; without transition the strong streamwise pressure

gradient imposed on the boundary layer would have induced separation.

The periodic unsteadiness created by rotor-stator interactions similarly affects
the flow. The wakes create a periodic change in velocity over the blade surface,
creating temporal pressure gradients which may influence boundary layer separation
similar to the influence of spatial pressure gradients. Additionally, the wakes create
periodic strips of turbulence which can induce early transition to turbulence and
eliminate separation in much the same manner as induced by increased free-stream

turbulence in steady-state flows without wakes.

1.2.2 Modeling Efforts

The prediction of transition due to bypass transition mechanisms has proven
to be extremely difficult. Indeed, the predictions have proven difficult enough that
the predominant method to date has been the use of empirical or semi-empirical

correlations.

The most notable correlation is that presented by Abu-Ghannam and Shaw
(1980). Based upon both their own experimental observations and earlier correlations
developed by Hall and Gibbings (1972), the authors developed a series of empirical

relations for steady flow, correlating the location of onset of transition to effects of
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pressure gradient and free-stream turbulence intensity, in terms of the turbulent spot

production rate versus the following non-dimensional pressure gradient:

aUu

)\9: (02/1/) '%7 (11)
in which 6 is the local momentum thickness of the boundary layer, U is the local

velocity at the boundary layer edge, and v is the kinematic viscosity of the fluid.

Blair (1982), found better predictive capabilities if the model were based instead

on the non-dimensional acceleration parameter,
K, = (v/U?) (dU/dz), (12)

evaluated at transition as indicated by the subscript. U is the local velocity at the

boundary layer edge.

Similar correlation techniques incorporating both pressure gradient and free-
stream turbulence effects, and an overview of other predominant transition correla-
tions, such as Narasimha (1985), are presented in Gostelow and Walker (1990).

More recently, the problem of predicting bypass transition in turbomachinery
flows was addressed by Mayle (1991). Mayle hypothesized that at the level of tur-

bulence and pressure gradient present in gas turbine flows, a prediction correlation
of

Reg, = 400071 7°/% (1.3)

produced good results. Like the Abu-Ghannam and Shaw (1980) model, this model
was also widely used to predict transition, with fair success. A similar correlation is

reported by Hourmouziadis (1989).

Mayle’s correlation is notable, as it suggests that transition to turbulence is
strongly affected by free-stream turbulence and its effects on the pre-transitional
laminar boundary layer. Researchers have taken multiple approaches to developing
better correlations relating free-stream turbulence to transition. Johnson and Ercan
(1996) suggest that low frequency disturbances are most likely to cause transition.
Conversely, Mayle and Schulz (1997) suggest that transition to turbulence is most

strongly influenced by the higher frequencies of the free stream turbulence, which
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induce instabilities in the near-wall region due to pressure fluctuations. This led di-
rectly to Mayle (1998), in which a theory for predicting the turbulent spot generation
rate is developed (both onset and length of transition to turbulence). The model is
based upon turbulence in the boundary layer leading to the production of turbulent

spots at the rate:
no = C(v/U)Rey,, (1.4)

where C' is a proportionality constant derived from the data.

By statistical analysis of hot-wire results, Johnson and Dris (2000) developed a
simple analytical model that supports the conclusions of Johnson and Ercan (1996)
and Mayle (1998), suggesting that pressure fluctuations induced by free-stream tur-
bulence perturb the near-wall velocity creating small pockets of transient separation
and turbulent spots. Similar conclusions were reached by Dietz (1999), who inves-
tigated the receptivity of a Blasius boundary layer to disturbances from a vibrating
ribbon.

Recently, fundamental bypass transition modeling continues to see significant
contributions. Steelant and Dick (1996a, 1999a,b) model transition to turbulence
by using the Navier-Stokes equations combined with transport equations which they
derive for turbulence intermittency, v, and a turbulence weighting factor, 7. The
model covers the physics of both free-stream turbulence diffusion and turbulent spot

generation.

Dorney et al. (1999) investigated various prediction techniques by comparing an
unsteady Navier-Stokes solver, a two-layer algebraic turbulence model and transition
models to data for transition in turbines. They found that, despite its deficiencies,
the Abu-Ghannam and Shaw (1980) transition model produced the most reliable

predictions.

Roach and Brierley (2000) developed a bypass transition model which incorpo-
rates turbulence level and scale effects, noting that the model shows sensitivity to
the level of turbulence at the leading edge of the test surface, not to the turbulence
locally outside of the boundary layer, suggesting that flow history effects are more

significant than the local free-stream turbulence effects.
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1.2.3 Steady Flow Experiments

Much of the early work concerning transition in turbomachinery flows focused
primarily upon compressor blade passages. Evans (1978) is representative of this early
work, presenting hot-wire boundary layer measurements on a compressor stator blade.
Similar investigations were conducted in compressor passages by Hodson (1984) (hot-
wire) and Deutsch and Zierke (1987) (single-component LDV).

However, due to the complex flow patterns resulting from variations in com-
bustor outlet distributions, endwall cooling, surface roughness, wakes, and rotational
effects, a number of research efforts have focused on simplified geometries represen-
tative of a reduced set of all the effects of LP turbine flows. Notable works include
Blair (1982), Baughn et al. (1995), Jonas (1997), Chakka and Schobeiri (1999b), and
Funazaki et al. (1999a,b).

A common simplification used to simulate turbine passages is to use a flat plate
subjected to high inlet free-stream turbulence intensity flow and an imposed pressure
gradient. Matsubara et al. (1998) used smoke visualization over a such a flat plate
geometry subjected to various levels of free-stream turbulence intensity to document
the longitudinal structures that form in the boundary layer, leading to turbulent
streaks. Their results show also that T-S wave theory doesn’t satisfactorily account

for the observed flow physics in free-stream turbulence-disturbed boundary layers.

Sohn et al. (1998) provided extensive hot-wire measurement and also used smoke
visualization over a flat plate with imposed pressure gradients to simulate the suction
side of a LP turbine blade, subjecting the boundary layer to various levels of free-
stream turbulence intensity, documenting transition due to both separated shear layer
transition and the formation of intermittent turbulent spots in the laminar boundary

layer.

Volino and Hultgren (2000) conducted a similar study with a flat plate and im-
posed pressure gradients, investigating separation and transition with a single-sensor
hot-wire anemometer. They concluded that, while laminar to turbulent transition
is strongly influenced by the Reynolds number and free-stream turbulence intensity,
the location of boundary layer separation is controlled by the pressure profiled and is
fairly insensitive to Re and F'STI unless these two parameters are high enough that

the flow fully transitions to turbulence before separation occurs.
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Many research efforts have attempted to represent the geometry of turbine blade
passages using simplified curved geometries and linear cascades. Volino and Simon
(1997a,b,c) investigated the flow over a curved surface with various pressure gradients
imposed. Modifying the same facility, Qiu and Simon (1997) and Simon et al. (2000)
used a simulated cascade composed of a single pressure surface and a single suction
surface, simulating a single turbine blade passage, to investigate the effects of free-
stream turbulence intensity and Reynolds number on both the onset of transition and

separation.

Murawski et al. (1997) used a three-vane, four-passage linear cascade to assess
the effects of changes in Reynolds number and free-stream turbulence on separation
and transition. Additionally, this study investigated the wakes created downstream

of a turbine blade under steady flow conditions.

Boyle et al. (1998) used a three-vane, four-passage linear cascade to compare
steady-state hot-wire velocity surveys with various two-dimension prediction codes in
order to identify flow scenarios in which common transition models displayed short-

comings.

Schreiber et al. (2000) used a three-blade, two-passage cascade to show the
effects of Reynolds number and free-stream turbulence on transition for a controlled-
diffusion compressor airfoil, noting that for increased free-stream turbulence, the tran-
sition location moved upstream and the thin pre-transitional boundary layer flow

became more sensitive to surface roughness.

Recently, Alfredsson and Matsubara (2000) used both PIV and visualization
techniques in a flat plate boundary layer under high free-stream turbulence to con-
clude that free-stream turbulence oscillations penetrate into the transitioning bound-

ary layer.

Other research efforts have focused on flow control to promote transition to
turbulence to prevent or delay separation. In one such investigation, Bons et al.
(2000) introduced vortex generators into transitional boundary layers on a turbine
surface, noting a reduction in aerodynamic losses. Similarly, Lake (1999) and Lake
et al. (2000) investigated the effects of adding dimples, V-grooves and trips to the

surface in an attempt to prevent boundary layer separation.
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1.2.4 Unsteady Flow Studies

Like the steady-flow investigations, much of the early work involving the effects
of unsteadiness in turbomachinery flows started with compressor studies. In one such
study, Dong and Cumpsty (1990a,b), hot-wire data from a compressor cascade allowed
comparing the effects of wakes to the effects of increased levels of turbulence, both
resulting in early transition to turbulence. It was suggested that the incorporation of

wakes be treated as a special case to existing bypass transition models.

It is important to note that in turbine passage flows made unsteady by the
passage of wakes, there are several wake phenomena: (1) an oscillating free-stream
velocity component due to the wake, (2) an oscillating angle of attack and (3) wake
turbulence. All of these have separate effects upon transition and separation in the
turbine flow, as discussed by Mayle and Schulz (1997) and Lou and Hourmouziadis
(2000).

In an attempt to represent the unsteady flowfield in turbine passages, researchers
have used both rotating rigs and wake simulators. Boundary layer profile measure-
ments inside of rotating turbomachines are difficult to take, therefore such experi-
mental data in actual rotating turbomachinery are limited. The primary research
efforts conducted in such facilities include Halstead et al. (1997a,b,c,d), Tiedemann
and Kost (1999), Kost et al. (2000), and Solomon (2000).

Halstead et al. (1997a,b,c,d) used a rotating rig to provide a comprehensive
picture of the unsteady flowfield in LP turbines and compressors, including both
compressor and turbine passage flows. In Halstead et al. (1997c), by using hot-wire
and surface-mounted hot-film anemometry, the researchers concluded that in order
to accurately model the actual upstream disturbance present in real turbomachines,
simulations should use at least two upstream blade rows. Doing so would correctly ac-
count for all significant clocking effects. The researchers also document the existence
of significant calmed regions occurring behind each turbine wake, which, if accounted
for by turbine designers, may allow more aggressive blade loading than allowed by
conventional analyses. In these cases, the airfoil loading was low and the boundary

layers do not separate in the base case.

Tiedemann and Kost (1999) used a similar rotating rig instrumented with hot-

film sensors mounted along the pressure and suction surfaces of the passage to measure
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time-resolved profiles of surface pseudo-shear stress. From their results, the authors
determined that between wakes, turbine passage transition occurs as separated flow
transition followed by bypass transition, while underneath the wakes, the flow fully
transitions to turbulence by bypass mechanisms before separation can occur. Kost
et al. (2000) used the same facility with a PIV technique to measure 2D velocity
distributions and wake trajectories. They showed that as the wakes move through
the turbine passage, they spread to cover a much larger portion of the suction surface

than the wake spreading in the free-stream flow would predict.

Solomon (2000) used a low-speed research turbine to investigate the effects of
passing wakes and elevated free-stream turbulence for two different blade spacings.
He noted that the effects of turbulence on the transition onset location were smaller
when the solidity was reduced. He also noted an optimum clocking of the rotor, or

most effective wake passage timing, for effecting transition before separation.

In place of rotating rigs, a number of researchers have instead used a variety
of wake simulators. A complete review and evaluation of wake-generation techniques
is presented in Yuan (1999). Most researchers used some variation of passing solid
rods in front of either a flat plate or turbine passage simulator to simulate the wakes

coming from an actual series of stator vanes.

Funazaki and Kitazawa (1997) and Funazaki et al. (1999a,b) used a flat plate
with imposed pressure gradients and wakes from a rotating, spoked-wheel wake gen-
erator, documenting the velocity field of the boundary layer. Funazaki and Aoyama
(2000) used this same facility in conjunction with a split-film thermal anemometer
to obtain two-component velocity profiles of a wake-disturbed boundary layer, docu-
menting the secondary flow and Reynolds shear stress distributions of the boundary

layer responding to varying free-stream turbulence levels.

Schobeiri et al. (1998) used a five-blade, four-passage linear cascade along with
a timing-chain driven wake generator to document the effects of unsteady wakes
on aerodynamic and heat transfer characteristics of a turbine blade. From these
results, the authors concluded that transition in wake-disturbed turbine passages
shifts between natural transition and bypass transition, depending on the prominence
of the wake-induced turbulence in the free-stream. Schobeiri et al. (1995) and Chakka
and Schobeiri (1999a,b) previously used this facility with a curved wall flow disturbed

by wakes generated by a squirrel-cage wake generator to measure boundary layer
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distributions of velocity. From these results, they observed that, for wake-disturbed
flows, an increase in wake passing frequency resulted in a high frequency scale activity
in the boundary layer with small time scales dominant throughout the transition

process.

Kittichaikarn et al. (1999) used a heated flat plate test section coated with lig-
uid crystals in a water tunnel to visualize the process of wake-induced transition.
From these visualizations, they confirmed the presence of turbulent spots in the tran-
sition region and found good agreement between their experimental results and the

correlation presented by Mayle (1991)

Lou and Hourmouziadis (2000) documented separation bubble transition on a
flat plate, contouring the opposite wall to create the appropriate pressure gradient
on the test wall. By using a downstream rotating valve, they were able to create
a periodic acceleration/deceleration pattern in the flow and identify characteristic
instability frequencies in the shear layer over a separation bubble. The resulting flow
is similar to a wake-disturbed flow, except that the periodic acceleration/deceleration
of the fluid is not accompanied by increased turbulence, as would occur in a wake-
disturbed flow.

Brunner et al. (2000), Stadtmiiller et al. (2000) and Teusch et al. (2000) used
a high-speed, low-pressure, seven-blade cascade with timing-belt-mounted rods to
generate wakes. Brunner et al. used surface-mounted hot films to qualitatively map
the distribution of transition over the blade surface. They noted a loss reduction of
34% and 28% in two airfoil profiles due to the unsteady inlet flow associated with
passing wakes. Stadtmiiller et al. collected similar data and compared them with
calculations of wall shear stress, showing good agreement. From these results, they
showed that the wake effect on the reduction of losses depends on the frequency and
strength of the wake. Teusch et al. documented results similar to Dong and Cumpsty
(1990b), showing a 20% reduction in losses under low Reynolds number conditions
due to wakes, but a 20% rise in losses due to wakes at higher Reynolds numbers where

the separation bubble is small.

A summary of the data set to be documented in the present report has been

presented in the literature (Kaszeta et al., 2001).
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1.2.5 Analysis and Computation

In order to better predict the onset and length of transition to turbulence, a
number of computational techniques have been used, included Reynolds-Averaged
Navier-Stokes (RANS) equations coupled with various transport equations, Large

Eddy Simulation (LES), and, increasingly, Direct Numerical Simulation (DNS).

A number of research efforts have focused explicitly on bypass transition. No-
table efforts include Simon and Ashpis (1996), Savill (1993b), Suzen and Huang
(2000a), Dorney et al. (2000a,b), Kang and Lakshminarayana (1997), Chakka and
Schobeiri (1999a), and Kim and Crawford (2000). Large eddy and direct numerical
simulations of transitional flows have been made by Rai and Moin (1993), Madavan
and Rai (1995), Berlin and Henningson (1999), Wu et al. (1999), and Alam and Sand-
ham (2000). Rai and Moin initiated their computations with random inlet values and
allowed sufficient streamwise distance to let them develop into proper turbulence.
This was shown to require considerable computation time and some compromise in
grid resolution. The Wu et al. study includes DNS simulation of the effects of passing

wakes.

In McDaniel and Hassan (2000), transition was treated with turbulence model-
ing. Correlations taken from the literature were used for the transition length and
the intermittency distribution through transition. The turbulent diffusivity was de-

termined by the turbulence model.

Alam and Sandham (2000) showed by DNS the development of a separating flow

where transition is via oblique modes and vortex-induced breakdown.

Miiller et al. (2000) investigated the modeling of separated flow transition to
find that a combined onset model of Mayle (1998) and spot production rate model
of Walker et al. (1988) was best. The chosen model performed well on the pressure
side but calculated the transition location to be too far downstream on the suction

surface.

Enomoto et al. (2000) showed by computation and experimentation that the
process of laminar flow separation, reattachment and subsequent flow transition at
low Reynolds numbers is dominated by relatively large eddies near the wall which can

be simulated with unsteady numerical codes. Hobson and Weber (2000) described
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the application of Navier-Stokes solvers to the computation of controlled-diffusion

compressor blades.

Dorney et al. (2000b) made calculations on the PAK-B turbine blade to show the
effects of turbulence and boundary layer trips. The authors showed that the Baldwin-
Lomax turbulence model produced satisfactory results as compared with data for low
Reynolds number cases. An intermittency transport equation formulated by Suzen
and Huang (2000a,b) from the works of Steelant and Dick (1996b) and Cho and
Chung (1992) was shown to be successful against the transition data assembled by
Savill (1993a,b).

Davies et al. (2000) compared computational results from a Renormalization
Group (RNG) model of turbulence with experiments, discussing the results in terms
of the entropy generation rate. Details of the boundary layer measurements were
given in O’Donnell and Davies (2000).

Wu and Durbin (2000a,b) presented detailed DNS results of simulated wakes
sweeping past a low pressure turbine cascade. In their results, the authors present
evidence of longitudinal vortices arising from the turbulent wakes as they are distorted
by their travel through the turbine passage. A sketch from their results is shown in

Figure 1.1.

1.3 Research at the University of Minnesota

The Heat Transfer Laboratory at the University of Minnesota has a long history
of experimental investigation of transitional flows. The transitional flow program
began with studies by Wang (1984) and Kim et al. (1992), who investigated the effects
of both curvature (by comparison of flat plate and concave curved wall geometries) and
varying free-stream turbulence intensity levels upon transition. Their work concluded
that both concave curvature and increased FSTI resulted in earlier transition to

turbulence.

These data were later reprocessed by Volino and Simon (1994) using a technique

Y

called “octant analysis,” in which the values of the streamwise velocity, cross-stream
velocity and temperature fluctuations were used to segregate their measurements
into octant classifications, allowing various eddy motions, such as bursting, occurring

within the boundary layer to be identified. These results showed a distinct difference
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in structure between transitional and fully turbulent flow, with a wider distribution of
scales present in the turbulent flow. They also concluded that large scales were more
important in transitional flows, a conclusion similar to that of Johnson and Ercan

(1996).

Volino and Simon (1995a) later investigated transition in boundary layer flows
subjected to high FSTI and mild acceleration, finding that for mild acceleration
levels, transition was little influenced by acceleration. Volino and Simon (1995b)
presented a similar study with strong acceleration effects, showing that at strong levels
of acceleration, the acceleration had a significant effect in lengthening the transition
zone. Additionally, they found that strong acceleration tended to have a strong

enough stabilization effect on the boundary layer that reverse transition occurred.

Qiu (1996), Qiu and Simon (1997), and Simon et al. (2000) followed this work
with a study of both temporal and spatial acceleration effects upon laminar to tur-
bulent transition. In the first part of the study, Qiu used a Stirling engine heater
tube simulator to produce a zero-mean oscillatory flow to investigate the effect of
temporal acceleration upon laminar to turbulent transition. The author found that
in this oscillating flow, transition is triggered by the arrival of highly turbulent flow
generated upon entry to the test section. In the second part of the study, Qiu investi-
gated spatial acceleration effects by utilizing a one-passage cascade simulator (using
the PAK-B blade profile), subjecting the flow to various FSTI values (ranging from
0.5 to 10%) and suction surface length Reynolds numbers (ranging from 50,000 to
300,000). The author found that for a combination of high FSTI and high Re, the
boundary layer transitioned to turbulence early enough that boundary layer separa-
tion was eliminated. For lower values of FSTI and Re, it was found that transition

in these flows occurred by the following process:

1. Laminar boundary layer development

2. Strong growth rate as a laminar boundary layer until the adverse pressure gra-

dient is reached
3. Laminar separation

4. Transition of the shear layer over the separation bubble
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5. Turbulent flow established throughout the shear-layer and near-wall region

6. Possible re-attachment and growth as an attached turbulent boundary layer.

Figure 1.2 (from Simon et al. 2000) shows these results graphically.

1.4 Overview of the Current Study

While a large body of experimental data which documents the flow field and
transition in turbomachinery flows exists, much of the research has been conducted
under steady-state conditions. Of the unsteady-flow experimental studies, the major-
ity of the studies primarily investigated surface measurements, such as thermal prop-
erties or surface shear stress through the use of hot-film sensors—few measurements
within the boundary layer flow have been presented. The present study addresses
this by using hot-wire anemometry to collect wall-normal, time-resolved records of

velocity.

The study utilizes a modified version of the cascade simulator used in Qiu (1996),
Qiu and Simon (1997), and Simon et al. (2000). A linear wake generator, modified
from a design developed by Yuan (1999), is used to introduce periodic wakes into
the flow upstream of the turbine blade leading edge, simulating the wakes created by
rotor-stator interaction. The wake generator operates by sliding a rack of rods through
the flow development section. Through the use of a photogate mounted on the sliding
rack, the rods’ positions can be recorded, allowing ensemble averaging of individual
wakes and their influence on the LP turbine near-wall flow. By analyzing these
results, ensemble-averaged, wall-normal profiles of velocity, turbulence intensity and
turbulence intermittency can be measured over the turbine passage suction surface.
Both the experimental geometry and the results are amenable to comparison with
wake-disturbed, LP turbine computational works, such as those of Dorney et al.

(2000a), Wu and Durbin (2000a,b) and Suzen and Huang (2000b).

The objectives of this study are as follows:

1. Document the development of boundary layers in a simulated turbine passage
under the influence of rod-generated wakes, collecting ensemble-averaged pro-

files of velocity, turbulence intensity, and turbulence intermittency.
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2. By comparing these data with steady-state data collected on the same facility,
identify the effects of these wakes on laminar to turbulent transition in the flow

passing over the suction surface.
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Figure 1.2: Sketch of PAK-B airfoil under steady flow, with Re; . = 50,000 and

TI = 2.5%, showing approximate locations of separation and transition,
(Simon et al., 2000)
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Chapter 2

Experimental Test Facility

2.1 The Experimental Facility

The experimental facility consists of a low-speed wind tunnel, a wake generator,

and a turbine cascade simulator. Each of these will be discussed, in turn.

2.1.1 The Low Speed Wind Tunnel

All experiments were done using the low-speed, open-return, blown-type wind
tunnel, shown schematically in Figure 2.1. This facility was initially designed and
built by Wang (1984) and modified by Kim (1990). It consists of a filter box, a
blower, a redistribution section, an oblique header, a heat exchanger, a conditioning

section, a nozzle, and a developing section.

The filter box is used to prevent large particles from entering the test section.
Particles larger than 5 pm, which could damage the hot wire sensor in the test section,

are eliminated from the flow.

The flow is driven by a centrifugal fan (New York Blower, model 244) with a
capacity of 5500 scfm. The fan is driven by a 3-phase, 10 HP electric motor, driven

with a Lancer 10 HP variable-frequency motor controller.

Downstream of the blower, a series of grids and a honeycomb matrix are located
to remove swirl and improve uniformity before the flow enters the heat exchanger. For

these experiments, the flow is not heated, but for long-duration data collection, the
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heat exchanger is used to provide thermal control and uniformity of flow temperature.
This heat exchanger is capable of maintaining a spatial variation of temperature of
less than 0.1 °C. The heat exchanger is connected to a 40 gallon storage reservoir
and a 3/4 HP centrifugal pump (Dayton 98K588) which circulates water through the

heat exchanger.

Following the heat exchanger is a flow conditioning segment with a settling
chamber and a 24 mesh size screen pack. This reduces the turbulence entering the
10.7:1 contraction ratio nozzle, with an inlet area of 0.914m x 0.914 m and an outlet
exit area of 0.685m x 0.114m. By using a high aspect ratio of 6 for the nozzle, end

wall effects can be minimized.

Finally, a development section of the same cross-sectional area as the wind tunnel
nozzle exit is located in the flow, allowing measurement of the free stream parameters
entering the wake generator and the insertion of turbulence generation devices. With-
out any turbulence generation devices added to the development section, the exit flow
has a FSTI of approximately 0.5%. By inserting a passive rod grid composed of a
series of eleven evenly-spaced, 0.95 cm diameter steel rods (two evenly-spaced vertical
rods and nine evenly-spaced horizontal rods), a FSTI of approximately 2.5% can be

produced. The turbulence generator geometry is shown in Figure 2.2.

2.1.2 The Wake Generator

The wake generator, shown in Figures 2.3 through 2.10, was designed by Yuan
(1999) to simulate the wakes emerging from the upstream turbine stages in a low
pressure turbine. It consists of a moving sled assembly containing the wake gener-
ating objects (for the cases presented here, the objects are 0.635cm stainless steel
rods), an H-beam rail upon which the sled slides, a speed-controlled motor assembly,
transmission assembly (shown schematically in Figure 2.6), a push-bar, a decelera-
tion device, a pulley-rope driving system and a support frame. The wake generator is
designed so that the existing rods can be removed and replacement wake generation

objects (such as airfoils, rods with tailboards, or other shapes) can be inserted.

In order to avoid leakage from the wind tunnel when the wake-generating rods
enter and leave the upstream passage, plastic flaps attached to wood blocks (not

shown) mounted outside the flow passage reduce the gap in the wind tunnel flow
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development section to slightly larger than the rod diameter. This scheme is shown

in Figure 2.7.

Additionally, an infrared photogate detector and a picket-fence linear encoder
are mounted on the upper sled, allowing the position, speed and acceleration of the
sled to be measured. This linear encoder is used also to trigger data acquisition by

noting when each wake generating bar enters the channel.

A complete description of the design and the performance testing of the wake
generator are presented in Yuan (1999). However, a number of substantial modifica-

tions were required to make the facility suitable for this study.

First, the original design built by Yuan was manually operated. To obtain a
sufficient number of wakes to adequately calculate ensemble-averages, it was necessary
to devise a technique for automating the wake generator transmission. This was
accomplished by the addition of a Bimba, 3/4 inch diameter, 8 inch stroke air cylinder
(Model H-095-DUZ) shown in Figure 2.8. The air cylinder is operated by compressed
air and is computer controlled through the use of a 120 VAC solenoid valve which,
in turn, is driven by a Crydom D1210 solid state relay. The relay is controlled using
an IEEE-488-enabled, HP 59501B Programmable Power Supply. This modification

allows the experiment to be completely automated during data collection.

Second, the wake generator transmission was found to have significant wear
problems between the forward wheel shaft and the return friction wheel (similar wear
problems between the drive shaft and the forward friction wheel were reported by
Yuan). This portion of the friction drive mechanism was replaced by gears (shown in
Figure 2.10), eliminating the wear problems. Also, a number of oil taps were added

to some of the bushing and linkages to reduce operating heat and wear.

Finally, the operation of the wake generator is violent enough that the vibrations
from the sled passage were causing the test section and anemometer to vibrate, since
the test section and probe support were attached to the wake generator support
frame. To address this problem, a new stand for the test section was developed which
was completely detached from the wake generator, resulting in the test section being
vibrationally isolated from the source of vibrations. Additionally, a series of diagonal
braces was added to the test section and the wake generator to further stiffen them.

The braces are shown in Figures 2.5 and 2.9.
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2.1.3 The Test Section

The turbine blade passage, shown in Figure 2.11, is a cascade simulator, in
which two half blades (one representing the pressure surface, the other representing

the suction surface) are bolted onto acrylic endwalls to create a flow passage.

With pressure bleeds outside the leading edges of each half-blade, the flow can
be adjusted so that when no wakes are present, the approaching flow stagnates at
the leading edge of each half-blade. Furthermore, the entire pressure profile along the
suction surface can be adjusted by the addition of tailboards which allows the design
pressure profiles of the blade to be matched. Based on the study by Qiu (1996), it

was decided to not use the tailboards in the present study.

The suction surface is machined from a piece of epoxy phenolic laminate (this
material was selected for its low thermal conductivity and excellent machining char-
acteristics) with a series of 13 pressure taps spaced along the blade surface. The
tap locations are listed in Table 2.1. While assembling this report, it was discovered
that there were slight measurement errors in the s values reported in Table 2.1 of
Simon et al. (2000). Table 2.1 gives the corrected values. For each pressure tap lo-
cation, velocity data were collected at each of thirty y locations, spaced starting at
Ay = 0.01 cm near the wall, increasing gradually to Ay = 0.10 cm as the probe enters

the freestream flow. These y values are shown in Table 2.2.

The pressure surface is fabricated from a thin Lexan sheet supported by a series
of machined ribs. The pressure surface is divided into two pieces of the same height,
with a separation gap of 0.8 cm (not shown) at the middle of the span to allow hot-
wire probes to be placed into the turbine passage. During data collection, exposed

portions of this access slot are covered with tape to prevent leakage.

2.1.4 The Test Surface

The airfoil surface geometry was obtained from the PAK-B airfoil shape offered
for research by Pratt and Whitney. The important geometrical parameters for this
flow are shown in Fig. 2.12. Note that the experimental configuration only models
a single turbine passage, so the airfoil surfaces outside of the single turbine passage

are not modeled, and are thus indicated as dashed lines in Fig. 2.12. Velocity profiles
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Table 2.1: Profile locations on the suction surface

Tap No. T x/L, [ l/L S s/ Lgs
(cm) | (%) | (em) | (%) | (cm) | (%)
pO1 0.00 | 0.00 0| 0.00| 0.00| 0.00
p02 041 394 0.07| 0.61| 0.79| 5.19
p03 21712098 | 1.08| 9.45| 3.02 | 19.78
p04 3.90 | 37.62 | 248 | 21.70 | 4.79 | 31.36
p05 4.80 | 46.35 | 3.36 | 29.40 | 5.71 | 37.35
p06 5.65 | 54.59 | 4.28 | 3745 | 6.62 | 43.34
p07 6.43 | 62.04 | 5.18 | 45.32 | 7.54 | 49.33
p0O8 7.10 | 68.54 | 6.04 | 52.84 | 8.45 | 55.33
p09 7.67 | 74.08 | 6.88|60.19 | 9.37 | 61.32
pl0 8.40 | 81.13 | &8.05 | 70.43 | 10.74 | 70.31
pll 8.83 | 85.23 | &8.78 | 76.82 | 11.63 | 76.11
pl2 9.38 1 90.55 | 9.73 | 85.13 | 12.83 | 84.00
pl3 10.02 | 96.71 | 10.87 | 95.10 | 14.28 | 93.49

Table 2.2: Wall-normal measurement locations

Station Y Station Yy Station Y
1 0.010 cm 11 0.260 cm 21 0.840 cm
2 0.020 cm 12 0.300 cm 22 0.920 cm
3 0.030 cm 13 0.350 cm 23 1.000 cm
4 0.050 cm 14 0.400 cm 24 1.080 cm
5 0.070 cm 15 0.450 cm 25 1.170 cm
6 0.090 cm 16 0.510 cm 26 1.260 cm
7 0.120 cm 17 0.570 cm 27 1.350 cm
8 0.150 cm 18 0.630 cm 28 1.450 cm
9 0.180 cm 19 0.700 cm 29 1.550 cm
10 0.220 cm 20 0.770 cm 30 1.650 cm
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were measured on the mid-plane of the test section, where the access slot on the

concave wall allows hot-wire probe access.

2.2 Data Acquisition Equipment

The data acquisition system used in this study consists of a triple-wire probe, a
boundary layer single-wire probe, anemometer bridges, an analog-to-digital converter

and a computer. Each of these components will be discussed, in turn.

2.2.1 The Anemometer

A four-channel, hot-sensor anemometer bridge (TSI model IFA 100) was used
to operate the thermal anemometers. For the boundary layer measurements, sepa-
rate channels were used for the straight and boundary-layer style probes to eliminate
the need for re-calibration when switching between sensors. For flow qualification
using the triple-sensor probe, one channel was dedicated to each hot-film sensor.
For all measurements, each sensor’s output was low-pass filtered at 20 kHz using the
anemometer bridge’s built-in filters. Additionally, for the boundary layer measure-
ments, a gain of 4.0 was applied to the bridge output signal to allow more effective

use of the voltage resolution of the analog-to-digital converter.

2.2.2 Analog-to-Digital Converter

The output voltages of both the anemometer bridge and the photogate linear
encoder were sampled using a pair of IOTech ADC-488/8SA analog-to-digital con-
verters. These ADCs are each capable of sampling with 16-bit resolution at a rate of
100 kHz. Each voltage signal was sampled 60,000 times at 100 kHz for a total sampling
time of 0.6 seconds, long enough to capture a complete passage of the wake generation
sled through the wake generator with a generous amount of pre- and post-wake signal
collected as well. To make best utilization of the ADCs’ resolution, the hot-wire sig-
nal (nominally 1.05V) was amplified by a factor of 4.0 with the anemometer bridge
and the signal was sampled using the 1Otechs’ 5 volt range. The digitized voltage
values for both the anemometer bridge and the linear encoder were transferred to
the computer via an IEEE-488 bus. Both I0Techs were configured to begin sampling

simultaneously upon an external trigger provided by the photogate linear encoder.
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2.2.3 Stepper Motor

The stepper motor assembly consists of a Modulynx SCA 311 system controller,
a PDM155 Motor Driver, and a SLO-Syn M063-LF-401 stepping motor, all provided
by Superior Electric, Inc. The stepper motor has a resolution of 5um per step.
The motor is controlled separately from the main data acquisition routine, using the

program superior.c, listed in Appendix C.

2.2.4 Computer and Data Acquisition Bus

A 500 MHz Pentium-III Debian Linux computer was used for data communica-
tion and experimental control. The computer has a National Instruments [EEE-488
communications card, allowing it to communicate with the IOTech 488/8SA units,
the power supply driving the air cylinder solenoid, the Fluke multimeter driving the

platinum RTD (discussed in section 3.4) and the stepper motor assembly.

NASA/CR—2002-212104 25



Grids Honeycomb Grids

Heat Exchanger E E E E
o0 O N N Blower
Header E E E E
Pump
X O
Settling
Chamber Discharge Filter Box
Screen Pack
Nozzle
0 0.5 1(m)

Development
Section

Figure 2.1: The low speed wind tunnel (Yuan, 1999)
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Figure 2.6: A schematic view of the wake generator transmission (Original design,
from Yuan (1999)).
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Figure 2.7: Cross-sectional view of the wake generator.
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Figure 2.8: Photo of the wake generator transmission with air cylinder actuator
added
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Figure 2.9: Test section isolation table, showing braces added to reduce vibration.
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Figure 2.10: A schematic view of the wake generator transmission (New design with
return wheel gears).
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Figure 2.11: The cascade simulation test section.
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Figure 2.12: PAK-B airfoil geometry
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Chapter 3

Experimental Procedures and Data

Processing

3.1 Thermal Anemometry

Thermal anemometry techniques were used in this study to obtain instantaneous
time-series measurements of velocity and velocity fluctuations. Thermal anemome-
try sensors are advantageous for use in turbulent flows because they have excellent
frequency response, allow accurate measurement of instantaneous velocities in flows
with up to 30% turbulence intensity and provide DC electrical signals which are easily
processed. The instantaneous velocity waveforms provided by the sensors also allow
analyses such as spectral analysis and correlation of velocity components (to obtain
turbulent shear stresses). The primary disadvantages of thermal anemometry are the
inability to measure flow reversal, the intrusive nature of the probe, and, for multi-
sensor probes, the inability to correctly measure flows approaching the sensor outside
of the approach angle of the sensor (>30° approach angle for triple-sensor anemome-
ters). Flow reversal does occur in the present data set but the error in detecting
the flow direction of these locations did not represent a problem. The intrusiveness
of the probe was also not a problem to the moderate to high levels of turbulence in
the flow—even the 2.5% FSTI was sufficient to allow the probe to not influence the

transition measurements.

A thermal anemometer is a small resistance element, typically either a tung-

sten wire or a coated quartz element (a “film”) which is maintained at a constant
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temperature using an anemometer bridge. The rate at which heat is removed from
the sensor is directly related to the velocity of the fluid flowing over the sensor and
the temperature of the sensor. In this study, two forms of thermal anemometry are
used: single-sensor anemometry, in which a single heated element is used to measure
a single velocity component of the flow and triple-sensor anemometry, in which three
orthogonally-mounted sensors are used to simultaneously measure all three compo-

nents of the flow.

For single-sensor anemometry, either a straight, single-sensor hot-wire (TSI
Model 1210-T1.5, shown in Figure 3.1(a)) or a boundary-layer style, single-sensor
hot-wire (TSI Model 1218-T'1.5, shown in Figure 3.1(b)) was used, depending on the
geometry and probe access available in different portions of the flow. Both sensors
are tungsten wires. The ends of the tungsten wire are copper-coated, which isolates
the sensing portion of the wire from the supports. With a diameter of 4 yum and an

active length of 2mm, the overall length-to-diameter ratio is approximately 500.

For 3-D anemometry, a triple-sensor, hot-film probe (TSI Model 1299BM-20,
shown in Figure 3.1(c)) was used. Each hot-film sensor in this probe uses a thin film of
platinum deposited on a thin cylindrical quartz cylinder. The overall diameter of the
sensor is H0.8 um and the overall length-to-diameter ratio of the active surface of each
probe is approximately 20. The active area of the hot film represents approximately

one fourth the total length of the cylinder.
3.1.1 Single-Sensor Anemometry

3.1.1.1 Single-Sensor Anemometry Theory

As air passes over a hot-wire sensor, it cools the sensor at a rate that is propor-
tional to the mass flux of fluid past the sensor. The relationship between the effective

velocity past the sensor, U, and the bridge voltage, F, is given by:

% = | B, + Bg(pUe)l/"] (T, — Ty) (3.1)

The value of n depends on the type of hot-film, the medium and the flow speed, but is
typically close to 2.3. As mentioned earlier, the hot-film is maintained at a constant

temperature of 250 °C during the experiments.
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Figure 3.1: TSI thermal anemometers (TSI, Inc., 1999)
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If the hot-wire surface temperature and flow temperatures were maintained at
constant values and the film and control resistances of the anemometer were known,
Eqn. 3.1 provides a near-linear relationship between the square root of effective ve-
locity and the square of the bridge voltage, a relationship commonly known as King’s

law. Experimentally,
E2 = Cl + CQU£'435 (32)

tends to provide a suitable curve fit for the hot-wire response. The values of the

constants C] and Cs are obtained during calibration of the hot-wire sensor.

3.1.1.2 Single-Sensor Hot-Wire Calibration

To calibrate the single-sensor probe, the voltage vs. velocity response curve must
be calculated. This is done by introducing the sensor to a flow of known velocity and
recording the output voltage seen on the anemometer bridge. In this study, the flow
development section upstream of the turbine cascade simulator is used to provide such
a steady flow. The velocity of this flow is measured with a Pitot tube, as discussed

in section 3.3.

The sensor is exposed to a range of effective velocities from 0.5m/s (the lowest
reliable calibration velocity available in the tunnel) to 9 m/s (slightly above the highest
effective velocities anticipated during data collection). By measuring the voltage
response of the sensor at a series of different velocities in this range, calibration
constants for the approximated hot-wire response, Eqn. 3.2 can be calculated using a
least-squares linear curve fit. An example of such a calibration is shown in Figure 3.2
The ¢ program used to calibrate the anemometer is included as pitotsingle-cal.c

in Appendix C.

3.1.1.3 Single-Sensor Hot-Wire Temperature Correction

The thermal anemometer was calibrated in a fixed-temperature flow. Most of the
production measurements were taken over intervals of more than four hours. Though
the heat exchanger in the facility was effective in reducing temperature changes during
this period, there were some slight changes in operating temperature over the course

of each experimental run.
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Figure 3.2: Sample single-wire calibration curve

Since the hot-wire voltage response, Eqn. 3.1, is a function of both the ambient
temperature and the mass flux around the sensor, it is necessary to correct for tem-
perature variations during the experiment. This is accomplished using a first-order
temperature correction scheme in which the measured bridge voltage is multiplied by

a correction factor based on the sensor temperature, the calibration temperature and

T, - T,
Cy = -1, (3.3)

To apply this correction, the fluid temperature was monitored and the correction

the current flow temperature:

factor adjusted continuously during the experiment. Additionally, if environmental
changes result in temperature changes more than 2-3 °C the triple-wire calibration
is repeated with a new calibration temperature to minimize errors due to this first

order correction.

Changes in other environmental factors such as pressure and humidity generally

do not have a significant effect on the hot-wire voltage response, so no correction is
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necessary for these changes. The range of pressure in the room varies less than 4%,
and usually is stable to with 0.25%. For large changes in humidity (over 25% relative

humidity), the anemometer is recalibrated to account for changes in response.

3.1.1.4 Wall Finding Technique

The collection of boundary layer velocity profiles requires that the position of
the hot-wire probe relative to the test surface be accurately known. The probe was
mounted on a stepper motor traverse system (described in section 2.2.3) with 5 um per
step resolution, but at the onset of data collection, the actual location of the wall is
unknown. In order to correctly determine the location of the wall, the hot-wire probe
was manually adjusted until the wire of the probe was in slight visible contact with
the test surface. The probe was then backed away from the wall in 5 gm increments.
When the probe was in contact with the wall, the recorded velocity of the probe was
essentially constant. However, when the probe finally broke contact with the wall,
there was a noticeable and immediate increase in the recorded velocity. The position
of this velocity increase was taken to be one wire radius (2 ym for the probe used in
this study) from the wall. Since this was the major bias error in y-position, an overall
uncertainty in y of approximately 2 ym was assigned. This procedure was repeated

for every y-profile collected.

3.1.1.5 Near-Wall Velocity Corrections

Since the hot-wire sensor measures velocity from the heat flux out of the sensor
surface, care must be taken to correct for conduction losses which cause extra heat
loss from the sensor, yielding artificially high values of velocity. As the hot-wire sensor
is used at locations very near the wall (distances less than approximately 0.4 mm),
conduction losses between the hot-wire sensor and the wall become high enough that

they begin to influence the velocities reported by the hot-wire sensor.

A number of techniques have been proposed for correcting the measured veloc-
ities to eliminate the velocity bias resulting from this extra conduction. A review of
such techniques is provided by Chew et al. (1995). Most techniques involve correc-
tions based on the sensor size, wall-normal distance, shear velocity, wall conductivity
or surface shear stress. However, due to the periodic-unsteady nature of the flow be-

ing measured and the difficulty of accurately estimating the time-varying boundary
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layer thickness and wall shear stress, many of the techniques are inappropriate for
this flow.

The most promising near-wall correction scheme is an empirical one, developed
by Wills (1962) and refined for use in turbulent flows by Kim (1990). For this study,

the Wills correction is used for laminar flow:

045 U 0.45 0.45
Ucorrected = | UWyncorrected — d_ kw (34)
2
ky=09—72x 1072 2y +289x 1073 2y
d, ds
20\ ? 20\ *
—6.15x 107° (d—y> +6.51 x 1077 <d—y> ,when 2y/d, < 50 (3.5)
2y

2 2
= 0.54 — 242 x 1072 (d—y) +5.01 x 10~ (d_)

S

S S

20\ ? 20\ *
— 536 x 1076 (d—y) 1+285x%x 1078 <d—y) ,when 2y/d, > 50 (3.6)

where d; is the sensor diameter, 4 ym.

The work of Kim suggests that for turbulent flow, a correction equal to 84% of

the Wills correction should be used, yielding the following:

1
0.45

0.45
Ucorrected = 0.84 [ugﬁggrmcmd - (dl) kw + 0-16uuncorrected- (37)

The obvious disadvantage of this technique is that since it is an instantaneous
correction technique, it requires that the flow be correctly identifies as being laminar
or turbulent before the correction is applied. Thus, the actual corrected velocities
must be calculated after the intermittency is calculated, which will be discussed in

section 3.2.

3.1.1.6 Single-Sensor Uncertainty Analysis

To ascertain our ability to accurately measure velocities using the hot-wire
anemometer, an uncertainty analysis was required. Since many of the relationships

used in calculating the velocity are nonlinear, the traditional propagation of errors

NASA/CR—2002-212104 45



analysis was replaced with a Monte Carlo method. In this method, the characteristic
uncertainties of the quantities used to compute the velocity were estimated and a
computer code (written in MATLAB, included as monte.m in Appendix C) was writ-
ten that randomly varied the inputs within the range of estimated uncertainties to
produce a histogram of output values showing the anticipated variation of output

values given the input uncertainties.

In addition to producing a highly accurate estimation of uncertainty, the com-
putational engine developed for this technique is suitable for calculating the relative

sensitivity of the measured experimental quantities to changes in the input quantities.

As an example of this technique, the uncertainty in the measured velocity re-

ported by the hot-wire is calculated.

The measured velocity, u, obtained from the hot-wire is given by the expression

Tsensor - Tc 220885

where b and m are found through calibrating the sensor at a room temperature T,
E is the output voltage of the anemometer, T is the operating temperature of the

anemometer, and T} is the fluid temperature during data collection.

Based upon standard estimation techniques, the single-point, single measure-

ment error (expressed at 95% confidence level) for each quantity is:

JF =~ 0.001V
0b =~ 0.04
om =~ 0.004
(T.)~0.2°C
0(Ty) = 0.2°C.

Using these input uncertainties, the monte.m code was run for 1 million trials.
Using the above error estimations as inputs to Eqn. 3.8, the resulting distribution of
calculated velocity values, can be used to calculate a level of uncertainty (with 95%
confidence) of du/u ~ 4.7%, quite acceptable for measurement of boundary layer

profiles.
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3.1.2 Triple-Sensor Anemometry
3.1.2.1 Triple-Sensor Anemometry Theory

For triple-sensor anemometry, a series of three orthogonally-mounted films are
used to measure all three components the instantaneous flow-field. This means that
at a given instant, at least two of the hot-film sensors are not perpendicular to the
approaching flow. The extent of cooling of the hot-film is dependent on the angle
with which the flow is incident upon the probe. The effective velocity, U., seen by
the the sensor is a function of the three components of velocity relative to the sensor
(shown in Figure 3.3). The relationship between these velocity components and the

effective velocity is given by Jorgensen’s equation:

U? =U? + K*U? + H*U}. (3.9)

In this study, an orthogonal triple-sensor probe was used. A perfectly con-
structed orthogonal probe (Figure 3.4) has each sensor orthogonal to the other two
sensors. Each sensor is aligned 35.26° to the normal, and the angle of each sensor
is 60° from the other two sensors when viewed along the probe axis. Additionally,
the sensors are placed such the there is no wake interference between them when the
flow is approaching from the octant that includes the vector parallel to and in the
direction of the probe support. Also, it was previously determined by Russ and Simon
(1990) that flow must approach the sensor from an angle of less than 30°. Beyond
this, instantaneous flow reversal over one or more of the sensors is too frequent, re-
sulting in incorrect measurements. Each of the three sensors gives the local effective
velocity seen by that sensor, which can, in turn, be transformed to yield the three

instantaneous principal velocity components.

To determine the transformation between the effective velocities seen by each
sensor and the principal velocity components, we start by relating the effective ve-
locities seen by each sensor to the normal, binormal and tangential velocities at each

sensor using Eqn. 3.9:

U2 = U?* + KUY + HXUR (3.10a)
U2, = U2, + K2U% + H2UR (3.10b)
U2 = U+ K2U% + H3UR. (3.10c)
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Figure 3.3: Velocity components for a hot-film sensor

(a) Sensor Side View (b) Probe End View

Figure 3.4: An orthogonal triple-sensor probe
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These normal, binormal and tangential velocities can then be related to the

principal velocities u, v, and w through simple geometric relations:

Ua :{u cos(aq) + [w cos(dz) + vsin(dg)} Sin(ozl)}2

+ H2{v cos(dy) — w 5111(52)}2
U.s :{u cos(ag) + [w cos(d1) — 'Usm(élﬂ sin(ag)}2

{u sin(a) — [wcos(6;) — vsin(d;)] Cos(ozg)}2 (3.11b)

i

+ K2{u sin(ay) — [wcos(ds) + vsin(ds)] cos(al)}2 (3.11a)
(
vecos(dy) + w 8111(51)}2

(

Ues :{u co

2
az) — wcos(ag)}

2
+ K;{u sin(asz) +w Cos(ag)} (3.11c)
+ H3v?.

These relationships apply in general to all triple-sensor probes, and are not
specific to the orthogonal triple-sensor probe. However, the orthogonal relationship
between the sensors in the triple-sensor probe allows these relationships to be greatly
simplified. Although slight non-orthogonality typically occurs as a result of misalign-
ments during manufacture, the error resulting from this non-orthogonality is slight
(Russ and Simon, 1990). Since the sensors are orthogonal, a velocity component that
is tangential to one sensor will be normal to the other two sensors. Thus, we can

relate the tangential, normal and binormal velocity components thusly:

U +Uh=Us+ U2 (3.12a)
U2+ UL =Ux + U2 (3.12b)
U2+ UL =Ug + U2, (3.12¢)

Additionally, if the yaw coefficients, Hy, Hy, and Hjs, are assumed to be unity (a rea-

sonable assumption for a cylindrical sensor), then we can substitute these expressions
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into Eqn. 3.10 to directly relate the effective and tangential velocities at each wire:

U2 = KU+ UL+ UR (3.13a)
U = KUy + U + U (3.13b)
Uz = KUy + Ujy + U, (3.13¢)

If the pitch coefficients, K, K5, and K3, are known, then this set of equations
can easily be inverted to yield the tangential velocities. Once the tangential velocities
have been calculated, simple geometric relations based on Figure 3.4 can be used to

relate u, v, and w to the tangential velocities:

Upn = usin(35.26°) — [w cos(60°) + vsin(60°)] cos(35.26°) (3.14a)
Up = usin(35.26°) — [w cos(60°) — vsin(60°)] cos(35.26°) (3.14b)
Ups = usin(35.26°) + w cos(35.26°). (3.14c¢)

Like Eqn. 3.13, these equations can be easily inverted to yield a series of linear

equations giving u, v, and w when the tangential velocities are known.

3.1.2.2  Triple-Sensor Hot-Film Calibration

To calibrate the triple-sensor probe, the voltage vs. velocity response curves
must be calculated for all three sensors on the probe. This calibration is done in
the same manner as the single-sensor probe calibration, by placing the triple-sensor

probe in a flow of known velocity.

By carefully aligning the probe so that its axis is parallel to the bulk flow, all
three sensors can be calibrated at the same time. Since each sensor is aligned 35.26° to
the calibration jet, the relative tangential and normal components of the velocity over
each sensor can be calculated. By using Jorgensen’s equation, Eqn. 3.9, the effective
velocity seen by each sensor can then be calculated. Each sensor is exposed to a range
of effective velocities from 0.5m/s (the lowest reliable calibration velocity available
in the tunnel) up to 15m/s (slightly above the highest effective velocities anticipated
during data collection). By measuring the voltage response of each sensor at a series

of different velocities in this range, calibration constants for the approximated hot-
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film response, Eqn. 3.2 can be calculated using a least-squares linear curve fit. These
curves appear similar to those shown in Figure 3.2. The ¢ program used to calibrate

the triple-sensor probe is pitottriple-cal.c, included in Appendix C.

3.1.2.3 Triple-Sensor, Hot-Film Temperature Correction

Since the response of each sensor in the triple-sensor probe has a response similar
to that of the single-wire probes, the same temperature correction scheme presented

in section 3.1.1.3 can be used for the triple-sensor probe.

3.2 Intermittency Calculation

The thermal anemometers used in this study have a sufficiently high frequency
response to allow them to follow the high-frequency velocity fluctuations associated

with turbulence.

By analyzing the velocity signal provided by the anemometer bridge, the flow can
be characterized as either being non-turbulent or turbulent. This quantity for charac-
terization of the signal is called the intermittency, v, and is defined as the percentage
of time the observed flow is turbulent. For this study, we will be investigating the
“transitional intermittency”—the intermittency associated with the transition from
a laminar to a turbulent boundary layer. By calculating the intermittency at each
location in the flow, the onset and length of transition in the flow can be determined.
For the current study, the flow is periodically unsteady, and, thus, the onset location
and length of transition vary with time. At any given point in the flow, v will be a

function of time.

There exists a wide variety of techniques for calculating intermittencies. Early
techniques are described by Townsend (1949) and comprehensive reviews of vari-
ous intermittency techniques are presented by Hedley and Keller (1974), Narasimha
(1985) and Solomon (1996). An ideal intermittency calculation technique meets the

following conditions:

1. Due to the large volume of collected data, the system must be automatically

applied to the flow data, with a minimal amount of manual intervention.

2. Since many of the flow parameters, such as boundary layer thickness, freestream
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velocity, and freestream turbulence level vary with time due to the periodic
unsteady nature of the flow, the technique should rely on characteristics of the
flow to filter the signal into turbulent and non-turbulent components instead
of relying on empirical parameters such as threshold settings, filter coefficients,

and user-selected adjustments.

3. The technique must be applicable over a wide range of spatial and temporal

pressure gradients and shear wall stresses.

4. The technique should provide some safeguarding against transient short-term
false turbulence identification (known as “spiking”), as well as false laminar flow

identification (known as “dropouts”).

5. The technique must be applicable to single-component anemometry.

The technique selected for this study is the Turbulent Energy Recognition Algo-
rithm (TERA) technique, developed by Falco and Gendrich (1990) and further refined
and described by Walker and Solomon (1992) and Solomon (1996). Although devel-
oped as a technique for measuring turbulent bursting, the technique was found to be
quite useful for the transitional flow data by Solomon. This technique is well-suited
to this study, since it meets all of the above criteria except for item 2. The TERA
algorithm still requires that the user define a criterion function, D(¢), a threshold

level, T,., and a windowing time t,,. Each of these is described below.

Selecting a proper criterion function is essential in discriminating between lam-
inar and turbulent flow. Ideally, a criterion function should represent a feature of the
flow particular to turbulence, such as fluctuations in velocity, temperature, vorticity,
shear stress, or a combination of these. Keller and Wang (1995) discuss in depth the
issue of selecting criterion functions, recommending criterion functions based upon

shear stress, such as (2(uw)/ar)?.

However, for single-component unheated flows, the choice of criterion function
is rather limited, since temperature, shear stress, or vorticity measurements are not
available. For this study, we selected the criterion function recommended by Falco
and Gendrich, D(t) = |u - 94/at|, as it shows the time rate of change of the streamwise
component of turbulent kinetic energy. Use of this criterion function tends to reduce

dropouts since for a non-turbulent flow, if u(t) is low then 9v/a: is high (for example,

NASA/CR—2002-212104 52



consider the sinusoidally oscillating flow u(t) = sin(¢), with 94/a; = cos(t)), and vice

versa, reducing smoothing requirements.

The threshold level, T,, is set such that when D(t) > T,, the flow is turbu-
lent. With the TERA algorithm, the level of T, is usually set empirically, the only
characteristic of the TERA algorithm that cannot be directly determined from flow
parameters. Falco and Gendrich recommend choosing the threshold based upon the

rms value of the flow signal, such that

ou
T — ou 1
r = O <“8t)rms 19

By observing sample calculations of v while varying Cr., it was found that for the
current study a value of Oy, = 2.75 seemed to provide the most reliable and stable
(i.e. small changes in O, wouldn’t appreciably affect the resulting intermittency)

calculation of intermittency.

The windowing time, t,,, is the time scale used to smooth the raw intermittency
scale so that spikes and dropouts are eliminated. Ideally, the windowing time should
be chosen to reflect the largest characteristic time scales associated with the largest
turbulent eddies present in the boundary layer. This time scale, t;;, can be defined

from the boundary layer thickness and freestream velocity,

)
U

ty = (3.16)
Based upon recommendations of Blair (1991), the windowing time was set to be
tw = 2.5ty

The basic algorithm for this technique, shown in Table 3.1, is based upon this

description.

An example calculation of (¢) is shown in Figure 3.5. The top plot shows the
raw velocity signal, u(t). This velocity trace is typical of the data collected in this
investigation. The flow starts as a steady, low (2.5% nominal) turbulence flow. Then,
as each of the seven wakes created by a single passage of the wake generator passes
the sensor, the wake introduces turbulence. Examining the figure, one can clearly
see seven packets of turbulence created by the wakes. Following the wakes, the flow

again settles to a steady, non-turbulent signal.
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Table 3.1: The TERA intermittency detection algorithm, as described by Solomon
(1996)

while (i < n) do
if (D(t) > T,) then
ta = (i — Gena) At
if (t4 > t,,) then
(assume a new event is starting)
Ustart = 1
else
(assume this is a continuation of a new event)
Ustart = Lend
end if
while (event_continues) do
(calculate the average value of D(t) over the window, D(t) )
if (D(t)awe > 1) or (D(t) > T,) then
event_continues = true
else
lend = 1
event_continues = false
end if
i =14 1 (next point)
end while
tg = (istart - iend)At
if (t4 > t,,) then
(fill v with 1s back to s )
lend = 1
else
(event was too short, ignore)
Lend = Ustart
end if
end if
i =1+ 1 (next point)
end while
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Figure 3.5: Sample intermittency calculation, at p05, y = 0.01cm, and FSTI =
2.5%, showing the velocity u(t) (top trace), criterion function D(t) (sec-
ond trace), Raw intermittency 7,4, (t) (third trace), and smoothed in-

termittency () (bottom trace)
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The second plot shows the intermittency criterion function, D(t) = |u - 94/ax|.
Also, a line is drawn on the plot showing the threshold value, T,. Note that for each
of the wakes observed in the velocity signal, D(t) shows a distinct peak. The third
plot shows all points in the flow where D(t) > 7)., producing the “raw intermittency,”
Yraw(t). Note that this signal shows two characteristic problems of many intermittency
calculating techniques: multiple “dropouts” of the intermittency in the middle of some

of the wakes, as well as two “spikes” of false turbulence occurring in the steady flow.

By applying the algorithm from Table 3.1 with an appropriate windowing time,
we can remove the spikes and dropouts and smooth out the signal, resulting in the
intermittency trace, y(t), in the fourth plot. Note that each of the regions where
v = 1 closely matches the portions of the u(t) figure that would qualitatively be

identified as turbulent.

It is important to note, however, that it is very difficult to develop an inter-
mittency calculation technique that is able to discern turbulence generated during
laminar-to-turbulent transition from high-frequency fluid oscillations resulting from
unsteady flow phenomena such as passing wakes or vortex shedding. A result of this
difficulties is that, in this flow, the intermittency algorithm used cannot tell the dif-
ference between turbulence produced in the boundary layer flow during the transition

processes, and the high-frequency oscillations of the wakes.

3.3 Upstream Flow Conditions
3.3.1 Flow Velocity

The flow velocity in the development section was determined by using an Airflow
9020184 telescopic elliptic-nose Pitot-static tube, with the Pitot and static pressures
measured with a Dwyer Microtector water-column micromanometer. The flow veloc-

ity, U, is given by the relationship

2 T 1
U =4.05 762 X —— 0, 363

B <293 “Tosesrp < (3.17)

where U is the velocity in m/s, B is the barometric pressure in mmHg, T is the
absolute temperature in K, P is the static pressure in mmH,O, and P, is the velocity

(or dynamic) pressure in mmH,O.
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3.4 Experimental Conditions

Small corrections were made for approach flow conditions, including pressure,
temperature and relative humidity during each experimental run. Since the ther-
mal anemometer calibration is temperature-dependent, it is important to measure
the temperature of the developing flow in order to apply the first-order anemometer
temperature correction, Eqn. 3.3. This temperature was measured using a calibrated
Rosemount Model 1050B Platinum Resistance Temperature Detector (RTD) mounted
on the wall of flow development section. This sensor is 1 cm x 1 cm and has a time
constant of approximately 4s. However, since the developing flow is steady and the
upstream air temperature is essentially constant, neither the relatively large surface

area nor the long time constant of the sensor is of concern.

For a calibrated platinum RTD, temperature is a function of the resistance of

the sensor film, given by

_ RRTD/RO —1

QRTD

T + 1o (3.18)
where Rgrp is the measured four-wire resistance of the RTD, Ry is the four-wire
resistance of the RTD at Ty, and ag7p is the temperature coefficient of resistance, a
scale factor. Ry, Ty, and agrp are determined by calibration (in this case, provided
by the manufacturer). For this experiment, the four-wire resistance of the film is
measured using an IEEE-488-controlled Fluke 8840A Multimeter in four-wire mode.
Due to the high precision and accuracy of RTD films and the calibrations provided,
the uncertainty of these temperature measurements is essentially the uncertainty in
measuring the four-wire resistance. For the Fluke 8840A multimeter, this results in an
overall uncertainty of 0.02 °C in the developing flow. The ¢ code which implements

these calculations is included in automate2.c and speed.c, in Appendix C.

Similarly, in order to ensure that the inlet velocity Pitot tube measurements
are correct, the room pressure must also be measured. The room pressure was mea-
sured using a calibrated Setra 470 digital pressure transducer. This sensor measures

absolute pressure and is calibrated with an overall uncertainty of less than 0.02%.

Upstream temperature and pressure were continually monitored during data col-
lection, and the appropriate correction factor, Eqn. 3.3, was applied to the anemome-

ter measurements.

NASA/CR—2002-212104 57



3.5 Wake Data Collection Procedure

Due to the large number of instruments and the maintenance requirements of the
wake generator, very detailed setup and operating procedures for the wake generator
were developed. In order for the reader to understand fully the procedure used to

collect the experimental data, the setup and data collection procedures are briefly
described.
3.5.1 Setup Procedure

1. The air cylinder linkage and main shaft of the wake generator are lubricated

with heavy machine oil.

2. The push-rod and friction wheels of the wake generator are cleaned with alcohol

to remove any lubricant residue which may impede operation.

3. The water loop and circulating pump are started, with water circulating until

the reservoir comes to a steady temperature.
4. The wind tunnel is started at the nominal operating velocity.
5. The wind tunnel and room are allowed to settle to a steady temperature.

6. The velocity in the flow development section is verified through the use of a
Pitot tube.

7. The solenoid valve controlling the air cylinder on the wake generator is closed.
8. Shop air is connected to the solenoid valve.

9. The wake generator motor is turned on and set to the desired operating speed.

3.5.2 Operating Procedure

For each passage of the wake generating sled, seven wakes are generated, one
for each rod mounted on the sled. Due to concerns about initial conditions, the first
wake from each passage is discarded, yielding 6 wakes per passage. However, during
analysis of the data, it was discovered that the last two wakes generated during each
passage were also non-representative, since they are located on the end of the wake

generation sled and arrive in the turbine passage after the flow is no longer periodic.
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Thus, these wakes were discarded as well, leaving a total of 4 wakes per passage. From
preliminary results, it was determined that the wake profiles converged for ensembles
of 75 or more wakes. For our final data, the wake generator is run for 35 sled passages
for each data point. At 4 wakes per passage, this results in a total of 140 wakes for

each y station.

As described in section 2.1.2, the wake generator is computer-automated through
the use of IEEE-488-capable instrumentation. The procedure used to run the wake
generator, which includes error checks to ensure that the data collection process
is stopped if any malfunctions occur, is listed in Table 3.2. This procedure was

implemented in C using the program automate?2.c listed in Appendix C.

Table 3.2: The data collection procedure

for (each of 30 y locations) do

(initialize both I0Tech ADCs, Fluke DVM, and HP power supply for activating

air supply)

(measure room temperature and pressure)

(turn off power supply to close air supply)

(create the directories in which the data will be stored)

for (each of 35 trials) do
(Measure photogate limit switches to make sure that the wake is in the correct
starting position)
(Exit if photogate states are incorrect)
(Prepare both IOTech to collect data on external trigger)
(Turn on power supply to open solenoid, activating wake generator)
(Data collection on I0Tech is triggered by photogate signals)
(Write photogate and hot-wire voltage traces to file)
(Measure photogate limit switches to make sure that the wake is in the correct
ending position)
(Exit if photogate states are incorrect)
(Turn off power supply to close solenoid, resetting wake generator)
(Move to next y position using the stepper motor)

end for

end for

3.6 Data Reduction

Unlike the previous studies conducted using this facility, in which the flow was

essentially steady, the turbine passage is now subject to periodic wake disturbances.
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Thus, in place of the time-averaging techniques used in previous studies, the current

results must be analyzed using ensemble averaging techniques.

From the wake generator facility, for each wake we obtain from the digitizer a
time record of the velocity measured by the hot wire. By repeatedly running the
wake generator, we can collect a series of wakes from which we can calculate the
ensemble-average (or “phase-average”) velocity, 4(t), turbulence intensity, ﬁ(t), and

intermittency, J(t), distributions.

Each wake is represented as a velocity signal over the time range 0 < ¢t < T,
where T' is the wake passing period. To non-dimensionalize the results, the ensemble-
averaged data are presented as a function of non-dimensionalized time, 0 < t/T < 1.
Since the wake data are periodic in nature, it is sometimes useful to present the data
as a function of phase angle, 6, such that over the range 0 < ¢t/T < 1 the phase will
range from 0 < 6 < 360°.

To calculate the ensemble averages, each wake passing period signal was broken
down into 90 segments, each representing 4° of the wake period. The signal was
broken down into 4° segments to reduce the computational complexity and increase
convergence of the resulting ensemble averages. For each component of the cycle,
all u(t) data points from that segment for all 140 wakes were ensemble-averaged
together to obtain the ensemble-average velocity . The rms fluctuation of all points
in the segment about the ensemble-average velocity u is taken to be the ensemble-
average turbulence intensity, TI. Similarly, all v(¢) data points from that segment

are averaged together to obtain the ensemble-average intermittency, 7.

The overall computational procedure is shown in Table 3.3. This procedure
was implemented in MATLAB. A sample data reduction script, p09.m, is listed in
Appendix C.
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Table 3.3: The data reduction procedure

for (each pressure station) do
for (each y location station) do

for (each sled passage) do
(load photogate data from file)
(load velocity data from file)
(calculate the intermittency signal, 7, from the velocity data)
(apply the near-wall anemometry velocity corrections based upon whether
the flow is laminar or turbulent)
(locate the state changes in the photogate data, identifying the beginning of
each wake)
(separate the velocity and v into distinct wakes)

end for

(ensemble-average the wakes together to obtain the phase-averaged veloc-

ity a(y,t), the phase-averaged turbulence intensity ﬁ(y,t), and the phase-

averaged intermittency, J(y,t))

end for
(save reduced information to file so that it can be re-plotted without recalcula-

tion)
end for
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Chapter 4

Documentation of Flow Parameters

4.1 Operating Parameters

This test facility is designed to produce flow conditions simulating a low pressure
turbine environment. As discussed in section 2.1, the experimental facility is capable
of operating over a large range of inlet parameters. Particularly, the facility can
operate with suction surface length Reynolds numbers ranging from Rey . = 25,000 to
300,000 and with free-stream turbulence intensities ranging from 0.5 to 10%. However,

the wake generator only has an operating speed range corresponding to approximately
Rey,.. = 25,000 to 62,500.

Based upon both this constraint and the steady-state experimental results from
Qiu (1996), an operating state of Rey_ = 50,000 with a turbulence intensity of 2.5%
was chosen, since this case showed a combination of both separation and boundary
layer transition (see Figure 1.2), and serves as an acceptable base for comparison with

the steady-state data.

Based upon the turbine passage simulator geometry (Figure 2.12), this operating
state corresponds to an axial inlet velocity of nominally u, = 3.03m/s; and a wake

generating sled velocity of
u, = 0.Tu, = 2.12m/s (4.1)

which corresponds with a wake frequency of 23.184 Hz. With a rod spacing of
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91.44mm and an axial chord length, L., of 103.57 mm, this yields a wake Strouhal
number, S, of 0.792. The inlet turbulence intensity of 2.5% was achieved by the use

of a passive rod grid, as described in section 2.1.1.

4.2 Inlet Flow Conditions

The freestream uniformity of the approach velocity and turbulence level was
measured using a series of two single-sensor anemometer surveys of the approach
flow: a coarse 2-dimensional survey across the entire flow development section and
a detailed 1-dimensional survey along the mid-span plane. Both were taken at the
inlet plane, shown as a dashed line on Figure 4.1, located 18.25cm upstream from
the point mid-span between the leading edges. Additionally, a series of surveys with

a triple-sensor anemometer was used to document the inlet turbulence parameters.

Cylinder Path Bleed Slot Measurement

/Surface

“\

Bleed Slot

Inlet Plane

Figure 4.1: Cross-sectional view of the wake generator passage, showing the inlet
plane location.
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The two-dimensional survey results along the inlet plane are shown in Figure 4.2.
The largest deviations in uniformity are due to the side-walls’ boundary layers. Ex-
amining the velocity distribution, Figure 4.2(a), we can see that the velocity varies
between 93.3% and 104.1% of the mean inlet value. However, if we restrict ourselves
to the region of interest (between the leading edges), the maximum deviation from

the mean velocity drops to less than 4%.

Similarly, Figure 4.2(b) shows the turbulence intensity distribution at the same
location. Including the near-wall region, the turbulence intensity ranges from 2.86%
in the near center of the channel to over 7.5% in the boundary layer. However, if
we restrict ourselves to the region between the leading edges, the flow turbulence

intensity is nearly uniform, varying from 3.00% to 3.02%.

To more fully document the upstream flow, a second, high-resolution, 1-D survey
is taken of the inlet plane at the z-plane where the boundary layer measurements are
taken. These results are shown in Figure 4.3, in which « is the time-averaged velocity,
and u is the mean velocity in the channel. The locations of the leading edges of both
the pressure surface and suction surface are shown in the figures. Note that the
profiles are near-uniform in the region of interest between the leading edges. Also
note that, due to slight leakage through the hot-wire access hole, there is some slight
error in the pressure side profile data (note the slight scatter in the data), so it may be
more desirable to treat the pressure surface half inlet flow as being a mirror image of
the suction surface flow. From these plots, we can report a nominal average velocity
of 3.03m/s, and a turbulence intensity of 3%, which decays to approximately 2.5% by

the time the flow reaches the test section leading edge.

From the profile data at the inlet plane, a momentum boundary layer thickness

on the side wall upstream of the suction surface of # = 0.1464 cm was calculated.

4.2.1 Turbulence Quantities

In order to document the turbulent scales upstream of the wake generator, one-
dimensional power spectra of u/, v/, and w’ were measured using the triple-sensor
anemometer probe described in section 3.1.2. These power spectral measurements
were collected at the same location as the single-wire surveys in the previous section,
14.7 cm upstream of the turbine passage inlet. The power spectral measurements
were collected by sampling 2,097,152 (22!) data points at 2kHz (low-pass filtered
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at 500 kHz), for a total sampling time of 17.47 minutes. The power spectral distri-
bution were computed using MATLAB, using the script lengthscale.m included in

Appendix C.

The power spectra are presented in Figure 4.4. In Figure 4.5, they are plotted
versus energy coordinates. From these data, the integral length scales of the flow,
Ayzs Ay, and Ay, ., can be calculated. Using relations developed by Hinze (1975), the
integral length scales can be calculated by extrapolating the PSD values in Figure 4.4

to f = 0 and using the following formulas:

ub,(f =0)
Au,z - 4U/3ms (42&)
iE _
7 4?]/7"7715
A, — %2:0)' (4.2¢)
’ 4w’

™rms

From these results, integral length scales of A,, = 4.44cm, A,, = 1.21cm, and

Ay = 0.99 cm were calculated.

For comparison, the integral length scales can also be calculated by using the

autocorrelation of the velocity signal. From Hinze:

1 o) — 00 _ N
Ny = /0 Qu(x)dx = gms/o Q. (t)dt = g ZQuz (4.3)

12 / /
U rms U U rms l:].

where (),,;, the auto-correlation of «’, is calculated using

N—i
Qu,z‘ = Zujui-{-jAt- (4.4)
7=1

Combining Eqn. 4.3 and Eqn. 4.4, we obtain
M N-1

Au7‘/L‘ = Z?mﬂ Z Z UjUitj (45&)

ms =1 j=1
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Similarly, equations for A, , and A, , can be derived:

UAE o =
AUJ = 1)’2 Z Z VUit j (45b)
Tms =1 j=1

M N-1

Aw,z = uat Z Z W;Wi45 (450)

2
w/
™s =1 j=1

where N is the number of data points in the signal and M is the number of data points
after which the autocorrelation has had its first zero-crossing. Using this technique,
integral length scales of A,, = 4.19cm, A,, = 1.04cm, and A, , = 1.04cm were

calculated, reasonably consistent with the PSD-derived values.

Similarly, the spectra in Figure 4.4 can be used to estimate the turbulence
dissipation rate, €, by fitting a —5/3 sloped line to the power spectrum in the inertial

subrange and using the Kolmogoroff spectrum law (Hinze, 1975):
E.(f) = 0.6545m~2/3e23(w)*3(2f)~5/3. (4.6)

yielding a value of € of 0.049 m*/s3.

Also, the dissipation, € can be calculated directly by measuring the turbulent
kinetic energy, k, at two streamwise location, simplifying the k-e equations, assuming

one-dimensional, isotropic flow:

ok
Ufs% = —€. (47)

By measuring k at two locations in the flow which are sufficiently close to assume
linearity but sufficiently separated to minimize error, we can estimate 9/az using
finite differences. Calculating k& at the measurement plane used above and at a point
10.16 cm upstream of the measurement plane, we can estimate € to be 0.050 m*/s3,

reasonably consistent with our results obtained from the PSD.
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Table 4.1: Turbulence quantities for the inlet flow with a suction surface length
Reynolds number, Rey__, of 50,000 and T1 = 2.5%

Quantity: Value:

Turbulence Length Scale, A, , from PSD: 4.44 cm
Turbulence Length Scale, A, , from PSD: 1.21cm
Turbulence Length Scale, A,, , from PSD: 0.99 cm
Turbulent Dissipation, e, from PSD: 0.049 m*/s3
Energy Length Scale, L,: 1.25cm
Taylor Microscale, A: 5.05 mm

Once calculated, € can then be used to calculate both the energy length scale,

L,, and the Taylor microscale, \:

/ 3
L, = 1.50ms) (4.8)
1 12 1/2
\ = <M) . (4.9)

Using these relations, € = 0.049™%*/s3, L,, = 1.25 cm, and A = 5.05 mm. The turbulence

quantities of the flow are summarized in Table 4.1

4.3 Pressure Profile

In order to assure that the general flow pattern in this facility matches both
the design angle of attack and the steady state studies presented by Qiu (1996), the

pressure bleed slots in the facility were adjusted so that at steady state:
1. The incoming flow to the passage stagnates as closely as possible to the leading
edge stagnation line at pressure tap p01, to assure the proper angle of attack.

2. The static pressure distribution measured over the 13 pressure taps located on
the suction surface matches the pressure distribution of Qiu for the same Rey,_,

and FSTI as closely as possible.
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After the facility’s bleed slots were adjusted to correct the angle of attack, the lo-
cal static pressure was measured at each of the 13 pressure stations. From these

measurements, the local pressure coefficient at each station was calculated,

Pt_Ps

Cp= ot
P Pt_Ps,ezit

(4.10)
where P, is the total pressure, P is the local static pressure, and P . is the static
pressure downstream of the test section as computed from P ;,e;, the flow exit area
to inlet area ratio, and the assumption of inviscid flow. For this calculation, it was

assumed that the flow leaves the passage at the blade exit camber angle, (3.

The measured values of C),, as well as those reported by Qiu and the High-Re
design C), distribution for the PAK-B airfoil are shown in Figure 4.6. Examining
this figure, one sees that the measured C), distribution for the current study closely
matches the C,, distribution reported by Qiu (1996), suggesting that, despite facility
modifications, the steady flow through the turbine passage is essentially the same. It
is also useful to note that, starting at /1, = 60%, the pressure profile begins to vary
significantly from the design calculation profile, suggesting that the boundary layer
is beginning to rapidly thicken and the flow is beginning to separate. Between this
location and #/L, = 96%, it appears that the flow has separated, possibly re-attaching
just before the trailing edge of the airfoil. These results are supported by the velocity
profiles presented by Qiu (1996).
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Figure 4.4: Power spectral distributions of turbulence in the z, y, and z directions
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Chapter 5
Results and Discussion

The boundary layer profiles are presented in two sections. The first section is devoted
to documentation and characterization of the wakes generated by the wake generator.

Here, the wakes are compared to those presented by other researchers.

The second section documents the flow in the turbine passage, as affected by the
wakes entering from the wake generator. Wall-normal profiles of velocity, rms velocity
fluctuation, turbulence intensity, and intermittency are presented. The effects of the

wakes upon the flow are presented, with flow transition and separation identified.

5.1 Wake Characterization

The ensemble-average velocity, @(t), and turbulence intensity, ﬁ(t) of the in-

coming wakes are shown in Figure 5.1.

These data were collected at the midpoint between the leading edges of the
pressure and suction surfaces, and represent the ensemble averages of 600 wakes (4
wakes per sled passage, 150 sled passings). Examining Figure 5.1(a), we see that the
minimum velocity of the wake is approximately 87.5% of the average value, which
matches the work of Halstead (1996) in which a rotating airfoil stage (simulating a
rotating turbine stage) was used to create wake profiles. Examining the turbulence
intensity profile (Figure 5.1(b)), however, we see that it peaks at 17.5%, more than
twice that reported by Halstead. This may be consistent with Halstead’s assertion

that rods seem to produce more turbulence than airfoils of the same loss coefficient.
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It should be noted, however, that the flows over the airfoils of the Halstead study
were not separated and a highly loaded airfoil, such as the one describe here, would
be inclined to separate at the lower Reynolds numbers typical of the present case
and, thus, the wakes of the present case should contain higher levels and larger scales
of turbulence. In the regions between the wakes, the turbulence intensity is approx-
imately 2.5-3%, consistent with the level recommended by Halstead. However, at
the streamwise position of the test section, the wakes have begun to merge and the

minimum turbulence intensity between wakes has risen to 5% (Figure 5.1(b)).

The wakes from this facility also compare favorably with wakes reported by
other researchers. Comparing the wakes in Figures 5.1 with wakes reported by Ou
et al. (1994) in Figure 5.2, we can see that the wakes of the present study have
approximately the same velocity deficit and peak turbulence intensity values as those
reported by Ou et al. for a Reynolds number based on chord length and inlet velocity
of Re; = 300,000, a turbulence level of FSTI = 5% and a Strouhal number of
S = 0.1. The most appreciable difference between the wakes generated in this facility
from those presented by Ou et al. is that the present wakes are much broader in
time, taking up almost the entire wake period (Figure 5.1(a)). This is, most likely,
due to the large difference in Strouhal numbers between the two cases (the current
study has S = 0.792, while the Strouhal number of the Ou et al. study is S = 0.1).
The wakes of the present study also show a similar velocity deficit, turbulence level,
and general shape as the wakes presented by Murawski et al. (1997) and Dullenkopf
et al. (1991).

5.2 Experimental Results

As discussed in section 3.6, due to the periodic unsteady nature of this flow, the

results of the experiment are presented as phase-averaged quantities.

The large volume of data produced in this experiment proves to be not only
difficult to collect and calculate, but difficult to present, as well. For some types
of interpretation, it is useful to plot the data as a function of both the wall-normal
distance y and wake phase angle # (as mentioned previously in section 3.6, the phase
angle 0 serves as a non-dimensional time, ranging from 0° to 360° over the wake-
passing period 0 < ¢ < T'), while for others it is more intuitive to present the data as

a series of plots showing the wall-normal profiles at varying values of . Thus, all the
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Figure 5.1: Ensemble-average velocity and TT of 600 wakes, taken at the midpoint
between the leading edges of the pressure and suction surfaces.
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data are presented in multiple formats. For example, Figures 5.10, 5.14, and 5.18 all

present the same data, u(y, ), but in three different manners.

Additionally, in wake-disturbed flows, it is common to present results as pseudo-
color plots of the data as a function of the suction surface position, s, and the non-
dimensional time t/7T". Viewing the data in this manner allows the passage of wakes
across the blade surface as time passes to be easily visualized. Figures 5.3, 5.4 and

5.5 are examples of this data presentation style.

The data are presented in order of pressure tap number. For each pressure tap,
the data are first presented as a series of pseudo-color plots representing the velocity,

velocity rms, the turbulence intensity, and the intermittency. Examples of each of

these plots are given in Figure 5.10 (a(y,#)), Figure 5.11 (tyms(y,0)), Figure 5.12
(TI(y,0)), and Figure 5.13 (3(y,0)). For each of these figures, the horizontal axis
represents a single wake, presented as the phase angle, #, while the vertical axis
represents the wall-normal distance, y. Thus, each figure represents the ensemble

average of the series of wakes at a fixed location on the suction surface.

Next, the same data are presented again, with each quantity now represented
as a series of plots showing the wall-normal distribution of each quantity at different
time intervals. Examples of each of these plots are shown in Figure 5.14 (u(y,0)),
Figure 5.15 (Ums(y, 0)), Figure 5.16 (ﬁ(y, 6)), and Figure 5.17 (¥(y, 8)). For each of

these figures, each set of axes represents the wall-normal distribution of the quantity

at a fixed value of A, with the horizontal axis designating the plotted quantity, and
the vertical axis representing the wall-normal distance, y. Unlike the pseudo-color
plots, presenting the data in this fashion allows the near-wall values of the data and

the overall shape of the boundary layer profiles to be more easily visualized.

Finally, for each pressure tap location, the ensemble-average velocity u(y,0)
is presented as a series of plots showing the ensemble-average velocity at different
values of y. An example of this style of plot is shown in Figure 5.18. For this figure,
the horizontal axis represents the phase angle, #, while the vertical axis represents
the velocity, u(y,6). The different colors indicate different wall-normal distances.
Again, this manner of presentation allows the phase shift between the near-wall and

freestream flows to be more easily identified.

The data are presented in this manner for each pressure station, located at the
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end of the chapter, starting on page 96. A table summarizing the data presentation
is included as Table 5.1. Additionally, visualization animations and this report with

higher-resolution versions of the figures an are included, as discussed in Appendix D.

5.2.1 The Pre-Separation Flowfield

In this section, the basic features of the unsteady flowfield are discussed. As
mentioned previously, the introduction of wakes into the approach flow greatly dis-
turbs the flow from that of the steady state case. The passage of wakes across the

turbine blade suction surface introduces a number of significant flow phenomena:

1. The velocity deficit created by the wake results in an oscillating free-stream
velocity component, which adds a temporal acceleration effect to the flow in
addition to the spatial acceleration effects resulting from the turbine passage

geometry.

2. Similarly, this periodic oscillation in freestream velocity results in the turbine
airfoil undergoing a periodic oscillation in its angle of attack; thus, the effective
“origin” of boundary layer development at the leading edge moves as a function
of time and the pressure distribution over the test surface changes accordingly.
However, the nature of the data presented here does not allow us to directly

document this effect.

3. The passing of the turbulent wake creates a “turbulent strip” which is convected

through the passage, increasing the local turbulence as the wakes passes.

To understand the basic nature of the wakes’ effects on the turbine passage
flow, plots of u(s,t) and w,s(s,t) are presented in Figures 5.3 and 5.4, respectively.
Examining either of these figures, one sees that the wakes appear as diagonal bands
of increased turbulence and reduced velocity going from the lower left to the upper
right of the figure—as time passes (¢ increases), and the wake passes along the surface
of the blade (s increases). In Figure 5.3, one observes that as the wake travels along
the blade surface, the velocity defect of the wake is clearly visible. Similarly, in
Figure 5.4, the high turbulence levels contained in the wake can be seen as diagonal
strips of high rms velocity fluctuation. At an early stage of the research project,

the distributions of & and w,,s at each location were examined to determine whether
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the wake generator was creating wakes of acceptable repeatability and periodicity.
From these preliminary results, it was decided that of the seven wakes generated by
each pass of the wake generator, the last six would be used to calculate ensemble
averages. This decision was supported by results such as those shown in Figures 5.3
and 5.4. However, once the data were collected and the intermittency profiles were
calculated, differences between the early wakes (bars 2 through 5) and later wakes
(bars 6 and 7) became apparent. Examining the phase-average intermittency, (s, t),
shown in Figure 5.5, we can see distinct differences between the early wakes and
the later wakes, where the later wakes have a remarkably lower intermittency. The
explanation for this follow: The distance between the wake generator and the test
surface (see Figure 4.1) is sufficiently large that by the time the wakes generated by
the last two rods on the wake generation sled arrive at the measurement locations,
the upstream channel through which the rods normally pass no longer has any rods
passing through it. The wakes generated by each rod represent a significant flow
blockage in the channel, reducing mean flow in the channel by ~15%. The loss of
acceleration and deceleration associated with this change in mean flow represent a
significant change in upstream boundary conditions between the results obtained for
the first four wakes and those of the last two wakes shown in Figure 5.5. Turbulence is
typically more responsive to the deceleration phase than the acceleration phase. It is
hypothesized that this change in upstream conditions results in a sudden withdrawal
of the acceleration and deceleration of the flow after the last wake generating rods
have left the upstream flow, which causes stabilization of the flow and a concomitant

reduction of ¥, as shown in Figure 5.5.

Based upon these observations, the ensemble averaged quantities were recalcu-
lated, discarding the last two wakes due to their variation from the other wakes. For
the remainder of the figures presented here, the ensemble average values of @, Uy,
ﬁ, and v were calculated using only the center four wakes from each pass of the sled.

For these four wakes, the results showed good periodicity and repeatability.

Since the wake effects are primarily convected by the flow in the turbine passage,
the wake propagation speed varies throughout the passage. This is an important
property of the flow. Over the test surface, this is seen as an increase in velocity
with decreasing y outside of the viscous zone due to wall convex curvature and as a
decrease in velocity with decreasing y within the viscous zone. This is shown most

clearly when plotting the phase average velocity, u(y, ), as a series of slices through
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various y values. For example, examine the distribution of u(y, ) at p07 (located at
s = 49.33% of the suction surface length), shown in Figure 5.63. In the free-stream,
the center of the wake (point of maximum velocity deficit) is located at approximately
0 = 0°. However, as we approach the wall, the mean velocity decreases, and thus the
wake travels more slowly, arriving at p07 at increasingly large values of #. The wake
is centered at # = 140°. Thus, using convection arguments alone, one can expect
a distinct time lag between the occurrences of events in the free-stream flow and
the corresponding events occurring in the near-wall region. This is consistent with
the flat plate boundary layer results of Lou and Hourmouziadis (2000), in which the
temporal location of the wakes were phase-shifted with respect to the wake activity

in the free-stream flow.

Examining Figure 5.63 further, we can see also that, for the Strouhal number
studied here (S = 0.792), by the time the wake has traveled from the wake generator
to the suction surface, the wakes are no longer distinct—the flow has not had a chance
to fully recover from one wake before the next wake arrives. Examining the freestream
velocity flow in either Figure 5.55 or 5.63, we can see that from approximately y =
0.6 cm to the freestream, the flow has essentially become sinusoidally oscillating. This
is quite an interesting feature of the flow, because it suggests comparison between the
turbulent wakes presented here, and the low-turbulence oscillating flows presented by
Lou and Hourmouziadis (2000) on a plate and the profiles presented by Qiu (1996)

in a pipe. These comparisons will be discussed in section 5.2.2.

Examining these same data as plotted in Figure 5.55, we can see another time lag
between the freestream flow and the near-wall region flow. For example, examining
Figures 5.55, 5.59 and 5.63, we can see that the freestream flow accelerates from
0 = 8° to approximately # = 192°, and then begins to decelerate at § = 200°.
However, examining the same figure, the thickening of the boundary layer due to the
deceleration of the free-stream flow doesn’t commence until approximately 6 = 275°.
Similarly, as the flow accelerates, starting at approximately § = 8°, the boundary
layer thickness doesn’t respond by thinning until approximately 8 = 120°. This
lag between acceleration and the integrated response of the boundary layer is well
documented. This is discussed for spatial acceleration for turbulent boundary layer
flows in Chapter 11 of Kays and Crawford (1993).
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This phase difference between changes in the free-stream flow and the near-wall
flow’s response to these changes occurs due to the boundary layer requiring time to
respond to changes in freestream conditions. It is affected by the difference in wake
propagation speed between the freestream and near-wall regions. This is an important
observation since it means that at any given moment, an instantaneous “snapshot” of
a phase-averaged velocity profile doesn’t necessarily give a good representation of the
flow behavior. Thus, integral parameters, such as the momentum thickness, energy
thickness, or displacement thickness give an indication of the integrated effects, but
do not give a full representation of the state of the near-wall flow. At any given
moment, the near-wall flow is retarded in time from the free-stream flow and has not
yet had a chance to respond to the changing free-stream conditions. Thus, transition
models based upon quantities such as the momentum thickness Reynolds number
at transition, Rey,, may not perform so well in a wake-disturbed flow, such as in
the present study, as they do for steady flow. Additional consideration is needed to

address these effects.

The results from station p07 also allow the identification of some interesting
features of the turbulence distribution in the flow. At any given point in the flow,
the turbulence level can result from a number of sources: (1) turbulence convected in
from upstream, (2) turbulence generation due to boundary layer transition, (3) tur-
bulence generated due to passage of the wake’s “turbulent strip”, and (4) turbulence
generation due to other mechanisms, such as shear layer transition. Examining the
intermittency, Figure 5.58, we can clearly see the “turbulent strip” generated from
the wake generator, shown by the high values of 4(y, 0) in the range 130° < § < 300°
at y = 1.65 cm. However, in the near wall region, the high intermittency values asso-
ciated with the wake don’t appear until # ~ 250° at y = 0.07 cm. While it is natural
to assume that this time delay is a result of the difference in wake propagation times
between the free-stream flow and the near-wall flow, an examination of the inter-
mittency distributions from earlier pressure stations (Figures 5.22 and 5.31) shows
that the turbulent strip from the wake doesn’t penetrate much into the near-wall
boundary layer. Instead, in the corresponding w,.,s(y,t) distribution (Figure 5.56), it
appears that a region of high velocity fluctuation occurs, peaking at approximately
y = 0.07cm between 100° < 6 < 275°, concurrent with the turbulent strip appear-
ing overhead. This region of high rms velocity fluctuation starts to dissipate just as

the turbulent intermittency in Figure 5.58 begins to climb. Thus, in the portion of
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the flow preceding separation, it appears that the turbulent strip in the free-stream

flow introduces fluctuations in the boundary layer beneath it, producing a region of

highly unsteady flow (high #,,,s). This unsteadiness eventually causes the flow to
transition to turbulence, resulting in the turbulent strip seen in the near-wall region
in Figure 5.58, from 250° < 6 < 300°. Then, as the turbulent strip passes and the
flow begins to accelerate, the boundary layer flow returns to laminar flow (6 > 300°).
A similar pattern of intermittencies and velocity fluctuations can be observed at the

other pre-separation locations (stations p02 through p06).

This supports the theories presented by Johnson and Ercan (1996) and Mayle
and Schulz (1997), who both hypothesized that the location of turbulent spot gen-
eration (and hence the onset point of transition) is influenced primarily by pressure
oscillations in the free-stream flow. However, it is important to note that there is a
short time delay between when the flow is first affected by the turbulent strip passage
and when the flow begins to undergo transition, an effect not captured by the models
of either Johnson and Ercan or Mayle and Schulz. This suggests that before the
flow can begin to transition into turbulence and turbulence spots can begin to form
and grow, the flow must undergo an amplification process in which the rms velocity
fluctuation begins to increase. This is akin to normal (non-bypass) transition of a
boundary layer, in which the first instabilities present in the boundary layer (before
the appearance of T-S waves) must undergo a process of slow amplification before
higher-order modes of instability begin to affect the flow. The difference here, beside
the higher turbulence levels, is the presence of a destabilizing, adverse gradient due

to deceleration during the time.

The discussion so far has focused entirely upon wall-normal surveys at p07. How-
ever, an examination of the distributions of @(y, 6), wms(y, ), TI(y,0), and (y, 6)
for pressure stations p02 through p08 (Figures 5.10 through 5.72) show essentially the
same flow properties as at p07 (it is important to mention, however, that the profiles
at p02 and p03 were taken with a straight hot-wire probe instead of a boundary layer
probe due to geometry restrictions, and have a much higher uncertainty in the wall-
normal position y, perhaps as high as 0.025 cm). From stations p04 to p08, we can see
that, as expected, the boundary layer thickens significantly (see Figures 5.28, 5.37,
5.55, and 5.64, in order). Examining the rms velocity fluctuation and intermittency
profiles for stations p02 to p08, we see similar results to those shown for p07—the

turbulent strip generated by the wakes (high 4 values in the free-stream flow) induces
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some fluctuations in the near-wall boundary layer (high w,.,,s occurring over the same
0 range as for the freestream turbulent strip), which develop and eventually trigger
transition to turbulence in the near-wall boundary layer (as evidenced by the large
4 values in the near-wall region occurring soon after the large region of #,,, and
laminar near-wall flow for the portions of the wake-passing period during which the

wake is not present in the external flow).

5.2.2 Separating Flow

At lower (cruise) Reynolds numbers, LP turbine flows are subject to separa-
tion. For example, the steady state results reported by Qiu and Simon (1997) and
Simon et al. (2000) (see Figure 1.2) for Rey = 50,000 and FSTI = 2.5% indicate
that under these conditions, the boundary layer separates from the suction surface
at approximately 50% of the suction surface length (between stations p07 and p08).
Although the introduction of wakes into this flow greatly changes the flow turbu-
lence and instantaneous pressure gradients, it is still reasonable to expect the flow to

separate.

The distribution of phase-average velocity, u(y, t) at p10 is shown in Figure 5.86.
In general, the boundary layer behavior is similar to that shown for p07, with the
oscillating freestream velocity inducing a thinning, then thickening of the near-wall
boundary layer. However, unlike the p07 profiles shown earlier, there is strong evi-
dence of separation of the flow at this location. Examining the figure, we see normal
turbulent boundary layer profiles, initially (0° < 6 < 100°). Unlike the upstream
pressure stations p02 through p08, in which the flow merely thickens and thins in re-
sponse to the velocity oscillations of the free-stream flow, as the wake arrives at p10,
deceleration due to the wake passing destabilizes the flow to the point that the pro-
file becomes inflectional and the flow separates from the wall (starting at § = 168°).
The wake passes this station and the flow begins to accelerate and restabilize until it
reattaches (at @ = 312°). Similar results are seen at stations p09 through p13. These
observations are consistent with Lou and Hourmouziadis (2000), who noted similar

oscillations in the location and length of separation as a function of phase angle.

This separation can be observed also by looking at the s-t plot of w,,s(s,t) at
y = 0.07cm, shown in Figure 5.4. From s = 0.4 to 0.7, we can see the regions of

high rms velocity fluctuation induced by the passage of the wakes’ turbulent strips, as
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discussed in section 5.2.1. However, starting at approximately s = 0.6, we see a sharp
drop in the level of rms velocity fluctuation, directly corresponding to the regions of
separated flow seen at pressure stations p09 through p11 (s = 0.53 to 0.75). This drop
in rms velocity fluctuation is due to the detachment of the boundary layer, which is
now flowing over the separation bubble. This is supported by the shear stress plots

to be introduced in Section 5.2.3.

By the time the flow reaches p12 and p13, the boundary layer has grown sig-
nificantly due to upstream flow separation. Due to the very high turbulence levels
(TI > 40% in Figure 5.106), the near-wall (y < 0.5cm) data at these locations are
not accurate, due to unacceptably high hot-wire uncertainties. Turbulence levels in
the high range of this figure may be somewhat higher than indicated. FExamining
Figures 5.104 and 5.113, we can see that, like the steady-state results of Qiu, the
wake-disturbed boundary layer shows evidence of attached flow throughout the wake
passage period, and thus, reattachment of the flow between the wakes on the suc-
tion surface at pressure stations p12 and p13 (compare the near-wall profiles of @ in
Figures 5.95 (p11), 5.104 (p12), and 5.113 (p13)).

Examining the distributions of w,,,s and 4 at stations p09 through p13 (seen in
Figures 5.74, 5.83, 5.92, 5.101, 5.110, 5.76, 5.85, 5.94, 5.103, and 5.112), we can see the
same interrelation between the passage of the turbulent strip and near-wall transition:
the turbulent strips generated by the wakes induce some instabilities in the near-wall
boundary layer, which eventually trigger transition to turbulence in the near-wall
boundary layer. However, if we examine the profiles of u,,,, and 4 carefully, we can
see some differences from the pre-separational flow. Since the flow has separated
from the wall over p09 through pll, the near-wall portion of the boundary layer
has effectively become a shear layer, which is more susceptible to disturbances from
the free-stream than was the attached boundary layer. As a result, the passage of
the turbulent strip generates larger fluctuations in velocity than it did in the pre-
separation flow (compare the size of the high ., regions in the pre-separation flow
in Figure 5.56 to the post-separation flow in Figure 5.83). Likewise, the shear layer’s
increased sensitivity to disturbances results also in a faster transition to turbulence.
This can be by comparing the lag in intermittency between the wake flow and the

near-wall flow at station p07 (Figure 5.58) and the lag at station pl0 (Figure 5.85).
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5.2.3 Shear Stress Measurements

From the near-wall distributions of the ensemble-average velocity, u(y,0), we
can calculate an estimate of the wall shear stress on the suction surface. The first
three points on the ensemble-average wall-normal velocity profile are used to spline-
fit a near-wall, u(y) profile which is extrapolated to the wall to produce a wall shear

stress value of

ou

Tw M ay y:() (5 )

These results are presented in Figure 5.6. FExamining the figure, we can see
evidence of separation as an abrupt drop-off in surface shear stress, ranging from
s/Lss = 0.5 to s/Lss ~ 0.7 as the wakes passes. However, these data must be used
with caution, since the uncertainties in the measurements are quite high (~ 30%) in
some of the more severe locations. Additionally, the use of hot-wire anemometry to
measure velocities means that for high- 77 and reversing flow, the measured velocity
(and hence the calculated shear stress) can be incorrect. We will be able to identify
regions of low wall shear stress but we cannot measure the directions or magnitudes
of near-zero values with accuracy. Finally, previous measurements in the steady flow
(Simon et al., 2000) showed that separation and reattachment points taken from such
shear stress distribution maps which were computed from near-wall flow velocities
differed, somewhat, from separation and reattachment points taken directly from
surface shear stress direction measurements. Ideally, the location of separation should
be determined using surface measurement techniques, such as surface-mounted hot
films. The development of techniques applicable under unsteady flow conditions is

underway.

5.3 Discussion

It is also useful to compare the results presented here with the wake-disturbed
flows reported by other researchers. Figure 5.7 shows the distribution of intermit-
tency (obtained from surface-mounted hot-film sensors) in s-t coordinates presented
by Solomon (1996), while Figure 5.8 shows intermittencies from the present study
calculated at the y-location closest to the wall, y = 0.01 cm. While the studies are
conducted at different Rey_ . (~86,000 for Solomon vs. 50,000 for the present study),
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both show the passage of turbulent wakes from the leading edge to trailing edge (the
reader is cautioned that the scales of the figures are significantly different). However,
the observed profiles show some differences. The most significant difference between
the results is that while Figure 5.8 shows high intermittency values, Figure 5.7 shows
near-zero intermittencies until around s = 0.3. This has a number of likely causes.
The first cause may be the difference in y-planes at which the data are presented—the
results of Solomon are from surface measurements, while Figure 5.8 is located further
away from the wall, at y = 0.01 cm. Especially at the locations closest to the leading
edge, the boundary layer is very thin and slight differences in wall-normal distance
can have a significant impact on results. Also, the surface-mounted hot-films will be
restrained by the wall thermal inertia and are therefore not inclined to display the

high frequencies associated with the intermittency function threshold.

This difference between the two may also be a result of the different intermit-
tency strategies used to calculate these results. The results of Solomon were calculated
using a Peak-Valley-Counting method with surface mounted hot-films, and, hence, are
calculated from the quasi-shear stress at the wall, while the results of Figure 5.8 are
calculated directly from velocity data. Finally, any intermittency-detection scheme is
susceptible to the identification of highly disturbed unsteady (but non-turbulent) flow
as “turbulent.” Clearly, the disturbance levels carried by the wake are interpreted to
be turbulence with the present scheme. For the results presented here, the “intermit-
tency” identified near the leading edge in Figure 5.9 may simply be high-frequency
or small-scale vorticity, which creates high-level, high-frequency velocity fluctuations
as the wakes tend to wrap around the leading edge, and pass. This stretching of the
wake around the leading edge is shown by Wu and Durbin (2000a) in Figure 1.1.

Additionally, the results differ due to separation of flow from the surface in the
present study, starting at approximate s = 0.50, as noted in section 5.2.2. The re-
sults presented by Solomon, as well as similar results presented by Halstead (1996),
do not indicate evidence of separation. However, due to the relatively low turbulence
intensity, and low Rey__ of the present flow, the boundary layer is rather susceptible
to separation. Based upon his work, Halstead determined a theoretical process for
describing transition in LP turbines when the flow remains attached (Figure 5.9). The
blade geometry and Rej, used by Halstead are different from the present study—the
blade curvature in the Halstead study is weaker, the Reynolds numbers are signif-

icantly higher Rej;_, > 120,000, and the flow did not separate. Nevertheless, some
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comparisons between the two cases can be made. Referring back to Figure 5.4, we
can see for the current study that while in the pre-separational portion of the flow
(s < 0.5), the rms fluctuations show a similar distribution to those suggested by Hal-
stead. The flow separates, however, before either any significant calming of the flow
by acceleration or between-wake boundary layer growth or transition can be observed.
Thus, a study similar to the present one, but with a less aggressive blade curvature,
higher Rey__, or higher FSTI to decrease the likelihood of separation would provide

much better comparisons with the Halstead or Solomon data.

Conclusions from this data set are summarized in Chapter 6 (p. 180) which

follows the figures discussed above.
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Figure 5.7: s-t plot of ensemble average intermittency from Solomon (1996). s* is
equivalent to s/Lgs used in the current study, and ¢* is equivalent to

t)T.
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Figure 5.9: Boundary layer development at Low Re, in s-t coordinates, from Hal-
stead (1996). The lines labeled (1) and (2) represent wake-disturbed
and between-wake flow, respectively. The region marked “A” is lam-
inar, the region marked “B” is transitional due to wake passage, the
region marked “D” is the calmed region, and the region “E” indicates
between-wake boundary layer growth and transition.
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Table 5.1: Summary of presented data

Station: | Quantity: | Figures:

p02: u(y,0) Figures 5.10 (page 96), 5.14 (page 98), and 5.18 (page 102)
Urms (Y, 6) Figures 5.11 (page 96) and 5.15 (page 99)
ﬁ(y,@) Figures 5.12 (page 97) and 5.16 (page 100)
Y(y, 0) Figures 5.13 (page 97) and 5.17 (page 101)

p03: u(y, 0) Figures 5.19 (page 103), 5.23 (page 105), and 5.27 (page 109)
Urms (Y, 6) Figures 5.20 (page 103) and 5.24 (page 106)
ﬁ(y,@) Figures 5.21 (page 104) and 5.25 (page 107)
Y(y, 0) Figures 5.22 (page 104) and 5.26 (page 108)

p04: u(y, 0) Figures 5.28 (page 110), 5.32 (page 112), and 5.36 (page 116)
Urms (Y, 0) Figures 5.29 (page 110) and 5.33 (page 113)
TI(y,0) Figures 5.30 (page 111) and 5.34 (page 114)
Y(y,0) Figures 5.31 (page 111) and 5.35 (page 115)

p05: u(y, 0) Figures 5.37 (page 117), 5.41 (page 119), and 5.45 (page 123)
Urms (Y, 0) Figures 5.38 (page 117) and 5.42 (page 120)
TI(y,6) Figures 5.39 (page 118) and 5.43 (page 121)
Y(y,0) Figures 5.40 (page 118) and 5.44 (page 122)

p06: u(y,0) Figures 5.46 (page 124), 5.50 (page 126), and 5.54 (page 130)
Urms (Y, 0) Figures 5.47 (page 124) and 5.51 (page 127)
TI(y,6) Figures 5.48 (page 125) and 5.52 (page 128)
(y, 0) Figures 5.49 (page 125) and 5.53 (page 129)

pOT: u(y,0) Figures 5.55 (page 131), 5.59 (page 133), and 5.63 (page 137)
Urms (Y, 0) Figures 5.56 (page 131) and 5.60 (page 134)
ﬁ(y,@) Figures 5.57 (page 132) and 5.61 (page 135)
(y, 0) Figures 5.58 (page 132) and 5.62 (page 136)

p08: a(y,0) Figures 5.64 (page 138), 5.68 (page 140), and 5.72 (page 144)
Urms (Y, 0) Figures 5.65 (page 138) and 5.69 (page 141)
ﬁ(y,@) Figures 5.66 (page 139) and 5.70 (page 142)
A(y, 0) Figures 5.67 (page 139) and 5.71 (page 143)

p09: a(y,0) Figures 5.73 (page 145), 5.77 (page 147), and 5.81 (page 151)
Urms (Y, 0) Figures 5.74 (page 145) and 5.78 (page 148)
ﬁ(y,@) Figures 5.75 (page 146) and 5.79 (page 149)
A(y, 0) Figures 5.76 (page 146) and 5.80 (page 150)

pl0: a(y,0) Figures 5.82 (page 152), 5.86 (page 154), and 5.90 (page 158)
Urms (Y, 0) Figures 5.83 (page 152) and 5.87 (page 155)
ﬁ(y,e) Figures 5.84 (page 153) and 5.88 (page 156)
A(y, 0) Figures 5.85 (page 153) and 5.89 (page 157)

pll: u(y, ) Figures 5.91 (page 159), 5.95 (page 161), and 5.99 (page 165)
Urms (Y, 6) Figures 5.92 (page 159) and 5.96 (page 162)
ﬁ(y,e) Figures 5.93 (page 160) and 5.97 (page 163)
Y(y, 0) Figures 5.94 (page 160) and 5.98 (page 164)

pl2: u(y, ) Figures 5.100 (page 166), 5.104 (page 168), and 5.108 (page 172)
Urms (Y, 6) Figures 5.101 (page 166) and 5.105 (page 169)
ﬁ(y,e) Figures 5.102 (page 167) and 5.106 (page 170)
Y(y, 0) Figures 5.103 (page 167) and 5.107 (page 171)

pl3: u(y, 0) Figures 5.109 (page 173), 5.113 (page 175), and 5.117 (page 179)
Urms (Y, 6) Figures 5.110 (page 173) and 5.114 (page 176)
ﬁ(y,@) Figures 5.111 (page 174) and 5.115 (page 177)
Y(y, 0) Figures 5.112 (page 174) and 5.116 (page 178)
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Figure 5.10: Phase average velocity u(y, 0) at p02, s/Lgs = 5.19%.
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Figure 5.11: Phase average rms velocity fluctuation w,.,s(y,0) at p02, s/Lss =
5.19%.
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Figure 5.12: Phase average turbulence intensity ﬁ(y, 0) at p02, s/Lgs = 5.19%.
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Figure 5.13: Phase average intermittency 4(y, 6) at p02, s/Lss = 5.19%.
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Figure 5.18: Phase average velocity @(y, 0) at p02, s/Lss = 5.19%, presented as a
function of y (y-values are in cm).
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Figure 5.19: Phase average velocity u(y, ) at p03, s/ Ly = 19.78%.
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Figure 5.20: Phase average rms velocity fluctuation w,,s(y,0) at p03, s/Lss =
19.78%.
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Figure 5.21: Phase average turbulence intensity /T\j(y, 0) at p03. s/Lgs = 19.78%.

—-—
0 50 100 150 200 250 300 350
Phase Angle (degrees)

Figure 5.22: Phase average intermittency 7(y, 0) at p03, s/Lss = 19.78%.
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Figure 5.27: Phase average velocity u(y, ) at p03, s/Lss = 19.78%, presented as a
function of y (y-values are in cm).
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Figure 5.28: Phase average velocity u(y, ) at p04, s/ Ly = 31.36%.
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Figure 5.29: Phase average rms velocity fluctuation w,,s(y,0) at p04, s/Lss =
31.36%.
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Figure 5.30: Phase average turbulence intensity ﬁ(y, 0) at p04, s/Lgs = 31.36%.
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Figure 5.31: Phase average intermittency 7(y, #) at p04, s/Lss = 31.36%.
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Figure 5.36: Phase average velocity u(y, ) at p04, s/Lss = 31.36%, presented as a
function of y (y-values are in cm).
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Figure 5.37: Phase average velocity u(y, ) at p05, s/ Ly = 37.35%.
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Figure 5.38: Phase average rms velocity fluctuation w,,s(y,0) at p05, s/Lss =
37.35%.
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Figure 5.39: Phase average turbulence intensity ﬁ(y, 0) at p05, s/Lgs = 37.35%.
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Figure 5.40: Phase average intermittency 4(y, 6) at p05, s/Lss = 37.35%.
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Figure 5.45: Phase average velocity u(y, #) at p05, s/Lgs = 37.35%, presented as a
function of y (y-values are in cm).
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Figure 5.46: Phase average velocity u(y, ) at p06, s/ Ly, = 43.34%.
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Figure 5.47: Phase average rms velocity fluctuation w,,s(y,0) at p06, s/Lss =
43.34%.
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Figure 5.48: Phase average turbulence intensity ﬁ(y, 0) at p06, s/Lgs = 43.34%.

0.9
0.8
10.7
10.6
10.5

104

0.3

0.2

0.1

0 50 100 150 200 250 300 350
Phase Angle (degrees)

Figure 5.49: Phase average intermittency 7(y, #) at p06, s/Lss = 43.34%.
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Figure 5.54: Phase average velocity u(y, ) at p06, s/Lgs = 43.34%, presented as a
function of y (y-values are in cm).
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Figure 5.55: Phase average velocity u(y, ) at p07, s/ L = 49.33%.
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Figure 5.56: Phase average rms velocity fluctuation w,,s(y,0) at p07, s/Lss =
49.33%.
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Figure 5.57: Phase average turbulence intensity 71(y, ) at p07, s/Lss = 49.33%.
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Figure 5.58: Phase average intermittency 5(y, 6) at p07, s/Lss = 49.33%.
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Figure 5.63: Phase average velocity u(y, ) at p07, s/Lgs = 49.33%, presented as a
function of y (y-values are in cm).
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Figure 5.64: Phase average velocity u(y, ) at p08, s/ L = 55.33%.
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Figure 5.65: Phase average rms velocity fluctuation w,.,s(y,0) at p08, s/Ls =
55.33%.
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Figure 5.66: Phase average turbulence intensity ﬁ(y, 0) at p08, s/Lss = 55.33%.
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Figure 5.67: Phase average intermittency 7(y, #) at p08, s/Lss = 55.33%.
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