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ABSTRACT

The increasing loading level for high-lift blades in low-pressure turbines leads
to a laminar separation bubble (LSB) formed on the surface, resulting in a greater
profile loss. To obtain a detailed understanding of the flow physics, experiments
were conducted at various Reynolds numbers (Re) using complementary hot-
wire and hot-film anemometers. Two instability regions are confirmed
inside/outside the LSB. The external region is due to the inviscid Kelvin—
Helmholtz (K-H) instability, while the internal one originates from the reversed-
flow even at a low reversal level. The Strouhal number associated with K-H
instability remains constant as Re changes. Furthermore, the modal instability
primarily in the form of the K—H mechanism and the non-modal instability due
to the streamwise streaks induced by the freestream turbulence (FST) are found
to coexist. The non-modal instability contains mainly low-frequency fluctuating
energy, which impacts the disturbance energy spectrum within the separated
shear layer. This reveals that the inflectional velocity profiles amplify the
fluctuating energy within both the K-H frequency band and the low-frequency
range. The origin of the latter can be traced upstream of the separation. However,
inflectional instability remains immanently linked to the inviscid K-H
instability, which cannot be bypassed as Re increases even with a thinner LSB.
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1. INTRODUCTION

High-lift blades have been used to reduce the weight
of low-pressure turbines. The large adverse pressure
gradients at the rear of high-lift blades render the boundary
layer susceptible to separation, resulting in severe
aerodynamic losses (Howell et al., 2000). The most
widespread application is the “calmed-region” effect,
which increases the lift of a low-pressure turbine blade by
20%~30% without sacrificing efficiency, and has been
used in engines such as the BR710/715 and Trent500/900
(Howell et al., 2002; Hodson & Howell, 2005). Despite
significant achievements over the past few decades, the
underlying mechanisms of flow behaviors in low-pressure
turbines remain partially elusive, especially the separated-
flow transition.

Mayle (1991) presented a comprehensive review of
laminar-turbulent transitions in gas turbines, categorizing
the transition modes into natural transition, bypass
transition, separated-flow transition, periodic-unsteady
transition (also known as wake-induced transition), and
reverse transition. The first three of these transition modes

are discussed in the present study. In a low-disturbed
attached boundary layer, the transition mode typically
manifests as a natural transition, whose mechanisms have
been extensively studied. Small disturbances in the
laminar boundary layer gradually evolved into a two-
dimensional (2D) Tollmien-Schlichting (T-S) wave and
ultimately developed into turbulent spots. The bypass
transition has been thoroughly investigated (Jacobs &
Durbin, 2001; Zaki & Durbin, 2005, 2006). Disturbances
penetrate into the boundary layer through a “shear
sheltering” effect, inducing streamwise streaks. These
streaks become unstable through sinuous or varicose
modes (Zhao & Sandberg, 2020), eventually developing
into turbulent spots characterized by a broad frequency
spectrum. Separated-flow transition is more intricate than
the above two mechanisms. Gaster (1967) termed the
region including separation and reattachment a laminar
separation bubble (LSB). Mayle (1991) indicated that the
LSB is typically accompanied by a transition. Therefore,
in the present study, an LSB refers to a bubble with
laminar separation followed by turbulent reattachment.
Although Mayle (1991) classified the separated-
flow transition as a distinct mode, it is not actually a new
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NOMENCLATURE

PSD Power Spectral Density f frequency of K-H instability

RMS Root Mean Square Hi>  shape factor

LSB Laminar Separation Bubble Re Reynolds number

C chord length Sr Strouhal number.

Cx axial length N sample length

Co static pressure coefficient E voltage of the hot film with flow

Zy Zweifel coefficient Eo voltage of the hot film without flow

g cascade pitch C. normalized mean quasi-wall shear stress

g non-dimensional pitchwise distance a inlet angle

X cascade axial coordinate S outlet angle

y normal to the wall direction 0 nominal thickness

Po total pressure & displacement thickness

p static pressure % momentum thickness

pi static pressure along the surface p air density

Ap” non-dimensional total pressure loss ¢ profile loss of the cascade

u velocity profile of the boundary layer T quasi-wall shear stress

U outlet velocity v kinematic viscosity

Ue velocity at the boundary layer edge Subscripts

Uref freestream velocity at the trailing edge 1 inlet plane

Urms root mean square of the velocity 2 outlet plane

fi upper limit of the PSD integral e the edge of the boundary layer

fa lower limit of the PSD integral S position of the separation point
transition mode but a combination of the others under (2009). However, other studies have shown an

different conditions (e.g., Reynolds number (Re),
turbulence intensity, and surface roughness). Further
descriptions are provided below to illustrate the effect of
freestream turbulence on separated-flow transition.

When the freestream turbulence (FST) intensity is
low, with the coexistence of both attached and separated
boundary layers, the transition may exhibit both the
viscous T-S and the inviscid K—H instability mechanisms.
Itis still not fully understood which mechanism dominates
this transition. Lang et al. (2004) used an oscillating wire
to generate 2D artificial disturbances and conducted laser
doppler velocimetry (LDV) and particle image
velocimetry (PIV) experiments to investigate the LSB.
They concluded that the T-S mechanism dominated the
transition flow. Similar conclusions were drawn from
linear cascade experiments (Volino, 2002b; Volino &
Bohl, 2004), in which the T-S instability frequency
predicted by Walker (1989) was observed. By contrast,
Spalart and Strelets (2000) and Yang and Voke (2001)
observed the K—H instability governing the transition via
numerical simulations. Researchers have proposed
complex interactions between these two instability
mechanisms (Brinkerhoff & Yaras, 2011; Hain et al., 2009;
Marxen, 2020; Rist & Maucher, 2002). Watmuff (1999)
demonstrated that the boundary layer is viscously stable to
small-magnitude disturbances while attached; however,
after separation, growth in wave amplitude occurs in the
detached shear layer owing to the inviscid K—H instability.
Numerical simulations by McAuliffe and Yaras (2008)
and Roberts and Yaras (2005), and Singh (2019) found
that the T-S instability predominantly governs the
disturbance growth after separation, whereas K-H
instability is associated with the roll-up and shedding of
spanwise vortices within the detached shear layer.
Additionally, both instabilities occurred at the same
frequency, suggesting a potential interaction between
them, which is consistent with the findings of Hain et al.

independent relationship between the T-S and K-H
mechanisms during separated-flow transition (Funazaki et
al., 2009), as two distinct peaks exist in the frequency
domain and correspond to the viscous and inviscid
instability modes, respectively. Brinkerhoff and Yaras
(2011) revealed that the interaction between the viscous
and inviscid instability modes contributes to the formation
of hairpin-like vortices. Diwan and Ramesh (2009)
demonstrated that the inviscid inflectional instability of
the separated shear layer was supposed to be logically
viewed as a continuation of the instability within upstream
attached boundary layer undergoing adverse pressure
gradient. They concluded that a K—H instability could only
be activated when the separated shear layer departs
significantly from the wall.

As the FST intensity increases, the instability mode in
the separated shear layer is altered. Hosseinverdi and Fasel
(2019) used a series of highly resolved direct numerical
simulation (DNS) to investigate the physical mechanisms
dominating the transition in LSBs. They proposed that the
separated-flow transition was determined by the
interaction between the low-frequency Klebanoff mode
(induced by the FST) and the K-H mode (enhanced by the
FST). The dominance of the two modes was contingent on
FST intensity. Jaroslawski et al. (2023) revealed the
coexistence of modal instability due to LSB and non-
modal instability caused by Klebanoff streaks. However,
whether the K—H instability become entirely bypassed
when non-modal instability (Klebanoff mode) dominates
the transition? Yang (2019) concluded that the K-H
instability stage cannot be bypassed if the LSB is induced
by adverse pressure gradients. The absence of K-H
instability implies total suppression on the LSB. These
conclusions are supported by Balzer and Fasel (2016), Li
and Yang (2016), and Istvan and Yarusevych (2018).
Furthermore, the streaks within the separated shear layer
distorted the spanwise vortices generated by the K-H
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instability, accelerating the K—H vortices into chaotic 3D
structures. Despite the K—H instability not being bypassed,
streamwise streaks play a crucial role in the separated-
flow transition (Istvan & Yarusevych, 2018). Elevating
the FST intensity results in streamwise streaks convecting
through the shear layer, and the receptivity mechanism
which leads to the shear layer roll-up being bypassed
(McAuliffe & Yaras, 2010). The intense shear stress
linked to the streaks appears to foster environments
favorable for turbulent spot formation due to a localized
secondary instability, the frequency of which closely
matches that of the inviscid K—H mode in a free-shear
layer. This finding is also supported by Coull and Hodson
(2011).

In addition to the instability in the separated shear
layer, an instability region exists within the LSB, which is
attributed to the reversed-flow. Rist and Maucher (2002),
employing linear stability theory and DNS, identified two
distinct instability regions inside and outside the
separation bubble. The external flow is unstable via
inviscid instability, whereas in the reversed-flow region
near the wall, a viscous instability is present. The
dominance of the two instabilities depended on the
distance of the separated shear layer from the wall and the
reversal level. McAuliffe and Yaras (2008) reported
similar findings. The near-wall instability has also been
observed in a low-speed linear cascade through numerical
simulations and experiments (Bolinches-Gisbert et al.,
2020). However, these results were not consistently
replicated in some experiments conducted in a turbine
cascade (Funazaki et al., 2009; Satta et al., 2014; Volino,
2002a), suggesting that the conditions leading to the near-
wall instability are not completely clear. Increasing the
reversal level can result in absolute instability, which can
propagate upstream and become self-sustaining.
According to Alam and Sandham (2000) and Rist and
Maucher (2002), a reversal level exceeding 15%~20% of
the local freestream velocity triggered absolute instability.
Moreover, other studies (Rodriguez et al., 2013;
Rodriguez et al., 2021; Rodriguez & Gennaro, 2019) have
reported global instability in the LSB. For a 2D bubble, a
lower reversal velocity of approximately 12% triggers
absolute instability, whereas for a three-dimensional (3D)
bubble, the threshold decreases to approximately 7%.

Hot-film probes are widely recognized as crucial tools
for investigating the boundary layer transition owing to
their high sampling rate and non-intrusive nature. Using
hot-film probes, Liang et al. (2015), Mahallati et al. (2012)
and Zhang et al. (2002) conducted extensive researches on
the  boundary layer  transition.  Nevertheless,
inconsistencies persist in the interpretation of the results,
particularly regarding the effectiveness of hot-film probes
for directly detecting transition signals in the separated
shear layer. This complexity is further compounded when
an instability region exists inside the separation bubble,
which is an aspect yet to be explored. Given the limitations
of hot-wire probes near walls, combining them with hot-
film sensors can enhance the experimental accuracy.

As it is difficult to perform detailed measurements in
the boundary layer, most researchers opt for a flat plate or
NACA airfoil operating under adverse pressure gradients.

Fig. 1 Linear cascade test apparatus

Few studies have been conducted on actual low-pressure
turbine blades. In this study, experiments were carried out
in the cascade wind tunnel laboratory at Dalian University
of Technology. The boundary layer flow was investigated
using both hot-wire and hot-film probes. The primary
objective of this study was to examine the disturbance
growth and transition mechanisms in a separated boundary
layer under different Re conditions. The remainder of this
paper is organized as follows. Section 2 outlines the
experimental setup and data processing methods. Section
3 presents the experimental results. Finally, Section 4
concludes the paper.

2. EXPERIMENTAL SETUP AND MEASUREMENT
METHODS

2.1 Experimental Configuration

Fig. 1 shows a schematic of the experimental
configuration used in this study. The linear cascade
consists of seven high-lift blades with a Zweifel
coefficient of 1.2. Hot-wire and hot-film tests were
performed on the middle blade. Blade details are listed in
Table 1, and the definitions are shown in Fig. 2, with Blade
1 serving as the datum blade. The Zweifel coefficient Z,
is defined as follows:

Z,= 2gcos’ B(tana- tan B)/C, 1)

A blade with a Z,, larger than 1.0 can be seen as a high-lift
blade. Therefore, Blade 2 is a high-lift blade, and Blade 1
is an ordinary blade.

The experiments were conducted in an open-circuit
wind tunnel with a contraction ratio of 9:1 driven by
a centrifugal compressor. The inlet and outlet of the entire
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Table 1 Geometric properties of the cascades

Property Blade 1* Blade 2
a(®) 42.8 42.8
B(°) 62.7 62.7
Clg 1.4256 1.142
Cg 1.339 1.007

Zy 0.9 1.2

Cyx(mm) 100 100

!Blade 1 is the datum blade

Outflow Direction

/S
/S
7 Hot-wire
traverses

Fig. 2 Definitions of the geometric properties and
schematics of the hot-wire and hot-film tests

configuration were confined within the laboratory, which
can provide steady conditions. This provides a
continuously adjustable freestream velocity ranging from
5 to 40 m/s. The dimensions of the test section are 590 mm
x 180 mm, which ensures a uniform inflow in the
pitchwise direction and minimizing the endwall effect. All
tests were performed at the midspan plane of the blade.
The FST intensity was 1.2%, with a fluctuation of 0.1%.
Details of the aerodynamic tests can be found in Yang et
al. (2023).

The pressure signals were acquired using a Scanivalve
DSA 3217. A three-axis computer-controlled traversing
mechanism with a stepping accuracy of 0.005 mm was
utilized to ensure precise movement. In the hot-wire and
hot-film tests, the measured blade was replaced with a 3D-
printed resin blade to reduce the heat exchanging effect
(Ikeya et al., 2017), and a smooth surface was ensured
using stereolithography (SLA) technology with a
roughness Ra = 1.5 um. The suction side boundary layer
was surveyed by 18 traverses normal to the surface,
covering 49%~99% of the axial chord length, as shown in

0.20 —=— Test 13 —=—Test 2, 1

2010f
>

0.05

0.00

0 10 10 10
u/uref

[N

(a) Velocity profiles
0.20

3+ Test 1 2+ Test 2

0.15
20.10
>

0.05 -

0.00 -

0.0 0.30.0 0.30.0 0.30.0 0.3
urms/uref

(b) Unresolved unsteadiness profiles

Fig. 3 Experimental reproducibility verification (Re =
1.2x10%)

Fig. 2. The enlarged insert in Fig. 1 illustrates the hot-wire
probe manipulation on the blade surface. The traverses
were refined in the separation region, with each traverse
having a minimum height of 12 mm. A Hanghua CTA-
02A multi-channel hot-wire anemometer system was
employed, operating the hot-wire probe in constant-
temperature mode with an overheat ratio of 1.2. The
output voltages were sampled via NI data acquisition,
collecting 100,000 samples per measuring point at a
sampling frequency of 20 kHz, ensuring adequate
frequency resolution for spectrum analysis. The hot-wire
experiments included 18 traverses divided into five groups.
The hot-wire probe was calibrated twice, at the beginning
and end of each group. The data were considered valid
only when two calibrations were consistent. The first
group, comprising traverses 1~4, was tested twice to
verify whether this method could replicate the
experiments. The results are shown in Fig. 3. An array of
32 individual surface-mounted hot-film  sensors
(SENFLEX9102 from TAO SYSTEM) with an equally
spaced interval of 2.54 mm (0.1 in) was employed on the
surface of Blade 2. Both the hot-wire probe and hot-film
sensors were operated using the same setup. The boundary
layer traverses and hot-film sensors locations, along with
their reference numbers, are shown in Fig. 2 and
summarized in Table 2 and Table 3, respectively.

2.2 Data Processing

The profile loss {'and static pressure coefficient C, are
given as follows:
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Table 2 Hot-wire traverse positions

Station | x/Cx (%) | Station | x/Cx (%) | Station | x/Cyx (%)
1 99.1 7 85.2 13 74.7
2 95.8 8 83.5 14 72.8
3 91.7 9 81.8 15 71.0
4 90.1 10 80.1 16 67.2
5 88.5 11 78.3 17 61.2
6 86.8 12 76.5 18 49.2
Table 3 Hot-film sensor positions
Station | X/Cx (%) | Station | x/Cx (%) | Station | x/Cx (%)
1 94.8 12 83.6 24 67.0
4 92.0 16 78.8 28 59.7
8 88.0 20 73.3 32 51.2
- . 1(0.5,U°2 2 1995). Consequently, the semi-quantitative wall shear
€= (o P2)/(05207) @) stress z, (Hodson, 1985) is practically employed. z, and
C,= (pi- P/ (Po- P,) (3) other statistical quantities (i.e., Tmean, Trms, aNd Tskew) are

The time-averaged u and root-mean-square Urms
velocities obtained from the hot-wire probes were
normalized using the freestream velocity urer at the trailing
edge. The integral parameters of the boundary layer are
calculated as follows:

8 = [3(1 —u/U.)dy 4
0= gu/Ue (1 - u/Ue)dy (5)
Hy, =6%/0 (6)

where ¢ represents the boundary layer nominal thickness,
where the velocity reaches 99% of the freestream velocity.
To simplify the experiments and ensure the accuracy of
the integral parameters, a spline fit was applied to the
velocity profile (Coull & Hodson, 2011). The maximum
deviation between the spline-fitted and measured profiles
was below 1%, and the maximum deviation of the
calculated integration parameters was below 5%. This
process also aids in identifying the inflection point of the
velocity profile.

The power spectral density (PSD) of the fluctuating
velocity was evaluated at each measurement point by
averaging 23 fast Fourier transform (FFT) performed on
data blocks with 50% overlap. With a data sample length
of 8192, a frequency resolution of 2.44 Hz was obtained.
To analyze the correlative contributions of the different
frequency ranges, the summation of the spectral energies

within the designated frequency bins was calculated by Eq.

7. Additionally, the Kkinetic energy related to the
disturbance within the corresponding frequency range was
quantified.

[RSDAf P = (ums)?| 2 (7)

Hot-film calibration poses a significant challenge, and
even after calibration, a 20% error remains in the data
between laminar and turbulent flows (Davies & Duffy,

expressed as follows:

r, = ((E*- E2)/E}) @)
Tmean = 1/N Zh_1 Ty )
Trms =V 1/N X0=1(Tn = Tmean)? (10)
Tokew = 1/ (NT2s) TNt (T = Trnean)” (11)

The signal mean, root mean square (RMS), and skewness
quantify the time average level, fluctuation intensity, and
asymmetry of the signal fluctuation, respectively. These
statistical quantities provide insight into the boundary
layer state.

To facilitate comparison across various flow
conditions, the mean quasi-wall shear stress z, was further
normalized in C,, which is defined as:

CT = (Tmean - z-min )/ (Tmax - Tmin)

where zmax and zmin are the maximum and minimum values
along the entire hot-film array for each Re number.

12)

2.3 Uncertainties

The uncertainty calculation of the experimental data
was performed in accordance with the results of BIPM et
al. (2008) and Sun et al. (2020). Scanvalve DSA 3217 was
used to measure the pressure data with a +0.12% full-scale
accuracy. The stochastic error was minimized by
averaging the signals for a period of approximately 20 and
5 s for the pressure and thermal sensor measurements,
respectively. The primary parameter uncertainties are
listed in Table 4. The closest hot-wire probe distance to
the wall was ensured to be lower than 0.01 mm via a
handheld microscope. The wall distance uncertainty was
+0.05 mm. Hot-film sensors were not calibrated during the
experiments.
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Table 4 Parameter uncertainties

Parameter Uncertainty (%)
Inlet Velocity 1.7
Static pressure coefficient Cp 3.5
Profile loss ¢ +3.5
Velocity u +2
Displacement thickness 5" +3.5
Momentum thickness & 5
Shape factor Hip 6.1
16}
—n —_\i,\"‘{w
12k ( Separation o

Recovery

’ = _ 5
Re= 0,8><105 Reattachment
—e— Re =1.2x10
Re = 1.5x10°

0.0t 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0

x/C

X

Fig. 4 Static pressure distributions of Blade 2. For
reference, the blue dashed line denotes the static
pressure distributions for Blade 1 at Re = 1.2x10°

3. RESULTS

3.1 Aerodynamic Performance of the Blades

The loading distributions of Blade 2 according to C,
are shown in Fig. 4, exhibiting a mid-loading profile with
flat loading distributions around the peak. Compared with
ordinary Blade 1, the loading level was substantially
enhanced. However, downstream of the loading peak, a
“plateau” emerges, which is a typical indicator of
boundary layer separation. The pressure coefficients at the
trailing edge indicate that reattachment was accomplished
at all Re numbers. Furthermore, there is a reduction in the
LSB size as Re increases.

As shown in Fig. 5, the high-lift blade suffers a greater
profile loss compared to the datum blade. At the lowest Re,
this disparity reaches up to 112%. As Re increases, the loss
decreases and the disparity diminishes. The pitchwise
distributions of total pressure loss are shown in Fig. 6,
where Ap“denotes the total pressure loss normalized by the
outlet dynamic pressure, and g* is the pitchwise distance
normalized by the cascade pitch. These results indicate
that Re mainly affects the suction side losses, with
minimal impact on the pressure side. It can be inferred that
the LSB on the suction side is the main factor affecting the
aerodynamic performance of the high-lift blades.
Accordingly, detailed separated boundary layer
measurements are presented next.

0.3
—m— Blade 2
—e— Blade 1
02}
| |
e \
112% l\
0.1} u
.\
.\
[ J
00 1 1 1 1
0.8 1.0 1.2 1.4 16
Re(x10°)

Fig. 5 Profile loss of Blade 2 with varying Re.
Blade 1 is shown for reference

—m— Re =0.8x10° —®— Re = 1.2x10° Re = 1.5x10°
09}
Pressure . Suction |
1 1
0.6 : :
*% !
0.3F
0.0F T
0.5 1.0

Fig. 6 Pitchwise distributions of the total pressure loss
of Blade 2

3.2 Velocity Profiles

Hot-wire probes were employed to investigate the
boundary layers. The normal distance y from the surface
was normalized by the cascade pitch g, while the time-
averaged velocity was normalized by the freestream
velocity Uy at the trailing edge. A deficit in the velocity
profile indicates separation, whereas the region in which
the inflection of the velocity profile vanishes and begins
to become fuller denotes a reattachment point. As shown
in Fig. 7, the separation and reattachment locations
approximately align with the loading distributions. Errors
mainly stem from the resolution deviation of the
measurement traverses and pressure taps. The separation
bubble extends as Re decreases. However, the maximum
separation bubble thickness under different conditions
was approximately 83.5%C. It is noteworthy that a larger
Re only slightly delays the separation, but considerably
advances the reattachment, which also leads to a
difference in the boundary layer state at the trailing edge.
As seen from stations 1~3, the apparent divergences
between the velocity profiles demonstrate that the velocity
profiles become fuller as Re increases. It should also be
noted that placing the hot-wire probe within the separated
shear layer did not have a significant effect on the LSB.
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—=—Re = 0.8x10°, —e— Re =1.2x10°, Re = 1.5x10°
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e ! 1 ¢ t tor o4
& \ A I 1 |
o0} . ! SO S S
‘ ! S T S S |
00| 3 e ] [ 1 I
> » 8 I SR S S
0061 # e i S S
® . X L4 ]
0.04 boa Iy I ]
0 d‘ . ™ IV i ; i & ] ) N4 1 I’ ; 1 1 1 1 1 1 1 1 1 1
0 10 10 10 10 10 1 10 10 10 10 10 10 10 10 10 10 10 1
U/U ¢
Fig. 7 Non-dimensional mean velocity profiles
Table 5 Separation and reattachment point locations
Re (x109) Separation points Reattachment points
Loading distribution (x/Cy) | Hot-wire (x/Cy) | Loading distribution(x/Cy) | Hot-wire(x/Cy)
0.8 74.3% 74.7% 91.9% 91.7%
1.2 74.3% 76.5% 89.8% 88.5%
1.5 77.3% 78.3% 87.5% 86.8%
—m—Re =0.8x10%, —@—Re =1.2x10°, Re = 1.5x10° experience large variations. A “plateau” is noted in the
40 mid-to-rear section of the LSB, after which the
=301 e displacement thickness continues to grow. This differs
E 5l '__‘-'j./ from the experimental results for a flat-plate boundary
s Lol ,.(:.../" layer under adverse pressure gradients. The momentum
' . e _p—nnan? thickness curves exhibited minimal deviation before
0or ‘ ‘ ‘ ‘ ‘ ‘ 90%Cyx. According to Denton (1993), momentum
15 . thickness is a good indicator of profile loss. As Re
el /’ increases, a large reduction in the profile loss is achieved,
§ 107 N which is consistent with the results shown in Fig. 5. The
05 M“M,mn-ﬂ’" boundary layers remained laminar before separation
oof because the shape factors were larger than two. The
s s s s s s maximum value occurred at approximately 83%C;,
6.0 " slightly advancing at higher Re, indicating that
S a0l i reattachment occurred. This is consistent with the
T — "4'{,,,_\,_\,‘;’ '\.,‘:':h . recovery positions observed in the C, distributions. For Re
20r 2—a—3 = 0.8x10°, the shape factor experiences a steep decrease
00} after the maximum value until the trailing edge, which
04 05 06 07 08 09 10 11 indicates that the laminar-turbulent transition is not yet
«/C complete. By contrast, in the other two cases, the shape

Fig. 8 Integral parameters distributions along the
suction side

When a hot-wire was introduced inside the bubble, its
shape and size were modified. However, the hot-wire
effect on the LSB was not quantified in the present study
according to Diwan and Ramesh (2009).

3.3 Integral Parameters

As shown in Fig. 8, the boundary layer integral
parameters followed a similar trend at different Re. The
displacement thicknesses o¢* sharply increase after
separation, while the momentum thicknesses 6 do not

1013

factors remain almost constant near the end, suggesting
fully developed turbulent boundary layers.

Because of the challenge of manipulating hot-wire
probes on the blade surface, it is difficult to ensure the
desired precision of the probe-to-wall distance. However,
the evolving trends and differences reflected by the
integral parameters remain of interest. The effects of Re
on the separation and reattachment points are summarized
in Table 5.

3.4 Unresolved Unsteadiness Distributions

With the high sampling rate of the hot-wire
anemometer, the unresolved unsteadiness was estimated
using the root mean square of the velocity, which can
reveal the level of fluctuations in the boundary layer. The
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Fig. 9 Unresolved unsteadiness contours in the
boundary layer. The square symbols represent the
boundary layer edge, and the triangular symbols
denote the separation bubble edge

Ums profiles measured by the hot-wire probe were also
spline-fitted with an interval of 0.1 mm to generate the
contours. Data from y = 0~12 mm for 18 traverses were
selected. The results were also normalized by Urs. AS
shown in Fig. 9, the perturbations originate upstream of
the separation but with a low growth rate. After reaching
separation, owing to the LSB, the perturbations are lifted
into the separated shear layer, the growth rate of which
increases noticeably and eventually leads to breakdown.
In addition to the perturbations (Region B) within the
separated shear layer, a fluctuation peak (Region A) is
observed near the wall inside the bubble, as shown in Fig.
9(a). This finding is typically reported for a flat-plate
boundary layer, as observed in the experimental results of
Lang et al. (2004) and the numerical results of Mcauliffe
and Yaras (2010). However, this has rarely been observed

analytical curve fits = experimental data

0.14

0.12 |

0.10 |-

0.08 |-

ylg
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0.04 |-

0.02 |-

O 1 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1.0 0 02 04 06 08 1.0

u/U

e

Fig. 10 Comparison between the analytical curve fits
and experimental data (Re = 0.8x10°)

in turbine blade experiments. The perturbations in Region
A could be a consequence of near-wall viscous instability
or absolute instability due to the reversed-flow. The
stationary hot-wire probe is insensitive to the flow
direction, posing restrictions for exploring reversed-flows.
Therefore, the hyperbolic-tangent velocity profile model
modified by Diwan and Ramesh (2009) was employed to
obtain a curve fit for the measured mean velocity profile.
They noted that the near-wall hot-wire uncertainty present
no serious problem in fitting the analytical curves. The
outcomes are validated in Fig. 10, the analytical fits are in
good accordance with the measurements at stations 7 and
8, where the separation bubble thickness is at its maximum.
Curve fitting in the present study was only applied to
estimate the reversed-flow intensity. The maximum
reversal velocity, as indicated by the analytical fits, was <
1% of the local freestream velocity. Considering that the
minimum threshold for absolute instability is 7%, it can be
concluded that absolute instability did not occur in the
present experiments. The near-wall perturbations are still
visible in Fig. 9(b), which are not as clear as in the low-Re
case, and they are nearly absent at the highest Re, as shown
in Fig. 9(c), due to the thinner bubbles.

Instability in a free shear layer is primarily attributed
to the inviscid K—H mechanism, which is characterized by
a specific frequency range. The dominant frequency was
standardized as the Strouhal number (Sr). The formula Sr,
= f6s/Ues adopted by Mcauliffe and Yaras (2010) is used to
calculate Sryg. As shown in Fig. 11, the frequency
spectrum at different streamwise positions along the
separated shear layer reveal an increase from 500 to 1000
Hz as Re changes. However, Sry, remains nearly constant.
Table 6 lists the dominant Srg, obtained in the present
study, alongside those documented in other experimental
and numerical investigations. This demonstrates that the
instability in the separated shear layer (Region B) was
driven by inviscid K-H mechanism. The specific
frequency of the T-S wave predicted by Walker (1989)
was not discerned within the low-frequency range.

It is noteworthy that the power spectral density (PSD)
in Fig. 11 was obtained from the upper location within the
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Fig. 11 Power spectral density of the velocity in the
separated shear layer

separated shear layer because the K—H frequency bands
were more pronounced than those at the inflection points.
However, this does not imply that the K—H instability
becomes inactive within the separated shear layer. There
are two possible explanations for this observation. First,
because of the FST in the inlet, the LSB tended to be
relatively thin. As demonstrated by Diwan and Ramesh
(2009), a description of the K—H instability paradigm
becomes relevant only when the separated shear layer
moves considerably away from the wall. Thus, the K-H
instability at the inflection point of the shear layer may not
be intense owing to its proximity to the wall
(approximately 1 mm at the maximum). Second, there is
another mechanism known as non-modal instability (also

referred to as the Klebanoff mode), which is induced by
perturbations in the freestream. This mechanism mainly
amplified the fluctuating energy within the low-frequency
range, thereby diminishing the prominence of the K-H
band energy. This non-modal instability is discussed later.

Although the K-H frequency represents the
separated-flow transition mechanism, the spectral energy
contained in low- and high-frequency ranges plays an
important role as well. The unresolved unsteadiness
represented by the RMS of velocity was decomposed into
three parts by Eq. 7. Based on the K-H frequency bands
(KH), the ranges lower and higher than those were defined
as the low-frequency range (LF) and high-frequency range
(HF), respectively. This approach makes it possible to
quantify the kinetic energy associated with velocity
fluctuations within specified frequency ranges. As shown
in Fig. 12(a), it is evident that the development of the LF
fluctuations in the boundary layer is similar to the overall
fluctuations (as shown in Fig. 9). These fluctuations
emerged before separation, grew rapidly in the separated
shear layer along the inflection point (discussed later), and
reached a maximum around the thickest part of the LSB.
Meanwhile, the spectral energy within the K-H frequency
bands became visible, as shown in Fig. 12(b), which is
consistent with the results of Simoni et al. (2012). The
difference is that Regions A and B are also observed in the
spectral energy contours within the K—H bands. However,
the PSD inside the bubble did not exhibit any dominant
frequency, indicating that instability occurred over a
broader frequency range as Fig. 13 shows. Close to the
reattachment region, the HF spectral energy fluctuations
become visible, implying that the reattachment process is
associated with the breakdown of large-scale flow
structures into small-scale structures. Furthermore, as
shown in Fig. 12(c), the HF fluctuation cores moved
upstream as Re increased. It can be inferred that Re
evidently affects the transition stage at the rear part of the
suction side, which agrees with the results shown in Fig.
7.

3.5 Inflection Instability and Growth Mechanisms

The boundary layer with an inflection point is
considered unstable (Dovgal et al., 1994; Diwan &
Ramesh, 2009). The inflection point and maximum Urms
positions, as determined by the spline-fitted velocity u and
urms profiles, respectively, were close to the front part of
the separated shear layer as Fig. 14 shows. This correlation
holds for all Re. Diwan and Ramesh (2009) elucidated that
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although the primary instability in an LSB is its inflection
nature, the origin of which can be traced upstream. This
explains why the near-wall inflection points preceding
separation did not interact with the disturbances that
penetrated the boundary layer through the <“shear
sheltering™ effect. Only when the distance between the

1016

separated shear layer and wall is sufficiently large could
the inflection instability be responsible for the substantial
fluctuating energy enhancement. The maximum
integrated spectral energy locations (represented by max
ums a@s well) within the selected frequency ranges are
shown in Fig. 16. It can be seen that the spectral energy
within the K-H frequency bands corresponds best to
inflection points, suggesting that although the inflection
instability can amplify the fluctuating energy throughout
the frequency domain, it remains inherently related to the
inviscid K-H mechanism. Fig. 15. shows the chordwise
variation in fluctuation energy, revealing an algebraic
growth pattern downstream of the separation, which
deviates from the linear stability theory. Jaroslawski et al.
(2023) attributed this growth pattern to the increasing
dominance of the non-modal instability associated with
the low-frequency Klebanoff mode induced by the FST. A
low constant growth rate of the disturbances prior to
separation was observed under different Re. Therefore, the
upstream disturbances did not significantly influence the
separation locations. As Re increases, there is only a
slightly larger growth rate of max ums in the separated
shear layer, whereas a further increase in Re appears to
have a limited effect (as indicated by the green dashed
lines in Fig. 15). Finally, a breakdown occurs as the max
Urms approaches 20% of the local freestream velocity,
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raised by the separated shear layer and non-modal
instability due to FST should be confirmed in the present
experiments. However, the HF spectral energy also grows
exponentially, which is not yet understood. The authors
speculated that non-modal instability promotes a fast
spectral energy transfer within the K-H frequency band to
higher frequency ranges. Non-modal instability growth
allows the spectral energy to spread over a broader
bandwidth, which is also a typification of bypass transition.
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Fig. 18 Statistical results of the hot-film sensors

The existence of non-modal instability makes the
present study different from that of Simoni et al. (2012),
in which the onset of energy growth within the K—H bands
is accompanied by energy saturation of the LF ranges. As
shown in Fig. 17, there is no significant difference in the
growth rate of the spectral energy between the KH and HF
ranges, and both ranges show a larger rate than the LF
range. This finding is consistent with those of Simoni et al.
(2012). Non-modal instability leads to a faster breakdown
of the K-H vortices (Jaroslawski et al., 2023). As Re
increases, the separated shear layer moves closer to the
wall. Consequently, the K—H instability is damped, and
the non-modal instability (Klebanoff streaks) takes more
responsibility for the increase in the fluctuating energy. A
faster breakdown results in an earlier reattachment, which
explains the Re effect on the reattachment point.

3.6 Hot-Film Tests

Fig. 18 shows the chordwise distributions of the
normalized mean quasi-wall shear stress C,, root mean
square zrms, and skewness zsew. The initial point of zero C,
was considered to be the separation point, and the
locations under different Re are 74.7%Cy, 76.2%Cy, and
78.8%Cy, respectively, which is consistent with the hot-
wire measurements and the static pressure distributions.
As seen from the zms distributions, the most intense
transition spreads to the wall at 90%C,, in accordance with
the largest C, value. Fig. 19 shows the raw voltage signals
(Re = 0.8x10° used as a reference) that exhibit large-
amplitude, low-frequency fluctuations corresponding to
large-scale structures during the transition at 90%C,.
Conversely, as it approaches 93.9%Cy the signal decreases
in amplitude and increases in frequency, characteristic of
“breakdown.” The hot-film signal evolution was similar to
that reported by Liang et al. (2015). However, Re did not
appear to play a role in this process, which requires further
investigation. It is noteworthy that for the two lower Re
there is a region of enlarged 7w before 80%C;, but this
cannot be described as a transitional signal. As these
regions are close to the separation points, they are caused
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Fig. 19 Raw signals of the hot-film at different axial
positions (Re = 0.8x105)

by laminar fluctuations, as discussed by Mahallati et al.
(2012). Additionally, the raw data in Fig. 19 prove this
because of the larger positive signal amplitudes at
74.8%Cx compared to those at 80.1%C, which is not a
typical development in transitional flow. zgew increases
around 81.3%Cy, reaching a peak at 82.5%Cy at Re =
0.8x10°% which is in line with the area of Region A.
Therefore, this represents the near-wall disturbances
identified by the hot-film sensors. When Re increases to
1.5x10°%, the LSB is shortened, and laminar fluctuations
around the separation point emerge with transitional
fluctuations, as shown in Fig. 18. In conclusion, although
the hot-film can compensate for the deficiency of near-
wall measurements by hot-wire probes, the information
provided by the hot-film may overlap for a complex
separated-flow transition, making interpretation difficult.

Hot-film sensors are effective for identifying
separation points. However, in the cases of separated-flow
transition involving two disturbance regions, the
transitional signal detected by the hot-film is close to the
wall, making it challenging to discriminate the transitional
information within the separated shear layer. Until
breakdown occurred or the boundary layer approached the
late transition stage, the hot-wire and hot-film
measurements yielded similar results.

4. CONCLUSION

In this study, it was found that a high-lift blade can
substantially enhance the loading level. However, it also
causes a greater profile loss due to the LSB on the suction
side, which is typically accompanied by a laminar-
turbulent transition. Therefore, detailed experiments were
conducted to investigate the separated boundary layers
using both hot-wire and hot-film anemometers. Based on
the results, the main conclusions of this study can be
summarized as follows.

A higher Re only marginally delays separation, but
significantly advances reattachment, resulting in a
difference in the boundary layer state at the trailing edge.
Two instability regions were observed on the high-lift

blade surface: one located within the separated shear layer
and the other in the reversed-flow inside the LSB, which
is in agreement with experimental and computational
studies for a flat-plate boundary layer. The dominant
frequency of the external instability confirms its
association with the inviscid K—H mechanism, and Sry,
remains nearly constant as Re changes. The disturbances
inside the reversed-flow were generated through viscous
instability, not absolute instability, and the fluctuating
energy spread over a broad frequency range. Interestingly,
according to the present experimental results, even a low
reversal level can trigger viscous instability.

In the presence of moderate FST intensity, the present
study provide evidence of the coexistence of modal and
non-modal instabilities, both initiating from the separation
point. The predominant spectral energy of the non-modal
instability was within the LF range and evolved at a lower
growth rate than that of the K—H frequency band. Due to
its LF energy, non-modal instability influences the
spectrum of the disturbance within the separated shear
layer, rendering the K—H frequency signal inconspicuous
around the inflection point. The inviscid inflection in
nature induced by the LSB amplifies not only the K-H
instability but also the fluctuating energy within the LF
range, and its origin can be traced to the disturbance
penetrating the boundary layer through the <“shear
sheltering” effect. However, inflectional instability
remains associated with the K—H mechanism, which
cannot be bypassed, even with a thinner LSB at the highest
Re.

Hot-film sensors can precisely indicate separation
points. However, in a complex separated boundary layer,
particularly one with two disturbed regions (inside and
outside the LSB), the hot-film data mainly reflect near-
wall disturbances. This explains the discrepancy between
the hot-wire and hot-film test results.

The variation in FST should be considered in future
experiments, with a combination of high-fidelity
numerical simulations (LES or DNS), possibly achieving
deeper insights into such flow dynamics.
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