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The boundary layer development on a low-pressure turbine blade surface modified by
recessed dimples, U-grooves, and rectangular grooves has been investigated through the
large-eddy simulations. The simulations are performed at a Reynolds number of 50,000
(based on the inlet velocity and axial chord length) and extremely low freestream turbulence
conditions. The characteristic parameters of the boundary layer are used to estimate the
development of the boundary layer, and spectral analysis has also been performed to
identify the dominant frequency of shedding vortices. The results of simulations indicate
that three surface modifications all reduce the profile losses by restraining the separation
bubble size. However, the grooves and dimples show different mechanisms in inhibiting
laminar separation. Grooves tend to promote the formation of spanwise vortices, which is
more difficult to break into turbulence. A high-speed shedding vortex is induced by the
particular 3D structure of dimple, and its shedding frequency is nearly twice the
Kelvin–Helmholtz (K-H) instability frequency. The interaction between the shedding
vortices and the K-H vortices promotes the breakdown process of the spanwise
vortices, which leads to an earlier transition of the boundary layer at a low disturbance
level. The current study reveals the different mechanisms of dimples and grooves and
shows the great potential of dimples for flow control in low-pressure turbines. Besides, the
flow structures inside the dimples with adverse pressure gradients are also explored.
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INTRODUCTION

Modern aircraft are designed to have a higher cruising altitude and better engine performance
with a larger thrust-to-weight ratio to have a better stealth performance and reduce energy
consumption. However, these would lead to the low Reynolds number operation conditions and
higher loading of the blade in a low-pressure turbine (LPT), respectively (Houtermans et al.,
2004; Praisner et al., 2008; Ji et al., 2021). These characteristics of the LPT stage make the
boundary layer on the aft portion of the blade suction side remain laminar and suffer greater
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Abbreviations: Cx, axial chord length (unit: mm); Cp , time-averaged wall-pressure coefficient; Pin , time-averaged static
pressure of inlet; x, streamwise coordinate (unit: mm); �Vin , time-averaged velocity at the inlet (unit: m/s); DC, dimple center;
DE, dimple edge; Cf , time-averaged wall-skin friction coefficient; fwall , time-averaged wall shear stress (unit: Pa); δp , dis-
placement thickness; θ, momentum thickness; H, shape factor; Cpt , total pressure loss coefficient; f, frequency (unit: Hz).
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pressure gradients. Hence, it is easier to separate from the wall
(Volino, 2008). The separation would lead to significant
efficiency losses of the engine, as has been described by
Lyall et al. (2011). Therefore, exploring proper methods to
solve this problem is significant to improving the engine
performance.

A mass of active and passive flow control strategies have
been implemented to delay or prevent the boundary layer
separation on the LPT blade’s suction side (Sondergaard,
2008). Passive flow control is generally implemented by
geometry modification of blade surfaces such as recessed
grooves, dimples, turbulent trips, and micro-riblets and
changing roughness (Lake et al., 1999; Lake et al., 2000;
Volino, 2003; Robarge et al., 2004; Montis et al., 2011).
Compared with the active control method, the passive way
is cheaper and easier to apply in a real engine which is
independent of extra energy and device.

Dimples have been employed primarily on golf ball surfaces
for drag reduction and were mainly developed for blade
cooling in the turbine stage (Bearman and Harvey, 1976;
Hwang et al., 2008). The recessed dimples are used to
prevent the laminar separation in the LPT blade by Lake
et al. (1999)firstly. In their research, three surface
treatments including recessed V-grooves, dimples, and trips
have been studied experimentally. The dimples which refer to
Bearman and Harvey’s testing about golf ball dimples have a
depth-to-diameter ratio of 0.009, the depth is 1.59 mm, and it
is a single row with a spanwise spacing of 22.2 mm. The results
have shown that blades with dimple cavities have superior
performance for all Reynolds numbers, whereas V-grooves and
trips increase the loss generated at higher Reynolds numbers.
Inspired by Lake’s findings, Rouser (2002) and Casey et al.
(2004) pushed the study further. The flow control effect of
three different configuration patterns: a single row with
different dimple spacing and axial locations, multiple rows
of dimples, and asymmetric dimples, is explored by them.
These studies suggested that the best location of a single dimple
row is near the separated point. However, adding the second
row of dimples and asymmetric dimples has no significant
improvement on blade performance. In order to further
understand the relationship between dimple parameters and
flow structures inside the dimples, numerous numerical
studies have been performed systematically on a flat plate
model with recessed dimples by Vincent and Mapple
(2006). They claimed that the flow structure in and around
a dimpled cavity is determined by the boundary layer thickness
and the dimple size. Moreover, the potential benefits of
dimples emerge only when the high-speed shedding exists
downstream of the dimples. These studies have
demonstrated the capability of the dimple to diminish the
adverse effects of laminar flow separation. Furthermore,
surface grooves also have been used to inhibit laminar
separation, such as rectangular grooves (Volino, 2003) and
U-shaped grooves (Robarge et al., 2004), which have taken a
good effect too.

It has been noticed that the extent of the laminar separation is
mainly affected by the flow state of the separated shear layer since

the turbulent boundary layer has stronger momentum exchange
than the laminar one and thus is less easy to separate. At low
Reynolds numbers, the transition of the separated shear layer may
or may not lead to reattachment to the surface, resulting in a short
or long laminar separation bubble (LSB). With the development
of high-resolution numerical simulation and experimental
methods, researchers gain more details about the dynamics of
the laminar separation bubble. Most of the previous studies that
focused on separation bubbles were performed on a flat plate with
an adverse pressure gradient, which was mainly developed by
Gaster and Grant (Yarusevych et al., 2008). The transition process
of separated boundary layer induced by a change of surface
curvature was investigated by Yang and Voke (2001) using a
large-eddy simulation method. They claimed that the free shear
layer is inviscidly unstable, and the spanwise two-dimensional
vortices roll up in the bubble due to the Kelvin–Helmholtz
mechanism. With the growth of the three-dimensional
motions, spanwise vortices are distorted and break into
hairpin vortices further downstream, leading to reattachment
and a fully established turbulent boundary layer. The
experimental investigation to identify the coherent structures
formed within a laminar separation bubble was carried out by
Kurelek et al. (2016). They also concluded that the transition
process is directly related to the breakdown of the shear-layer
vortices in the aft portion of the separation bubble. The research
studies performed by Yang et al. and Kurelek et al. are both under
quite small freestream turbulence conditions. However, the
transition process within the LSB is significantly affected by
the freestream turbulence intensity (FSTI). The different
dynamics of the transition process in LSBs under the level of
freestream turbulence with intensities of 0.1 and 1.45% at
separation was presented by McAuliffe and Yaras (2007). They
described the breakdown of the spanwise vortices caused by the
small-scale fluctuations within the braid region between spanwise
vortices under a lower-disturbance environment. At a higher
FSTI, spanwise vortices are replaced by streamwise streaks which
are caused by “Klebanoff modes” (K-modes). These streaks were
primarily identified by Klebanoff and have been observed in
extensive numerical simulations and experiments by other
researchers. The combined effect of K-H and K-mode
instability mechanisms was elucidated by Hosseinverdi and
Fasel (2019): K-H instability is the dominant mechanism at
lower FSTI conditions, while the K-mode instability becomes
the dominant one as the FSTI increases.

The present study is conducted to understand the effect of
LPT blade surface modification on the boundary layer
development in the laminar separation bubble. Three
surface modification strategies, including recessed dimples,
recessed U-grooves, and rectangular grooves, were applied
to eliminate the laminar separation on the aft portion of a
highly loaded LPT blade suction side. Large-eddy simulations
were employed to gain more details of the flow field. First, the
different boundary layer developments of the three modified
surfaces were compared. Then, the flow structure within the
dimple cavities and the interactions between shedding vortices
generated by dimples and separation bubbles were
demonstrated.
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NUMERICAL METHOD

Geometry
The well-known Pratt and Whitney experimental LPT Pak-B
blades with and without modified surface are both investigated in
this paper. The Pak-B airfoil, which has been widely studied, is a
highly loaded and mid-loaded airfoil with Zw � 1.08, where Zw is
the Zweifel lift coefficient (Mahallati et al., 2013). Under low
Reynolds number conditions, profile losses of this airfoil increase
dramatically due to boundary layer separation on the aft portion
of the suction surface, which has been confirmed by many
researchers (Lyall et al., 2011; Mahallati et al., 2013). In the
present study, the blade size is scaled with a factor of 0.45, and the
scaled blade’s axial chord length (Cx) is 75.4 mm. The blade angle
is 30+ of the inlet and 60+ of the outlet. The spanwise extent of the
blade is approximately 0.4Cx, which is deemed sufficient to allow
for the natural development of large-scale three-dimensional
transient features as the flow transitions to a turbulent state in
the separated shear layer (Rizzetta and Visbal, 2003).

Three surface modifications, including recessed dimples,
recessed U-grooves, and rectangular grooves, have been used
to eliminate the adverse impact on aerodynamics caused by
laminar separation. The surface geometries are shown in
Figure 1 schematically. According to the previous studies
(Lake et al., 1999; Rouser, 2002; Casey et al., 2004), the best
location of a single dimple row is near the separation point. (Once
the dimple is placed downstream the separation point, the low-
speed fluid inside the bubble would lead to a reduction in flow
advection into the cavity, thus restricting the impact of the dimple
on the flow field.) Furthermore, larger turbulence losses will be
produced by the earlier boundary layer transition when the
dimple is further upstream of the separation point, which
eventually results in only a slight change in losses. The single
row of dimples is placed at the natural, expected separation

location of 70% axial chord length. Dimples are recessed into
the blade to a depth of 1.6 mm using a ball with a diameter of
11.6 mm. The depth-to-diameter ratio is 0.14. Since the blade
surface is curved, the resulting dimple edge is elliptical and has a
streamwise length of 7 mm and spanwise length of 8 mm. The
spacing of the dimple center is 10 mm. The recessed U-groove is
designed to have the same shape as the dimple center on the
spanwise vertical plane and to be located in 70% axial chord
length. Rectangular grooves with 1.6 mm depth and 7 mm
streamwise length are also investigated for comparison.

Details of Numerical Simulation
The separation bubble on the Pak-B blade suction surface is
investigated using large-eddy simulation in the present study.
The large eddies which contain most of the turbulent kinetic
energy (TKE) are calculated explicitly, while the smaller ones,
which tend to bemore isotropic and homogeneous, are modeled in
LES. The Reynolds number based on the inlet velocity and axial
chord length is 50,000. The freestream turbulence intensity is
extremely low because the turbulence generators are not used at
the inlet of the fluid domain. The schematic of the computational
domain is shown in Figure 2. In order to eliminate the influence of
inlet and outlet boundaries on the solution, the computational
domain extended 1.0 Cx and 1.5 Cx in upstream and downstream

FIGURE 1 | Dimple and groove geometry: (A) dimple; (B) U-groove; (C)
rectangular groove.

FIGURE 2 | Schematic of the computational domain.

FIGURE 3 | Grid resolution in wall units.
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directions. A structured multi-block mesh topology method is
employed to discretize the spatial domain, and approximately
7 × 106 cells are used. The flow field near the blade surface is
resolved via an O-type mesh, which ensures the grid orthogonality
of the blade wall and can predict the flow in the boundary layer
more precisely. Figure 3 shows the grid resolution in wall units
along the blade suction surface. The dimensionless scale of the grid
in wall units is 25< Δx+ <30, 1< Δy+ <1.5, 35< Δz+ <45, which is
consistent with that in some published studies (Roberts and Yaras,
2005; Cui et al., 2016). The mesh grid is refined in the aft portion of
the suction surface where separation occurs, thus having a higher
grid resolution to obtain separated flow details.

All simulations are performed using the RANS results as the
initial conditions. The governing equations are closed using the
WALE (wall-adapted local eddy-viscosity) sub-grid scale model,
which has been extensively used in LES. The discretization of
spatial derivatives is based on central differencing, and the implicit
second-order accurate backward Euler integration is used to
advance the solution in time. The total pressure and static
pressure distributions specified on the inlet and outlet
boundaries are related to the experimental values. The domain
is bounded by a symmetric boundary condition in the spanwise
direction. Only one single blade passage is calculated in pitch-wise,
and the domain is bounded by a periodicity boundary condition. A
no-slip wall condition is imposed on the blade surface. The time-
step size in the simulations is 8 × 10−6, yielding a Courant number
of 1.0 based on the node spacing and the freestream velocity. Four
inner iterations are found to be sufficient to converge the solution
to a low magnitude of residuals under the time-step size. With the
initial flow field, the solutions are allowed to develop for thirteen
through-flows to achieve the convergence, and approximately
10,000 time-steps are required. The time-averaged statistics are
then collected for three through-flow periods.

Validation
One of the challenges for numerical simulation in the LPT turbine
is to predict the laminar separation bubble precisely. In Figure 4,
the time- and spanwise-averaged static pressure coefficient (Cp)

distribution on the blade surface is compared between the current
study, LES by Poondru, and experimental results by Huang
(2005) and Poondru (2008). x/Cx is the relative position
along the flow direction. Cp is defined as

Cp � �P − Pin

0.5ρ �V2
in

, (1)

where �P and Pin are the time-averaged local wall pressure and
inlet static pressure and Vin is the time-averaged velocity of inlet.
The separation and reattachment locations of the bubble can be
inferred from the distribution of Cp, although the real situation is
time-variant. The wall pressure in the fore portion of the bubble
almost remains constant because the fluid close to the wall is
virtually stationary, thus resulting in a “plateau” of pressure on
the surface. The calculated results are in good agreement with the
experimental results except for the separated region. LES by
Poondru predicted an early reattachment and therefore had a
higher blade loading. The current simulation shows a better result
than the LES by Poondru, but still slightly earlier reattachment
than the experimental results is predicted. Furthermore, Figures
5A,B compare the time- and spanwise-averaged velocity profiles
inside the bubble at different locations. In the aft portion of the
separation bubble, velocity profiles calculated by current LES

FIGURE 4 | Time-averaged and spanwise-averaged wall-pressure
coefficient distribution compared with experimental data by Huang and LES
data by Poondru.

FIGURE 5 | Time-averaged (A) and spanwise-averaged (B) boundary layer
profiles compared with experimental data by Huang and LES data by Poondru.
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deviate slightly from the experimental data because of the
increasing complexity of the flow field. However, since the
research is conducted by comparing different cases, it is
believed that the results here are acceptable.

RESULTS AND DISCUSSION

In this section, the results calculated from the LES of separated
boundary layers on the LPT blade surface for several passive
control strategies: recessed dimples, recessed U-grooves, and
recessed rectangular grooves, are carefully compared under
investigated conditions. For the current investigation, these
modified surface structures have the same axial position,
maximum engraved depth, and almost the same width in the
streamwise direction. A detailed analysis of recessed dimples
based on the instantaneous flow structures and spectral
analysis is then carried out to explore how the engraved
dimples affect the boundary layer development on the LPT
blade suction surface.

Comparison of Boundary Layer
Developments Between Dimples and
Grooves
Time-Averaged Flow Field
Velocity and Wall Coefficients
The time-averaged development of the boundary layer, which is
obtained by calculating the arithmetic average of the results of
nearly 3,000 time-steps, is discussed for different surface
treatments. Figure 6 shows the contours of time-mean and
spanwise-averaged streamwise velocity on spanwise vertical
surfaces. Two spanwise vertical planes are selected on the
dimpled surface for discussion: vertical plane located in the
dimple center and dimple edge (between two dimples), which
is represented as DC (dimple center) and DE (dimple edge). The
reason for doing this is that dimples are 3D structures and have a
different effect along the spanwise direction. Spanwise averaging
has been done for the other cases to make the results more
reliable. As shown in Figure 6, a large low-speed fluid region
exists on the surface without modifications due to the severe
separation of the boundary layer. When the surface is recessed by
dimples, U-grooves, and rectangular grooves, the low-speed
region of fluid is reduced significantly. Especially on the DC
plane, the low-speed region is almost eliminated. In order to gain
more details about the separation bubble, the predicted
distribution on the aft portion of the suction surface of time-
and spanwise-averaged wall-pressure coefficients and wall-skin

FIGURE 6 | Contours of time- and spanwise-averaged streamwise
velocity: (A) baseline; (B) U-groove; (C) rectangular groove; (D) DE plane; (E)
DC plane.

FIGURE 7 | Time- and spanwise-averaged (A) wall-skin friction
coefficient and (B) wall-pressure coefficient distribution for various surfaces.
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friction coefficients, Cp and Cf, is plotted in Figure 7 for LES
with different cases. Cf is defined as

Cf � fwall

0.5ρ �V2
in

, (2)

where fwall is the time-averaged wall shear stress along the flow
direction. The gray area in the pictures is the portion in which the
blade surface is concaved. As shown in Figure 7A, all the surface
treatments make the mean reattachment point, at which Cf

changes from negative to positive, move upstream
significantly. The separation location, at which Cf changes
from positive to negative, is located at 0.72Cx for the
unmodified surface and is not clear for recessed ones because
of the existence of cavities. However, the boundary layer just
downstream of the cavities has been separated from the wall, and
a sharp decrease of Cf exists due to the strong local inverse-flow
induced by the cavities. Another sharp decrease of Cf happens in
the aft portion of the separation bubble, which is referred to as the
reverse-flow region. The dimpled surface shows the best
performance in reducing the separation bubble size in the
streamwise direction. On the DC plane, the separation bubble
is nearly eliminated except for a small inverse-flow area, while on
the DE plane, the boundary layer separates later and reattaches to
the surface earlier. As for the rectangular grooves, the right angle
at the downstream side leads to a stronger reverse flow on the

blade surface. Thus, Cf decreases more dramatically than that in
the dimples and U-grooves. Its reattachment point is slightly
downstream of the point on the DE plane. However, the integral
influence of U-grooves on the profile losses is not better than that
of dimples, which has been shown later. The U-grooves make the
reattachment point move upstream but not as much as the others.
It is worth mentioning that the intensity of inverse-flow inside the
separation bubble with U-grooves and rectangular grooves is
lower than that on the DE plane, although the bubble length is
larger in the streamwise direction. The pressure distribution has
also been significantly changed due to the earlier reattachment, as
shown in Figure 7B. The pressure recovered earlier, and the blade
loading increased slightly as the separation is restrained.

Shape Factor, Displacement, and Momentum Thickness
The height of the separation bubble in the direction normal to the
wall has changed differently from the bubble length along the
streamwise direction. The streamwise variation of the
displacement thickness, δp, and the momentum thickness, θ, is
also plotted in Figures 8A,B to get further insight into the
development of the boundary layer for different cases.

FIGURE 8 | Time- and spanwise-averaged (A) displacement thickness
and (B) momentum thickness distribution for various surfaces.

FIGURE 9 | Time- and spanwise-averaged shape factor distribution for
various surfaces.

FIGURE 10 | Separation bubble length and the correlated profile losses
for various surfaces.
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The displacement thickness varies slowly before separation
and increases rapidly since the separation occurs. The surface
without modification has the maximum value of displacement
thickness, which indicates that the height of the separation bubble
is the largest. All surface treatments significantly reduce the
height of the separation bubble. However, the rectangular
grooves and U-grooves are found to be more effective in
reducing the thickness of the separation bubble compared to
the dimples. The separation bubble on the surface recessed by
rectangular grooves is much smaller in the direction normal to
the surface than that on the DE plane, although the bubble is a
little longer along the streamwise direction. A similar trend is
obtained when the separation bubbles on the U-grooved and DE
surfaces are compared. A serious mass deficit is observed
although the boundary layer is attached to the DC plane,
which might be caused by the thick boundary layer. The
momentum thickness distribution in Figure 8B decreases first
and then increases right downstream of the separation point. The

decrease and rapid growth of θ would presumably be
corresponding to the dead air region and reverse-flow region
in the separation bubble because of the different flow rates. For all
modified surfaces, the formation of the reverse-flow regions in the
time-averaged result moves upstream, representing the shear
layer rolls up earlier in a transient sense. A similar
relationship between the rapid growth of momentum thickness
and reverse-flow region formation was also observed by
Hosseinverdi and Fasel (2019).

Furthermore, the transition process of the boundary layer
plays a crucial role in the formation of a separation bubble. The
shape factorH, which is plotted in Figure 9, is a useful parameter
for empirically estimating the boundary layer’s state on
separation and transition. It is calculated by the ratio of δp to
θ. For all the cases in the present study, the boundary layer has a
shape factor of approximately 2.5 before the separation point,
which is the expected value for the laminar boundary layer. The
shape factor begins to grow rapidly when the separation occurs,

FIGURE 11 | Power spectral of streamwise velocity fluctuations for all cases at various axial positions: (A) baseline; (B) U-shape; (C) rectangular shape; (D) DC
plane; (E) DE plane.
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owing to the increase of displacement thickness and the slight
reduction of momentum thickness. The typical value of shape
factor when separation occurs is 3.5 for the laminar boundary
layer. With the recovery of the momentum thickness caused by
the reverse flow, the shape factor decreases gradually. The
separation and reattachment points estimated empirically by
the shape factor are almost consistent with those in the
analysis above for all cases. All the surface treatments make
the boundary layer transition earlier except for rectangular
grooves. The boundary layers on the DE and DC planes
eventually recover to a fully turbulent shape at the same
position after reattachment, with a shape factor smaller than 2

in the current study. The boundary layer on the U-grooved
surface transforms into fully established turbulence later. The
rectangular grooves, however, fail to accelerate the transition of
boundary layer although a smaller separation bubble is produced.

Overall Performance
Profile losses in a low-pressure turbine blade could be increased
significantly due to the separation bubble. Figure 10 shows the
variation of profile losses as the bubble length (BL) varies for
different surface modifications. The loss coefficient used here is
defined as

Cpt � P0,in − P0,out

0.5ρV2
in

, (3)

where P0,in and P0,out are the time-averaged inlet and outlet total
pressure. By reducing the separation bubble size, all modifications
significantly reduce the profile losses, which shows a close
relationship between separation and losses. The recessed
dimples show the best performance in reducing the profile
losses by 20.4% under the investigated Reynolds number and
turbulence intensity conditions. The results indicate that the
dimples are more useful in inhibiting separation in an overall
sense due to the 3D effect of dimples, although the height of the
separation bubble on the DE plane is much larger than that on the
surface recessed by rectangular grooves. The rectangular grooves
and U-grooves reduce the profile losses by 18.9 and 16.2%,
respectively. It can be concluded that the dimples have the
greatest potential in inhibiting flow separation compared with
rectangular grooves and U-grooves when they are located at the

FIGURE 12 | Vortex structures in the separation bubble identified by pressure iso-surfaces: (A) baseline; (B) U-shape; (C) rectangular shape; (D) dimple.

FIGURE 13 | Growth rate of most-amplified disturbances.
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same position and have a similar maximum depth and
streamwise length. Furthermore, the dimples are unlikely to
have the unacceptable penalties at high Reynolds number
conditions, while the U-grooves and rectangular grooves have
been proved to produce significantly higher losses at higher
Reynolds numbers (Lake et al., 2000; Volino, 2003; Robarge
et al., 2004). The blade recessed by dimples also tends to have
higher strength than that recessed by spanwise grooves.

Spectral Analysis and Instantaneous Vortex Structures
An overall understanding of the time-averaged development of
the boundary layer has been obtained above. In this section, the
spectral analysis is performed, and the instantaneous vortex
structures inside the boundary layer are presented for
discussion. The authors tried to get a detailed insight into the
laminar–turbulent transition process to explain why these surface
modifications can reduce the separation bubble size.

The rapid growth of disturbance inside the separated shear
layer would lead to the laminar–turbulent transition, which is
essential to the separation bubble size. Under low freestream
turbulence conditions, inviscid Kelvin–Helmholtz (K-H) mode
has been proved to be the dominant instability during the
transition process of the separated boundary layers by
numerous studies (Yang and Voke, 2001; Kurelek et al.,
2016; McAuliffe and Yaras, 2007; Hosseinverdi and Fasel,
2019). With the growth of unstable fluctuations due to K-H
instability, the shear layer rolls up, resulting in the formation of
spanwise vortices (K-H vortices). The distortions and
breakdown to small-scale turbulent structures of spanwise
vortices then occur due to the small-scale turbulence activity

(McAuliffe and Yaras, 2007). The Fourier spectra of the
streamwise velocity fluctuations for all cases are presented in
Figure 11 for several streamwise locations near the bubble. The
data are obtained along with the separated shear layer where the
large wall-normal velocity gradient exists. The related vortex
structures are identified in Figure 12 by the pressure
isocontours. For the unmodified surface, the boundary layer
is laminar, and the inner disturbance is quite low at the locations
before separation, as shown in Figure 11A. As the boundary
layer develops, the disturbances are amplified, and a dominant
frequency peak appears at around 1250 Hz, which represents the
typical K-H instability frequency. This frequency could be
confirmed through the Strouhal number, Srθ � fθ/ΔU, where
f is the unstable frequency, θ is the boundary layer momentum
thickness at the separation point, and ΔU is the streamwise
velocity at the separation point (McAuliffe and Yaras, 2005).
The dominant instability Strouhal number observed in the
present simulation is 0.0109, and it is in good agreement
with the typical Sr range obtained by many researchers for
K-H instability, including 0.005–0.011 by Yang and Voke,
0.010–0.014 by Talan and Hourmouziadis (2002), and 0.011
by McAuliffe and Yara (at low freestream turbulence
conditions).

Growth of the most-amplified instability frequency results in
the formation of spanwise quasi-two-dimensional vortices, as
shown in Figure 12A. Further downstream, the spanwise vortices
are distorted and break into turbulence very quickly over a short
streamwise distance with the appearance of typical hairpin-like
structures. Another evidence of the breakdown to turbulence is
the frequency content redistribution over a much wider range, as
observed in Figure 11A. The dominant frequency peak
disappears, and fully developed turbulence has been
established at 95% axial length position as confirmed by the
classical spectrum slopes based on Kolmogorov’s theory for
isotropic turbulence. Compared with the unmodified surface,
the boundary layer becomes more unstable when it crosses
over the surface of U-grooves and rectangular grooves, and
the inner disturbance grows more rapidly, as shown in
Figures 11B,C. The most-amplified fluctuation frequency
occurs at the fundamental frequency 1,200 Hz, which is almost
the same as the K-H instability frequency in the present study. As
a result, the spanwise vortices roll up much earlier than on the
unmodified surface, as shown in Figures 12B,C. However, the
spanwise vortices have the intensified vortex intensity and exist
over a much longer streamwise distance than on the smooth wall
before the breakdown, which means the U-grooves and
rectangular grooves have no significant effect in promoting the
transition process. Especially, for the rectangular grooves, the
spanwise vortices persist further downstream to 95% axial chord
length due to a greater disturbance amplitude caused by the sharp
edge. It can be concluded that the grooves lead to the stronger
K-H instability waves, resulting in the earlier formation and
shedding of spanwise vortices with intensified vortex intensity.
The intensified spanwise vortices increase the momentum
transfer process in the wall-normal direction, and a
reattachment region exists downstream of the vortex. The
shedding of spanwise vortices results in the periodic

FIGURE 14 | Streamwise vorticity contours at the dimple trailing edge
during one shedding periodicity.
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separation and reattachment of the boundary layer, and it shows a
larger reattachment area in a time-averaged sense.

Nevertheless, the dimples show a completely different
mechanism in reducing the laminar separation than the
grooves. As shown in Figure 11D, PSD peaks at around the
frequency of 2,150 Hz and at the subharmonic frequencies
start to become visible at the 75% chord length location on the
DC plane. The typical K-H instability frequency peak is not
observed. Spectra of the streamwise velocity pertaining to the
boundary layer on the DC plane indicate the existence of the
high-frequency shedding vortices downstream of the dimple
structure. The shedding vortices could also be identified in
Figure 12D by the pressure isocontours. The boundary layer
on the DC plane is almost attached in a time-averaged sense
due to the high-frequency shedding vortices. On the DE plane,
however, Figure 11E shows a dominant instability frequency
at 1,166 Hz representing the typical instability frequency in the
present study, which indicates the existence of the K-H
vortices. As time proceeds further, disturbances in this
frequency band are amplified, following a subharmonic
growth. It is worth noting that another frequency peak
appears near 2,100 Hz at 80% axial chord length. This could
be the development of shedding vortices generated by the
dimples along the spanwise direction, as shown in
Figure 12D. The interaction between the higher-frequency
shedding vortices and the low-frequency shedding K-H
vortices results in a rapid breakdown of K-H vortices,
causing an earlier transition of the laminar boundary layer
into the turbulent one. Thus, the separation is inhibited
significantly. The particularly three-dimensional structure of
dimples makes it possible to promote the earlier boundary
layer transition via a minor modification on the surface. The
growth rate of most-amplified disturbances at various
locations is also compared in Figure 13. The dimples lead
to a lower level of disturbance than the others while the
transition process is finished earlier. This may also be the
reason why the dimples have a better performance at higher
Reynolds numbers than the grooves.

The different mechanisms between dimples, U-grooves, and
rectangular grooves show the excellent performance of dimples in
restraining the laminar flow separation under low freestream
turbulence conditions. The following section describes the

influence of several dimple parameters on the flow control
effect and investigates the flow structures inside the dimple.

Flow Structure Inside the Dimple
High-frequency shedding vortices downstream of the recessed
dimples have been observed via the spectral analysis above. Due
to the existence of front steps in the trailing edge of the
cavities, the fluid flowing through the concave surfaces flows
back into the cavities leading to the formation of vortices.
However, unlike the U-grooves and rectangular grooves, the
bending of dimple edge in the spanwise direction makes the
vortex lean toward the streamwise direction. The fluid is
accumulated from the spanwise sides to the dimple center,
and a pair of counter-rotating streamwise vortices appear in
the aft portion of the dimples. The dominant streamwise
vortex pair is observed in the present study and many
previous studies (Ligrani et al., 2001; Won et al., 2005). The
temporal variation of the computed streamwise dimensionless
vorticity distribution on the plane perpendicular to the flow
direction near the trailing edge of the dimples is shown in
Figure 14 for one whole period of the shedding vortices. It
can be seen that a filling/dumping or “breathing” cycle similar
to that described in Vincent and Mapple’s research (Vincent and
Mapple, 2006) exists obviously inside the dimples. The intensity
of the dominant streamwise vortex pair decreases and increases
periodically, just like “breathing,”which is related to the shedding
of vortices. The streamwise vortex pair becomes smaller with the
shedding of vortices, as shown in Figure 14B. However, as time
proceeds further, the small vortices generated at the downstream
side of dimples gradually converge to the trailing edge of dimples.
A new counter-rotating streamwise vortex pair appears at the
trailing edge as presented in Figure 14C. These two pairs of
streamwise vortices then merge into a stronger vortex pair, as
shown in Figure 14A,D. In addition, the shedding vortex
structures also have changed when they depart the dimple as
shown in Figure 15. The dimensionless vorticity distribution on
the plane downstream the dimples is presented in Figure 15 for a
complete vortex shedding period. Two alternating streamwise
vortex pairs (A and B) are observed in the figures. The stronger
one, A, represents the shedding of dominant streamwise vortex
pair, while the other indicates the shedding of vortex pairs
induced by dominant vortices inside the dimples.

FIGURE 15 | Streamwise vorticity contours downstream the dimple trailing edge in one cycle of vortex shedding.
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Furthermore, the flow structures inside the dimples are
significantly affected by the adverse pressure gradient since the
dimples are placed behind the maximum velocity point on the
suction side. More fluid flows back into the dimples, and the
streamwise vortices inside the dimples are intensified.
Meanwhile, the two counter-rotating vortices coalesce on the
dimple trailing edge, and a small scale of spanwise vortex appears
at the dimple center as shown in Figure 12D. The spanwise
vortex connects the streamwise vortex pair: A and B, forming a
shedding structure. The shedding structures are associated with
the adverse pressure gradient closely. The existence of the adverse
pressure gradient makes the streamwise vortex pair B be deflected
to the spanwise direction gradually and finally interacts with the
spanwise vortices rolled up on both sides.

CONCLUSION

The boundary layer developments on the blade suction surfaces
modified by the recessed dimples, recessed U-grooves, and
recessed rectangular grooves have been investigated through
large-eddy simulation under low Reynolds number and low
freestream turbulence conditions. The mechanisms of grooves
and dimples associated with the inhibition of laminar separation
are demonstrated in the present study.

The dimples show the best performance in reducing profile
losses by restraining the separation bubble size. The overall profile
losses are reduced by 20.4% with dimples, 18.9% with rectangular
grooves, and 16.2% with U-grooves. Under low freestream
turbulence conditions, the transition process in a separation
bubble is dominated by Kelvin–Helmholtz instability, which
results in the formation of spanwise vortices. The spanwise
vortices are then distorted and broken into fully turbulent
structures. Grooves and dimples show different mechanisms
for restraining the separation bubble size. Stronger K-H
vortices are induced by grooves of U-shape and rectangular
shape, resulting in a larger reattachment area downstream the
vortex. However, the intensified spanwise vortices are more
difficult to break down to turbulence. As for the rectangular
grooves, the turbulent boundary layer is fully established near the
trailing edge. A high-speed shedding vortex has been observed
downstream the dimple center with a shedding frequency twice
the K-H instability frequency through the spectral analysis and
pressure isocontour. The interaction between high-speed
shedding vortices and spanwise vortices leads to an earlier
breakdown to turbulence with a lower level of disturbances.

The earlier transition makes the separated boundary layer
reattach further upstream, thus reducing the profile losses. The
lower level of disturbances caused by dimples also makes the
persistent high performance of LPT at a higher Reynolds number
possible.

Furthermore, the dimples require a minor surface treatment
on the blade surface than the grooves. It could be concluded that
dimples have the greatest potential than the grooves in reducing
the profile losses due to the unique 3D structures. This study
provides further insight into why dimples are better than grooves
as a flow control technology in low-pressure turbine blades, and it
is meaningful for the development of new passive flow control
technologies.

The flow structures inside the dimples are also investigated. A
dominant counter-rotating streamwise vortex pair forms in the
aft portion of the dimple. When subjected to an adverse pressure
gradient, the flow structure inside the dimple is significantly
different from that under the condition of the positive
pressure gradient. The dominant counter-rotating vortices
coalesce at the dimple trailing edge and then shed from the
dimples alternatively with another pair of counter-rotating
vortices induced by itself. The streamwise vortices then deflect
in the spanwise direction and finally interact with the spanwise
vortices.
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