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for Transitional Highly Loaded Low-Pressure Turbines

Numerical Simulation of Separation Control

Donald P. Rizzetta* and Miguel R. Visbal®
U.S. Air Force Research Laboratory, Wright—Patterson Air Force Base, Ohio 45433-7512

The subsonic flow through highly loaded low-pressure turbines is simulated numerically using a high-order
method. The configuration approximates cascade experiments that were conducted to investigate a reduction in
turbine stage blade count, which can decrease both weight and mechanical complexity. At a nominal Reynolds
number of 25 X 103 based upon axial chord and inlet conditions, massive separation occurs on the suction surface
of each blade as a result of uncovered turning. Pulsed injection vortex generator jets were then used to help mitigate
separation, thereby reducing wake losses. Computations were performed for both uncontrolled and controlled cases
and reproduced the transitional flow occurring in the aft-blade and near-wake regions. The numerical method
utilizes a centered compact finite difference scheme to represent spatial derivatives, which is used in conjunction
with a low-pass Pade-type nondispersive filter operator to maintain stability. An implicit approximately factored
time-marching algorithm is employed, and Newton-like subiterations are applied to achieve second-order temporal
accuracy. Calculations were carried out on a massively parallel computing platform, using domain decomposition
to distribute subzones on individual processors. A high-order overset grid approach preserved spatial accuracy in
locally refined embedded regions. Features of the flowfields are elucidated, and simulations are compared with each
other and with available experimental data. Relative to the uncontrolled case, it was found that pulsed injection
maintained attached flow over an additional 15% of the blade chord, resulting in a 22 % decrease of the wake total

pressure loss coefficient.

Nomenclature

C, = turbine blade time-mean surface-pressure
coefficient, 2(p — p;)/ piq?

c = turbine-blade axial chord

D = duty cycle expressed as a decimal fraction

d = nondimensional jet diameter

Ey . E, = turbulent kinetic energy wave number and
frequency spectra

f = dimensional frequency

1,J,K = coordinate grid indices in the circumferential,
blade normal, and spanwise directions

a = nondimensional spanwise wave number

l,n = nondimensional blade tangential and
normal directions

P, = nondimensional total pressure

P = nondimensional static pressure

q = nondimensional planar velocity magnitude,
J@? 4+ v?) or /(v + w?) for the jet

Re = chord inlet Reynolds number, p;q; Rex /14

Re, = reference Reynolds number, pugooC/ oo

s = nondimensional spanwise domain extent or

nondimensional interjet spacing

nondimensional time based upon the reference

velocity uq,

ty = nondimensional jet forcing period

u,v,w = nondimensional Cartesian velocity components
in the x, y, z directions
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X, ¥,2 = nondimensional Cartesian coordinates in the
streamwise, vertical, and spanwise directions

o = turbine-blade flow angle

Al, An, Az = nondimensional mesh step sizes in blade
tangential, normal, and spanwise directions

At = time-step size

&En¢ = body-fitted computational coordinates

w = nondimensional frequency

Subscripts

i,o = inflow and outflow conditions

j = corresponding to vortex generator jet

£ = local freestream value

max, min = maximum and minimum values

00 = dimensional reference value

Superscripts

+ = value given in law-of-the-wall units

time-mean quantity

’ = rms fluctuating component

Introduction

NE of the challenges arising in the use of uninhabited air ve-

hicles (UAVs) for reconnaissance and combat missions is a
loss of engine performance when such platforms operate in regimes
of reduced atmospheric density. During high-altitude cruise, low-
pressure turbines typically utilized by UAVs can encounter Reynolds
numbers, based upon blade axial chord and inlet conditions, below
25 x 103. Insuch situations, boundary layers remain essentially lam-
inar over a large portion of the turbine blades, even in the presence
of elevated freestream turbulence levels. These laminar boundary
layers are particularly susceptible to flow separation near the aft
portion of a blade suction surface, resulting in a significant reduc-
tion in turbine efficiency, which can impose ceiling limitations for
prolonged UAV operations.

A number of experimental studies'~® have been conducted in
order to examine low-Reynolds-number effects on low-pressure tur-
bines. These investigations have identified several factors contribut-
ing to performance degradation, which in addition to the Reynolds
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number include freestream turbulence, pressure gradient, and cur-
vature. It was found by Lake et al. that boundary-layer separation,
and the concurrent loss of efficiency, could be mitigated by mod-
ifying the turbine-blade geometry. Dimples were recessed into the
blade suction surface in order to maintain the region of attached
flow. Although such passive techniques have increased efficiency
at low Reynolds numbers, they can also increase viscous losses at
higher Reynolds numbers such as those that occur during takeoff,
where unmodified blades perform satisfactorily. As an alternative,
Bons et al.'%'2 and Sondergaard et al.'* have implemented active
flow control in the form of pulsed vortex generator jets. Extensive
measurements verified that the jets dramatically reduced separa-
tion, resulting in decreased losses. Separation control in the form of
a plasma actuator has also been demonstrated by Huang et al.'*

More recent experiments by Sondergaard et al.'> have explored
the feasibility of increasing the blade spacing at constant chord
for a linear low-pressure turbine cascade, thereby raising the per
blade loading. For practical applications, a higher loading can reduce
the turbine part count and stage weight. Increased blade spacing
however is accompanied by increased boundary-layer separation on
the suction surface of each blade as aresult of uncovered turning and
results in reduced efficiency and wake losses. Vortex generator jets
were then employed to mitigate these losses by maintaining attached
boundary-layer flow over a greater distance along the blade surface.

Several analytic efforts have focused on the critical issue of im-
proved transition modeling for low-pressure turbine flows.'*~! Nu-
merical computations of these flows have traditionally been predi-
cated on solution of the Reynolds-averaged Navier—Stokes (RANS)
equations.'®~2* Although such endeavors have been moderately suc-
cessful in predicting many of the overall features of low-pressure
turbine flowfields, limitations and deficiencies of RANS turbulence
models have precluded accurate calculation of the low-Reynolds-
number effects on transition and separation. Moreover, it is unlikely
that this approach will be adequate for the exploration of active flow
control applications.

Advances in the speed and storage capacity of high-performance
computing systems have now made it possible to perform very large-
scale computations of representative turbine flow-fields. This has
enabled Wu et al.?* and Wu and Durbin? to study numerically both
boundary-layer transition induced by periodically passing wakes
upstream of a wall-bounded flow and the evolution of longitudinal
vortices within a turbine passage. Direct numerical and large-eddy
simulation have also emerged as viable means for the investigation
of flows through low-pressure turbines?*~*! and for wing sections*?
and turbines with flow control.’>3* The use of high-order numerical
methods when applied to the low-Reynolds-number regime of in-
terest offers the possibility of improved predictive capability. This
is especially true for situations where RANS models fail and for the
development of flow control strategies.

The purpose of the present work is to conduct numerical compu-
tations of the transitional flow through a highly loaded low-pressure
turbine. The simulated geometry corresponds to the cascade exper-
iments of Refs. 10-13 and 15, and calculations have been carried
out at a chord inlet Reynolds number of approximately 25 x 103
Computations were performed for both uncontrolled and controlled
cases, which can be contrasted with each other. Features of the flow-
fields are examined, the effect of vortex generator flow control is
assessed, and comparison is made with available experimental data.

Governing Equations

The governing equations are taken as the unsteady three-
dimensional compressible unfiltered Navier—Stokes equations. Af-
ter introducing a curvilinear coordinate transformation to a body-
fitted system, these are cast in the following nondimensional con-
servative form:

a0 ) 1 ] 1
— 4+ —|F—-—F, —| G- —¢G,
at +8$< Re, >+8n< Reo )

d 1
+¥<H—@HU)=O (1)

Here, Q is the vector of dependent variables; F, G, H the inviscid flux
vectors; and F,, G,, H, the viscous flux vectors. A more detailed
description of the governing equations can be found in Ref. 35 and
is not reproduced here.

Numerical Method

Time-accurate solutions to Eq. (1) were obtained numerically
by the implicit approximately factored finite difference algorithm
of Beam and Warming® employing Newton-like subiterations,’
which has evolved as an efficient tool for generating solutions to
a wide variety of complex fluid flow problems. Efficiency was en-
hanced by solving the implicit portion of the factorized equations
in diagonalized form,*® and three subiterations per time step were
applied for all computations.

Spatial derivatives were obtained by the compact difference
scheme based upon the pentadiagonal system of Lele,* which is
capable of attaining spectral-like resolution. For the present com-
putations, a fourth-order tridiagonal subset of Lele’s system was
employed. It was used in conjunction with a sixth-order low-pass
Pade-type nondispersive spatial filter developed by Gaitonde et al.,*°
which has been shown to be superior to the use of explicitly added
artificial dissipation for maintaining both stability and accuracy on
stretched curvilinear meshes.*! The filter operator was applied to
the solution vector sequentially in each of the three computational
directions following each subiteration. Reference 35 provides more
complete details of the numerical method.

The aforementioned features of the numerical algorithm are em-
bodied in a parallel version of the time-accurate three-dimensional
computer code FDL3DL* which has proven to be reliable for
steady and unsteady fluid flow problems, including the simulation
of flows over delta wings with leading-edge vortices,*~*° vortex
breakdown,*** direct numerical simulation (DNS) of transitional
wall jets,*® and synthetic jet actuators,*’ and DNS and large-eddy
simulation of subsonic***® and supersonic flowfields.**!

Details of the Computations

The original experiments of Bons et al.'>~!2 and Sondergaard
et al.!3 consisted of a linear cascade of turbine blades having a span
of 0.88 m and an axial chord of 0.18 m. The axial chord to spacing
ratio (solidity, §) was 1.13, the inlet flow angle o; = 35.0 deg, and the
design exit flow angle «, = 60.0 deg. Shown in Fig. 1 is a schematic
representation of the turbine-blade shape, given by the Pratt and
Whitney “PakB” research design, which is a Mach number scaled
version of geometries typically used in highly loaded low-pressure
turbines.'%~!3'> These experiments investigated the use of pulsed
vortex generator jets to control the flow by mitigating the effects of
separation on the blade suction surface. The jets were created by
blowing air through holes that had been drilled in the blade surface
at a pitch angle of 30 deg and a skew angle of 90 deg. Here, the pitch
is defined as the angle the jet makes with the local surface, and the
skew is the angle of the projection of the jet on the surface, relative to
the local freestream direction.'? The size of the drill used to develop
the holes is commonly referred to as the jet diameter d, which was
0.001 m. Because of the orientation however, the jet-exit geometric
shape is elliptic as seen in Fig. 1, and the jet-exit velocity vector has
components only in the vertical y and spanwise z directions.

For the more highly loaded cascade investigation of Sondergaard
et al.,'” a series of experiments having increased interblade spacing

Fig. 1 Turbine-blade configuration and jet geometry.
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Table 1 Geometric parameters

Table 2 Computational mesh spacings in wall units

Reference S s d s/d  xj Grid Points  ArT ALf AL Ant A Azl
Bons et al.,!0-12 113 5.56x1072 556 x 107> 10.0 0.63 Coarse 53x10° 0.04 1.14 4948 030 650 6.50
Sondergaard et al.'? Baseline 12.8x10° 0.04 088 3810 023 4.87 447

0.56-1.13 1.12x 107! 1.12x 1072 10.0 0.45
5.56x 1072 7.93x1073 7.0 0.37

Sondergaard et al.'
Present 0.75

jetlocation

\

(463x251x101) (313x185x101)

(61x111x101)

(35x101x101)

Fig. 2 Turbine computational meshes.

was conducted, thereby reducing the solidity. In this case the axial
chord was 0.089 m, and the jet diameter was 0.01 m. A summary of
nondimensional parameters for these experiments and the present
computations can be found in Table 1.

Computational Meshes

To conserve computational resources, only a single turbine-blade
passage was considered, and periodic conditions were enforced in
the vertical direction y to represent a turbine stage flowfield. This
situation is quite different than the experimental arrangement, which
consisted of a small finite number of blades in a linear cascade. The
computational domain surrounding the blade was described by a
body-fitted mesh system, whose origin was located at the inboard
leading edge of the blade (see Fig. 1). The mesh employed an O-grid
topology, and was elliptically generated using automated software.>?
Figure 2 (upper left) indicates the baseline grid about the turbine
blade for the uncontrolled case. Periodic conditions in the vertical
direction were invoked along the boundaries /,, — I, and Iy, — 1.

To facilitate application of inflow and outflow conditions to the
turbine-blade domain, overset grids were employed upstream and
downstream of the blade region. These are also found in Fig. 2
(lower). The baseline grid employed 101 uniformly spaced grid
points in the spanwise z direction, resulting in a total of approxi-
mately 12.8 million mesh points. Periodic spanwise conditions were
invoked, utilizing a five-point overlap at the domain boundaries in
the K direction. This overlap allowed application of periodic condi-
tions while maintaining spatial accuracy. The extent of the spanwise
domain was taken to be 0.2, which was described by a uniformly
spaced mesh. A previous study of the domain extent for a simi-
lar low-pressure turbine by Rizzetta and Visbal? indicated that the
value of 0.2 was adequate to allow the evolution of turbulent struc-
tures without artificially constraining their development.

The effect of grid resolution for the uncontrolled case was inves-
tigated by also constructing a coarse computational mesh. This grid
had an identical computational structure and domain boundaries as
that of the baseline mesh, but employed approximately 75% of the
points in each coordinate direction. The blade domain consisted of
(348 x 189 x 75) points in (I, J, K) respectively.

To properly capture the correct fluid physics for the flow control
case, the baseline grid was modified to enhance resolution in the

Flow control 17.9x 10® 0.05 0.58 46.86 030 091 276

jet and jet wake regions. This was done by removing grid points in
the near wall region for 0.14 < x <0.93 and replacing them with an
embedded refined mesh. The refined-mesh region appears in Fig. 2
(upper right), where only a fraction of the points are displayed.
Within the refined-mesh region, a portion of the grid is cut out in
the immediate vicinity of the jet exit. A series of overset grids was
then employed to describe the elliptic jet geometry and the zones
upstream, downstream, inboard, and outboard of the jet. These grids
connect to each other and with the refined-mesh region.

The z extent for the flow control case was taken as the inter-
jet spacing, and it was assumed that the flow was periodic in the
spanwise direction, with the period specified as s (see Table 1). A
nonuniform spanwise grid distribution was utilized, with grid-point
clustering near the jet exit. Computational mesh spacings given in
wall units for the three grid systems used in this investigation are
presented in Table 2.

Temporal Considerations

Calculations for the uncontrolled case were obtained using a time
step of At =0.00025, where ¢ is nondimensionalized by reference
quantities. Based on inflow conditions, this corresponds to a time
increment of approximately 0.00017 (see Table 2 for the time step
in wall units). From an initial state, the flowfield was processed
for 30,000 time steps to remove transients. Final results were then
generated over a subsequent 42,000 steps, during which statistical
information was collected. This duration represents 7.1 character-
istic time units, based upon the inflow velocity.

Experimental investigations'®~13!5 have used several parameters
to describe characteristics of unsteady vortex generating jets. The
jet blowing ratio B is defined as

B=gq;/q (@3]

where g; is the jet-exit velocity magnitude and g; is the local
freestream velocity (see Ref. 11 for the definition of g;). The max-
imum value of the jet blowing ratio B,,x was specified as 2.0. As
a point of reference, typical film cooling holes for turbine applica-
tions are designed to operate at an approximate value of By, =2.0
(Ref. 12). The experimental unsteady jet-exit velocity sequence con-
sisted of a period of essentially constant blowing, followed by an
interval of no blowing. The duty cycle is define as that portion of the
total duration over which the jet is active and was 50% for the present
case. A nondimensional frequency F as defined in Refs. 10-13 was
used to quantify the forcing period where

F= 04 3)
Uooqi
A value of F=3.1 was used in the computations, which was the
same as that of some experiments.'0~12
An experimental'? time history of one blowing cycle obtained
by hot-wire measurement appears in Fig. 3. For the computations,
a simple piecewise continuous function was used to approximate
the experimental result. The 50% duty cycle is apparent in the fig-
ure. For the flow control computation, a time step of Ar =0.00019
(At =0.00014 based upon inflow conditions) was employed, which
corresponds to 1000 steps per period ¢, of the cycle indicated in
Fig. 3. The computational flowfield for the flow control case was
initialized from the uncontrolled result and temporally evolved for
21,000 time steps. Statistical information was then collected for
63,000 steps, representing 8.8 characteristic time units, based upon
the inflow velocity.
For the flow control case, the piecewise continuous temporal vari-
ation of the jet blowing ratio B presented in Fig. 3 was used to specify
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Fig. 3 Jet blowing ratio time history.
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Fig. 4 Time-mean spanwise-averaged surface-pressure coefficient dis-
tributions for the baseline and coarse grids.

the instantaneous exit velocity at the center of the vortex generator
jet. In terms of the reference condition, the maximum value of the
jet-exit velocity corresponding to Bpax =2.0 Was g max =2.52. A
flat-top jet profile was assumed, with a linear variation from no slip
at the edges of the jet, to the constant center value. The jet was
assumed to be isothermal, and the exit pressure was obtained from
the inviscid normal momentum equation, which was solved with
second-order temporal and fourth-order spatial accuracy.

Boundary Conditions
A complete description of the boundary conditions for all of the
simulations is given in Ref. 35.

Results

Effect of Grid Resolution

To assess accuracy of the computations, comparisons for a num-
ber of quantities were made between results obtained on the coarse
and baseline meshes, respectively. These quantities have been tem-
porally averaged, as well as averaged across the span, owing to
the homogeneous property in the spanwise direction. Time-mean
surface-pressure coefficient distributions for these cases are dis-
played in Fig. 4. Apart from small differences at the trailing edge,
the distributions are virtually identical. Time-mean profiles of ve-
locity magnitude, along a normal to the blade surface at several
streamwise locations, are found in Fig. 5. In the figure, the nor-
mal distance n has been nondimensionalized by the turbine blade
chord, and the velocity magnitude has been normalized by the inflow
velocity g;. Only slight disparities between the two solutions are ap-
parent at the downstream stations, where the massively separated
flow is highly unsteady. Shown in Fig. 6 are corresponding profiles
of the rms velocity magnitude fluctuations. Again, differences are
observed in the downstream locations.

051 x=0.5
0.4
0.3
N
0.2
0.1
0.0 T T
00 05 10 15
9/q;
baseline grid
............... coarse grid

Fig. 5 Time-mean spanwise-averaged velocity magnitude profiles for
the baseline and coarse grids.
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Fig. 6 Time-mean spanwise-averaged fluctuating velocity magnitude
profiles for the baseline and coarse grids.
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Fig. 7 Time-mean turbulent-Kinetic-energy spanwise wave-number
spectra for the baseline and coarse grids.

Resolution in the spanwise direction was examined by observing
the turbulent kinetic energy spatial wave-number spectrum. This
can be seen at two locations in Fig. 7. Spanwise spectra were gener-
ated at each time step, and these were then temporally averaged to
construct results appearing in the figure. At each station, the spectra
were taken at a normal distance from the blade surface of n =0.03,
which was approximately one-half of a boundary-layer thickness of
the time-mean velocity profile upstream of separation. Because the
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flow is transitional, most of the energy is contained at low wave num-
bers, corresponding to large-scale structures. Subsequently, there is
not a pronounced region in wave number that lies in the inertial
range, where the slope of Ey_ is —2 The figure indicates that even
on the coarse computational mesh the turbulent kinetic energy is
reasonably well resolved.

Time-Mean Flowfields

Time-mean surface pressure coefficient distributions for the base-
line and flow control computations are compared in Fig. 8. The
baseline distribution is the same as that presented in Fig. 4. Because
of the jet orientation, homogeneity could not be assumed in the
z direction for the flow control case. Consequently, spanwise aver-
aging was not employed for that result, and the distribution in the
figure was obtained at a z location, which was midway between two
jets (i.e., on the periodic boundary). The large plateau region in the
baseline distribution, which is characteristic of massive separation,
has been reduced by flow control. The effect of flow control is to
decrease the pressure on the upstream portion of the suction surface,
while increasing it downstream, relative to the baseline case. This is
caused by reduced blockage and a subsequent increase of the flow
velocity through the blade passage.

Time-mean profiles of velocity magnitude are presented in Figs. 9
and 10. Although no experimental data that match the exact geo-
metrical parameters and flow conditions of the computations are
available, it is useful to compare numerical results with the measure-
ments of Sondergaard et al.,'> which were taken for an investigation
of a similar situation. A number of significant differences exist, how-
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2%% 0.2 0.4 0.6 0.8 1.0

X

Fig. 8 Time-mean surface-pressure coefficient distributions for the
baseline and flow control cases.
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Fig. 9 Time-mean velocity magnitude profiles for the baseline and flow
control cases.
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Fig. 10 Time-mean velocity magnitude profiles for the baseline and
flow control cases.

ever, between the computational and experimental arrangements, so
that this comparison can only be considered to be qualitative. First,
the experimental data were collected within a linear cascade with
a limited number of blades, whereas the computatious correspond
to the periodic situation in a single turbine stage. Additionally, tail
boards were attached at the trailing edge of the first and last blades
in the cascade and extended a considerable distance into the wake.
At low Reynolds numbers, this arrangement was found to be signif-
icant in previous computations.?>** Second, the experiments were
conducted at a nominal Reynolds number of 5 x 10*, whereas the
calculations were performed for Re~25 x 10°. A low Reynolds
number was employed in the calculations as it would result in mas-
sive separation and because it more nearly corresponded to high-
altitude cruise conditions for UAVs. As noted in Table 1, both the
inter-jet spacing and jet diameter of the experiment are larger than
those of the computations.

It was suggested in Ref. 15 that flow control jets should be lo-
cated very near to the time-mean separation point. For the baseline
case, this was found to occur at x =0.37, which was then speci-
fied as the jet position x;. Because of the higher Reynolds number,
the separation point and subsequent jet location of the experiment
were at x = 0.45. In addition, the maximum value of the jet blowing
ratio was By, =4.5 for the experiment, whereas that of the com-
putation was Bp,x =2.0. The experimental blowing ratio and jet
diameter led to a jet blowing coefficient of ¢, =2.43 x 1072, which
was orders of magnitude larger than that of the calculation where
¢, =9.88 x 1075, Here the jet blowing coefficient is defined as

¢, =D[(x/4d’B,,] “)
Furthermore, evenly spaced jets were distributed along the span of
only the center blade in the experimental cascade. No flow con-
trol was imposed on blades above or below the central blade. This
was unlike the computational arrangement, which employed peri-
odic boundary conditions to simulate flow control on all blades in a
single-stage configuration. Finally, a major difference between the
computations and experiments is that only results with steady blow-
ing used to generate flow control were available for the experimental
data.

As in previous figures, n is the nondimensional distance normal to
the blade suction surface, g has been normalized by the time-mean
inflow velocity g;, and baseline results have been spanwise aver-
aged. No spanwise averaging was applied for flow control profiles,
which correspond to a spanwise position between jets, in accor-
dance with the experimental location at which data were taken. For
the baseline profiles, differences between the computational and ex-
perimental results appear to be consistent with the differences in the
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respective Reynolds numbers. When flow control is applied, full-
ness of the time-mean profiles is increased as a result of enhanced
mixing. Although control is less effective for the computation than
for the experiment because of the disparity in the jet momentum
coefficient and Reynolds number, the comparison is qualitatively
favorable. Numerically, it can be seen from Fig. 9 that attached flow
was maintain up to x = 0.52. While the time-mean separation point
varied across the span, its averaged value was x = 0.52. Atx =0.89
there is an additional experimental result for By, =2.0. The dif-
ference in experimental profiles for By, = 2.0 and 4.5 indicate the
considerable sensitivity to jet blowing parameters.

Spanwise turbulent kinetic energy wave-number spectra are pro-
vided in Fig. 11. These spectra were generated along lines in the
z direction at a distance of n=0.03 from the blade surface and
constructed by the technique already described. Although the ki-
netic energy amplitude of the flow control case is somewhat higher
than that of the baseline case at x = 0.6, it is considerably lower at
x =0.8. The absence of an inertial range in wave number is once
more noted.

Time-mean contours of the streamwise component of velocity u
appear in Fig. 12a. For the baseline case, the contours have also
been spanwise averaged. The contours for the flow control result
were taken at the spanwise location corresponding to the center of
the jet. Near the jet location indicated in the flow control contours, a
greater region of attached flow, relative to the baseline case, can be
observed. The wake region near the trailing edge is also noticeable
reduced by flow control. This reduction can be quantified by the
integrated wake pressure loss coefficient C,,, defined as'

Pi— P
Cw =35 / l—_m dy
Pi — pi
where the integration takes place across the wake profile between

the periodic boundaries in the vertical direction. It was found that
C,, = 1.10 for the baseline calculation and C,, =0.86 for the flow

&)

Fig. 11 Time-mean turbulent-kinetic-energy spanwise wave-number
spectra for the baseline and flow control cases.
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control case, resulting in a 22% decrease in the total pressure wake
loss when pulsed injection is employed.

Figures 12b and 12c¢ also display time-mean contours of the span-
wise component of vorticity. The contours for the baseline case have
been spanwise averaged. The upper segment of each frame gives
contours on the blade surface, for the area outlined by the rectangu-
lar box. Contours for the lower frame of the flow control case were
taken at a plane lying between jets. Dark contours at the upper-right
portion of the figure surrounding the jet signify the region of attached
flow. The zones highlighted by rectangular boxes demonstrate that
use of flow control has kept the turbine-blade shear layer confined
to the surface for a greater streamwise extent.

Unsteady Features of the Flowfields

Profiles of the rms fluctuating velocity magnitude, for both the
baseline and flow control cases, are shown at several steamwise
locations in Fig. 13. Here again, the baseline profiles have been
spanwise averaged, while the flow control results are taken at a z lo-
cation between the jets. At this position in the span, the effect of
control is to reduce the magnitude of the fluctuations. Turbulent
kinetic energy frequency spectra at these same locations are seen
in Fig. 14. The designation “tev” signifies the shedding frequency
of the trailing-edge vortex. In the baseline spectra at x = 0.6, there
is a broad amplification of energy near w ~5.79 that is associated
with the unsteady shear layer. At this same x location, the flow con-
trol spectra display harmonics corresponding to the jet pulsing fre-
quency, in addition to the broad amplification. The first harmonic of
the jet forcing occurs at w = 7.14. Note that the trailing-edge vortex
shedding frequency has been reduced from w = 0.71 in the baseline
case to w =0.34 with flow control. Downstream at x = 0.8, the lo-
cation at which the spectra were taken lies near the blade surface
within a massively separated region. Consequently, no amplification
of turbulent kinetic energy occurs. This location is also far enough
removed from the pulsing jet to be effectively out of its influence.
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Fig. 13 Time-mean fluctuating velocity magnitude profiles for the
baseline and flow control cases.
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Fig. 14 Turbulent-kinetic-energy frequency spectra for the baseline
and flow control cases.
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Fig. 15 Power spectral density frequency spectra for the flow control
case.

The power spectral density from the flow control computation
is compared to the experimental data of Bons et al.'! in Fig. 15.
Although the Reynolds number of both the simulation and the ex-
periment is 25 x 103, the interblade spacings are different (see Ta-
ble 1). The experimental data were taken downstream of the jet
where x — x; =0.18, at a distance from the blade surface approx-
imately equal to one boundary-layer thickness, and the maximum
jet blowing ratio was Bp,x =0.2. Computational information was
collected at x — x; =0.13 and n equal to one-half a boundary-layer
thickness with By,x =2.0. The frequency in the figure has been
nondimensionalized by the jet pulsing frequency f;. And because
of differences between the simulation and the experiment, the power
spectral density has been normalized by its value at f/f; =0.1.
Qualitative agreement between the two spectra is evident in the fig-
ure. Itis observed that peaks in the spectra occur at each harmonic of
the forcing frequency. This is attributable to the frequency content
of the pulsed jet velocity, which was demonstrated previously.*> In
Ref. 35, the time history of the jet blowing ratio B was generated,
and the frequency spectrum for B was then extracted from the time
history. The resulting spectrum for B was found to be quite similar
to Fig. 15 (see Ref. 35, Fig. 22). Time histories of the turbulent
kinetic energy for the flow control also appear in Ref. 35.

To elucidate features of the unsteady turbine blade flowfield, a se-
ries of planar contours for both the baseline and flow control cases
is presented at four distinct instances in time. The flowfield is char-
acterized by a shear layer emanating from the detached boundary
layer near the blade midchord, which evolves into a massively sep-
arated region. In addition, a vortex forms at the trailing edge, rolls
up in a counterclockwise direction (in the view of a figure), and

Fig. 16 Instantaneous planar contours of u velocity for the baseline
case.

Fig. 17 Instantaneous planar contours of u velocity for the flow control
case.

is shed into the wake. The time sequence t =1, 1, t3, t4 represents
one cycle of this shedding frequency, divided into equally spaced
intervals. Vortex shedding also occurs from the massively separated
region upstream of the trailing edge. In this case however, the shed
vortices are not as discrete, and the shedding is not as regular as
that at the trailing edge. Instantaneous contours of the streamwise
velocity component u are seen in Figs. 16 and 17. Baseline con-
tours were taken at the blade midspan, whereas those of the flow
control case were situated between the control jets. The shear layer
and massively separated region are visible in the figures. A care-
ful inspection of Fig. 17 reveals a greater distance over which the
boundary layer remains attached and less vertical extent of the sep-
arated region for the flow control case. Corresponding contours of
the spanwise component of vorticity are provided in Figs. 18 and
19. In this presentation, the vortical structures can be clearly dis-
cerned. The more massive separation in the baseline case gives rise
to fine-scale features caused by instabilities in the spanwise direc-
tion, which can be identified in Fig. 18. These are absent in Fig. 19,
where effects of separation have been mitigated by pulsed injection.

A three-dimensional representation of the separated turbine blade
flowfield is found in Figs. 20 and 21 in terms of instantaneous iso-
surfaces of vorticity magnitude at the four discrete instances in time.
For the view observed in Fig. 21, the spanwise coordinate z has been
artificially stretched to more clearly reveal details of the flow. The
value of the isosurfaces corresponds approximately to that at the
edge of the boundary layer in the upstream attached flow. A more
complex flowfield is again indicated in the baseline result. Figure 20
illustrates the transitional nature of the turbine blade flow, whereby
fine-scale structures evolve within the chaotic, massively separated
region. This is unlike the traditional evolution of turbulence for
wall-bounded flows.
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Fig. 18 Instantaneous planar contours of the spanwise component of

vorticity for the baseline case.
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Fig. 19 Instantaneous planar contours of the spanwise component of

vorticity for the flow control case.

Fig. 20 Instantaneous isosurfaces of vorticity magnitude for the base-
line case.

Features of the near-jet flowfield are evidenced by instantaneous
contours of the streamwise component of vorticity displayed in
Figs. 22 and 23. The view in these figures is at a constant x location,
looking downstream toward the blade trailing edge. Streamwise po-
sitions are at distances of one and 10 jet diameters downstream from
the point of injection, respectively. The series of frames in each fig-
ure represent discrete instances in time within one period of the
jet blowing cycle displayed in Fig. 3. Dark contours correspond to
regions of negative vorticity with counterclockwise rotation, while
positive vorticity and clockwise rotation is associated with lighter

t=t3

Fig. 21 Instantaneous isosurfaces of vorticity magnitude for the flow
control case.
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Fig. 22 Instantaneous planar contours of the streamwise component
of vorticity for the flow control case.
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Fig. 23 Instantaneous planar contours of the streamwise component
of vorticity for the flow control case.

contours. The height of the attached boundary layer upstream of
injection appears as §. When /¢, =0.125, the jet has just attained
its maximum velocity. Vorticity was generated through entrainment
of surrounding fluid and can be seen emerging in Fig. 22. Because
of the low pitch angle of the jet, the areas of vorticity with op-
posite sign are visible as flat horizontal bands. For ¢/t, > 0.125,
flow at the near-jet location (x — x;)/d = 1.0 has attained a some-
what equilibrium condition. Injection has penetrated to the height
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of the boundary layer, which is essential to controlling the flow.
Att/t,=0.500, pulsing of the jet terminates (see Fig. 3). Features
seen at the downstream station (x —x;)/d =10.0 in Fig. 23 were
produced by the pulse prior to that shown in Fig. 22, which have
now convected downstream. Although no persistent, coherent vorti-
cal structures can be identified in these figures, considerable mixing
is clearly evident. This is attributable to the complex nature of the
unsteady injection into an adverse pressure gradient flow.

Summary

Direct simulation was used to describe the subsonic flow through
a highly loaded low-pressure turbine at a nominal Reynolds num-
ber of 25 x 10°. Unsteady computations for baseline and pulsed
injection flow control flowfields were carried out using a high-order
numerical method. An overset grid technique was employed for
modeling the region surrounding the jet, and high-order interpola-
tion was employed to maintain spatial accuracy. A grid mesh-size
study of the baseline case was performed and indicated adequacy of
the resolution. A comprehensive comparison between the baseline
and flow control cases was then conducted.

Although the computational flowfields differed considerably
from those of similar experimental investigations, reasonable agree-
ment was found between numerical results and measurements of
time-mean velocity magnitude profiles. Turbulent-kinetic-energy
spatial wave-number spectra indicated the transitional nature of the
flowfields. For the flow control case, the energy temporal frequency
spectrum was dominated by the pulsed injection in the area near to
the control jet. This effect diminished farther downstream. The base-
line case was characterized by vortex shedding at the trailing edge
and massive separation, which gave rise to a complex and chaotic
region containing fine-scale fluid structures. Because flow control
reduced the size and strength of the trailing-edge vortex, its shed-
ding frequency was reduced by 50%. Use of a high-order numerical
method was critical in capturing the physical features correctly.

As was found experimentally, the numerically simulated pulsed
injection flow control jets were able to mitigate effects of the ex-
tensive separation that occurred at low Reynolds number, through
enhanced mixing of the near-wall flow. This maintain attached flow
along the blade surface for an additional 15% of the chord, which
then resulted in a 22% reduction of the integrated wake total pres-
sure loss coefficient. This gain in performance might be improved
through the use of a larger jet momentum coefficient, by increasing
either the jet diameter or the blowing ratio. It is also believed that
additional jets spaced at intervals along the blade surface might be
useful for maintaining the quality of the flow and level of perfor-
mance over a wider range of conditions. In this regard, numerical
simulation can be instrumental for exploring this and other flow
control strategies.
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