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ABSTRACT

Large flow turning in compressor cascades with single air-
foils requires an effective control of the boundary layer growth
under the diffusing flow. An alternative approach consists of
distributing the loading over two subsequent airfoils, using a so-
called tandem blade, to, in some measure, restart the boundary
layer before flow separation occurs. It is, however, not always
clear whether the benefits of the two-blade setup justify the ad-
ditional manufacturing complexity. The present work explores
the tandem blade concept using a gradient-based optimization
method to produce an efficient, highly loaded compressor cascade
blade directly. A comparison between two-dimensional single
and tandem configurations is first presented to clarify the benefits
of one over the other. The geometry is optimized for each con-
cept using a gradient-based optimization technique to improve the
pressure loss coefficient at multiple operating points for a given
flow-turning constraint. While the optimized single and tandem
blade designs have similar performance, the lower solidity of the
latter provides a lighter compressor stage for the considered op-
erating range. A three-dimensional tandem compressor cascade
based on the two-dimensional study is then optimized to account
for secondary flows. The aerodynamic performance and the op-
erating range are assessed and compared, along with a study of
the physical phenomena surrounding the tandem configuration.
The resulting geometry presents similar non-conventional fea-
tures observed during the two-dimensional study that exploits the
flow mechanism of two-airfoil configurations.

Keywords: Axial Compressor, Tandem Blade, Turbomachin-
ery

NOMENCLATURE
Roman letters
AO  Axial overlap

c Blade chord

i Flow incidence

g Pitch

H Boundary layer shape factor

LE Leading edge

M Mach

OP1 Design incidence operating point
OP2  Positive incidence pperating point
OP3  Negative incidence operating point
PP Pitchwise percentage

PS Pressure side

S Position on the surface

SS Suction side

TE  Trailing edge

zZ Spanwise position
Greek letters

o Axial relative angle
o1 Displacement thickness
07 Momentum thickness
w Pressure loss

0 Flow turning

o Solidity

Superscripts and subscripts
0 Reference value

1 Inlet

2 Outlet

ax Axial direction

ab Aft blade

is Isentropic condition
b Front blade

m Metal angle

1. INTRODUCTION

The increase in fan bypass ratio has been the largest contrib-
utor to the increased fuel savings of around 50% [1] since the
introduction of gas turbine in commercial flight. While engine
size has been expanding throughout the years, compressors are
required to achieve high-pressure ratios, good efficiency, and
a wide operating range within as few stages as possible. The
rotational speed of the low-pressure compressor rotor is foreseen
to increase with the introduction of the novel geared turbofan
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concept [2], along with higher flow turning in the stator, resulting
in a higher blade loading. The latter is achieved in single-blade
airfoils by controlling the boundary layer growth during the
diffusion taking place in the blade passage. An alternative
approach consists of distributing the load over two subsequent
airfoils, using a so-called tandem blade configuration to restart
the boundary layer before flow separation occurs [3].

The concept has been introduced in various high rotational
speed compressor studies, such as the supersonic compressors
development program [4]. Four main parameters encompass
the physical phenomena surrounding the tandem configuration:
axial overlap, pitch percentage, gap throat convergence, and
blade loading ratio. These variables have been studied, both
experimentally [5-7], and numerically [7-11]. While tandem
blades show superior performance at design and off-design
conditions in two-dimensional studies, their advantages in 3D
are limited due to the strong secondary flow formation [12]. A
spanwise variable blade loading split and endwall contouring
are suggested to improve the performance [13, 14]. More recent
work also investigates the impact of the tip clearance on a
highly loaded stator tandem blade performance [15]. While the
literature offers extensive knowledge about tandem blades, it
is unclear whether the benefits of the two-airfoil setup justify
the additional flow and manufacturing complexities over the
conventional single blade.

Evaluating a tandem configuration presents multiple practi-
cal difficulties related to the expanded design space due to the
additional degree of freedom from the second segment. [8].
While conventional assessment methods, such as a parametric
study, indicate an improvement for a given design variable,
the combined effect from all parameters is difficult to quantify
due to the interactions between the different parameters. For
instance, a study on the axial overlap of the blades would
be biased if the loading split is not near optimal conditions.
Modern design techniques, such as automatic optimization meth-
ods, allow for analyzing designs near-optimal performance and
thus study parametric variations near optimal conditions [14, 16].

The present work is divided into two parts. A two-
dimensional study is first performed to compare single and tan-
dem optimized profiles for high-turning axial compressor stator
blade profiles. The best candidate for each concept is obtained
using a gradient-based shape optimization technique to improve
the pressure loss coefficient at multiple operating points for a
given flow turning and geometric constraints. The second part
investigates the results of a three-dimensional optimized tandem
cascade blade suitable for experimental testing. The aerodynamic
performance and the operating range of all optimized designs are
assessed and compared. A study on the physical phenomena sur-
rounding the tandem blade is then performed using the obtained
local optimal tandem design to provide a clear understanding of
the trade-off between the different flow mechanisms.
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FIGURE 1: OPTIMIZED SINGLE AND TANDEM BLADE GEOMETRY.

TABLE 1: Optimized single and tandem blade Characteristic

o | al’] | el
Optimized Single Blade 2.14 | +50.0 | -0.02
Optimized Tandem Blade | 1.29 | +50.0 | +0.02

2. OPTIMIZATION FRAMEWORK

The designs in the present work are obtained through a
gradient-based shape optimization framework [17], which has
demonstrated the capability to find the optimal design for a
given set of constraints. The configurations are analyzed using
a Reynolds Averaged Navier Stokes (RANS) solver validated on
various turbomachinery test cases [18] using a Spalart-Allmaras
turbulence model [19]. A grid convergence study was performed
prior to the optimization. The gradient-based optimizer found
a local optimal shape after a fast convergence. While the de-
sign is not proven to be a global optimal solution, restarting the
optimization with a different initial geometry leads to the same
optimum as similarly observed in previous work [20].

3. SINGLE AND TANDEM BLADE TWO-DIMENSIONAL
COMPARISON

3.1 Optimization Process

The targeted design must perform a high flow turning of
0 = a1 — ap = 50°, with a subsonic inlet flow of M; = 0.60 with
good off-design incidence performance between +2° and -10°.
Both preliminary single and tandem airfoils are designed from
the NACA-65 blade family with an axial outlet flow, ay = 0°
and a solidity of o = § ~ 3, where the chord, c, is defined
from the front blade’s leading edge to the aft blade’s trailing
edge for the tandem configuration. The initial tandem design
has a blade loading ratio close to 0.50, a Pitchwise Percentage
(PP) of PP = 0.86, and an Axial Overlap (AO) of AO = 0
as recommended by the literature [10]. The axial overlap and
pitch percentage are defined as AO = LG—X and PP =1 - %
respectively, where G, and Gy are the ggf) axial and pitchwise
distance measured from the front blade trailing edge (TE) to the
overlapping aft blade leading edge (LE), Fig. 1, which are then
normalized by the axial chord, ¢, and cascade pitch, g.
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The single and tandem geometries are parametrized with
a CAD-based approach to ensure smooth blade profiles with
relevant design variables throughout the optimization process.
The flow solution is solved on a 40,000-cell two-dimensional
mesh with blade wall refinement where the overall dimensionless
wall distance is below y* < 4, and in average, y* ~ 1.5.

w = Poi — P
Por — Py
The designs are then submitted to the optimization frame-
work where the pressure loss coefficient, w, measured 1.5¢ down-
stream of the trailing edge, Eqn. 1, is improved on three operat-
ing points: design incidence, ipp; = 0°, positive incidence,
iopy = +2°, and negative incidence, ipp3 = —10°. The ob-
jective function, J, is computed from a weighted sum, Eqn. 2,
and the outlet flow angle is constrained at design incidence flow
condition, @y, Eqn. 3, to ensure the desired turning. Several geo-
metrical constraints were included to control the blade minimum
thickness.

(D

J =0.5wop1 +0.25wopr + 0.25wo p3 2)

Cstri=ap <0 €))

The single and tandem optimization processes converged after 21
and 25 iterations, where all imposed constraints were satisfied.
The solidity is respectively o = 2.14 and o = 1.29 for the single
and tandem airfoil, which is lower than the preliminary value,
Tab. 1. While the optimized single geometry shows conventional
geometry features for an axial compressor, Fig. 1, the optimized
tandem demonstrates a less commonly found aft airfoil with a
thick leading edge. In contrast to the literature, the second airfoil
is slightly behind with a negative axial overlap, AO = —0.02.

Performance at design condition

3.1.1 Single Blade. The optimized single blade isentropic
Mach (M;,) distribution, Fig. 2(a) (blue curve), demonstrates
multiple characteristics of a control diffusion airfoil [21] at
design incidence condition. The velocity peaks on the suction
side around M;; = 1.00 near the leading edge, then diffuses
with a control on the boundary layer growth until it reaches the
trailing edge with M;; = 0.40, while the pressure side velocity
remains almost constant. The optimizer also permitted a small
boundary layer detachment on the single blade suction side at
OPI near s/s9 = 0.85, Fig. 2(a) (blue curve) and Fig. 3(a), from
a trade-off between the boundary-layer separation loss and the
wake loss fraction in the channel. A negative outlet metal angle,
amp2 = —7.81°, compensates for the large deviation caused by
the high blade loading to ensure an axial outflow.

3.1.2 Tandem Blade. While the optimized tandem aft air-
foil also shares similar characteristics with a less constant isen-
tropic Mach distribution on the pressure side, Fig. 2(b), the pres-
sure side flow on the front blade is instead accelerating near the
trailing edge to satisfy the Kutta condition [11]. This contrasts
with the single airfoils, Fig. 2(a), where a deceleration on the
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FIGURE 2: OPTIMIZED SINGLE AND TANDEM BLADE ISENTROPIC
MACH NUMBER AT DIFFERENT OPERATING POINTS.

suction side is mostly responsible for eventually obtaining the
same pressure at the trailing edge. Due to the near presence of
the second airfoil, an acceleration can be achieved at the pressure
side trailing edge (see also later in Fig. 11), eventually bringing
the pressure in the base zone behind the first blade to a level
such that only a modest deceleration is achieved on the suction
side. Therefore, higher pressure differences between the suction
and pressure sides are achieved without strong diffusion on the
suction side. This is obtained here through a precise positioning
of the second airfoil with respect to the trailing edge of the first
airfoil and is not a standard feature of a tandem cascade con-
figuration. With a less favorable position of the second airfoil,
the base pressure of the first airfoil would be lower, leading to
a stronger deceleration on the suction side and, hence, to more
profile losses. This shows that, counter-intuitively, the position of
the second blade is crucial for a good operation of the upstream
blade, as already suggested by the literature [10, 11, 22].
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FIGURE 3: MACH FLOW FIELD OF THE OPTIMIZED SINGLE AND
TANDEM BLADE AT DESIGN (OP1), POSITIVE (OP2), AND NEGA-
TIVE (OP3) INCIDENCE.

A similar diffusion is observed on both the front and aft
blade suction sides. In both cases, the deceleration between the
peak Mach number and the trailing edge Mach number is about
AM;s = Mis peak — Mis,Te = 0.4. Contrary to the optimized
single-blade design, the flow remains attached to the suction side
through the tandem blade, Fig. 3(b).

3.2 Off-design performance

3.2.1 Single Blade. At positive incidence, OP2, the
optimized single blade velocity peak on the suction side is
increased beyond sonic speeds while the pressure side velocity
distribution remains nearly unchanged, Fig. 2(a). The suc-
tion side boundary layer has also thickened near the trailing
edge compared to the flow at design condition, Fig. 3(c).
At the negative incidence operating point, OP3, both suc-
tion and pressure side performance deteriorate on the front
part of the blade with an inverted blade loading before s/s¢ = 0.1.
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FIGURE 4: LOSS BUCKET AND FLOW TURNING OF THE OPTI-
MIZED SINGLE AND TANDEM BLADE.

The strong performance deterioration can be understood
from the rather sharp leading edge configuration, which is found
as a compromise to have good design performance operation
with reduced leading edge acceleration while maintaining
manageable losses when the stagnation point moves at off-design
conditions. Starting from s/so = 0.3, the suction side Mach
distribution remains nearly identical in all three cases. A smaller
boundary layer separation on the suction side is observed as an
outcome of the negative incidence flow and the displacement of
the stagnation point towards the suction side, Fig. 3(e).

3.2.2 Tandem Blade. Similarly to the single blade, the
optimized tandem front blade has a higher velocity peak at OP2
with an identical flow behavior on both the pressure side and
the suction side rear part compared to OP1, Fig. 2(b). Also, the
rather sharp leading edge shape is responsible for coping less
with off-design flows, moving the stagnation point such that the
boundary layer experiences stronger accelerations in the leading
edge zone, deteriorating the boundary layer state right from the
start. The second blade, however, remains nearly unaffected by
the incidence variation, similar to the aft part of the single-blade
case. The aft blade inlet flow is mainly preconditioned by the
front blade, which induces a stronger resilience to a change
in incidence [23]. While the isentropic Mach distribution of
the aft blade’s second half remains identical, the velocity peak
is slightly reduced at OP3, and the flow inside the gap is less
accelerated. A thicker boundary layer is observed near the aft
blade trailing edge, Fig. 3(d).

The optimized single and tandem blades have been evaluated
at multiple incidences with identical back pressure. Figure 4 de-
scribes both designs’ loss bucket and flow turning, where a filled
marker denotes the operating points used to define the optimiza-
tion target. The flow turning is similar in the optimized single and
tandem blades. However, the latter shows a lower mass-averaged
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pressure loss in the defined operating range, mainly resulting
from a smaller solidity.

3.3 Single and tandem blade discussion

The optimizer demonstrates that high-flow turning can be
achieved with a conventional single-blade design with good per-
formance by acting on three mechanisms to decrease the losses
while ensuring the desired flow turning:

e Control of the boundary layer growth using a controlled
diffusion airfoil concept to mitigate the flow separation.

* Compensation for the strong deviation as a result of the large
blade loading using a negative outlet metal angle.

* Management of the wake-loss fraction in the channel through
a change in solidity.

While the previous concept uses well-known design princi-
ples to improve performance, the optimized tandem configuration
has a non-conventional geometry for an axial compressor blade
with a thick aft blade leading edge and a negative axial over-
lap. As the tandem configuration has more control options, the
optimizer could perform more actions:

Control of the boundary-layer growth on both airfoils to
mitigate the flow separation.

Decrease in solidity to lower the wake-loss fraction in the
channel.

Displacement of the tandem split to maximize the boundary-
layer control on both airfoils.

Modification of the throat gap to obtain the necessary flow
acceleration near the first blade trailing edge, allowing for a
larger first blade loading without needing a strong decelera-
tion on the suction side.

Increase in aft blade leading edge thickness to redirect more
flow into the gap.

L]

The optimized tandem blade design shows less losses in the
defined operating range, Aw =~ 1%, and the lower solidity can
also be translated to blade count reduction in the compressor
stage, which lowers the machine’s weight. As the conventional
single airfoil configuration can still perform high-flow turning,
the concept is still relevant for applications that would benefit
from its simple geometry.

Even though the tandem profile design may have a reduced
loss from the simulation results, practical applications will
always be in the presence of an endwall boundary layer with
the associated formation of secondary flow losses. Secondary
flows may contribute to the overall losses with the same amount
as profile losses, thus overshadowing the gains obtained at the
profile level. Tandem blades, with their different blade loading
profile, may inadvertently as well increase the contributing
secondary flow losses. Hence, the following section will
consider a three-dimensional configuration with the presence of
endwall boundary layers.

(a) Baseline design

(b) Optimized design

FIGURE 5: BASELINE AND OPTIMIZED 3D TANDEM BLADE CAS-
CADE GEOMETRY.
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FIGURE 6: OPTIMIZED 3D TANDEM CASCADE AT MIDSPAN AND
ENDWALL.

4. THREE-DIMENSIONAL TANDEM CASCADE STUDY
High-flow turning blade profiles are hard to study in wind
tunnels as they generate strong secondary flows, hindering the
cascade performance and polluting the midspan flow. In some
cases, the blade aspect ratio can not be increased further to mit-
igate the latter due to structural or wind tunnel limitations. The
geometry near the endwall is often unloaded to improve perfor-
mance and decrease the secondary flows. The present part aims
to produce a performant three-dimensional tandem cascade blade
suitable for experimental campaigns. The previously described
physics phenomena are further investigated in this configuration
to provide insights close to what can be seen in the wind tunnel,
where a particular focus will be set on the midspan flow behavior.

4.1 Optimization process

The preliminary three-dimensional tandem cascade is based
on the previous 2D optimized airfoil for its middle section and
a low-flow turning tandem profile for the extremities near the
endwall. The solidity is increased to o = 2.5, providing a
baseline without strong separation where the flow solution can
be solved to low residuals. The parametrization ensures an
identical geometry between 12.5% and 87.5% of the blade span
to have a wide spanwise region with uniform properties. The
trailing edge axial position is also fixed during the optimization
process to have a measurement plane, Fig. 5(a).
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FLOW TURNING OF THE 3D TANDEM BLADE.
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FIGURE 8: ISENTROPIC MACH DISTRIBUTION OF THE OPTIMIZED
TANDEM BLADE AT MIDSPAN FOR DIFFERENT INCIDENCES.

The objective function is computed from the earlier described
weighted sum of the overall mass-averaged outlet pressure loss co-
efficient, Eqn. 2, from design incidence, OP1, positive incidence,
OP2, and negative incidence, OP3, where the design performance
has a higher weight. The outlet flow and the blade section area at
the midspan and endwall are also constrained to ensure a minimal
flow turning and blade thickness, respectively. As the linear tan-
dem cascade is considered symmetric in the spanwise direction,
only half of the flow domain is solved on a 1,500,000-cell mesh
with wall refinements near the blade and endwall, where the over-
all dimensionless wall distance is below y* < 4 and an average
of y* ~ 2. The optimization converged with satisfied constraints
after 22 iterations, Fig. 5(b). The ratio between the front blade
axial chord and the overall axial chord at midspan, cfp ax/Cax,
has been reduced by 6% compared to the initial preliminary cas-
cade, resulting in a shorter front and a longer aft segment. Several
features of the 2D design remain in the optimized design, such as

(a) Design incidence, OP1, i=0° (b) Pos. incidence, OP2, i=+2°

e a

(c) Neg. incidence, OP3, i=-10° (d) Off-operating range, i = -12°
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FIGURE 9: MIDSPAN BLADE MACH FLOW FIELD AT DESIGN (OP1),
POSITIVE (OP2), NEGATIVE (OP3) INCIDENCE OPERATING POINT,
AND OFF-OPERATING RANGE.

the thick leading edge of the second blade and the negative axial
overlap, AO = —0.019, Fig. 6. The solidity based on the midspan
chord is higher, o = ;—; = 1.51, compared to the 2D optimized
geometry.

4.2 Blade spanwise performance

The cascade spanwise performance, Fig. 7, shows a broad
uniform behavior at the blade center at design incidence, OP1.
High-loss regions are denoted at the blade extremities due to
secondary flows. As the geometry near the wall differs from the
midspan, the flow turning drops at z/zp = 0.9 before returning
to higher values as it reaches the endwall boundary-layer low
momentum flow. The flow turning in the midspan region is
higher than the targeted value to compensate for the latter deficit
since the flow angle constraint is considered mass-averaged over
the full span. The mass-averaged pressure loss at midspan is, as
expected, higher at positive (OP2) and negative (OP3) incidence
with different loss shapes near the wall. At positive incidence,
the extend of the endwall increases as expected. But in all
three operating conditions, a large portion of the span remains
uniform, allowing for a broad region for measurements. The next
section will consider the performance at midspan as a reference
for this large zone of nearly uniform flow.

4.3 Blade midspan performance
The midspan isentropic Mach distribution, Fig. 8, shares
multiple similarities with the optimized two-dimensional tandem.
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FIGURE 10: LOSS BUCKET AND FLOW TURNING OF THE OPTI-
MIZED TANDEM BLADE CASCADE AT MIDSPAN.

The isentropic Mach peak is similar, respectively, M;s = 1.02
and M;; = 0.90, for the front and aft blade suction side at the
design incidence operating point, OP1. Both segments show
a boundary layer typical of controlled diffusion airfoils on
their suction sides, where both velocities see a deceleration by
AM;s = 0.4. Similarly to the two-dimensional tandem geometry,
the second airfoil is positioned such that an acceleration occurs
on the first airfoil pressure side trailing edge, increasing from
M;s = 0.32 to M;s = 0.57, effectively reducing the deceleration
on the front blade suction side for the large blade load. Both front
and aft blades do not suffer from visible flow separation, Fig. 9(a).

Off-design has a negligible effect on the aft blade isen-
tropic Mach distribution. In contrast, the front blade loading
increases at positive incidence, OP2, and decreases at negative
incidence, OP3, Fig. 8, where the boundary layer thickens on
the front blade pressure side and the aft blade suction side,
Fig. 9(c). Outside the operating range condition, i = —12°,
the second blade shows poor performance from the boundary
layer detachment on the front blade pressure side, Fig. 9(d).
The lack of incoming mass flow starves the gap, creating a
flow separation on the second blade. While the aft blade is
commonly positioned below the first blade to avoid stall at
positive incidence, the out-of-operating range performance
demonstrates a vulnerability of the former at negative flow
incidence. The overall tandem cascade mass-averaged pressure
loss coefficient evaluated for different flow incidences is about
30% higher than at midspan due to secondary flows, Fig.10. The
loss at midspan is very similar to the 2D predicted value, with a
relative difference of, respectively, 8%, 24%, and -1%, for the
design (OP1), positive (OP2), and negative (OP3) flow incidence.

4.4 Gap influence on the full cascade blade

Compared to the 2D optimization, the axial overlap and pitch
percentage are respectively 5% and 0.2% smaller at midspan,
and the leading edge of the aft blade has been slightly thickened.
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The axial overlap and pitch percentage are modified with small
increments to understand their influence on the two-airfoil
configuration at design flow condition, OP1, without changing
the blade profiles.

An increase in axial overlap, Fig. 11(a), or pitch percentage,
Fig. 11(c), brings the two segments closer and reduces the gap
size, while the opposite moves them away and increase the gap,
Fig. 11(b) and Fig. 11(d). While also off-design conditions were
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FIGURE 13: ISENTROPIC MACH NUMBER OF THE MIDSPAN SEC-
TION AT DIFFERENT AXIAL OVERLAP.

considered in the cost function, the 3D tandem cascade minimal
loss is found at the design axial overlap and pitchwise percent-
age, which would also be expected if only design conditions were
considered in the optimization, Fig. 12. The former is four times
more sensitive than the latter as a 1% change varies the pressure
loss around 2% and 0.5%, respectively, for the AO and PP. Inter-
estingly, bringing the two segments closer lowers the flow turning
in both cases.

4.5 Gap influence on the blade midspan performance

4.5.1 Axial Overlap. When the axial overlap increases
and brings the second airfoil closer, Fig. 11(a), the acceleration
on the second blade leading edge reduces. The smaller gap
reduces the ingested mass flow, and the reduced curvature of
the streamlines results in a smaller velocity gradient normal
to the streamlines. As a direct consequence, the front blade
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FIGURE 14: ISENTROPIC MACH NUMBER OF THE MIDSPAN SEC-
TION AT DIFFERENT PITCH PERCENTAGE.

pressure side velocity reaches a lower velocity, M;s = 0.27,
near the trailing edge, Fig. 13(a) (orange curve), which in-
creases the blade loading. The aft blade velocity peak on
the suction side degrades to M;; = 0.72, Fig. 13(b) (orange
curve) without affecting the pressure side of the aft blade. A
slight increase in front blade suction side velocity near the
trailing edge is observed, Fig. 13(a) (orange curve). This is a
consequence of the lower convex curvature of the streamlines
at the trailing edge of the front blade, see red arrows on Fig. 11(a).

The reduced curvature results in a smaller velocity gradient
and increases the suction side velocity. Combining the higher
suction side velocity and lower pressure side velocity on the
front blade trailing edge, Fig. 13(a) (orange curve), the front
blade is more loaded, but this is without the cost of an increased
diffusion on the suction side, thus contributing to lower profile
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losses of the front blade. The increased front blade loading
results eventually in a reduced aft-blade loading, Fig. 13(b)
(orange curve), for which one could expect a lower boundary
layer loss as well. Fig. 12(a), however, indicates that reducing
the gap to AO = —0.009 increases the losses; the reason for this
will become clear in paragraph 4.6.

Reducing the axial overlap, thus widening the gap between
the blades, Fig. 11(b), increases the mass flow through the gap.
The increased streamline curvature within a larger gap leads to
a larger velocity gradient perpendicular to the streamlines (see
red arrows), eventually leading to a higher acceleration on the
second blade suction side, blue curve Fig. 13(b). The aft blade
stagnation point moves towards the pressure side, indicating a
change in flow incidence, Fig. 11(a) and Fig. 11(b) (red square).
The higher acceleration in the gap also leads to an increase in
the first blade pressure side velocity, blue curve Fig. 13(a). The
blade loading on the first blade thus reduces, but at the cost
of a stronger deceleration on the suction side, leading to more
profile losses on the front blade. The aft-blade compensates
for the reduced front blade loading, and hence also results in
an increased suction side deceleration, blue curve Fig. 13(b),
leading to overall larger losses, as shown in Fig. 12(top) with
AO = -0.029.

4.5.2 Pitchwise percentage. On the other hand, Fig. 11(c)
and (d) compare the impact of changing the pitch percentage
under equal axial overlap. It is noteworthy that due to the stagger
of the blades, the pitchwise movement has less impact on the
throat of the gap as does the axial movement, explaining the
lower sensitivity of the PP in Fig. 12(bottom).

Increasing the PP, Fig. 11(c), thus reducing the gap, leads
to a strong velocity gradient perpendicular to the streamlines in
the gap, see red arrows in Fig. 11(c), and thus a lower velocity
at the first blade trailing edge pressure side, Fig. 14(a) orange
curve. The streamline curvature on top of the aft blade leading
edge results in a curvature of the streamlines on the front
blade suction side away from the second blade, see red arrows
Fig. 11(c) on front blade suction side, leading to a reduced
velocity near the trailing edge suction side of the first blade. As
a result, the diffusion on the first blade suction side increases,
Fig. 14(a), leading to an increase in profile losses as shown in
Fig. 12(bottom), orange curve.

Decreasing the pitch percentage, Fig. 11(d), raises the
front blade suction and pressure side velocity distribution near
the trailing edge from the weaker curvature, Fig. 14(a) blue
curve. The pitchwise shift does not strongly impact the aft
blade performance. leaving the losses mainly governed by the
front blade. The decreased pitchwise percentage of 0.953 leads
to a reduced deceleration on the front blade suction side, Fig.
Fig. 14(a) (blue curve), thus resulting in lower losses at midspan
as observed in Fig. 12(bottom). The secondary flows, however,
increase by such action, such that the full cascade performance
is not improved.
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FIGURE 15: SHAPE FACTOR OF THE AFT BLADE SUCTION SIDE
AT DIFFERENT AXIAL OVERLAP.

Interestingly, different effects play when changing the AO or
PP:

* Reducing the gap by working on the AO
The first blade loading increases with a reduction in suction
side diffusion, leading as well to a reduced deceleration on
the aft blade.

* Reducing the gap by working on the PP
The front blade suction side velocity decreases, increasing
the overall suction side deceleration without affecting the
aft blade loading.

While both reduce the mass flow in the gap, the first action
decreases the streamline curvature in the gap, leading to the im-
proved front blade suction side deceleration, while the second
increases the streamline curvature and increases the front blade
profile losses.

4.6 Aft blade sensitivity to the gap geometry

The shape factor, H = g—;, defined as the ratio between
the displacement thickness, 01, and the momentum thickness,
02, is computed along the aft blade suction side, Fig. 15 (blue
curve). At design axial overlap, the shape factor at s/sg = 0.25
is about H = 1.71, indicating a turbulent flow regime, which
follows from the turbulent flow assumption imposed on the
numerical solver. The factor decreases until the middle of the
surface s/so = 0.40 and re-increases to the trailing edge up to
H = 1.87, without flow separation, Fig. 16(a). At reduced axial
overlap where the throat is larger, the shape factor distribution
shows a similar behavior as the design configuration with a
small positive shift, Fig. 15 (orange curve). The factor is about
H = 1.83 at s/s¢9 = 0.25 and ends around H = 2.02 near the
trailing edge, indicating a thicker boundary layer growth without
detachment, Fig. 16(b). This is expected, as by reducing the
axial overlap, a larger aft-blade loading was observed, Fig. 13(b)
(blue curve), leading to a stronger deceleration on the suction side.

We focus now on the interesting case where the gap is reduced
by increasing the AO. From Fig. 13(a) and (b) (orange curve), one
can deduce a reduced deceleration on both front and aft blade
suction side. This would suggest a reduced profile loss, but from
Fig. 12 (top) it is clear that the losses increase with increasing
AO. The shape factor for AO = —0.009 shows, at first, a lower
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(a) Design Gap Geometry, AO =-0.019 (PP = 0.97)
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FIGURE 16: MIDSPAN MACH FLOW FIELD OF THE AFT BLADE AT

DIFFERENT AXIAL OVERLAP.

value than the datum gap until 5/50 = 0.38, as expected from the
lower deceleration. From this position onwards, the shape factor
worsens, even though the imposed deceleration by the profile is
less than the datum gap. This is explained by the interference with
the wake of the front blade, which is stronger due to the larger
blade loading and more present due to the smaller mass flow
through the gap. The interference of the front blade wake with
the aft-blade boundary layer is thus responsible for the increased
losses despite the lower suction side deceleration.

4.7 Discussion on the tandem effect

High flow turning is difficult to achieve due to flow separation
on the suction side as the strong diffusion increases the boundary
layer thickness. The two segments create a gap, which is tradition-
ally characterized by the axial overlap and the pitch percentage.
Schneider and Kozulovic observed no change in pressure losses
for different axial overlap configurations with identical gap nozzle
areas [11]. They conclude that controlling the mass flow in the
gap is imperative for improving the performance of the tandem
cascade. The present work also observes the importance of the
curvature of the streamlines in the gap, which is next to the mass
flow, also controlled by the AO and PP parameters. While the
AO has more direct control over the mass flow in the gap, the PP
has more direct control over the curvature of the streamlines near
the front blade trailing edge. By adjusting the PP, the streamlines
near the TE can be curved to allow for an equal offset of the
trailing edge velocities on the pressure and suction side of the
front blade.

10

Through the AO, the streamline curvature inside the gap can
also be controlled. A gap increase leads to higher curvature near
the aft blade leading edge, increasing the suction side velocity
peak of the aft blade and the front blade pressure side velocity at
the trailing edge. A gap reduction by the AO parameter reduces
the aft blade suction side peak velocity and the front blade trailing
edge pressure side velocity. It also increases the front blade suc-
tion side velocity through a reduced curvature of the streamlines.
A good choice of AO and PP is such that the front blade sees a
strong acceleration near the pressure side trailing edge where:

A strong front blade loading results without a large suction
side deceleration of the front blade

» The acceleration on the aft blade suction side is limited

* The curvature of the streamlines near the front blade trailing
edge is limited on the suction side to keep a good blade
loading.

* The mass flow in the gap is sufficient to prevent interference
between the front blade wake and aft-blade boundary layer.

The thick aft blade leading edge allows more fluid to be di-
verted into the gap, contributing to the mass flow and streamline
curvature control. As a larger change in momentum can be ap-
plied to the fluid, the solidity is lowered to decrease the wake
fraction in the flow domain and the pressure loss, resulting in a
blade count reduction.

5. CONCLUSION

Two studies were performed in the present work to un-
derstand the physical phenomena surrounding a highly loaded
tandem compressor blade. The first study compares single and
tandem airfoil configurations using a gradient-based optimization
to produce the best representation of each concept. Both designs
were optimized on three incidence operating conditions with
constraints assuring a minimal flow turning and blade thickness.
The optimized tandem blade geometry presents uncommon
geometry features such as the thick leading edge or the negative
axial overlap. While the latter has better performance with
a lower solidity, the optimized single blade still provides a
high-flow turning with good performance. The latter should not
be discarded as some applications may benefit from its simple
geometry.

The second study further investigates the findings using a
design suitable for experimental testing. A three-dimensional
tandem blade cascade underwent an optimization process
where the same flow behavior is ensured on a broad spanwise
region. While the geometry at the midspan remains close to the
optimized 2D tandem blade, the airfoil near the endwall has been
modified to improve the performance of the full tandem cascade.

The analysis surrounding the gap geometry provides a novel
understanding of the flow. The tandem blade benefits from both
a mass flow and streamline curvature control inside the gap,
which are obtained through a good choice for the axial overlap,
pitch percentage, and curvature of the aft-blade leading edge.

Copyright © 2024 by ASME



A future experimental study will investigate the optimized

three-dimensional tandem cascade and compare its results with
the present findings. As the optimizer shows interesting geometry
modifications near the endwall, subsequent numerical work will
also investigate the effect of secondary flow on the tandem cascade
design and its gap geometry.
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