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Inviscid Analysis of Transonic Oscillating Cascade Flows Using
a Dynamic Mesh Algorithm

C.J. Hwang® and S. Y. Yangt
National Cheng Kung University, Tainan, Taiwan 701, Republic of China

A locally implicit total-variation-diminishing scheme and a rigid-deformable dynamic mesh algorithm are
formulated on the quadrilateral-triangular meshes. The unsteady Euler equations with moving domain effects
are solved in a Cartesian coordinate system. For transonic flows around an oscillating cascade of four biconvex
blades with different oscillation amplitudes, reduced frequencies, and interblade phase angles, the calculated
distributions of magnitude and phase angle of the first harmonic dynamic pressure difference coefficient agree
better with experimental data than those from linearized theory and related numerical results on triangular
meshes in most of the cases. Also, the numerical wiggles of instantaneous blade surface pressure coefficient
distributions, which appeared on the triangular meshes, are eliminated. From the instantaneous pressure and
Mach number contours, the unsteady flow phenomena, such as periodical characteristics, pressure wave and
shock behaviors, and time-variations of zones with high Mach number gradient normal to the blade surfaces,
are investigated. Furthermore, the lift coefficient distributions indicate that the oscillation amplitude, reduced
frequency, and interblade phase angle all have significant effects on the transonic oscillating cascade flows.

Introduction

N the development of turbomachines, one of the important

concerns is blade vibration, which may cause structure
failure. For solving two-dimensional oscillating cascade flows,
the linearized models, such as the linearized potential! and
Euler? solvers, have been used. Recently, a number of Euler
solutions of the oscillating cascade flows were presented.?~*
The numerical methods and periodical boundary treatments
employed in those Euler solvers were briefly described in Ref.
9. As mentioned by Hwang and Yang,” further research on
the Euler solution procedure for solving the oscillating cas-
cade flows with nonlinear effects is still necessary and worth-
while. In this article, the locally implicit total-variation-di-
minishing (TVD) scheme on the dynamic triangular meshes,’
is extended and formulated on the dynamic quadrilateral-
triangular meshes. The simple spatial periodical boundary
treatment.” which was proved to be more numerically stable
than direct parameter storage method, is adopted.

In the calculations of oscillating cascade flows, several dy-
namic mesh algorithms on the quadrilaterals,***7 triangles,*
and quadrilateral-triangular meshes' have been developed.
To conform with the position of vibrating blades, Gerolymos?
presented a grid displacement procedure, which permitted the
simulation of large displacements. In order to save computing
effort, a zonal moving grid treatment was developed by He.*
Regarding this approach, only the grids in local regions around
blades were moved, and the deformations of these cells were
distributed to fit both the fixed region and the moving bound-
aries. On a mixed type of grids, where a deformable C-grid
was used around blade surface and a H-grid was matched to
the C-grid and extended as far upstream as necessary,
Bendiksen® obtained the superior solution of the pressure.
To fit with the moving blades, Huff” introduced a deforming
grid technique to create C-grids. By stacking the C-grids for
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each blade, the multiple blade computational mesh was ac-
complished.- Hsiao and Bendiksen® utilized the advancing front
technique and conformal mapping procedure to generate a
globally unstructured, but locally structured, blade-fitted de-
formable triangular-mesh system. Hwang and Yang® pre-
sented a dynamic triangular-mesh algorithm, where all the
interior node positions in the computational domain were
calculated and the deformable cells were in time to respond
to the oscillating cascade of blades. Siden'’ created a dynamic
quadrilateral-triangular mesh system. In this dynamic mesh,
the structured quadrilateral meshes near the blade were de-
formed, while the outer triangular elements were kept fixed.
From the grid distributions, the triangles and quadrilaterals
on the interface of these two zones were overlapped. To save
the computational efforts and maintain the quality of meshes,
a rigid-deformable dynamic mesh algorithm is developed in
this article. A layer of quadrilaterals around each blade sur-
face is oscillated rigidly with respect to its own blade, and the
triangles are distributed elsewhere and deformed in the same
way as that of Ref. 9.

The purposes of this work are 1) to present a numerical
solution approach for solving the unsteady Euler equations
in the computational domain with complex geometries and
moving boundaries, and 2) to investigate the unsteady flow
phenomena and aerodynamic behaviors for transonic oscil-
lating cascade flows with different oscillation amplitudes, in-
terblade phase angles, and reduced frequencies. In the present
numerical solution approach, extension of a locally implicit
TVD scheme onto dynamic quadrilateral-triangular meshes,
creation of a rigid-deformable dynamic mesh algorithm, quad-
rilateral-triangular mesh generation, spatially periodic bound-
ary treatment, no-penetration condition on oscillating blade
surfaces, and nonreflecting inlet/outlet boundary conditions
are included. From the pressure -coefficient distributions of
the steady solutions for cascade of four biconvex blades, the
present results are closer to the experimental data than those
in Ref. 9. Furthermore, the instantaneous pressure coefficient
distributions indicate that the use of quadrilateral-triangular
meshes can eliminate the numerical wiggles appearing on the
triangular meshes.” For the distributions of magnitude and
phase angle of the first harmonic dynamic pressure difference
coefficient, the present solutions show better agreement with
the experimental data than those from linearized theory and
Ref. 9 in most of the cases. From the instantaneous pressure
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and Mach number contours, the unsteady flow phenomena
are investigated. According to the lift coefficient distributions,
the effects of oscillation amplitude, interblade phase angle,
and reduced frequency on the aerodynamic behaviors are
further studied.

Numerical Solution Approach

In this work, the two-dimensional unsteady Euler equations
including moving cell effects'’ are solved in the X-Y Cartesian
coordinate system. Based on the numerical formulation pre-
sented in Ref. 11, the locally implicit TVD scheme® is ex-
tended and implemented on the dynamic quadrilateral-tri-
angular meshes. Because this scheme incorporates an improved
limiter function,'? the unsteady shocks and pressure waves
can be accurately resolved.

On the oscillating blade surface, the boundary treatment is
the same as that applied on the oscillating airfoil surface in
Ref. 11. A no-penetration boundary condition with respect
to the moving surface is imposed. Pressure, density, and ve-
locity component parallel to the oscillating blade surface are
obtained by extrapolation from the values at the interior cells.
On the periodic boundaries, a simple spatial treatment? is
adopted. The same number of cells and nodes are generated
along the upper and lower boundaries of the computational
domain. The nodes on both boundaries are located at the
same position along X-axis, but with a fixed distance in Y-
axis, which is equal to the height of computational domain.
Then, both the corresponding cells at upper and lower peri-
odical boundaries are assigned to be the neighbors of each
other, and they are treated like intertor cells. At the inlet and
outlet boundaries, a one-dimensional unsteady nonreflecting
boundary condition, which was developed by Giles,' is uti-
lized.

On the mixed mesh system (that is quadrilateral-triangular
mesh system), a layer of O-typed quadrilaterals is generated
around each blade surface to match the experimental ge-
ometry,'* where the leading and trailing edges are rounded
with a small radius of curvature. After creating the quadri-
laterals, the unstructured triangles are distributed elsewhere
according to the mesh generation algorithm.!> Even though
the dynamic mesh algorithm® can satisfactorily adjust the tri-
angular cells to follow the motion of oscillating cascade blades,
all the cells need to be processed for obtaining new grid po-
sitions during time evolution. To reduce the computational
time and memory for calculating new grid positions, zonal
dynamic grid techniques™'" were presented, where only the
grids in local regions around oscillating blades were moved.
The main problems of these approaches are 1) how many cells
are sufficient to smoothly move the mesh and also maintain
orthogonal to the blade surfaces in different oscillation situ-
ations and 2) how to accurately treat the zonal boundaries if
grid points on the interface between two zones are not com-
pletely matched. In this article, a rigid-deformable dynamic
mesh algorithm is developed. Instead of deforming the grids
in the local regions around the blades, a layer of quadrilaterals
around each blade surface is oscillated rigidly with respect to
its own blade. The triangles, which are distributed elsewhere,
are treated by the dynamic mesh algorithm.” The advantages
of present rigid-deformable dynamic mesh algorithm over the
globally deformable dynamic mesh algorithm? include 1) re-
ducing computational time for calculating new grid positions
during time evolution (in a flow computation of ¢ = —90
deg, o, = 1.2 deg, and k = 0.462, it saves 48.6% CPU time
for grid recalculations); and 2) maintaining the orthogonality
on each blade surface (it’s appropriate to simulate the bound-
ary layer effects when viscous flows are studied in the future
work). In the present rigid-deformable dynamic mesh algo-
rithm, both of the quadrilateral (rigid) and triangular (de-
formable) dynamic meshes are treated as interior cells (i.e.,
single-block calculation). Therefore, there’s no need to treat
the interface boundary conditions.

Results and Discussion

In the present calculations of transonic oscillating cascade
flows, the inlet Mach number and exit pressure ratio (static
exit pressure divided by total pressure) are set to be 0.8 and
0.7322, respectively. The computational domain contains four
uncambered biconvex blades, where the values of thickness-
to-chord ratio, solidity (chord length divided by blade pitch),
and stagger angle are 0.076, 1.3, and 53 deg, respectively.
The motion of these four blades, which is executing torsional
mode oscillations about midchord, is governed by the follow-
ing relation

a = o, + o, sinCMk7 + mo) (1)

where «, «,, a,, M, k, 7, and ¢ represent instantaneous angle
of attack, mean flow angle of attack, oscillation amplitude,
inlet Mach number, reduced frequency, nondimensionalized
time scale, and interblade phase angle, respectively. The blade
number m = 0, 1, 2, and 3 represent each blade from the
lowest to the highest one, respectively. As shown in Fig. la,
the mixed-mesh system contains 13,830 elements and 9619

A2
ATAAvAYAvAY,
v Q>
AYaVA
AV

a)

Q experiment (Buffum and Fleeter)
mixed mesh
--------------- triangular mesh

~Cp

T T T T 1
~02 0.0 0.2 0.4 0.8 0.8 1.0

b) X/C
Fig. 1 a) Partial view of gnadrilateral-triangular meshes (13,830 ele-
ments and 9619 nodes) and b) pressure coefficient distributions of the
initial solutions for an oscillating cascade of four biconvex blades.
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nodes, where a layer of O-typed grids with 118 X 10 quad-
rilaterals is generated around each blade. By setting «, to be
7 deg, the pressure coefficient distributions of initial solutions
(steady-state solutions) on purely triangular-° and mixed-mesh
systems are plotted in Fig. 1b. For the triangular-mesh system,
the leading and trailing edges of each blade are sharp, while
those edges on mixed-mesh system are rounded with a small
radius of curvature (0.33% of chord length) to match the
experimental geometry." As shown in Fig. 1b, the present
numerical results on mixed meshes are closer to the experi-
mental data' than those® on triangular meshes.

By choosing «, to be 7 deg, different oscillation amplitudes
(a; = 1.2, 2.4, 3.6, and 4.8 deg), reduced frequencies (k =

0.6 4

BEBBB
Wouonu
L Nn—- o

Cl

CYCLE

Fig. 2 Time history of lift coefficient for an oscillating cascade of
four biconvex blades (M = 0.8, k = 0.462, o, = 7 deg, ¢, = 1.2
deg, and o = —90 deg).
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Fig. 3 a)Magnitude and b) phase angle of the first harmonic dynamic
pressure difference coefficient AC,. for an oscillating cascade of four
biconvex blades (M = 0.8, £k = 0.185, &, = 7 deg, and o, = 1.2
deg).
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Fig. 4 a) Magnitude and b) phase angle of the first harmonic dynamic
pressure difference coefficient AC,, for an oscillating cascade of four
biconvex blades (M = 0.8, k = 0.462, &, = 7 deg, and o, = 1.2
deg).

0.462 and 0.185), and interblade phase angles (¢ = 90 and
—90 deg) are employed in the present calculations. To con-
sider the first cycle of blade motion for o equal to —90 deg,
only the lowest blade (m = 0) is set to motion at the begin-
ning, whereas the second (m = 1), the third (m = 2), and
the highest (s = 3) blades are set to motion when 2ZMk~
reaches /2, m, and 37/2, respectively. As for ¢ replaced by
90 deg. the lowest blade (m = 0) is still set to motion at the
beginning of the first cycle of motion, whereas the highest
(m = 3). the third (m = 2), and the second (m = 1) blades
are set to motion when 2Mkr reaches /2, 7, and 3/2, re-
spectively. Once the blade is set to motion, it will continue
its motion until the end of computation. For transonic oscil-
lating cascade flows with o, &, and , equal to — 90 deg, 0.462,
and 1.2 deg, respectively, a constant marching time step of
At = 0.0079 is chosen. and the periodic solution is achieved
by processing six cycles of motion. In this computation, the
maximum value of CFL is about 23, and it takes 1080 time
steps (around 6.28 CPU hours) to accomplish one cycle of
motion on the HP-720 workstation. From the time history of
lift coefficient shown in Fig. 2, the periodic solution is quickly
achieved, so that the present solution approach is efficient.
When one value of «, (1.2 deg) and two values of o (90
and — 90 deg) are employed, magnitudes and phase angles of
the first harmonic dynamic surface pressure difference coef-
ficient AC,. are calculated and plotted in Fig. 3 (k = 0.185)
and Fig. 4 (k = 0.462). As shown in those figures, the Euler
solutions® on a triangular-mesh system, experimental data,'
and numerical results'* obtained by linearized theory are
adopted for comparison. The results of linearized theory, which
were predicted from the unsteady, small perturbation, sub-
sonic, flat plate cascade analyses of Refs. 16 and 17, were
directly extracted from the paper presented by Buffum and
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Fleeter.'* By choosing the experimental data as the reference
values, the Euler solvers on triangular- and mixed-mesh sys-
tems (Fig. 3a) provide the better distributions of magnitude
than does the linearized theory. Also, the Euler results ob-
tained on triangular-mesh system are closer to the experi-
mental data. From the phase angle distributions with o equal
to —90 deg (Fig. 3b), the numerical results on both mesh
systems agree better with the experimental data than those
by the linearized theory. Except the rear portion of the blade,
the distributions of phase angle obtained on both mesh sys-
tems are close to each other. If the value of o is replaced by
90 deg, the differences between experimental data and three
numerical results are significant, whereas the present solution
is closest to the data of experiment (Fig. 3b). Based on the
discussion in Ref. 18, which was presented to explain the jump
behavior at the trailing edge for the oscillating flat plate cas-
cade, the phase discontinuity at 75% chord in Fig. 3b is a
result of the corresponding magnitude (Fig. 3a) approaching
zero, thereby making any slight difference become large. As
for the magnitude distributions with k = 0.462 (Fig. 4a),
especially for the case with o equal to 90 deg, the present
calculations on a mixed-mesh system demonstrate the best
agreement with experimental data among three numerical
results. From the distributions of phase angle (o = —90 deg,

a)

Fig. 4b), the numerical solutions on triangular- and mixed-
mesh systems are closer to the experimental data than those
by linearized theory. Considering the case with o replaced by
90 deg, the values of phase angle from linearized theory and
both Euler calculations deviate a distance from experimental
data. For both Euler calculations, this distance becomes smaller
if a mixed-mesh system is utilized. According to the formula
provided by Buffum and Fleeter,'" Hwang and Yang® indi-
cated that the calculation (k = 0.462, o = 90 deg, and o, =
1.2 deg) lay within the super-resonant region. In super-reso-
nant flow, the pressure waves will propagate upstream and
downstream to infinity without decay, which may account for
some of the discrepancies.® From the aforementioned discus-
sion, the present solution approach is reliable and suitable for
investigating the inviscid transonic oscillating cascade flows.
Considering the case with k, o, and «, equal to 0.462, —90
deg, and 1.2 deg, respectively, the instantaneous pressure
contours on the mixed-mesh system during the sixth cycle
[@Mkr — 10m) = w/2, 7, 3w/2, and 2] are plotted in Figs.
Sa~5d. From those contours, it is observed that the flow
behaviors repeat and proceed one pitch distance in the upward-
direction for each quarter-time period. As shown in Fig. 5a,
a shock on the front part of upper surface of the highest blade
{(m = 3), a weak shock on the front part of upper surface of

Fig. 5 Instantaneous pressure contours for an oscillating cascade of four bicenvex blades (M = 0.8, k = 0.462, a,, = 7 deg, @, = 1.2 deg, and

o = —90 deg): @Mkt ~ 107r) equal to a) /2, b) =, ¢) 37/2, and d) 2.
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Fig. 6 Instantaneous blade surface pressure coefficient distributions for an oscillating cascade of four biconvex blades [M = 0.8, k = 0.462,
a, = 7 deg, a, = 1.2 deg, o = —90 deg, and 2Mkr — 107) = /2]: a) the lowest and the second blades and b) the third and the highest

blades.
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the third blade (m = 2), and a weaker leading-edge shock
on the upper surface of the lowest blade (m = 0) are observed.
From the instantaneous blade surface pressure coefficient dis-
tributions at (2Mkr — 107) = «/2 (Fig. 6), the positions and
strength of shocks on the front parts of upper surfaces of the
lowest (m = 0), third (m = 2), and highest (rn. = 3) blades
are different for triangular- and mixed-mesh systems. Also,
the wiggles of instantaneous pressure coefficient distributions
on the front parts of lower surfaces of the blades, which are
observed on triangular-mesh system, can be avoided if the
mixed-mesh system is used.

To understand the effect of oscillation amplitude on the
unsteady flow phenomena, ¢, is amplified to 4.8 deg, whereas
o and k are set to be —90 deg and 0.462. From the instan-
taneous pressure contours (Figs. 7a—7d), it is apparent that
the flow behaviors repeat and proceed one pitch distance in
the upward direction for each quarter-time period. Compared
with the contour given in Fig. 5a (e, = 1.2 deg). the shocks
on the front parts of upper surfaces of the third and highest

a)

blades become stronger and move downstream, and the
compression wave located near the midchord of upper surface
of the highest blade merges together. At the same time, the
compression wave near the midchord of upper surface of the
lowest blade grows to be a shock, and an additional shock on
the front part of lower surface of the second blade comes into
view. Also, the weak leading shock on the upper surface of
the lowest blade weakens itself to be a compression wave.
When o is replaced by 90 deg while «, and & are set to be
4.8 deg and 0.462, respectively, the instantaneous pressure
and Mach number contours (Figs. 8 and 9) are plotted to
study the effects of interblade phase angle on the unsteady
flow phenomena. It is obvious that the flow phenomena repeat
and proceed one pitch distance in the downward direction for
every quarter-time period. From the results given in Figs. 8a
and 9a, shocks appear on the front part of the upper surface
of the lowest blade, and on the midchord of upper surface of
the second blade. Also, the compression waves on the rear
part of the lower surface of the third blade, and on the front

\&

d) \

Fig. 7 Instantaneous pressure contours for an oscillating cascade of four biconvex blades (M = 0.8, k = 0.462, o, = 7 deg, a, = 4.8 deg, and

o = —90 deg): 2Mkr ~ 1047) equal to a) /2, b) =, ¢) 37/2, and d) 2.

b)

Fig. 8 Instantaneous pressure contours for an oscillating cascade of four biconvex blades M = 0.8, k = 0.462, o, = 7 deg, a, = 4.8 deg, and

o = 90 deg): 2Mkr — 107) equal to a) /2, b) 7, ¢) 37/2, and d) 247,



438 HWANG AND YANG: TRANSONIC OSCILLATING CASCADE FLOWS

part of upper surface of the highest blade are observed. Within
the passage between the highest and third blades, a strong
shock wave is depicted, whose strength is strong enough to
choke the flow within that passage. According to the above
discussion and the contours shown in Figs. 7a-7d (o = —90
deg), completely different unsteady phenomena are observed.
The effects of o on the pressure contours are clearly indicated.
From the Mach number contour given in Fig. 9a, zones with
a high Mach number normal gradient appear on the upper
surfaces of the lowest and the second blades, the rear part of
the upper surface of the third blade, and the lower surface of
the highest blade. Because the pressure and density on the
blade surface are the same as those at the interior cell, which
is nearest to the blade, the normal gradient of Mach number
on the blade surface is decided by the gradient of velocity
magnitude in the direction normal to the blade. In other words,
the normal gradient of velocity magnitude in the zone with a
high Mach number gradient on the blade surface is large. This
phenomenon, which was not observed on the triangular-mesh
system.” may be due to rounded trailing and leading edges of
the blades when the mixed-mesh system is used.

ol

Due to the periodic characteristics, the pressure contour in
Fig. 8d and Mach number contour in Fig. 9d are the same as
the corresponding contours at 2Mkr equal to 107, The se-
quence of instantaneous pressure and Mach number contours
at 2Mkr — 10m) = 2 (Figs. 8d and 9d), /12, w/6, w/4,
7/3 (Figs. 10 and 11), and 7/2 (Figs. 8a and 9a) are introduced
to further investigate the unsteady behaviors during each
quarter-time period. As shown in Figs. 8d and 9d, a compres-
sion wave appears on the front portion of the upper surface
of the lowest blade, and a shock, which stands on the front
part of the lower surface of the lowest blade and the rear part
of the upper surface of the highest blade, chokes the flow
within that passage. During time marching, both of the shock
and compression waves move upstream, and the shock be-
comes a strong compression wave (Figs. 10a and 11a). At this
moment, the flow within the above-mentioned passage is un-
choked. This strong compression wave passes through the
leading edge and combines with the upper compression wave
(Figs. 10b and 11b). Then this compression wave continues
to go upstream and decreases its strength (Figs. 8a and 9a).
In the same time, a weak shock is formed on the front part

c) Vel d) \

Fig. 9 Instantaneous Mach number contours for an oscillating cascade of four biconvex blades (M = 0.8, k = 0.462, o, = 7 deg, o, = 4.8
deg, and o = 90 deg): 2Mkr — 107) equal to a) 7w/2, b) 7, ¢) 37/2, and d) 2.
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Fig. 10 Instantaneous pressure contours for an oscillating cascade of four biconvex blades (M = 0.8, k = 0.462, , = 7 deg, o, = 4.8 deg,
and o = 90 deg): 2Mks — 107) equal to a) 7/12, b) w/6, ¢) #/4, and d) /3.
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of upper surface of the lowest blade (Figs. 8a and 9a). From
the sequence of contours, a weak shock, which originally
appears near the leading edge of the upper surface of the
second blade (Figs 8d and 9d), moves downstream and be-
comes stronger. In the meantime, the compression wave on
the rear part of lower surface of the highest blade (Figs. 8d
and 9d) moves upstream. After passing through the trailing
edge of the third blade, this compression wave is divided into
two parts, and are located on the upper and lower surfaces
of the third blade, respectively (Figs. 10c and 11c). Then both
compression waves keep going upstream. On the other hand,

a)
Fig. 11

a weaker leading-edge shock on the lower surface of the high-
est blade grows to be stronger and moves downstream. After
interaction with the shock standing near the midchord of the
upper surface of the third blade, a stronger shock is formed
(Figs. 10d and 11d). At this moment, the flow within the
passage between the highest and third blades is choked by
this shock. Then this shock combines with the upper compres-
sion wave, which was cut by the trailing edge of the third
blade, and becomes stronger (Figs. 8a and 9a). From the
sequence of Mach number contours shown in Figs. 9d, 11a—
11d, and 9a, the zone with a high normal gradient of Mach

Instantaneous Mach number contours for an oscillating cascade of four biconvex blades (M = 0.8, k = 0.462, o, = 7 deg, &, = 4.8

deg, and o = 90 deg): 2Mkr — 107) equal to a) #/12, b) /6, ¢) w/4, and d) /3.
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Fig. 12 Lift coefficient vs instantaneous angle of attack for the lowest blade of an oscillating cascade of four biconvex blades: a) k = 0.462, o
= —90 deg; b) k = 0.462, 0 = 90 deg; c¢) k = 0.185, 0 = —90 deg; and d) k = 0.185, o = 90 deg.
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number on the lower surface of the lowest blade (Fig. 9d)
becomes thinner and eventually goes out of sight, whereas a
new zone appears on the upper surface of the lowest blade
(Fig. 9a). On the upper surface of the second blade, the zone
with high normal gradient of Mach number keeps growing
thicker. On the upper surface of the third blade, the front
part of the zone with a high Mach number normal gradient
dies out gradually, whereas the rear part of this zone grows
thicker. Meanwhile, the zone on the rear part of the upper
surface of the highest blade moves downstream and finally
disappears. Besides the aforementioned time-variations of the
zones with a high Mach number normal gradient, a thin zone
on the lower surface of the highest blade shifts from the front
portion to the rear region.

After the above-mentioned unsteady flow phenomena are
predicted, it is important to study the unsteady aerodynamics.
The lift coefficients on the lowest blade during the sixth cycle
are calculated and plotted in Fig. 12 for the different values
of k, o, and «,. At any instant positions (except the highest
and lowest ones) of the lowest blade, the value of C, for the
blade moving upward is smaller than that for the blade moving
downward (Figs. 12a—12c). Furthermore, the smallest C, oc-
curs a little late after the blade passes through it’s lowest
position for most of the cases in Figs. 12a—12¢, and the largest
C, happens a little late after the blade passes it’s highest po-
sition (Fig. 12¢). In the present calculations with k and o
equal to 0.185 and 90 deg, respectively, the aerodynamic be-
haviors (Fig. 12d) are different from those in Figs. 12a—12c.
When the blade moves upward, the values of C, at some
positions are higher than those for the blade moving down-
ward. At a particular angle of attack, whose value is depen-
dent on the amplitude of oscillation, both values of C, for
the blade moving upward and downward are identical to each
other. Also, the smallest C, occurs very late after the blade
passes through its lowest position. When the value of o is
equal to 90 deg, especially for the case with k = 0.185, the
present distributions of lift coefficient are significantly differ-
ent from those” on the triangular-mesh system. From the
aforementioned unsteady phenomena, it is believed that this
big difference is due to the interaction between the compres-
sion wave and trailing edge of the blade. In this work, the
round edge is employed, but the trailing edge was sharp when
the triangular-mesh system was used. Based on the results
shown in Fig. 12, the oscillation amplitude, interblade phase
angle, and reduced frequency all have significant effects on
aerodynamic behaviors.

Conclusions

A locally implicit algorithm with an improved limiter func-
tion on dynamic quadrilateral-triangular meshes is presented
and utilized to investigate transonic flows around an oscillat-
ing cascade of four biconvex blades. The unsteady Euler equa-
tions are solved in a Cartesian coordinate system. On the
quadrilateral-triangular mesh system, the leading and trailing
edges are rounded with a small radius of curvature to match
experimental geometry. A layer of O-typed quadrilaterals is
generated around each blade, and the unstructured triangles
are created elsewhere. To maintain the orthogonality on blade
surfaces and reduce the computational efforts, a rigid-de-
formable dynamic mesh algorithm, where the layer of quad-
rilaterals is oscillated rigidly with respect to its own blade and
the triangles are deformed by the previously developed dy-
namic mesh algorithm,” is presented in this article. From the
pressure coefficient distributions of initial solutions, the pres-
ent result on a quadrilateral-triangular mesh system agrees
better with the experimental data than the related numerical
result on a triangular-mesh system. For the distributions of
magnitude and phase angle of the first harmonic dynamic
pressure difference coefficient, the present solutions show
better agreement with experimental data than those from lin-
earized theory and related numerical results on a triangular-

mesh system in most of the cases. Also, the numerical wiggles
of the instantaneous blade surface pressure coefficient distri-
butions appearing on the triangular-mesh system are elimi-
nated. At every quarter-time period, the pressure and/or Mach
number contours repeat and proceed one pitch distance in
the upward or downward direction for an interblade phase
angle equal to —90 or 90 deg, respectively. The unsteady flow
phenomena, such as shock formation, migration, strength-
ening, attenuation, interaction with pressure wave, and time-
variations of zones with high Mach number normal gradient
along the blade surfaces, are observed. From the lift coeffi-
cient distributions and instantaneous pressure contours, the
oscillation amplitude, reduced frequency, and interblade phase
angle all significantly affect the unsteady phenomena and
aerodynamic behaviors of transonic oscillating cascade flows.
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