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ABSTRACT

This paper solves the filtered Navier-Stokes equations to
simulate stall inception of NASA compressor transonic 8taf§
with delayed detached eddy simulation(DDES). A low diftursi

E-CUSP Riemann solver with a 3rd order MUSCL scheme for WENO

the inviscid fluxes and a 2nd order central differencing foz t
viscous terms are employed. A full annulus of the rotorestat
stage is simulated with an interpolation sliding boundamydi-
tion (BC) to resolve the rotor-stator interaction. The fiparance

is fully gridded to accurately resolve tip vortices and theffect
on stall inception. The DDES results show that the stall pace
tion of Stage 35 is initialized by a weak harmonic disturbanc
with the length scales of the full annulus and grows rapidityw
two emerging spike like disturbance. The two spike distndes
propagate in counter rotational direction with about 42%obodr
speed. The spike stall cells cover about 6 blades. They ead t
two stall cells grown circumferentially and inwardly.

Nomenclature

BC Boundary Condition

cusP Convective Upwind and Splitting Pressure
DES Detached Eddy Simulation
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*Professor, ASME Fellow

DDES Delayed Detached Eddy Simulation

LES Large Eddy Simulation

T Time used in one rotor revolution

URANS  Unsteady Reynolds-Averaged Navier-Stokes

Weighted Essentially Non-Oscillatory

Introduction

High fidelity prediction of turbulent flows is very im-
portant for accurate simulation of rotating stall charastes
with three-dimensional vortical flows, nonlinear shock eav
boundary layer interaction, and different time scale otudis
bance cells in high speed axial compressor. These featlags p
important roles in the formation of stall cells charactedzby
propagating speed and number of cells in an annulus. Aceurat
prediction of the number of cells and their speeds is impadrta
since their product will give the frequency of stall cellsspang
each blade. If such a frequency is near a natural frequency of
the blade, resonance may occur and result in mechanical fail
ures of the blade. Accurate simulation of unsteady stakfnc
tion flows is challenging for Reynolds-averaged Navieokds
(RANS) methods since RANS models intend to model the large
scale eddies using a universal model. Large scale turbalenc
structures are affected by the flow geometry and boundary con
ditions and a universal model does not exit. Large Eddy Sim-
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ulation(LES) is considered as more accurate methodology th
RANS since LES directly simulates the large eddies and nsodel
the small eddy structures that are more isotropic. Howé\Es
requires excessive CPU time for realistic high Reynolds Inemm
engineering problems, in particular resolving wall bouryday-

ers demands very fine mesh near the walls.

To overcome the intensive CPU requirement for LES,
Spalart developed the detached eddy simulation (DES)- strat
egy [1], which is a hybrid RANS and LES method. Near the
solid surface within the wall boundary layer, the unsteady\s
model is realized. Away from the wall surface, the model au-
tomatically converts to LES. By using the RANS model near
walls, the mesh size as well as the CPU time can be substantial
reduced. It is shown [1-3] that the use of hybrid RANS/LES
approaches is very effective for stalled flow predictionse-D
layed detached-eddy simulation (DDES) by Spalart [4] isnan i
proved version of the original DES97 model. In the framework
of DDES, a blending function similar to the one used by Menter
and Kuntz [5] for the SST model is introduced to limit the DES
length scale to ensure the transition of RANS to LES be indepe
dent of grid spacing. The DDES model demonstrates excellent
agreement with experiment and a significant improvement ove
the DES97 for the various tested cases presented [4]. Im&} al
conducted full annulus simulation of stall inception foratial
transonic single rotor by using URANS and DES. Their results
show that DES predicts the stall inception more realidfdhian
the URANS.

The stall inception of NASA Stage 35 is investigated by sev-
eral research groups. Bright et al. [7] performed rig teshtes-
tigate the stall inception of Stage 35 by considering 5 ckfifee
conditions. Their results show that the stall inception madal
type at clean-inlet condition. Mina et al. [8] carried outmeri-
cal simulation of rotating stall inception for NASA Stage 3%
ing a single blade passage. It is observed that at neartbtalip
vortex grows larger in size and its trajectory becomes pedjme
ular to the main axial flow. A low-momentum area near rotor tip
leading edge causes the flow spillage and leads to stalltiocep

Davis and Yao [9] also used NASA stage 35 single blade passage

to investigate stall inception. Their finding agrees withyihg

et al. [10] who show that the circulation of tip clearancetegr
plays an important role in stall inception development. Ya][
conducted rotating stall simulation for a low speed rotahwel-
ative tip Mach number of 0.2 and the transonic NASA stage 35
rotor using 6 blade passages. Their results indicate thdirg
edge tip clearance flow has spillage below blade tip and back
flow at the trailing-edge at the onset of spike. Chen et al.13P
conducted a full annulus simulation of NASA Stage 35 at tile fu
speed using an URANS model. In their simulation, a simplified
"roof top” type tip clearance mesh is used to model the tipcle
ance flow. Their results show that a disturbance first treaitise
rotor speed, and then changes to a spike disturbance prtipaga
at 84% rotor speed consisting with multiple stall cells. e

turbance eventually forms a single rotating stall cell d¥@tor
speed [12]. Gan et al. [14] conducted full annulus simulatd
the stall inception of Stage 35 by using URANS method. A spike
type of stall cell which covers about 6 blade passages anghpro
gates with about 90% of rotor speed was captured.

The objectives of this paper are to use DDES of turbulence
to simulate the stall inception of NASA Stage 35, and to revea
the rotating stall mechanism for the high speed axial cosgme
involving strong shocks with the low diffusion shock cajigr
scheme.

Numerical Methods

The unsteady spatially filtered Navier-Stokes equatioes ar
solved in a rotating frame [15] with the delayed detachedyedd
simulation (DDES) of turbulence suggested by the Spaldrt [4
An accurate shock capturing scheme is necessary to simulate
high-speed axial compressors since most rotor bladesiexper
shock/boundary layer interaction. In this study the LowfDif
sion E-CUSP (LDE) Scheme [16] as an accurate shock capturing
approximate Riemann solver is used with a 3rd order WENO re-
construction for inviscid flux and a 2nd order central diffiecing
for viscous terms [17]. An implicit 2nd order dual time stémgp
method [18] is solved using an unfactored Gauss-Seideltine
eration to achieve high convergence rate. The high-sdajabi
parallel computing is applied to save wall clock time [19].

Delayed Detached Eddy Simulation

In DES, the Spalart-Allmaras(S-A) model is modified to
keep its form within wall boundary layer and switches to a-sub
grid scale formulation in regions for LES calculations. Tdoe
efficientsc; and gz in the S-A model are set to zero and the
distance to the nearest watl, is replaced byj~ as

d = min(d, Cpesh) (1)

whereA is the largest spacing of the grid cell in all the directions.
Within the boundary layer close to the wall= d, hence the tur-
bulence is simulated by RANS mode of Spalart-Allmaras [20].
Away from the boundary layed = CpesA is most of the cases.
When the production and destruction terms of the model dre ba
anced, the length scatbwill have a Smagorinsky-like eddy vis-
cosity and the turbulence is simulated by the LES model. The
coefficientCpes = 0.65 is used as set in the homogeneous turbu-
lence [2]. ThePr; may take the value of 0.9 within the boundary
layer for RANS mode and 0.5 for LES mode away from the walll
surface.

To overcome the modeled stress depletion problem and
make the DES limiter independent of grid spacing, the DDES
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model suggested by Spalart et al. [4] switches the subgaltsc
formulation in S-A model by redefining the distance to thernea
est walld as

d=d— fgmax(0,d — Coesh) 2
where
fq = 1—tanh([8ry]®) (3)
. Vi +V
g = O R, (4)
_0uidy;
Uij = oXj 0% (5)

whereA is the largest spacing of the grid cell in all the direc-
tions,U; j represents the velocity gradient tensor, &rtenotes
the Karmann constant. Within the boundary layer close tdsyal
d = d, and away from the boundary layer= CpesA is most of

needs to be one-to-one connected.

At the inlet, the radial distributions of total pressuretalo
temperature, swirl angle and pitch angle are specified amdeh
locity is extrapolated from the computational domain ineartb
determine the rest of the variables. In this paper, no irdets-
bations are used to trigger the stall inception in order pkihe
same operation condition as that in [7, 12]. On the bladeaserf
a non-slip boundary condition is applied, while an efficieal
function BC [15] is used on the hub/casing surface wherés
greater than 11 to avoid an excessive fine mesh in the end-wall
boundary layer. At the stator outlet, a static pressure lerigi
specified in the spanwise direction. The velocity composarg
extrapolated from the computational domain and an iseittrop
relation is used to determine density. The hub/casing watlics
pressure for the inviscid momentum equation is determined b
solving the radial equilibrium equation, whereas the stptes-
sure gradient across the wall boundary is set to zero forldmeb
wall surface. An adiabatic condition is used to impose zemth
flux through the wall.

Computational Grid

The transonic axial compressor, NASA stage 35 that con-
sists of 36 rotor blades and 46 stator blades [22], is siradlat
to investigate the stall inception mechanism. The totasgues
ratio of NASA stage 35 at design speed of 17189 rpm is 1.82.
The full annulus of Stage 35 geometry and mesh are shown in
Fig.1. The mesh size and distribution is outlined here fan€o

the case. This mechanism enables DDES to behave as a RANSPleteness. An O-mesh topology around blades and H-mesh for

model in the near-wall region, and LES away from walls. This
modification ind reduces the grey transition area between RANS
and LES.

The validation of current DDES methodology for the stalled
flow over NACA0012 airfoil at 45 angle of attack was accom-
plished by Im et al. [3]. The DDES predicts the drag accuyatel
compared to the experiment, whereas the URANS model over
predicts the drag by about 33%.

Boundary condition

For unsteady rotor-stator interaction simulation, theorot
mesh will rotate with the rotor blades and the stator meshbeil
stationary. Solving the Navier-Stokes equations requtiia@ss-
ferring the fluxes between these two meshes. In [21], a censer
vative sliding BC is developed by making the meshes on both
side of the sliding boundary one-to-one connected. Evengho
the conservative BC is mathematically more rigorous, itas n
always convenient to make a multi-block mesh one-to-one con
nected. For engineering applications, independent mesbtiur
and stator is desirable for efficient setup of a simulatiomisT
paper thus adopts an interpolation sliding BC [14] with hagh
curacy to remove the requirement that the rotor and stat@hme

3

stage inlet/outlet duct region are used. For the rotor aatbst
121x 69 x 45 is the grid dimension in the direction around the
blade, blade to blade, and span respectively. The rototegrc
ance is modeled using a fully gridded O-mesh with mesh size of
121x 15x 11 as shown in bottom plot in Fig. 1. Within the tip
clearance, 11 grid points are placed radially.

The tip gap is shown to have a significant effect on over-
all performance of axial compressors [23]. The fully griddip
mesh generation technique adopted in this study is showetto b
ter predict the tip clearance flow than the pinched tip or difiel
tip model [24]. In the model of the fully gridded tip, aboutsi10
points in the tip clearance are generally considered asuadeq
to predict the primary effects of the leakage flow in axial eom
pressor[13,15,23-25]. A non-gridded tip model is used bgrCh
et al [12]to investigate the pre-stall behavior of NASA St&b.
Their results indicated that the inception type of the intastall
can be captured without fully gridded tip model. Howeveisit
not possible to determine the precise impact of the tip alece
modeling on stall inception due to the lack of detailed floname
surements in the tip clearance of NASA Stage 35 during mgati
stall.

The effect of grid size on solution accuracy for Rotor 37 us-
ing H-O-H grids with O-grid tip clearance region by McNulty
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[24] shows remarkably similar predictions using three gtk Rotor Stator
approximately with 200,000, 350,000 and 400,000 points-Si
ilar results are obtained for the mesh refinement study usiag
rotor-alone single passage in their study. Their mesh sizén-
ilar or coarser than what we used. Im et al. [15] uses a NASA
Rotor 67 full annulus mesh with about 7 million grid points to
capture the stall cell rotating at about 48% of rotationadesh
The mesh size and distribution of a single blade used by Im et
al. [15] is also similar to what are used in this paper. Thadye
state mesh refinement study was conducted in [14]. The mesh
is mainly refined around the blade, which has the dimension of
201x 77x 51. The results indicates that the solution is converged
based on the chosen mesh size. The excellent agreementbetwe
the predicted radial profiles of NASA Stage 35 compared with
the experiment also evidences that the mesh is fine enough to r
solve the wakes. The low diffusion E-CUSP scheme employed
in the paper also contributes to minimize the numericalgitin
and hence mesh size

Considering a disturbance with its wavelength on the order
of the circumference, it is desirable to locate the inlet antet
boundary of the computational domain far away from the rotor
blade. In this study the inlet plane are located about 8 dixial
chord length upstream of the rotor and about 6 axial tip chord
length downstream of the stator. Total mesh points of thie ful
annulus are about 16 million with 482 blocks.

Results and discussion

The full annulus unsteady simulation begins with near (stall
or near peak of the rotor characteristics ) solutions olethiny
the RANS simulation [26]. This approach is employed by other
researchers [10,11, 27] for the rotating stall simulatimnsrder
to reduce computing efforts.

A physical time step of around.@00009 sec. is used in
this study. And one rotor revolution will take 1440 steps.eTh
study by Copenhaver et al. [28] shows a time step of 0.00025
sec. is necessary to capture shock instability in a tracgotor.
Hah et al. [29] used a time step of 0.0000125 sec. for prewjcti
the stall inception of a similar high speed rotor originagdhe

I
interaction of the passage shocks and tip leakage vortiéss. ’ Q. 7
aforementioned, the rotating speed of the spike type stdlirc ‘“’:ﬂﬁ, .’
a high-speed compressor is roughly half of the rotor rotegtio ” G “
D
{

significantly smaller than those used by all other reseasciied "/.’Il
Fig. 2 shows the L2 norm residual and inlet mass flow rate
rotor leading edge, the RANS calculation began with a 1/3sef d

'l.
‘ Wi
frequency [30, 31], the time step size adopted in this stdy i """,ll I
is sufficient to resolve the primary flow features during thedls

inception.

con_verging history obtained by the RANS at choke and DDES FIGURE 1: Full annulus mesh of NASA stage 35

during rotating stall. Due the strong shock occurred near th

signed rotor speed. Once the computation has convergedkenou

(for 10000 steps the calculation converged about 5 ordersagf nitude) as shown in the top plot of Fig. 2, the results can leelus
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to start full speed simulation. The step changes in residodl

D are used as initial flow field of the unsteady calculatione Th

mass flow rate around 10000 steps are due to the change of RPMrotating stall inception simulation begins at point P1 witte

The unsteady simulation achieves 2 orders of magnitudd-resi
ual reduced in each physical time step. The calculationiineso
numerically unstable after 3.2 rotor revolutions. The maxin
residual occurred at rotor stator interface, which may be tu
the high aspect ratio mesh was used near the casing surface.

10°

20

-
o
[N

Py
o
&

=
o
&

10

Residual, L2-norm
Mass flow rate, kg/s

-
o
S

Ll
10000
Iteration numbers

T 1
15000

|
20000 0

10°%,

107

=
o
[}

T T

107

=
o
[

T T

8.15 8.2

[y
o
A
T

h
825 |
h

Residual, L2-norm

L1
6.0

P
7.0
Rotor revolution

9]
o™

8.0

FIGURE 2: Convergence history: RANS(top),DDES(bottom)

Stall Pressure Rise Characteristics

The predicted unsteady stage speed line is illustrated in
Fig.3, which starts from the near stall point D. From point A
to point D, the simulation is steady state and the result®t p

5

back pressure fixed and letting the stall inception develg by
itself. The stage total pressure ratio drop is slow from p&ih
to point P2. And the total pressure ratio decrease rapidbr af
point P2, which indicates the onset of rotating stall. Lapges-
sure ratio oscillation is observed between point P4 and P& T
unsteady calculation diverged at point P6 due to numerical i
stability. Fig.4 shows the variations of mass flow rate clalmd
near rotor leading edge during rotating stall. The mass flavpsl
slowly at the first 2T (T is the time of one rotor revolutiondfn
point P1 to P2 and starts oscillating after that. The magltisy
phenomenon at P5 is that rotating stall quickly grows toviard
ner span with the occurrence of the two stall cells, which lgl
further discussed in the following sections.
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FIGURE 3: Predicted unsteady speed line with full annulus
simulation

Rotating Stall Onset and Propagation

Rotating stall is usually initiated from rotor tip. This itsa
the case for the NASA Stage 35. To capture the rotating stall
inception, the numerical probes are located about 50% ftipcch
length upstream and downstream at the rotor tip span. The ter
'stall cell’ used in the current study is to describe a combins
structure of disturbances.

Fig.5 shows the variations of instantaneous static pressur
and axial velocity at the rotor tip upstream. Small amplgud
of pressure fluctuations that is about 0.8% of the average pre
sure are observed near 7.0T, which cover about full annulus o
the compressor and appear to be modal disturbance. Geanerall
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FIGURE 4: Mass variation during stall

the modal disturbance has a length scale of one rotor circum-
ferential and propagates with about 20% to 50% of rotor speed
The modal disturbance obsered in this paper does not pregpaga
which is different from the classical modal wave. At abo&T7.

two spike disturbances with amplitude about 10.0% of the lo-
cal pressure appear. The propagation arrows shown in plets a
obtained by roughly connecting the peak of pressure in adjac
passage. The propagating speed of stall cell can be detedmin
by the slope of the line. The two disturbances rotate at about
42% rotor speed. Large mass flow fluctuations are seen during
the stall inception as shown in Fig. 4.

After about 1T counted from the emergence of the two spike
like inception stall cells(P2), the numerical simulaticgcbmes
unstable before the fully developed stall cells are cajpturow-
ever, it does not affect the investigation of stall inceptimecha-
nism that is far before the fully developed stall cells anmefed.
The trigger of stall inception is flow instability insteadmiimer-
ical instability, since the residual is less tharm2@nd 2 orders
of magnitude residual reduction is achieved as shown in Eig.
The calculation diverged quickly in a few pseudo time itienat
within one physical time step.

The time traces of pressure and axial velocity located at ro-
tor stator interface are presented in Fig. 6. Two main rotati
stall cells are also observed in the plots, which indicagestkial
range of the stall cell is at least from the leading edge tdrthe
terface. The propagating speed of the two stall cells ar@stim
the the same as that observed in the rotor upstream plotthdout
propagating direction of the stall cells at downstream tbris
opposite to that at rotor upstream in relative frame. Furttore,
the rotating stall at the downstream of the rotor starts &Badlir
earlier than that at the upstream, which may be due to the roto
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FIGURE 5: Time traces of pressure and axial velocity near half
tip chord length upstream of the rotor leading edge at the tip
span

stator interaction.

In the stall simulation of Stage 35 by Chen et al. [12] modal
disturbance is observed at the first 2 rotor revolutions aed it
transforms into spike disturbance. The modal disturbamtiegir
study is not a classical one too, because the propagatieg spe
100% of rotor speed. The forming process of the spike distur-
bance in this paper has similar pattern, but occurs morelkapi
From the modal wave to spike, the present simulation has only
0.3 rev. However, the spike disturbances captured in thiepa
are more compact, covering about 6 blade passages. The numbe
and size of stall cells can not be observed in the similar glot
time trace of pressure in the results of Bright et al. [7] af &
et al. [12], since there are only 8 numerical probes locatsat n
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FIGURE 6: Time traces of pressure and axial velocity near half
tip chord length downstream of the rotor trailing edge attthe

the rotor leading edge. Casing wall static pressure meamuts
of Stage 35 by Bright et al. [7] shows the spike(pip) incepi®
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different time. At t=7.0T(P1), the flow around the full anasl
is periodic and no disturbances are observed. The variation
static pressure through full annuls appears to have shapesh
which indicates that there exit strong shock waves nearcthe-|
ing edge of the rotor. At t=7.25 T(between point P3 and P4),
the flow periodicity is lost at some parts of the annulus, dred t
annulus region containing large disturbance are from9Q50°

for the first stall cell, and 280~ 340 for the second stall cell,
which indicate that the sizes of the stall cell at this monoener
about 5 to 6 passages. The local non-uniform pressure iegica
the onset of the spike type rotating stall. After about 1Tnfro
the stall inception point P2, the rotating stall reachespB®6.
Fig. 7 shows that the sharp edge shapes of pressure digtribut
disappear after t=7.25T in the stall cell region due to theckh
waves moving to upstream.

In the Stage 35 rotating stall simulation by Gan et al. [14],
the predicted propagating speed of stall cell by using URANS
method is about 90% of rotor speed, which is about two times of
the DDES. The mass flux in circumferential direction at 7., 38T
shown in Fig. 8 may be used to understand the cause of the speed
difference in the methods of URANS and DDES. It is seen that
the amplitude of circumferential mass flux oscillation poted
by the URANS is about the same as the DDES at the mid span
where there no stall flow. However, the amplitude of the mass
flux oscillation at stall region predicted by the URANS at tip
span is about two times greater than that of the DDES. The larg
gradient of tangential mass flux between the stalled regish a
unstalled region may cause the stall cell propagating witths
high speed in the URANS. It appears that the propagatingdspee
of rotating stall is determined by the circumferential méax
oscillation in relative frame.

Fig. 9 and Fig. 10 illustrate entropy contours in axial cross
section near the rotor leading edge and trailing edge. [pytro
stands for the degree of energy loss and high entropy refleets
stalled portion of the annulus. At 7.33T(near stall onskth
continuous high entropy regions near casing surface cardre s
in Fig. 9. The primary stall cell is identified by about 5 stall
passages. It is shown that the stall cell starts from ther tqdo
area, and grows along the circumference as well as inward. Th

a disturbance standing on the modal wave. This phenomenon ishigh entropy region near the rotor trailing edge cover tHed-

not clearly seen in the numerical results of Chen et al. [G2ln

et al. [14] and this paper. The variation of axial velocityidas

the same behavior as that of pressure, as shown in Fig. 5éut th
propagating speed of the stall cell is more clear. We canhiyug
calculate the propagating speed of the stall cell from theciy

plot.

The circumferential static pressure time history can be als
used to investigate the stall inception characteristiag.7/Fishows
the circumferential distributions of the normalized stgpres-

nulus at 7.33T as shown in Fig. 10. The tip leakage vortices,
separation vortices on suction surface, and trailing edggoes
may contribute to the loss of energy in the annulus at stai} co
dition. The interaction of those vortices with stator bladgeay
cause the flow to stall earlier at the rotor downstream.

Fig. 11 shows the entropy line contours during rotating.stal
The axial length scale of the stall cell at 7.33T is about gme t
chord length. As the stall cells develop, the flow blockages e

sure and velocity located at 50% tip chord upstream of rotor a tend both upstream and downstream of the rotor.
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FIGURE 7: Circumferential variations of pressure(Top) and FIGURE 8: Relative circumferential flux at the mid span(Top)
axial velocity(Bottom) at tip span and tip span(Bottom) near rotor leading edge
Flow mechanism of rotating stall blade passage near the rotor leading edge.
Fig. 12 shows the relative velocity vector and Mach number The instantaneous contours of static pressure at the tip spa

contour indicating the sonic boundary at the tip span. Tlespl  are shown in Fig.13. It can be seen that the spike stall immept
are used to track the stall cell in the annulus. At 7.11T, leefo  region has higher blockage that generates high pressure wav
the onset of rotating stall, the sonic lines is attached dlidjoe propagating upstream, which destroys the circumfereptai

to the rotor leading edge. And there are no back flow observed odicity. As the rotor rotating, the stall cell propagatestia op-
from the rotor trailing edge. At 7.33T, the stall onset poiat posite direction of rotor revolution in relative frame aaim in
large vortex is formed in each blade passage near the rator ta Fig. 9 and grows rapidly. The flow blockage becomes largdr wit
ing edge. The through flow is largely blocked by the vortexeTh  time at 8.0T, the non-periodic flow near the tip span coverstmo
sonic boundary becomes detached off the leading edge, vighich  of the rotor passages. Furthermore, it is evident that theging
caused by the flow blockage. At 8.0T, the stall cells growgdar stall is convected downstream of rotor and interacts wistost
and the sonic line is pushed further upstream by the flow block which creates a significant blockage in the stator blades.

age. The vortex moves upstream and interacts with tip lemkag The vortex structures during rotating stall near the roior t
flow, which forms a large vortex located in the middle of the span are shown in Fig. 14. At 7.11T, before stall inceptibme, t
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oblique tip leakage vortices are the main turbulent flowcttree REFERENCES
in the rotor blade passage. And no trailing back flows are seen [1] P.R. Spalart, W.H. Jou, M. Strelets, and S.R. Allmaras,

at this instant. At 7.33T, the stall inception point, it caadeen “Comments on the Feasibility of LES for Wings, and on a
that a large vortex is developed near the mid-chord on thigsuc Hybrid RANS/LES Approach.” Advances in DNS/LES, 1st
surface. The interaction of leading edge separation vowi#x AFOSR Int. Conf. on DNS/LES, Greyden Press, Colum-
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FIGURE 10: Entropy near trailing edge
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FIGURE 11: Entropy at the mid tip clearance span FIGURE 12: Velocity vector of rotor tip span with Mach number

contour indicating sonic boundary



FIGURE 14: Flow structure colored with entropy near tip span
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FIGURE 13: Static pressure at the tip span



