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Unsteady Tip Leakage, Bow Shock, IGV Wake Interaction in a Compressor

Xuedong Zhou and Mitch Wolff

Department of Mechanical & Materials F sngineering, Wright State University, Dayton, Ohio 45435-
G001, UsA

Abstract

Unsteady aerodynamic analysis of Inlet Guide Vane (IGV)rotor interaction is conducted with a commercial CFL solver,
SEAR-UD, 12% and 26% 10V axial chord 1GV/Rotor spacing configurations were examined for 100% corecied speed al
choke, peak cfficiency and near stall conditdons to mvest] igate bow shockfip leakage interaction within bade rows,
Comparison with 16V surface unsieady pressure experimental data indicates good agrecment at the 1GV sl ing edge across
the span for both spacing configurations; therefore, validating the modeling of the high speed, highly loaded transonie
compressor. The strongest effect on the tp clearance flow physics was caused by decreasing the axial spacing. The 129 axial
spacing, haseline configuration had a significant effect on the cross location of the leading edge tip voriex and the rotor bow

shock {i.e. the lambda shaped interaction region). In addition, the double leakage moved downstream of the bow shock due to

the 1GY wake for the close spacing. At 26% axial spacing, the IGV wake influence was nat si ignificant, The back pressure
influence was bmportant. The high loading at the near siall condition prevented any signiicant 1[GV wake interaction effect
unt the tip clearance flow. For the chocked flow condition, the bow shock siructure change {going from & normal shock 0 an
obligue shocky reduces the bow shock steength, The 1GY wake caused the tp voriex to intensify, this s mainly caused by 4
decrease i the bow shock strength. Voriex breakdown occurs due 1o deceleration after passing a strong shock, which for the
choked case does not happen until the vortex reaches the passage shock.

Keywords: Transonic Compressor, Tip Leakage, Wake/Bow Shock Interaction

1.0 Introduction interaction on tip clearance flows in a tfransonic

COMPIESSOT.

With the development of modern jet engines, Tip clearance flow remains a topic attracting
thrust-to-weight ratio has been greatly improved many  researchers  due o s im;}ortzmce for
over the past hall century by in part reducing the compressor performance and stability. The structure
overall length of the compressor; therefore the and physics of ip clearance f?wwa have heen
acrodynamic  unsteadiness  inside twrbomachinery investigated by many researchers, The Lambda
has been significantly increased. To improve (he shaped interaction between the tip vortex and
refiability and efficiency, phenomenon, like, high passage shock near the end wall increase rotor
cycle fatigue (HCF) and tip clearance flows, have blockage /1.2/, which reduces stage efficiency, flow
been investigated by many researchers. With the range and pressure rise 3/, Also, tip clearance flow
increased  power  of  computers  and compuier plays an important role on compressor stall /4/.
simulation software, computation fluid dynamics However, the intensity of the tip vortex does not
(CFD) is widely used for jet engine design due to its necessarily increase blockage. Recently, Furukawa
relatively low cost and short design cycle. However, et al /5,6/ pointed out that the breakdown of the tip
there are still many issues that need addressed in leakage vortex is the direct cause of the low-energy
utilizing CFD v model modern jet engines, in flow region. The breakdown of the voriex
particular the unsteady flow effects of IGV/rotor substantially changed the behavior of the end wall
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houndary laver and passage blockage so that it could
significantly degrade compressor performance.

The upstream stator wakes also influence the tip
fow by functoning as o negative jet. The jef
produces a pressure disturbance and could generate a
tocal sisgnation point on the downstream rolor
suction surface /789, Double leakage can be
avolded by deflecting the tp clearance flow with
this Jocal stagnation poinl.

However, few studies have investigated upstream
wake influence on the rotor bow shock/tip leakage
vorlex interaction in a fransonic compressor. In
addition, most studics focus on either sleady state or
time average parameters for analysis. Therefore, the
ynsteady  characieristics  of  the  interaction
phenomena in a transonic compressor have not been
thoroughly Investigated, To obtain more insight into
the unsicady flow physics  details, this  paper
conceniraies on the unsteady acrodynamics in a
ransonic axial compressor configuration o address
the following issues:

. Uspsteady wake infloence op tip vortex/blade row

shock interaction.

]

Unsteady wake influence on double leakage.

3. Axial spacing influence on unsteady wake, and
shock/tip leakage vortex interaction,

4. Hack pressure influence on unsteady wake, and

shockAip leakage voriex interaction.

2.0 Experimental Facility

The Compressor Acro Resgarch Lab (CARL)
Stage  Matching  Investigation (SMI acility al
Wright-Patterson Air Force Base s a high-speed.
highly loaded compression stage. The transonic rig
comprises an inlet guide vane (IGV), single-stage
core compressor consisting of a rotor and stator with
24, 33 and 49 airfoils, respectively, each with a 19-
in, tip diameter, Axial spacing between 10V and
rotor can be adjusted to 129, 26% and 56% of 1GV
chord {referred 10 as close, mid and far spacing),
GV surface unsteady pressure experimental resulls
have been reported by Hutton er af /1 using a high

spatial resolution, high frequency response flexible

pressure sensor array. Only 100% speed conditions
will be analyzed for three back pressure sellings
{near stall, peak efficiency, and choked).

3.0 CFD Simulation Model

3.1 CFD Solver and Turbulence Model

A commercial finite volume method  solver,
STAR-CID, is emploved fo solve the 3-D Navier
Siokes equations for the CARL/SMI rig, Since the
experimental data shows vory few separation regions
throughout the How domain, the near wall region 18
computed by wall functions with Chen’s & -¢
turhulence model utilived for all CFD predictions
presented.

3.2 Computational Grid

The SMI facility has 24 16V and 33 rotor blades,
The ideal model would include 8 16V and 11 rotor
hlades, which will be expensive computationally due
to the lack of phase lagged boundary conditions in
STAR-CD. Therefore, 33 IGV blades is assumed for
the computational model,

Capped-0 meshes are used with a S-chord
siretched H-grid extension at both the inlet and exit
plane o reduce wave reflections because non-
reflecting boundary conditions are not available,
Several different moesh sizes have been fested as a
erid independence study. The Capped-0 mesh is the
most critical grid for the blade flow physics
Therefore, only the mesh surrounding the blades will
be deseribed. For the 1GY Oegrid, there are 241 gnid
points around the blade, 41 poinis from the blade o
the periodic boundary and 57 points spanwise i.e.
241x41x57. The corresponding rowr O-grid s
161x33x57. Fig. 1 shows the basic topology of the
Capped O-mesh used in the following close spacing
simulation, Some grid points have been omitied for
clarity,

The grid in the tip clearance region is shown in
Figs. 2 and 3. 1t has 161 points in the O-direction, Y
points from the chamber line o the blade surface,
Fig 2, and 7 points spanwise for the tip clearance

height, Fig, 3. The tip clearance of the test facilily is
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Fig. 2: Tip Clearance: Top View at Trailing Edge
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Fig. 3¢ Tip Clearance: Axial View

.015 inch.

Grid points are clustering towards the blade
surface and end walls 10 ensure v+ values at the first
cell are in the 30~100 range over the whole {low
ficld for the high Reynolds nuraber wall boundary

simulation using wall functions.

1.3 Boundary Conditions

Stagnalion pressure and temperature is assigned
at the inler plane while the exit plane boundary
condition imposes a fixed pressure profile. Wall
houndary conditions are applied o both blades aad
end walls, while the rest of the boundaries use

periodic boundary conditions,

3.4 Computational Details

The gap between the IGV and rotor blade has 41
grid points evenly distributed  circumfercntially.
Unsteady simulations with a moving rolor mesh

have a lixed time step of 1.122x107 s to ensure 3

steps per cell and 120 sleps per passage. The mean
CFL number is approximately .5 throughout the
sinuglation.

Pach onsteady analysis starts from a nearly
converged steady state solution and takes about ome
revolution  to achieve a3 converged  unsicady
prodiction. When converged, the mass flow rate is
within (L.2% ol the experimental - data and the
pressure history shows a repeatable oscillation ovele

based on the blade pass frequency,

1.5 Computational Convergence Uriteria

Due to the nature of the unsteady flow, the back
pressure has to be adjusted slightly to be within
0.2% of the experimental mass flow rate data to
ensure the same operating points. Convergence s
reached only after both inlet and outlet puass flow
rates become periodic and the mean values mainiain

a nearly costant level for one whole revolution.




4.0 Results and Discassion

The 12% and 26% 16V chord axial spaciag
between the TGV and rotor blade rows for the peak
efficiency back pressure is simuolated and resulls are
compared against experimental data acquired and
analyzed previously /1Y to determine the accuracy
of the CF1 code and models utilized. Only the TGV
and rotor blade rows have been modeled in the CFD
analysis. The experimental data has been oblained
with the stators included. Since the interaction being
investigated is primarily driven by the 1GV/otor
eftects, the influence of the stators on the analysis is
not signiticant and can be ignored. Once the validity
of the computational models have been confirmed,
then a detailed  fvestigation inlo the  unsteady
interaction of the 1GV wake, fip clearance leakage
vortex and rotor bow shock will be presented. Two
different lime snapshots of the inieraction witl be
selected. The first smapshot will be before the 16V
wake reaches the rotor bhow shock and will be
referred 1o as “instance 17 The second snapshot will
be afler the GV wake has passed through the bow
shock and will be reforred to as “instance 27 Then
the significant effects of warialions in 1GV/owr
axial spacing and back pressure on the tp clearance
flow physics at these two slices in time will be
investigated 1o highlight the importance of the
unsteady flow interactions.

4.1 IGViRotor Blade Row Interaction

Since the UFD model has been simphified (o
atilize @ one-to-one MGV o rowor blade ratio, the
phase difference between the two Instrumented 1GV
surfaces will be altered. 5o, analvzing the pressure
difference across the 16V is not the appropriale
method o compare  the  computational  and
cxperimental results, It s more appropoate o make
a direct comparison o the unstendy experimenial
data on each surface of the GV, Therelore, 2
comparison s made belween the unsteady pressure
response history on the two 16V blade surfaces (#1
and #2) separately. For ease of interpeting the
resulis, cach Dlade passage is repeated so that two

blade passages are shown,

189

A 26% IGV Chord  Axial Spacing
Configaration

Figs. 4 and 5 show the Cp time history at 95%
and 90% GV chord location for two span locations,
H0% and 958%, respectively, AL 95% chord, the
computational analysis predicts an unsteady pressure
uscillation magnitude with stight errors compured to
the experimental data, The phase difference {or IGV
surtface 2 is due o the modified blade count effect.
However, at 0% chord location the computational
solution  shows g stronger  decay  than the
experimental dats or a reduced unsteady amplitude.
As Govell er gl /11 mentioned the oblique shock
detached from the LE of downstreams rotor s
separated by the IGV TE and becomes a partially
sermal shock traveling upstream. A closer pich
dimension with 33 13V blades instead of 24 blades,
resulls in bow shocks al the TGV upper and Jower
surface having a stronger interaction which raises
the overall pressure lovel in the passage. But the
unsteady  pressure  fluctuabions  generated  are
decreased due 1o shorted pitch dimension.

Comparisons at lower spanwise locations also
show excellent agreement with the experimental
data, They are not presented because they are not
closcly related to the tp clearance flow being
investigated in this study.

4020 12% MGV Chord  Axial Spacing

Configuration

Figs, 6 and 7 show the pressure coelficient
history for the 12% 10V chord axial spacing
configuration at 95% and 90% chord location for
two spanwise locations BU% and Y5%, respectively,
Prue 1o the smaller gap between blade rows, the bow
shock Ioteraction is even stronger resulling in oan
merease in the GV surface unsteady pressures. Al
95% chord, the predicied surface unsteady pressure
oscitlation  magnitude agrees very well with the
experimental data, However, unlike the 26% spacing
results, at  the 909  chordwise location, the
computational results indicaie only a slight unsteady
magnitude decay greater than the experimental data.
Since both the mesh and temporal algorithm atitived

are basically identical to the 26% configuration, it is
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reasonable to conclude that the slower magnitude
decay is due mainly o the decreased axial spacing
between the two blade rows,

Uverall, the computational simulations {or hoth
the mid and close IGV/rotor axial spacing
configurations vicld very reasonable agreement with
the IGV surface unsteady pressure experimental data
at several spanwise and chordwise locations, The
excellent agreement at 95% span is a  good
indication of accurate modeling of both the 1GV
wake and rotor tip clearance flow. Therefore,
detailed  investigations  of the unsteady flow
interactions with the tp clearance flow for this
transonic compressor configuration are appropriate
and will be presented.

4.2 Tip Leakage Vortex, Upstream Wake and Bow
Shock Interaction

Furukaws  er al /567 swdied the voriex
breakdown and its  influence on  compressor
performance based on time average predictions, In
the current paper. more insight will be given on
wake influence of bow shockfip voriex interaction
by investigating thme instants of the unsteady flow
analysis when the JOV wake s in two differen
locations  relative W the mior bow shock as
previously discussed. A detailed investipation will
be made of the unsteady 1GV/rotor interaction
effects on the tip leakage vortex {low ficld. In
particular, the influence of variations in  the
I Virator axial spacing and stage back pressure on
the 16V wakebow shockiip voriex  unsicady
interaction will be presented,

For a better understanding and review of Lip
vortex behavior, i s necessary o introduce a term
called normalized helicity, proposed initially by
Furvkawa ef gl /3

(1)

where & and % are the absolule vorticity and
relative  velocity  wvectors, respectively.  Absolute
vortieity is used because the secondary flows in the

mtor are dominated by the absolute vorticity along

the relative velocity direction /5. Therelore,
normalized helicity denotes the cosine of the angle
between the vorticity and  relative velocity, Hn
becomes unity al the vortex core and changes sign
indicate a vortex reverseral, When its value goes
from unity 10 zero, 1 means that the vortex structure
has broken down (i.e. vortex breakdown). To
capture the detsdls of a vortex core breakdown
requires & high-resolution grid; however, by utilizing
the  normalized  helicity  tp leakage  vortex
breakdown can be captured and investigated with a
coarser mesh. Therefore, a detailed investigation
into the effect of blade row axial spacing and back
prossure variation on the 1GY wake, bow shock and
tip leakage vortex interaction unsteady fow physics
will be presented,

4.2.1 Baseline Model: 12% Axial Spacing at

Peak Efficiency

At 12% axial spacing. two tme instanis are
studied for the 16V wake effect with the rotor bow
shock in the tip region. Fig. 8 (a-b) shows when the
wake s behind the blade row bow shock, while Fig.
9 illustrates when the wake is in front of the rotor
bow shock. Blade row conlour lines {Fig. 8b)
indicate the static pressure field near the casing wall,
Color contour slices (Fig. 8a) represent the relative
velocity magnitude. Finally, the streamline traces
(Fig. 8(a-b)) are colored with the normalized
helicity, Hn value, with white representing 1, black
= -1 and grev = 0,

As shown in Fig. 8(b), the wake is at 40% pitch
from the suction surface and behind the bow shock.
So, the 1GV wake directly points al the suction
surface of rotor blade. Therefore, the high pressure
disturbance in the negative wake jet also PRSSEs
through part of the tip vortex. Consequently, the
pressure  troughs nearby are slightly “pushed™
downstream. However, the bow shock is distorted
only slightly, Therefore, the cross location of the
neighboring bow shock and tip leakage vortex
traveling  downstream towards the rotor suction
surface is stightly affected. This negative jet also
produces a relative location stagnation spot on the

rotor blade suction surface, which further diverts the
tip clearance flow through this region. Fig, 8
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shows a  few  streamlines  poing  through  a
neighboring blade tip gap. This forms a phenomenon
called “double leakage”. However, due to the above-
mentioned location stagnation point, the localion at
which double lsakage occurs s mwoved further
downstream  after the bow shock at this time
instance.

In Fig. 9 - time dnstance 2 ~ the 16V wake i3
closer to the pressure side and in front of the rotor
bow shock, The bow shock is bent doe o the wake
disturbance. The wake disturbance s weakened by
the bow shock. Due to the wake position, I8
influence on the tp clearance vortex s marginal,
Compared with Fig. 8(h}, the pressure troughs at the
rotor leading edge tp are largely intact and identical
to resulis at tme instance 1. Therefore, the cross
location of the leading edge tp vortex and bow
shock s brought towards the mid-pitch region and
upstream  slightly, This is  delrimental to the
compressor performance since iU owill bust the tp
vortex  earlier in the How., As  discussed by
Adamozyk e al /1, this lambda shaped mteraction

will cause highly  rotational flow and  large

&S

separation near stall. Finally, the double leakage at
this time instant moves upstream in front of the bow
shock.

In both Figs. 8 and 9, the stream {race contours
are colored with the normalized helicity, white
denuting a normalized helicity of 1 and grey a value
of §. As mentioned earlier, the transition of helicity
from unily 1o zero indicates when tip leakage vorlex
breakdown occurs.

Both Figs, 8 and 9 show the normalized helicity
transitioning to zero shortly after the streamline trace
passes through the bow shock. The relative velocily
magnitude at different cuts normal 0 the stream
trace indicates an area of low relabive velocily. Thig
area expands drastically alter the vortex breakdown
occurs. This is an indication of a low-energy How
zone thal acts as an obstacle in the passage. lis
existence substantially increases casing boundary
thickness and passage blockage.

4.2.2 Spacing Influence: 26% Spacing at Peak
Efficiency
Figs, 10 and 11 depict the same time inslants as

‘Wake Wake

Fotaton

Wk

Fig. 9: 2™ time instant at 12% spacing, peak efficiency
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Figs. 8 and 9 only for the 26% 1GV chord axial
spacing configaration. Due to the increased spacing
hetween the hlade rows, the tp vorlex is not exposed
directly to wake, Therefore, the GV wake influence
on the leakage flow is reduced. Near the casing wall,
the pressure contours al the rotor leading edge
indicate that the leakage fow is almost wentical for
the vwo differont time snapshots. Therefore, at 26%
spacing 10V wake influence on the leadiog edge tip
leakage vortex is trivial, In both Figs. 10 and 11, the
strearnlines pass through the necighboring blade tip
gap which indicates a double leakage for this
spacing configuration.  However, due to  the
increased gap 10V wake influence on the double
leakage region is minor. In contrast to the 12%
spacing  configuration,  the  26%  spacing
configuration shows only minor differences in the
double leakage location caused by the 16V wake,

At the second thme instant Fig. 11, the bow shock
is onuoe again bent duc 1o the wake disturbance, but
the change of angle is smaller than the 12% spacing
case. Like in the <lose configuration analysis, the
normalized helicily indicates that the tp vortex is

Rt’?‘lé& E}E'T‘ \
i

Wake

strongly affected by the bow shock such that vortex
breakdown occurs after the shock.

4.2.3 Back Pressure Effects: Near Stall 12%

Axial Spacing

The near stall operating condition has the highest
pressure yatio and the lowest mass flow rate, At this
operating point, the rotor bow shock stands the
furthest upsiream of the rotor leading edge. Fig. 13,
containing the sccond tme instant, shows that the
bow shock is basically unaffected by the wake (1.0,
straight shock  front). This indicates the shock
strength is higher thas the baseline model due o its
high loading. In addition, Fig. 12 shows the leading
cdge tip leakage flow gencrated by this ughly
foaded rotor is barely affected by the wake, With the
high loading at ncar stall, the high pressure in the
neighboring  blade  pressure  surface  prevens
stroamiines originating from the leading edge tp
clearance from passing through the adjacent tip
clearance. Only {low originating from the 40%
chord location produces double leakage. Therelore,

Woa ke Wake

g, 120 12% spacing 17 time instant near stall back pressure

e

e
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Wake Wake

Fig, 13:

the higher blade loading reduces the double leakage.
Finally, the iip vortex breakdown location stays
consistent relative 0 the bow shock position or the
vortex breakdown occurs right after passing through
the bow shock,

4.2.4 Back Pressure Effeces; Choked 12% Axial

Spacing

For the choked flow back pressure, the bow
shock is an oblique shock atiached to the rotor
leading edge. In addition, there is a passage shock on
the suction surface at about 40% chord from leading
edge. As shown in Fig, 14, the pressure trough ncar
the leading edge of the suction surface changed its

Waks

- . s .
12% spacing 2™ time instant near stall back pressure

direction  after passing though the 10V wake
disturbance. Compared with Fig. 15, Flgl4 ako
shaws that the oblige shoek is chopped by the tip
clearance flow, Therefore, the tp vortex has been
intensified by the IOV wake. The tp vortex
breakdown  for  the  choked  back  pressure
configuration occurs when the tp vorlex passes
through the downstream passage shock, not the rofor
bow shock as in all the previous resulis presented.
Finally, Fig. 16 shows the boundary thickness on the
suction surface undergoing considerable expansion
dug 1o the relative velocity decclerate afier the
passage shock which is consistant with an off design
analysis,
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iy N ¢ A wl s Ipe
Fig, 16:  12% spacing 2" time instant choked back Pressuns

5.0 Summary and Conclusion

A computational  investigation of the tip
clearance unsteady aerodynamics associated with
variations in the axial spacing and back pressure for
a highly loaded, high speed. transonic compressor
has been accomplished. The commerical CED
solver, Star-UD. was initially validated for the
CARL/SMI facility by comparison of IGV surface
unsteady  pressures  with  previously  obtained
experimental data. An execellent agreement was
shown, therehy validating the method. The tip flow
unsteady acrodynamics was then investigated. The
strongest wake effect on the dp clearance flow
physics was caused by changing the axial spacing.
The 12% axial spacing, baseline configuration had a
significant effect on the cross location of the leading
edge tip vortex and the rotor bow shock (ie. the
lambda  shaped  interaction  region).  This i
detrimental 10 the compressor performance. In
addition, the double leakage moved downstream of the

bow shock for the close spacing due to wake
disturbance. At 26% axial spacing, the 1GV wake
influence was not significant. The back pressure
influence was imporiant, The high loading at the
oear stall condition prevented any significant 1GV
wake interaction etfect on the Up clearance Tlow. For
the chocked flow condition. the how shock structure
change (going from a normal shock to an obligue
shock) reduces the bow shock strength. The 1GV
wake caused the tip vorlex to intensify, this is
mainly caused by a decrease to the bow shock
strength,. Vortex  breakdown  occurs  due 1o
deceleration after passing a strong shock, which for
the choked flow case does not happen until the
vorlex reaches the passage shock.
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