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ABSTRACT

Multiple high-fidelity time-accurate computational fluid dy-
namics simulations were performed to investigate the effects
of upstream stator loading and rotor shock strength on vortex
shedding characteristics in a single stage transonic compressor.
Three loadings on the upstream stator row of decreased, nom-
inal, and increased were studied. The time-accurate URANS
code TURBO was used to generate periodic, quarter annulus
simulations of the Blade Row Interaction compressor rig. It
was observed that vortex shedding was synchronized to the pass-
ing of a rotor bow shock. Results show that vortex size and
strength increase with stator loading. “Normal” and “large”
shock-induced vortices formed on the stator trailing edge imme-
diately after the shock passing, but the “large” vortices were
strengthened at the trailing edge due to a low velocity region at
the suction surface. This low velocity region was generated up-
stream on the suction surface from a shock-induced thickening
of the boundary layer or separation bubble. The circulation of
the “large” vortices was greater than the “normal” vortices by
a factor of 1.7, 1.9 and 2.1 for decreased, nominal and increased
deswirler loadings. At decreased loading only 24% of the mea-
sured vortices were considered “large” while at nominal load-
ing 58% were “large”. An understanding of the unsteady inter-
actions associated with blade loading and rotor shock strength
in transonic stages will help compressor designers account for
unsteady flow physics at design and off-design operating condi-
tions.

NOMENCLATURE
AFRL Air Force Research Laboratory
SMI Stage Matching Investigation
BRI Blade Row Interaction
WG Wake Generator
IGV Inlet Guide Vane
TE Trailing Edge
PIV Particle Image Velocimetry
NL Nominal Loading
DL Decreased Loading
IL Increased Loading
Cp Pressure Coefficient, Cp = P−P1

P01−P1
ωr Radial Vorticity
Γ Circulation
U Axial Velocity
V Tangential Velocity

INTRODUCTION
High speed, high performance turbomachines typically are

designed with highly loaded blade rows with decreased axial
spacing, thereby exhibiting significant unsteady losses between
blade rows not observed in low-speed turbomachines. These
blade-row interactions, such as the interaction of a shock with
a blade surface or a blade wake, are a significant source of un-
steadiness in high-speed turbomachines. Most contemporary
compressor design tools do not directly account for these signif-
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icant unsteady effects. A better understanding of such phenom-
ena is needed to identify the impact of unsteady aerodynamics on
compressor performance, to develop and validate tools for mea-
suring and modeling unsteady flows and to develop design tools
that more accurately account for unsteady aerodynamics.

Three dimensional experiments and computational simu-
lations are necessary to accurately predict compressor perfor-
mance, especially in the transonic regime where the rotor lead-
ing edge shock accounts for the majority of the pressure rise and
loss. Adamczyk [1] described the need for experimental and nu-
merical work which focused on unsteady fluid mechanics and the
impact on axial turbomachinery performance. Experimental re-
sults increase understanding of these unsteady flows and can also
be used to verify results obtained from design tools. Adamczyk
described a need for multi-stage design tools that do not rely on
empirical formulations or data as inputs. He showed that in order
to develop design tools that account for unsteady characteristics,
a more complete understanding of unsteady flows that are clas-
sified as nondeterministic but are not turbulent in nature must be
obtained. An example of these unsteady flow characteristics is
the shedding of vortices from a blade’s trailing edge.

Vortex shedding in turbomachines has been the focus of re-
search for some time. Hathaway et al. [2] observed vortex shed-
ding in fan rotors, which were shown to lead to spanwise redis-
tribution of entropy by Kotidis and Epstein [3]. It has also been
observed that the stretching of vortices leads to flow instabilities
which resulted in rapid mixing [4]. These unsteady non-turbulent
flows appear to lead to the mixing of shear layers and therefore
generate loss which reduces pressure rise and efficiency.

The impact of such mixing processes on aerodynamic per-
formance of multistage axial flow turbomachines was initially
accomplished using low-speed compressor experiments. For
subsonic compressor stages higher efficiency and pressure rise
were observed with decreased axial spacing. This trend is not
observed in transonic rotors due to important blade row interac-
tions present in high speed rotors. In subsonic compressors, wake
recovery [1, 5–9] has been shown to be the mechanism responsi-
ble for increased efficiency at reduced rotor-stator axial spacing.
Though wake recovery could theoretically reduce wake mixing
loss for transonic compressor stages, there are additional inter-
actions that occur between blade rows, such as wake-shock and
shock-vortex interactions. It is because of such transonic un-
steady interactions that as axial spacing is reduced other major
sources of loss are incurred. These unforeseen and unquantified
blade row interactions result in performance much lower than
design expectations for some transonic compressors. An under-
standing of these high speed blade row interactions will help de-
signers more accurately predict true compressor performance in
the transonic regime.

Prior experimental and computational transonic blade row
interaction research has discovered how the interaction of a ro-
tor bow shock with an upstream stator trailing edge generates

additional loss. It was found that decreased axial spacing gener-
ated loss-producing blade row interactions not seen in low-speed
compressors. Rig tests [6, 10, 11] have shown that when stator-
rotor axial spacing was reduced the pressure ratio, mass flow
rate, and efficiency all decreased. Analysis [12–14] showed that
shed vortices increase in size and strength with rotor bow shock
strength, leading to more incurred loss with decreased axial gap.
The formation of the vortex was found to correlate with the rotor
bow shock passing. Vortices were shed from the trailing edge
of the upstream stator in response to the unsteady, discontinuous
pressure field generated by the downstream rotor bow shock.

In transonic compressors Ottavy et al. [15] performed mea-
surements and analysis on the interaction between the rotor bow
shock and the wake shed from an Inlet Guide Vane (IGV). The
experiment used laser two-focus anemometer measurements be-
tween an IGV and transonic rotor. The results showed that the
shock wave had a large effect on the wake. Upstream of the
shock wave the wake depth was reduced and the wake was over-
turned as a result of an expansion zone in the flow due to the
curvature of the rotor blade suction surface. Downstream of the
shock wave the wake-deficit increased and the wake was under-
turned.

Sanders and Fleeter [16], performed PIV measurements on
the wake shed from an IGV in a transonic compressor. Their re-
sults demonstrated oblique shock effects in the upstream blade
row, shedding and boundary layer separation, and the unsteadi-
ness in the upstream blade row was driven by the downstream ro-
tor. The Blade Row Interaction (BRI) rig simulated an embedded
transonic fan stage that produced a wake through diffusion (vis-
cous effects) with realistic geometry. The BRI rig was designed
to not only vary the stator-to-rotor axial spacing but the stator
loading as well. Both experimental and computational methods
were used to analyze the BRI rig.

Reynolds [17] sought to determine the effects of upstream
stator loading and rotor bow shock strength on the strength and
size of shed vortices through experimental PIV work. It was ob-
served that vortex shedding was synchronized to the passing of
the rotor bow shock, with two strong vortices shed due to the
passing shock, followed by a smaller shed vortex due to natu-
ral shedding effects. The data showed that the circulation of a
vortex increased by 19% from far to mid, and 23% from mid to
close spacing due to the increased strength of the rotor bow shock
impacting the stator trailing edge. Reduction in upstream stator
loading caused a decrease in shed vortex circulation for the same
stator/rotor axial spacing by 20 to 25%.

Motivation
This paper continues to investigate the effect of stator load-

ing on shed vortices in greater detail. The PIV measurements
cited in [17] did not capture the stator suction surface flow field.
Understanding the challenges and consequences of stator load-
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ing variations, thick boundary layers, or possible separation on
the suction surface has not previously been investigated and will
be shown to be of great importance. This research illustrates
for the first time what happens to the size and strength of shed
vortices in highly loaded blade rows and at off-design operating
conditions due to varying stator incidence. High-fidelity, time-
accurate CFD simulations at three different stator loadings allow
a more thorough analysis of the cause as well as the effect of sta-
tor loading on vortex shedding initiated by the interaction of the
rotor bow shock with the stator trailing edge.

Not only do blade row interactions generate loss between
a stator and transonic rotor, the size, strength, and trajectory
of shed vortices through the rotor passage has been shown by
List [18–20] and Nolan [21] to affect rotor pressure ratio and ef-
ficiency. Whether the mean vortex path convects near the blade
surface or through the center of the rotor blade passage is impor-
tant.

An understanding of the unsteady phenomena associated
with blade loading and axial spacing in turbomachinery will help
compressor designers account for unsteady flow physics at de-
sign and at a range of operating conditions. Different stator load-
ings model off-design operating conditions for the stator row.
Performance of high-speed, highly loaded turbomachines is very
sensitive to operating conditions and off-design performance is
very difficult to model and predict.

BLADE-ROW INTERACTION RIG
The Blade Row Interaction (BRI) rig, shown in Fig. 1 was

a variation of the AFRL SMI rig [10, 11, 13]. The BRI rig
used much of the same hardware with the main difference be-
ing the replacement of the blunt, uncambered wake generator of
the SMI rig with two upstream stator rows, called the swirler
and deswirler. The rotors used in the SMI and BRI rigs were
designed for axial inlet flow and, thus, required a swirler and
deswirler to maintain axial inlet flow to the rotor. These rows
generated a wake by viscous diffusion and the deswirler had a
realistic stator trailing edge geometry. As the axial inlet flow
passed through the swirler row, a tangential velocity (30 degrees
of turning) was introduced to the flow. The stator was highly
loaded with a design diffusion factor of 0.45. The design intent
was to move the loading as far forward as possible without lead-
ing edge separation. Stator loading was changed by adjusting
the stagger angle of the swirler which changed the incidence to
the deswirler and consequently the suction side boundary layer
thickness. Additionally, the swirler row could be clocked rela-
tive to the deswirler to control the pitchwise position of the wake
from the first blade row and to optimize the total pressure loss at
the entrance of the rotor. A stator row downstream of the rotor
was also present. The rig was designed to permit the stator-to-
rotor axial spacing to be set to three values–“close,” “mid,” and
“far”–as shown in Fig. 1. The average non-dimensional distances

Figure 1. BLADE-ROW INTERACTION (BRI) RIG CROSS SECTION IN
ITS GENERAL CONFIGURATION.

Table 1. BRI AERODYNAMIC DESIGN PARAMETERS

Parameter Deswirler Rotor Stator

Number of airfoils 32 28 49

Average aspect ratio 1.24 0.916 0.824

Flow/annulus area ((kg/s)/m2) — 196.30 —

Corrected tip speed (m/s) — 414.53 —

MRel LE hub 0.750 1.100 0.830

MRel LE tip 0.720 1.389 0.700

Max D Factor 0.45 0.545 0.506

LE tip diameter (m) 0.4825 0.4825 0.4825

between the deswirler trailing edge and the rotor leading edge at
the casing are given in terms of the axial distance divided by the
mean chord of the deswirler: close spacing 0.23, mid spacing
0.48 and far spacing 1.0.

The design parameters of the BRI rig stage are summarized
in Tab. 1. The deswirler chord length and Reynolds number at
midspan are 0.04852 m and 5.3× 105 respectively. It should be
noted that the rotor and stator in the BRI rig are different from
those used in the SMI rig. Thus, direct performance comparisons
between the SMI and BRI rigs should be done with caution. The
SMI simulated an embedded transonic core stage, while the BRI
rig simulates an embedded fan stage. The major differences be-
tween the fan and core stages are fewer rotor blades (28 in the
fan versus 33 in the core) and higher tip speed (414.53 m/s in the
fan versus 341.37 m/s in the core), resulting in the tip relative
Mach number being increased (1.389 versus 1.191) and the hub
relative Mach number being transonic (1.100 versus 0.963).
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Figure 2. GRID SHOWING TWO BLADE PASSAGES OF EACH ROW
AT MIDSPAN (EVERY 6th NODE SHOWN).

NUMERICAL APPROACH
The parallel flow solver TURBO [22] was used to solve

the unsteady Reynolds-Averaged Navier-Stokes equations using
the NASA/CMOTT k-ε turbulence model [23] specifically devel-
oped for turbomachinery flows. The solution algorithm is an iter-
ative, implicit, time-accurate scheme with a modified high order,
upwind Roe-scheme spatial discretization. Two layers of subiter-
ations are employed in the code, with the outer layer consisting of
a Newton scheme, and the innner layer consisting of symmetric
Gauss-Seidel iterations. For this research, periodic quarter annu-
lus simulations were performed to adequately resolve stator-rotor
blade row interactions. It should be noted that the fourth blade
row, the downstream stator, is not modeled in this simulation,
as its inclusion would have resulted in extremely expensive full-
annulus simulations rather than quarter annulus periodic simula-
tions.

The TURBO code has been validated on numerous unsteady
applications ranging from multistage compressors [24], stall in-
ception [25, 26], distortion transfer [27, 28], blade-row interac-
tions [13, 20, 29], and turbine aerodynamics [30, 31].

Grid Generation
The Turbomachinery Gridding System [32] (TGS) was used

for meshing the computational domain. TGS creates block hex-
ahedral H-meshes, with elliptical smoothing at the leading and
trailing edges to reduce the effects of the high aspect ratio cells at
the blade inlet and exit planes. Grid density increases with each
downstream blade row in order to capture unsteady flow features
as they propagate downstream. Special consideration was given
to the region between the deswirler trailing edge and rotor lead-
ing edge in order to adequately resolve rotor bow shocks, shed
vortices, and the unsteady interactions of the deswirler and rotor.
A sample of the grid showing two blade passages of each blade
row for nominal loading at midspan is shown in Fig. 2.

The spatial and temporal resolutions for the simulations
match those of List [19], who performed a grid and time step

Table 2. NODE COUNTS FOR EACH BLADE PASSAGE IN THE CUR-
RENT NUMERICAL SIMULATIONS.

Axial Radial Pitch Passage Row

8× Swirler 293 101 151 4.5 mil 36 mil

8× Dewirler 361 101 201 7.3 mil 58.4 mil

7× Rotor 391 101 226 8.9 mil 62.3 mil

TOTAL 153 mil

independence study previously. The final node counts are given
in Tab. 2 for each blade row. In order to adequately resolve flow
features, the node counts match or exceed the recommendations
of van de Wall [33]. According to van de Wall, temporal resolu-
tion is also important in order to properly resolve vortex forma-
tion and propagation through the rotor passage. List [19] found
that 320 time steps per blade passing provided a reasonable trade-
off between resources and accuracy, and was sufficient to resolve
flow features with these grids.

Numerical Simulations
The computational domain models the first three rows of the

BRI test rig as a quarter annulus. Periodic grids with 8 swirler
passages, 8 deswirler passages, and 7 rotor passages were gen-
erated in order to produce the high fidelity time-accurate simula-
tions. Over 150 million nodes were gridded in each simulation,
resulting in hundreds of thousands of CPU hours running in par-
allel on 500-1000 processors.

The blade loading on the deswirler was changed by vary-
ing the stagger angle on the swirler row. Changing the swirler
stagger angle changes the incidence on the deswirler, and the re-
sultant loading on the deswirler stator. The highest experimental
efficiency was measured at mid spacing at -3.0◦ stagger. Simula-
tions were performed at mid spacing with three stagger angles of
-3.0◦, 0.0◦, and +1.5◦, hereafter referred to as decreased, nomi-
nal, and increased loading respectively. These three stagger an-
gles were chosen because they match experimental PIV data [17]
and give insight into the effects of increasing stator loading on
transonic blade row interactions.

Boundary conditions are consistent with those found in
List [19]. The inlet boundary condition was an isentropic inlet
condition with the same temperature, pressure, and velocity pro-
files measured at the inlet of the experimental BRI rig, with an in-
let turbulence intensity of 2%. A no-slip condition was imposed
at the hub, case, and on each blade surface. The tip clearance
gap on the rotor was modeled with 8 cells, allowing for adequate
resolution of tip flows as suggested by Van Zante [34]. A hub
clearance of 4 cells and a tip clearance of 8 cells was used for
the swirler gaps, with the swirler button attachment location ac-
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counted for (see Ref. [19]). A sliding interface was imposed at
the interface between the deswirler and rotor.

An exit mass flow rate corresponding to peak experimental
efficiency for each configuration of the BRI rig was imposed at
the rotor exit for each simulation, and convergence is determined
by examining the mass flow rates into and out of each blade row.
When the inlet and exit mass flow rates for each blade row con-
verge to the imposed exit mass flow rate, the simulation is con-
sidered to be converged, and time-averaged and time-accurate so-
lutions are generated for post-processing. Convergence was usu-
ally achieved in 12-20 rotor revolutions depending on the sim-
ulation. A low-frequency oscillation (likely caused by the exit
boundary condition reflecting across the computational domain)
in the mass flow rates was present in the simulations, resulting
in a periodic behavior in the mass flow rates. This oscillation
never decayed completely, but both the time-averaged and time-
accurate solutions were generated so as to minimize the effects of
the low-frequency oscillation. The time-averaged solutions were
taken over a half period of the oscillation, which corresponded
to a full rotor revolution. The time-accurate solutions were taken
when the mass flow rates for each blade row were closest to the
target mass flow.

TIME-AVERAGED RESULTS
The time-averaged efficiencies for each simulation were cal-

culated from the domain inlet and exit mass-averaged temper-
atures and pressures. The calculated efficiencies were signifi-
cantly higher than the corresponding experimental efficiencies.
List [19] found the same issue with his simulations, and most of
the error was attributed to the lack of accounting for the losses in-
curred in the downstream stator. Another source of error could be
the lack of the turbulence model to accurately resolve shear flows
in the boundary layers, which is a common difficulty for the k-ε
turbulence model [35]. The calculated efficiencies are given in
Figure 3 with the corresponding experimentally measured effi-
ciencies at peak performance. Though the magnitudes of calcu-
lated efficiency are off by a factor of about 0.95, the same trends
in the experimental efficiency are observed in the current simu-
lations at mid spacing. It is remarkable that these high-fidelity
simulations were able to capture the same experimentally mea-
sured differences in mass flow rate and efficiency between the
three loadings, instilling confidence in the simulations. Both ex-
perimental and computational results show decreased loading to
have the highest efficiency, with nominal loading lower, and in-
creased loading the lowest. It should be noted that the simulation
efficiencies in Fig. 3 are scaled by a constant factor of 0.95 in
order to show all data points in the same range.

The time-averaged deswirler pressure distribution at
midspan was calculated for each simulation and is shown in Fig.
4. The pressure surface distribution is similar for all three load-
ings. On the suction surface the nominal (0.0◦) and increased

Figure 3. EXPERIMENTAL AND TIME-AVERAGED EFFICIENCES
FOR CURRENT SIMULATIONS OF MID SPACING AT DL, NL, AND IL
(NOTE: CFD EFFICIENCIES SCALED BY 0.95)

loading (+1.5◦ stagger) profiles are similar. The major differ-
ence between those and decreased loading (-3.0◦ stagger) is the
greater flow deceleration between 10% and 40% chord which
would generate a thicker boundary layer. At decreased loading
the stator is substantially less loaded on the first 20% chord. In-
tegration of Cp over x/Cx yields stator loading values of 0.990,
1.102, and 1.123 for decreased, nominal, and increased loading
respectively. This corresponds to an increase from decreased to
nominal loading by 11.3%, and from nominal to increased load-
ing by 2.1%.

Analysis of instantaneous blade loading for one quarter rotor
revolution showed the greatest loading variation occurred at the
pressure surface of the trailing edge, a consequence of the rotor
bow shock impacting the stator trailing edge.

TIME-ACCURATE RESULTS
Time-accurate data at midspan was generated for one quar-

ter rotor revolution. This allowed for analysis of approximately
50 rotor blade passings for each simulation. As in other ex-
perimental and CFD studies it was observed that vortex shed-
ding was phase-locked with the passing of the rotor bow shock
[10–13, 17, 20]. It was verified that the mechanism responsi-
ble for causing the vortex formation was a change in unsteady
loading on the deswirler caused by the passing rotor bow shock,
showing that vortex generation was phase-locked with the rotor
passing. Each time the rotor bow shock impacted the deswirler
trailing edge a shock-induced vortex formed at the TE and con-
vected downstream.

Examination of the time-accurate data showed large varia-
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Figure 4. TIME-AVERAGED PRESSURE COEFFICIENT ON
DESWIRLER VERSUS CHORD FRACTION AT MIDSPAN.

tions in vortex shedding patterns between the 8 blade passages.
Such variation was not be observed in the PIV analysis [17] since
images were only obtained at one stator trailing edge. In the ex-
perimental PIV analysis of Reynolds [17], a consistent pattern of
shed vortices, with three distinct vortices shed per blade passing
was observed. In the current simulations it was also observed
that a strong vortex was shed due to the passing rotor bow shock.
The variation between blade passages is a consequence of the
unsteady flow field and shock propagation upstream through the
stator passage. This flow non-uniformity will be shown to be a
major contributor to the size and strength of shock-induced vor-
tices.

“Normal” Vortex Formation
Figures 5 and 6 illustrate the formation of typical shock-

induced vortices at decreased and nominal loading respectively.
Velocity contours help to visualize the rotor bow shock as it prop-
agates upstream the deswirler, and radial vorticity contour lines
help to visualize both the boundary layers and the vortex forma-
tion. We define t/T=0 as the time when the rotor bow shock first
interacts with the deswirler TE.

The vortex formation occurs in the following manner as il-
lustrated in Figs. 5 and 6. At t/T=0.125 in Fig. 5 and t/T=0.1875
in Fig. 6 the passing bow shock causes the stator wake to de-
flect slightly in the direction of the rotor rotation (down). The
pressure side boundary layer contains a very strong negative vor-
ticity component, as the steepest velocity gradients are encoun-
tered there. The fluid from the pressure side boundary layer flows

Figure 5. AXIAL VELOCITY CONTOURS WITH RADIAL VORTICITY
LINES SHOWING “NORMAL” VORTEX FORMATION ON DESWIRLER
TE AT MIDSPAN AT DECREASED LOADING.

downstream, forming a small bubble of strong negative vorticity
on the stator trailing edge. The bubble grows in pitch and axial
extent until the suction side fluid finally pinches off the vortex,
and causes it to roll-off the trailing edge and propagate down-
stream, as shown at t/T=0.25 in Fig. 5 and at t/T=0.3125 in Fig. 6.
At t/T=0.6875 in Fig. 5 and at t/T=0.625 in Fig. 6 the vortex is
well-defined near 20% deswirler chord downstream, where vor-
tices were compared for all three loadings.

These vortices will hereafter be referred to as the “normal”
vortices. Figure 5 shows a sequence of images illustrating the
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Figure 6. AXIAL VELOCITY CONTOURS WITH RADIAL VORTICITY
LINES SHOWING “NORMAL” VORTEX FORMATION ON DESWIRLER
TE AT MIDSPAN AT NOMINAL LOADING.

typical formation of a “normal” vortex on the deswirler trailing
edge at midspan at decreased loading, and Fig. 6 shows the same
for nominal loading. Results from increased loading are similar
to nominal loading, and are not shown here. Both image se-
quences show a comparatively thin SS boundary layer thickness,
which was typical for “normal” vortex formation. This allows
the higher momentum freestream fluid to help push the shock-
induced vortex off the TE before it grows too large, as shown
by the small pitchwise extent of the low velocity region at the
deswirler TE at t/T=0.25 in Fig. 5 and t/T=0.3125 in Fig. 6.

Vorticity contours were also analyzed for the same sequence
of images to help interpret the results shown in Figs. 5 and 6 but
are not included here for brevity.

“Large” Vortex Formation
The wake velocity defect on the SS and downstream of

TE was observed to have a significant impact on shed vortex
strength. Figures 7 and 8 show a different mode of vortex for-
mation for decreased and nominal loading respectively. Here, as
the vortices began to form, they were sometimes strengthened by
a severe velocity defect in the near-wake region that originated
from the SS boundary layer. This is evident from the low veloc-
ity region at the SS TE at t/T=0.1875 and 0.3125 in Fig. 7 and
at t/T=0.1875 and 0.4375 in Fig. 8. When vortices were seen to
form in these regions of severe velocity defect at the TE, the mea-
sured strength was significantly higher than that of the “normal”
vortices. These vortices will hereafter be referred to as “large”
vortices. Figures 7 and 8 show “large” vortices forming on
the deswirler TE for decreased and nominal loading respectively.
Qualitative differences were not observed between increased and
nominal loading, so increased loading is not shown here.

The source or cause of this severe velocity defect region is
a periodic thickening of the boundary layer or separation bub-
ble that forms near 40% chord of the stator/deswirler. This phe-
nomena was observed during borescope PIV measurements of
the BRI rig [36] which were able to capture both suction and
pressure surfaces of the deswirler trailing edge. These numerical
simulations [37] as well as those of List [20] have shown such
periodic behavior. This occurs when the suction surface bound-
ary layer thickens and sometimes separates when the rotor bow
shock propagates upstream. Additional evidence of similar be-
havior was reported by Sanders and Fleeter [16].

It should be noted that Figs. 5 and 7 contrast the forma-
tion of “normal” and “large” vortices at decreased loading while
Figs. 6 and 8 contrast “normal” and “large” vortices at nominal
loading. The area of low velocity region at the SS and down-
stream of the TE is much larger and more severe in Figs. 7 and
8, which causes stronger vortices to be shed from the deswirler
pressure side. This low velocity region has a large pitchwise ex-
tent, as shown in Figs. 7 and 8 at t/T=0.4375, and the low ve-
locity fluid in the SS TE region does not push the vortex down-
stream quickly, but rather allows the vortex formation to take
place over a longer time interval (as noted by the nondimen-
sional time stamp in each image). “Normal” vortices were near
20% chord downstream at t/T=0.6875 and t/T=0.625 in Figs. 5
and 6 respectively, while “large” vortices were not located near
20% chord until the next rotor bow shock was close to interact-
ing with the deswirler TE at t/T=0.9375 in Figs. 7 and 8. This
allowed more pressure side boundary layer fluid to be ingested
into the “large” vortices before roll-off. This causes these vor-
tices to be significantly larger and stronger than the “normal”
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Figure 7. AXIAL VELOCITY CONTOURS WITH RADIAL VORTICITY
LINES SHOWING “LARGE” VORTEX FORMATION ON DESWIRLER TE
AT MIDSPAN AT DECREASED LOADING.

vortices which form without the same severe velocity defect.

Circulation
The circulation of each vortex was computed at 20% down-

stream chord from the line integral of velocity, as shown in
Eqtn. 1, for each well-formed vortex observed in the unsteady
data in order to quantitatively compare vortices. Vortices were
seldom circular, so a non-circular integration path was used at
a zero-vorticity contour [17, 38]. The average circulation values

Figure 8. AXIAL VELOCITY CONTOURS WITH RADIAL VORTICITY
LINES SHOWING “LARGE” VORTEX FORMATION ON DESWIRLER TE
AT MIDSPAN AT NOMINAL LOADING.

for both “normal” and “large” vortices are given in Tab. 3, and
are also plotted in Fig. 9.

Γ =
ZZ

ω ·n dA =
I

u ·dl =
I

Udx+V dy (1)

The average strength of the “normal” shock-induced vortices
is nearly constant for all three blade loadings. This suggests that
the strength of the “normal” vortices is unaffected by changes in
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Table 3. AVERAGE VORTEX STRENGTH FOR SHOCK-INDUCED
VORTICES AT MIDSPAN NEAR 20% CHORD DOWNSTREAM.

Loading “normal” “large”

Decreased 0.990 0.437 0.726

Nominal 1.102 0.448 0.866

Increased 1.125 0.432 0.903

stator loading. The “large” vortices are also triggered by the in-
teraction of the shock with the deswirler TE, but are influenced
by stator loading effects. Specifically the thickening of the suc-
tion surface boundary layer or formation of a separation bubble.
As was shown by Reynolds et al. [17], the current results show
that vortex strength increases with increased blade loading. In the
current simulations it is shown that the increase in “large” vortex
strength increases linearly with blade loading, as shown in Fig. 9.
As blade loading increased from decreased to nominal loading,
an increase of 11%, the measured circulation of “large” vortices
increased by 19%. As blade loading increased from nominal to
increased loading, an increase of 2%, “large” vortex strength in-
creased by 4%.

The increase in circulation from “normal” to “large” vortices
for a given loading also increased with blade loading. Circula-
tion increased from “normal” to “large” vortices by a factor of
1.7 for decreased loading, 1.9 for nominal loading, and 2.1 for
increased loading. This implies that there is more variation in
vortex strength as loading increases. At decreased loading the
vortices were mostly “normal” with the occasional “large” vor-
tex. 24% of the vortices measured at decreased loading were
considered “large”. At nominal and increased loading there were
more “large” vortices than “normal” vortices. At nominal load-
ing the number of “large” vortices increased to 58% of the mea-
sured vortices, and at increased loading 54% of the measured
vortices were considered “large”. As the deswirler loading in-
creases the interaction of the rotor bow shock contributes to the
unsteady suction surface boundary layer separation, and causes
it to occur more frequently, which results in a greater frequency
of “large” vortices.

DISCUSSION OF RESULTS
A thick boundary layer or separation bubble on the suction

surface of a stator has been shown to increase the size and cir-
culation of shock-induced vortices formed on the trailing edge
of the stator. A stator with higher loading can shed stronger and
larger vortices than a stator with lower loading.

Vortex strength can be related to entropy generation through
Crocco’s Theorem: stronger vortices contain stronger velocity

Figure 9. MEASURED VORTEX CIRCULATION FOR “NORMAL” AND
“LARGE” SHOCK-INDUCED VORTICES AT ALL THREE LOADINGS.
SEE TAB. 3.

gradients, which generate more entropy as they dissipate, result-
ing in more loss. This helps explain the experimentally observed
decrease in stage performance at increased loading for a given
stator-rotor axial spacing.

This vortex circulation increase can result in increased loss
downstream as well. Though the interaction of these stator-shed
shock-induced vortices with the rotor bow shock, or their prop-
agation through the rotor passage is not investigated in this re-
search, it is hypothesized that stronger vortices cause further
loss downstream. Nolan [21] showed that the upstream stator-
shed vortices influence the stagnation pressure distribution that
encases the rotor. This affects the loss generation in the rotor
boundary layer.

The magnitude of the pitchwise vortex radius has a direct
effect on blockage and losses. A larger vortex will cause stream-
lines to deviate away from axial to go around the vortex, and this
process generates additional loss. For highly loaded, high Mach
number turbomachines blockage affects the radial distribution of
flow, flow swallowing capability of the stage, and flow angles en-
tering and exiting a blade row [39]. In order to improve designs
and accurately predict the design and off-design performance of
highly loaded, transonic fans and compressors these parameters
must be correctly modeled.

CONCLUSIONS
Periodic quarter annulus high-fidelity time-accurate simula-

tions of a single stage transonic compressor were performed on
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the BRI rig at mid spacing for decreased, nominal, and increased
stator loadings. The simulations have identified the effect load-
ing can have on shock-induced vortex formation as well as what
causes the effect. It was found that as the rotor bow shock in-
teracted with the deswirler trailing edge a shock-induced vortex
was shed. Two types of shock-induced vortex formation were
observed, and the vortex circulation was calculated for both “nor-
mal” and “large” vortices. “Normal” vortices were the result of
the deswirler geometry, and “large” vortices were due to blade
loading effects, though both were triggered by the interaction of
the rotor bow shock with the deswirler trailing edge.

“Normal” and “large” vortices formed on the deswirler trail-
ing edge immediately after the shock passing, but the “large” vor-
tices were strengthened at the trailing edge due to a low velocity
region at the suction surface. This low velocity region was gener-
ated upstream on the suction surface from a shock-induced thick-
ening of the boundary layer or separation bubble. As the shock
propagates upstream and reflects through the deswirler passage
it causes flow non-uniformities on the blade that can cause suc-
tion surface boundary layer separation. When this low velocity
region propagates downstream to the trailing edge, it allows vor-
tex formation to take place over a longer time, resulting in more
pressure side, negative vorticity fluid to be ingested in the vor-
tex before roll-off. This effect is amplified at increased loading,
which causes “large” vortex strength to increase with blade load-
ing. The circulation of the “large” vortex increased 19% when
the blade loading increased 11%. The circulation of the “large”
vortices was greater than the “normal” vortices by a factor of 1.7,
1.9 and 2.1 at decreased, nominal and increased loadings respec-
tively.

The frequency of “large” vortices increased with blade load-
ing. At decreased loading 24% of measured shock-induced vor-
tices were considered “large”. At nominal loading the number
increased to 58% of the measured vortices. The interaction of
the bow shock with the deswirler trailing edge and consequent
reflection and propagation of the shock up the deswirler passage
coupled with an increase in stator loading caused the suction sur-
face boundary layer to separate more frequently. This unsteady
separation bubble grows and collapses intermittently near mid
chord, and as it propagates downstream it affects the vortex shed-
ding characteristics of the stator.

This research has identified and explained how stator load-
ing can have a significant impact on the design and off-design
performance of highly loaded, high-speed fans and compressors.
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