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A new view of internal blade loading match is employed in this paper to reveal the essential relationship
between sweep and complicated flow phenomenon in compressors. A forward swept rotor named as SF
and an aft swept rotor named as SA, are designed originating from NASA Rotor 37. The numerical results
indicate the isentropic efficiency and total pressure ratio of the new rotor with forward sweep are a little
larger than rotor Baseline at peak efficiency point, and its stall margin has an over 10% increase as well.
By contrast, the opposite change appears in the aft swept rotor SA. In addition, the choking massflow
of swept rotors changes clearly as a result of the spatial change of aerodynamic throat and the forward
sweep produces a larger throat area and choking massflow. A noted phenomenon is shown that both
forward and aft sweep benefit a certain range of blade span for flow characteristic improvement, and the
sweep also affects the inflow condition, 3-D shock structure and internal loading distributions of swept
rotors. Both the new radial equilibrium in flowfield and transportation of low-energy fluids in boundary
layer induced by sweep appear conductive to reduce shock wave and flow blockage in tip region of
forward swept rotor SF. Meanwhile, the strength of leakage flow is also suppressed in the forward swept
rotor SF because of the decreased blade loading near leading edge in tip region. In fact, all the change in
swept rotors tends to be a new characteristic match of blade airfoil at different span, and the re-matching
of flow characteristic for blade airfoil determines the stable operation range and the overall performance
of swept rotors at design point directly.
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1. Introduction ation range of compressors [6,7]. The studies on lean/sweep were
carried out in subsonic compressor originally, and then extended
to transonic and supersonic compressors [8,9]. Fortunately, it has
been proven to be an effective method to improve the overall
performance of highly loaded compressors [10]. Beatty [11] and
Goldwin [12] first began to analyze the effect of aft sweep on
the characteristics of compressor rotors and cascades. During the
same period, Smith and Yeh [13] provided intuitive and system-
atical definition of leaned and swept blade, which is beneficial to
use lean/sweep into optimal design of compressor. The aft sweep
was preferred to reduce strong shock wave and noise in earlier
study of compressors. In the mid of 1970s, researchers in NASA de-
signed and tested a fan with highly aft swept leading edge, which
is named as QF-12 [14]. Although the overall performance of aft
swept fan was lower than the design goal, the operation noise of
blade reduced obviously. During the period of 1966 to 1968, engi-
neers in GE Company [15] tried to design swept rotors for the fan
stages of engine TF39, and simple linear sweep was applied into
optimal design.

In order to make use of the merit of sweep in shock control

Increasing stage pressure ratio of compressor is one of the
key methods to improve thrust-weight ratio of advanced aero-
engine. Nevertheless, the overall performances of highly loaded
compressors seem to be constrained by deteriorated stall margin
and off-design characteristics when stage loading increases [1]. As
is known, complicated flow phenomenon exists in high loading
transonic compressor, and has much closer relationship with flow
unsteadiness, such as the interactions among leakage vortex, pas-
sage shock and boundary layer [2-4]. As a result, the flow in high
loading compressors is sensitive to geometry of blade airfoil at
different span, and larger challenges have emerged inevitably for
blade optimal design [5]. In light of successful application of back-
swept aircraft wing technique, researchers found that it's wise to
introduce lean\sweep into design to control endwall separation,
reduce losses of shock and secondary flow, and improve the oper-
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for compressors, a new program was carried out in Wright labo-
ratory of US during 1980s, and an aft swept transonic rotor was
designed to test and analyze the effect of sweep on efficiency of
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Nomenclature

Abbreviation

PS Pressure surface

SS Suction surface

LE Leading edge

TE Trailing edge

Symbols

G MasSflOW. ...oeee e e kg/s
P Density

o Solidity

r TAIUS .« ottt e m
Wi Inlet flow velocity in rotating frame of reference

w2 Outlet flow velocity in rotating frame of reference

Co Tangential component of velocity into blade row

Ca Axial component of absolute velocity............. m/s

A Cross-sectional area...........coovvvvennevnnennnnn. m?

Am TRIOAt AT ... .v e m?
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May, Relative Mach number

May, Relative Mach number at throat

Py Relative total pressure at throat

T} Relative total temperature at throat

qg(Ma)  Flux function

P StatiC PreSSUIe. ..ttt tie et iieieeeaanas Pa

T Static temMpPerature. .. ......uveeuneernneennnneennnnns K

Po,in Inlet absolute total pressure ..............c.eveeun.. Pa

To.in Inlet absolute total temperature ..................... K
[k 2 &

K Constant, ﬁ(m)kfl

G Corrected massflow, GT‘/TIT‘”

rotor. Hah and Wennerstrom [6] analyzed the internal flow of aft
swept rotor in detail, and found that the shape of shock front near
suction surface of swept rotor tends to be aft sweep as well. Be-
sides that, a strong radial transport of low-energy fluids exists in
boundary layer near suction side of aft swept rotor. Hah and Put-
erbaugh [16] found the overall performance of transonic rotor can
be affected by aerodynamic sweep via two ways. The first is the
change of distance between leading edge and passage shock in tip
region of swept rotor, and the second is the radial transportation
and accumulation of low-energy fluids in boundary layer near suc-
tion side, which is closely related to the flow blockage in tip region
of rotor. Bergner and Kablitz [17] compared the shock structure in
swept rotors, and found that the shock front over mid-span of the
forward swept rotor goes much more downstream in passage, but
the aft tendency of shock front disappears near casing. Shan [18]
revealed the relationship between leading edge curve and shock
front in blade passage, and found that sweep structure of leading
edge affects the shock wave and the aerodynamic parameters be-
hind shock front.

The most impressive merit of aerodynamic sweep is that it ben-
efits the stall margin in high loading compressors. Wadia and Szucs
[19] found that the peak efficiency and stall margin of forward
swept rotor are much better than original unswept rotor, while the
stall margin of aft swept rotor gets worse significantly. Denton and
Xu [20] found that the effects of lean and sweep on pressure ra-
tio and isentropic of rotors are not obvious, but it does have a
significant influence on the characteristic of near stall condition.
They also revealed the shock front always tends to be perpendicu-
lar to the casing, so the forward swept rotor produces a good stall
margin with the passage shock downstream away from the leading
edge. Yamaguchi and Tominaga [21] illustrated that the low-energy
fluids in boundary layer transport from hub to tip in radial direc-
tion driven by both centrifugal stress and radial pressure gradient
in blade, and the losses and stall margin of compressor are deter-
mined by the accumulation of low-energy fluids near suction side.
Ramakrishna and Govardhan [22] showed that the forward sweep
produces large operation range because that it attenuates the accu-
mulation of low-energy fluids in boundary layer significantly and
further reduces flow separation and the number of stall cells in tip
region of blad. Sasaki and Breugelmans [23] revealed as well that
aerodynamic sweep has been conductive to attenuate secondary
flow, reduce the corner separation, and improve the stall margin
of compressors. In addition, many benefits have been present due
to the application of aerodynamic sweep into blade design. Watan-
abe and Zangeneh [24] introduced sweep into inverse design of
compressor blade, and adjusted the span loading distribution si-

multaneously to complement the loading deficiency. Hidetaka [25]
considered the sweep as a key control parameter in multi-objective
optimization for compressor blade, and the results showed the effi-
ciency and stall margin of new rotor have been improved obviously
with no change in blade geometry. Aziz and Owis [26] optimized a
transonic-fan rotor through lean and sweep, together with adjust-
ment of thickness and camber distribution for blade airfoil. The
results indicated the pressure ratio of new blade increases from
1.427 to 1.627 at the design point. Ayhan and Erkan [27] found
that the forward and backward sweep do not significantly affect
the overall performance of the fan at the design flow rate. How-
ever, at low flow rates, the sweep has double influences on the fan
performance respectively. Janos [28] combined the controlled vor-
tex method and forward sweep into optimal design, and found that
both the losses away from the endwalls and effects of wall skin
friction in fan blade have been reduced obviously. The study by
Seyed and Masoud [29] showed as well both the sweep and lean
angle benefit efficiency and sound pressure in an Axial-Flow Fan.
Hah and Shin [30] found the flow in transonic rotor is much more
stable because of composite sweep. Ji and Chen [10] viewed the
sweep as a degree of freedom in design of compressors to reveal
the advantages of sweep. However, Benini and Biollo [31] designed
26 rotors with sweep and lean through and illustrated the charac-
teristics of aft swept rotors seem to be much better than forward
swept rotors, and the finding is reversed to traditional knowledge
of aerodynamic sweep.

In conclusion, the flow phenomenon produced by sweep has
been illustrated in many literatures, and the advantages of aerody-
namic sweep have been widely explored in blade design. However,
as the blade loading increases, the essential relationships between
aerodynamic sweep and complicated flow phenomenon require
thorough understanding to clarify the negative effects and confu-
sion for the use of sweep in turbomachinery. Therefore, the physics
of aerodynamic sweep effects on high loading transonic rotors are
illustrated from a new view of blade loading match in this paper,
and some interesting findings are also present.

2. Design method
2.1. Investigated transonic rotor

The swept rotors studied in this paper are designed originating
from an axial compressor rotor, NASA Rotor 37. Both the geometry
data and experimental data of Rotor 37 were described in NASA
report and AGARD report, and they have been open in public for
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Fig. 1. The relative displacements of the controlled points.

Table 1

Key design parameters of tested Rotor 37.
Massflow at design point (kg/s) 20.19
Total pressure ratio at design point 2.106
Rotational speed (Rpm) 17188.7
Inlet relative Mach number 1.13~1.48
Blade number 36
Radius of blade tip (mm) 252
Aspect ratio 119
Solidity at blade tip 1.29
Tip clearance (mm) 0.356
Hub-tip ratio 0.7

decades [33,34]. The detailed design parameters of Rotor 37 are
summarized in Table 1.

2.2. Design method of swept rotors

The forward swept rotor SF and aft swept rotor SA are designed
by translating the centroids of Rotor 37 forward and backward re-
spectively along local chordwise direction, with the geometry of
blade airfoil unchanged. In order to determine the shape of stack-
ing axis, ten controlled points, which correspond to the centroid of
each blade airfoil, are set in radial direction from 10% to 100% span
of Rotor 37. The new stacking axis generates by adjusting the dis-
placement of controlled points along each chordwise direction. In
consideration of larger losses and complicated flow phenomenon
existing in tip region of rotor, the sweep mainly concentrated on
elements above the 40% span of rotor, with the largest displace-
ment in tip region. Specifically to the forward swept rotor SF, the
60% span section is moved forwards by 3% of its chord, the 80%
section forwards by 7% its chord, and the 100% section forwards by
16% its chord. The stacking axis of aft swept rotor SA generates in
the same way but has opposite translating direction and different
displacement to the rotor SF (2%, 5% and 13% of chord at corre-
sponding span of rotor). After several adjustments of the controlled
points, the optimized stacking lines of swept rotors are established
by jointing together all the controlled points smoothly with B-
spline curves. In fact, the chordwise displacement of each blade
section is obtained by decomposing it into axial and circumferen-
tial components respectively. Fig. 1 shows the two components of
relative displacement at different span of blade, and the geome-
tries of three rotors are illustrated in Fig. 2.

3. Numerical analysis method

3-D steady numerical calculations are performed on rotors em-
ploying the commercial CFD software FINE Turbo by NUMECA In-
ternational. The RANS equations are discretized in space using cell
centered control volume approach and in time using explicit multi-
stage Runge-Kutta scheme. The typical two-equation SST turbulent

Baseline

Fig. 2. Blade geometries.

Inner block

Inlet block

Outlet block

surrounding blade block

Fig. 3. Topological structures of grids.

model is employed in numerical solver and the multi-grid tech-
nique is used to accelerate the convergence of the flow solver to
steady state [32]. The 3-D meshes of rotors are generated using
the AutoGrid5 developed by NUMECA International as well. The
calculation domain is divided into five different blocks with HOH
topological structures to ensure higher gird quality. Three blocks
located in main flow domain are named as inlet block, outlet block
and surrounding blade block respectively. Similarly, the other two
blocks located in clearance domain are named as inner block and
butter-fly block, which is shown in Fig. 3. In order to improve the
reliability of numerical analysis, the gird number of 1,600,000 and
1 x 1078 m of first cell width near solid wall are chosen in mesh
generation to ensure the y* < 1. Total pressure, total temperature
and absolute flow angle are given on the inlet condition. Non-slip,
non-penetration and adiabatic wall boundary condition are given
on blade surface, hub, shroud and other solid wall. Besides that,
the rotational speed of hub wall can be set as the same to rotating
frame, and the shroud wall can be set to be stationary conveniently
for numerical calculation in the solver of FINE Turbo.

In addition, the operation range of rotor in calculation is ob-
tained through adjusting the back pressure of exit. The stalling
point of rotor is taken to be the point at which the calculation
diverges with a certain high back pressure (this is one of the most
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Fig. 5. Spanwise distributions of key parameters at 98% choke flow in Rotor 37.

common ways to predict the stall boundary of compressor in nu-
merical calculation). As the mass flow decreases with increment of
static pressure at exit, the convergence of calculation becomes dif-
ficult which may go through thousands of time steps. The stalling
point obtained in this way is a best guess of when calculation
failure occurs and it’s feasible to view it as an indication of stall
inception.

The comparisons between numerical results and detailed exper-
imental data of Rotor 37 are shown in Fig. 4 and Fig. 5. Both the
total pressure ratio and adiabatic efficiency in numerical method
seem a little lower than the experimental results, but the max-
imum deviation of two methods are no more than 4%, and the
same tendency of characteristic lines is present in Fig. 4. The span-
wise distributions of adiabatic efficiency, total pressure ratio and
total temperature ratio seem to be similar in two methods with a
little larger difference near endwall of blade (viscous effects near
solid wall), which is shown in Fig. 5.

The contours of relative Mach number shown in Fig. 6 indicate
that the detailed flowfields of Rotor 37 has been described in nu-
merical calculation compared with experimental results (including
the shock structure and tip clearance effects). In conclusion, all the
analyses above have well proved that the numerical method used
in this paper has enough accuracy and satisfies the acquirement of
calculation absolutely.

4. Results analysis
4.1. Effects of sweep on overall performance

The predicted overall performances of rotor Baseline, SF and SA
are plotted against normalized massflow in Fig. 7. It shows that

both the total pressure ratio and isentropic efficiency of rotor SF
are larger than rotor Baseline at peak efficiency point, while it

presents an opposite change in rotor SA. More important is that
the stall margin of rotor SF has increased over 10%, while rotor
SA reduces almost 15%, compared with the unswept rotor Base-
line. It indicates the forward sweep behaves better to improve the
stable operation range and overall performance of high loading
compressor, and the aft sweep has much negative effects for ro-
tor. In fact, the stall margin of compressor rotor is determined by
the characteristics of design point and near stall point, so the bet-
ter characteristics of the two points attribute to reasonable match
of each elemental airfoil in blade span necessarily.

In addition, the choking mass flow of rotor SF has increased
over 0.75% than rotor Baseline, but rotor SA reduces over 0.95% at
the same condition. It means the maximum flux capacity of tran-
sonic rotor has changed due to aerodynamic sweep. As known in
equation (1) that the massflow has direct relation to axial velocity-
density when the inlet flow area of rotor is fixed (the same axial
location is chosen as a reference position), so the spanwise distri-
butions of axial velocity-density at the same axial position near
entrance may well reflect the massflow change of three rotors at
choking condition. It can be seen from Fig. 8 the change of ax-
ial velocity-density mainly concentrates on the outer half part of
blade, and the rotor SF has the largest values in that range among
three rotors. On the other hand, the choking massflow of rotor is
determined by the maximum flux capacity of aerodynamic throat,
and the location of throat can be described by the cross-section
with Mach number equals to 1.0. The equation (2) indicates that
the flux capacity of aerodynamic throat is related to the relative
total temperature, relative total pressure and throat area in rotors.
The distribution of relative total temperature is almost the same
for three rotors in Fig. 9, so the relative total pressure and the area
of aerodynamic throat play an important role in the choking mass-
flow of rotors. As shown in Fig. 9, the relative total pressure of
rotor SF is a little larger than rotor Baseline in outer 10% and in-
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ner 20% blade span, but is smaller in the range of 20%~40% span
at choking condition. In comparison, the opposite change appears
near the aerodynamic throat of rotor SA. Nevertheless, the differ-
ences of average relative total pressure at aerodynamic throat tend
to be much less in three rotors.

G=p-C-A
P*

G=K. .
v T
The black lines in Fig. 10 represent the distributions of rela-

tive Mach number with the value of 1.0 at different span of blades,
which indicate the spatial distribution of aerodynamic throat in

(axial intake at entrance)

(1)
(2)

- A - q(Mag,) (at throat section)

three rotors. As known the blade passage tends to be divergent
from the largest thickness point to trailing edge in streamwise
direction, so the more downstream away from leading edge the
aerodynamic throat moves the larger throat area of rotor it means.
The sonic lines in Fig. 10 obviously indicate the largest throat area
exists in blade passage of rotor SF, while the area of aerodynamic
throat is the smallest in rotor SA. Therefore, it's concluded the
change of choking massflow in swept rotors is mainly related to
the area change of aerodynamic throat produced by sweep, and
the forward sweep may increase the throat area obviously, which
is the main reason for the largest choking mass flow of rotor SE.
Fig. 11 shows the spanwise distributions of isentropic efficiency
at peak efficiency point of three rotors. The total to total efficien-
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cies are almost the same below 40% span of three rotors, but large
change appears in outer 50% span. The efficiency of rotor SF is
smaller than rotor Baseline in the region of 10%~40% spans of
blade, but improves obviously over 50% blade span. On the con-
trary, the efficiency of rotor SA near mid-span region is better than
Baseline, but deteriorates in tip region. So it’s noted that the sweep
has different influence on blade airfoil at different span and it ben-
efits a certain span range of rotors, so the overall efficiency of the
swept rotor has not much larger improvement in comparison with
unswept rotor.

4.2. Effects of sweep on flowfields

Fig. 12 shows the contours of relative Mach number at differ-
ent span of blades at peak efficiency point. The stacking lines have
little change below 30% blade span, so the flowfields are nearly
the same in that region of three rotors. However, the intensity and

Throat location

Fig. 10. The location of aerodynamic throat in three rotors at choking condition. (For
interpretation of the colors in this figure, the reader is referred to the web version
of this article.)
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Fig. 11. Spanwise distributions of isentropic efficiency at peak efficiency point.

location of shock in passage are significantly influenced by sweep
effects over 40% span of rotor. A bow shock near leading edge can
be seen at 50% span of three rotors shown in Fig. 12. The passage
shock is much farther away from leading edge in rotor SA, and its
strength is much weaker as well. Therefore, the efficiency of ro-
tor SA near mid-span is a littler larger than the other two rotors
shown in Fig. 11. As the inlet relative Mach number increases, the
strength of passage shock tends to be much larger in tip region of
rotor. At 90% blade span, a much stronger shock forms near the
leading edge of three rotors. More specifically, the passage shock
in tip region of rotor SF weakens obviously due to forward sweep,
and the location of shock is much more downstream than rotor
Baseline. On the contrary, the shock near the leading edge of ro-
tor SA is much stronger than rotor Baseline at 90% blade span. As
a result, the isentropic efficiency of rotor SF is much higher in tip
region due to its weaker shock. As the shock wave is the main way
to increase static pressure in tip region of rotors, so the change of
shock characteristic may inevitably affect the blade loading distri-
bution. In this way, the loading of rotor SF increases at mid-span
but decreases in tip region, which is opposite to the loading change
in rotor SA. So it’s evident from the change of passage shock at dif-
ferent blade span that aerodynamic sweep induces a new spanwise
distribution of blade loading, and affects the shock losses and flow
separation as well. In addition, a larger low-velocity region gener-
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ates in tip gap of rotor SA, and it aggravates the flow blockage in
tip region. By contrast, the low-velocity region is much smaller in
rotor SF, which is better for flow stability in tip region. In fact, the
decrement of shock intensity in tip region of rotor SF not only re-
duces shock losses and flow separation, but also benefits the stable
operation range of compressor in that the weaker passage shock is
more farther away from leading edge of rotor at peak efficiency
point. In this way, the stall margin of rotor SF has improved obvi-
ously.

Fig. 13 illustrates the distribution of static pressure near suction
surface at peak efficiency point. It can be seen the shape of passage
shock near suction surface presents a little backward sweep over
30% span of three rotors, but the trend of aft-sweep in meridional
plane is not as obvious as that in the cascade plane. Besides that,
it'’s also worth noting that the shock front intersects the casing
perpendicularly due to the thickened boundary layer near endwall
in all three rotors (named as endwall effect). Because of the end-
wall effects and the spanwise shape of shock front, the location of
passage shock in tip region of rotor SF moves downstream and is
much closer to the trailing edge, which contributes to a larger stall
margin of forward swept rotor (remarked by red dashed segment),
while the stall margin of rotor SA has been restricted inevitably.

Fig. 14 presents the limited streamlines near suction surface at
peak efficiency point. As the shock front exists in the whole pas-
sage in blade span, the local flow separation induced by shock
emerges near suction surface of three rotors, and the separation
line is consistent with the radial location of shock front. In addi-
tion, Fig. 14 shows all the rotors suffer from another new separa-
tion near trailing edge in tip region because of negative pressure
gradient and sharp change of curvature there. Nevertheless, the

I Baseline | SF | SA

Fig. 14. Limited streamline distribution.

Fig. 15. Three-dimensional structure of shock front at peak efficiency point.

second separation generates near the exit of rotor with almost no
obvious influence on main flow, and goes downstream mixing with
wake near trailing edge. Considering of the locations of passage
shock on both meridional and cascade plane due to aerodynamic
sweep, a spatial three-dimensional shock front can be plotted in
passage, as shown in Fig. 15.
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Fig. 16. Sketches of secondary flow near suction surface of blade (Yamaguchi et al. [21]).
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Fig. 17. Streamwise loading distribution at different span of rotors at peak efficiency point.

The limited streamlines in Fig. 14 indicate as well the grow-
ing trend of low-energy fluid in boundary layer behind passage
shock. Driven by the radial pressure gradient produced by centrifu-
gal force, low-energy fluids in boundary layer transport outward in
radial direction from hub to casing, and then accumulate in tip re-
gion of blade near suction surface, as shown in Fig. 16. Assuming
the loading of rotor at different span remains constant, the leading
edge in tip region of forward swept rotor SF meets with incom-
ing flow first and does work to the fluids. Correspondingly, the
location of high pressure-region near suction surface goes forward
along streamwise in tip region, so a new additional pressure gra-
dient from casing to hub is induced by forward sweep. Because
of the new pressure gradient, the existing radial transportation of
low-energy fluids driven by centrifugal force of rotating blade has
been attenuated in some extent. As a result, the accumulation of
low-energy fluids has decreased in tip region of rotor SF, and its
location is much closer to the trailing edge as well. All the change
of low-energy fluids in tip region of rotor SF is beneficial to sup-
press the flow blockages in tip region. Different from rotor SF, the
accumulation of low-energy fluids increases in tip region of rotor
SA due to the opposite pressure gradient induced by aft sweep and
its location moves upstream obviously, which aggravates the flow
blockage and aerodynamic losses in tip region.

The static pressure distributions near blade surface of three ro-
tors at peak efficiency point are shown in Fig. 17. The loadings
near leading edge of rotor SF have improved at 30% and 50% span
of blade (especially near pressure side) in comparison with rotor
Baseline, while the loadings of rotor SA decrease there. Meanwhile,
a little stronger shock moves upstream at 30% and 50% span of
rotor SF which corresponds to larger abrupt increase of static pres-
sure, so the losses of shock and separation are a little larger than
the other two rotors. However, as the radius of rotor increases
from mid-span to casing, the loading distributions of blade along
streamwise change obviously due to sweep, which mainly concen-
trates on the change of shock wave. The strength and location of
passage shock affect the stall margin of rotor obviously, and larger
distance between shock and leading edge produces wider opera-
tion range of compressors. At 80% and 95% span of blade, the shock
wave tends to be stronger and goes upstream in rotor SA, and the
corresponding blade loading at that span moves forward accord-
ingly. Therefore, all the changes of shock in rotor SA produce larger
shock losses and smaller stall margin. Opposite to rotor SA, the
passage shocks of rotor SF at 80% and 95% span are much further
away from leading edge and its intensity is smaller as well (es-
pecially in tip region), which favors better performance and stall
margin of rotor SE.
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Additionally, an important phenomenon has been predicted in
Fig. 17 that the blade loading near leading edge of rotor SF has
decreased obviously in tip region compared to other two rotors.
It's well known the leakage flow is driven by static pressure dif-
ference between two sides of blade and plays an important role in
tip region of high loading transonic rotor. Therefore, the decreased
loading near leading edge of rotor SF is beneficial to attenuate the
strength of leakage flow and its interaction with passage shock,
and then reduce flow blockage and losses in tip region. Moreover,
the weakened leakage flow does go downstream much closer to
suction side and the intersection point of leakage flow with blade
surface moves downstream as well, which may reduce the negative
effects of leakage vortex on main flow. Fig. 18 shows the trajectory
of leakage flow in tip gap of three rotors. It can be seen that the
intersection point of leakage flow with suction surface has moved
much downstream in rotor SF comparing with the other two ro-
tors. In fact, the more downstream the intersection point moves,
the smaller influence and less losses the leakage flow causes, so
it's one of the main reasons for better flow characteristics in tip
region of rotor SF.

It seems appropriate to conclude that the change of loading dis-
tributions in transonic rotors due to aerodynamic sweep relates
to two aspects: the change of inflow conditions, and the radial
transportation of low-energy fluids in boundary layer. Firstly, aero-
dynamic sweep has changed the driving force of transportation for
low-energy fluids in boundary layer, and affects its accumulation
in passage, which has been well illustrated in Fig. 16. The accu-
mulation produces large aerodynamic losses and flow blockage in
passage, and affects the location and intensity of shock in turn.
Secondly, after utilizing sweep in rotor, the shape of leading edge

Intersection point

Fig. 18. Trajectory of leakage flow originated from leading edge in rotors at peak
efficiency point.
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has changed obviously and a new radial equilibrium reproduces
near entrance of blade, so the inlet flow conditions of swept rotors
change accordingly. Fig. 19 shows the inlet static pressure and rel-
ative Mach number distributions of three rotors at peak efficiency
point, there are larger differences existing over 30% span of blades.
The static pressure of rotor SF is smaller than rotor Baseline in that
region, which is opposite to the distribution in rotor SA. Mean-
while, the spanwise distributions of inlet relative Mach number
also have changed a little in three rotors, but the difference is not
as larger as the change of static pressure. All the changes of inflow
condition contribute to a new flow characteristic of blade airfoil
at different span of rotor, and then determine the overall perfor-
mance of the new swept rotors.

The contours of relative Mach number near stall point in Fig. 20
indicate that, the flowfields in three rotors are similar at this con-
dition. The passage shock has detached upstream away from lead-
ing edge, and becomes stronger to be perpendicular to suction
surface of blade. The separation flow induced by detached shock
strengthens obviously in subsequent passage. In addition, the in-
teractions of leakage flow and passage shock become stronger as
well and large low-velocity region appears in tip region. It's one of
the key inceptions to stall in highly loaded transonic rotors.

Fig. 21 presents the static pressure distributions on suction sur-
face of three rotors near stall point. Similar to the distributions on
cascade plane, the shape of detached shock on meridional surface
of three rotors tends to be much perpendicular to endwall, and the
strength of shock also increases notably. In addition, the trajectory
of leakage flow in tip clearance shown in Fig. 22 indicates that the
intersection point of leakage flow with suction surface seems to
be close to the leading edge in all three rotors, which also repre-
sents a typical characteristic of stall inception in tip region of high
loading compressors.

5. Conclusion

Highly loaded transonic rotors with sweep are designed by
translating the stacking axis of NASA Rotor 37 in chordwise di-
rection, and the swept rotors are studied by numerical simulation
in this paper. The results show both the peak efficiency and total
pressure ratio have increased for forward swept rotor SF in com-
parison with unswept rotor Baseline at peak efficiency point, and
its stall margin has improved over 10% as well. By contrast, the
overall performance of has decreased for aft swept rotor SA. Mean-
while, the choking massflow of swept rotors changes clearly as a
result of the spatial change of aerodynamic throat, and the forward
sweep produces a larger area of aerodynamic throat and choking
mass flow for blade.

The aerodynamic sweep has different influence on different
span of rotor. Therefore, both forward sweep and aft sweep benefit
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Fig. 19. Inlet conditions of three rotors at peak efficiency point.
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Fig. 22. Trajectory of leakage flow originated from leading edge in rotors near stall
point near stall point.

to flow characteristic improvement in a certain span of swept ro-
tors, which affects new radial and streamwise loading distributions
in swept rotors. The additional radial pressure gradient produced
by forward sweep attenuates the accumulation of low-energy flu-
ids, which weakens the passage shock in tip region and pushes
the shock front far away from leading edge of blade. Meanwhile,
the strength of leakage flow is also suppressed because of the
decreased loading near leading edge in tip region of the forward
swept rotor. Therefore, the aerodynamic losses and flow blockage
in tip region has decreased obviously in the forward swept rotor
SF and its stall margin is also improved.

The aerodynamic sweep has changed the inflow conditions and
the characteristic match of each blade airfoil at different span of
rotors. First, because of the new radial equilibrium near leading
edge induced by sweep, the inlet static pressure and relative Mach
number present new distributions in spanwise direction. Second,
as the inlet conditions change in swept rotors, the flow character-
istic of each blade airfoil in span changes accordingly, especially
the 3-D shock structure. Therefore, the characteristic of blade air-
foil at different span present a new radial match for rotor, which
determines the overall performance of the whole swept rotors di-
rectly.
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