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ABSTRACT

The present paper reports a numerical study on the effects of

aerodynamic sweep applied to a low-aspect-ratio, high-through-

flow, state-of-the-art, axial transonic compressor design. Numeri-

cal analyses based on the Reynolds-averaged Navier-Stokes

equations were used to obtain the performance of a conventional

unswept rotor, a forward swept rotor, and an aft-swept rotor, at

both design and off-design operating conditions. The numerical

analyses predicted that the forward-swept rotor has a higher peak

efficiency and a substantially larger stall margin than the baseline

unswept rotor, and that the aft-swept rotor has a similar peak effi-

ciency as the unswept rotor with a significantly smaller stall mar-

gin. The rig test confirmed the numerical assessment of the

effects of aerodynamic sweep on the low-aspect-ratio, high-

through-flow, transonic compressor rotor. Detailed analyses of

the measured and calculated flow fields indicate that two mecha-

nisms are primarily responsible for the differences in aerody-

namic performance among these rotors. The first mechanism is a

change in the radial shape of the passage shock near the casing by

the endwall effect, and the second is the radial migration of low-

momentum fluid to the blade tip region. Aerodynamic sweep can

be used to control the shock structure near the endwall and the

migration of secondary flows and, consequently, flow structures

near the tip area for improved performance.

INTRODUCTION

Advanced designs for fans and compressors in aircraft

engines aim to increase tip speed and blade loading beyond cur-

rent state-of-the-art levels. However, large efficiency reductions

occur in the tip region of transonic rotors when conventional

design methods are extended beyond their originally intended

range of flow conditions. This is due to the complex flow struc-

tures present in the tip region (passage shock, tip-clearance vor-

tex, shock/boundary-layer interaction, shock/tip-clearance-vortex

interaction, etc.).

The concept of swept rotors has been considered as a means

of retaining aerodynamic efficiency at high rotor tip speed for

highly loaded, high-through-flow transonic compressors (Wen-

nerstrom and Puterbaugh [1984]). Although swept wing theory

has been applied extensively for aircraft wing design, very few

successful applications have been reported in compressor design

until very recently. Most earlier studies of aerodynamic sweep for

compressor designs (for example, Beatty, Savage, and Emery

[ 1954], Smith and Yeh [ 1963], Lewis and Hill [1971],  Gostelow

and Smith [1968], Bliss et. al. [1976], Hayden et. al. [1978], etc.)

applied aft-sweep to the blades and showed no convincing

improvements in aerodynamic performance.

In the early 1980s, Prince [1980] observed that shock waves

in low-aspect-ratio, low-hub-to-tip-ratio axial flow compressors

were often quite three-dimensional in shape. It was noticed that

the shock front was quite oblique to the flow in the spanwise

direction even when a shock surface appeared normal to the rela-

tive flow in the cascade plane. Some compressor stages with

oblique shock fronts had better efficiency than expected, and the

pressure rises across the shocks were less than expected from the

shock angles in the cascade plane. This observation led to the

new three-dimensional shock loss model of Wennerstrom and

Puterbaugh [1984]. Transonic compressors with aft-swept rotor

blades were designed and tested in the early 1990s (Newbert,

Hobbs, and Weingold [ 1990] and Rabe, Hoing. and Koff [1991]).
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The early design goal of the swept rotor was to reduce shock

losses with an oblique shock shape in the meridional plane.

Although some aft-swept transonic rotors showed improvements

in efficiency, reduction in stall margin was almost always

observed.

Earlier studies on forward-swept rotors in a low speed com-

pressor showed that the sweep of the rotor can alter radial flow

patterns on the blade suction surface, and that this can, in turn,

improve the rotor performance (Mohammed and Prithviraj

[1977] and Yamaguchi et al. [1991]). The application of forward

sweep to transonic compressors was not seriously considered due

to structural difficulties until G.E. Aircraft Engines and the U.S.

Air Force started a cooperative research program on aerodynamic

sweep applied to a low-aspect-ratio, high-through-flow transonic

fan in 1988. The designs of an unswept rotor (Rotor 4), an aft-

swept rotor (Rotor8), and a forward-swept rotor (Rotor9) were

reported by Wadia, Szucs, and Crall [1997].

During test preparations and the manufacture of new swept

rotors, it was decided to perform pre-test CFD studies of the new

swept rotors (Rotor 8 and Rotor 9) along with Rotor 4. Complete

rotor performance curves were calculated at 100 percent rotor

speed. The CFD solutions predicted that the forward-swept rotor

would have a higher rotor peak efficiency than the baseline

unswept rotor. The numerical analysis also indicated that the for-

ward-swept rotor has roughly a 30 percent larger stall margin

than the unswept rotor. On the other hand, the aft-swept rotor

showed approximately the same peak efficiency as the unswept

rotor. The stall margin of the aft-swept rotor, however, was about

40 percent smaller than the baseline unswept rotor. The predicted

superior performance of the forward-swept rotor was a surprise at

the time and could not be adequately explained with traditional

design tools. The performance of the forward-swept rotor was

further numerically analyzed at partial rotor speeds.

Rotor running geometries at different rotor speeds were cal-

culated with a structural analysis program and used in the numer-

ical analyses. Deflections of rotor geometries at various rotor

running speeds were therefore properly accounted for in the

numerical simulations. All of the numerical solutions were

obtained with a uniform tip clearance of 0.025 inches.

The objective of the present paper is to describe the detailed

flow physics inside three transonic rotors with varying aerody-

namic sweep using the numerical solutions obtained before the

tests and the subsequently-obtained test results. The effects of

aerodynamic sweep on aerodynamic efficiency and operating

margin are discussed in detail in this paper.

ROTOR DESIGN AND TEST SETUP

The design and test results of the baseline unswept Rotor 4

have been reported by Hah and Puterbaugh [1991], Copenhaver,

Hah, and Puterbaugh [1993], and Wadia and Copenhaver [1996].

Rotor 4 has excellent aerodynamic performance and stability.

The key design parameters are given in Table 1. Rotor 4 was used

Table 1: Rotor 4 Key Design Parameters

Parameter

Specific Flow 43.61 lbm/sec-1't

Corrected Tip Speed 1500 ft/sec

Stage Pressure Ratio 1.92

Inlet Corrected Flow 61.81 lb/sec

Measured Stage Efficiency 0.8764

Inlet Radius Ratio 0.312

Tip Diameter 17 in

Number or Blades 20

Mean Aspect Ratio 1.32

Average Solidity 2.3

as the technology standard to be improved upon through aerody-

namic sweep. Figure I shows meridional views of the three

rotors. Rotor 8 was swept aft through a combination of barreling

the chord in the pitch region and leaning the blade tangentially

opposite to the direction of rotation. Rotor 9 was swept forward

using both chord barreling and tangential lean in the direction of

rotation. Detailed descriptions of the design procedures for all of

the rotors are given by Law and Wadia [1993] and by Wadia,

Szucs, and Crall [1997]. The forward- and aft-swept rotors were

Aft—Swe
(Rote

Ramat Kotor
(Rotor 4)

Forward—Swept
(Rotor 9)

Fig, lComparison of rotor geometries.
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designed for the same tip speed, inlet corrected flow, and pressure

ratio requirements as the unswept rotor. Additionally, the two

swept rotors were designed in such a way that performance

changes are a consequence of aerodynamic sweep only. The three

rotors were tested at the Compressor Aerodynamic Research

Laboratory (CARL) at Wright Patterson Air Force Base

(WPAFB) in a single-stage configuration. Figure 2 shows the test

configuration. Details of the set-up, instrumentation, and experi-

mental uncertainties are described by Law and Wadia [1993]. In
addition to flow measurements at the stage inlet and exit, instru-

mentation for total pressure and total temperature at the vane

leading edge were available. Rotor-alone performances were cal-

culated with results from the stator leading edge instrumentation.

Dynamic and steady pressure measurements along the rotor cas-

ing were obtained and compared with results from the numerical
analyses.

It was found that the actual running clearance differed

between rotors during the tests (Rotor 4: 0.025 inches; Rotor 8:

0.03 inches; Rotor 9: 0.022 inches). Each measured aerodynamic

efficiency was therefore corrected for the variation of tip-clear-

ance when compared with the numerical results. The correction

was calculated using experimental data from a similar rotor with

varying clearances (Wadia, Szucs, and Crall [1997]).

Fig. 2 Test configuration.

NUMERICAL PROCEDURE

For the current study, the governing equations are solved

with a pressure-based implicit relaxation method using a fully

conservative control volume approach. A third-order accurate

interpolation scheme is used for the discretization of the convec-

tion terms and central differencing is used for the diffusion terms.

The method is of second-order accuracy with smoothly varying

grids. A standard two-equation turbulence model modified to

include low-Reynolds-number effects near solid walls is applied

for turbulence closure. Flow transition due to free stream turbu-

lence structures can be modeled with the currently-applied turbu-

lence model. Details of the current method, governing equations,

and applications to transonic flows are given by Hah and Wenner-

strom [1991].

The computational grid for Rotor 4 used in this study is

shown in Figure 3. The grid was generated to give high orthogo-

nality near the leading edge and near the blade surfaces where the
most important flow phenomena (passage shock, shock-boundary

layer interaction, etc.) occur. With this grid, spatial periodicity of

grid points is not enforced at the periodic surfaces; instead, peri-

odicity of flow properties is enforced inside the flow solver using
an interpolation function. The grid consists of 51 nodes in the

blade-to-blade direction, 51 nodes in the spanwise direction, and

152 nodes in the streamwise direction. As shown in Figure 3, 7

computational nodes are distributed across the blade tip and 7

nodes are located between the blade tip and the shroud to accu-

rately describe the blade tip geometry. Precise modeling of the

blade tip and clearance is necessary because very small changes

in the tip clearance significantly affect the flow structures. The
grids for Rotors 8 and 9 have the same dimensions and overall

properties as the grid for Rotor 4.

Standard boundary conditions for transonic flow in a com-
pressor are used (Hah and Wennerstrom [1991]). Approximately

two Cray YMP single processor CPU hours are required to obtain

a fully converged solution for a given operating condition.

Fig. 3 Computational grid.

RESULTS AND DISCUSSION

Comparison of Aerodynamic Performance of Swept Rotors

The current numerical investigation is based on the numeri-

cal integration of the Reynolds-averaged Navier-Stokes equa-
tions. When the flow rate is reduced beyond a certain point by

increasing the back pressure, the numerical solution does not
converge to a steady mass flow; instead, the mass flow rate con-
tinues to decrease and the numerical integration eventually fails.

These operating conditions are assumed to be beyond the fan

operating range for the numerical analysis. The operating condi-

tion with the lowest mass flow rate that still yields a stable flow
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2.2

2.1

0

cO

2.0

a 1.9
0
0
m

0-0 Rotor 4 measurement
9--0 Rotor 8 measurement
Lip Rotor 9 measurement
0-0 Rotor 4 calculation
FU Rotor 8 calculation

-A-A Rotor 9 calculation

1.8

field is considered to be the near-stall condition.

The numerically calculated rotor speed lines are compared

with the rig test results in Figures 4 and 5. The pre-test calcula-

tions show very interesting comparisons. As shown in Figures 4

and 5, the forward-swept rotor has a higher pressure rise and a

higher peak efficiency than the well-designed unswept rotor at

the design speed. The forward-swept rotor also has roughly a 30

percent larger stall margin than the unswept rotor. The stall mar-

gin is defined as follows

SM = (
PRS

 x W — 1.0) x 100
l PR WS

where PR and W are the pressure ratio and inlet corrected flow,

respectively, on the same operating line, and PRS and WS are

the pressure ratio and inlet corrected flow at stall. The peak effi-

ciency of the aft-swept rotor is about the same as that of the

unswept rotor at the design speed. However, the stall margin of

the aft-swept rotor is approximately 40 percent less than that of

the unswept rotor. The poor stall margin of the aft-swept rotor is

in agreement with previously-reported characteristics of aft-

swept transonic rotors (Neubert, Hobbs, and Weingold [1990]).

As shown in Figures 4 and 5, the three rotors show quite different

characteristics in their aerodynamic performance. As previously

mentioned, the two swept rotors were designed to investigate the

effects of aerodynamic sweep on performance. The design of the

rotors was done in the early 1980s primarily using traditional

compressor design tools. The three-dimensional viscous CFD

analyses and the experimental results were obtained to verify the

design intentions and to study changes in flow structure due to

sweep.

Because the forward-swept rotor showed significant

improvements in efficiency and stall margin over the unswept

rotor, partial-speed performances were also investigated during

the pre-test study. Rotor deflections at partial speeds were calcu-

lated and the calculated running geometries were used in the

numerical analyses. The forward-swept rotor shows improve-

ments in peak efficiency and stall margin compared to the

unswept rotor at 90 percent rotor speed, similar to observations at

the design rotor speed.

The forward- and aft-swept rotors were subsequently tested

at the Compressor Aerodynamic Research Laboratory at the

Wright-Patterson Air Force Base. The measured rotor perfor-

mances are also shown in Figures 4 and 5, and verify the pre-test

assessments of the relative performances of the swept rotors. At

100 percent rotor speed, differences in performance between the

forward- and aft-swept rotors are very well predicted. Each

numerical solution predicts roughly one-half point lower effi-

ciency than the corresponding measurements. The currently-

applied code predicts a slightly higher pressure rise than mea-

sured for each of the rotors, as shown in Figure 4. However, dif-

ferences in pressure rise for different rotors are adequately

predicted. At 90 percent rotor speed, the predictions show

nc=100%

nc=90%

1.7
	45

	
50	55	60	65

Inlet Corrected Flow (Ibs/sec)

Fig. 4 Comparison of rotor pressure ratio.

100

0-0 Rotor 4 measurement
0-0 Rotor 8 measurement
p-6 Rotor 9 measurement
•• Rotor 4 calculation

CO 95c
?

	
-A-A Rotor 9 calculation
U-6 Rotor 8 calculation

M
co
Q 90

	85' 	 '

	

45	50	55	60	65

Inlet Corrected Flow (lbs/sec)

Fig. 5 Comparison of rotor adiabatic efficiency.

slightly better performance than the measurements. Again, how-

ever, the differences in aerodynamic performance between the

unswept rotor and the swept rotors are properly estimated.

Because of the limitations of the compressor test facility, mea-

surements near the choke condition could not be obtained.

During the pre-test period and after the actual rig test,

detailed studies were conducted to understand the fundamental

flow physics responsible for the performance variation of the

three rotors. The main objectives of the studies were to explain

why the forward-swept rotor has a better peak efficiency and a

significantly larger stall margin than the unswept rotor. In the fol-

lowing two sections, various findings which explain these two

nc=90%

nc=1 00%
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phenomena are described.

Effects of Compressor Casing on Shock Structure Near the

Endwall

As shown in Figure 1, aerodynamic sweep reaches a maxi-

mum near the shroud. The presence of the compressor casing has

a major influence on the flow field through both inviscid and vis-

cous effects as shown by Hah and Wennerstrom [1991]; the

shock reacts to the presence of the casing by curving such that the

shock surface becomes normal to the casing as the casing is

approached. This is an inviscid effect which is considered in

more detail later in this paper as it relates to backward and for-

ward swept blading.

Calculated Mach number contours near the blade suction

surfaces are shown in Figures 6 and 7. At both flow conditions,

the shock front is nearly radial for the forward-swept rotor while

slanting most for the aft-swept rotor. One interesting observation

from the results in Figures 6 and 7 is that the radial shape of the

shock front for the forward-swept rotor does not follow the direc-

tion of sweep. For all of the rotors, however, the shock becomes

nearly normal to the casing in the outermost 10% of the span.

Calculated static pressure contours on the compressor cas-

ing are compared with ensemble-averaged high-frequency mea-

surements in Figures 8 through 10. The calculated shock

structures agree very well with the measurements, although the

currently-applied CFD code predicts slightly higher pressure

rises than measured. Changes in shock structure at different oper-

ating conditions, however, are very well predicted. At the peak

efficiency condition for the unswept rotor, the passage shock is

almost normal to the incoming flow. For the aft-swept rotor, the

passage shock moves to the front of the rotor passage. For the

forward-swept rotor, on the other hand, the passage shock is more

oblique to the incoming flow, and the suction side leg of the

shock is located roughly 60 percent chord downstream of the

leading edge. At the near-stall condition for the aft-swept rotor,

the passage shock is further detached from the leading edge. The

same is true for the unswept rotor, as expected. For the forward-

swept rotor, however, the passage shock is nearly normal to the

inlet flow and sits at the entrance to the passage. Endwall flow

structures shown in Figures 8 through 10 indicate that there are

significant differences in the development of flow structures near

the casing among the three rotors. The passage shock is located

further upstream for the aft-swept rotor and further downstream

for the forward-swept rotor than that for the unswept rotor. The

passage shock moves upstream in the blade passage as the flow

rate is decreased. When the passage shock moves further

upstream of the leading edge, the flow field becomes unstable and

the compressor cannot operate in a stable mode. The relative

locations of the passage shock shown in Figures 8 through 10

indicate that the forward-swept rotor has a larger stall margin

than the unswept rotor, while the aft-swept rotor has a smaller

stall margin than the unswept rotor.

In the spanwise direction, the shock cannot intersect the

outer casing obliquely. It must either turn normal to the casing or

possibly bifurcate in a shock/boundary-layer interaction. Hah and

Wennerstrom [1991] showed that the shock actually turns normal

to the casing in a similar aft-swept transonic rotor. This require-

ment on the spanwise shock shape near the casing is an inviscid

phenomenon. A simple illustration of the effect of the casing on

the spanwise shock shape for simple swept rotors near the casing

is given in Figure 11. In the absence of an endwall, the shock

shapes for the forward- and aft-swept rotors would be similar. In

the presence of the endwall, however, the shock must turn normal

to the casing, moving upstream for the aft-swept rotor and down-

stream for the forward-swept rotor. When the shock moves

upstream and detached from the blade passage, the incoming

flow angle increases and the shock/boundary-layer interaction

becomes stronger. The present swept rotors have a three-dimen-

sional shape, and the shock structures away from the wall are not

two-dimensional. However, the effect of the casing on the span-

wise shock structure can be clearly observed on the endwall flow

structures shown in Figures 6 through 10.

In Figure 12, inlet flow angles at the peak efficiency condi-

tion are compared for the three rotors at rotor design speed. Near

the casing, the incoming flow angle is about 10 degrees higher for

the aft-swept rotor than for the forward-swept rotor.

Radial distributions of pressure rise across the rotor and rotor

adiabatic efficiency are compared in Figures 13 and 14. Typical

of low-aspect-ratio transonic compressors, most of the aerody-

namic loss occurs near the endwall for all three rotors. The main

differences in performance between the three rotors also occurs

near the endwall. Because the shocks all turn normal to the cas-

ing, no reduction in loss due to the oblique shock structure can be

realized near the tip.

Distributions of normalized static pressure at the tip section

and at the mid-span are compared in Figure 15. Results in Figure

15 show the relative locations of the passage shock very clearly.

At the tip, the passage shock for the aft-swept rotor lies upstream

of that for the unswept rotor, while the passage shock for the for-

ward-swept rotor lies downstream. One very interesting observa-

tion from Figure 15 is that at mid-span, the passage shock for the

forward-swept rotor lies upstream of that for the aft-swept rotor.

This indicates that the aerodynamic loading is more evenly dis-

tributed in the spanwise direction for the forward-swept rotor. On

the other hand, the loading is heavily concentrated near the tip for

the aft-swept rotor.

In Figures 16 through 19, changes in the passage shock

structure are compared as the compressor operating condition

changes from peak-efficiency to near-stall. The changes in shock

structure as the flow rate decreases indicate that the blade loading

at the tip section rapidly increases for the unswept and aft-swept

rotors. The flow structure at mid-span of these two rotors, how-

ever, seems to be stable in terms of passage shock location. This

indicates that the flow near the tip section becomes unstable well
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2.20

1.76

1.32

0.88

0.44

0.00

I

Rotor 8

High Incidence
Region

1.80

1.50
1.20
0.90
0.60

0.30
0.00

Fig. 6 Distribution of Mach number contours near suction surface at peak-efficiency condition.

Fig. 7 Distribution of Mach number contours near suction surface at near-stall condition.
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Fig. 8 Comparison of casing static pressure distribution for Rotor 4.
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Fig. 9 Comparison of casing static pressure distribution for Rotor 8.
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Fig. 10 Comparison of casing static pressure distribution for Rotor 9.
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Fig. 11 Endwall effect on shock structure near the compressor casing.

before the rest of the flow for the unswept and aft-swept rotors.

For the forward-swept rotor, on the other hand, the passage shock

remains at the entrance to the blade passage at the tip section,

even at the near-stall condition. At mid-span, however, the pas-

sage shock moves out in front of the blade passage, indicating a

more evenly distributed aerodynamic loading for the forward-

swept rotor at the near-stall condition. This even distribution of

blade loading as the rotor approaches stall prevents premature

stall at the tip and seems to be the main reason why the forward-

swept rotor has a larger stall margin.

Velocity vectors colored with relative Mach number at the tip

section of the blade are compared in Figure 19. The relative mag-

nitudes of incidence angles and shock locations can be clearly

compared in this figure. The region with low-momentum fluid

due to the shock/tip-clearance-vortex interaction is located

upstream of the leading edge for the aft-swept rotor, while this

low-momentum region lies downstream of the leading edge for

the forward-swept rotor. Since the aft-swept rotor has the highest
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occurs due to the effect of the casing on the shock structure. The

passage shock moves downstream in the passage as it turns nor-

mal to the casing, and the incoming flow incidence angle is

reduced. The shock location at the near-stall condition for the for-

ward-swept rotor shown in Figure 10 indicates that the flow near

the tip is still stable and that the stall might be initiating away
from the tip region.
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Fig. 12 Comparison of inlet flow angles.
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Fig. 13 Comparison of radial distribution of pressure ratio

incidence, it also has the strongest shock. The resulting large

shock losses and losses due to the strong shock/boundary-layer

interaction are major causes for the poor aerodynamic perfor-

mance of the aft-swept rotor. As shown in Figure 6, the passage

shock quickly diffuses away from the endwall for the aft-swept

rotor. This might contribute to the somewhat better efficiency of

the aft-swept rotor near the mid-span. The flow structure near the

casing of the aft-swept rotor contributes to its low efficiency and

poor stall margin. As the passage shock turns normal to the cas-

ing near the endwall, it moves upstream and the incoming flow

angle increases. The shock loss and shock/boundary-layer inter-

action then increase, which makes the flow field even more unsta-

ble. For the forward-swept rotor, the exact opposite phenomenon

O Rotor 4 measurement
❑ Rotor 8 measurement
A Rotor 9 measurement

Rotor 4 calculation

— — Rotor 8 calculation
----- Rotor 9 calculation

15
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	I

	 I	 1
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Fig. 14 Comparison of radial distribution of adiabatic efficiency.

Flow Structure Near the Blade Surface and Radial Flow
Migration

The measured and the calculated spanwise distributions of

adiabatic efficiency given in Figure 14 show that the forward-

swept rotor is much more efficient in the outer half-span, while

the aft-swept rotor is somewhat more efficient in the inner half-

span. The forward aerodynamic sweep seems to improve the effi-

ciency in the outer region of the compressor, while slightly reduc-

ing the efficiency in the inner region as compared to the original

unswept rotor. For the aft-swept rotor, on the other hand, effi-

ciency deteriorates substantially in the tip region and improves

somewhat near the hub as compared to the unswept rotor.

Details of the flow structure near the blade suction surface

and radial migration of the secondary flows were further exam-

ined to understand the differences in performance of the three

rotors. Computed velocity vectors near the blade suction surfaces

at the near-peak-efficiency condition are shown in Figure 20. Par-

ticle traces on the suction surface from the numerical solution are

given in Figure 21. The local directions of secondary flow at mid-

span are also shown in Figure 21 by the large hollow arrows.

Inside the blade boundary layer, low-momentum fluid is forced to

migrate toward the blade tip due to centrifugal force. For the aft-

swept rotor, most of the centrifuged low-momentum fluid from

the inner half-span of the blade ends up near the blade tip due to
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Fig. 15 Comparison of blade static pressure distribution.
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Fig. 16 Distribution of Mach number at mid-span and inside tip gap for Rotor 4.

the trailing edge profile, as shown in Figure 21. Large blockage in
	

the rotor exit are compared among the three rotors. The entropy is

the tip region increases shock/boundary-layer interaction, push-	computed from pressure and density nondimensionalized by the

ing the passage shock further upstream and generating more
	

inlet values and specific heats nondimensionalized by the inlet

aerodynamic loss. For the forward-swept rotor, low-momentum
	gas constant. At mid-chord, entropy generation is concentrated

fluid centrifuged from the inner part of the blade exits the blade
	near the tip section for all three rotors. The aft-swept rotor shows

passage near the mid-span due to the direction of sweep and
	

the largest loss at this location, as expected. The differences in

never reaches the tip section. The blockage near the tip section is
	entropy generation among the three rotors at mid-chord are pri-

therefore much smaller for the forward-swept rotor, and the pas-	marily due to the differences in endwall shock strength, shock/

sage shock stays inside the passage even at the near-stall condi-
	boundary-layer interaction, and shock/tip-clearance-vortex inter-

tion. The behavior of secondary flows for the unswept rotor lies
	action. The entropy distributions at the rotor exit show the effect

in between those of the two swept rotors.	 of radial migration of secondary flows. On the suction surface,

In Figure 22, the distribution of entropy at mid-chord and at
	

the generation of entropy is significantly larger for the aft-swept
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Fig. 17 Distribution of Mach number at mid-span and inside tip gap for Rotor 8.

peak efficiency	 near stall
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Fig. 18 Distribution of Mach number at mid-span and inside tip gap for Rotor 9.

rotor compared to the unswept and forward-swept rotors, which

indicates that blade boundary layer growth tends to be largest for

the aft-swept rotor. The radial migration of low-momentum fluid

near the suction surface seems to be least for the forward-swept

rotor. On the other hand, the tip clearance loss core for the for-

ward-swept rotor, located at the corner of the blade pressure sur-

face and the casing, seems larger in spanwise extent than for the

other two rotors.

The results presented in this section indicate that aerody-

namic sweep can be used to control the radial migration of sec-

ondary flows and high-entropy fluid, and subsequent flow

blockage and shock/boundary-layer interaction. The reduction of

inviscid shock losses due to three-dimensional shock sweep does

not seem to be the primary loss-reduction mechanism for this

type of transonic rotor. The performance of the blade tip region is

crucial for efficient operation of these low-aspect-ratio, high-

through-flow, axial transonic compressor rotors.

CONCLUDING REMARKS

The current study was performed in order to investigate the

effects of aerodynamic sweep on a modern, low-aspect-ratio,

high-through-flow, transonic axial compressor. A forward-swept
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Fig. 19 Comparison of velocity vectors near rotor tip (colored by relative Mach number).

rotor and an aft-swept rotor were designed from a baseline

upswept rotor which represents the state-of-the-art in design and

performance of low-aspect-ratio, axial transonic rotors. Pre-test

CFD analyses were performed for all three rotors to study differ-

ences in aerodynamic performance and flow structure. The pre-

test CFD analyses showed that forward-sweep improves peak

efficiency and produces a substantially larger stall margin. The

analyses also indicated that aft-sweep produces no improvement

in rotor peak efficiency. However, the stall margin of the aft-

swept rotor was significantly lower than that of the unswept rotor.

Subsequent rig tests validated the results drawn from the pre-test

CFD analyses.

The results from the numerical analyses and the actual rig

tests were further analyzed to understand the causes of the

improved performance of the forward-swept rotor and the poor

stall margin of the aft-swept rotor. The present study shows that

two mechanisms are primarily responsible for the differences in

aerodynamic performances among differently swept rotors. First,

the radial shape of the passage shock must be normal to the com-

pressor casing near the endwall. This condition forces the pas-

sage shock to move upstream in the blade passage near the tip for

the aft-swept rotor. As the passage shock moves upstream in the

blade passage, the incoming flow angle, the shock strength, and

the shock/boundary-layer interaction all increase, resulting in

larger aerodynamic losses and a poor stall margin. For the for-

ward-swept rotor, the passage shock moves downstream in the

passage as it turns normal to the casing and the shock/boundary-

layer interaction becomes smaller. The other mechanism respon-

sible for performance differences due to sweep is the migration

of low-momentum fluid. The direction of blade sweep changes

the amount of low-momentum fluid which migrates to and accu-

mulates in the rotor tip region. Radial migration of low-momen-

turn fluid to the tip region is least for the forward-swept rotor.

Consequently, the passage-shock/boundary-layer interaction at

the tip is substantially reduced, which results in higher overall

aerodynamic efficiency. This accumulation of low-momentum

fluid in the tip region, and corresponding aerodynamic blockage,

is largest for the aft-swept rotor. Because of the reduced blockage

at the tip for the forward-swept rotor, the flow near the tip

remains stable even at the near-stall operating condition. As a

result, it appears that the blade loading is maintained evenly

across the span, which results in a larger stall margin.

The present study indicates that aerodynamic sweep can be

used to optimize the shock structure near the casing, to control

the transport and distribution of low-momentum fluid along blade

surfaces, and consequently to control the shock/boundary-layer

interaction in a transonic compressor. Therefore, the design of

modern, low-aspect-ratio, high-through-flow, axial transonic

compressors can be optimized with proper aerodynamic sweep.

A CFD code based on the three-dimensional Reynolds-averaged

Navier-Stokes equations has been successfully applied to per-

form pre-test analyses on the effects of aerodynamic sweep for a

modern, low-aspect-ratio, axial transonic compressor. The differ-

ences in aerodynamic performance due to variations in sweep

were adequately predicted. Such a numerical tool can be applied

to design optimization with aerodynamic sweep.
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Fig. 20 Comparison of velocity vectors near suction surface at design speed near peak-efficiency (colored by relative Mach number).
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Fig. 21 Particle traces near suction surface at design speed near peak-efficiency.
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