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Abstract

Counter-rotating axial flow fan(CRF) consists of
two counter-rotating rotors without stator blades. CRF
shows the complex flow characteristics of the three-
dimensional, viscous, and unsteady flow fields.

For the understanding of the entire core flow in
CRF, it is necessary to investigate the three-
dimensional unsteady flow field between the rotors.
This information is also essential to improve the
aerodynamic characteristics and to reduce the
aerodynamic noise level and vibration characteristics
of the CRF.

In this paper, experimental study on the three-
dimensional unsteady flow of the CRF is performed at
the design point (operating point). Flow fields in the
CRF are measured at the cross-sectional planes of the
upstream and downstream of each rotor using the 45°
inclined hot-wire. The phase-locked averaged hot-wire
technique utilizes the inclined hot-wire, which rotates
successively with 120 degree increments about its
own axis.

Three-dimensional unsteady flow characteristics
such as tip vortex, secondary flow and tip leakage
flow in the CRF are shown in the form of the axial,
radial and tangential velocity vector plot and velocity
contour.

The phase-locked averaged velocity profiles of the
CRF are analyzed by means of the stationary unsteady
measurement technique.

At the mean radius of the front rotor inlet and the
outlet, the phase-locked averaged velocity profiles
show more the periodical flow characteristics than
those of the hub region.

At the tip region of the CRF, the axial velocity is
decreased due to the boundary layer effect of the fan
casing and the tip vortex flow. The radial and the
tangential velocity profiles show the most unstable
and unsteady flow characteristics compared with other
position of rotors. But, the phase-locked averaged
velocity profiles of the downstream of the rear rotor
show the aperiodic flow pattern due to the mixture of
the front rotor wake period and the rear rotor
rotational period.

* Professor, jscho@hanyang.ac.kr

Introduction

Counter-rotating axial flow fan(CRF), which is a
kind of two-stage axial-flow fan, has been a good
solution for applications where high static pressure
rise and volumetric flow rate are required[1]. CRF
consists of two counter-rotating rotors, without stator
blades[2]. Compared with commercial single-rotating
axial flow fan, the CRF has higher performance
characteristics and higher efficiency because the swirl
velocity generated by the front rotor, which causes the
energy loss, is recovered in the form of the static
pressure by the rear rotor[3].

Counter-rotating systems[4] were developed at the
National Aeronautics and Space Administration
(NASA) in USA for the aircraft propulsion system
because of its higher propulsion efficiency and lower
specific fuel consumption, relatively.

The aerodynamic characteristics of the CRF have
investigated by several researchers. Kodama et al.[5]
showed that the fluid dynamic characteristics of the
CREF are superior to those of the two-stage axial flow
fan. Shin et al.[6] investigated the rotor-rotor
interaction of counter-rotating unducted fans.

The CRF shows the complex flow characteristics of
the three-dimensional, viscous, and unsteady flow
fields. Therefore, the aerodynamic noise level of the
CRF is increased due to rotor-rotor interaction by the
two rotors with opposite directional rotation[6].

For the understanding of the entire core flow in the
CRF, it is necessary to investigate the three-
dimensional unsteady flow field between two rotors.
This information is also essential to predict the
aerodynamic and the acoustical characteristics of the
CRF.

In this present paper, experimental study on the
three-dimensional unsteady flow of the CRF is carried
out at the design point(operating point). Flow fields in
the CRF are measured at the cross-sectional planes of
the upstream and downstream of each rotor using the
45° inclined hot-wire. The phase-locked averaged hot-
wire technique utilizes the inclined hot-wire, which
rotates successively with 120 degree increments about
its own axis. Three-dimensional unsteady flow
characteristics in the CRF are shown in the form of the
axial, radial and tangential velocity vector plot and
velocity contour.
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Experimental Setup

The experimental apparatus, as shown in Fig. 1, was
set up for the investigation of three-dimensional
unsteady flow fields in the CRF. Its total length is
7,650mm and the diameter of the tested fan casing is
500mm.Test setups do not utilize an auxiliary fan and
a duct system consists of the discharge duct only. A
bell mouth, which is installed at the inlet of the tested
fan, reduces the energy loss due to fluid friction and
flow separation of the inlet flow. A conical damper is
used to adjust the flow rate at the exit of the test duct.

The CRF consists of a front rotor and a rear rotor.
The two rotors rotate in opposite direction and are
driven by two separate electric motors. The front rotor
of the CRF has eight blades and the rear rotor has
seven blades as shown in Fig. 2.

Dimensions of the front rotor and the rear rotor are
shown in Table 1. The diameter of the rotor is 497mm,
and the hub-tip ratio is 0.4. The front rotor blades
show opposite twist distributions compared with rear
rotors.

Figure 3 shows the cross-sectional blade shape for
the front rotor and the rear rotor at the blade hub, the
mid span and the tip of the CRF.

Velocity triangles of the CRF are shown in Fig. 4.
The stagger angle of the front rotor blade is 6 degree
lower than the rear rotor because of the increment of
the relative velocity due to the opposite rotational
direction of the rear rotor compare with the front rotor.

Figure 5 shows characteristic curves of the CRF,
which are based on the KS B 6311(Testing Methods
for Turbo Fans and Blowers)[7]. Three-dimensional
unsteady flow fields in the CRF are measured at the
peak efficiency operating condition as shown in Table
2.

Bell Mouth Dynamic Pressure Tap
Hol
Front Rotor  Rear Rotor . Darmper
Motor Motor  Static Pressure Tap \ \
| | (_
7
1,650 3,150 250(150| . 600 1,850
6000
7,650

Fig. 1 Schematic diagram of the experimental setup,
dimensions in mm
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(a) Front rotor(Ng=8) (b) Rear rotor(Ng=7)
Fig. 2 Front view of the front rotor and the rear rotor
of the counter-rotating axial flow fan
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Table 1 Specifications of the tested fan rotor blades

Front rotor Rear rotor
Fan diameter 500 mm 500 mm
Tip diameter 497 mm 497 mm
Hub diameter 199 mm 199 mm
Airfoil Shape NACAB5-series
Camber angle 18 deg.
Max. Thickness | 10 %(=12.825 mm)
Stagger angle
at 0935 rad?us 54.0 deg. 60.0 deg.
Solidity
at 0.75 radius 0.8 0.7
Number of blades | 8 7
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Fig. 3 Cross sectional blade shape of the counter-

rotating axial flow fan
W, : I
Front Rotor
W W
o = tan [l' ). fA=tan"( l_-}

Rear Rotor

Ve
Fig. 4 Velocity triangles of the counter-rotating axial
flow fan
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Fig. 5 Characteristic curves of the counter-rotating
axial flow fan




Table 2 Peak efficiency operating conditions of the
counter-rotating axial flow fan

Performance parameter Operating condition
Total pressure rise(APr) | 27mmH,0
Volumetric flow rate(Q) | 2.8m%s

Fan efficiency(7,,, ) 83.6%

Rotational speed( N ) 1750rpm

Experimental Methods

Three-dimensional unsteady flow fields in the CRF
are investigated using a single 45 degree inclined hot-
wire sensor. Many investigators have used the single-
sensor hot-wire system for the measurement of three-
dimensional flow fields and Reynolds stresses. A
single-sensor hot-wire measurement technique is
developed by Whitfield, et al. [8] and Hirsh and
Kool[9] has made attempts to extend these techniques
to the measurement of turbulence intensities of the exit
flow of a rotor.

Configuration of a inclined hot-wire probe
Configuration of a single 45 degree inclined hot-

wire probe is shown in Fig. 6. The inclined angle of

the hot-wire sensor is represented by the unit vector

A slanted at the probe angle 6, to the X axis. The
probe coordinates X,Y and Z are fixed to the probe,
the velocity vector is denoted by V . The probe yaw
angle 6, changes by the turning angle while the pitch
angle 6, remains constant as the probe is rotated
about its axis. The sensor yaw angle ¢ can be
expressed in terms of the angles &, , 6, , and 6, as
follows.

Ccos¢ = Cc0s g, -€os @, -cosO, +sing, -sind, (1)

The relation between the velocity vector V and the
hot-wire sensor is found in Reference[9].

Fig. 6 Schematic diagram of the single 45° inclined
hot-wire probe

Calibration of a slanted hot-wire probe

The velocity calibration of the single 45 degree
slanted hot-wire probe was carried out with the sensor
yaw angle ¢, equals to 90 degree by the method of

Grand and Kool[10] in wind tunnel(0 <V <60 m/s).
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The turbulence level of the open type wind tunnel
was 0.13 percent. The relation between the bridge
voltage( E ) and the effective cooling velocity(Ve) is
expressed by the King’s law.

E® = A+ BV 2
where the three coefficients A , B and n are
determined from a velocity calibration data obtained
using the hot-wire sensor normal to the flow.

Probe-angle calibrations were done at fixed values
of velocity and angle between probe axis and velocity
vector. Probe-angle calibrations, on the other hand,
were carried out a large range of probe angles
(—90 < @y < +90 degree). During these calibrations the
probe was always rotated in the same manner.

The ratio of effective cooling velocity Ve and actual
velocity V is expressed in terms of the angles 6, , 6, ,

and &, as follows[10].

Ve

— =C0S 3
v 7 )

siny = AZCOSQpCOS(%]+ Aztan fosin 8, 4)

1
where y is a parameter in experimental probe angle

calibration law.

The velocity calibration results of the 45° slanted
hot-wire probe are fitted by the nonlinear curve fitting
as shown in Fig. 7. Figure 8 shows the probe angle
calibration curves. Relation between yaw angle and
velocity was used because the probe-angle calibration
curves were not always symmetric. The coefficients of
the equation (2) and equation (4) were determined by
the least square fitting of the effective cooling velocity
data.
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Fig. 7 Velocity calibration results of the 45° slanted
hot-wire probe
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Fig. 8 Probe yaw angle calibration results of the 45°
slanted hot-wire probe
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Measurement location and technique

Three-dimensional unsteady flow fields in the CRF
were measured at cross-sectional planes of seven axial
stations (upstream of the front rotor, between two
rotors, and downstream of the rear rotor).

Figure 9 shows the schematic drawings of the CRF
model and the single 45° inclined hot-wire probe
measurement locations. At the peak efficiency
operating point of the CRF, three-dimensional
unsteady flow fields were measured at 23

points(r/rip = 0.4 to 1.0) for the radial direction. Also,

circumferential flow fields in the CRF are investigated
at 345 points (0.52 degree interval) for 4 blade
passage of the front rotor(3.5 blade passage of the rear
rotor).

The stationary hot-wire technique utilizes a single
sensor, which rotates successively with 120 degree
increments about its own axis. By placing the probe at
different positions characterized by ¢, , 6, + 6., and

0, +062 where 6, and ¢, are the amounts of turning,
a set of three equations can be derived as follows.

Ve =VZ(1—sin®p1)
Ve =V2(L—sin®y2) (5)
Ves' =V2(1—sin’ya)

sinyi1= AZCOS&pCOS[QA j+ Aztan fosinfp

1

6y+61

6)

Sinl//2=A2C050pCOS[ )+ Aztan Gosin Gy (

1

0y+92

Sinl//SZAZCOSHpCOS( j+ Aztan fosin @p

1

Since the effective cooling velocities are known and
six unknown variables(y1, w2 ,ys, 6,,6,, and V')

remain, and the six nonlinear equations(eq.(5, 6))
could be solved simultaneously by using the Newton-
Raphson numerical method.

Station 3
(2, =0.88)

tip
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(zIr,,= 0.436)
(@r,,= 0. 384 &(z/r = 0.488)
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Fig. 9 Hot-wire probe measuring points for three-
dimensional unsteady flow fields of the counter-
rotating axial flow fan
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Data Acquisition and Data Reduction

The data acquisition process of the hot-wire probe
is shown in Fig. 10. The raw signal from the bridge
output includes the random data as well as the phase
information. In this technique, the hot-wire signal is
triggered by a revolution frequency pulse in
successive wave forms and are then averaged with one
another so that only velocity components repeated
every rotor revolution can be obtained. With the probe
sensor positioned at 90 degree(normal to the rotor
axis), the probe was rotated with the three different
yaw angles. A rotor 1/rev signal was fed into the stop
trigger of the A/D converter module. The A/D
converter speed was set at 100kHz and a 2,000 sample
memory was allocated for the sample memory module
operating in a post trigger. The sampling data were
taken for 4 blade passage of the front rotor (3.5 blade
passages of the rear rotor), at each probe angle
position and transferred to the computer. The
instantaneous voltage data were converted into the
effective level using the wvelocity calibration
information.

The sampling data were phase-locked averaged to
remove the random component. Figure 11 shows
phase-locked averaging process for the output voltage
signal of the 45° slanted hot-wire probe. At each of
250 phase-lock positions 100sets of data were taken
and averaged.

Dah Acquisition System Experiment Svstcm

________________________________________

I :l VIO I.\‘:',.-- 1 Trigerring Sensor
A/D Converter | | ¢ounter Conttrol N
t 11| Axial Fan
Timer Counter i A [RY:
Digital Port

Hot-Wire Probe:
sol-Wire T1obe

i Data Acquisition | It
i ! [Probe Traverse
System

E’nlunctcr

Data L\na]ysw System

Phaze - Acquire
Locked Velocity | | Data Plot o
Averaging| | Component A

Fig. 10 Schematic diagram of instrumentation for the
45° slanted hot-wire

Voltage (V)

Ti 5 #1 .o
ne ; A
(mg) 100 &
—

Fig. 11 Phase-locked averaging process for the output
voltage signal of the 45° slanted hot-wire probe
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Measurement accuracy

For the analysis of the measurement accuracy of
three-dimensional unsteady flow fields in the CRF,
calibration data were compared with converting data
obtained from the nonlinear equations.

Figure 12 shows the yaw angle error between the
real probe yaw angle and the computed probe yaw
angle by nonlinear equations. Maximum error of the
probe yaw angle was about 5 degree. Fig. 13 shows
the error of the axial velocity magnitude between the
real velocity profile and the computed velocity profile
by nonlinear equation. Maximum error of the velocity
profile was about 7%. When the yaw angle of the hot-
wire probe is 35 degree ~50 degree to the real fluid
flow, the real flow fields are relatively accurate.

107

) _ < Yaw angle error >
V=20m/s

Error (degree)

%0 "o & 80

Hot-wire probe yaw angle (degree)
Fig. 12 Probe yaw angle measurement accuracy

10 [

8 i < Velocity error >
V=20m/s

Error (%)

0 20 40 60 8
Hot-wire probe yaw angle (degree)
Fig. 13 Velocity magnitude measurement accuracy

Results and Discussion

The three-dimensional unsteady flow fields of the
CRF is showed in the form of phase-locked averaged
velocity profiles and the velocity contours, which are
measured at seven axial stations(upstream of the front
rotor, between the rotors and downstream of the rear
rotor) by the single 45 degree slanted hot-wire sensor.

Figure 14 shows phase-locked averaged velocity
profiles at station 1(upstream of the front rotor) of the
CRF. Velocity profiles are normalized by the averaged
axial velocity V,, in the CRF. Also, rotor blade
passage is normalized by the parameter Y , which are
the interval of corresponds to 0.5 blade passage for the
front rotor and the rear rotor.

AJCPP 2008
March 6-8, 2008, Gyeongju, Korea

y=2=2 )

Here r is the measuring location in the radial

direction, ¢ is the measuring position in the tangential
direction, and S is the blade spacing. If the interval of

the non-dimensional parameter Y is 2, Y means 1
blade passage. The measuring velocity profile data
were 86 points for 4.3ms per 1 blade passage of the
front rotor. Rear rotor is 98 data points for 4.9ms per 1
blade passage.

Fig. 14(a) shows the phase-locked averaged
velocity profiles for 3 blade passages at the hub region
of the front rotor inlet. The axial velocity is decreased
due

N

ViV,

=
=
B

Il

I
B
N
<
<

? <

! Vrlvzu'
-
T

|

|

<

o
31

q (" A a
i\MJw o s Vi

R SN

PSSSS

_17\\\\'\\\\l\\\\l\\\\l\\\\l\\\\
3 -2 -1 0 1 2 3

Tangential location, Y

(a) hub region (r/rip = 0.44)
2

o

05|

Non-dimensional velocities,V,/V.

-1, =076 VIV,
o —
1r
N N

o
T

o
(6]
T

'
=
'
T

o 1 2 3
Tangential location, Y

Non-dimensional velocities,V,/V,, V/V,., V/V,
< o
3]
w T
S F
AR

(b) mean radius region (r/rip=0.76)
e 2

Z | or,=099 VIV,

> 15 T ViV,
g VN

2

Z1f

N

i_ 05

QL r

8 o f«*wf’wmﬁwwyxgﬁ&xw
z |

g 05 F s

L2 T H

g PS SS

=S ) A R S S T

° 3 -2 -1 0 1 2 3
5

z

Tangential location, Y

(c) tip region (r/rip = 0.99)
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to the flow separation by the installation of the front
driving motor and the hub vortex by the rotation of
the front rotor compared with mean axial velocity V,, .

The radial velocity is increased in the hub direction
(negative direction) due to the flow contraction by the
suction effect of the front rotor blade. The tangential
velocity is increased at the front of the blade leading
edge due to the blockage effect of the front rotor
blade. At the whole, the phase-locked averaged
velocity profiles showed the unstable flow
characteristics such as the flow separation and the hub
vortex.

Fig. 14(b) shows the phase-locked averaged
velocity profiles at the mean radius of the front rotor
inlet. The axial, the radial and the tangential velocity
profiles at the mean radius show more periodical flow
characteristics than those at the hub region. The axial
velocity is more increased than the mean axial
velocity V,,. The radial and the tangential velocity

profiles at the mean radius are similar to flow patterns
compared with those of the hub region.

Fig. 14(c) shows the phase-locked averaged
velocity profiles at the tip region of the front rotor
inlet. The axial velocity is decreased due to the
boundary layer effect of the fan casing and the tip
leakage flow. The radial and the tangential velocity
profiles show the most unstable and unsteady flow
characteristics compare with other position of the fan
inlet.

Figure 15 shows phase-locked averaged velocity
profiles at station 2-3(between the rotors) of the CRF.

Fig. 15(a) shows the phase-locked averaged
velocity profiles at the hub region of the between the
rotors. The axial velocity is decreased due to the flow
separation and the boundary layer effect of the front
rotor hub and the front motor. The radial velocity is
not appeared in the similar manner other axial flow
type turbomachinery. The tangential velocity is
increased due to the rotation of the front rotor blade
compared with the front rotor inlet. At the whole, the
phase-locked averaged velocity profiles of the front
rotor outlet are periodically decreased due to the
blockage effect at the trailing edge of the front rotor
blade.

Fig. 15(b) shows the phase-locked averaged
velocity profiles at the mean radius of the front rotor
outlet.

The axial velocity is more increased than that of the
front rotor inlet due to flow contraction effect. The
radial velocity profile is hardly appeared. But, the
tangential velocity is increased in the similar manner
to the result of the free vortex design condition

afterward the trailing edge of the front rotor blade. Fig.

15(c) shows the phase-locked averaged velocity
profiles at the tip region of the front rotor outlet. The
axial velocity is decreased in the form of the reverse
flow by the tip leakage flow and the tip vortex. The
tangential velocity profile is decreased and is different
from the result of the free vortex design condition. At
the blade passage between the suction side(upper
surface) and the pressure side(lower surface) of the
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rotor blade, the tangential velocity profile is decreased
in the reverse direction by the tip vortex.

Figure 16 shows phase-locked averaged velocity
profiles at station 3(downstream of the rear rotor) of
the CRF. Fig. 16(a) shows the phase-locked averaged
velocity profiles at the hub region of the rear rotor
outlet. The axial velocity is decreased in the reverse
direction by the hub vortex and the flow separation of
the rear rotor. The tangential velocity is increased by
the hub vortex due to the rotation of the rear rotor. Fig.
16(b) shows the phase-locked averaged velocity
profiles at the mean radius of the rear rotor outlet. The
axial velocity is more increased than that of the front

rotor inlet and the outlet due to increment of the flow
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Fig. 15 Phase-locked averaged velocity profiles at
station 2( z/ rip = 0.436 ) in the counter-rotating axial
flow fan (Vo =16.6 m/s)
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contraction effect. The tangential velocity is remained
because the static pressure recovery for the swirl
velocity component by the rotation of the front rotor
is not completed. Fig. 16(c) shows the phase-locked
averaged velocity profiles at the tip region of the rear
rotor outlet. The axial velocity is increased due to the
minimum of the leakage flow and the mixture of the
front rotor and the rear rotor tip vortex. The tangential
velocity is appeared in the rotational direction of the
rear rotor due to the leakage flow not tip vortex of the
rear rotor.

Figure 17 shows the circumferential averaged axial
and radial velocity vectors for the through-flow fields
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Fig. 16 Phase-locked averaged velocity profiles at
station 3(z/rip=0.88) in the counter-rotating axial
flow fan (Vz =16.6 m/s)
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Fig. 17 Circumferential averaged axial and radial
velocity vectors of the counter-rotating axial flow fan

in the CRF. As shown in Fig. 17, fan inlet flow field
of the ahead the front rotor(station 1) is relatively
uniform except decrement of the axial velocity due to
the boundary layer effect of the fan casing and the tip
leakage flow. At the tip region of the between the
rotors(station 2), axial velocity is decreased from
z/rip=0.332 to z/rip=0.488 of the axial direction
due to the tip vortex of the front rotor. At the whole,
axial velocity is gradually increased at the mean
radius due to the flow contraction effect. At the hub
region, axial velocity is gradually decreased and the
radial velocity is increased due to the flow separation
and the hub vortex.

Figure 18 shows the axial velocity contours, which
are normalized by the rotational speed(Usp ), for the
through-flow fields of the CRF. Axial velocity
contours show the periodic flow characteristics by the
blockage effect of the front rotor and the rear rotor
blades. Fig. 18(a) shows the axial velocity contour for
the cross flow pattern at the upstream of the front rotor.
Axial velocity is increased at the mean radius due to
flow contraction effect as shown in Fig. 14(b). At the
blade tip region, the axial velocity is decreased
because of the boundary layer effect by the fan casing.
Also, the axial velocity is decreased due to the flow
separation by the front motor at the hub region. Fig.
18(b) shows the axial velocity contour at the
downstream of the front rotor. At the blade tip region,
the axial velocity is decreased due to the boundary
layer effect by the fan casing and the blade tip vortex.
Also, axial velocity shows the reverse flow pattern in
the axial direction by the tip vortex. This flow pattern

is shown to the station 2-4( 2/ Tie = 0-488 )

As shown in Fig. 18(c), the axial velocity of the
blade tip region shows the reverse flow due to the tip
vortex after the trailing edge of the front rotor.

Fig. 18(d) shows the axial velocity contour between
the rotors. Axial velocity is increased due to the flow
contraction at the mean radius compare with that of
the station 1(before the front rotor).

As shown in Fig. 18(e), flow pattern of the axial
velocity is similar to station 2-2(z/rip = 0.332) but
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the effect of the tip vortex by the rotation of the front
rotor is decreased.

Rotational direction

(a) station 1(z/ rip = —0.02)
Rotational direction

(b) station 2-1( z/rip = 0.332)
Rotational direction >

(c) station 2-2( z/ rip = 0.384 )
Rotational direction >
SS

0.27
0.2

PS
R & V.IU,
05
6@\}/\//{//4 S 0.48
& = .

0.13
0.06
-0.01
-0.08
-0.15

(d) station 2-3(z/ rip = 0.436 )
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Fig. 18(f) shows the axial velocity contour before
the rear rotor. Axial velocity is increased without
reverse flow due to the effect of the rear rotor at the
blade tip region compared with that of the other
station. Fig. 18(g) shows the axial velocity contour for
the downstream of the rear rotor. At the hub region,
axial velocity is decreased because of the increment of
the flow separation effect at the front motor, front
rotor hub and the rear rotor hub. At the whole, axial
velocity shows some aperiodic flow pattern due to the
mixture of the front rotor wake period and the rear
rotor rotational period. Axial velocity for the station
3(downstream of the rear rotor) shows the most
unsteady flow characteristics of the CRF.

Rotational direction

(e) station 2-4( z/ rip = 0.488 )
Rotational direction -

() station 2-5( z/ rip = 0.54 )

_Rotational direction

(0) station 3(z/rip=0.88)

Fig. 18 Axial velocity contours of the counter-rotating
axial flow fan
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Conclusions

From the experimental study on the three-
dimensional unsteady flow characteristics for the CRF,
the results are summarized as follows.

(1) The phase-locked averaged velocity profiles of
the CRF are analyzed by means of the stationary
unsteady measurement technique. At the whole, the
axial velocity is decreased due to the flow separation
by the installation of the front driving motor and the
hub vortex by the rotation of rotors at the hub region
of the front rotor and the rear rotor. At the mean radius
of the front rotor inlet and the outlet, the axial, the
radial and the tangential velocity profiles show more
periodical flow characteristics than those of the hub
region. At the tip region of the front rotor inlet and the
outlet, the axial velocity is decreased by the boundary
layer effect of the fan casing and the tip leakage flow.
The radial and the tangential velocity profiles show
the most unstable and unsteady flow characteristics
compared with other position of rotors.

(2) For the through-flow fields in the CRF, the axial
velocity is gradually increased at the mean radius due
to the flow contraction effect. At the hub region, axial
velocity is gradually decreased and the radial velocity
is increased due to the flow separation and the hub
vortex.

(3) For the axial velocity contour for the cross flow
pattern of the CRF, the axial velocity is high
decreased due to the boundary layer effect by the fan
casing and the blade tip vortex at the lade tip region of
the front and the rear rotor. At the blade tip region, the
axial velocity shows the reverse flow pattern in the
axial direction by the tip vortex except front rotor inlet
(station 1) and the rear rotor inlet (station 2-5). At the
hub region, axial velocity is decreased because of the
increment of the flow separation effect at the front
motor, front rotor hub and the rear rotor hub. At the
whole, axial velocity shows some aperiodic flow
pattern due to the mixture of the front rotor wake
period and the rear rotor rotational period.
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