‘e

PROGRESS IN NATURAL SCIENCE

Vol. 12, No. 4, April 2002

Experimental study on the unsteady flow between
rotors of counter-rotating fan

LI Qiushi , LI Zhiping and LU Yajun

(Department of Propulsion, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Received July 15, 2001; revised September 18, 2001

Abstract

A more accurate calibration and measurement technique with a single wire velocity measuring instrument is used to study

the unsteady velocity between the rotors of a counter-rotating axial fan, and some special concluding remarks of unsteady effects were ob-
tained. The unsteady potential influence of the downstream rotor is a dominant factor; the wake disturbance of the upstream rotor is less
important. The radial velocity is mainly affected by the vortex strength of the secondary flow at the upstream blade tip and hub region.
These results are important for elucidating the mechanism of unsteady flow in a counter-rotating axial compressing system.
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The counter-rotating axial compressing system is

a new field that scientists worldwide develop and ex-

11 But to apply this kind of system to

an engine has some difficulties to overcome such as

structural problem, its unique flow type, the un-

steady effect and a series of aerodynamic influence,

which make the research limited to steady and low

velocity. In the present work the nonlinear optimiza-

tion of Levenberg-Marguardtm

to improve the calibration and experimental tech-

nique. Furthermore, the velocity field between the

rotors of counter-rotating axial fan is calculated using
an improved empirical formula,

Va/ V = A® + Alcos, + A%sind,, (1)

where V.4 is the effective refrigeration velocity, V

the actual flow velocity at probe place, and the coeffi-

cient matrix A’ is defined by
Al =ai1 + ai2(9y + ai3(9p + ai‘V + aisei
+ a%@i + ai7 Vi ageﬁp + ai9(9yV
+ a0,V + - (2)

Here, the coefficients a; are obtained using the least

plore eagerly

method is employed

square fitting for the calibration data of the single
wire. In fairly wide flow angle range, a very good
precision can be obtained when Eq. (2) is taken diva-
lent. On the other hand, for eliminating the random
error, six deflection angles are chosen to get the
three-dimensional velocity vector presented by the ve-
locity magnitude V, the horizontal deflection 8 and
the pitch angle 6,. Therefore it becomes possible to
handle the above-mentioned experimental data and to

solve the problem of a nonlinear least square, in the

same way as to make the goal function Q = z [y; —
i=1

f(V,8-m;,0,, a ) 1? minimum, where a is the co-
efficient set in Eq. (2), which can be determined ac-
cording to the calibration.

To check the above-mentioned method with the
calibration data, the velocity error is controlled within
1 m/s, the angle error within 1°. Figs.1 and 2 show
the tested calibration curve of the hot wire.
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Fig.1. The voltage-velocity linearized curve of the instrument.

To eliminate the influence of temperature change
in the process of calibration and measurement, a tem-

perature revised formulat®! is adopted, E, =
T.—- T 1/2
E( ———Ts — Tr , where T is the working tempera-
s

ture of the hot wire, defined at 250 C by the TSI
company, and T, the corrected temperature, which is
measured to be 29 'C in calibration.
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1.0r Table 1. Probe locations of measuring points
+ Measuring points 1 2 3 4 5 6 7
0.9 : "
t Rad:l p“;t“’" 440 420 400 380 360 340 320
08 Pitch angle {mm
> V.or lative hei
S —— 10° Re a:‘;:)ﬂf'“ht 05.65 86.96 78.26 69.57 60.87 52.17  43.48
° °
> 07} - 5 Chord length® 0.4 — — — —  — 0.0625
[ - 0 Chord lengeh® 025 — — — —  — —
0.6 -5 a) the percentage of the height from the measuring points to the hub com-
[ —— 10 pared to the blade’s height; b) the distance away from front blade’s trailing edge
0.5 L compared to the front blade chord length; ¢) the distance away from rear blade’s
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Fig.2. The calibration curve of the 25.744 m/s.

1 Experimental arrangement

The arrangement of the experimental facilities
with counter-rotating fan is shown in Fig.3. The pa-
rameters and performance are: the flow rate 11817
m3/h, the total pressure rise 1320 Pa, the impellers’
external diameter 450 mm, the hub-tip ratio 0.4889,
the generators’ nominal rotating speed 2900 r/min,
the front generator power 2.2 kW, the rear generator
power 3.0kW, 7 front blades, 8 rear blades, the ra-
tio of aerodynamic loading of front to rear rotor
0.733:1, the number of supporting rods for both
front and rear generators is 3 ( with 120° difference) .
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Structure of the counter-rotating axial fan for experiment.

Fig.3.
1, flow gathering ware; 2, front casing; 3, inlet cover; 4, front
generator; 5, generator supporting rod; 6, front rotor; 7, rear ro-
tor; 8, intermediate casing; 9, rear generator; 10, supporting rod;
11, outlet valve; 12, rear casing.

Test apparatuses used are: the hot wire velocity
instrument 1050 (including calibration equipment
TSI1125X) from TSI company, the magnetic tape
TEACSR-51 C portable data recorder with speed of
9.5 m/s and frequency of 2500 Hz, the traverse actu-
ator ROTADATA RTM100A S/N20 (UK), the fre-
quency converter SVF-552-380C, and the Honeywell
electromagnetic data-acquisitor KHO-01DB with a re-
sponding frequency of 5kHz. The data collecting sys-
tem consists of a high speed data collecting board and
a PII350 computer sampling at 12 us intervals and re-
peating 900 ~ 1000 times under the control of pro-
gram.

The measuring radial and axial locations of
probes are shown in Table 1.

leading edge compared to the front blade chord length.

2 Analysis of frequency spectra between
counter-rotating rotors

The frequency spectra at $440, $380 and $320
measuring points when the rotating speed ratio
matches 1:1 are shown in Fig.4.

Comparing the amplitude of the front blade pulse
signals with those of the rear ones, the rear blade po-
tential influence is nearly 4 times greater than the
front blade wake disturbing influence. For further
study, a frequency converter is employed to change
the rotating speed of the front or rear rotors. F irstly,
the front rotating speed is changed to 1980 r/min and
the rear one to 2882 r/min. The frequency spectra,
with the obvious frequencies and corresponding ampli-
tudes of peaks, at $440, $380 and $320 measuring
points, are listed in Table 2.

Table 2. Frequency spectra with front speed changed
. Front blade Rear blade Front pulse signal
Radial . . s
locati pulse signal pulse signal diploid frequency
location
Fr.(Hz) Amp. (V) Fr.(Hz) Amp. (V) Fr. (Hz) Amp. (V)
4440 229 0.0018 385 0.0067 460 0.0014
$380 230 0.0035 387 0.0067 461 0.0019
$320 231 0.0068 387 0.0093 462 0.0009

To compare with the designed condition of nor-
mal rotating speed, the most obvious change is that
the influence of the front blade wake disturbance is
strengthened. It can be seen that at $320 measuring
point, which is only 5 mm away from the front blade
trailing edge, the ratio of front blade wake disturbing
influence to the rear blade potential influence exceeds
2/3, while it is 1/4 at the blade tip. In fact, the
changed front rotating speed could change the flow
field condition. At lower rotating speed, separation
might occur on the pressure surface, thus the macro-
separation might be more evident than the wake dis-
turbance under designed condition. Whereas, the re-
sult of analysis shows that the rear blade potential in-
fluence is the dominant unsteady source between
counter-rotating rotors.
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Fig.4. Frequency spectra at three measuring points.
(a) $440 (blade tip), (b) $380, (c) $320 (middle of blade).

When the rear rotating speed was set to 1980
r/min and the front turned back to 2882 r/min, the
frequency spectra, with the major frequencies and
corresponding amplitudes, are shown in Table 3.

Table 3. Frequency spectra with rear speed changed

Rear blade Front blade
Radial location pulse signal pulse signal
Fr.(Hz) Amp.(V) Fr.(Hz) Amp.(V)
$440 263 0.0080 334 0.0026
$380 264 0.0087 334 0.0013
$320 263 0.0058 335 0.0009

It is obvious that the rear blade potential influ-
ence is continuously acting as the leading role in the
unsteady flow field between the two rotors. Even at

the $320 measuring point, which is very near to the
front blade trailing edge, the front blade wake distur-
bance is less than 1/6 of the rear blade potential influ-
ence.

Through the analysis of frequency spectra, it can
be concluded that in the flow field between the two
counter-rotating rotors, the rear blade potential influ-
ence is stronger than the front blade wake distur-
bance. Therefore, an average method of phase lock-
ing on both the front and the rear rotors instead of on
the front rotor only was employed in this study. If it
is restricted by the number of sampling which should
be at least 150 ~ 200 samples being averaged, the
phase locking on the rear rotor only might be a good
substitution because the influence of front blade is
considered comparatively small. The reason for this
phenomenon may be the high converse pressure gradi-
ent produced by the high loading on the rear blade
relative to that on the front.

3 Analysis of unsteady velocity contour be-
tween counter-rotating rotors

The velocity distribution (shown in Fig.5) in 8
regions of mainstream and non-mainstream shows
that the influence of the rear rotor takes the dominant
position in the field between the rotors. On the other
hand, because the number of front blades is 7, the
mainstream is strengthened at the site where two ro-
tors overlapped, but it is stretched and weakened
where the mainstream region of rear rotor encounters
the non-mainstream region of front rotor because of
the inverse phase.

Attention should be focused on the radial velocity
distribution contours. The air flow lumps towards ex-
ternal diameter are distributed evenly in 7 directions,
showing the property of the front rotor. It means that
in the axial and tangent directions, the influence of
rear rotor plays the leading role, but in radial direc-
tion, the influence of the front rotor is the dominant.
The main reason for that might be the clearance vor-
tex and the passage vortex in the region of front blade
tip and hub. These results show that the potential in-
fluence of rear rotor affects the flow mainly on cylin-
der surface, rather than the radial direction. Since
the front blades had been skewed forward severely, it
made the passage vortex displaced away from the
trailing edge by mainstream rapidly, and made the
three-dimensional velocity field between the two ro-
tors more complicated. Especially, because the aero-
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dynamic design for the front blade adopted the expo-
nential loading rule, which allocated the most loading
on the tip, the effect of secondary flow produced by
clearance and end wall was severe. So the strength of
clearance vortex was larger than that under common
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Fig.5.

Fig. 6 shows the fluctuations of the axial and
tangential velocities at the 95. 65% relative blade
height. Because the influence number of the front ro-
tor is 7 and that of the rear is 8 in each of their com-
plete rotating period, the fluctuation period of veloci-
ty is different from one another. Theoretically, under
the constant rotating speed of both rotors, the pulses
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Fig.6.

At the 86. 96% and 43. 48% relative blade
heights, the velocity fluctuations were basically con-
sistent to that at 95.65%, with a little discrepancy

condition, and the flow was also separated much
more. Therefore, the radial velocity field between
counter-rotating rotors exhibited the frequency char-

acteristic of the front rotor.
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Velocity distribution cloud contour of the total velocity (a), axial velocity (b), tangent velocity (c) and radial velocity (d) .

of velocity would coincide after the two rotors had
completed one rotating period. Besides, during the
sampling time of 10 ms, either the axial velocity fluc-
tuation or the tangential one had gone through 4 peri-
ods, in other words, they would go through 8 periods
in a rotating period of 20 ms, which reflects the pass-
ing through frequency characteristic of the rear rotor.
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Axial velocity pulse (a), tangential velocity pulse (b) at the 95.65% relative blade height.

on amplitude and phase only. Hereby, these above-
mentioned test parameters also reflect the disturbing
flow field between counter-rotating rotors dominated
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mainly by the pressure wave of rear blade spreading
forward.

4 Concluding remarks

For the typical output characteristics of the sin-
gle wire velocity-measuring instrument, a nonlinear
optimization Levenberg-Marguardt algorithm was
adopted. Furthermore, with the aid of traverse actu-
ator, high-speed data collecting system and the sam-
pling average technology of phase locking on both ro-
tors, the three-dimensional unsteady velocity between
counter-rotating rotors has been measured accurately.

(i) The unsteady potential influence, mainly the
downstream pressure wave of rear blade spreading
forward, plays the leading role in the whole unsteady
periodic influence, while the upstream wake disturb-
ing influence is less important. The main reason lies
in the high converse pressure gradient of the rear ro-
tor.

(ii) The potential influence of downstream rotor
plays the leading role mainly on S; flow surface, but
for the radial velocity, it is related to the vortex
strength of the secondary flow produced by the front
blade tip and hub region. Therefore, the key to fur-
ther improving the performance of fan / compressor
system is to reduce the loading of these two regions
under the condition that the total loading is en-
sured? .
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