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Abstract: Different from the previous qualitative analysis of linear systems in time and frequency domains, the

method for describing nonlinear systems quantitatively is proposed based on correlated dimensions. Nonlinear dy-

namics theory is used to analyze the pressure data of a contrarotating axial flow fan. The delay time is 18 and the

embedded dimension varies from 1 to 25 through phase-space reconstruction. In addition, the correlated dimen-

sions are calculated before and after stalling. The results show that the correlated dimensions drop from 1. 428

before stalling to 1. 198 after stalling, so they are sensitive to the stalling signal of the fan and can be used as a

characteristic quantity for the judging of the fan stalling.
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INTRODUCTION

The fan flowing with a contra-rotating axis
owns a complex non-linear system. It has been a
challenge for a long time to observe the fan run-
ning state and to diagnose if it runs wrong or
smoothly. Pressure signal in this kind of fans
consists of rich state information, which is valu-
able for monitoring the fan running state. With
the chaos and fractal theory to study nonlinear
dynamic systems, we can grasp the law''’. In this
paper, the method for non-linear dynamics analy-
sis is used to analyze pressure data and to calcu-
late correlated dimensions™' in normal state and

in stalling state.

1 FRACTAL THEORY

1.1 Phase-space reconstruction based on time
sequences
Phase-space reconstruction, a method for
time sequences with a single variable, is applied
in this paper. For discrete time sequences which

delay for time 7, its auto-correlated function can
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where rmeans the average of the time sequences.

Time delay is z and y () .y +7),y(t+27),
«++,y(t+Gn—1)7) are chosen as coordinates. An
m-dimensional space is constructed. The situation
showing how the trajectories are distributed and
indicating that their structures (attractors) of this
reconstructed phase space can reflect the system
movement. Because three is the maximum dimen-
sion drawn out visually, chose the symbol m to be
2 or 3 in that we need to scratch the surface how
the system feature varies according to the perfor-
mance of the attractor of the phase space. When
the system features are analyzed, we can see that
the attractors in the 2-D phase plane which is rep-
resented as [y(z),y(z4+17)] or in thd 3-D phase
space which is represented as [y (z), y(z+ 1),
y(t+427) ] reconstructed are similar to the ones in

the phase plane represented as (y,y) or the phase
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space represented as (y,y,3). First of all, when
the trajectories of the reconstructed phase space
tend to a point at last (That is, the attractor
mentioned above is a point), it means that the
system is stable. Secondly, if the trajectories
eventually form a curve which is able to close
down (The attractor is such a curve), it indicates
that the system is in a periodic motion. Again, if
the trajectories finally accumulate mussily into a
limited confine, it means that the system is in a
random motion. Furthermore, if there are some
special structures (so-called strange attractors) in
the distribution of trajectories, the system move-
ment will be chaotic™.
1.2 Correlated dimension

In fractal theory, many scholars define the
concept of fractal dimension from many different
angles. However, correlated dimension, having a
clearer sense of time sequences, is a method
which can calculate much more accurate and easy.

Let’s take a pair of points in an m-D phase
space for instance
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Euclidean distance between them is €;,;(m)
— 2, () | (2)

A critical distance € (e is a small positive

511(7") - H 1‘1;1(11‘)

number) is given and it is the radius of a super
ball in the m-D space. We get the number of pairs
of points, whose distance between each other is
less than €, and it is recorded as follows what
proportion these pairs accounted for in all pairs
Clesm) = m;ﬁ“ — =, )
1 F#~J 3
In the equations above, N=n—(m—1), t
means the phase point, and # means Haiweisaide
(Heaviside) function and it meets
1 =0
0 x<<O

Select a proper radius € of a super ball, and

0(x) =

in scale-scale zones there exist

C(Eqﬂ’l) — EDZ(’”) (4)

D,(m) = lim InC(e,m)

>0 In(e) (5)

where D, (m) means the correlated dimension.

2 TEST RESULTS AND NONLIN-
EAR ANALYSIS

2.1 Acquisition of pressure data of flow

fields'’

A KDF-5 fan which flows with a contrarotat-
ing axis and low noise is used in this paper. The
of the fluid-solid coupling test rig of the impeller
system is shown in Fig. 1. The dynamic pressure
sensors are used to measure the pressure fluctua-
tion of the fan in different conditions and to ac-
quire basic experimental data, as shown in Fig. 2.
The main parameters of the fan are that the fan
flows at a speed varing from 125 m®/min to 250
m?®/min, the total pressure varing from 300 Pa to
2 800 Pa, the rated power 2 * 5.5 kW, and the
rated speed 2 940 r/min. In addition, the main
parameters of the fan in the first stage are eight
blades, variable cross section of distortion curve.
On the other hand, the main parameters of the
fan in the second stage are six blades, variable
cross section of trapezoidal distortion.

UTekL. V2007 system for the dynamic sig-
nals collection is used. Sample frequency is cho-
sen as 5 120 Hz, which is a little higher for satis-
fying the needs of anti-mixed and digital filtering
of data preprocessing in the future. To ensure ac-
curate measurement, we set the sample data to be
1 024 or 2 048 and the sample time is set to be
3.41 min and 6. 83 min. In the test, the speed of
the fan is 2 940 r/min and the sample frequency is
5 120 Hz. The 3 072 sample data are equivalent to
the information of the fan that rotates for 30
times. The analysis result can fully characterize

the fan running information.
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Fig. 2 Pulse signal of air flow

2.2 Phase space reconstruction

The experimental method for analyzing the
fan impeller system needs special methods to cope
with because it may have many freedoms, and
noise may have bad effects on it. To verify
whether the system is chaotic, at first, we must
get its attractor. However, what we get are just
some data of time sequences of the pressure fluc-
tuation in the flow field between the two levels of
the impellers. If we had only such data, we

would have inevitably lost a lot of information

about the attractor evolution. Therefore, it is
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necessary to use the data of time sequences to re-
construct higher-dimensional phase space ™.

In this paper, the method to delay for a cer-
tain time is used to process the pressure data of
the flow field between the fans which flow with
two-level rotating axis and to reconstruct the
phase space of the fan impeller system and attrac-
tors'). When the delayed time is taken as 2,10,
15, 18, the attractor characters are given in
Fig. 3.

2.3 Selection of delay time based on correlated

function

Auto-correlated function is used to analyze

the collected pressure data, and 7 is set to be 18.

2.4 Correlated dimensions of impeller system

attractors

Actual measured signal is often interfered
with a great deal of other useless information and
these noise signals having impact on the calcula-

8], may lead to cor-

tion of correlated dimensions
related dimensions that cannot converge to a sta-
ble value. Therefore, there will be a method to
denoise for the signals which are about to be mea-

sured before correlated dimensions are calculated.
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Fig. 3 Phase space and attractor
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Because wavelet analysis of the method to denoise
for non-stationary signals has advantages that
don’ t exist in Fourier analysis at all, a soft
threshold wavelet denoising method is chosen.
The measured signals are firstly denoised, then
the correlated dimensions are calculated.

The value of € cannot be too large or the dis-
tances between all points and the point (ay,x;)
cannot exceed it, so the equation C(e,m) =1 is
not able to reflect the dynamic characteristics. At
the same time, the value cannot be too small, or
incidental noise will appear. According to plenti-
ful analysis and calculation, the value of € ought
to accord with the following equation: e =
€M) min + 2 (&i; (M) ox — €1 (M min ) /3. We chose a
curve which can be drawn in accordance with the
following formula: Ine —InC (e,m). If we chose
this kind of curve, the slope will not increase any
longer with the increasing embedded dimensions.
Then we could acquire correlated dimensions in
different conditions. On the other hand, 7 should
be chosen critically as well, when the curve is
drawn according to the formula Ine—InC(e,m). 1f
m is too small, it may not be able to gain the sat-
urated part of its slope. m ranges from 1 to 25 in
this paper. This curve expressed by the formula
Ine—InC (e,m) has a saturated part in all condi-
tions which are different from each other, that is,
its slope is a constant which will not vary with the
change of m any more.

In order to distinguish correlated dimensions
between the normal state of the fan and the
stalling state of the attractors, and to analyze the
data of the two states respectively, the following
steps are performed. First of all, the correlated
dimensions of the attractors of the pressure signal
before the stalling state must be obtained. Then
the curves of the related integration InC and the
natural logarithm Ine of ultra-sphere radius are
drawn, as shown in Fig. 4. What's more, curves
of different dimensions are used to obtain their
correlated dimensions and curves with embedded
dimension in the same Cartesian coordinate sys-
tem are drawn, as shown in Fig. 5. In the normal
working state of the fan, with the embedded di-
mensions increasing, the correlated dimensions of

the pressure signals gradually tend to a fixed val-
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Fig. 4 Lines drawn according to Ine — InC before
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Fig. 5 Embedded dimension and correlated dimension

before stalling

ue, which is the correlated dimension of the pres-
sure signal in the flow filed among the fans.

The same method is used to calculate the cor-
related dimensions after the fan stalling so that
the fractal characteristics of the stalling signals
are studied. As shown in Figs. 6-7, the correlated
dimension decreases a little compared with the
state before stalling. We can conclude that the
correlated dimension drops from 1.428 before

stalling to 1. 198 after stalling.

InC

_8_

_10 -

_12 -

4 L 1 ! ! L L L

-20 -1.5 -1.0 -05 00 05 1.0 15 20
Ing

Fig. 6 Lines drawn according to Ine — InC after

stalling



366 Transactions of Nanjing University of Aeronautics &. Astronautics Vol. 28
13 References:
1121: [1] Liu Bingzheng, Pen Jianhua. Non-linear dynamics
Lok [M]. Beijing: Higher Education Press, 2004. (in
ook Chinese)
g 0.8k [2] Gu Yongxia. Based on non-linear theory of turboma-
Q 07k chinery fluid coupling of the rotor system[D]. Bei-
06k jing: College of Mechanical Engineering, China Uni-
0.5k versity of Mining., 2007. (in Chinese)
0.4} [3] Xin Houwen. Fractal theory and its application[ M ].
0‘30 5. 1.0 1.5 2.0 5 Beijing: China University of Technology Press.,

m

Fig. 7 Embedded dimension and correlated dimension

after stalling

3 CONCLUSIONS

(1) Through the analysis of the pressure sig-
nals of the flow field before the fan stalling and
the reconstruction of the phase space, the corre-
lated dimensions of the corresponding state are
obtained. The correlated dimension decreases
from 1. 428 before stalling to 1. 198 after stalling.

(2) The results show that fractal analysis
theory of complex signals is effective. The corre-
lated dimensions are sensitive to the stalling sig-
nals of the fan and can be used as an important

characteristic for the detection of the fan stalling.
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