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Abstract−Empirical mode decomposition has been used to decompose the pressure fluctuation signals in the spouted
bed into several intrinsic mode functions, and these modes were transformed from the time domain into the frequency
domain by Hilbert transformation. According to the characteristic parameters extracted from these modes, flow regimes
were recognized by RBF neural network, and parameters in RBF neural network were optimized by adaptive genetic
algorithm. The recognition accuracy of packed bed, spouted bed, bubbly fluidized bed and slugging bed can reach 90%,
85%, 85%, 95%, respectively.
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INTRODUCTION

The commonly used method to recognize the flow regimes in
the spouted bed is based on visual observation through the trans-
parent walls of columns operated at atmosphere temperature, but
this method mainly has two disadvantages: (1) visual observation
is too subjective, and different researchers may have different inves-
tigation results; and (2) visual observation is not possible in indus-
trial scale equipment. So there is incentive to develop some objective
methods to recognize the flow regimes [1,2].

It is widely proved that the analysis of pressure fluctuation sig-
nals can be used to recognize the flow regimes in multi-phase flow
[3-5], so this method may be also suitable in the spouted bed [6-
12]. However, classical time-frequency analysis methods such as
fast Fourier transformation (FFT), power spectrum density (PSD)
have some limitations: (1) classical time-frequency analysis can only
give the global energy-frequency distributions and fail to reflect the
details of signals; (2) the classical time-frequency analysis is easy
to diffuse and truncate the signals’ energy because it regards the
harmonic signals as basic components; and (3) the central frequency
of the filter is determined by experience, which has great subjec-
tive influence on the results. Because of these disadvantages, it is
difficult to recognize the flow regimes in the spouted bed purely
based on classical time-frequency analysis.

To break the limitation of the classical time-frequency analysis
methods, the Hilbert-Huang transformation (HHT) is presented [13-
16]. In this method, the original signals are firstly decomposed into
many intrinsic mode functions (IMF), called empirical mode decom-
position (EMD), and then Hilbert transformation (HT) is used to
transform each mode from the time domain into the frequency do-
main. The frequency components contained in each IMF compo-
nent not only relate to the sampling frequency but also change with
the signals (in fact, the amplitude components also change with the
signals). At present, HHT has been widely applied in fields such as

ocean [17,18], multi-phase flow [19], machinery fault diagnosis [20,
21], and it is found HHT is more suitable for the analysis of nonlin-
ear signals.

In this paper, HHT has been applied to the analysis of the pressure
fluctuation signals in the spouted bed, and the energy extracted from
each IMF component was used as the input vector of RBF neural
network. The flow regimes in the spouted bed can be recognized
by observing the output of an RBF neural network.

EXPERIMENTAL SYSTEM

The experimental system consists of a visible semi-cylindrical
spouted bed column, a gas supply system and a multi-channel pres-
sure signals sample system.

The column, which is made of 5 mm thick Plexiglas, is 0.1 m in
diameter and 1.8 m in height. The diameter of spout nozzle is 10
mm. The conical base has an internal angle of 60o. An air compressor
supplies the spouting gas, which is controlled by a pressure regula-
tor and measured by rotor meter. The particles used in these experi-
ments are quartz sands, and their physical characters are shown in
Table 1. Pressure measuring holes are located on the back wall of
the column at the height of 0.1 m, 0.24 m, 0.34 m, 0.44 m, and 0.54
m above the bottom of the bed (in this paper, only differential pres-
sures between the hole at the height of 0.24 m and 0.44 m are meas-
ured). Pressure signals are logged into a computer via an A/D con-
verter with 12-bit resolution; the sampling frequency used for each
measurement is 600HZ, 1024 data points are sampled each time.
380 groups of signals are sampled at different spouting velocities in
these experiments (300 groups of the signals are regarded as the train-

Table 1. Characters of particle used in these experiments

Material
Mean

diameter,
mm

Particle
density,
kg/m3

Bulk
density,
kg/m3

Voidage Shape

Quartz
sands 0.5 2560 1393 0.456 Spherical
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ing samples, and the residual are regarded as the testing samples).
In previous studies [22], the validity index was defined to evalu-

ate the validity of fuzzy c-means clustering, and it was found that
the index could reach its maximum when the clustering number
equaled to 4. Accordingly, flow in the spouted bed could be classi-
fied into four kinds of flow regimes: packed bed (including inter-
nal jet), spouted bed, bubbling fluidized bed and slugging bed. So
in this paper, packed bed (P), spouted bed (S), bubbling fluidized
bed (BF) and slugging bed (SB) are recognized. The typical flow
regimes are shown in Fig. 1.

HILBERT-HUANG TRANSFORMATION [13-17]
OF THE PRESSURE FLUCTUATION SIGNALS

1. EMD Method
EMD is based on the simple assumption that any signals can be

decomposed into a finite number of different simple intrinsic mode
functions (IMF), and each mode should satisfy the following defi-
nition:

(1) The numbers of maxima and zero-crossing must equal to each
other or differ at most by one;

(2) At each point of the time series, the mean value between the
envelope defined by the local maxima and the envelope defined by
local minima should equal 0.

The concrete steps of EMD method are listed as follows:
Step 1 Search all the local extrema of the signals x(t), and con-

nect the local maxima by a cubic spline line to form the upper en-
velope; accordingly, the local minima is connected to form the lower
envelope too.

Step 2 Designate m11(t) as the mean of the upper envelope and
the lower envelope, and the difference h11(t) between x(t) and m11(t)

can be calculated by the following equation:

h11(t)=x(t)−m11(t) (1)

If h11(t) satisfies the definition of IMF, h11(t) is the first IMF compo-
nent of the signals, then go to step 4 directly, or else go to step 3.

Step 3 If h11(t) does not satisfy IMF definition, then treat h11(t) as
the original signals and repeat step 1 to generate the upper envelop
and the lower envelop. Accordingly, the difference h12(t) can be ac-
quired by the following equation:

h12(t)=h11(t)−m12(t) (2)

where, m12(t) is the mean between the new upper envelop and the
lower envelop. If h12(t) satisfies the IMF definition, h12(t) is IMF1, or
else repeat steps 1-3 for k-step till h1k(t) meets the IMF definition.

Step 4 Let c1(t)=h1k(t), r1(t)=X(t)−c1(t), treat r1(t) as the original
signals and repeat steps 1-3 to generate IMF2.

Step 5 Repeat steps 1-4 for n-step till no more IMF can be ex-
tracted from rn(t).

The original signals x(t) can be decomposed as the sum of IMF1~n
and rn(t):

(3)

In fact, the terminal condition that no more IMF can be extracted
from rn(t) is difficult to judge directly, so the standard deviation is
introduced:

(4)

where, SD<0.3 can be chosen as the new terminal condition.

x t( ) = ci t( ) + rn t( )
i=1

n

∑

SD = 
h1 k−1( ) t( ) − h1k t( )[ ]2

h1 k−1( )
2 t( )

------------------------------------------
t=0

T

∑

Fig. 1. Flow regimes in the spouted bed: (a) packed bed; (b) stable spouting; (c) bubbling fluidized bed; (d) slugging bed.
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Take a group of the pressure fluctuation signals, which are nor-
malized and shown in Fig. 2(a) as example. These signals can be
decomposed into eight IMF components and one residual r(t), which
are shown in Fig. 2(b)-(j).
2. Hilbert Transformation

Hilbert transformation of each IMF component ci(t) can be ac-
quired by the following equation:

(5)

A complex conjugate pair that defines an analytic signal, zi(t), can
be formed by H(ci(t)) and ci(t):

(6)

H ci t( )( ) = 
1
π
--- ci τ( )

t − τ
----------dτ

−∞

∞

∫

zi t( ) = ci t( ) + jH ci t( )( ) = ai t( )eiθi t( )

Fig. 2. IMFs of the pressure fluctuation signal: (a) original signals; (b) IMF1; (c) IMF2; (d) IMF3; (e) IMF 4; (f) IMF 5; (g) IMF 6; (h)
IMF7; (i) IMF 8; (j) residual.
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where, the instantaneous amplitude ai(t) and the phases θi(t) can be
expressed as follows:

(7)

(8)

Define instantaneous frequency, wi(t), as:

(9)

Accordingly, the original signals x(t) can be expressed as follows:

(10)

Take IMF1 component of the pressure fluctuation signals as ex-
ample, the instantaneous frequency and amplitude is shown in Fig. 3.

In this paper, energy of the first seven IMF components is ex-
tracted from the pressure fluctuation signals to be regarded as eigen-
vector. The energy of the ith component can be calculated by the
following equation:

(11)

INTELLIGENT RECOGNITION SYSTEM
OF THE FLOW REGIMES IN THE SPOUTED BED

1. RBF Neural Network
Define X=(x1, x2, .., xn) as the input vector of RBF neural net-

work, and Y=(y1, y2, ..., yn) as the actual output vector of RBF neural
network. Gaussian function is chosen as the basis function in the
hidden layers:

(12)

where, Ci and δi represents the center and the extended constant of
the ith basis function respectively [23-25].

The structure of the RBF neural network is shown in Fig. 4. The
nonlinear mapping X→ϕi(x) has been realized in the input layer,
and the linear mapping ϕi→yk has been realized in the output layer.
The output of the kth node in the output layer can be expressed as
follows:

(13)

where, m is the node number in the hidden layer; p is the node num-
ber in the output layer; wik is the connection weight between the ith
node in the hidden layer and the kth node in the output layer; ϕi(x)
is the basis function of the ith node in the hidden layer; θk is the thresh-
old of the kth node in the output layer; yk is the output of the kth
node.

During the training phase, if the flow regime is packed bed, the
output vector of RBF neural network O={1,0,0,0}; if the flow regime
is stable spouting, the output vector is {0, 1, 0, 0}; if the flow regime
is bubbly fluidized bed, the output vector is {0, 0, 1, 0}; if the flow
regime is slugging bed, the output vector is {0, 0, 0, 1}.
2. Theory of Adaptive Genetic Algorithm

In the RBF neural network, the parameters needed to be opti-
mized are C, δ, w and θ, and adaptive genetic optimization algo-
rithm [26-28] is applied to optimize the parameters in this paper.

ai t( ) = ci t( )2
 + H ci t( )( )2

θi t( ) = arctan H ci t( )( )
ci t( )

------------------⎝ ⎠
⎛ ⎞

wi t( ) = 
dθi t( )

dt
-------------

x t( ) = Re ai t( )e
j wi t( ) td∫

i=1

n

∑
⎝ ⎠
⎜ ⎟
⎛ ⎞

Ei = 

ai n( )2

n=1

N

∑
N

--------------------

φi x( ) = − X − Ci
2/2δ i

2( )exp

yk = wikφi x( ) − θk k =1 2 … p, , , ,
i=1

m

∑

Fig. 3. Hilbert Transformation of IMF1 (a) Instantaneous amplitude; (b) Instantaneous frequency.

Fig. 4. Structure of RBF neural network.
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The fitness function is determined as follows:

(14)

where, yi is the expected output, f(xi) is the actual output, and e is a
small real number, which is to prevent the situation of zero denom-
inator, here e=10−3.

The initial crossover probability and the initial mutation proba-
bility are determined by Eqs. (14) and (15):

(15)

(16)

where, f' is larger fitness function value of the cross-two bodies, f
is the fitness function value of individual, favg is the average fitness
function value in the samples, and fmax is the maximum fitness func-
tion value of individual in the samples.

Crossover probability and mutation probability change with the
evolutional generation, and their changing rules are as follows:

(17)

(18)

where, t is the genetic algebra, tmax is the terminated genetic algebra
and λ is a constant, here λ=10.
3. Structure of the Intelligent Recognition System

The recognition system can be divided into three steps: (1) one
group of the pressure fluctuation signals is sampled from the spouted
bed; (2) EMD is applied to decompose the normalized signals, and
HT is applied to transform the IMF components from the time do-
main into the frequency domain; (3) characteristic parameters are
extracted and used as the input vector of the RBF neural network;
(3) the flow regimes in the spouted bed can be determined by ob-
serving the output of RBF neural network.
4. Optimization of the Parameters in the Intelligent System

There are two factors that may lead to the failure of intelligent

model [29]: (1) ‘over-fitting’ issue (the objective function can reduce
to a very low value during the training phase, but the testing error
is relatively large); (2) ‘under-fitting’ issue (the objective function
cannot reduce to a low value during the training phase). For solving
these issues, ‘cross-validation’ method [30] is introduced.

The basic steps of ‘cross-validation’ are listed as follows:
Step. 1 Divide the training samples into n subsamples, and set

i=1;
Step. 2 Regard the ith subsamples as the testing samples, and the

others as the training samples;
Step. 3 Optimize the parameters based on the new training sam-

ples by adaptive genetic algorithm.
Step. 4 i=i+1, and repeat Step. 1-3 till i=n

Finally, w=Σwi/n, C=ΣCi/n, δ=Σδi/n, w=Σwi/n, and θ=Σθ/n.
The characteristic parameters of the typical flow regimes in Fig. 1

are shown in Table 2.
Let the subsample size=75, the input node number=7, the hid-

den node number=13, the output node number=4, the population
size Ni=40, the maximum genetic algebra Ma=500 and the binary
digit of each variable Pr=20. After the optimization process, the
relative error can be reduced to about 1.5%.
5. Examination of the Performance of the Intelligent System

Eighty groups of pressure fluctuation signals (twenty groups in
the packed bed, twenty groups in the spouted spouting bed, twenty
groups in the bubbling fluidized bed and twenty groups in the slug-
ging bed) are selected as testing samples. Only one group of signals
in the spouted bed, which are shown in Table 3, is analyzed in detail
here.

The input vector of RBF is {0.2601, 0.0639, 0.0488, 0.0280, 0.0104,
0.0081, 0.0049} and the output vector of RBF is {0.0901, 0.8557,
0.0777, 0.0215}. The second component of the output vector is the
largest, so the flow regime is stable spouting, which is consistent
with the observation result.

The recognition accuracies of the flow regimes in spouted bed
are shown in Table 4.

F = 
1

yi − f xi( )2( ) + e
i=1

n

∑
--------------------------------------

Pc
1

 = 
0.9 − 0.3 f' − favg( )/ fmax − favg( ), f favg≥
0.9, else⎩

⎨
⎧

Pm
1

 = 
0.1− 0.099 fmax − f( )/ fmax − favg( ), f favg≥
0.1, else⎩

⎨
⎧

Pc
t

 = 
0.9 1− t/tmax( )2× Pc

t 0.6<
0.6 else⎩

⎨
⎧

Pm
t

 = 
0.1 e −λ t/tmax⋅( )× Pm

t 0.001<
0.001 else⎩

⎨
⎧

Table 2. Characteristic parameters of the typical flow regimes

 Flow regime IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7
P 0.3513 0.0452 0.0186 0.0099 0.0034 0.0021 0.0009
S 0.2153 0.0532 0.0242 0.0090 0.0060 0.0044 0.0015

BF 0.1397 0.0456 0.0293 0.0136 0.0064 0.0038 0.0025
SB 0.2470 0.0690 0.0183 0.0136 0.0073 0.0095 0.0029

Table 3. Features of one group of signals

 Flow regime IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7
S 0.2601 0.0639 0.0488 0.0280 0.0104 0.0081 0.0049

Table 4. Recognition accuracy of different flow regimes

Flow regime  Packed
bed

 Stable
spouting

Bubbly
fluidized bed

Slugging
bed

Recognition
accuracy 90% 85% 85% 95%
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CONCLUSIONS

To break the limitation of the classical time-frequency analysis
methods, HHT has been applied to extract the features from the pres-
sure fluctuation signals in the spouted bed: first, the pressure fluctua-
tion signals were decomposed into eight IMF components, and then
Hilbert transformation was used to transform IMF component from
the time domain into the frequency domain.

Based on HHT analysis, the flow regimes have been recognized
by RBF neural network, and adaptive genetic algorithm has been
used to optimize the parameters in RBF neural network. The recog-
nition accuracies of packed bed, spouted bed, bubbling fluidized bed
and slugging bed can reach 90%, 85%, 85%, 95% respectively.
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