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Multiwavelet Denoising Using SureBlock Thresholding and Its Application in  
the Gearbox Fault Diagnosis of Rolling Mills 
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Abstract: Multiwavelet denoising using SureBlock thresholding is proposed in order to effectively extract 
weak fault features which are immersed in noises cause by equipment and the surrounding environment. The 
effect of wavelet block threshold denoising mainly depends on the selection of shrinkage functions and 
thresholds. Multiwavelets have more than two different multiscaling functions and they possess excellent 
properties of the orthogonality, symmetry, compact support and high vanishing moments simultaneously. 
Based on the correlation between multiwavelet coefficients, this paper selects the optimal block length and 
threshold by using the minimum of Stein’s Unbiased Risk Estimate when estimating unknown fault features. 
The optimal block length and threshold are applied for the effective feature extraction and noise elimination 
at each decomposition level. The simulation signal validates the effectiveness of the proposed method, and 
the gearbox fault diagnosis in the rolling mills indicates that the proposed method can successfully extract 
two local scuffing faults caused by the surface welding at a high temperature on the pinion. 

Keywords: Multiwavelet, Block Thresholding, Stein’s Unbiased Risk Estimate, Signal Denoising, Fault 
Diagnosis. 

Received: July 12, 2012 / Accepted: Aug. 12, 2013 / Published: Jan. 6, 2014 

1. Introduction 

Safety and reliability of the rolling mills, which are key equipment in the metallurgy, are essential for the 
product quality and efficiency. The rolling mills are operating under the complex and harsh conditions such 
as fatigue, elevated temperature and heavy load for a long term. The kernel parts of the rolling mills, such as 
the main gearboxes, may inevitably generate various faults or damages. Weak features of incipient faults (the 
faults in the early stages) are always immersed in noises cause by the equipment and the surrounding 
environment. The condition monitoring, fault diagnosis and prognosis of incipient faults for key equipment 
have becoming more and more difficult [1]. Therefore, how to eliminate noises from measured signals and 
how to enhance useful fault features are critical problems for accurate feature extraction and fault diagnosis. 
Because of the multi-resolution analysis (MRA) of wavelet transform, wavelet denoising technique has 
obtained a good result in signal denoising and been widely used in engineering applications [2]. 

The effect of wavelet denoising mainly depends on the feature extraction and noise elimination. For 
feature extraction, multiwavelets can possess such properties as compact support, symmetry, orthogonality 
and high vanishing moment simultaneously, which scalar wavelets cannot possess. Moreover, multiwavelets 
possess more than two different multiscaling functions and multiwavelet functions, which can effectively 
match the various fault features caused by the transmission path, the power frequency disturbance or the 
equipment resonance. Hence, multiwavelets have remarkable advantages over the scalar wavelets in signal 
denoising, image processing and fault feature extraction [3,4]. For wavelet denoising, Donoho and 
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Johnstone[2] introduced scalar wavelet threshold to signal denoising and proved its validity. The threshold 
scheme compared all wavelet coefficients with the chosen threshold and shrunk these coefficients. 
Visualshrink technique [5] adopted the global threshold  2log N   at each wavelet decomposition level, 
where N  was the length of the signal and   was the estimated noise variance. Sureshrink method [6] 
selected the optimal threshold by minimizing the Stein’s unbiased risk estimate (SURE) [7], the threshold 
was data-driven and would lead to a good denoising result. The above-mentioned term-to-term denoising 
techniques, which neglect the correlation between wavelet coefficients of fault features, cannot accurately 
extract the fault features of the key equipments. 

Based on the correlation between neighboring wavelet coefficients, Efromovich [8] proposed the block 
threshold denoising for estimating a orthogonal sequence. Donoho and Johnstone [6] and Kerkyacharian [9] 
discussed the universal block threshold denoising at each decomposition level, which was not spatial 
adaptive, for the regression analysis and the density estimation. Hall [10] proposed the local block 
hard-threshold denoising, the block length was 2(log )n  and n  was the length of detail coefficients. Cai 
[11] discussed James-Stein rule for the selection of the block length. The length log n  agreed with the 
compromise between global and local adaptation. The block threshold denoising was successfully applied to 
the gear fault diagnosis in the early stage [12], the power quality disturbance [13] and the channel estimation 
for OFDM system [14]. 

The result of wavelet denoising using the block threshold mainly depends on the block length and the 
threshold. However, the conventional block threshold denoising techniques cannot effectively solve the 
problems: (1) The threshold is selected according to prior experience, which will generate a large deviation 
in signal denoising. (2) The universal threshold is adopted at all decomposition levels, which is not the 
optimal one for each level. In order to improve conventional wavelet denoising techniques, Cai [15] 
estimated the optimal block length and threshold using the minimum of SURE, which is called SureBlock. 
Further studies are still necessary for the proof of the optimal selection of block lengths and thresholds.  

This paper proposed a multiwavelet denoising technique using SureBlock thresholding. The structure of 
the paper is organized as follows. The introduction of wavelet threshold denoising is given in Section 1. The 
summary of multiwavelets is introduced in Section 2. In Section 3, the theory of the block threshold and 
SureBlock is given. In Section 4 and Section 5, the proposed method is applied to the simulation experiment 
and the gearbox fault diagnosis in the rolling mills. Conclusions are given in Section 6. 

2. Summary of multiwavelets 

2.1 Multiscaling and multiwavelet functions 

Like the scalar wavelets, the theory of multiwavelets is based on MRA [16]. The difference is that 
multiwavelets are generated by dilations and translations of the vector functions T

,21 ],,[ r Φ , where 
Nr  and the space will be  

 /2span 2 ( ) :1 ,
2

j
j i j

t
V k i r k      

 
Z   (1) 

The vector functions ( )tΦ  and ( )tΨ  will satisfy a matrix dilation equation 
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The coefficients  kH  and  
kG  are rr   matrices and T

21 ],,,[ r Ψ  are multiwavelet 
functions corresponding to multiscaling functionsΦ . In the frequency domain, Eq. (2) and (3) are expressed 
as 
 ˆ ˆ(2 ) ( ) ( )  Φ H Φ   (4) 
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Multiwavelet Denoising Using Sure Block thresholding and Its Application in the Gearbox Fault Diagnosis         3            

)(H  and )(G  are the refinement symbols corresponding to Φ  and Ψ , respectively. 
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The widely used multiwavelet system was constructed by Geronimo, Hardin and Massopust, named 
GHM multiwavelets [17]. They have such properties as orthogonality, symmetry, compact support and 
second approximation order. The multiscaling functions and multiwavelet functions are shown in Fig. 1.  

 
Fig. 1 GHM multiscaling functions and multiwavelet functions 

2.2 Multiwavelet transforms and preprocessing 

Multiwavelet transforms are analogous to scalar wavelet transform. The difference is that multiwavelets 
are block convolution and block downsampling and upsampling [18]. With the starting vector coefficients 
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the superscript * denotes the complex conjugate transpose. 
As each multiwavelet system is a matrix-valued multirate filter bank, its input data streams need r 

dimension rows (in this paper, 2r ) javascript: showjdsw ('showjd_1','j_1'). Usually there is only one input 
stream ][nf and so some kind of preprocessing must be done before the implementation of multiwavelet 
transforms. Correspondingly, a postprocessing is needed to be performed after reconstruction and it must be 
the inverse process of the preprocessing. 

The most obvious way to get the second input row is just to repeat the input stream with a factor , 
namely oversampling scheme [19]. The preprocessing is  
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Here   is a constant and makes the system hold approximation order higher than zero. For GHM 
multiwavelets, 2/1 . A different way is preprocessing the signal ][nf  with a matrix pre-filterQ , 
called critically sampling scheme. There are various pre-filters with different properties. It has been proved 
that oversampling representations are better for feature extraction than critically sampling ones [20]. 
Therefore, oversampling scheme is used as the multiwavelet preprocessing in this paper. 

3. Multiwavelet denoising using SureBlock thresholding 

3.1 Multiwavelet block threshold denoising  

Suppose the measured dynamic signal ( )s n  is  
 

( ) [ ] [ ]s n f n r n    (10) 

where ( )r n  are independently distributed as (0,1)N ,   is the variance of the distribution, [ ]f n  is the 
unknown features which we would like to recover. The purpose of signal denoising is to eliminate noises and 
to recover the unknown features [ ]f n  form the noisy signal ( )s n . 

For multiwavelet denoising techniques, preprocessing is needed to transform the one-stream input signals 
into multiple-stream ones. Then Eq. (10) can be expressed as  S F E , where T(1) (2),s s   S  is the 
sampled vector signal after preprocessing, F  is the unknown vector features corresponding to [ ]f n  in the 
one-stream case, E  obeys a multivariate normal distribution (0, )jN V . The matrix jV  is the covariance 
matrix for the high-frequency multiwavelet coefficients at the resolution scale j . Using the standard 
transform T 1

, , ,j k j k j j k  D V D , we obtain a positive scalar value that in the absence of any signal component 
will have a 2

M  distribution, where M  is the number of elements in S . It is these ,j k  values that are 
thresholded, and the coefficients vectors can then be adapted accordingly. 

We can use a robust covariance estimation method to estimate jV  directly from the observed coefficients 
[16]. The pseudo-code for robust covariance estimation can be listed as follows [21]: 
 

mad( )=1.4826 median( median( ) )y y y    (11) 
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In the first row y  is a row vector, and the definition of mad( )y  is given. This definition is applied to 
calculate 1a , 2a , 1b , 2b  by replacing y  with 1row  and 2row . Here 1row  and 2row  are the two rows 
of multiwavelet coefficients at the resolution scale j . 

For multiwavelet block threshold denoising, the incorporation of the multiwavelet coefficients of the 
block k  at the resolution scale j  is represented as below  

2 2
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,
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Sum  
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where L  is the block length. 
The shrinkage rule for multiwavelet block threshold denoising is expressed as: 
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where 2log nn  , nn  is the length of the multiwavelet coefficients at the scale j . 
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As mentioned above, the block length and the threshold are two variant parameters which can be 
optimized in multiwavelet block threshold denoising. Different block lengths are selected at different 
decomposition levels. As shown in Fig. 2, the block lengths at the decomposition level 1-3 are set to 2, 3 and 
1, respectively. For each decomposition level, the suitable threshold can be selected to eliminate much noise 
and well recover the unknown features.  

 
Fig. 2 Multiwavelet denoising based on the block threshold 

3.2 Multiwavelet denoising using SureBlock thresholding 

SureBlock thresholding chooses the suitable block lengths and the threshold by minimizing SURE. 
Suppose the multiwavelet coefficients at the subband m  are , ,{ ,m i j kw s , , the subband}i j k m   ，the 
unknown feature without noise is , ,{ }m i j kf f , where i  denotes the i -th branch of multiwavelet 
decomposition, j  denotes the decomposition level and k  denotes the translation of the multiwavelet 
coefficients at the level j . Stein [7] proved that the expected loss or risk of the estimator  jf  for the true 
feature jf  could be unbiased estimated based on the multiwavelet coefficients mw . Generally, suppose the 
noise variance is 1  , then we can get  
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Then  2

2
{ } {SURE( , , )}j mjE f f E w L   is the unbiased estimator of the expected loss. The minimum of 

SURE( , , )mw L  can be obtained by selecting the suitable block length mL  and threshold m , that is  
      

 ,
( , ) arg min SURE(w , , )m m

m
L

L L


                              (19) 

As mentioned above, the block length and threshold are calculated by assuming 1  , therefore, for the 
collected signals with non unit variance, the standard deviation   of the signal should be estimated and 
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the variance of the wavelet coefficients should be normalized. A good estimator for the variance is obtained 
by the median value of the absolute values of the diagonal sub band coefficients at the finest decomposition 
level. 

       
 ( )

0.6745
jmedian f

                                    (20) 

The estimator is constructed through a hybrid method. Set 2( 1)d iT nn x  , 1/ 2 3/ 2
2logd nn nn   and 

2 logF L nn  . ( , )L   denotes the optimal block length and threshold which have the minimum SURE, 
under the additional constraint condition in the searching region.  
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The estimator is called SureBlock estimator. When d dT  , it degenerates to James-Stein estimator 
whose block length is 1. The hybrid scheme is used to guard against the situations of extreme sparsity of a 
mean vector. 

As shown in Fig. 3, multiwavelet denoising using SureBlock thresholding can be generalized below. 
1) Preprocess the measured signal and perform l-level decomposition; 
2) Select the optimal block length and threshold by minimizing SURE at each decomposition level; 
3) Threshold the detail coefficients at each decomposition level according to Eq. (22) using the optimal block 

length and threshold, the purified signal ,
ˆ

j kd  is obtained. 
4) Reconstruct the purified signal ,

ˆ
j kd  at each decomposition level and the approximation signal to obtain 

the multi-stream denoising result 0,ns  

5) Postprocess the multi-stream denoising result 0,ns  to obtain the one-stream result x . 
Noisy 
signalPrepocessingMultiwavelet

Decomposition

Judging
condition

Term-
by-term

SURE

Block 
threshold

Multiwavelet
reconstruction Postprocessing Denoising 

result

Yes

No

 
Fig. 3 Multiwavelet denoising using SureBlock thresholding 

4. Simulation  

To test the effectiveness of the proposed method in this paper, a simulation experiment is designed as 
follows: Gaussian white noise of large magnitude is added to the periodic impulse signal that is shown in Fig. 
4(a), the sampling frequency is 2000Hz. The impulse signal is  

      
200( ) sgn( ) sin(2 600 )th t t e t      ( ) * ( ) ( )

k

f t a h t kT n t                 (23) 

where T  denotes the period of the impulse signal, k  is a natural number, a  denotes the amplitude of the 
impulse. Moreover, a  is used to simulate the randomness in the dynamic signal.  
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The impulse signal is displayed in Fig. 4(a). In this case, 0.12sT = . The characteristic frequency is 
8.33Hz. ( )h t  represents the defect-induced shock impulses, ( )n t  represents the noise aroused by other 
reasons. The simulation signal is shown in Fig. 4(b), the signal has a low signal-to-noise-ratio (SNR), no 
useful features can be seen in the dynamic signal in time domain. Frequency spectrum is the most common 
method based on the Fourier transform theory in the frequency domain, which is directly obtained by FFT. 
Fig. 4(c) shows the frequency spectrum of the simulation signal. There are some spectral lines around 600Hz, 
which is the decaying frequency of the shock impulses, but the sidebands are not clear. 

 
Fig. 4 The simulation signal and its spectrum 

GHM multiwavelet denoising using SureBlock gives a distinct result as shown in Fig. 5. Noticeably, the 
spurious impulses are eliminated and all the features are extracted successfully. The period of the impulses is 
0.12s that confirms the validity of the proposed method. GHM multiwavelet denoising methods using 
conventional block threshold and neighboring coefficients [22] are selected to be compared with the 
proposed method. These two methods can extract some shock impulses, while eliminate or weaken the weak 
shock impulses, as shown in the ellipses of the Fig. 6(b) and 6(c), respectively. The obtained results destroy 
the period of the shock impulses, which will finally lead to an incorrect fault diagnosis conclusion.  

 

 
Fig. 5 The result of the proposed method 

           
(a)The result of multiwavelet denoising using the          (b) The result of multiwavelet denoising using 

conventional block threshold                          neighboring coefficients 
Fig. 6 The result of different multiwavelet denoising techniques 
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The correlation coefficients and the mean square errors (MSE) between the denoising results and the 
impulse signal are calculated, as shown in Table 1. The results indicate that multiwavelet denoising using 
SureBlock has the maximum correlation coefficient and the minimum MSE, which means the proposed 
method can effectively extract the defect-induced shock impulses and eliminate much noise from the 
simulation signal. 

Table 1 the correlation coefficients and MSE of different multiwavelet denoising techniques. 

Multiwavelet denoising 
techniques 

Multiwavelet denoising 
using SureBlock 

thresholding 

Multiwavelet denoising
using the block 

threshold 

Multiwavelet denoising 
using neighboring 

coefficients 
The correlation coefficients 0.586 0.558 0.443 

MSE 0.203 0.286 0.223 

5. Engineering application 

The proposed multiwavelet denoising using SureBlock is adopted to the fine rolling mills for a steel strip. 
In order to verify the proposed method, multiwavelet denoising methods using conventional block threshold 
and neighboring coefficients are selected to be compared with the proposed method.  

 

 
Fig. 7 the gearbox of the rolling mill and the measuring points 

As shown in Fig. 7, a fine rolling mill for a hot steel strip are drove by dual motors, The transmission 
system is a single stage gearbox with a gear ratio of 22/65. The vibration signals are measured at a sampling 
frequency of 5120 Hz from the measuring points 1~7# on the bearings and the gearbox by using velocity 
sensors. The rotating frequencies of the pinion and the low-speed shaft are 4.54Hz and 1.54Hz, respectively. 
As shown in Fig. 8, periodic shock impulses can be vaguely seen in the vibration signal in time domain, the 
period is 0.22s, which is in accordance with the rotating frequency of the pinion. The local shock impulses 
are contaminated by the noises of the equipment and the surrounding environment, 100Hz, 497.5Hz and 
601.3Hz can be clearly seen in the Fourier spectrum, which are in accordance with the meshing frequency of 
the gearbox and its harmonics.  

GHM multiwavelet denoising using SureBlock is adopted to extract fault features. No notable singular 
points are detected in the vibration signal except for the shock impulses which occur periodically at an 
interval of 0.22s. In this study, a five-level multiwavelet decomposition of the vibration signal is first 
performed after repeated sampling. As shown in Fig. 9, besides the strong impulse cluster I2, there still exist 
another series of successive impulses I1 submerged in the heavy noise of the original signal. Both of them 
have a distinct regularity in ranking sequence and magnitude. Each strong impulse I2 and weak impulse I1 
emerge alternately and periodically. The periods of shock impulses I1 and I2 are both in accordance with the 
rotating period of the pinion, indicating that two localized gear teeth faults of the pinion occurred in the 
gearbox. Furthermore, the time interval between I1 and I2 is close to one third of the pinion’s revolution, 
which means that the two local faults had a distance of one third of the circle. 

GHM multiwavelet denoising methods using conventional block threshold and neighboring coefficients 
are selected to be compared with the proposed method. As shown in Fig. 10(a) and 10(b), multiwavelet 
denoising using the conventional block threshold can only extract the strong impulses I2, but it cannot reveal 
the weak impulses I1; multiwavelet denoising using neighboring coefficients can extract the strong impulses 
I2 and only one weak impulses I1, as shown in the ellipse in Fig. 10(b). Hence, these two methods cannot 
extract the weak fault features, which will lead to an incorrect fault diagnosis conclusion. 
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Fig. 8 The vibration signal and its spectrum        Fig. 9 The denoising result of the proposed method 

 

      
Fig. 10 The result of the vibration signal of the gearbox using different multiwavelet denoising techniques 

The field inspection shows that the pinion of the gearbox has two defects, as shown in Fig. 11. The two 
defects are local scuffing faults caused by surface welding at high temperature, which are about 1/3 of the 
circle apart. One local scuffing fault is about 1/3 of the teeth, while the other scuffing fault spread along the 
whole width of the teeth. The fault position and fault severity agree well with the fault diagnostic conclusion. 

       
Fig. 11 The defects of the pinion in the gearbox 

6. Conclusion 

SureBlock thresholding technique calculates the optimal block length and threshold using the minimum 
of Stein’s unbiased risk estimate (SURE) when evaluating unknown features. Multiwavelets possess such 
properties as orthogonality, compact support, symmetry and high vanishing moment simultaneously, which 
are important for accurate feature extraction of incipient faults. Moreover, multiwavelets have more than two 
different basis functions, which can effectively match various fault features caused by the transmission path, 
the power frequency disturbance or the equipment resonance according to the similarity between wavelet 
bases and measured signals. Multiwavelet denoising using SureBlock combines the advantages of 
multiwavelets and SureBlock. The simulation experiment and the fault diagnosis of a gearbox in the rolling 
mill indicate that the proposed method can effectively extract weak fault features, and accurately diagnose 
the two local scuffing faults caused by surface welding at high temperature on the pinion. 

As mentioned above, the proposed method works well when the noise in the measured signal is Gaussian 
white noise and the true unknown features are a little stronger than the noises. While in some cases, the 
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unknown features are relative weak and contaminated by strong background noises and the noises in the 
measured signal has a complex distribution. It is an interesting and significant research topic to develop 
based on the proposed method. The authors would like to investigate this topic in the future.  
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Abstract: This paper intends to combine the theory of parallel stochastic resonance and auto correlation 
approach in simulation data of low-speed heavy-load equipment to improve SNR of the stochastic resonance 
(SR) system. By analyzing simulation signal and test signal from lab table, it is found that the time cycle and 
frequency characteristics become more apparent. Such combination enables higher detectivity of SR toward 
weak signal of low-speed heavy-load equipment fault. 
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1. Introduction 

Currently, a lot of research and application fields show concern to weak signal measurement, aiming to 
achieve wanted signal extraction from noise. Of several detecting methods, attention is all paid to how to reduce 
noise while neglecting the damage or suppression to measured signal at the same time by detection system. 
Parallel SR, on the contrary, intends to enhance weak signal by fully utilizing noise, hoping to identify it by 
raising SNR. Processed by SR, signal energy will be concentrated at LF whereas HF is suppressed to increase the 
original SNR. Then extract the fault periodic signal for autocorrelation processing. In such case, it is more 
accurate to acquire signal characteristics, for the spectrum is more steep, hence making it easier to identify weak 
signal. By analyzing simulation data and test signal from lab table, it is found that correlation analysis can 
effectively enhance output SNR of SR[1]. 

2. Multi-layer auto-correlative SR system 

SR phenomenon [2] refers to enhancement of output signal SNR by increasing noise in certain conditions 
when signal under noise passing Bi-stable system. As for approximation of SR phenomenon, see Langevin 
equation and figure 1 below: 

)(tS )(tX

)(tn
 

Fig. 1 Stochastic resonance system 

n(t)+ft)(A+bxax=
dt

dx 3 2πcos     (1) 
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Where: ft)(A=s(t) 2πcos  is the measured weak periodic signal, n(t)  refers to white gaussian noise while 

satisfying statistical average τ)δ(=τ)]+[n(t)n(t=E[n(t)] -t2DE0, . Where D  is noise intensity, NV is 

2D ,  τ  is time delay and  3bxax=
dt

dx
  is called as barrier function； a  and b  are nonlinear system 

parameters; X(t)  is bi-stable system output signal. Figure 1 shows that output signal X(t)  presents stochastic 
resonance phenomenon co-acted by input signal S(t)  and noise n(t) . Considering the differential equation 
does not have exact solution, fourth-order Runge-Kutta[3,4] is applied in this paper to work out equation 1.  

Taking advantage of the periodicity of signal and randomness of noise, autocorrelation aims to remove noise 
through autocorrelation calculation. Since signal and noise are independent, signal is only related to itself while 
there is no relation between noises. Therefore, enhancement of signal SNR can be realized through 
autocorrelation [5]. Set input signal as follows: 

  )(cos)()()( tntAtntsty            (2) 

Its autocorrelation function is: 

      
             



NS

Y

RtntsEtntsER

tyyER




       (3) 

In terms of ergodicity process, stochastic process autocorrelation function can be replaced by that of time, 
which is then expressed as: 

      


T

T
X dttxtx

T
R

0

1lim 
            (4) 

In view of limited actual observing time T, the following equation is applied in actual measurement for 
relevant calculation:  

       












T

XX dttxtx
T

RR
0

1ˆ           (5) 

Auto-correlative parallel SR system 
When output signal and noise enter into no.1 layer of SR system, output signal will be issued upon SR 

phenomenon; is issued likewise in no.2 layer. By SR principle, in case input exceeds the critical value, the 
system will start periodic motion per signal frequency in potential inter-well of bi-stable system. The different 
parameters of two SR systems have diverse transition critical value (transition difficulty), consequently, output 
signals and will present phase difference, although the SNR of output signal has improved by two parallel SR 
systems. Autocorrelation processing can keep periodicity of the signal while remove phase data to achieve zero 
phase difference between the two output signals and further enhance SNR of them. Upon such processing, time 
domain averaging can be applied by superposition to get (the output of the whole parallel SR system). Inhibitory 
action toward noise and enhancement of effective signal acting by parallel SR system then is further promoted. 
Figure 2 illustrates the principle for auto-correlative parallel SR. 

 
Fig. 2 Auto Correlation parallel stochastic resonance 
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3. Analysis on simulation data and experimental results  

Simulation example proves the effectiveness of parallel SR system, which applies four-layer, with input 
signal of     )(602sin5.01102cos4.0)( tntttS   ， sampling frequency Hz10000 ， sampling 
points8192 and noise intensity 20D . See Figure 3 for the time wave of original signal. In the parallel SR 
system, the parameters of system 1, 2, 3 and 4 are 1,01.0,121  bah ，

1,05.0,121  bah , 1,01.0,81  bah ， 1,05.0,81  bah respectively. Figure 4 and Figure 
5 present time wave and spectrum of output signal for each subsystem of parallel SR while Figure 6 presents 
that of the whole parallel SR system.  

 

a) Time wave      b) Frequency spectrum 
Fig. 3 Time wave and Frequency spectrum of input signal 

 

 
a) No.1 layer of stochastic resonance output time wave 
b) No.2 layer of stochastic resonance output time wave 
c) No.3 layer of stochastic resonance output time wave 
d) No.4 layer of stochastic resonance output time wave 

Fig. 4 each layer of stochastic resonance output time wave 

 
Seen from Figure 3, Hz60 periodic signal can be acquired upon FT while that of Hz110 cannot be 

identified; by Figure 4 and 5, upon enhancement of SNR and suppression of HF through SR processing, 
periodic signal Hz110 can be vaguely distinguished；in Figure 6, compared with single-layer SR system, the 
HF noise of original signal has been largely reduced while LF has been highlighted via parallel SR system. 
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Originally, Hz110 frequency spectrum in output signal of parallel SR subsystem (single-layer SR system) is 
not obvious, upon superposition averaging by autocorrelation, periodicity of Hz60 becomes more visible and 

Hz110 takes up the second high point in the frequency spectrum. Moreover, suppression action on HF noise of 
parallel SR system output has been strengthened and effectively enhances the identification accuracy toward 
signal SNR and characteristic signal. 

 

 
a) No.1 layer of stochastic resonance output Frequency spectrum 
b) No.2 layer of stochastic resonance output Frequency spectrum 
c) No.3 layer of stochastic resonance output Frequency spectrum 
d) No.4 layer of stochastic resonance output Frequency spectrum 

Fig. 5 each layer of stochastic resonance output Frequency spectrum 

  a) Time wave       b) Frequency spectrum 
Fig. 6 the final output of parallel stochastic resonance 

4. Conclusion 

This paper proposes autocorrelation-based parallel SR signal processing approach, which adds 
autocorrelation theory into SR. By theory, the enhancement of signal SNR through such approach is proven; by 
analysis on simulation experiment and actual measurement data, effectiveness for weak signal detection is 
proven.  
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Abstract: An optimal grade transition policy is essential when several grades of polymers are produced in the 
same continuous stirred tank reactor (CSTR). We discuss an optimal grade transition to minimize the amount of 
raw material assumption during the transition operation as well as to shorten the transition time. Through case 
study of a free radical styrene polymerization in a pilot CSTR, we show that a combination of regulatory control 
and dynamic optimization is very effective for the optimal grade transition operation of continuous 
polymerization reactor. 
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1. Introduction 

A grade transition operation is essential in continuous polymerization plants because many grades of 
polymers are produced from the same reactor. Transitions between different grades result in the production of a 
considerable amount of off-specification polymer. Flexible operation of the plants depends not only on a 
steady-state operation but also on an effective grade transition. From the economical viewpoint, reducing the 
amount of off-specification polymer during the grade transition operation as well as shortening the transition 
time is important for operating a continuous polymerization reactor.  

Dynamic optimization is implemented commonly to achieve optimal grade transition operation [1, 2]. Lee et 
al. [3] proposed a modified differential evolution algorithm for dynamic optimization of a continuous methyl 
methacrylate-vinyl acetate copolymerization reactor. The object was to determine the optimal trajectories of the 
control inputs that minimize the transition time. Wei et al. [4] applied iterative dynamic programming to the 
two-grades transition operation in industrial continuous polymerization process. The objective function was 
presented using polymer properties, including melt index and polymer density.  

A well designed control system is important to track the optimally determined dynamic trajectories in the 
presence of process disturbances and model uncertainties. Several authors combined grade transition 
optimization with process control [5, 6, 7]. Wang et al. [5] developed a nonlinear control system integrating an 
off-line optimizer and a nonlinear model predictive control to perform optimal grade transition operation at 
industrial polyolefin reactors. The optimal trajectories of both output and input were calculated off-line using 
the control vector parameterization (CVP) method with nonlinear first principles models. The derived optimal 
input sequence was used as a feed-forward signal during grade transition control. Ben Amor et al. [6] applied 
NLMPC algorithm to the polymer grade transition control using an industrial real-time optimization package. 
Two simulated polymerization cases were studied. In the continuous methyl methacrylate (MMA) process, the 
number-average molecular weight (Mn) is controlled by manipulating volumetric flow rate of initiator. The 
second case of a gas-phase polyethylene reactor was studied as an application of their algorithm to 
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multiple-input multiple-output control system.  

Some researches considered grade transition from other views [8, 9, 10, 11]. Yi et al. [8] developed a grade 
transition strategy for an industrial slurry-phase high-density polyethylene plant from a plant-wide viewpoint. In 
addition to reactors, models of downstream processes were also included in the optimization. The polymer 
slurry melt index from the reactors and the polymer pellet melt index from the pelletizer in the plant were used 
as the properties for grade specification. Asteasuain et al.[9] applied a mixed-integer dynamic optimization 
approach to the simultaneous design and control of a continuous styrene polymerization process. The 
steady-state operation and grade transition policies have been determined so as to minimize capital and 
steady-state operating costs as well as off-specification products during grade transition.  

Guo et al. [12, 13] discussed an optimal steady-state operating condition to produce polymers with the best 
match to the specified molecular weight distribution (MWD) profile. The MWD profile is characterized by three 
parameters: the number-average molecular weight (Mn), weight-average molecular weight (Mw), and 
polydispersity index (PDI). Through a study of typical types of free radical polymerization, Guo et al. found 
that an operating condition can be determined by specifying two MWD parameters, Mn and PDI, when the 
termination by combination reaction is included. However, the simultaneous specification of Mn and PDI cannot 
determine an operating condition when the termination reaction by combination is not included. In this case, 
another parameter should be specified to determine an operating condition.  

We discuss an optimal grade transition to minimize the amount of raw material consumption during the 
transition operation as well as to shorten the transition time in this work. We propose a combination of the 
regulatory control system and dynamic optimization. Off-line dynamic optimization is carried out to generate 
the optimal transition trajectory for manipulated variables in the presence of constraints on manipulated, 
controlled, and state variables. 

2. Control System For Optimal Grade Transition 

In this section, we consider the optimal polymer production in a pilot-plant continuous stirred tank reactor 
(CSTR), shown in Fig. 1. The feed streams are composed of the monomer and initiator streams, and these feed 
streams are well mixed with a solvent before being fed into the reactor. Cooling water is used to remove the heat 
generated by the polymerization. 

The control scheme of an optimal polymer production system for CSTR is also shown in Fig. 1. The polymer 
grade specification is defined as Mn and PDI, which must be satisfied at both steady states. The flow rate of 
initiator and coolant, Fi and Fj, are selected as manipulated variables. The operating condition specification is 
defined as the reactor temperature T and the monomer feed ratio α, defined as 

im

m

FF

F


                                   (1) 

where Fm is the flow rates of monomer. 
Traditionally gel permeation chromatography (GPC) or size-exclusion chromatography (SEC) have been 

used to determine polymer MWD [14]. These measurement methods, however, are rather time consuming and 
virtually impossible to be used in on line control system. For on line purposes, the viscosity and Melt Index 
measures have been used as a substitute for MWD in online control [15]. In industrial practice, the operators 
usually operate the polymerization instrument during grade transition and judge the termination of the grade 

transition operation depending heavily on polymer MWD measured off line in laboratory and their knowledge 
of experience. The transition time is very long and therefore significant off-specification product is generated.  

In this study, two MWD parameters, Mn and PDI, are selected to describe polymer grade, which are detected 
by soft measurement on simulation. When the target polymer quality grade Mn

* and PDI* are specified, the 
following two-step approach is adapted to implement the optimal grade transition operation in CSTR. 
1) The target operating condition is determined by off-line optimization on basis of the steady-state 

mathematical model. The objective function is formulated to satisfy the polymer quality specifications. 
2) The optimal transition trajectories of input variables are determined by off-line dynamic optimization system 

using the mathematical model in the presence of constraints on input, output and state variables. With the 
calculated optimal trajectories of manipulated variables used as the set point signals, the feed-forward 
controllers drive the polymerization process from the steady state of initial grade to a new steady state that 
satisfies the target grade specifications. 
When both input and output variables satisfy the target requirements for operating condition and polymer 

quality specification, and the state variables access a quasi-steady state, the grade transition operation is 
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completed. The regulatory control system is then used in the online implementation of routine operation to 
account for model errors as well as immeasurable disturbances. 
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Fig. 1 Control scheme for optimal grade transition in CSTR 

3. Dynamic Optimization Method 

A general formulation of the optimal grade transition problem is as follows. 

)),((min f
),( f

ttxJ
ttu                                       (2) 

s.t.  ))(),(()( tutxftx  , 00 )( xtx                                (3) 

))(),(()( tutxgty                                  (4) 

maxmin )( utuu                                      (5) 

maxmin )( ytyy                                  (6) 

maxmin )( xtxx                                  (7) 

Here, )(tx  denotes the vector of state variables with the initial conditions x0 at the start time t0. )(tu  and 

)(ty  denote the vectors of manipulated and controlled variables, respectively. Eqs. (3) and (4) represent the 
polymerization process model, which is given in the form of differential and algebraic equations. Eqs. (5), (6), 
and (7) denote the lower and upper bounds on the manipulated, controlled, and state variables, respectively.   

Two objective functions are formulated to determine the optimal transition trajectory of manipulated 
variables, i.e. the initiator flow rate Fi and coolant flow rate Fj. The objective function J1 given by Eq. (8) aims 
to minimize the transition time tf,1. 

f,11 tJ 
                                      (8) 

The objective function J2, given by Eq. (9), focuses on the cost performance of the polymerization process 
by minimizing the amount of initiator consumption during the polymer grade transition.  
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dttFJ
                                      (9) 



Optimal Grade Transition for Quality Control of Continuous Free Radical Polymerization Process             19 
 

Based on the minimum transition time tf,1 obtained from J1, the time horizon of J2, tf,2 is specified for 
handling the optimization problem, i.e., tf,2 = ktf,1 (k > 1), where k is a parameter. 

The gPROMSTM [16] is used for the modeling, simulation and dynamic optimization of the continuous free 
radical polymerization process. In the gPROMSTM, there are two standard mathematical solvers available for 
solving dynamic optimization problems. Both are based on a control vector parameterization (CVP) approach 
which assumes that the time varying control intervals are piecewise constant (or piecewise linear) functions of 
time over a specified number of control intervals. The first solver implements a single-shooting dynamic 
optimization which is more suited to solving problems with many state variables but relatively few control 
variables and intervals. The second solver implements CVP technique via multiple shooting algorithm. In this 
work, the dynamic optimization problem is converted to a standard nonlinear programming problem using CVP 
and is then solved by the latter optimization solver. 

4. Mathematical Model of Free Radical Polymerization in CSTR 

A mathematical model was developed to simulate the free radical polymerization in CSTR. It is assumed that 
the flow rate of the product, F, is the same as the total flow rate of the feed, i.e., F = Fm + Fi, where Fm and Fi 
are the flow rates of the monomer and initiator, respectively. The total volume of all reactants in the reactor, V, is 
assumed to be constant. The monomer and initiator, well mixed with the solvent, are fed into the reactor. I0 and 
M0 are the concentrations of initiator and monomer in the feed mixture, respectively. 

The free radical polymerization generally includes the following elementary reactions: 

1) Initiation: 
1
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d 2

RMR

RI
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K








  

2) Propagation: 1
p

 j
K

j RMR    

3) Transfer to monomer: 1
trm RPMR j

K
j      

4) Transfer to solvent: 1
trs RPSR j

K
j   

5) Termination by combination: ij
K

ij PRR  tc   

6) Termination by disproportionation: ij
K

ij PPRR  td  

Here, I is the initiator, M is the monomer, and S is the solvent. R+ is the primary radical; Rj and Pj are the live 
and dead polymers with chain length j, respectively. Kd, Ki, Kp, Ktrm, Ktrs, Ktc, and Ktd are the reaction rate 
coefficients. All these coefficients are assumed to satisfy the Arrhenius equation, )/exp( TREAK  , where R′ 
is the gas constant. 

When one denotes the total concentration of the live polymers as 


1j
jRR and the total concentration of the 

dead polymers as 


2j
jPP , the concentrations of the reaction species are expressed using the following mass 

balance equations [17].  
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Here, FV /  is the average residential time of the reactant in the CSTR.  
The temperatures of the reactor and jacket are described using the following energy balance equations. 
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Here, ΔHr, Ur, and Ar denote the heat of polymerization, the overall heat transfer coefficient, and the heat 
transfer area, respectively. Fj is the flow rate of coolant, and Tjf and Tj are respectively the inlet temperatures of 
coolant and the jacket temperature. Tf is the temperature of the feed stream. 

The method of moments is used to calculate the MWD parameters, i.e., the number-average molecular 
weight (Mn), weight-average molecular weight (Mw), and polydispersity index (PDI). The molecular weight 
distribution moments for the dead polymer are defined as follows:  
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Here, Zm is the mth moment of dead polymer concentrations. Mn, Mw, and PDI are thus calculated by using 
the dead polymer moments as follows. 
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Here, Mm is the molecular weight of the monomer. 

5. Case Study 

5.1 Problem statement  

The free radical styrene polymerization process was focused on a case study of the optimal grade transition 
operation between two polymer grades. Azobisisobutyronitrile and toluene were used as the initiator and the 
solvent, respectively. The physical properties and kinetic parameters listed in Table 1 are referred from the 
literatures shown in the footnote. 

The initial grade specification is Mn = 26935 and PDI = 1.555. The target polymer grade specification is 
Mn

* = 35700 and PDI* = 1.566. The operating condition (T and α) is determined by the steady-state optimization 
[12]. The operating conditions for the initial and target polymer grades are summarized in Table 2. 

Bounds of the manipulated variables, Fi and Fj, and state variables, T and Tj, are summarized in Table 3. 
These constraints must be satisfied during the transition operation including initial and final steady-states.  

5.2 Results and discussion 

We first determined the shortest transition time tf,1 by minimizing the objective function J1. The shortest 
transition time was 717 min. Then, we minimized the amount of initiator consumption under the transition time 
tf,2 of 730 min. The optimal trajectories of manipulated variable are shown in Figs. 2 and 3, where both optimal 
trajectories S1 and S2, which minimize J1 and J2, are illustrated by solid and dashed lines respectively with S3, 
which is described later. Nineteen control intervals were selected in the CVP method. The optimized Fi and Fj 
are used as inputs of the feed-forward control system from t = 0 to t = tf,1 or from t = 0 to t = tf,2, respectively. 
After t = tf,1 or tf,2, the two regulatory controllers come into operation, and the set points are fixed at the target 
operating condition, i.e., α= 0.645 and T = 354 K. Then Fi and Fj are the outputs of the regulatory controller. 
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As an un-optimized naïve grade transition operation, we changed stepwise both the set points of the two 
regulatory controllers from the initial operating condition to the target operating condition. This system is called 
S3 with practical PID controllers. Figs. 2 and 3 show the results of S3 by the dotted line. 

Table 1 Parameters of styrene polymerization model 

Kd / L·mol-1·min-1 )987.1/5.30798exp(1048.9 16 T a

Ki / L·mol-1·min-1 0.6Kd
 a 

Kp / L·mol-1·min-1 )987.1/8.7067exp(10306.6 8 T a

Ktrm / L·mol-1·min-1 )987.1/1.12671exp(10116.7 8 T a

Ktrs / L·mol-1·min-1 0 

Ktc / L·mol-1·min-1 )987.1/1680exp(105.7 10 T a 

Ktd / L·mol-1·min-1 0 

Mm / g·mol-1 100.12 

ρCp / cal·L-1·K-1 360.23 b 

ρjCpj / cal·L-1·K-1 966.92 b 

-ΔHr / cal·mol-1 16710.77 b 

Ur / cal·min-1·K-1·m-2 2868 c 

Ar / m
2 0.11 

M00 / mol·L-1 4.8 

I00 / mol·L-1 0.0106 

Fm / L·min-1 0.02 

Tf / K 350 

Tjf / K 293.2 

V / L 3.927 

Vj / L 4.318 
aYoo et al. [18], bAsteasuain et al. [9], cPadhiyar et al. [1] 

 

Table 2 Operating conditions for initial and target polymer grades 

Variable Initial values Target values

α 0.570 0.645 

T / K 359.5 354 

 

Table 3 Bounds of manipulated and state variables 

Variable Lower bound Upper bound

T / K 340 370 

Tj / K 275 368 

Fi / L·min-1 0.002 0.050 

Fj / L·min-1 0.001 0.010 

 
Simulation study is carried out to verify the optimization results. The trajectory in the Mn and PDI space is 

shown in Fig. 4. The resultant trajectories of operating condition variables, α and T, for the three systems are 
shown in Figs. 5 and 6. The simulation results of the control system with the three different set-point profiles, S1 
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– S3, are summarized in Table 4. It is shown that all the control systems finally reached the target specification 
in the Mn and PDI space. For S1 and S2, the termination time were the final transition time tf,1 and tf,2 respectively. 
In case of system S3, however, the termination time was about 1000 min, which is much longer than that of 
system S1 and S2. The amount of initiator consumption of system S3 was also much larger than that of system S1 

and S2. This means that two systems with the combination of dynamic optimization and regulatory controllers, 
S1 and S2, are superior to the non-optimized naïve PID control system for grade transition operation.  

 

Fig. 2 Trajectory of Fi 

         ── S1; ┅┅ S2; …… S3 

 

Fig. 3 Trajectory of Fj 

        ── S1; �� S2; …… S3 

 

Fig. 4 Transition trajectory of Mn and PDI 
── S1; ┅┅ S2; …… S3;  Target MWD 

 

Fig. 5 Trajectory of α  
      ── S1; ┅┅ S2; …… S3 

 

Fig. 6 Trajectory of T  
      ── S1; ┅┅ S2; …… S3 
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Table 4 Simulation results 

Control systems Transition time /min Initiator consumption /L 

S1 717 8.23 

S2 730 8.11 

S3 1000 11.01 

System S1: Minimization J1 + two regulatory controllers 

System S2: Minimization J2 + two regulatory controllers 

System S3: Only two regulatory controllers (PID controllers) 

6. Conclusion 

The grade transition problem for free radical styrene polymerization in a pilot-plant CSTR is considered in 
this work. The polymer grade specification is defined as number average molecular weight Mn and 
polydispersity index PDI. The flow rate of initiator and coolant, Fi and Fj, are selected as manipulated variables 
in the dynamic optimization.  

Dynamic optimization is required for shortening the operation time or minimizing the raw material 
consumption during the polymer grade transition in the CSTR. The optimal transition trajectories of 
manipulated variables were determined by off-line dynamic optimization. Simulation studies were carried out to 
verify the effectiveness of such control systems S1 and S2. System S1 focuses on the transition time and system 
S2 focuses on the amount of initiator consumption. The transition time of system S1 was minimum and the 
amount of initiator consumption of system S2 was minimum. Both systems satisfy the polymer grade 
specification at the end of the transition operation and are superior to the non-optimized naïve PID control 
system. This implies that the combination of the dynamic optimization and regulatory control system is 
necessary for optimal polymer grade transition operations. 
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Abstract: This paper states the principles of pipeline leak detection, the module structure and characteristics of 
USB AE, meanwhile, analyzes the limitations of the existing USB acoustic emission detection system. Based 
on the above, with Visual Studio 2012 as application development platform, windows 32 application project is 
designed and researched a portable USB acoustic emission detection system for pipeline leak. Furthermore, by 
pipeline leakage simulation experiments, we verify the system design is feasible, achieve the acoustic emission 
signal acquisition and data processing, and conducts noise analysis combined with the experimental data. 
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1. Introduction 

Pipelines are the arteries of petrochemical enterprise, it is self-evident that the importance of leak detection. 
Since the diversity of scene environment, the demand for flexibility of testing equipment is increasing. The 
portable acoustic emission testing equipment based on USB AE module, is a new type of acoustic emission 
devices possesses great flexibility than before, and it is also an important development of acoustic emission 
testing technology. Finally, it is significant for the promotion and application of acoustic emission testing 
technology. 

Acoustic emission testing technology is a kind of passive detection technology, which determines the 
acoustic emission source information contained in these signals through “hearing” the acoustic emission 
signals emitted from the detected objects. In the process of acoustic emission testing, the internal pressure 
results that the pipeline medium inject to evoke transient elastic waves, and propagate from the pipe wall 
material to the surface, create the surface micro-displacement when the pipeline leaks out. If we place acoustic 
emission sensors on the pipe wall, it can translate micro-mechanical vibrations on the surface of the material 
to electrical signals by using piezoelectric effect, then the electrical signals are magnified, displayed and 
processed. In fact, acoustic emission signal is composed of one or some electrical signals processed by the 
system[1]. These signals which come from the leak points contained the characteristic information of source, 
and parsing these information can master the condition of leak pipe to achieve the purpose of leak detection. 

This paper will elaborate the using of the USB AE module to design the portable multi-channel AE devices, 
and it is closely around how to improve the operability of the AE software system. This paper’s emphasis is 
the pipeline leak detection system based on the USB AE module[2] 

2. The Hardware Structure 

2.1 USB AE module 
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The module we used in this study is the high-performance USB AE module of American Physical 
Acoustics. Compared with the traditional AE boards, USB AE module is based on the USB (Universal Serial 
BUS) universal serial bus technology which makes the AE devices get ride of the PCI slots bound. Thereby, 
we can get rid of the bulky labor controlling machine. USB AE module can achieve the functions of real-time 
feature extraction and waveform acquisition and other functions. 

USB AE module consists of 18-bit A / D converter, 20 M / s sampling rate and bandwidth of 1MHz, which 
integrates preamplifier circuit. The input and output signals of the amplifying circuit are analog signals which 
is an analog circuit with the magnification of 40dB, the pass band of 20KHz~1000KHz and the input noise 
voltage less than 5μv. 

2.2 Multi-channel Portable USB AE System Hardware Design 

The paper is designed to use multiple USB AE modules in order to build multi-channel AE system. By the 
use of RJ45 port, a four-channel system can be connected by four USB AE modules which can be shown in 
Figure 1. 

This system is equipped with the R3a sensor of American Physical Acoustics Corporation Alpha series 
sensors, which has a peak frequency of 30kHz. The main function is to achieve the energy conversion between 
the mechanical energy and the electrical energy principle by using the Piezoelectric Effect. The 75Ω coaxial 
cable is selected to be the system signal cable. 

 
Fig. 1 USB AE hardware structure chart 

3. The development of the software system 

3.1 The limitations of the existing acoustic emission software system 

C Most existing acoustic emission detection system are foreign system, which not suitable for domestic 
testing environment, and the operation settings are complex which needs a lot of experience, and the 
operational and applicability of the system are still need to be improved. For example, the setting of acoustic 
emission channel, which needs to set the threshold value, top and bottom limitation on analog flitter, sample 
frequency, pretrigger, length of each channel. Setting acoustic emission timing parameters PDT/HDT/HLT 
needs to take the detection of objects of different material in to account. 

There are many acoustic emission parameters, such as the impact, event counts, amplitude, ASL value, 
RMS value, etc. But not all these parameters for different object detection is meaningful. It is easy for 
operators to be confused and can cause operation error. So we need to design portable USB acoustic emission 
detection system for a specific environment and object to meet the use requirements.  

3.2 system development 

3.2.1 Development Platform 
In order to ensure software reliability and portability, the system software uses the Windows 7 operating 

system and Visual Studio C++ 2012 as a program development platform. Its high-quality code, readability, 
security and other advantages owe to the reliability, flexibility, high inheritance, easy to transplant and other 
characteristics of C++ language. C++ is the language which is very suitable for this study. The object-oriented 
feature of C++ ensures for the interface of the software and the realization of human-computer interaction. 

VS2012 development platform is used to establish the win32 application project to develop software. 
Software interface is mainly divided into the menu bar, the main interface and the status bar. Main display 
needs to display waveform data, which can establish new pages and maps according to the needs. After 
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initializing global character, initializing the application and the main message loop, register the main window 
class. 

After the registration, create window function is used to create the main window, and setting the window 
size, location, display style by setting the parameters in the function: 

hWnd = CreateWindow(szWindowClass, szTitle, WS_OVERLAPPEDWINDOW, int x, int y , int 
nWidth，int nHeight, NULL, NULL, hInstance, NULL); 

The hWnd is the handle of the window; szWindowClass is the type to create; the article is window class; 
SzTitleis the window title; WS_OVERLAPPEDWINDOW parameters makes the created windows of all 
styles, including title, system menu, border, minimize, maximize button and so on. 

The message processing function of the main window is completed by LRESULT CALLBACK WndProc 
(HWND HWND, UINT message, WPARAM WPARAM, LPARAM LPARAM) function, whose main 
subject is switch structure. The judgment condition of switch is system message, the judgment situation of the 
case are mainly WM_CREATE, WM_COMMAND. The WM_COMMAND is generated by the window 
control, when you click on a control, the system will generate the message, so analysis menu options is done 
by identifying the message. 

Menu option contains all the functions of software commands, which is the framework of software. Menu 
analysis program should be simple and clear. Lots of statements can’t be written on the menu function ,which 
should be finished by calling the function and should be defined clear as far as possible. In the program of 
menu, every click will result in the connected of the certain ID, which can call the function to complete the 
order. 
3.2.2 Acquisition module 

The development of the system is based on the bottom of the development environment of American 
Physical Acoustics Corporation (PAC). The bottom of the development environment provides Dynamic Link 
Library to the development of the system, which is a mechanism of run-time application linked with library. 
By calling and accessing to the Dynamic Link Library, the system can control, manipulate USB card. Based 
on it, acquisition module completes the data collection activities by calling and analyzing the Dynamic Link 
Library provided by PAC company. 
3.2.3 Acquisition module 

This system makes full use of the bandwidth of USB bus. The design is multi-thread, while acquisition, 
storage and display are the independent thread. Each thread maintains a high degree of synchronization, so as 
to ensure the real-time performance of the system. The C++ system, which based on object oriented function, 
can achieve a human-computer interaction interface. In addition, data can also be displayed and analyzed. 

In order to achieve functions of the reliability and accuracy of the system data transmission. A perfect 
function of data transmission protocol is designed. USB provides four transmission modes to ensure real-time 
connections among devices of the system. The transfer mode of the USB control is relied on to send a request 
to USB device to finish configurations, when USB AE device accesses computer to achieve configurations. 
While collecting data, the synchronous transfer mode of USB can guarantee the synchronous transmission of 
data. In other to ensure the accuracy of data transmission, the packet format is defined as the packet and head. 
Head stores version number, channel number, address and other information of data, and the encapsulation of 
head can improve the accuracy of packet transmission and sourcing. Head includes the type and information 
of data. 

3.3 Pipeline leak detection module algorithm 

3.3.1 Method for signal processing 
Acoustic emission energy analysis method is suitable for continuous acoustic emission signals, and does 

not depend on any threshold voltage, so this paper adopts energy analysis method. Among the acoustic 
emission parameters, ASL value and RMS value reflect the size of acoustic emission, and cannot be 
influenced by threshold value. Meanwhile, they are extremely suitable for continuous acoustic emission, and 
they are easy to be measured, so ASL and RMS values are selected to judge pipeline leaks. 

RMS voltage (RMS), which represents the root mean square of the signal in the sam-pling time, expressed 
as V. Average signal level (ASL), which represents the average signal level in the sampling time, expressed as 
Db. 

Using energy analysis method for signal processing: 
(1) Transform the 4-20mA current signal into voltage signal. 
Acoustic emission sensor transforms the displacement which is generated by transient elastic waves which 

are gave out by the acoustic emission source into an electric signal, that is the 4-20mA current signal. The 
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system transform through signal processing to get 4-20mA current and 0-5V voltage value of the 
corresponding linear. 

(2) RMS voltage (RMS): 

   MilivoltdttV
T
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T

T
 2
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Where, V(t) is a time-varying signal voltage value. △T is the average time, the value is T2-T1. Learned by 
the experiment that the value of △T is generally 0.5s-5s for leak detection. 

(3) Average signal level (ASL): 

  preVRMSASL  1lg20 

The system chooses the value of ASL as the decision value to evaluate whether the detected pipeline leaks 
or not qualitatively, which is also only major variable to estimate the leak rate of pipes and taps[3].  
3.3.2 Location algorithm 

The system is applied to the pipeline leak detection, positioning way are primarily for wire positioning and 
plane location. When the pipeline has large aspect ratio, we adopt the method of time difference wire 
positioning[i][4]; the planar positioning is used when the pipeline has a small aspect ratio. The development of 
this system, the main object to the pipe which has large aspect ratio, so the wire localization algorithm is 
adopted: 

As shown in Figure 2, the acoustic emission source is between sensor 1 and sensor 2. t1, t2 is respectively 
the moment of sensor 1 or sensor 2 receives a time signal from the acoustic emission.  

D is the distance between two sensors which can calculate the distance between the acoustic emission 
source and sensor 1. 

 tVDd 
2
1 

In the equation (3), V is the speed of sound waves in pipes, Δt is the time lag between two sensors received 
the signal. 

As shown in equation (3), we only need to get the time lag Δt between two sensors received the signal, and 
the propagation velocity of sound waves in the test material, then the position of the leakage source can be 
calculated. The acoustic emission signal of pipeline leakage is continuous acoustic emission signal, the time 
delay between two continuous signal wave is obtained by cross-correlation method. The cross-correlation 
functions of two waves: 

dttYtX
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In the in equation (4), X (t) is the wave of a sensor X received from continuous source AE; Y（t+τ）is the 
wave of a sensor Y received from the same source AE; τ represents the time delay of X (t) ; Δτ is a finite time 
interval and is in milliseconds. t is the lag of X and Y, two sensors receiving the wave by the same source AE 
emitted, can be get by the maximum peak of the cross-correlation function XY (τ), t=τ. 

 
Fig. 2 Line positioning map of pipeline 
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4. Application experiment 

4.1 Experimental facilities 

We build a pipeline leak simulation platform, which uses a portable USB AE system to verify the validity 
and accuracy. 

Laboratory table uses a seamless pipes with outer protective layer of long 2 m, diameter 100mm, thickness 
10mm to simulate leak, On both ends of the pipe, the pump and valve are connected for pressurizing and 
pressure regulator. In this experiment, the tube medium is water, when the experiment, by the head of 28m of 
decay energy pipeline pump pressurized to 0.3MPa. Pipe connected to the pump end is viewed as zero point, 
the AE sensor is set in the axial direction 0.7m, 1.3m respectively. The detection position of the outer 
protective layer of the tube is removed 7-8 square centimeters in order to security for acoustic emission sensor.  
For analog leak hole, in the axial direction, away from the zero position of 1.25m to play 1.2mm diameter 
holes, as in Figure 3. Another air pump will be run when experiments in order to simulate the field of 
environmental noise. 

 
Fig. 3 Pipeline leak simulation platform 

4.2 Experimental procedure 

(1) The parameter settings. Closing the simulated leak hole and opening air pump of simulating 
environmental noise, applying software to measure noise in order to set the threshold values. After 
measurement, the noise signal is 26dB, and therefore the threshold value is set to 30dB. Blocking the leak 
hole, when the pipeline pressure to 0.3MPa stably, collecting is started, while ASL is 14dB, ASL alarm 
value is set to 30. 

(2) Establish the diagram of ASL value variation over time, the diagram of the RMS value with time variation, 
the diagram of variation with time of impact and the diagram of power spectrum. 

(3) Open leak hole, when the pipe pressure stabilized at 0.3MPa, begin to the acquisition and observation 
image, as Figure 4. 

(4) Leak point positioning and calculation error, and error analysis. Sensor for the four different location 
positioning experiments in four groups. Sensor setting and the leakage point positioning data of the 
experiments are shown in Table 1.  

 
Fig. 4 AE Signal spectrum 

4.3 Figures and Tables 
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(1) When the pressure is stable and collection is begun, ASL is stable and significantly higher than the alarm 
value. Description of the pipeline system can be effectively monitored for leaks. 

(2) Four groups positioning experiments are integrated to verify the system can complete pipeline leak point 
positioning function, But the data as you can see, there is a error of positioning: 

Table 1 four groups of experimental data leak point positioning 

 Sensor1 
coordinate(m) 

Sensor2 
coordinate(m) 

Positioning 
data(m) 

Real location 
(m) 

Relative 
error 

Group 1 0.7 1.3 1.19 1.25 4.8% 
Group 2 0.7 1.5 1.16 1.25 7.2% 
Group 3 0.9 1.3 1.21 1.25 3.2% 
Group 4 0.5 1.5 1.14 1.25 8.8% 

Positioning errors may result from: (1) inaccuracy of the system algorithms; (2) the environment impact on 
the positioning; (3) inaccuracy of the sensor; (4) the attenuation of the acoustic emission signal of the pipe 
material, etc. 

From the above results it can be seen, the system can accurately determine the pipeline leakage, related 
data of the map can be established for analysis, leakage signal according to the location of the leak can be 
positioned. To sum up, we can prove that the system can achieve the expected functionality. 

4.4 Noise Analysis 

Acoustic emission techniques are susceptible to noise signals, so the noise signal of the filter is very 
important in the process of acoustic emission testing. Field testing environment in the tank will usually have a 
mechanical noise, electromagnetic noise and environmental noise. 

Storage tanks will be connected to have different mechanical structures according to different purposes, 
such as manholes, ladder, insulation layer and a variety of instrumentation. As the wind, temperature changes, 
these mechanical structures produce mechanical noise by friction. During testing the bottom of the tank, the 
guard sensors should be arranged to filter the AE signal which comes from the upper of the sensor and does 
not belong to the tank bottom. Tank surrounding environment changes, such as wind, rain, high temperature 
and other acoustic emission testing will also have a relatively large impact. 

Acoustic emission-line detection will inevitably encounter electromagnetic noise, some of which comes 
from the equipment itself[5-6], but also comes from the surrounding environment of electromagnetic 
interference. Different from mechanical noise, electromagnetic noise tends to produce continuous signal, and 
has more compact on acoustic emission testing. For electromagnetic interference signal with specific 
frequency spectrum characteristics, the preceding filtering method is adopted to wipe out the interference of 
electromagnetic noise. 

5. Conclusions 

With the powerful C++ program language, we design and develop the portable USB acoustic emission for 
detecting the leak of the conduit. The system is proved to be feasible through the pipeline leakage simulation 
experiment and it also has the function of acoustic emission of real-time data acquisition, storage, display and 
determining the location of the sound source. Compared with the traditional general acoustic emission system, 
this system in pipeline leakage detection shows excellent performance, simple interface, convenient operation, 
good applicability, and has wide application prospect. 

At present, the specific object of portable USB acoustic emission system has just started. It is still 
insufficient in pipeline leakage estimation and positioning accuracy of the amount, which needs to be studied 
further. 

The focus of future research is as follows: 
(1) The algorithm should be studied further and system needs to be developed for other detection objects. 
(2) Focuses on different defect characteristics of acoustic emission signal analysis, design flaw identification 

module. 
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Abstract: The cushioning packaged system is always predigested as a two-degree-of-freedom system. In order to 
study the effect of nominal frequency ratio, damping ratio, mass ratio and the amplitude of the terminal peak 
saw tooth pulse on the shock response spectrum of the critical element and the main part reaction of cushioning 
packaging system material, a method based on fourth order Runge-Kutta algorithm is proposed in this paper. 
The experimental results show that the proposed method has an important application in the design of 
cushioning packaging. 
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Ratio. 
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1. Introduction  

Shock response spectrum is an important base to evaluate the reliability of cushioning packaging system. 
The main causes for damage of package system are vibration and shock during transportation, and the critical 
element always be damaged at the first, so it is more precision to predigest the packaged products as an 
two-degree-of-freedom system[1]. Wang Z-W [2,3] has studied shock response spectrum and damage boundary 
curve of single degree-of-freedom system under different pulsed excitation, Z.W. Wang and J. Wang [4,6] has 
proposed the concept of three-dimensional shock spectrum and damage boundary surface with tangent system. 
Considering that the terminal peak saw tooth pulse is the most common, this paper will investigate the shock 
response spectrum of both main body and critical element of two-degree-of-freedom system under the action of 
terminal peak saw tooth pulse, and discuss the effect of nominal frequency ratio, damping ratio as well as mass 
ratio. 

2. Dynamic equations and non-dimensional equations 

 
Fig.1 Dynamic model of packaging system with critical element 
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The dynamic model of packaging system with a critical element is shown in Fig. 1, where m1and m2are the 
mass of critical element and main part respectively, k1and c1 are the equivalent linear elasticity coefficient and 
equivalent damping ratio of the two parts, k2and c2 are the linear elastic coefficient and damping ratio of 
cushioning material respectively. This paper studied dynamics response characteristics of the system under the 

terminal peak saw tooth-pulse, the function is ),( 0
0

0 ttH
t

t
uu m  .  

The differential equations of two degree-of-freedom system under terminal peak saw tooth pulse can be written 
as: 
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   , where X  and X   are first derivative and second derivative respectively. 

Applied a terminal peak saw tooth acceleration pulse excitation on the base, and the non-dimensional equation 
is: 
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0 0( , )mU U H     , Where 0mU  is the amplitude and 0  is the width of the terminal peak saw tooth acceleration 
pulse. 
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According to Eq. 2 and Eq. 3, the factors that influence the maximumvalue of acceleration response are: mass 

ratio, nominal frequency ratio, damping ratio of the main body and critical element as well as impact time 0 . 

3. Shock response spectrum of main part and critical element 
In order to evaluate the damage of the product during transportation, the maximum shock response spectrum 

is usually chosen to describe the response of the product on the impulse. Eq. 1 and Eq. 2 generally discussed 
shock response spectrum of two-degree-of-freedom system, thus the fourth order Runge-Kutta method is 
applied. The mass ratio is much smaller than 1 due to the simplification of packaging system, here the mass 
ratios are 0.001,0.01,0.1,0.8  , frequency ratios are 0 .01, 0 .1,1, 5  and damping ratios are 

1 0,  0 .01,  0 .1,  0 .5  and  2 0,  0 .01,  0 .1,  0 .5  respectively.  
Since the shock response spectrum of two -degree-of-freedom system is a three-dimensional surface, the 
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4. Discussion of the results 
Fig. 2(a-d) indicates the effect of frequency ratio on the shock response spectrum. It is found that frequency 

ratio has great impact on shock response spectrum of the critical element, and the response is biggest when the 
frequency ratio is approximate 5, moreover, the response is also influenced by mass ratio, the amplitude of the 
response spectrum decrease as the mass ratio increasing(except 1 ). But frequency ratio and mass ratio have 
little effect to the shock response spectrum of main body, it is almost the same as the single degree-of-freedom 
linear system, which decreases gradually after peak value and finally tends to 1.3. β 

 

 
   

Fig. 2 SRS for packaging system with different frequency ratio (ζ1=0, ζ2=0) 
(a) SRS of critical element. (b) SRS of the main part. (c) SRS of critical element. (d) SRS of the main part. 

Fig. 3(a-f) shows the effect of mass ratio on the shock spectrum. It is shown that mass ratio has little 
influence on the shock response spectrum of main body and critical element mainly because the mass of critical 
element is much smaller than main body, thus the impact of critical element to the main body could be neglected 
while frequency ratio is much smaller than 2; while frequency ratio is much bigger than 2, response spectrums 
of main body and critical element are almost the same, the response spectrums move upward as mass ratio 
increasing, while frequency ratio is approximate to 2, the response of critical element increases as mass ratio 
decreasing, and it has very little influence on main body. When 1 , the response spectrum of the critical 
element is much bigger than the other cases, so this case should be avoided in the packaging design. 

 

(b) (a) 

(c) (d) 
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Fig. 3 SRS for packaging system with different mass ratio (ζ
1
=0.1, ζ

2
=0.1) 

(a) SRS of critical element. (b) SRS of the main part. (c) SRS of critical element. (d) SRS of the main part. (e)SRS of 
critical element. (f) SRS of the main part. 

Fig. 4(a-d) shows the effect of damping ratio on the shock spectrum. The critical element damping ratio that 
connecting the main body and critical element could effectively reduce shock response spectrum and has little 
influence on main body of the product, while the damping ratio of the main body (cushioning material) could 
sharply reduce the shock response of critical element. These two damping ratios have the same influence on 
critical element, the shock response of main body decreases as damping ratio increasing. 

 

(a) 

(e) 

(d) 

 (b) 

(c) 

(f) 
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(c) (d) 
 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4 SRS for packaging system with different damp ratio (α=0.1, λ=2) 
(a) SRS of critical element. (b) SRS of the main part. (c) SRS of critical element. (d) SRS of the main part 

5. Conclusion 

a. The shock response spectrum of two degree-of-freedom system under  terminal peak saw tooth pulse is 
directly related with mass ratio, nominal frequency ratio without coupling, damping ratio of main body and 
critical element; 

b. The shock response spectrum does not rely on the peak value of shock wave, for the system is linear 
simplified, and the response spectrum is almost the same as that of single degree-of-freedom system because in 
the packaging system, mass ratio of main body to critical element is much smaller than 1, therefore, the impact 
could be neglected; 

c. The response of critical element reaches the summit while non-coupling frequency ratio is around 5, so 
that it could be reduced by choosing cushioning materials to adjust the frequency ratio in cushioning package 
design;    

d. Damping ration could effectively reduce the response amplitude, thus it can be fully used in the 
cushioning packaging design. 
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Abstract: With the development of global economy, marine transportation has been presenting busier scene, 
global coastal port, especially the throughput of China port continues to increase, all kinds of dangerous chemicals 
transports and the increased wharfs, which is because the geography particularity of waters, also added the ship 
fire control work new difficulties. For the particularity of large oil tankers and various inflammable and explosive 
chemicals transport ship, this article briefly introduced the sea foam fire extinguishing system. Firstly, the 
selection of proportion mixer is introduced, and then briefly introduces the principle and characteristics of fixed 
deck foam fire extinguishing devices. 
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1. Introduction 
Fire accident on the sea can be prevented, but it is hard to avoid. Once the trend of fire appears, we must control 

the fire quickly, and prevent its spread quickly, or it will cause more damage. Oil tankers, as energy transport sailing 
on the sea or in the process of carrying out, is easily caught fire accident. According to statistics, since 2002, there 
have been 28 more serious fire and explosion accidents of oil tanker worldwide, because no timely help on the sea, 
once improperly disposed, it is easy to get the ship destroyed seriously, and also can cause serious marine pollution 
accidents. Therefore, preventing oil tanker accident and control the fire, developing advanced foam fire system is of 
great significance. 

Due to the particularity of large oil tankers and various inflammable and explosive chemical transportation ships, 
the carried most oil chemical products flash point is low, easily gasified, once caught fire, fire trend will be rapid, 
and forms an explosive fire, which is of great difficulty to extinguish [1]. The general fire water usually works not 
so well, while foam fire extinguishing presents its incomparable advantages. Foam fire extinguishing devices can 
spray bubble liquids which can quickly isolate the inflamed and explosive oil and air goods, protect the important 
instrument, and realize fast extinguishment. Fixed foam fire extinguishing system is important fire control facility 
of deck cargo ship, whether the system is available in immediate state, will directly relate to the ship security, and 
the proportion mixer is the core component [2]. Foam fire extinguishing system is mainly used on the oil tanker and 
amphibious ship. Conventions and standard requirements: tankers which load crude oil or oil products whose flash 
point (closed glass test) is no more than 60 � and ray stream pressure is lower than the atmospheric pressure and oil 
tanks which carry the products and with the same fire dangerous liquid product goods, for 500 tons gross and above 
but less than 20000 tons of oil tanker loads, should be fixed with deck foam fire system [3]. 

The fire extinguishing system is made by bubble stoste and sea water, which are primarily mixed by proportion 
mixer with the proportion 3%-6%, then mixed intensively with pipeline, the mixed liquid is driven by a pump to the 
spout and spray out into sky with the air and form bumbles, the bumbles cover on the surface of the burning goods, 
isolate oxygen and cool the fire temperature and then extinguish the fire. Bubble stoste is made up with animal 
protein and water decomposition and filled with stabilizer and preservative, presenting black brown and flavor is 
strong. The bubble fire extinguishing devices can be classified into animal protein bubble fire extinguishing device 
and fluorine protein bubble fire extinguishing device. By bubbling times, it is classified into low power (12:1), 
medium (between 50:1 and 150:1) and high powers (more than 150:1) these three types [4]. 
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2. Selection of Foam Proportion Mixer 

Large oil tankers and all kinds of chemical goods transport ships are often sailing on the sea,  work environment 
is bad, and often encounter strong wind surge,  once appear fire accident, it will be always hard to get the land 
rescue for help. Therefore, the principle of selection of sea foam mixing ratio device should be taken into main 
consideration as listed below.  First, it is stationary. Due to the limited space in the ship and all kinds of swing, it is 
inconvenient for mobile ship. Second, the storage capacity is enough for foam liquid, flow pressure range is wide, 
and mixture ratio is accurate. Third, it should be high reliability, convenient in use. 

At home and abroad the bubble mixing ratio device is mainly divided into five: pipeline pump suction, ring 
suction, storage tank pressure type, pump into the balance pressure type, and spoon-feed [5]. The first two belong to 
negative pressure foam mixing ratio device, the third four or five for positive pressure type foam mixing ratio 
device. Pipeline pump suction and ring suction foam mixing ratio device are suitable for small flow and pressure, 
mainly used in mobile foam firefighting equipment, such as foam cart, foam fire engines, etc. And in fixed foam 
fire-extinguishing systems, the tank pressure type or pump into the balance pressure type foam proportion mixing 
device are generally used [3]. 

For the above five kinds of foam mixing ratio device, pipeline pump suction and ring suction foam mixing ratio 
device , due to its small range of flow rate and pressure, and more restrictions when design the ring pump type foam 
proportion mixing device system, are difficult to design, some designers can not deal with the faced difficulty and 
cannot make the designed system work normally, this may be the  reason why mixing ratio was left out, and it is 
main used in mobile foam fire extinguishing equipment, such as foam cart, foam fire truck, fireboat, etc. Spoon-feed 
bubble mixing ratio is the same small flow device that is currently used only in the low proportion of A kind of 
bubble of mixing fire extinguishing system. Therefore, these three kinds of foam mixing ratio device is not easy to 
choose in the large oil tankers and various inflammable and explosive chemicals transport ship. 

Tank pressure type foam proportion mixing device and pump into the balance pressure type foam proportion 
mixing device are applicable for wide flow pressure range and accurate proportion of mixture [6], apply to fixed or 
half fixed type foam fire extinguishing system, and meet the conditions of sea foam proportion mixing device 
selection. 

Tank pressure type foam mixing ratio device for its installation and use are simple and convenient, performance 
is stable, is widely produced and used in fire engineering areas, the technical research has been also thorough. At 
present the domestic production enterprises of fire extinguishing are as many as a dozen; the product's design theory, 
applied technology research literatures are a lot. For pump into the balance pressure type foam proportion mixing 
device its foam liquid storage capacity is bigger, reliability is higher, more flexible when compared to the tank 
pressure type foam proportion mixing device [7]. Foam cans that is used by tank pressure type foam proportion 
mixing device must be able to withstand the pressure of the fire water pressure tank, and put forward the relevant 
national standards for the diaphragm type pressure tank, considering the influence of use caused by the diaphragm 
materials performance, its volume should not be greater than 5000 L. For without the diaphragm of the integral or 
space type foam cans, considering rest after will all or part of the waste after liquid foam is one time used up, and 
considering the manufacturing costs, its volume also should not be too big, commonly 13000 L. The following for 
pump into the balance pressure type foam mixing ratio device, its bubble of the tank is the general can, also can use 
any form of foam liquid storage vessel or storage tank and its capacity can reach 25000L or even greater. After one 
time use, residual liquid foam still can continue being used; bubble fluid can also be added in use at any time. In 
addition, adopt the automatic pressure regulating for liquid equipment, it can also be equipped with more identical 
or different specifications of foam proportion of mixer compound pump into the balance pressure type mixing ratio 
device, for multiple pipeline system being provided with bubble mix and fluid. Therefore, pump into the balance 
pressure type ratio mixing device is especially suitable for large-scale petrochemical industry transports, oil tank 
area, petrochemical dock, hangar, and other important fire danger occasion. 

3. Current Forms  
Commonly used types are chemical foam and the air bubble, air foam fire extinguishing system is widely used in 

the ship. And air foam system is divided into low multiples foam fire system and high multiples foam fire 
extinguishing system, namely the positive pressure type foam fire extinguishing system and negative pressure type 
foam fire extinguishing system. Low multiple bubbles are composed by the foam space (foam ark), proportional 
valve, and fire pump constitute [8]. 

Three different ways are divided according to the mixture differences between seawater and stock bubbles: 
(1) Pressure type of hybrid method 
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water pump

proportioning unit

foam storage tank

injection orifice

 
Fig. 1 Pressure typed hybrid method 

Part of the sea water is pumped into the storage tank or the storage locker by fire pump, and to keep the certain 
internal pressure, at the same time, most of the sea water through the proportion is mixed by the injection machine 
and role will suck out stock mixture, then adjust the mix proportion, make the mixture liquid ejected into the air 
from bubble cannon (gun) mouth with high-speed and contact the air and then form the foam. The biggest drawback 
is that if use foam system, store the bubble of the ark directly with seawater does mix, it belongs to be disposable, 
therefore can not be daily function tested, so it is already washed out gradually. 

(2) Suction pipe direct mix method  

injection orifice

foam storage tank

proportioning unit

water pump

 
Fig. 2 Suction pipe direct mixing method  

The working principle of vacuum typed foam fire system is, by the fire pump seawater directly input ratio of 
mixer inlet, shrinkage effect caused by mouth suck the entrance liquid foam vacuum, it is similar to the thrower 
suction action that will stock bubble from storage tank inhaled proportion mixer, mixed, directly through the pipe 
again from bubble gun nozzles injection. 

(3) Suction pipe in circulation mix method 

water pump

proportioning unit

foam storage tank

injection orifice

 
Fig. 3 Suction pipe in circulation mixing method 
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On the basis of the hybrid method, then make the liquid in the pipeline ejection mouth of proportion mixer to fire 
pump feed line, to recycle part of the mixture to achieve full mixing action, again by the introduction of the fire 
water ratio mixer pipe to foam injection nozzles gun [2] [8] [9] [10]. 

4. Discussion 
The front analyzes the choose of proportion of foam mixer, by analyzing, pressure type foam proportion mixer 

and pump into the balance pressure type foam proportion mixer are suitable for sea foam fire extinguishing system, 
but common sea foam fire extinguishing system is relatively backward. Therefore, this paper takes advantages of 
tank pressure type mixer and pump into the balance pressure type mixer, design two new proportion of the mixer. 

(1) Storage tank pressure type foam mixing ratio system 
 

injection orifice

foam storage tank

proportioning unit

water pump

 
Fig. 4 Tank pressure typed mixing method  

When the system startup, fire pump transports pressure flow of water through the main device of bubble mixing 
ratio, in the front of reduced pressure hole board, a small part of the high pressure water flow through the feed line 
into the pressure on the left side of the storage tanks, punch and replace the same volume of bubble liquid, other 
most pressure flow of water through the reduced pressure hole board, reduced pressure orifice plate forms a low 
pressure area. Squeeze out of the bubble fluid displacement by foam liquid pipe pressure relief hole in the area of 
low pressure after the board place, because of the dual role pressure suction and into the main channel of foam 
proportion mixer, and water pressure mixture of 3% or 6% of the proportion of the bubble mixture, foam fire 
extinguishing system for use. Tank pressure type foam mixing ratio device is mixed high precision than use the 
traffic pressure range pressure losses small, etc. 

(2) Pump into the balance pressure type hybrid method 

injection orifice

foam storage tank

proportioning unit

water pump

foam pump  
Fig. 5 Pump pressure balanced mixing method 

When working, foam pump pumps a part of liquid into a bubble of mixer, while another shares through balance 
pressure flow control valves back into the liquid tank foam. Balanced pressure control valves that installed in reflux 
pipe consist of valve diaphragm ,chamber and throttle valve, the diaphragm chamber bottom is linked together 
through the catheter to the bubble pump export pipeline, the upper are interlinked through the catheter to the water 
pipe, when water pressure rises, the system of water increases, the bubble liquid supply should also increase, this 
time the diaphragm drive stem downward, reducing liquid foam mouth throttling back to flow, supply system of 
foam fluid flow is increased, and vice versa. 
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Pump into the balance pressure type foam proportion mixing device used by the foam liquid tank is atmospheric 
pressure tank, it is safe to use, reliable, and mixing ratio high precision, low pressure drop, it is suitable for flow 
pressure range, foam liquid reserves bigger, and many other advantages. 

5. Summary 
This paper first analyses existing foam proportion mixer and make out that tank pressure type and pump into the 

balance pressure type foam ratio are applicable on the sea. In reality, the use of foam mixer on the sea is backward; 
therefore, this paper proposes a new type of sea foam used in fire system of mixing ratio device. Above two kinds of 
new hybrid device theoretically possible, and in developed countries has been in practice and development. Finally, 
the government and the society should in this field as soon as possible invest and research, research and develop to 
promote the use, which produce the huge social benefits and economic benefits. 
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