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Abstract−Conveying characteristics and flow stability are very important for design and control of a conveying system

at high pressure. The influences of operating parameters and material properties on conveying characteristics were in-

vestigated in an experimental test facility with a conveying pressure up to 4MPa. Wavelet transform and Shannon en-

tropy analysis were applied to analyzing pressure drops through horizontal pipe in order to obtain the stability criterion.

Results indicated that the mass flow rate of biomass decreased, while the mass flow rate of pulverized coal increased

at first and then decreased with the increase in fluidization velocity. Solid loading ratios for four kinds of powders de-

creased with the increase in fluidization velocity. Conveying phase diagrams and pressure drops through different test

sections of pulverized coal and biomass at high pressure were obtained and analyzed. The influences of coal category,

fracture characteristics and particle size on conveying characteristics were determined.
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INTRODUCTION

Pneumatic conveying is widely used to transport solids in the

food, minerals and energy process. Such solids include pulverized

coal and biomass powder, which are common fuels of the energy

industries and essentially serve as the precursor to many chemical

products. Good economics would dictate that one always should

strive for efficiency with the pneumatic conveying operations to

ensure continuous, long-term operation and sufficient cost savings.

Understanding the flow characteristics of pneumatic conveying

therefore offers a rich topic for research. Cowell [1] used pulver-

ized coal and surrogate at atmospheric back pressure to compare

the two materials’ conveying characteristics. Experimental data were

used to validate a mathematical model. The similarity of behaviors

of the two materials then allowed the model to be applied to the

data measured for coal and so generate conveying characteristics at

conditions typical of entrained flow. Liang, Chen and Pu [2-4] investi-

gated the effect of pulverized coal properties and operating param-

eters on flow characteristics at high pressure. Flow regime, stability,

state diagram were obtained at different solid loading ratio, con-

veying velocity and pressure. Pahk [5] applied two different types

of plastic pellets to the determination and development of distin-

guishing flow characteristics. Laouar [6] studied the pressure drop

characteristics in pneumatic conveying line at a very low velocity,

and obtained a general differential pressure law which proves to be

independent of both flow regimes and pipe diameter. Dai and Grace

[7] investigated blockage of constrictions by particles in fluid-solid

transport using rubber and plastic particles. Experimental results

showed that large size, irregular shape, high volumetric concentra-

tions of particles, small constriction dimensions and particle com-

pressibility all increased the likelihood of blockage. Carpinlioglu and

Gundogdu [8] investigated the development length of fully suspended

flow of solid particles conveyed by air through a horizontal pipe-

line of circular cross-section using wheat and semolina particles

with average diameter 375-825µm. The development length was

correlated as a function of dimensionless parameters d/D, particle

loading ratio, Re and Fr. Clementson and Ileleji [9] investigated the

bulk density variation of distillers dried grains with soluble when

filling and emptying hoppers, simulating the loading of railcars at

an ethanol plant. Results showed that there was bulk density and

particle size variation as the hoppers were emptied. Segregation that

took place while filling the hoppers was amplified during discharge,

causing bulk density variation.

The pressure drop signals generated in such systems provide an

effective mechanism with which to explore a wide variety of flow

behaviors. Many signal analysis methods have been proposed to

analyze two-phase flow: example, the power spectrum analysis [10,

11], chaotic analysis [12,13] and wavelet analysis [14,15]. In recent

years, Shannon entropy analysis has been applied to the gas-solid

two-phase flow. As a state function, Shannon entropy can be applied

to predict the degree of uncertainty involved in predicting the output

of a probabilistic event. Shannon entropy eliminates the influence

of information carrier and data value so as to be used in wide fields.

It provides a scientific method to understand the essential state of

things. Cho [16] employed Shannon entropy to study heat transfer

and temperature difference fluctuations between an immersed heater

and the bed in the riser of a three-phase circulating fluidized bed.

Zhong [17] applied Shannon entropy to analyze pressure fluctua-

tion and identify the flow regimes in spout-fluid bed. Liang [18-

20] applied Shannon entropy to analyze conveying characteristics

of pulverized coal at high pressure. Effects of material properties,
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flow regime and operating parameters on stability were obtained.

However, most reported studies of powder conveying have focused

on low pressure and dilute-phase pneumatic conveying. Because

of low velocity, high pressure and high solid concentration in trans-

portation at high pressure, the gas-solid two-phase flow becomes

very unsteady and complicated. The goal of this study was to explore

the flow characteristics in dense-phase pneumatic conveying with

two different materials, pulverized coal and biomass powder, by

conducting wavelet transform and Shannon entropy analyses. The

conveying characteristics and stability of pulverized coal and bio-

mass were investigated. The intention was to provide better under-

standing of effects of fluidization quality, flow regime and fracture

on flow characteristics and stability.

EXPERIMENTAL SYSTEM, MATERIAL PROPERTY 

AND SIGNAL ANALYSIS

1. Pneumatic Conveying System

The pressurized experimental facility is shown schematically in

Fig. 1. Schematic diagram of pneumatic conveying system of bio-
mass powder under high pressure.
1. Buffer tank 98. Observation window
2. Supplementary gas 99. Electrical capacitance
3. Pressuring gas 99. tomography system (ECT)
4. Fluidizing gas 10. Control valve
5. Hopper 11.Water
6. Weight cell 12. Measuring pump
7. Data acquisition system

Fig. 2. Diagram of the feeding hopper. Fig. 4. Observation window.

Fig. 3. Small-diameter and high pressure ECT sensor with 8 elec-
trodes.
1. Imaging area 4. Filling layer
2. Radial electrode 5. Insulating pipeline
3. Earthed screen 6. Measurement electrode

Fig. 1. High pressure N2 from the buffer tank was divided into pres-

surizing gas, fluidizing gas and supplementary gas. The feeding hop-

per adopted the bottom-fluidization and top-discharge arrangement

as shown in Fig. 2. Powder in the feeding hopper was fluidized by

fluidizing gas and entered the conveying pipeline through the accel-

erating section. Supplementary gas was imported to enhance the

conveying ability of gas at the outlet of the feeding hopper. To adjust

powder moisture content, water through measuring pump was in-

jected into the powder in the conveying pipeline. Pressure in the

receiving hopper was controlled by the control valve. Each of the

feeding hopper and receiving hopper had a capacity of 0.648m3.

Conveying pipeline was made of a smooth stainless steel tube with

an internal diameter of 10mm and a length of about 45m. The length

of horizontal pipe and vertical pipe which were used to measure

the pressure drop was 100 cm. The 90o mild bends with the radius

of 20 cm were about 63 cm in length. The gas volume rates were

measured by the metal tube variable-area flow meter, and the fluctua-

tion of solid mass flow rate was gained by the weigh cells. Pres-

sure and pressure drop were measured by semiconductor pressure

transducers. Electrical capacitance tomography (ECT) and obser-

vation window were used to obtain flow regime and particle den-

sity in conveying pipeline as shown in Fig. 3 and Fig. 4. Fig. 3 is

the scheme of 8-electrode ECT sensor according to the experiment

setup of dense-phase pneumatic conveying at high pressure. The

effect of radial electrode on the thick-pipeline sensor was much less

than on the conventional sensor. For the purpose of improving capaci-

tance difference and simplifying sensor structure, the designed sen-
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sor has no radial electrode. The insulating pipeline was made of

quartz glass. With a 10mm inner diameter and a 5mm thickness,

75 percent of area surrounded the electrodes, which was the high

sensitivity area, was occupied by the pipeline wall, as shown in Fig.

3. So this sensor will be less sensitive compared to the conventional

one [21]. A high speed video camera photographed the flow regimes

through the observation window during the experiments process.

To master the fractured characteristics of powder, samples were ob-

tained from the feeding hopper after a period of experiments and

mean particle size was measured according to relative standard. Con-

veying gas was N2 with the maximum pressure of up to 4.0MPa.

Conveying runs lasted about 20minutes. Sampling frequencies of

load cells, electrostatic sensor, pressure cells and gas flow meters

were 1Hz. Sampling frequencies of pressure drop cells were 200

Hz. The data analysis method is as follows:

1-1.Mass Flow Rate of Powder

The mass of powder conveyed to the receiving hopper is acquired

with respect to time. In this way, mass flow rate of powder G is cal-

culated as

(1)

where,

∆W mass of the powder collected in the receiving hopper for a

chosen period of time ∆t, kg

∆t period of time in which mass of powder ∆W is collected in

receiving hopper, h

1-2. Superficial Velocity

As gas is compressible, its velocity changes along the pipeline.

Therefore, superficial gas velocity, which will be referred to simply

as gas velocity in this paper, can be calculated at gas temperature

and average pressure in conveying pipeline

(2)

where,

A cross-sectional area of the pipeline (A=πD2/4), m2

D internal diameter of pipe, m

Qa gas volume flow rate through the conveying pipeline at gas

temperature and average pressure in conveying pipeline, m3/h

(3)

Pa average pressure in conveying pipeline, Pa

Pb pressure in the buffer tank, Pa

Ps standard working pressure of flowmeter, 4.1×106 Pa

Tb gas temperature in the buffer tank, k

Ts standard working temperature of flowmeter, 293K

ρb gas density in the buffer tank, kg/m3

ρs gas density at standard working condition of flowmeter (4.1×

106 Pa, 293K), kg/m3

Qt sum of display value of three flowmeters, m3/h

Qt=Qf+Qp+Qs (4)

Qf display value of flowmeter for fluidizing gas, m3/h

Qp display value of flowmeter for pressurizing gas, m3/h

Qs display value of flowmeter for supplementary gas, m3/h

Qr gas volume flow rate for filling volume occupied by powder

conveyed out of the feeding hopper at gas temperature and

average pressure in conveying pipeline, m3/h

(5)

P1 pressure in the feeding hopper, Pa

ρc powder density, kg/m3

1-3. Solid Loading Ratio

There are a few different ways to express the concentration of

powder in the gas-solid two-phase flow. One of the most common

is the ratio of mass flow rate to gas volume flow rates, called solid

loading ratio, which can be easily calculated as

(6)

2. Material Property

Biomass powder and pulverized coal were used to investigate

conveying characteristics at high pressure as shown in Table 1. The

external moisture content was measured using procedures set out

in china measuring standards of powder. This involved heating a

known mass of powder in a pre-heated oven at a temperature be-

tween 45 oC and 50 oC for a minimum of 2 hours; the moisture con-

tent of the powder samples was calculated by recording the weight

loss occurring during drying of the powder samples. Because of

high moisture content, irregular shape and sizes, and low bulk den-

sity, biomass was very difficult to handle, transport, store, and use

in its original form. Biomass samples were pretreated in this study.

Two kinds of biomass powders had similar apparent density, exter-

nal moisture content but different mean particle size as shown in

Table 1. Micrographs of biomasses using scan electron microscope

are presented in Fig. 5. Particles of biomass powders had poor degree

of sphericity, which was soft (not rigid) and more pliable. Two coal

samples used for comparative test are from the same parent coal.

The major difference between two coal samples was mean particle

size. The initial moisture content in coals was different because of

coal categories and handling processes. The external moisture content

G = 
∆W

∆t
---------

U = 
Qa

A
------

Qa = Qt

Ps

Pa

-----
ρsPbTs

ρbPsTb

--------------- − Qr

Qr = 
P1G

Paρc

----------

µ = 
G

Qa

------

Table 1. Material property of pulverized coal and biomass powder

Real density

(kg/m3)

Bulk density

(kg/m3)

External moisture content

(%)

Mean particle size

(µm)

Biomass with small particle size 1480 464 0.0 120

Biomass with large particle size 1480 430 0.0 260

Coal with small particle size 1490 653 3.4 052

Coal with large particle size 1470 648 0.4 300
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and the total moisture content of pulverized coals are measured in

Table 1. To study the effect of particle shape on conveying charac-

teristics, SEM pictures of two types of pulverized coal are shown

in Fig. 5. It indicated that coal particle sizes have good sphericity.

3. Signal Analysis

Wavelet analysis and Shannon entropy were used to extract char-

acteristic parameters to represent flow stability in this paper. The

signals were denoised by the wavelet analysis and then characteris-

tic parameters were abstracted using Shannon analysis. In wavelet

analysis, dilating or contracting the chosen analyzing wavelet before

convolving it with the signal accomplishes scale decomposition. The

original signals can be resolved into multi-resolution signals with dif-

ferent frequency bands. It is shown that the raw data can be decom-

posed into different scale signals and detail signals (wavelet trans-

form), and the original signal may be reconstructed from the infor-

mation contained in the last scale signal and detail signals. Wavelet

analysis can be used to eliminate noise, but it is difficult to extract

characteristic parameters. Shannon entropy can be utilized to pre-

dict the degree of uncertainty involved in predicting the output of a

probabilistic event. Shannon entropy eliminates the influence of

information carrier and data value so as to be used in wide fields.

If signals include in noise, characteristic parameters which are ex-

tracted by Shannon entropy do not necessarily represent flow regime,

stability and so on. So in order to obtain characteristic parameters

of pneumatic conveying, signals must eliminate noise at first and

then extract characteristic parameters. This is because characteristic

information of pressure drop signal in pneumatic conveying is mainly

distributed in the low frequency. To obtain the stability criterion,

wavelet transform and Shannon entropy analysis offer an attractive

method to analyze the pressure drop signal. Since the pressure drop

signal represents the sum of flow characteristic, stability and so on,

the wavelet transform enables one to decompose this signal using

a mother wavelet with dilation and translation operations. Thus the

noise and interference signal in pressure drop is rejected and wave-

let transform yielding wavelet coefficients after filtering reconstructed

the new signal. Thus the Shannon entropy was utilized to abstract

characteristic parameters to identify flow stability.

Discrete wavelet transform is a transformation of information

from a fine scale to a coarser scale by extracting information that

describes the fine scale variability (the detail coefficients or

wavelet coefficients) and the coarser scale smoothness (the smooth

coefficients or mother-function coefficients)

According to:

{Dj}=[G]{Sj+1}; {Sj}=[H]{Sj+1} (7)

where S represents mother-function coefficients, D represents wave-

let coefficients, j is the wavelet level, and H and G are the convolu-

tion matrices based on the wavelet basis function. High values of j

signify finer scales of information. The complete wavelet transform

is a process that recursively applies Eq. (7) from the finest to the

Fig. 5. Micrographs of powders using SEM.
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coarsest wavelet level (scale). This describes a scale-by-scale extrac-

tion of the variability information at each scale. The mother func-

tion coefficients generated at each scale are used for the extraction

in the next coarser scale. The inverse discrete wavelet transform is

similarly implemented via a recursive recombination of the smooth

and detail information from the coarsest to finest wavelet level (scale):

{Sj+1}=[H]
T{Sj}+[G]

T{Dj} (8)

Where HT and GT indicate the transpose of H and G matrices,

respectively.

The matrices H and G are created from the coefficients of the

basis functions, and represent the convolution of the basis function

with the data.

In this study, wavelet coefficients of a signal are computed based

on the discrete wavelet transform (Eq. (7)). Because noise is mainly

distributed at high frequency of signals, the wavelet coefficients of

noise are filtered. Inverse wavelet transform (Eq. (8)) is applied to

the wavelet coefficients at each wavelet level, and the components

of signal are obtained after wavelets denoise.

In 1948, Shannon first defined the concept of Shannon entropy

and used a formula to measure information content. In the devel-

oping process, it associated with entropy of physics. As a state func-

tion, Shannon entropy can be used to predict the degree of uncer-

tainty involved in predicting the output of a probabilistic event. That

is, if one predicts the outcome exactly before it happens, the proba-

bility will be a maximum value and, as a result, the Shannon entropy

will be a minimum value. If one is absolutely able to predict the

outcomes of an event, the Shannon entropy will be zero. Shannon

entropy eliminates the influence of information carrier and data value

so as to be used in wide fields. It provides a scientific method to

understand the essential state of things.

The discrete new signal of X(t) after wavelet denoising can be

written as X={x1, x2, …, xn}. Values of X may be divided into bins,

each with a range in X(t), and denoted by values X1, X2, …, Xn.

Then, the probability of any value of X is P(Xi)=Xi/n. Hence, a set

of probability P(X1), P(X2), …, P(Xn), can be created from the origi-

nal data set. The Shannon entropy of any pressure drop time series

in the pneumatic conveying can be defined as

(9)

Where, n is the length of time series signal, P(xi) is the probability

of every component in the signal, satisfying the constraint (xi)=

1. When b=2, e and 10, the unit of S is bit, nat and hart, respec-

tively. In this paper, the value of b is e. Shannon entropy can be seen

when there is more disorder in a system and the information entropy

is larger. Shannon entropy in pneumatic conveying reflects the flow

stability. A pressure drop with 20000 data points was chosen to reveal

conveying stability using wavelet transform and Shannon entropy

analysis in this paper.

RESULTS AND DISCUSSION

1.Effect of Fluidization Velocity on Conveying Characteris-

tics and Flow Stability

Fluidizing gas was used to fluidize powder and its flow rate de-

termined the fluidization quality of powder particles in the feeding

hopper. However, little work has been done to understand the fluidi-

zation characteristics of powder particles at high pressure. It gener-

ally appeared to be assumed that the design and operation of equip-

ment involving powder materials could be based on conventional

fluidization knowledge and methodologies. To investigate the effect

of fluidization velocity on conveying characteristics of biomass pow-

der and pulverized coal, conveying experiments of different fluidiza-

tion velocity were carried out. The superficial velocity of the horizontal

cross-section of the discharge pipe inlet in a feeding hopper was

defined as fluidization velocity Uf . Critical fluidization velocity Umf

of the particle can be calculated by the following equation:

S X( ) = − P xi( )logbP xi( )
i=1

n

∑

P
i=1

n

∑

Table 2. Critical fluidization velocity and Critical fluidization num-
ber of four kinds of powders

Critical

fluidization

velocity (m/s)

Critical

fluidization

number

Biomass with smaller particle size 0.0078 1.9

Biomass with larger particle size 0.0286 2.0

Coal with smaller particle size 0.0015 3.0

Coal with larger particle size 0.0347 3.1

Fig. 6. Effect of fluidizing velocity on flow characteristics (P1=3.60-3.70MPa, P2=2.80MPa).
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(10)

Where Remf is the critical Reynolds number, µgas is the viscosity of

conveying gas, d is the mean particle size of powder, ρgas is the den-

sity of conveying gas. The critical fluidization velocity calculated

according to Eq. (10) and critical fluidization numbers for the four

kinds of powders are listed in Table 2. Effect of fluidization velocity

on flow characteristics is presented in Fig. 6. As shown in Fig. 6(a),

the mass flow rate of biomass decreased, while the mass flow rate

of pulverized coal increased at first and then decreased with the in-

crease in fluidization velocity. As fluidizing number was below 1.9,

fluidization quality of powder in feeding hopper was worse and it

was difficult to feed powder into the conveying pipeline. Arching

and blockage were often present in the conveying process. With

the increase in fluidization velocity, flow ability of powder was en-

hanced. Biomass with small particle size can be conveyed as fluid-

izing number was over 1.9. Biomass with larger particle size can

be conveyed until the fluidizing number is over 2.0. While for the

pulverized coal, results were significantly different. Because of good

sphericity and high apparent density, pulverized coal was more dif-

ficult to fluidize. Pulverized coal with smaller particle size can be

conveyed until fluidizing number is above 3.0. From the Table 2,

the results show that critical fluidization number of biomass was

less than that of coal. Thus biomass particle was easier to fluidize

than coal particle in the feeding hopper. At this time, the solid loading

ratio of fluidized area in the feeding hopper was larger. Therefore,

the mass flow rate of biomass in conveying pipeline was larger as

shown in Fig. 6(a). As fluidization velocity continued to rise, decrease

in solid loading ratio of fluidized area in the feeding hopper led to

reduction in mass flow rate. So mass flow rate of biomass decreased

with the increase in fluidization velocity. Pulverized coal was par-

tially fluidized and flowability was worse as fluidizing number was

less than 3.0. Thus it was difficult for pulverized coal to enter into

the conveying pipeline and mass flow rate was less. With the increase

in fluidization velocity, solid loading ratio in feeding hopper de-

creased and gas-solid two-phase flow was easier to be fed into the

conveying pipeline. In this stage, the mass flow rate of pulverized

coal increased with the increase in fluidization velocity. When fluidi-

zation velocity continued to rise, gas-solid two-phase flow became

dilute and discharge rate of pulverized coal decreased. So the mass

flow rate of pulverized coal increased at first and then decreased

with the increase in fluidization velocity. All of those differences

were induced by the material properties of biomass and pulverized

coal. Since solid loading ratio in feeding hopper always decreased

with the increase in fluidization velocity, solid loading ratio decreased

in conveying pipeline as shown in Fig. 6(b). Because more energy

was required to convey larger size particles for the same conveying

conditions, mass flow rate and solid loading ratio with smaller particle

size were larger than that with larger particle size for same material

categories [5,22].

The pressure drop signals generated in such systems provided

an effective mechanism with which to explore a wide variety of

flow behaviors. To obtain stability criterion of pneumatic conveying,

characteristic parameters in pressure drop through horizontal pipe

was extracted using wavelet transform and Shannon entropy analy-

sis. The effect of fluidization velocity on Shannon entropy is shown

in Fig. 7. Shannon entropy of pressure drop through horizontal pipe

decreased with the increase in fluidization velocity. As fluidization

velocity was less, solid loading ratio was the highest in the feeding

hopper and the flowability of gas-solid two-phase flow of pulver-

ized coal was worse, which resulted in instability of mass flow rate

and fluctuation of pressure drop as shown in Fig. 8. The value of

Shannon entropy was larger than 8 nats in Fig. 7, while mass flow

rates and pressure drops through different test sections for biomass

powders were stable as shown in Fig. 9. So the conveying process

showed good stability at lower fluidization velocity. With the increase

in fluidization velocity, conveying flowability increased and Shan-

non entropy decreased. To the pulverized coal, solid loading ratio

was below 500 kg/m3 and conveying system showed the excellent

work state when fluidization velocity was more than 0.18m/s. Shan-

non entropy decreased and was below 8 nats as shown in Fig. 7.

Hence, flow stability improved gradually with increase in fluidiza-

Umf = 
Remfµgas

dρgas

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

Fig. 7. Effect of fluidizing velocity on Shannon entropy.

Fig. 8. Time series of pressure drop with arching in the feeding hop-
per (∆Ph - Pressure drop through horizontal pipe; ∆Pv - Pres-
sure drop through vertical pipe; ∆Phb - Pressure drop through
horizontal bend; ∆Pvb - Pressure drop through vertical bend)
(P1=3.60-3.70MPa, P2=2.80MPa, Qs=0m

3/h, dp=300µm).
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tion velocity, which was induced by flowability of pulverized coal

in the feeding hopper, solid loading ratio and so on. To the biomass

powder, fluidization quality was enhanced and gas-solid two-phase

flow showed good flowability with the increase in fluidization veloc-

ity. Flow stability increased and Shannon entropy decreased as shown

in Fig. 7. Conveying process of biomass showed good stability at

different fluidization velocity. Thus conveying flowability increased

and Shannon entropy decreased with the increase in fluidization

velocity.

2. Effect of Flow Regime on Conveying Characteristics and

Flow Stability

Fluidization velocity, pressures in feeding hopper and receiving

hopper were the same in the entire experiment process. In the state

diagram, the mass flow rate remained constant at different convey-

ing velocity. Thus solid loading ratio decreased with the increase in

conveying velocity (3m/s<U<15m/s). The state diagram of convey-

ing is plotted in Fig. 10. Results show that pressure drops through

different test sections for biomass increased with the increase in

conveying velocity in Fig. 10(a). Whereas, pressure drops through

different test sections for pulverized coal decreased at first and then

increased with the increase in conveying velocity Fig. 10(b). Bio-

mass particles tended to concentrate in the low portions of straight

horizontal pipe and showed suspended flow at low flow velocities

as shown Fig. 11. With increase in conveying velocity, solid load-

ing ratio decreased and homogeneous flow appeared in the con-

veying process. Pressure drops through different test sections in-

creased as conveying velocity rose in Fig. 10(a). While for pulver-

ized coal, flow characteristics were significantly different to biom-

ass. It indicated that pressure drops through different test sections

decreased at first and then increased with the increase in conveying

velocity in Fig. 10(b). The flow was quite dilute and pulverized coal

was conveyed homogeneously when the conveying velocity was

very high. Pressure drop was attributed mainly by gas movement.

Here particles were carried in the gas while bouncing frequently

Fig. 9. Conveying stability of biomass as Uf=0.05 m/s (P1=3.60-3.70MPa, P2=2.80MPa, Qs=0.8 m
3/h, dp=120 µm).

Fig. 10. State diagram of pulverized coal and biomass (P1=3.60-3.70MPa, P2=2.80MPa).

Fig. 11. Picture of flow regime of biomass.
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against the pipe wall and conveying presented the suspended flow

as shown in Fig. 12(b). As the superficial velocity decreased, the

particle concentration increased. The pressure drop of gas phase

decreased and that of solid phase rose. When the increment of the

pressure drop caused by the solid phase equaled the decrement in

pressure drop caused by the gas phase, pressure drop appeared to

be the minimum. This conveying velocity is called the economic

velocity. Near the economic velocity, a suspended phase and a settled

layer of pulverized coal were frequently observed. As conveying

velocity was greater than economic velocity, the flow regime is typi-

cally described as dilute flow. When conveying velocity was lower

than economic velocity, dunes or clusters can be seen riding on a

settled layer of pulverized coal as shown in Fig. 12(c). A further

reduction in the gas velocity would lead to a region typically char-

acterized by unstable flow. At even lower gas velocities the mate-

rial may flow as plugs as shown in Fig. 12(d). Therefore, biomass

powder presented suspended flow at different conveying velocity.

Pulverized coal revealed different flow regime as shown in Fig. 12.

Differences of state phase between pulverized coal and biomass

were largely the result of different conveying regime.

The effect of flow regime on Shannon entropy is presented in

Fig. 13. Results showed that Shannon entropy for biomass decreased

while Shannon entropy for pulverized coal increased at first and

then decreased with the increase in conveying velocity. As convey-

ing velocity was lower, flocculated flow for biomass powder was

presented in the conveying process. Density of biomass powder

showed a great difference in cross-section of conveying pipeline.

Biomass particles in the top of conveying pipeline were fewer and

particles were carried by the high-speed gas. Powder friction be-

tween the layers resulted in flow fluctuation in the conveying pro-

cess. Thus the Shannon entropy was greater because of conveying

fluctuation as shown in Fig. 13. With the increase in conveying veloc-

ity, solid loading ratio decreased and flow regime presented homo-

geneous flow. Stability of gas-solid two-phase flow was enhanced

and Shannon entropy decreased. While the Shannon entropy for

biomass was less than 6 nats in the whole experiment, the convey-

ing process maintained good stability at different conveying velocity

(3m/s<U<14m/s). While to the pulverized coal, flow characteris-

tics were different. Towards the right end of the curve in Fig. 10(b),

lower solid-gas ratio reduced inter-particle contact and high gas veloc-

ities enabled the particles to be carried in suspension, yielding an

extremely stable conveying state as shown in Fig. 12(b). Erosion

and particle attrition of coal particle were intense in this state. Shan-

non entropy was less than 7 nats, but pressure drop was greater as

conveying regime showed suspension flow Fig. 10(b). As the gas

velocity was reduced, forces leading to the suspension of the parti-

cles began to diminish and a portion of the coal particles fell out of

suspension to form a sliding or rolling layer on the bottom of the

conveying line. This type of conveying represented a metastable

state. Pressure drop decreased and Shannon entropy increased. Good

stability still showed in the conveying process. With the decrease in

superficial velocity, conveying entered into an unstable flow regime

characterized by the formation and decay of dense clusters or dunes

of pulverized coal as shown in Fig. 12(c). Such phenomena as col-

lapsing of a dune to provide the necessary reduction of conveying

area to permit dilute phase flow or its combination with another

dune to produce the plug often appeared in this regime. Erratic flow

conditions caused drastic fluctuations in the pressure drop. Thus

pressure drop increase and decrease in conveying stability led to

increase of Shannon entropy. Further to the left of the unstable zone

there existed another stable conveying region for pulverized coal

where powder material was transported as discontinuous, quasi-

Fig. 12. Flow regimes of pulverized coal at different conveying velocity.

Fig. 13. Shannon entropy at different conveying velocity.
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discrete plugs in Fig. 12(d). In this region, gas velocity was small

enough so that the drag forces necessary to carry the material as

individual particle were not produced. Consequently, particles re-

mained close to each other, causing the system to behave as a packed

bed, where gas was squeezed through narrow channels producing

a high pressure drop required to move plugs of material. For such

discrete plugs to exist, the pressure drop must increase quickly to

compensate for the large amount of wall friction that must be over-

come. Thus, pressure drops through different test sections increased

with the increase in conveying velocity in plug region. Because con-

veying was the periodical movement steadily in plug flow, Shan-

non entropy was less than 7 nats.

3.Fracture Characteristics and Flow Stability of Biomass and

Coal

The properties of powder particles are sufficiently unique that

blockage, fracture and arching of biomass and pulverized coal parti-

cles are not fully understood. On the whole, the flowability of bio-

mass was worse than that of pulverized coal. Blockage often oc-

curred during the pneumatic conveying process for biomass. Start-

up conveying velocity of biomass must be much higher than that

of pulverized coal, normally over 8m/s; otherwise, blockage would

happen easily. After an experiment run is started successfully, the

conveying parameters can be adjusted according to the experimental

requirement. Pulverized coal can be conveyed as conveying veloc-

ity was more than 3m/s. Because of pliability, flexibility and com-

pressibility of biomass, friction between biomass particle and pipe

wall was great. Conveying gas was very easy to penetrate the bio-

mass powder. At the start-up state, solid loading ratio was greater

and conveying gas penetrated the biomass powder into the receiv-

ing hopper. So biomass particles with lower velocity concentrated

in the low portions of conveying pipe. Such local increases in particle

concentration may cause already-dispersed biomass to reflocculate.

Thus, biomass particles revealed agglomeration in the subsequent

channel system and forming section, which resulted in blockage.

While pulverized coal had great bulk density, good sphericity and

flowability, conveying gas was difficult to penetrate the pulverized

coal and high pressure gas had to push the coal layer ahead. Thus

pulverized coal was easier to convey than biomass powder in start-

up stage.

In conveying experiment, the biomass and coal powder were used

Fig. 14. Attrition characteristic of biomass particle (d is the mean
particle size, n is the number of conveying runs).

Fig. 16. Micrographs of biomass particle with large size.

Fig. 15. Effect of conveying number on Shannon entropy.

circularly. Mean particle sizes (d) of biomasses decreased while Shan-

non entropy increased with the increase in conveying number (n)

in Fig. 14 and Fig. 15. As biomass powder was initially used in the

conveying experiment, the conveying process showed good stabil-

ity and Shannon entropy was less as shown in Fig. 15. This was
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because the biomass particles were soft and more pliable as shown

in Fig. 16(a) and Fig. 17(a). In the conveying process, collision and

friction between particles and wall led to fracture of biomass parti-

cles. With the increase in conveying number, the number of fine

particles rose and the degree of particle sphericity became worse in

Fig. 16(b) and Fig. 17(b). The flowability decreased and Shannon

entropy increased as shown in Fig. 15. Biomass sample had to be

changed to a new sample after about 40 runs were achieved. Other-

wise, conveying could not continue due to the bridging in the feed-

ing hopper as shown in Fig. 18. While for the pulverized coal, the

fracture characteristics of particles were different from the biomass

particles. Particle size and Shannon entropy of pulverized coal with

the larger size decreased, but particle size and Shannon entropy of

pulverized coal with smaller size almost remained constant with the

increase in conveying number as shown in Fig. 14 and Fig. 15. In

the whole conveying experiments for pulverized coal, the convey-

ing showed good stability. Biomass particles showed good spheric-

ity before the conveying experiment began. With the increase in

conveying runs, biomass fractured gradually and revealed needle-

like or columnar particles. Thus, flowability and fluidization of bio-

mass became worse gradually in the feeding hopper because of high

cohesion forces among the particles and wall. Arching often occurred

and conveying could not continue. Thus, flowability and stability

of biomass decreased with the increase in conveying time. Biom-

ass powder had to be changed to new sample after a certain runs.

Otherwise, conveying could not continue due to the bridging in the

feeding hopper. While coal particles were rigid and had good flowabil-

ity, the change of mean particle size was very small as shown in

Fig. 14. With the increase in conveying number, flow stability of

pulverized coal with larger particle size rose and Shannon entropy

decreased. Because the particle size of pulverized coal with smaller

particle size almost remained constant, flow stability and Shannon

entropy remained unchanged. Pulverized coal did not experience

arching because of good sphericity and flowability.

CONCLUSIONS

Influences of fluidization velocity, flow regime, material proper-

ties, etc., on conveying characteristics and flow stability of pulver-

ized coal and biomass were investigated in dense-phase conveying

system at high pressure. Conveying differences of biomass and pul-

verized coal were obtained and results are as follows:

(1) With the increase in fluidization velocity, mass flow rate and

solid loading ratio of biomass decreased but mass flow rate of pulver-

ized coal increased at first and then decreased. Biomasses could be

conveyed successfully as fluidizing number was more than 1.9 but

pulverized coal could only be conveyed until fluidizing number was

above 3.0. Mass flow rate and solid loading ratio with smaller particle

Fig. 17. Micrographs of biomass particle with small size.

Fig. 18. Arching characteristic of biomass in conveying process.
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size were larger than that with larger particle size for the same mate-

rial category. With the increase in fluidization velocity, conveying

flowability increased and Shannon entropy decreased.

(2) In the state diagram, pressure drops for biomass increased

while pressure drops for pulverized coal decreased at first and then

increased with the increase in conveying velocity. Two types of sus-

pension flow regimes for biomass were identified: flocculated flow

and homogeneous flow. Pulverized coal revealed different flow re-

gimes: plug flow, dune flow and suspended flow with the increase

in conveying velocity. With the increase in conveying velocity, Shan-

non entropy for biomass decreased, while Shannon entropy for pul-

verized coal increased at first and then decreased.

(3) The flowability of biomass was worse and blockage often

occurred during pneumatic conveying process. Start-up conveying

velocity of biomass must be higher than 8m/s; otherwise, the block-

age will occur easily. Pulverized coal can be conveyed as convey-

ing velocity is more than 3m/s. Mean particle sizes of two kinds

of biomass decreased but mean particle sizes of pulverized coals

were almost constant with the increase in conveying number. Bio-

mass powder had to be changed to a new sample after certain runs

in the tests. Otherwise, conveying could not continue due to the bridg-

ing because of fracture. With the increase in conveying number,

flow stability of pulverized coal with larger particle size rose and

Shannon entropy decreased. Because particle size of pulverized coal

with smaller particle size almost remained constant, flow stability

and Shannon entropy showed unchanged. Conveying stability de-

creased and Shannon entropy increased with the increase in con-

veying number.
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NOMENCLATURE

A : cross-sectional area of the pipeline (A=πD2/4) [m2]

D : inside diameter of pipe [m]

G : mass flow rate of pulverized coal [kg/h]

M : external moisture content of coal [%]

P1 : pressure in the feeding hopper [MPa]

P2 : pressure in the receiving hopper [MPa]

Pa : average pressure in conveying pipeline [Pa]

Pb : pressure in the buffer tank [Pa]

Ps : standard working pressure of flowmeter, 4.1×106 Pa

∆P : pressure drop through test sections [kPa]

∆Ph : pressure drop through horizontal pipe section [kPa]

∆Phb : pressure drop through horizontal bend [kPa]

∆Pv : pressure drop through vertical pipe section [kPa]

∆Pvb : pressure drop through vertical bend [kPa]

Qa : gas volume flow rate through the conveying pipeline at gas tem-

perature and average pressure in conveying pipeline [m3/h]

Qf : fluidizing gas flow rate [m3/h]

Qp : display value of flowmeter for pressurizing gas [m3/h]

Qr : gas volume flow rate for filling volume occupied by powder

conveyed out of the feeding hopper at gas temperature and

average pressure in conveying pipeline [m3/h]

Qs : supplementary gas flow rate [m3/h]

Qt : sum of display value of three flowmeters [m3/h]

S : shannon entropy [nats]

Tb : gas temperature in the buffer tank [k]

Ts : standard working temperature of flowmeter, 293 k

∆t : period of time in which mass of powder ∆W is collected in

receiving hopper [h]

Vs : superficial velocity [m/s]

∆W : mass of the powder collected in the receiving hopper for a

chosen period of time ∆t [kg]

Greek Letters

ρb : gas density in the buffer tank [kg/m3]

ρc : density of powder [kg/m3]

ρs : gas density at standard working condition of flowmeter (4.1×

106 Pa, 293 K) [kg/m3]

µ : solid-gas ratio [kg/m3]
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