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R S p  ̂ R e y n o l d s  n u m b e r  o f  t h e  o s c i l l a t i n g  p a r t i c l e s  w h e n  t h e  

absolute air velocity tends to zero 

RCp Modified particle Reynolds number 
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Expected error in the measurement of the particles mass flow 
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Expected error in the measurement of the particle number 

density 

Expected error in the measurement of the pressure 

Expected error in the measurement of the pressure drop due to 

air flow 

Expected error in the measurement of the pressure drop due to 

solids 

Expected error in the measurement of the pressure drop due to 

solid air flow 

Expected error in the measurement of the duct Reynolds number 

Expected error in the measurement of the limiting Reynolds 
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Expected error in the measurement of the particle Reynolds 
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c Angle of the particle velocity vector with the horizontal 

axes 

g Wave length of incident light (nm) 

) Dynamic viscocity of air 

n Kinematic viscocity of air 

p Mass density 

u, h, z Measure parameters 

h Loading of the line, solid to air mass ratio 

w(&) Particle angular rotation before (after) collision 

Subscripts 

a Air 

b Bottom 

c Contact 

D Duct 

H Hydraulic 

Lim Limiting 

o Initial 

p Particle 

r Relative 

s Solid 
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St At standard conditions 
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1. INTRODUCTION 

Pneumatic conveying has been useful in transporting, distributing, and 

processing of particulate materials. It takes the form of solid-gas 

suspension. The particulate materials are often limited to materials of 

large strength, such as immune to attrition or breakage by impact. 

The basic elements of a pneumatic conveying system usually include a 

feeder for the solids, a gas blower, a pipeline covering the distance of 

transport, and a collector to recover the solids. 

Pneumatic pipelines up to 2000 m long [1] have been designed for 

transporting various solids in pipes up to 360 mm in diameter handling 

capacities of hundreds of tons per hour. Pneumatic conveying systems cover 

the size range of dust down to 1 pm to coal in mine hoists up to 100 mm 

size. Above that size, it becomes advisable to use chutes or belt 

conveyers. Pneumatic conveying has the advantage of handling bulk 

materials in a closed system; it also belongs to means for automation. 

The mass ratio of solids to gas tends to be low (dilute suspension) for 

transport over short distances for reliability; economy is usually gained 

here in the savings in labor. Long distance transport of several km may 

call for more dense suspensions. 

One should recognize the absence of a well-founded, precise, scientific 

theory which would embrace all problems in detail and which has undergone 

verification in practice. The wide variety in the physical properties of 

the materials being conveyed, and the multiplicity of design possibilities 

hamper calculations by specific formulae. Installations have often been 
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designed on an empirical basis adapting the results of research or 

extending and scaling up based on the current practice. 

Electrically augmented pneumatic conveying is a new technique aimed at 

the implementation of an electric field to suspend the particles in the 

duct in which the conveying air can have a lower velocity than that of a 

conventional pneumatic system. Electrically augmented pneumatic conveying 

can have the advantage of being more economical beside being more 

controllable, as the particles are uniformly suspended and the air can have 

a lower velocity. The electric suspension can also provide a good tool for 

studying the particulate behavior at velocities below the saltation 

velocity. 

The present work is an experimental investigation into the effect of 

the electric field strength on conveyability of solids in a rectangular 

duct. A rectangular duct was constructed with upper and lower walls of 

brass while the side walls were of glass. The duct measured 5.25 cm in 

width, 1.6 cm in height, and 225 cm in length. Particles were supplied to 

the duct by an Auger particle feeder and collected by an air cyclone. The 

air bulk speed was measured by a systems of rotameters, while the particle 

velocity was measured by a Laser Doppler Anemometer. The investigation 

covered copper particles having diameters of (63-75, 74-88) ym and glass 

particles having diameters of (44-63, 63-74, and 74-88) pm. The Reynolds 

number based on the particle diameter was ranged from 5 to 32 while the 

Reynolds number based on the duct hydraulic diameter was ranged from 1300 

to 12551 covering the lamenar, transient and turbulent regimes of flow. 
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The steady state pressure drop per unit length of the duct was 

theoretically calculated for the cases of the laminar air flow regime, and 

compared to the corresponding measured values. 

Results of this investigation show that conveying particle in the 

transient air flow regime is the most economical, and the use of the 

electric augmentation technique can further decrease the required conveying 

power. Correlations of the drag coefficient for both copper and glass 

particles were also obtained in the range of laminar, transient, and low 

turbulent regimes of flow for an electric field strength of 5 kv/cm and the 

aforementioned duct size. 
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2. REVIEW OF RELATED LITERATURE 

Pneumatic conveying has been useful in transporting, distributing, and 

processing of particulate materials. It takes the form of a solid-gas 

suspension. In the majority of cases, pneumatic means use of air. 

The study of the particles dynamics can be classified according to the 

volume containing the particle into totally confined, partially confined 

and totally unconfined volume. Beside this classification the solid-gas 

mixture can be either a dense or a dilute mixture. In the dense mixtures, 

the particle-particle interaction plays a significant role, while in dilute 

mixtures the particle-particle interaction plays a secondary role or even 

can be ignored (in a very dilute mixture). Soo [1] took the ratio of mean 

free path of particle-to-particle collision (X) to the interparticle 

-1/3 
spacing (n ) (given by the number density of the particles (n) as a 

dividing line between a dilute and dense mixture. The mixture is said to 

be dense if X/n < l and is said to be dilute if ^/n > 1. The 

present work belongs to the case of very diluted mixture. 

2.1. Particles in a Totally Confined Volume 

In order to create the particle motion in a totally confined volume, 

there should be some force applied to the particle overcoming the gravity 

force and the drag force created by the particle motion. Colver [2] 

reported that if particles with diameters up to 1.5 mm of a semi-insulating 

or conducting material are confined between two parallel plates of 

capacitor with a high voltage DC source, these particles will accelerate 
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between the two plates creating an Electric Particulate Suspension (EPS). 

Mass, heat, and charge transfer will occur as a result of this motion. 

Colver [3] defined the electric particulate suspension EPS as a cloud 

containing charged particles which is formed or sustained with an applied 

electric field as a direct result of electric field induced or otherwise 

electrically controlled particle charging at a particle wall interface. 

The strength of the electric field is of the order of KV/cm. 

Colver [4] introduced the theoretical background, confirmed by the 

necessary experimental verifications, for the relations governing the 

particle motion, heat and charge transfer between two paralleled plates 

(electrodes or capacitors). This theoretical foundation was introduced for 

both single and multiple particle phenomena. He predicted mathematically 

that a single particle can not oscillate smoothly unless the electric field 

strength reaches some minimum value depending on the particle material and 

size. Consequently there is a minimum velocity corresponding to this 

minimum electric field strength. The experimental study in the present 

work confirmed this phenomenon for multiple particles, but the minimum 

electric field strength and the corresponding minimum velocity are found to 

be dependent on the material of the particle but not the particle size. 

That can be explained by the above theory. That is, when the electric 

field strength reaches some minimum value it will be able to suspend some 

amount of the particles corresponding to this strength but it will not 

necessarily suspend all of the particles contained between the two 

capacitor plates. If an electric field strength were defined as the 

minimum electric field necessary for driving all the contained mass into 
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smooth motion, then one expects a particle size dependence to appear. Then 

one expects that smooth particle motion can be obtained at lower strengths 

of the electric field. 

Colver and Howel [5] gave a useful expression for the current intensity 

that can be transferred by a cloud of particles between the two parallel 

capacitor as a linear function of the particle number density, the average 

vertical velocity of the particles, the initial charge acquired by each 

particle, and a constant given by 0.57. They also studied the diffusion 

motion of the particles due to particle collisions (in the case of multiple 

particles) and due to particle wall collisions (in the case of single 

particle). 

In a later paper, Colver and Ehlinger [6] measured the most probable 

speed, the mean speed, and the root mean square of electrically suspended 

particles by making a pin hole in the upper electrode for leaking 

particles. The diameter of the sampling hole was chosen large enough to 

accommodate the passage of the particles with a minimum of interference on 

the path of the particles, while it was small enough so as not to 

appreciably disturb the dynamics of the suspension itself. Particles were 

collected at different heights above the test hole and the time of exposure 

at each height was recorded. From the height, the vertical speed of the 

particles leaving the suspension could be calculated. From the number of 

particles collected and the time of the exposure the number of particles 

having speed greater than the calculated speed from the height could be 

obtained. The measured speeds were reported as (0.77, 0.86, 68 and 0.68) 

m/s for particle diameters of (44-53, 63-75, and 105-125) ym at an electric 
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field strength of (11.7, 12.8, and 12.0)KV/cm respectively. These values 

were measured for a capacitor separation distance of 1 cm. These results 

were of the same order as results obtained in the present work. 

Colver [2-4], Colver and Howel [5], Colver and Ehlinger [6], Cotroneo 

and Colver [7], and Rudinger [8] used the technique of light attenuation 

measurement of a laser beam passing through the test section to measure the 

particle number density n. 

2.2. Particle Transport in a Partially Confined Volume 

One example of a particle in partially confined volume can be regarded 

as the solid-gas flow in a duct. The gas flow itself can convey the solid 

particles if it has a speed greater than the saltation velocity of the 

conveyed particle. The electric augmentation technique in the pneumatic 

conveying of solid particles may also be thought of as a method for 

decreasing the power consumption required for solid-gas transportation. 

While there is great number of publications on pneumatic conveying, 

very few of them have dealt with the principle of electric augmentation as 

in the case of Catroneo and Colver [7], Colver [4], and Soo [9]. 

The study of the pneumatic conveying of solid particles can be 

classified into three main approaches. 

The early approaches assumed dynamic and thermal equilibrium between 

the solid and the fluid phases, which corresponded to a single phase, 

homogeneous fluid with modified properties Farber [10], Wallis [11], and 

Rudenger [8]. Such an approach can handle the case of a very dilute 

solid-gas mixture (i.e., the solid particles are very fine and from 

material with a low specific mass). 
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The mathematical modeling approach depends on the numerical solution of 

a mathematical model of the forces acting on the particles taking into 

consideration the particle-wall interaction and particle-fluid interaction 

Soo [9] and Cotroneo and Colver [7]. Many investigators numerically solved 

the differential equation of motion, for example, Neilson and Gilchrist 

[12], Hogland [13], and Sharma and Crowe [14]. Later Arastoopour et al. 

[15, 16] and Doss [17] added the particle-particle interaction to the 

mathematical model and solved it mathematically. The solution of these 

models are difficult due to lack of available data, specifically the 

particle-particle interaction, particle-wall interaction, and the drag 

coefficient of a particle in a cloud of particles. 

As a useful contribution facilitating the solution of the mathematical 

models Soo [18] introduced averaging theorems for solving the differential-

integral equation of multiphase flow. Also Matsumoto et al. [19] 

introduced a model for solving the case of a non-spherical particles. 

Assuming that the particle can have a shape of an ellipsoid rather than 

that of a sphere. 

The practical approach is the most common and widely used approach 

because of the large accumulation of data and numerous correlations, 

developed over a long period of time. Soo [1] discussed investigations of 

grains and other particulate material pneumatically transported that were 

first reported by Gasterstadt [20] and Cramp and Priestly [21] in 1924. 

Dukler et al. [22] reported that by 1964, over 20,000 experiments from 

various sources had been employed for obtaining correlations and a 
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generalization of the friction factor, pressure drop, particle saltation 

velocity, and particle velocity. 

Hariu and Mois tad [23], Konno and Saito [24], Capes and Nakamura [25], 

Yousfi and Gau [26], Hinkle [27], Wen and Galli [28], and Yang [29-33] 

presented correlations for the friction factor of solid-gas flow, each of 

them related the pressure drop in the duct to his correlated friction 

factor using his own definition. In the present work, a friction factor 

per unit mass flow rate of the conveyed particles was adapted and related 

to the pressure drop by the conventional equation of single phase fluid 

flow in a duct. 

The reported correlation for the pressure drop of solid-gas flow in a 

duct can be generally classified into correlations for a vertical duct and 

a horizontal duct. 

Vogt and White [34], Belden and Kassel [35], Korn [36], Mehta et al. 

[37], Razumov [38], Stemerding [39], EEUA Handbook [40], Hinkle [27], 

Chowdhury et al. [41], Boothroyd [42], Jones et al. [43], Curran and Gorin 

[44], Rose and Duckworth [45], Konno and Saito [24], Richards and Wiersma 

[46], Khan and Pei [47], Knowlton and Bachovchin [48], Leung and Wiles 

[49], and Yang [31, 33] presented correlations for the pressure drop of a 

solid-air flow in a vertical duct, where the flow moves against the 

gravity. 

Modie et al. [50] used data of coal-air flow reported by Curran and 

Gorin [44] and Konchesky et al. [51] and Knowlton [48] to evaluate the 

pressure drop correlations published by Curran and Gorin [44], Rose and 

Duckworth [45], Konno and Saito [24], Richards and Wiersma [46], Knowlton 
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and Bachovchin [48], Yang [33], Leung and Wiles [49], and Hinkle [27]. As 

a result of the evaluation Modie et al. [50] concluded that on an overall 

basis a modified Konno and Saito's correlation is the best and is, 

therefore, recommended for designing gas-solid transport lines for coal and 

related materials at low as well as high pressure. Therefore, the Konno 

and Saito correlation is presented in detail in the theoretical part of the 

present work. 

Vogt and White [34], Korn [36], Lapple [52], Culgan [53], Clark et al. 

[54], Hinkle [27], Mehta et al. [37], Richardson and McLeman [55], EEUA 

Handbook [40], Rose and Duckworth [45], Duckworth and Kokka [56], Curran 

and Gorin [44], and Yang [33] presented correlations of pressure drop of 

solid-air flow in a horizontal duct. It should be noted that the conveying 

air speed must be greater than the saltation velocity, otherwise the 

particles will not be suspended in the flow. However, the technique of 

electrically augmented pneumatic transportation presented in the present 

work, particles can be conveyed with air speeds below the saltation speed. 

Arastroopour et al. [57] used experimental data of a coal-air flow 

published by Konchesky et al. [51] and Clark et al. [54] to evaluate the 

correlations of pressure drop of a dilute solid-air flow in a horizontal 

duct presented by Culgan [53], Hinkle [27], EEUA Handbook [40], Curran and 

Gorin [44], Rose and Duckworth [45] and Yang [33]. Arastoopour et al. [57] 

concluded that the correlations of Hinkle [27] and Yang [33] give the best 

results for solid-air flow in a horizontal duct. 

Doing and Roper [58], Rose and Duckworth [45], Matsumoto et al. [59], 

Thomas [60], and Zenz [61] prescribed different methods for the calculation 
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of the saltation velocity. Arastoopour et al. [57] compared the results of 

each method with the available data for coal-air flow, and concluded that 

the Zenz [61] method is the best of them, with a relative average deviation 

of 31%. The Zenz method compared with test data in the present study gave 

considerable errors for glass particles (which has a mean density close to 

that of coal), and even poorer results for copper particles which has a 

high density compared with that of coal. 

Arastoopour et al. [57] gave a correlation of the velocity of the 

conveyed particle as a function of the velocity of the conveying air and 

the particle density and diameter. Results of the present work are in a 

good agreement with the Arastoopour correlation. Therefore, this 

correlation is presented in the theoretical part of the present work in the 

English units, as it was reported, and modified for SI units. 

The method of the electrically augmented pneumatic transportation of 

solid particle was reported by Cotroneo and Colver [7]. They used a 

fluidized bed feeder to supply a rectangular duct with copper particles 

having a diameter of 85 ym. The particles were suspended by supplying a 

high volt DC potential difference to the electrodes of the duct. They used 

the electric field strength as a new independent variable to control the 

vertical motion of the particle. They introduced a mathematical model for 

the forces acting on a single particle as it moves along the duct. They 

used a modified Stokes drag as was recommended by Soo [9] to calculated the 

drag force. Particle-particle collisions were ignored. The test data were 

obtained for low Reynolds number based on the equivalent duct diameter and 

the particle relative velocity. They predicted that the needed conveying 
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power may be reduced at some value of the electric field strength. The 

present work is an extension of the study of Cotroneo and Colver to cover 

laminar and turbulent regimes of the flow. An apparent drag coefficient 

for a cloud of particles will include both the particle-particle and the 

particle-wall interactions. The predicted reduction in the conveying power 

has been observed for glass particles at an electric field strength of 2.5 

kv/cm. 

2.3. Particle Transport in an Unconfined Volume 

It is the study of the particle motion in our surrounding space. 

Particles suspended in the air is an example of an unconfined suspension 

which is manifested as one type of pollution. There are other kinds of 

waste pollution, such as chemical, biological, thermal and radiational 

pollution. The main concerns regarding particles in the environment is to 

understand the dynamics of a cloud of particles (particle suspension, 

diffusion, and fall-out), the methods of collecting the airborne dust, and 

the methods of preventing airborne dust formation. 

Sutton [62], Stern [63], and Soo [9] studied particle diffusion and 

fall-out from a point source located at a given altitude. The Richardson 

number of the atmosphere, the Grashof number relating to gas buoyancy, and 

the Reynolds number of the stack exhaust gases were taken as the governing 

parameters to evaluate the diffusivity in the direction of the cross flow 

and in a perpendicular direction. They also introduced a method for the 

calculation of the flux of the particle fall-out near ground including the 

effects of drift and diffusion. Later, Chen and Soo as reported by Soo [9] 

extended their model to treat the transient dispersion by wind from a 
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nonpoint source. Noll and Fang [64], and McCready [65] reported laboratory 

measurements of the atmospheric inertial deposition of coarse particle 

having diameters of (5-100) ym. They used a fan to control the air speed, 

and a plate with sharp edge to collect the deposited particles in both the 

lower and upper surface of the plate. The study demonstrated that there is 

both a downward and upward flux for atmospheric coarse particles. The two 

fluxes are related to the inertial deposition velocity and increase with 

particle size and wind speed. Wind direction, speed and vorticity as well 

as the humidity and chances of rain are very decisive factors in planning 

for building industries producing dust. In some cases artificial water 

spray is used for the collection of airborne dust Cheng [66]. In the same 

time air filters should be used to minimize the amount of dust ejected to 

the atmosphere. Air cyclone like that which is used in the present test 

rig is a typical example of the air filters. A design procedure based on 

data obtained by Rietema [67] is presented by Soo [9]. 
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3. THEORETICAL STUDY 

For the sake of simplicity the theoretical study of an electrically 

driven particle in an air flow can be divided into a study of the particle 

electric suspension phenomenon, and a study of the mutual effect of the 

particle on the air flow and of air flow on the particle. 

3.1. The Particle Electric Suspension 

The electric (particulate) suspension or EPS has been defined by Colver 

[5] as a cloud containing charged particles which is formed or sustained 

with an applied electric field as a direct result of electric field induced 

or otherwise electrically controlled particle charging at a particle-wall 

interference. Particles charged triboelectrically by contacting a wail, or 

charged by spraying the environment with ions, as in electrostatic 

precipitation, can also be controlled by electric fields. 

The present study is directed at the determination of the vertical 

velocity of particles suspended between two electrically charged, copper 

plates, as a function of the applied field strength. Single particle 

theory is used in helping to understand particle-wall encounters. Multiple 

particle interaction lead to a variety of phenomena including particle 

diffusion and upper limits on the number density of the cloud at a fixed 

electric field strength [5]. 

3.1.1. Single particle phenomena 

The theoretical equilibrium charge, Q, induced on a single conducting 

sphere in contact with an infinite flat plate in the presence of a uniform 

electric field, E, is the Maxwell charge [4, 68] given by (see Figure 3.1) 
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Figure 3.1. Model of a single particle 
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3 „ 

Q =  %-  s .  Dp E (3 .1 )  

where and are the permitivity and particle diameter respectively. 

For copper particles up to 1.5 mm diameter. Equation (3.1) was found to be 

valid for particles in dynamic contact with flat conducting surface even 

with an oxide coating in both surfaces [4, 69]. 

The mean particle velocity v^ for a single particle oscillating between 

parallel plates separated by distance, Z, with uniform electric field 

strength, E, [4, 5, 69] is 

V = [ ]l/2 {[(1+e 2)(^o!) + (l_e 2)g]l/2 (1+e ) 

P 1-e^^e^^ P 

2  2 1 / 2  D  £ ,  
+ [(1+e, )(-—) - (1-e. )g] [ ] « 1 

"p ' 2(l-e)m V 
P P 

where Q^, m^, E, g, e^ and et respectively the charge and mass per 

particle,^ apparent electric field strength, gravity, and coefficient of 

restriction at bottom and top plates. To account for the particle drag 

force replace QE by (QE-F^) in Equation (3.2) where 

Fp = 3iTyDpVp( l+3DpPVp/16u)^''^, (Re < 100) (3.3) 

and where F^, D^, |j , p are drag force per particle, particle diameter, 

fluid viscosity and density respectively and Re^ = pv^D^/u is the particle 

Reynolds number. 

(3.2) 

= Q^. For more accurate value see [70-74]. 
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From Equations (3.1), (3.2), and (3.3) the minimum electric field 

strength for sustained particle motion is given by [4] 

• 11—-2: "pB + ;3—z) 

b op 

which leads in Equation (3.2) to 

(1+e )^ &g 
Vy , = [ %- (/•-)] (3.5) 

(l+e^ ) 

The theoretical equilibrium force required to lift a single conducting 

sphere in a uniform electric field from a plane is [75] 

= *Go (1.37) (3.6) 

which when combined with Equation (3.1) gives the lift-off criteria of a 

spherical particle 

m g 1/2 
E = [ g ] (3.7) 

Tie^D ^(1.37) 
o p 

when compared with Equation (3.10) it follows that ^ < E^^, that is, the 

required electric field strength to just sustain particle motion is less 

than that field strength to initiate motion of a static particle from a 

conducting plate if (Fp/fflpg < 0.2) [4]. 

From Equation (3.2) we note that the particle cannot oscillate smoothly 

unless 
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This is the condition for having real roots of the second term in Equation 

(3.2) leading to a real velocity. This implies that a restriction exists 

on Equation (3.1) in the allowable magnitude of Q^* If this condition was 

not satisfied the particle will oscillate in a jumpy or irregular manner. 

Also for each material (P, e^) there is a maximum diameter that can be 

lifted by a specified electric field strength (E). 

3.1.2. Multiple particle phenomena 

There are three test categories of EPS. The particulate cloud be 

either totally confined, i.e., contained in a closed volume, unconfined, 

i.e., there are no side walls restricting the horizontal motion of the 

particles oscillating between the two parallel electrodes, or partially 

confined, i.e., there are walls restricting the horizontal motion in some 

direction while it is opened in some other direction (the case of a 

rectangular duct with open ends). 

For either partially or totally confined PES, the mean interparticle 

spacing A is given by the particle number density n as 

A = n-1/3 (3.8) 

In the present work, A was found to be in the range of 1178 + 2342 Um. 

The mean interparticle spacing is related to the volume fraction solid 

<j> Soo [1] as 

= (w/6*)l/3 (3.9) 

In the present work, <j> was found to be in the range of 0.000012 > 0.00012. 

The mean free path for particle to particle collision X given by Colver 

and Ehlinger [6] and Colver and Howell [76] as 
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A = l/(iTD ^n) 
P 

(3.10) 

In the present work, A was found to be in the range of 0.1134 0.7106 m. 

The ratio of mean free path of particle to particle collision A to the 

interparticle spacing, given by 

Soo [1]. The present work belongs to the case of very diluted mixture. 

The design of a solid particle transport line should lead to the 

knowledge of the pressure drop through the line and the mass flow rate of 

the conveying air necessary to convey the required mass flow rate of 

particles. With this information, the needed conveying power can be 

determined. Besides this economical aspect, the designer should also 

satisfy some safety and reliability requirements. In general, the designer 

can adopt either theoretical or empirical methods. While the idea of 

theoretical methods can give detailed analysis of the transport line, the 

simplicity of the solution and the availability of great amounts of 

reported experimental data often invoke the empirical method. 

3.2.1. Theoretical model of a particle in a duct 

A theoretical model for a particle transported in a duct in the 

presence of an electric field was given by Cotroneo and Colver [7]. The 

model is based on the assumption that a particle alternately strikes the 

upper and then the lower wall (plate) as it drifts along the duct. The 

(3.11) 

^ 1 / O 
In the present work A/n was found to be in the range of 95.9 + 380.6. 

1 / *  ̂
The solid-gas suspension is said to be diluted if A/n > 1 or ^ < 0.1 

3.2. Solid-Gas Flow in a Duct 
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upper and lower wall collisions are completely symmetrical, producing 

identical impulses, rotations, velocities, etc. Gravitational effects are 

neglected and air slug flow is assumed. A modified Stoke's drag is assumed 

for low Reynolds number based on the particle diameter. 

3.2.1.1. Particle-wall mechanism During a particle-wall collision 

a tangential impulse (wall drag) exists according to 

/ F dt = I(w'-w)/a = m (u' - u ) (3.12) 
At ^ P s s 

C 

I(l+a) g/m a^ 

= -m [ ^—%]u (3.13a) 
P l+I(l+a)6/2mpa^ ® 

= "'"p^f+n+a)'05^ % (sphere) (3.13b) 

where 

Rotational slip condition to' = -u^g/a, (0 < 8 _< 1). 

Rotational relaxation condition w = -otai ' , (0 < a < 1). 

Mean particle (slip) velocity 0^ = (u'^ + Ug)/2. 

The later condition gives an estimated error of less than 1% compared 

to the more realistic logarithmic velocity average Cotroneo and 

Colver [7]. 

a is a measure of the particle rotational relaxation in stagnant fluid 

3 
[7, 77] given by a = exp(-At^ Snya /I). 

S is to be experimenally determined as the degree of particle 

rotational slippage relative to the wall immediately following a 

particle-wall encounter. 

tangential force on a wall due to a particle. 



www.manaraa.com

21 

At^ particle-wall collision time (~ 10 ^S). 

w(w') particle angular velocity before (after) collision. 

t time of particle motion in the fluid. 

a radius of the particle. 

Advantage has been taken, above, of the rotational and velocity change 

symmetry (in steady state motion) expected during particle collision and 

particle traverse of the duct [i.e., (u'^ - u^) (wall collision) = Au 

(traverse), and (oi'-u) (wall collision) = Ao) (traverse)]. An alternative 

discussion of a particle-wall encounter can be found in Conno and Saito 

to a sequence of forces (i.e., wall interaction over At^) will undergo an 

average horizontal acceleration (neglecting particle-particle collision) 

over the total time. At, given by 

[24]. 

3.2.1.2. Particle-fluid mechanics A spherical particle subjected 

m (Au/At) = (S / F.dt)/At, At = S At. 
P ^ At. ^ ^ 1 

(3.14) 

1 

6ïïuau^[l+3pa V^/8u] 

- - ,2(1+8) 3/5 
•"p̂ ŝ s [ï;(ï;â)-ë75 

s 
(3.15) 

where 

u = u — u 
r a s  

- 2  -  2  -  2  
V = u + V (relative fluid-particle velocity) 

At = At + At = l/v , At « At 
c ' s' c f 
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The r.h.s. terms are, respectively, the fluid drag force, fluid lift force 

(Magnus effect), and the wall drag forces. The ratio of the particle lift 

to wall drag (or fluid drag) forces from Equation (3.23) is approximately 

5ïïa^p£/4nip ~ 3% (for further discussion, see Soo [9], p. 28), 

The additional particle drag effects of presure gradient, apparent 

fluid mass, temperature gradient, and particle history (Basset term) are 

neglected due to the large particle-to-fluid mass ratio [9]. The effects 

of walls fluid velocity profile and particle collisions across the duct 

have also not been considered. 

3.2.1.3. Fluid mechanics From the conservaton of momentum 

principles, the steady state additional pressure drop Ap^ due to the 

presence of a uniform distribution of particles (i.e., besides the viscuss 

boundary layer effects) can be written as [7, 78] 

APs/^ss = *Fp (3-1*) 

where F^ is the average force per particle, and is the length of the 

duct in which the particle moves in a steady state motion. 

3.2.2. Empirical methods 

Due to the lack of available basic data necessary for the theoretical 

solution, the empirical methods appears as an alternative method and offers 

considerable accuracy. The pressure drop of the transporting line can be 

determined by one of the available pressure drop correlation, which can be 

classified into two main cases. 
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Correlation of the pressure drop in a vertical duct without electric 

field. The correlation of Conno and Saito [24] was recommended as the best 

method by Modi et al. [50] and is expressed in English units as 

2f u^ L p u L W 
Ap = —-—2 + 0.057 7-T- np + L -- (3.17) 
s-a g /gDy a 

where 

V = u - u 
r a s  

f^ friction factor of the air flow in the duct 

n loading of the line, solid to air weight ratio 

Djj hydraulic diameter of the duct 

weight of the solid particles in the line 

Correlation of the pressure drop in a horizontal duct without electric 

field. The correlation of Hinkle [27] as the best method chosen by 

Arastoopour et al. [57] is expressed in English unit as 

u^ p W u 2f p u^ L f u W 
Ap = -T--- + ---- + —------- [1+—-- —--] (3.18) 
s-a g g fa", ",9, 

where 

Ug/Ua = (1-0.179 (3.19) 

f  =  3  .  c  -2  2 (3 .20)  
s 8 P D D I u ^ 

s p s 

The solid to air velocity ratio Equation (3.19) was corrected by 

Arastoopour et al. [57] and expressed in English units as 

Ug/Ug = (1-0.1233 DpO'3 (3.21) 

which can be expressed in SI units as 
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Ug/Ug = (1-0.044029 (3.22) 

The available pressure drop correlations may be broadly classified into 

the following two categories; 

1. Type 1 in which the ratio of total pressure drop to the pressure drop 

due to gas (air) alone is correlated. 

2. Type 2 in which the total pressure drop is expressed as the summation 

of pressure drops due to acceleration, wall friction, and static head. 

One will notice that the correlations which were chosen as the best for 

vertical and horizontal conveying were of type 2. 

The saltation velocity of a cloud of particles on a duct according to 

Zenz's [61], which was evaluated by Arastoopour et al. [57] as the most 

accurate method for coal. It can be calculated as follows: 

4g; (P -P ) 1/3 
6, = [ r ] (3.23) 

3 1/3 

^2 = f4ipjp^-p^)^ (3-24) 

From Figure 2, in Zenz [61], according to the duct diameter, find 

(Ucs,ref/^l) and the slope M. 

63 = 0.32 X 10~2, (M < 0.05) (3.25) 

or = 21.4 X 10"^ M, (M > 0.05) (3.26) 

Correction of the duct diameter. 

("cs/"cs,ref) " ̂ V°H,ref^ (3.27) 

The multiple particle particle saltation speed is 
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where 

Uqs j.g£ saltation velocity of a single particle in the reference duct. 

saltation velocity of single particle in a duct. 

saltation velocity of a multiple particle in a duct. 

Dr hydraulic diameter of the reference duct. 

One of the most important and basic parameters needed is the drag 

coefficient of a cloud of particles. Unlike the drag coefficient of a 

single particle, which is very well known, the drag coefficient of multi 

particle is not well defined, because it is influenced by the particle-

particle interaction which is function of the particle mass density, 

particle number density, particle size, and particle size distribution. 

The available correlations for a multiple particle drag coefficient are: 

Ingebo [79] drag coefficient 

Cg = 27/Re (6 < Re < 400) (3.29) 

where Re = V D /v 
P r p 

Vj. is the relative air to particle velocity. 

Rudinger [80, 81] drag coefficient 

Cjj = 6000/Re 1'^, (5 < Re < 200) (3.30) 

Rowe and Henwood [82] drag coefficient 

Cjj = 0.44, (Re > 1000) (3.31) 

or 

Cp = (24/Rep) (1 + 0.15 (Re < 1000) (3.32) 

Rudinger [8] introduced a correlation of the drag coefficient as 

Cg = (24/Rep) [1+1 Re^/S (1 + 0^^)1/3] (3.33) 

where a is the volume of solid to air ratio. 
P 
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The present experimental work, includes a correlation of an apparent 

drag coefficient for copper and glass spherical particles. The term 

apparent drag coefficient is used because the particle-particle and 

particle-wall interactions have great effect on the aerodynamic drag 

coefficient in the case of electrically suspended particles as a result of 

the vertical velocity of the particle. 
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4. EXPERIMENTAL STUDY 

This section includes a description of the experimental investigation 

of the effect of an electrically suspended cloud of particles in ducted 

flow. The particle velocity, particle number density and the flow pressure 

drop were measured along the duct, for topper spherical particles (63-74 

and 74-88) ym and glass spherical particles (44-63, 63-74, and 74-88) pm. 

The measurements were taken at different flow speeds ranging from 0.8 m/s 

up to 8.0 m/s which give a duct Reynolds number Re^ in the range of (1300 

up to 12551) covering the laminar, transient and low turbulent regimes of 

flow. The particle Reynolds number Re^ based on relative velocity of the 

particle flow was found to be in the range of (5 up to 32). The effect of 

the electric field strength on the flow parameters was also investigated 

for the case of glass particles. The vertical velocities of the copper and 

glass particles were measured for different values of electric field 

strength, in both a confined and partially confined volume. 

The test data were analyzed for the following results: 

1. The friction factor per unit mass flow rate of conveyed particles vs. 

the duct Reynolds number, for copper and glass particles. 

2. The pressure gradient of solid-air per unit mass flow rate of the 

conveyed particles vs. the duct Reynolds number, for the copper and 

glass particles. 

3. The apparent drag coefficient for each size the copper and glass 

particles vs. the particle Reynolds number. 
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4. The apparent drag coefficient vs. a newly defined particle Reynolds 

number. Correlations for both copper and glass particles were reduced 

to a single curve. 

4.1. Test Facility 

A rectangular duct Figures 4.1 and 4.2 having a cross section measuring 

(5.25 X 1.6) cm and a length of 225 cm was produced. Its upper and lower 

walls (electrodes) were produced from brass strips 10 cm in width and 8 mm 

in thickness. The side walls were fabricated from glass strips 1.6 cm in 

height and 3 mm in thickness. The particles were fed to the duct by an 

Auger, driven by a DC servomotor and a system of gears designed to feed the 

particles with a controlled volumetric rates (Appendix A). The solid 

particles were separated from the air and collected in a reservoir using a 

specially designed cyclone. The air was fed to the duct at various mass 

flow rates and measured by a system of rotameters (Appendix B). Before 

entering the duct, the air was passed through an air straightener. The 

particle velocity was measured by a DISA 55x modular Laser Doppler 

Anemometer LDA (Appendix C). The LDA output was displayed on a Tektronix 

434 oscilloscope. The pressure of the solid-air flow was measured by a 

Barocel pressure sensor type 570D-100T.lAl-Vl in 13 pressure taps located 

along the center of the upper plate of the duct, with a distance of 15 cm 

between each tap (see Figure 4.1). The pressure sensor was connected to 

the different pressure taps thorugh a scana valve. The pressure 

measurements started after a very short distance from the duct exit section 

without having fully developed flow since in fact two phase flows are 

rarely fully developed Hewitt [83, 84]. If the effect of the particle 
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Figure 4.1. Diagram of experimental system 
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Figure 4.2. Experimental set up 
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oscillation is considered, one can conclude that fully developed flow in 

the presence of oscillating particles can never be attained. The particles 

were driven to oscillate between the lower and the upper plates of the duct 

by applying a DC voltage difference to the electrodes. The DC voltage was 

generated by a 230-6P-R&D high volt DC power supply. 

4.2. Measurements of the Vertical Velocity of Electrically 

Driven Particles in a Totally Confined Volume 

The vertical velocity of the electrically driven particles was measured 

in a confined volume using a Laser Doppler Anemometer. The test secton 

Figure 4.3 consisted of two brass electrodes with a separation distance of 

16 mm and an internal volume defined by glass walls. The internal 

horizontal cross section measured 15 x 5.25 cm. The test section was 

horizontally leveled, and the laser beams measuring the particle velocity 

were directed to the center of the test section. Tables 4.1 and 4.2 give 

the particle vertical velocity Vp ^t different electric field strengths for 

copper and glass particles respectively for particle diameters of (37-44, 

44-63, 63-74, and 74-88 ura). The glass particle vertical velocities at 

various electric field strengths are presented in Figure 4.4.a. An error 

of about 5% may be expected for the velocity measurements, due to reading 

from the screen of the oscilliscope. The following general observations 

can be seen from the results tabulated in Tables 4.1 and 4.2. 

1. The particle vertical velocity increases with an increase in the 

electric field strength. 
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Figure 4.3. Closed volume test section for calibration of the particle 

vertical velocity using a LDA, plate separation distance 

1.6 cm 
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Table 4.1. Vertical velocity of copper particles^ 

Electric Vertical Velocity (m/s) 

field strength 37 - 44 44 - 63 
(u m) (y m) 

63 - 74 

(u m) 

74 - 88 
(u m) 

1.875 — — - -

2.500 - - - -

3.125 — — - -

3.750 0.70 0.75 0.80 0.80 

4.375 0.90 0.90 0.90 0.90 

5.000 1.0 1.0 1.0 1.0 

5.625 1.0 1.0 1.0 1.0 

6.250 1.0 1.0 1.0 1.0 

6.875 1.0 1.0 1.0 1.0 

7.500 1.0 1.0 1.0 1.0 

8.125 Break. - Down 

^An error of about 5% may be expected Eor the velocity measurements, 

due to reading from the screen of the oscilliscope. 
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Table 4.2. Vertical velocity of glass particles^ 

Electric Vertical Velocity (m/s) 

field strength 37 - 44 44 - 63 63 - 74 74 - 88 

(um) (um) (um) (wm) 

1.875 - - - -

2.500 0.95 1.1 1.2 1.2 

3.125 1.25 1.25 1.25 1.25 

3.750 1.4 1.35 1.35 1.35 

4.375 1.5 1.5 1.5 1.5 

5.000 1.7 1.7 1.7 1.7 

5.625 1.8 1.8 1.8 1.8 

6.250 1.85 1.85 1.85 1.9 

6.875 1.85 1.85 1.85 1.9 

7.500 1.85 1.85 1.85 1.9 

8.125 1.85 1.85 1.85 1.9 

8.750 1.85 1.85 1.85 1.9 

^An error of about 5% may be expected for the velocity measurements, 
due to reading from the screen of the oscilliscope. 
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Figure 4.4.a. Glass particle vertical velocity versus electric field 
strength 
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2. The vertical velocity is a function of the electric field and the 

material of the particle but not of the particle diameter within the 

range of measured particles. 

3. Particles began to move between the electrodes at some minimum electric 

field strength Equation (3.7) with corresponding minimum velocity 

Equation (3.5) as it was predicted by Colver [4]. 

4. Small particles began their motion at a lower minimum velocity than the 

bigger ones. This can be explained by the greater adhesion force 

between the smaller particles, which produces an additional force 

opposing to the motion of the particles. 

5. There is some upper limiting vertical velocity corresponding to an 

upper limiting electric field strength. Above this value the increase 

of the electric field strength does not increase the mean vertical 

velocity, but rather the particle number density will be increased and 

the velocity fluctuation around its mean valve will be decreased. This 

can be observed on Figure 4.4.b for glass particle with diameter 

(44-63) pra where at a. E = 6.25 kv/cm and at b. E = 7.5 kv/cm. The 

experimentally measured upper limiting particle vertical velocity 

cannot be predicted, using the single particle model (see Equations 3.1 

and 3.2). 

4.3. Measurement of the Minimum Lifting Air Velocity 

in a Rectangular Duct 

The minimum lifting air velocity in a rectangular duct for both glass 

and copper particles having diameters of (44-63, 6-374 and 74-88) ijm was 

measured by filling the particle feeder by the tested particles to be in 
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Figure 4.4.b. Particle vertical velocity measured by a LDA and displayed on an oscilliscope. (a) E = 

6.25 kv/cm, (b) E = 7.5 kv/cm 
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Table 4.3. Measured minimum lifting air velocity u^ and its 

corresponding particle velocity u^ ' 

Particle diameter Copper Glass 

u^ u u u 
a,mm p a,mm p 

(U m) (m/s) (m/s) (m/s) (m/s) 

74 - 88 2.05 1.5 1.78 1.40 

63 - 74 1.95 1.45 1.75 1.41 

44 - 63 1.85 1.45 1.71 1.42 

the same level of the lower plate of the test duct. The air velocity was 

increased gradually until air lifted particles were detected by the LDA 

Beam, located at a distance of 75 cm from the duct inlet. In the same time 

the particle velocity was also measured. The test was repeated for each 

particle size of the copper and glass. The measured values are presented 

in Table 4.3. 

The minimum lifting air velocity was calculated according to Zenz's 

method [61] for each particle. Taking into consideration that the 

solid-gas flow was very diluted in the present tests, the minimum lifting 

air velocity can be compared with the case of the single particle solution 

with a correction for the hydraulic duct diameter. The particle velocity 

of the measured minimum lifting air velocity of each particle was also 

calculated by Arastoopour Equation (3.22). Results of the calculation are 
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are tabulated in Table 4.4. Comparing the calculated values with the 

measured ones, one can infer the following: 

1. Arastoopour's Equation [57] is an accurate expression for the particle 

velocity as a function of the air velocity for both copper and glass 

particles. 

2. Zenz's method [61] is not accurate particularly for copper, i.e., the 

method loses its accuracy for particle of materials having high mass 

density. 

4.4. Measurements of the Pressure Drop 

of the Air Flow Along the Test Duct 

The pressure drop of an air flow without particles was measured along 

the duct for different air flow bulk velocities u^» namely (7.98, 6.37, 

4.06, 3.19, 2.32, 1.466, 1.19, and 0.827) m/s. These air flow velocities 

give Reynolds numbers referred to the hydraulic diameter of the duct having 

values of (12551, 10017, 6394, 3663, 2304, 1872 and 1300) respectively. 

The air flow bulk velocities were chosen so that the first three values 

cover the turbulent flow regime. The second two values cover Che transient 

flow regime and the last three values cover the lamenar flow regime. The 

bulk air flow velocities were measured by a system of rotameters and 

control valves. The static pressure drop Ap^ of the air flow was measured 

along the duct in 13 points located along the duct, taking the first point 

as a reference. The absolute static pressure of the first point p^ and the 

rotameters static pressure p^ were also measured for each test. Test data 

of pressure drop corresponding to the eight selected velocities are 



www.manaraa.com

40 

Table 4.4. Calculated minimum lifting air velocity u . and its 

corresponding particle velocity u^ ' 

Particle diameter Copper Glass 

a b a b 
u u u u 
a, mm p a, mm p 

(u m) (m/s) (m/s) (m/s) (m/s) 

74 - 88 3.7535 1.544 2.295 1.4818 

63 - 74 3.674 1.506 2.295 1.491 

44 - 63 3.635 1.4968 2.295 1.507 

^Zenz's method [61]. 

'^Arastoopour's equation [57]. 

summarized in Table 4.5. The pressure reading values located along the 

duct are given in torr, while the rotameters pressure are reported in 

inches of mercury. The air flow Reynolds number referred to the duct 

hydraulic diameter Re^ is expressed as 

„ "a 
Re g = —-— (4.1) 

where u^ air flow bulk velocity (m/s) 

hydraulic diameter of the duct (m) 

2 
V kinematic viscosity of air (m /s) 

The data in Table 4.5 can be analyzed to get a plot of the air friction 

factor against the flow Reynolds number in log-log scale (Mody diagram) 

Figure 4.5 where the friction factor f is defined as 
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Table 4.5. Pressure drop along the duct without particles 

u^(m/s) 

Re 

P m 

lAPz 

1AP4 

1AP5 

1AP6 

lAPy 

1AP8 

1AP9 

7.98 

12551 

8.6 

0.665 

0.06 

0.1 

0.14 

0 . 1 8  

0.24 

0.28 

0.32 

0.34 

6.37 

10017 

5.5 

0.445 

0.04 

0.065 

0.095 

0 . 1 2  

0 .16  

0.19 

0.215 

0.23 

4.06 

6394.4 

2 . 1  

0 . 2  

0 .02  

0.035 

0.045 

0.055 

0.075 

0.085 

0.095 

0.105 

3.1955 

5023 

1.35 

0.135 

0.0043 

0.016 

0.025 

0.033 

0.044 

0.053 

0.060 

0.067 

2.3298 

3664 

0.7 

0.075 

0.0023 

0.0083 

0.016 

0.021 

0.026 

0.031 

0.035 

0.039 

1.466 

2304 

0.25 

0.039 

0.002 

0.0055 

0.009 

0.0105 

0.0135 

0.0160 

0.0180 

0.020 

1.19 

1872 

0.2 

0.035 

0.0016 

0.0036 

0.0058 

0.0077 

0.01 

0.013 

0.015 

0.017 

0.82766 

1300 

0.15 

0.02 

0.0013 

0.003 

0.0046 

0.0059 

0.0072 

0.0083 

0.0093 

0.01 

Rotameters pressures are given in inches of mercury. 

Duct flow static pressures are given in torr. 
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Table 4.5. Continued 

u^(m/s) 7.98 6.37 4.06 3.1955 2.3298 1.466 1.19 0.82766 

0.415 0.28 0.12 0.076 0.0445 0.022 0.0185 0.011 

0.44 0.3 0.13 0.087 0.0500 0.024 0.020 0.012 

jAp^2 0.48 0.32 0.14 0.97 0.055 0.026 0.0215 0.013 

]Ap^2 0.525 0.355 0.16 0.11 0.059 0.028 0.0228 0.014 
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Reynolds number based on the duct diameter Re^ 

Figure 4.5. Friction factor f versus duct Reynolds number Re^ without 

particles 
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1/2 p (L/D^) 

where as 

Ap^ static pressure drop between point 1 and 13 (Pa) 

3 
P specific mass of air (kg/m ) 

bulk velocity of air (m/s) 

L distance between the measuring points 1 and 13 (m) 

Djj hydraulic diameter of the duct 

4.5. Measurement of the Solid-Air Flow Parameters Along the Duct 

(at constant electric field strength) 

The effect of electrically driven particles in a duct flow was 

experimentally investigated for copper and glass particles with diameters 

of (63-74 and 74-88) wm and (44-63, 63-74, and 74-88) pm respectively. For 

each particle size the flow parameters were measured along the duct for 

bulk flow velocities of (7.89, 6.37, 4.06, 3.1955, 2.3298, 1.466, 1.19 and 

0.82766. m/s. The particles were fed to the duct by a particle feeder 

(Appendix A) in a controlled and constant rate for each test. The air was 

also fed to the duct at a constant mass flow rate in each test. A total of 

13 measuring points were located along the duct Figure (4.1) the following 

parameters were measured: 

1. The static pressure of the solid-air flow (Ap^ ̂ ) taking the first 

point as a reference. 

2. The particle velocity u^ in the x-direction along the axis of the duct. 

3. The absolute value of the particle vertical velocity v^. 
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4. The particle number density n was calculated for each point using the 

particle continuity Equation 

" "s = Gg N (4.3) 

where 

Ap the cross-section area of the duct. 

Gg the volumetric feeding rate of the particles. 

N number of particles per unit volume. 

The electric field strength E = 5 kv/cm was kept constant at all tests 

which gave particle vertical velocities of (1.0 and 1.7) m/s for the copper 

and glass particles respectively. Test data are given in Appendix E. 

4.5.1. Analysis of the test data 

The obtained test data can be analyzed to give a graphical 

representation of the following relation: 

1. The pressure gradient of the solid-air flow and of the solids only per 

unit mass flow rate of conveyed particles 

ÛPs-a/^ss APg/Lgg 
[ ? ] and [—ô ] vs duct Reynolds number Re^ 

m m 
s s 

where 

Lgg length of the duct, where steady state velocity of the particles 

can be observed. Measured from the point of steady state particle 

velocity to the point of the last pressure tap (13). 

Aps_a the static pressure drop of the solid-air flow in [P^] 

corresponding to 
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the static pressure drop of the solids only in [P^] corresponding 

to L 
ss 

Ag mass flow rate of the conveyed particles. 

2. The friction factor of the solid-air flow and of the solids only per 

unit mass flow rate of conveyed particles fg_g and f^ vs duct Reynolds 

number Re^ 

where 

f ^^^s-a^^ss^ C A 
f 9-0" (4.4. a) 

1/2 p 

- (APs/Lss)'OH 
t (4.4.b; 

1/2 p 

Values of the (pressure gradient and friction factor) of the solid-air flow 

per unit mass flow rate of the conveyed particles are presented in Tables 

(4.6-4.10) for copper particles having diameters of (63-74 and 74-88) um 

and glass particles having diameters of (44-63, 63-74 and 74-88) lam 

respectively. Pressure gradient of the solid-air flow per unit mass flow 

rate of conveyed particles vs Reg copper and glass particles are 

plotted in Figures 4.6 and 4.7, respectively. While the friction 

coefficient of the solid-air flow per unit mass flow rate of the conveyed 

particles vs Re^ for copper and glass particles are plotted in log-log 

scale Figures 4.8 and 4.9, respectively. 

3. The apparent drag coefficient of the solid particle. The term apparent 

drag is adapted here to include the effect of particle momentum exchange 

with the upper and lower walls of the duct due to the vertical motion of 

the particles and the particle-particle interaction (as explained in 
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Table 4.6. Pressure gradient and friction factor per unit mass flow rate of the conveyed particles 

vs. the duct Reynolds number^ 

u 
a 

*=0 
\s APs-a/Lss*s APs/Lss*s ^s—a fs 

(m/s) (m) 
-1 —2 

(s m ) 
-1 -2 

(s m ) (s/kg) (s/kg) 

7.98 12,551 0.9 10,135 2,832 6.599 1.843 

6.37 10,017 1.05 7,793 2,811 7.959 2.872 

4.06 6,394 1.35 5,067 2,782 12,747 6,998 

3.1955 5,024 1.5 4,686 3,005 19,029 12.200 

2.3298 3,663 1.65 4,520 3,598 34.5299 27.487 

1.466 2,304 1.65 4.333 3.651 83.61 70.043 

1.19 1,872 1.65 4,881 4,012 142.9 117.4 

0.82766 1,300 1.65 4,510 4,196 273.1 253.99 

^Copper spherical particles with diameters of 63-74 Wm. 
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Table 4.7. Pressure gradient and friction factor per unit mass flow rate of the conveyed particles 

vs. the duct Reynolds number^ 

u 
a RfD L 

ss 'Ps-a'^ss^s APs/tss*s f 
s-a 

f 
s 

(m/s) (m) 
f -1 -2. 
(s m ) (s m ) (s/kg) (s/kg) 

7.98 12,551 0.9 10434 3130 6.79 2.037 

6.37 10,017 1.05 8180 3194 8.356 3.26 

4.06 6,394 1.35 5326 3040 13.395 7.6454 

3.1955 5,024 1.5 5008 3326 20.318 13.5023 

2.3298 3,663 1.65 4829 3907 36.87955 29.838 

1.466 2,304 1.65 4359 3677 84.095 70.923 

1.19 1,872 1.65 4922 4052 144.08 118.615 

0.82766 1,300 1.65 4763 4.237 288.232 256.40 

^Copper spherical particles with diameters of 74-88 ym. 
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Table 4.8. Pressure gradient and friction factor per unit mass flow rate of the conveyed particles 

vs. the duct Reynolds numbera 

u 
a 

(m/ s) 

*=0 L 
ss 

(m) 

APs-a/lss»s 

-1 -2 
(s m ) 

APs/lss»s 

-1 -2 
(s m ) 

f 
s-a 

(s/kg) 

f 
s 

(s/kg) 

7.98 12,551 1.50 31,105 2,978 20.25 001.939 

6.37 10,017 1.65 21,960 3,008 22.439 3.07 

4.06 6,394 1.65 12,454 4,031 31.326 10.139 

3.1955 5,024 1.65 10,168 3,808 41.285 15.463 

2.3298 3,663 1.65 11,467 5,957 87.593 45.503 

1.466 2,304 1.65 12,704 8,757 245.084 168.95 

1.19 1,872 1.65 13,053 9,830 382.016 287.9 

0.82766 1,300 1.65 16,088 14,161 973.0 857.112 

^Glass spherical particles with diameters of 44-63 Wm. 
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Table 4.9. Pressure gradient and friction factor per unit mass flow rate of the conveyed particles 

vs. the duct Reynolds numbers 

u 
a 

(m/s) 

Ss 

(m) 

APs-a/lss*s 

-1 -2 
(s m ) 

APs/lss*s 

-1 -2 
(s m ) 

îs-a 

(s/kg) 
CO 

C
O

 

7.98 12,551 1.50 31,502 3,375 20.511 2.197 

6.37 10,017 1.65 22,862 3,910 23.361 3.996 

4.06 6,394 1.65 12,754 4,331 32.082 10.896 

3.1955 5,024 1.65 10,227 3,869 41.530 15.708 

2.3298 3,663 1.65 11,662 6,151 89.070 46.989 

1.466 2,304 1.65 14,722 10,776 284.02 207.890 

1.19 1,872 1.65 14,570 11,352 426.51 332.400 

0.82766 1,300 1.65 16,240 14,313 982.96 866.298 

^Glass spherical particles with diameters of 63-74 Um. 
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Table 4.10. Pressure gradient and friction factor per unit mass flow rate of the conveyed particles 

vs. the duct Reynolds number® 

u 
a 

L 
ss 

Ap /L m 
s-a ss s 

Ap /L m 
s ss s 

f 
s-a 

f 
s 

(m/s) (m) (s m ) (s m ) (s/kg) (s/kg) 

7.98 12,551 1.50 32,090 3,970 20.839 2.585 

6.37 10,017 1.65 23,463 4,510 23.973 4.608 

4.06 6,394 1.65 13,837 5,414 34.803 13.618 

3.1955 5,024 1.65 10,589 4,230 42.994 17.173 

2.3298 3,663 1.65 11,953 6,443 91.312 49.215 

1.466 2,304 1.65 14,722 10,776 284.023 207.890 

1.19 1,872 1.65 15,481 12,776 453.272 359.046 

0.82766 1,300 1.65 16,392 14,464 993.728 876.760 

^Glass spherical particles with diameters of 74-88 nm. 
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Figure 4.7. Effect of particles on the gradient per unit mass flow rate 

of glass particles (hatch area shown for particle free flow) 
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Figure 4.8. Friction factor (total, particles plus air) and 

(particles) versus duct Reynolds number 
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www.manaraa.com

56 

Chapter 3). Since both the mass density and the vertical velocity of the 

particles are not the same for copper and glass, different curves should be 

expected for the two kinds of material. Also it should be expected that a 

single curve would be found for particles of different sizes but of the 

same material and at the same electric field strength (i.e., the same 

vertical velocity). 

Calculated data of the apparent drag coefficient C^ based on the 

obtained data of Tables 13.1-13.40 are presented in Tables 4.11-4.15 for 

copper particles having diameters of (63-74 and 74-88) Um and glass 

particles having diameters of (44-63, 63-74 and 74-88) pm respectively. 

Figures (4.11 and 4.12) are a plot of the apparent drag coefficient C^ vs 

the particle Reynolds number Re^ for copper and glass respectively where 

the particle Reynolds number is defined as 

V D 
Re^ = ----E (4.5) 

Dp average diameter of the particles. 

V relative air to particle velocity. 

- <"a - (4-t) 

Make reference to Figure 4.10. The drag coefficient for the particle were 

calculated for the portion of the duct in which the particles had steady 

state velocity as follows 

Ap = F n L cos 'P (4.7) 
s p ss ^ 

where 

The pressure drop due to the presence of the particles corresponding to 

a the length of the duct L 
ss 
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Table 4.11. Apparent drag coefficient yg. particle Reynolds number Re^^ 

u 
a 

u 
s 

V 
r 

cos 9 Re 
P 

L 
ss 

AP 
s 

-8 
nxlO 

-3 

Co 

(m/s) (m/s) (m/s) (m) (Pa) (m ) 

7.98 2.65 5.4229 0.9828 23.980 0.90 12.667 1.466 1.502 

6.37 2.1 4.3855 0.9736 19,397 1.05 14.667 1.829 1.844 

4.06 1.35 2.8886 0.9382 12.776 1.35 18.667 2.845 2.807 

3.1955 1.05 2.3671 0.9063 10.470 1.50 22.400 3.658 3.634 

2.3298 0.77 1.8520 0.8418 8.195 1.65 29.507 4.989 5.620 

1.466 0.48 1.4040 0.7021 6.211 18.533 4.954 7.449 

1.19 0.39 1.2800 0.6247 5.664 13.040 3.904 8.938 

0.82766 0.27 1.1449 0.4870 5.064 13.640 5.639 9.979 

^Copper spherical particles with diameters of 63-74 um. Particle vertical velocity of 1.0 m/s. 
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Table 4. 12. Apparent drag coefficient yg. particle Reynolds number Rep^ 

u u V cos 0 Re L AP 
-8 

nxlO 
a s r P ss s D 

-3 
(m/s) (m/s) (m/s) (m) (Pa) (m ) 

7.98 2.05 6.0186 0.9861 31.259 0.90 14.000 1.158 1.234 

6.37 1.63 4.844 0.9784 25.153 1.05 16.667 1.457 1.558 

4.06 1.05 3.171 0.9490 16.468 1.35 20.400 2.261 2.299 

3.1955 0.82 2.577 0.9217 13.380 1.50 24.80 2.895 3.062 

2.3298 0.60 1.998 0.8657 10.374 1.65 23.040 3.957 4.660 

1.466 0.38 1.476 0.7356 7.665 1.65 18.667 3.868 5.989 

1.19 0.31 1.332 0.6606 6.916 1.65 13.173 3.036 7.363 

0.82766 0.22 1.170 0.5193 6.075 1.65 13.773 4.278 8.9935 

^Copper spherical particles with diameters of 74-88 um. Particle vertical velocity of 1.0 m/s. 
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Table 4.13. Apparent drag coefficient yg. particle Reynolds number Re^^ 

u 
a 

u 
s 

V 
r 

cos 0 Re 
P 

L 
ss APs nxlO ̂  

-3 

S 

(m/s) (m/s) (m/s) (m) (Pa) (m ) 

7.98 5.2 3.2580 0.8531 11.279 1.5 6.000 1.536 2.0916 

6.37 4.15 2.7960 0.7939 9.678 1.65 6.667 1.925 2.2895 

4.06 2.65 2.2080 0.6384 7.640 1.65 8.933 3.015 4.2895 

3.1955 2.3 1.9200 0.4660 6.651 1.65 8.440 3.474 6.3276 

2.3298 1.5 1.8917 0.4386 6.548 1.65 8.173 3.298 7.0745 

1.466 0.94 1.7790 0.2954 6.159 1.65 7.693 3.370 10.9217 

1.19 0.77 1.7510 0.2398 6.060 1.65 8.640 4.125 12.7428 

0.82766 0.53 1.7258 0.1721 5.970 1.65 12.440 5.994 18.1104 

^Glass spherical particles with diameters of 44-63 um. Particle vertical velocity of 1.7 m/s. 
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Table 4.14. Apparent drag coefficient vs. particle Reynolds number Rep^ 

u 
a 

u 
s 

V 
r 

cos 9 Re 
P 

L 
ss APs 

-8 
nxlO 

-3 

Co 

(m/s) (m/ s) (m/s) (m) (Pa) (m ) 

7.98 3.950 4.3700 0.9213 19.346 1.50 6.780 0.972 1.197 

6.37 3.150 3.6410 0.88432 16.100 1.65 8.667 1.219 1.661 

4.06 2.000 2.6700 0.77128 11.810 1.65 9.600 1.920 2.491 

3.1955 1.750 2.2310 0.6477 9.870 1.65 8.573 2.195 3.318 

2.3298 1.150 2.690 0.57015 9.153 1.65 8.440 2.068 4.582 

1.466 0.725 1.8544 0.39957 8.200 1.65 9.467 2.100 8.988 

1.19 0.590 1.8027 0.3328 7.970 1.65 9.973 2.580 9.786 

0.82766 0.409 1.7508 0.23912 7.740 1.65 12.573 3.723 12.625 

^Glass spherical particles with diameters of 63-74 Vm. Particle vertical velocity of 1.7 m/s. 
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Table 4.15. Apparent drag coefficient yg. particle Reynolds number Rep^ 

u 
a 

u 
s 

V 
r 

cos 0 Re 
P 

L 
ss APs 

-8 
nxlO 

S 

(m/s) (m/s) (m/s) (m) (Pa) 
-3 

(m ) 

7.98 3.05 5.215 0.9453 27.07 1.5 8.000 0.778 0.8747 

6.37 2.40 4.3186 0.91926 22.42 1.65 10.000 0.989 1.1726 

4.06 1.550 3.0315 0.82796 15.74 1.65 12.000 1.532 2.0482 

3.1955 1.400 2.472 0.72615 12.83 1.65 9.373 1.695 2.4746 

2.3298 0.900 2.221 0.6417 11.532 1.65 8.840 1.637 3.3843 

1.466 0.600 1.907 0.45391 9.906 1.65 9.467 1.567 7.0877 

1.19 0.455 1.8521 0.3968 9.617 1.65 10.773 2.068 7.610 

0.82766 0.316 1.775 0.2876 9.216 1.65 12.707 2.946 9.458 

^Glass spherical particles with diameters of 74-88 Mm. Particle vertical velocity of 1.7 m/s. 
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Figure 4.10. Diagram of air and particle velocities 
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Figure 4.11. Apparent drag coefficient of copper particles versus 
particle Reynolds number 
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^Ps = APs-a - ̂ Pa 

Fp force per particle 

'P angle of the particle velocity vector with horizontal axes. 

"p - 5 ® 

S is a reference area. In this analysis the cross section area of the 

particle is taken as a reference area. 

The apparent drag coefficient of particles with different sizes but the 

same material at the same electric field strength, can be reduced to a 

single curve by using the definition of Re as 
P 

Rep - Rep - Re^ (4.9) 

where 

^®p^2.im the limiting value of the particle Reynolds number as the 

air velocity tends to zero 

\ Op 

Values of apparent drag coefficient versus the newly defined Reynolds 

number Re^ are presented in Tables 4.16 and 4.17 for copper and glass 

particles respectively. 

A computer code RCURV was used to obtain correlations of the data for 

both copper and glass particles as a polynomial curve of the second degree 

with the least squares technique. Correlations were obtained in both 

linear and log-log scale. The following are the obtained correlations. 

The correlation found for the apparent drag coefficient of the 

copper particle vs Re in a linear and log-log scale respectively give 
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Table 4.16. Apparent drag cofficient Cp Copper particles vs. the 

modified Reynolds number Re^^ 

S 

23.980 19.557 1.502 

19.397 14.974 1.844 

12.776 8.353 2.807 

10.470 6.047 3.634 

8.195 3.772 5.620 

6.211 1.788 7.449 

5.664 1.241 8.938 

5.064 0.641 9.979 

31.251 26.058 1.234 

25.153 19.961 1.558 

16.468 11.276 2.299 

13.380 8.188 3.062 

10.374 5.182 4.660 

7.665 2.473 5.989 

6.916 1.724 7.363 

6.075 0.883 8.9935 

^^®Lim particles 

particles with diameters 

with diameters of 63-74 ym = 4.423. 

of 74-88 um = 5.192. 

*=Lim 
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Table 4.17. Apparent drag cofficlent of Copper particles vs. the 

modified Reynolds number Re^^ 

*=p C, 

11.278 5.3933 2.092 

9.678 3.7933 2.495 

7.640 1.7554 4.290 

6.651 0.7664 6.328 

6.548 0.6633 7.075 

6.159 0.2743 10.922 

6.060 0.1754 12.743 

5.970 0.0854 18.111 

19.346 11.8260 1.197 

16.100 8.5808 1.661 

11.810 4.2908 2.491 

9.870 2.3506 3.318 

9.153 1.6334 4.582 

8.200 0.6808 0.988 

7.970 0.4508 9.786 

7.740 0.2208 12.625 

27.070 18.244 0.875 

22.420 13.594 1.173 

^®Lim particles with diameters of 44-63 Pm = 5.885. Re^^^ of 

particles with diameters of 63-74 Urn = 7.519. Re^^^ of particles with 

diameters of 74-88 Mm = 8.826. 
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Table 4.17. Continued 

*=P Co 

15.740 6.914 2.048 

12.83 3.974 2.475 

11.532 2.706 3.384 

9.906 1.080 7.088 

9.617 0.791 7.610 

9.216 0.390 9.458 

C„ = 9.185820 - 0.911086 Re + 0.024662 Re ^ (4.10) 
D P P 

Log Cp = 0.9556583 - 0.299262 Log Re^ - 0.2312489 (Log Re )% (4.11) 

Similarly, the correlations apparent drag coefficient found for the 

glass particles vs Re^ in a linear and log-log scale respectively. 

= 10.33640 - 2.03288 Re^ + 0.090086 Re^^ (4.12) 

Log Cp = 0.792739285 - 0.5407780 log Re^ - 0.09990713 (log Re )2 (4.13) 

The obtained data for copper and glass particles compared to its 

coressponding correlation are plotted in a log-log scale Figures 4.13 and 

4.14 respectively. 
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Figure 4.13. Apparent drag coefficient of the copper particles 

versus the modified Reynolds number Re^ 
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Figure 4.14. Apparent drag coefficient of the glass particles versus 

modified Reynolds number Re 
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4.6. Measurement of the Solid-Air Flow Parameters 

in a Duct at Different Values of Electric Field Strength 

The following work is an experimental investigation into the effect of 

the electric field strength on the static pressure drop of a solid-air flow 

Apg_a in a duct. Glass particles were selected for these tests for the 

following reasons: 

1. Glass particles have low electric conductivity which allowed the 

increase of the electric field strength up to 6.25 kv/cm without 

causing electric breakdown. 

2. Glass particles begin to oscillate at electric field strength of 2.5 

kv/cm. 

3. The glass particle vertical velocity is increasing with the increase of 

the electric field strength in this possible range of investigation 

(see Table 4.2). 

The experiment was carried out by feeding the glass particle to the 

duct at a constant and measured volumetric rate of 0.555 cc/s in each test. 

The volumetric feeding rate was chosen so that all the fed particles could 

oscillate between the electrodes in all the tested range of the electric 

field strength. The test was done for glass particles having diameters of 

44-63, 63-74 and 74-88 ym. Each particle size was tested at air bulk 

velocities of 7.89, 6.37, 4.06, and 3.1955 m/s. For each air bulk velocity 

the static pressure drop due to the solid-air flow, across a distance of 

1.8 m of the duct was measured at electric field strength of 0, 2.5, 3.75, 

5, and 6.25 kv/cm. It was noticed that for air bulk velocities less than 

3.19 m/s and an electric field strength less than 5 kv/cm the glass 
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particles began to accumulate in the feeder, threfore, data of these air 

bulk velocities were ignored. 

The test data are presented in Tables 4.18, 4.19 and 4.20 for glass 

particles of diameters 44-63, 63-74 and 74-88 |jm respectively. 

4.6.1. Analysis of test data 

The effect of the electric field strength on the solid-air flow will be 

demonstrated using the particle size of (74-88) pm as an example. Test 

data of Table 4.20 can be plotted as follows: 

1. Solid-air pressure drop as a function of air flow bulk velocity taking 

E as a parameter (see Figure 4.15). 

2. Solid-air pressure drop as a function electric field strength taking u^ 

as a parameter (see Figure 4.16). 

Figure 4.15 shows that for all the tested regime of air conveying 

speeds the solid-air pressure drop have a minimum value at E = 2.5 kv/cm 

then it increases by the increase of the electric field strength. 

Figure 4.16 shows that for all the tested range of electric field 

strength, the pressure drop decreases by the decrease of the speed of the 

conveying air. Making use of Figure 4.7 for E = 5 kv/cm it can be seen 

that the pressure drop increases again in the laminar flow regime. 

The pressure drop due to the solid part only Ap^ can be expressed as 

Ap = Ap - Ap 
s s-a a 

where 

Ap^ is the pressure drop due to an air flow without particle 

(see Table 4.5 for ^Ap^g). 

Ap see Table 4.20. 
s-a 
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Table 4.18. Pressure drop of solid-air flow AP versus electric field 
^s-a 

strength E and air buk velocity u^ 

APs_a (torr) 

u (m/s) E = 6.25 %% E = 5 -- E = 3.75 -- E = 2.5 -- E = 0.0 --
a cm cm cm cm cm 

7.98 0.615 0.59 0.567 0.545 0.55 

6.37 0.445 0.425 0.405 0.385 0.39 

4.06 0.277 0.247 0.217 0.187 0.197 

3.1955 0.223 0.203 0.173 0.153 0.158 

^Glass spherical particles with diameters of 44-63 Pm. 

Table 4.19. Pressure drop of solid-air flow Ap versus electric field 
s-a 

strength E and air buk velocity u^^ 

Ap (torr) 
s-a 

u (m/s) E = 6.25 -- E = 5 -- E = 3.75 -- E = 2.5 -- E = 0.0 --
a cm cm cm cm cm 

7.98 0.618 0.593 0.57 0.578 0.553 

6.37 0.460 0.44 0.420 0.4 0.405 

4.06 0.282 0.252 0.222 0.192 0.202 

3.1955 0.235 0.215 0.185 0.165 0.170 

^Glass spherical particles with diameters of 63-74 Um. 
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Table 4.20. Pressure drop of solid-air flow Ap versus electric field 
s-a 

strength E and air buk velocity u^ 

u (m/s) E = 6.25 -- E = 5 --
a cm cm 

7.98 0.63 0.605 

6.37 0.475 0.455 

4.06 0.30 0.27 

3.1955 0.23 0.21 

APs_a (torr) 

E = 3.75 -- E = 2.5 -- E = 0.0 --
cm cm cm 

0.582 0.560 0.565 

0.435 0.415 0.42 

0.24 0.21 0.22 

0.18 0.16 0.165 

^Glass spherical particles with diameters of 74-88 yra. 
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Figure 4.15. Pressure drop of solid-air flow versus electric field 
strength for various air velocities (G = 0.55 cc/s) 
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E = 6. 25 kv/cm 

E = 5. 0 kv/cm 

a E = 3. 75 kv/cm 

E = 2. 5 kv/cm 

K E = 0. 0 kv/cm 

1 
4 6 8 

air bulk velocity (m/s) 
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Figure 4.16. Pressure drop of solid-air flow versus air bulk velocity 

for various electric field strengths (G = 0.55 cc/s) 
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Values of Ap^ for different electric field strength and different conveying 

air bulk velocity for glass having diameter of (74-88) urn are summarized in 

Table 4.21. 

Data of Table 4.20 plotted in Figure 4.17 show that the pressure drop 

due to the particle only has a minimum value at E = 2.5 kv/cm. 

4.7. Measurement of the Pressure Drop of a Solid-Air Flow at Various 

Electric Field Strength and Mass Flow Rate of the Conveyed Particles 

The following work is directed at the experimental determination of the 

change of the pressure gradient of solid-air flow in a duct, due to the 

change of the conveyed particle mass flow rate and/or the strength of the 

electric field. The experiment was carried out by feeding glass particles 

having diameters of 74-88 ym with steady state and constant mass flow rate 

of 0.0, 0.5324, 0.8315, and 1.3431 grm/s for each test respectively. These 

mass flow rates were a result of supplying the D.C servometer by voltage of 

0, 10, 15, 23.3 V respectively. An air was fed to the duct with constant 

bulk velocity of 7.88 ra/s in all tests. The pressure drop across a 

distance of 1.8 m of the duct due to the solid-air flow corresponding to 

electric field strengths of 0, 2.5, 3.75, 5, 6.25, and 7.5 kv/cm. The test 

was repeated for each value of the premeasured flow rates. 

Particles of glass were used in this experiment because of the wide 

range of the change of the particle vertical velocity corresponding to the 

change of the electric field strength (see Table 4.2). In order to 

minimize the predicted error in the pressure drop measurements, the 

velocity of the conveying air was chosen to be the maximum measurable value 

by the available rotameters. Also the particle diameter was chosen to be 
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Table 4.21. Pressure drop due to particles only at different air velocity 

and electric field strength^ 

APg (torr) 

u (m/s) E = 6.25 -- E = 5 -- E = 3.75 -- E = 2.5 -- E = 0.0 --
a cm cm cm cm cm 

7.98 0.105 0.08 0.057 0.035 0.04 

6.37 0.12 0.1 0.08 0.06 0.065 

4.06 0.14 0.11 0.08 0.05 0.06 

3.1955 0.12 0.1 0.07 0.05 0.055 

^Glass spherical particles with diameters of 74-88 ym. 
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Figure 4.17. Pressure drop due to particles only versus electric field 

strength at various air bulk velocities (G = 0.55 cc/s) 
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the biggest available size, expecting a similar trend for the other 

diameters and air bulk, velocities. 

The test data are summarized in Table 4.22 and plotted in Figures 4.18 

and 4.19. While the data of the pressure gradient due to the solid flow 

only per unit mass flow rate of the conveyed glass particles vs mass flow 

rate of the conveyed glass particles and the electric field strength are 

summarized in Table 4.23. 

4.7.1. Analysis of the test data 

Figure 4.18 shows that, the pressure drop of the solid-air flow 

corresponding to different mass flow rates of glass particles having 

diameters of 74-88 |jm, and conveyed by an air having a bulk velocity of 

7.98 m/s has a minimum at E = 2.5 kv/cm. Combining this conclusion with 

conclusions obtained from Figure 4.15 and Tables 4.18 and 4.19 one can 

conclude the following. For all sizes of the tested spherical glass 

particles at all speeds of the conveying air and all mass flow rates of the 

conveyed particles, the corresponding minimum pressure loss is obtained at 

E = 2.5 kv/cm. The only restriction to this fact is that the solid-air 

flow should be a diluted mixture. 

Figure 4.19 shows the following for glass particles with diameters of 

74-88 ym: The static pressure drop of solid-air flow increases linearly 

with the increase of mass flow rate of the conveyed glass particles at any 

fixed electric field strength; the slope of this linear relation depends on 

the strength of the electric field; the minimum slope corresponds to an 

electric field strength of 2.5 kv/cm. 
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Table 4.22. Summary of test data pressure 
0 

drop vs. m^, E^ 

Electric 

f ield 

Pressure drop of solid--air flow AP 
s-
-a (Corr) 

Strength 

E 

(k.v/cm) 

O 
m =0 
s 

0 
m = 0.5324 
s 

(grm/s) 

ra = 0.8315 
s 

(grm/s) 

O 
m = 1.3431 
s 

(grm) 
f 

0 0.525 0.543 0.553 0.57 

2.5 0.525 0.540 0.547 0.56 

3.75 0.525 0.548 0.560 0.582 

5 0.025 0.557 0.575 0.605 

6.25 0.525 0.570 0.595 0.640 

7.5 0.525 0.578 0.607 0.657 

^Glass spherical particles with diameters of 74-88 Mm. 
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Table 4.23. Pressure gradient due to solid flow only per unit mass flow 

APs 
rate of conveyed glass [—0—] vs. electric field strength E 

L m 
s 

and mass flow rate of glass particles 

Electric 
field 

Strength 

E 

(kv/cm) 

Pressure gradient due to glass particles g^r unit mass flow 

rate of the particles [S m ] 

m = 0.5314 
s 

(kg/s) 

m = 0.8315 
s 

m = 1.3431 
s 

(kg/s) (kg/s) 

0 2504.3 2488.8 2481.7 

2.5 2086.6 1959.2 1925.8 

3.75 3199.9 3117.7 3143.55 

5 4452.1 4467.3 4411.7 

6.25 6260.7 6235.77 6243.69 

7.5 7373.8 7304.2 7279.8 
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Figure 4.18. Pressure drop of solid-air flow versus electric field 

strength at various mass flow rates 
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Figure 4.18. Pressure drop of solid-air flow versus electric field 

strength at various mass flow rates 
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Results of Table 4.23 shows that the pressure drop Ap^ of the glass 

particle per unit length of the duct and per unit mass flow rate of the 

particle, has an almost fixed value [independent of the mass flow rate of 

the conveyed particles (for diluted mixture) and depends on the strength of 

the electric field]. Consequently, the friction factor f^ of the solid 

particles per unit mass flow rate of the conveyed particle, depends on the 

electric field strength regardless to the mass flow rate of the conveyed 

particles (for the diluted mixtures). 
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5. SEMI-THEORETICAL ANALYSES 

The analytical model of a particle sticking a wall introduced by 

Cotroneo and Colver [7] was analyzed using the measured particle and air 

velocity to get a slip coefficient g for both copper and glass particles. 

The diameters of tested particles for copper and glass were 74-88 and 63-74 

jjm, and 74-88, 63-74, and 44-63 y m respectively. The slip coefficient for 

each particle size was calculated for an air bulk velocities of (1.966, 

1.19, and 0.82766) m/s. The calculated values of the slip coefficient were 

used to calculate the steady state pressure gradient (APg/L) due to the 

presence of oscillating particles in a duct at different velocities of 

lamenar air flow. 

5.1. Calculation of the Slip Coefficient g 

The horizontal particle motion in a duct, conveyed by a laminar air 

flow, introduced by Catroneo and Colver [7] is given by Equation [3.15]. 

- 3.wDpU^(l+3DpV;/lk)l/2 + I 

P 4+(I-KX)6/5J a 

The right hand side terms are, respectively, the fluid drag force, fluid 

lift force (magnus effect), and the wall drag force. The left hand side 

term equals zero at steady state. By substituting by the measured values 

of Ug, Vg, u^ in Equation (3.15), the corresponding value of g could be 

calculated for each particle size and air speed. Calculated values of the 

slip coefficient g are given in Tables (5.1-5.5) for copper and glass 
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Table 5.1. Slipping coefficient of copper particles Dp = 74 - 88 Mm, 

Vg = 1.0 m/s 

"a "s "r ^ 
(mfs) (m/s) (m/s) (m/s) 

1.466 0.38 1.086 1.4762 0.6853 

1.19 0.31 0.88 1.332 0.6553 

0.82766 0.22 0.60766 1.170 0.6068 

Table 5.2. Slipping coefficient of copper particles Dp = 53 _ 74 Uni, 

Vg = 1.0 m/s 

u u u V 3 

(mfs) (mfs) (mfs) (mfs) 

1.466 0.48 0.986 1.404 0.6668 

1.19 0.39 0.8 1.280 0.6459 

0.82766 0.27 0.5576 1.1449 0.6298 
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Table 5.3. Slipping coefficient of glass particles Dp = 74 - 88 pm, 
V =1.7 m/s 
s 

u u u V S 
(mfs) (mfs) (m7s) (mfs) 

1.466 0.6 0.866 1.907 1.371 

1.19 0.455 0.753 1.85208 1.5925 

0.82766 0.316 0.5106 1.775 1.56156 

Table 5.4. Slipping coefficient of glass particles Dp = 63 - 74 Mm, 
= 1.7 m/s 

u u u V 3 
(m/s) (m/s) (m7s) (mfs) 

1.466 0.725 0.741 1.8544 1.3948 

1.19 0.59 0.60 1.8027 1.3688 

0.82766 0.409 0.41866 1.75029 1.3644 
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Table 5.5. Slipping coefficient of glass particles Dp = 44 - 63 um, 
V = 1.7 m/s 
s 

u u u V 3 

(mfs) (mfs) (m?s) (mfs) 

1.466 0.94 0.526 1.779 1.3614 

1.19 0.77 0.42 1.751 1.3093 

0.82766 0.53 0.29766 1.7258 1.3542 

particles having diameters of 74-88, 63-74 ym and 74-88, 63-74, and 44-63 

ym respectively. 

5.2. Calculation of the Pressure Gradient and the 

Particle Angular Rotation 

The horizontal force per unit particle, at steady state, is given by 

the summation of the first and second terms on the right hand side of 

Equation (3.23) or by the third term alone. The pressure gradient Ap /t 

s' ss 

is given by Equation (3.16) 

APg/Lss = "^p 

The particle angular rotation is given by 

w = "s/Dp 

The measured value of the particle number density and the calculated value 

of the slip coefficient S, corresponding to each case, are used to 
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calculate the pressure gradient due to the presence of the particles in the 

air flow and the particle angular rotation. 

The calculated values of the particle angular velocity and the 

calculated pressure gradient compared to the corresponding measured values 

are presented in Tables 5.6-5.10 for copper and glass particles with 

diameters of (74-88 and 63-74) ym and (74-88, 63-74 and 44-63) ym 

respectively. A sample of the copper and glass particles having diameters 

of 63-74 jjm are presented in Figures 5.1, 5.2 respectively. 

5.3. Discussion 

The calculated pressure gradient due to the presence of oscillating 

particle in a ducted air flow agrees quite well with the corresponding 

measured values. The accuracy of this method increases with a decrease in 

both the particle vertical velocity and number density, i.e., with a 

decrease in the particle-particle interaction. 

The absence of a term expressing the particle-particle interaction may 

account for the values of the slip coefficient g, in the cases of glass 

particles, exceed the unity, which is the maximum physical value, expected 

(0 _< B _< 1). The theoretical model gives an interesting method for 

calculating the particle angular velocity using the test data in the 

lamenar air flow regime. 

Calculated values for the slip coefficient 0, in the cases of copper 

particles of different sizes, indicate that the value of g increases with a 

decrease in the incident angle between the particle trajectory and the wall 

at impact. Consequently g increases with a decrease in the conveying air 

speed at steady state conditions and at the same electric field strength. 
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Table 5.6. Pressure gradient and particle angular rotation for copper 

particles, D = (74 - 88) Pm 

Measured Measured Measured Calculated Calculated 
u^ n Ap/L Ap/L w 

(m/s) (m ^ X 10 (N/m^) (N/m^) (rad/s) 

1.466 3.8682 10.37011 9.6937 4513.47 

1.190 3.036 7.3183 5.98729 3662.82 

0.8276 4.278 7.65166 5.62089 2440.322 

Table 5.7. Pressure gradient and particle angular rotation for copper 
particles, D = (63 - 74) Um 

Measured Measured Measured Calculated Calculated 

n AP/L AP/L w 

(m/s) (m ^ X 10 ®) (N/m^) (N/m^) (rad/s) 

1.466 4.954 10.296 9.12635 6300.566 

1.190 3.904 7.24426 5.6924 4983.9298 

0.82766 5.6393 7.577 5.5744 3381.077599 
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Table 5.8. Pressure gradient and particle angular rotation for glass 
particles D = (74 - 88) U 

Measured Measured Measured Calculated Calculated 
u^ n AP/L AP/L w 

(m/s) (m ̂  X 10 (N/m^) (N/m^) (rad/s) 

1.466 1.5686 5.259128 4.82438 13267.3 

1.190 2.06848 5.9850 4.38765 9.150.599 

0.82766 2.946 7.059 4.28289 6271.155 

Table 5.9. Pressure gradient and particle angular rotation for glass 
particles D = (63 - 74) lira 

Measured Measured Measured Calculated Calculated 

u^ n AP/L AP/L w 

(m/s) (m ̂  X 10 ®) (N/m^) (N/m^) (rad/s) 

1.466 2.100 5.2591 3.78882 14780 

1.180 2.580 5.5406 3.73705 11866 

0.82766 3.7227 6.9850 3.7295 8206.4 



www.manaraa.com

93 

Table 5.10. Pressure gradient and particle angular rotation for glass 

particles D = (44 - 63) Um 

Measured Measured Measured Calculated Calculated 
u^ n Ap/L Ap/L w 

(ra/s) (m ̂  X 10 (N/m^) (N/m^) (rad/s) 

1.466 3.37 4.27396 3.363597 21788 

1.180 4.125 4.79988 3.297805 17329 

0.82766 5.9935 6.9109 3.359374 12227 
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Sample of copper particles with diameters of 63-74 pm 
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Figure 5.2. Sample of glass particles with diameters of 63-74 pm 



www.manaraa.com

96 

6. CONCLUSIONS AND RECOMMENDATIONS 

The effect of electrically driven particle on air flow was investigated 

by supplying particles to a rectangular duct having a cross sectional area 

measuring 5.25 x 1.6 cm and a length of 225 cm. The upper and lower walls 

(electrodes) were copper sheets with the side walls of glass acted as 

insulator to confine the flow. The particles were driven to oscillate 

vertically between the upper and lower electrodes which were connected to a 

DC power generator. The air flow through the duct was controlled. 

The effect of the particles on the flow was detected by measuring the 

static pressure drop along the duct. While the effect of the flow on the 

particles was detected by measuring the velocity of these particles using a 

laser Doppler anemometer. 

The pressure gradient due to the presence of oscillating solid 

particles, conveyed by a laminar air flow was calculated according to the 

theoretical model offered by Cotroneo and Colver [7]. The results of the 

calculation compared favorably to corresponding measured values. 

Another series of experiments was carried out to measure the multiple 

particle vertical velocity in a totally confined volume. The vertical 

velocity was measured in the cases of copper and glass particles having 

diameters of (37-44, 44-63, 63-74 and 74-88) pm respectively. The test 

section consisted of two parallel plates (electrodes) of brass with a 

separation distance of 1.6 cm, and side walls of glass. The internal 

volume of the test section was (15 x 5.25 x 1.6) cm. The electrodes were 

connected to a DC power generator. The particles' vertical velocity was 

measured by a laser Doppler anemometer. 
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Results of the multiple particles vertical velocity measurements, for 

both copper and glass particles with diameters ranging from 37 pm up to 88 

pm, indicate the following: 

1. A minimum lift-off velocity was measured for both copper and glass 

particle. This minimum lift-off velocity was theoretically predicted 

by Colver [4]. The minimum lift-off velocity corresponds to a constant 

electric field strength for all particle sizes of the same material. 

In other words the minimum lift-off electric field strength is fixed 

regardless of the particle size, but it is a function of the particle 

material. 

2. The vertical velocity of the multiple particles increases by increasing 

the electric field strength up to some limiting value, which is 

dependent on the material of the particles. The effect of a further 

increase in the electric field strength will be limited by 

particle-particle collisions. That leads to a saturation phenomenon of 

the particle velocity, similar to the phenomenon of the particle number 

density saturation which was reported by Colver [3, 4]. 

Measurements of the effect of electrically driven particles on an air 

flow in a duct show the following: 

1. The most economical air flow velocity for conveying both copper and 

glass particles is in the transient regime of air flow where the 

pressure drop per unit mass flow rate of conveyed particle has a 

minimum. The pressure increases by decreasing the air velocity in the 

laminar regime and also increases by increasing the air flow in the 

turbulent region. 
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2. When the effect of the electric field strength on the pressure drop of 

a solid-air flow was examined for the case of glass particles having 

diameters of 44-63, 63-74, and 74-88 yra, the test data showed that the 

pressure drop corresponding to the minimum lift-off electric field 

strength is the minimum pressure drop and is even less than the 

pressure drop at zero electric field strength. This minimum 

corresponds to all tested particle sizes and all tested air flow rates. 

3. From the aforementioned two facts, one can generalize the result that 

the most economical conveying condition of a dilute suspension of glass 

particles (for all of the all-tested sizes) can be obtained by 

conveying the particle in air with velocities in the transient regime 

and electrically augmented by an electric field strength of 2.5 kv/cm 

(which is the minimum electric field strength to just lift off glass 

particles). 

4. A correlation of the apparent drag coefficient for both copper and 

glass particle could be obtained for particles driven by an electric 

field strength of 5 kv/cm, and particle Reynolds number in the range of 

0 to 32. The apparent drag coefficient correlation for each particle 

material accounts for the particle-particle and the particle-wall 

interactions. 

5. Measured values of particle to air velocity ratio for copper and glass 

particles having diameters of (44-63, 63-74, and 74-88) jjm show good 

agreement with Arastoopour et al. [57] correlation. 

6. Measurement of the saltation velocity of copper and glass particle 

compared to these calculated by Zenz's correlation [61] showed good 
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agreement for glass particles, but it found to be not accurate for the 

copper particles. This is probably because Zenz's correlation was 

obtained from a test data of coal particles, which has mass density 

closer to that of the glass rather than that of the copper. 

7. It was observed, during all of the experiments, that the formation and 

behavior of the electric suspension was sensitive to the humidity of 

the air, especially for the long transport lines. If this problem 

could be overcome, then a new approach is possible for the utilization 

of the electrically augmented pneumatic conveyors in the industry. 

8. The electric suspension of the particle offers a new technique for 

studying the effect of low velocity air flow (below the saltation 

velocity) on a cloud of particles. It is also proved to be useful tool 

for the study of powdered combustion and possibly detonation phenomena 

of combustable particles. 

Calculation of the pressure gradient using a theoretical model for the 

laminar flow regime, given by Cotroneo and Colver [7] show the following: 

1. The slip coefficient for both copper and glass particle can be 

calculated for different test cases. 

2. The good agreement between the calculated pressure gradient and the 

corresponding measured values for the cases of copper particles 

indicates that the model is a reasonably accurate description of the 

particle-wall dynamics. 

3. The difference between the measured and calculated pressure gradient in 

the case of glass particles probably accounts for the large value of 

the slip coefficient (g > 1). The difference shows the importance of 
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adding a term to the particle model which accounts for the particle-

particle interaction, particularly for a dense suspension of materials 

having a low material density. In general it was observed that the 

accuracy of the model decreases with an increase in the particle number 

density and with a decrease of the particle specific mass. 

4. Calculated values of the slip coefficient g indicate that the value of 

3 increases with an increase in the conveying air speed at steady state 

condition. Consquently 6 increases with the decrease of the incident 

angle of the particle with the wall at impact. 

5. The theoretical model, when analyzed with test data in laminar flow, 

allows one to calculate the angular velocity of the particles. 

6.1. Suggestions for Future Work 

Several suggestions regarding the extension of this work can 

be made. These are summarized below. 

1. More information on the particle-particle interaction is 

needed in order to formulate a complete and precise 

mathematical model prescribing the particle motion in a duct. 

2. A laser Dopper anemometer having a longer laser wavelength 

and connected to a microcomputer is recommended. This would 

provide the facility for more accurate velocity measurements 

for particles with diameters greater than 88 pm. Also the 

particle speed distribution and the root mean square speed 

could be measured. This would provide more accurate 

measurement of the average particle speed than that which was 



www.manaraa.com

101 

obtained by displaying the output of the LDA on an 

oscilloscope. 

The case of a dense suspension should also be investigated. 

This investigation can be carried out if a particle feeder 

having a higher volumetric feeding rate is used, and if the 

window glass which was used as side walls is replaced by 

pyrex glass, which has higher electric resistivity. In this 

case the electric field strength could be increased and 

consequently higher particle number densities can be 

attained. This in turn would lead to the a greater 

attenuation of a laser beam for the determination of the 

particle number density. 

The study should be extended to cover a wider variety of 

particle materials. 

If suggestions 3 and 4 are carried out, it should be possible 

to find a more general correlation for the drag coefficient 

of an electrically driven particle in a duct. This 

correlation could include the effects of the particle mass 

density, particle electric conductivity, particle number 

density, and electric field strength as variable parameters 

in addition to the particle Reynolds number and the limiting 

particle Reynolds number which are already included in the 

present correlation. Also if suggestions 3 and 4 are carried 

out successfully, it should be possible to find the electric 

field strength which gives the minimum transporting pressure 
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drop for various other materials. It can also answer the 

question regarding the most: economical electric field 

strength for suspending other materials and dense 

suspensions. 

Finally, other studies that can be attempted using the same 

test facility include: 

1. The effect of electrically driven particle on the air flow in 

a rectangular duct using particles of various other materials 

(coal, sand, aluminum etc.). 

2. Measuring the saltation velocity of particles with other mass 

density as a mean of extending Zenz's method [61] for 

materials other than coal. 

3. Evaluating the horizontal velocity profile of particle with 

and without an electric field. 

4. Evaluating verticle velocity of the particles at different 

heights of the test section at various values of the electric 

field strength. 
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9. APPENDIX A: PARTICLE FEEDER 

The particle feeding system consisted of a DC servomotor (produced by 

Electro-Craft Corporation EC), reduction gears, and an Augar. The motor 

speed was controlled by connecting it to Micranta 278S DC power supply. 

The volumetric feeding rate Gp of the feeder was calibrated by using an 

electric stopwatch to measure the time to feed 300 ml of a well shaken 

copper powder, corresponding to a motor DC line voltage of 5, 10, 15 and 

and 23.3 volt respectively. The results are presented in Table 9.1. 

The volumetric rates presented in Table 9.1. are powder volumetric 

rates which is the volumetric rate of the solid particles of the copper and 

the volumetric rate of free space occupying the gaps between the packed 

spherical copper particles. To get the volumetric rates of the solid 

particles, the randum packing coefficient of a well shaked spherical 

particles^ was experimentally determined using the copper as a reference. 

This was carried out by taking the average weight of ten consecutive well 

shaked samples each of 200 ml of copper powder. The average mass was 

1.1202 kg with maximum error of 0.1% referred to the average mass. Knowing 

that the mean density of copper is 8954 kg/m . The corresponding voluem of 

the solids is 125.106 ml giving a packing coefficient of a well shaked 

randum packing equal to 0.6255. This agrees with a value of 0.63 as a 

maximum possible packing coefficient for random packing of mono-size 

spheres in a cylinder of infinite length and diameter compared to the 

diameter of the packed spheres, given by Camberland and Crawford [85]. 

^Defined as the ratio of the volume of the solid parts to the total 
volume of the powder. 
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Table 9.1. Results of feeder calibration 

Voltage Volume Time Feeding Rate 

(V) (ml) (S) (CC/S) 

5 300 1160 0.2586 

10 300 853 0.35170 

15 300 546 0.54945 

23.3 300 338 0.88757 

Using the value of 0.6255 for the packing coefficient, it gives volumetric 

rates of the solid part of the particles Gg equal to (0.16, 0.22, 0.3436 

and 0.555) cc /s corresponding to motor DC voltage of (5, 10, 15, 23.3) 

volt respectively. The dependence of the volumetric rates on the motor DC 

volt is presented in Figure 9.1. 

To determine experimentally the mass density of the glass particles, 

the mass of a well shaken 200 ml glass spherical powder was measured, and 

the average mass of ten well shaken samples each of 200 ml was found to be 

0.303 kg with a maximum error of 0.3% referred to the average mass. This 

3 
gives a specific mass of the glass particles equal to 2422 kg/m . 
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DC motor voltage (v) 

Figure 9.1. Calibration of particle feeder, particle volumetric rates 
versus DC voltage 
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10. APPENDIX B: ROTAMETERS 

The air flow bulk velocity in the duct was measured using a system of 

six rotameters connected in parallel as shown in Figure 10.1. The 

rotameters were previously calibrated for flow rate by Desai [86] using a 

wet test meter and air meter. The calibration equation of each rotameter 

is listed in Table 10.1. A mercury manometer was used to measure the flow 

static pressure of the rotameters. The air volumetric flow rate, G^, at 

pressure, p, can be obtained from the calibrated one standard 

condition using the relation 

Pa sc 1/2 V^a.st = t-p;-] 10.1 

where 

p the specific mass of air at pressure p 

Pg gj. the specific mass of air at standard condition of calibration. 

From the continuity equation 

"a • *D "a.D "a.D 

where 

Ap cross sectional area of the duct 

p^ P specific mass of air in the duct 

u^ g bulk speed of air in the duct 

From Equation (10.1 and 10.2) one can get 

T) "a Pa,D 

Taking in consideration that p = p so Equation (10.3) can be written 
S  f U  â  )  S  u  

as 
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Figure 10.1. Rotameters 
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Table 10.1. List of rotameters calibration equations 

Rotameter type Range in CC/S Calibration equation CC/S" 

Brooks Instruments, 

Division of Emerson Co. 

Model No. IIIO-OIAIVIA 

50 to 700 G ̂  = 26.6588R + 23.4293 
St 

Brooks Instruments, 
Division of Emerson Co. 
Model No. 1114-08H2G1A 

137 to 998 G , = 9.6269R + 23.4293 
St 

Brooks Instruments 
Division of Emerson Co. 
Model No. 7710H42053 

80 to 713 G , = 7.1395R - 4.0646 
St 

Devco Tube, 

Cat. No. 250-8 

33 to 694 G ̂  = 27.939R - 6.9009 
St 

Lab Crest Div. 10 to 230 
Fond P Co., Meter Tube 

Cat. No. 450 - 700 

G , = 1.5929R - 13.9910 
St 

Schtt and Koerting Co. 750 to 2794 Gg^ = 9.7284R + 440.9542 

^R - range of the float. 
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G. St Pa 1/2 
u n " "7"^— [ ] 10.3.a 

*B "a.st 

For an adiabatic flow 

Pa/Pa,St = [P/Pst]^^^ 10-4 

where y is the specific heats ratio of air. From Equation (10.4) and 

Equation (10.3.1) 

G. St D 1/2Y 

"a,D = ~aJ~ 10.5 

The measuring inaccuracy of each rotameter is in the order of 1% which 

would have led to an error of 6% in the air speed measurement. To reduce 

this error or at least to keep it constant in each test having the same air 

speed, especial care was given to the pressure reading of the mercury 

manometer and it was held constant for every test having the same air flow 

speed. Besides, each rotameter was used either to measure its full 

volumetric rate or it was off except for the rotameter number six which was 

used to measure an intermediate value. A list of the calibration equation 

of each used rotameters is given in Table 10.1. 
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11. APPENDIX C: LASER DOPPLER ANEMOMETER LDA 

A Dantec 55X laser Doppler anemometer LDA was used to measure the 

particle velocity. The LAD uses the Doppler shift of light scattered by 

moving particles to determine the particle velocity. The principle of this 

technique is shown in Figure 11.1. A beam splitter and lens produce two 

narrow light beams which intersect at the test point at an angle 9, and the 

light scattered from the particle is focused by a second lens on a 

photomultiplier. The two intersecting beams forms a small test volume that 

is filled with parallel interference fringes. The Doppler shift frequency 

fg can be expressed as 

2 u 
fg = fg - f^ = ~— sin (0/2) 11.1 

where 

fg frequency of scattered light 

f^ frequency of incident light 

Ug particle velocity along x-axes 

A wavelength of incident light 

0 is the angle between the two intersecting beams 

The test volume Figure (11.1) is an elipsoid with semi major axes a, b, c 

in x, y, t axes respectively related to the beam wais diameter dg of the 

focused laser beam by 

= cos(0/2) 11-2 

2b = d^ 11.3 
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= sîn(072) 11-4 

The fringe spacing (p^ given by 

'*'f = rsHwu 11-4 

The fringe spacing should be bigger or at least of the same order of the 

measured particle diameter. To increase the fringe spacing, a lens having 

focal length of 600 mm was used and to avoid the difficulty of locating the 

test volume by the photomultiplier, back scattering technique was adapted 

by mounting the photomultiplier on the LDA modular. 

Equation (11.1) can be rearranged to be 

u = C f_ 11.5 
px D 

where the calibration factor C is given by 

^ = I-gïnfë/Z) 

The optical system parameters are listed below. 

Laser type 124 B 

Front lens type X58 

Focal length (mm) 600 

Beam diameter (mm) 1.1 

Wavelength of laser beam A(nm) 633 

Intersection angle 0 (degree) 3.72 

Beam waist diameter (mm) 0.44 

Fringe space (um) 9.74 

Calibration factor C(m.s ^/MHz) 9.74 

The Laser Doppler Anemometer with back scattering is presented in 

Figure 11.2. 
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Figure 11 « 2» Laser Doppler Anemometer with back scattering 
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12. APPENDIX D: ERROR ANALYSIS 

In any experiment, uncertainties in the measured quantities arise as a 

result of three types of errors: systematic, illegitimate, and random. 

Systematic errors result from improper experimental procedures. They are 

characterized by their systematic and consistent nature. These errors can 

be found and corrected for by proper calibration or warming before using. 

Illegitimate errors arise from mistakes made in executing the experiment 

and can be eliminated or avoided by employing proper test procedures, 

familiarization with the equipment, and repetition of measurements. Random 

errors, on the other hand, are characterized by their inconsistent and 

random nature and are inherently present in any laboratory experiment. 

Random errors are usually estimated using statistical analysis for the 

uncertainty propagation. 

In the present study, illegitimate and systematic errors were avoided 

by the proper design of the test procedure, calibration, and the repetition 

of any doubtful measurement. 

Measurements are either direct or indirect. In the direct 

measurements, where the measured parameter is the direct reading of the 

measuring instrument, the uncertainty of the measured parameter is 

identical to the uncertainty of the measuring instrument. For the indirect 

measurements, where the parameters are calculated by the application of an 

equation containing more than one measured parameter, the uncertainty in 

the propagation of the errors of these measurements can be predicted. 

Bechwith et al. [87] and Shigley and Mischke [88] suggested a proper 

procedure for estimating the uncertainty in a single-sample indirectly 
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indirectly measured parameter using the Pythagorean summation of the 

discrete uncertainties. As an example, if the indirectly measured 

parameter X is calculated by the following equation 

X = Ç n*/C^ 

and the percentage errors of the quantities Ç, n, ç are eÇ, en, 

respectively. The percentage error of the quantity x can be calculated 

as 

+ (ae^)^ + (bEç)^ (12.1) 

An error estimate of the directly measured data in the present 

experiment can be made as follows: 

1. The error in measuring the duct lengths in the order of 0.5%. 

2. The error in measuring the particle diameter, is the order of 2.0% 

(mainly due to the averaging process). 

3. The error Sp in the pressure drop measurements along the duct is about 

0.15% as quoted in the instruction manual. 

4. The error e in the particle velocities (u and v ) measurements by 
us ^ s s 

the LDA is estimated to be 5%. This is mianly due to the difficulty of 

reading from the screen of the oscilliscope. 

5. The error in air flow bulk velocity measurements is estimated by 

2%. The inaccuracy of each individual rotameter is about 1% of its 

full range. However, the overall error of the system was improved by 

the accurate monitoring of the pressure, proper calibration, and using 

each tube as a unit (either on or off). 

6. The error in measuring the feeded particle mass and volume rates 

is about 1%. 
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7. The error of measuring the DC volt is about 1%. 

Error due to uncertainty propagation of the indirectly measured 

parameters can be estimated as in following list: 

1. The error in the particle number density expressed Equation (4.3) as 

" - "s " V' "s"' 

^ % - (SqZ + (3 

=  ( ( 1 ) 2  +  ( 3 x 2 ) 2  +  ( 0 . 5 ) 2  ^  ( 5 ) 2 ) 1 / 2  ^  y . g g g  

2. The error in measuring of the electric field strength expressed as E 

-1 = V'h 1 

= (1^ + 0.5^)1/2 = 1.12% 

3. The error in measuring the duct Reynolds number expressed by 

"S • "a "H 

= (22 + 0.5^)1/2 = 2.06% 

where the error of v is ignored. 

4. The error in measuring the particle Reynolds number expressed as 

Rep = V D x"^ 

"Rep% • (Sua + 'us'" + 

= ((2+5)2 + 2^)1/2 ̂  7.28% 

5. The error in the measured limiting Reynolds number expressed as 

• % "p 

'Ee.lim « = (5' + 2^)"^ • 5.36% 

6. The error in measuring the newly defined Reynolds number Equation 

(4.9) 
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R = R - R 1 . 
ep ep eplim 

^Rep ̂  ^Rep ̂  ̂Replim 

= 7.28 + 5.36 = 12.64% 

The error e in measuring the pressure gradient per unit mass flow 
ps 

rate of the conveyed solid particle expressed as 

-1 ° -1 

APs-a ^ ^ 

e % = (e 2 + G 2 + s°2)l/2 
ps p L m 

= (0.15^ + 0.5^ + = 1.13% 

The error in measuring the friction factor per unit mass flow rate 

of conveyed particles expressed as 

- 1  - 2  - 1  
E = APg_a 2p u^ L 

Eg % = (0.15^ + (2x2)2 + (2 X 0.5)2)1/2 = 4.13% 

The error in measuring the force per particle expressed as 

F = Ap(nL COS0) ^ 
p ss 

S " • 
= (0.152 + (7.89)2 + (0.5)2 52)1/2 ^ 9.355% 

where the error of measuring 9 is predicted to be of the same order of 

the error of measuring the particle velocity. 

The error in measuring the particle drag coefficient expressed as 

S " "p O-ls I Op)"' 

=CD ̂  • (s'p + (2(Sus + ^ V' 

= ((9.355)2 + (2(5+2))2 + 2^)1/2 = 16.956% 
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where the uncertainty of the specific mass of air is ignored. The error in 

measuring the drag coefficient has the maximum error expectation among all 

measured parameters. 
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13. APPENDIX E: TEST DATA 

The test data of the solid-air flow pressure drop, particle horizontal 

and vertical velocities, and particle number density along a rectangular 

duct at a constant electric field strength of 5 kv/cm and various conveying 

air speeds are presented in Tables 13.1-13.40. 
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Table 13.1. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ̂  

Im-^l 

1 - 1.5 2.590 

2 0.120 1.9 2.045 

3 0.190 2.1 1.850 

4 0.230 2.3 1.689 

5 0.305 2.55 1.523 

6 0.370 2.65 1.466 

7 0.420 2.65 1.466 

8 0.375 2.65 1.466 

9 0.525 2.65 1.466 

10 0.590 2.65 1.466 

11 0.665 2.65 1.466 

12 0.710 2.65 1.466 

13 0.760 2.65 1.466 

^Copper spherical particles with diameters of 63-74 um. Air flow bulk, 

velocity of 7.98 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0. 
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Table 13.2. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

[m-3] 

1 - 1.20 3.200 

2 0.130 1.50 2.561 

3 0.170 1.75 2.195 

4  0.228 1.90 2.022 

5 0.280 2.10 1.829 

6 0.325 2.10 1.829 

7 0.370 2.10 1.829 

8 0.410 2.10 1.829 

9 0.465 2.10 1.829 

10 0.505 2.10 1.829 

11 0.550 2.10 1.829 

12 0.595 2.10 1.829 

13 0.630 2.10 1.829 

^Copper spherical particles with diameters o£ 63-74 ym. Air flow bulk 

velocity of 6.37 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0. 
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Table 13.3. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

jAPj 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10'® 

[m-3] 

1 - 0.80 4.8014 

2 0.035 1.15 3.3401 

3 0.09 1.30 2.9547 

4 0.13 1.35 2.8453 

5 0.155 1.35 2.8453 

6 0.19 1.35 2.8453 

7 0.205 1.35 2.8453 

8 0.230 1.35 2.8453 

9 0.260 1.35 2.8453 

10 0.290 1.35 2.8453 

11 0.320 1.35 2.8453 

12 0.350 1.35 2.8453 

13 0.385 1.35 2.8453 

^Copper spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 4.06 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0. 
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Table 13.4. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m"^] 

1 - 0.75 5.1215 

2 0.06 1.0 2.8411 

3 0.086 1.05 3.6582 

4 0.11 1.05 3.6582 

5 0.135 1.05 3.6582 

6 0.165 1.05 3.6582 

7 0.189 1.05 3.6582 

8 0.215 1.05 3.6582 

9 0.243 1.05 3.6582 

10 0.269 1.05 3.6582 

11 0.295 1.05 3.6582 

12 0.320 1.05 3.6582 

13 0.348 1.05 3.6582 

^Copper spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 3.1955 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0. 
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Table 13.5. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

I.-3] 

1 - 0.65 5.909 

2 0.043 0.77 4.9885 

3 0.070 0.77 4.9885 

4 0.0915 0.77 4.9885 

5 0.118 0.77 4.9885 

6 0.144 0.77 4.9885 

7 0.170 0.77 4.9885 

8 0.195 0.77 4.9885 

9 0.220 0.77 4.9885 

10 0.245 0.77 4.9885 

11 0.270 0.77 4.9885 

12 0.295 0.77 4.9885 

13 0.321 0.77 4.9885 

^Copper spherical particles with diameters of 63-74 pm. Air flow bulk 

velocity of 2.3295 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0. 
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Table 13.6. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point Pressure drop Particle horizontal Particle number 

i 
I'Pi 

velocity density 

n X 10 ® 

1.-3] 
(torr) 

u 
s 

(m/s) 

density 

n X 10 ® 

1.-3] 

1 - 0.47 5.059 

2 0.025 0.48 4.954 

3 0.036 0.48 4.954 

4 0.050 0.48 4.954 

5 0.067 0.48 4.954 

6 0.083 0.48 4.954 

7 0.099 0.48 4.954 

8 0.115 0.48 4.954 

9 0.130 0.48 4.954 

10 0.145 0.48 4.954 

11 0.160 0.48 4.954 

12 0.175 0.48 4.954 

13 0.190 0.48 4.954 

^Copper spherical particles with diameters of 63-74 ym. Air flow bulk, 

velocity of 1.466 m/s. Input volt of the feeder servomotor of 15 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.7. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10-8 

[m-3] 

1 - 0.35 4.350 

2 0.023 0.39 3.904 

3 0.034 0.39 3.904 

4 0.046 0.39 3.904 

5 0.057 0.39 3.904 

6 0.060 0.39 3.904 

7 0.710 0.39 3.904 

8 0.085 0.39 3.904 

9 0.096 0.39 3.904 

10 0.108 0.39 3.904 

11 0.121 0.39 3.904 

12 0.131 0.39 3.904 

13 0.142 0.39 3.904 

^Copper spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 1.190 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.8. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 

density 

n X 10"® 

[m-3] 

1 - 0.25 6.090 

2 0.022 0.27 5.6393 

3 0.031 0.27 5.6393 

4 0.040 0.27 5.6393 

5 0.050 0.27 5.6393 

6 0.06 0.27 5.6393 

7 0.07 0.27 5.6393 

8 0.080 0.27 5.6393 

9 0.090 0.27 5.6393 

10 0.100 0.27 5.6393 

11 0.111 0.27 5.6393 

12 0.121 0.27 5.6393 

13 0.132 0.27 5.6393 

Copper spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 0.82766 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.9. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[n-3] 

1 - 1.0 2.3743 

2 0.11 1.3 1.8264 

3 0.17 1.55 1.5318 

4 0.23 1.75 1.3567 

5 0.29 1.9 1.2496 

6 0.365 2.00 1.1872 

7 0.42 2.5 1.1582 

8 0.49 2.5 1.1582 

9 0.53 2.5 1.1582 

10 0.60 2.5 1.1582 

11 0.66 2.5 1.1582 

12 0.71 2.5 1.1582 

13 0.77 2.5 1.1582 

^Copper spherical particles with diameters of 74-88 wm. Air flow bulk 

velocity of 7.98 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.10. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

"s 

(m/s) 

Particle number 
density 

-8 
n X 10 

[m-3] 

1 - 1.2 1.9785 

2 0.11 1.4 1.6959 

3 0.17 1.55 1.5318 

4 0.23 1.6 1.4839 

5 0.284 1.62 1.4656 

6 0.33 1.63 1.4566 

7 0.38 1.63 1.4566 

8 0.42 1.63 1.4566 

9 0.474 1.63 1.4566 

10 0.52 1.63 1.4566 

11 0.565 1.63 1.4566 

12 0.61 1.63 1.4566 

13 0.65 1.63 1.4566 

Copper spherical particles with diameters of 74-88 Mm. Air flow bulk 

velocity of 6.37 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.11. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

lm-3, 

1 - 0.7 3.3918 

2 0.06 0.9 2.6381 

3 0.097 1.00 2.3743 

4 0.132 1.05 2.2612 

5 0.166 1.05 2.2612 

6 0.199 1.05 2.2612 

7 0.232 1.05 2.2612 

8 0.258 1.05 2.2612 

9 0.285 1.05 2.2612 

10 0.305 1.05 2.2612 

11 0.345 1.05 2.2612 

12 0.37 1.05 2.2612 

13 0.400 1.05 2.2612 

^Copper spherical particles with diameters of 74-88 ym. Air flow bulk 

velocity of 4.06 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.12. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

l^Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

[m-3| 

1 - 0.7 3.3918 

2 0.05 0.8 2.9678 

3 0.08 0.82 2.8954 

4 0.12 0.82 2.8954 

5 0.14 0.82 2.8954 

6 0.18 0.82 2.8954 

9 0.25 0.82 2.8954 

10 0.28 0.82 2.8954 

11 0.31 0.82 2.8954 

12 0.33 0.82 2.8954 

13 0.36 0.82 2.8954 

^Copper spherical particles with diameters of 74-88 ym. Air flow bulk, 

velocity of 3.1955 m/s. Input volt of the feeder servomotor of 23.3 V. 
Particle vertical velocity 1.0 m/s. 
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Table 13.13. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

|m-3] 

1 - 0.5 4.74846 

2 0.043 0.6 3.95715 

3 0.07 0.6 3.95715 

4 0.098 0.6 3.95715 

5 0.125 0.6 3.95715 

6 0.15 0.6 3.95715 

7 0.17 0.6 3.95715 

8 0.205 0.6 3.95715 

9 0.225 0.6 3.95715 

10 0.255 0.6 3.95715 

11 0.285 0.6 3.95715 

12 0.315 0.6 3.95715 

13 0.34 0.6 3.95715 

^Copper spherical particles with diameters of 74-88 um. Air flow bulk 

velocity of 2.3298 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.14. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 
Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m-3] 

1 - 0.37 3.9727 

2 0.024 0.38 3.8682 

3 0.034 0.38 3.8682 

4 0.047 0.38 3.8682 

5 0.058 0.38 3.8682 

6 0.07 0.38 3.8682 

7 0.084 0.38 3.8682 

8 0.096 0.38 3.8682 

9 0.115 0.38 3.8682 

10 0.135 0.38 3.8682 

11 0.15 0.38 3.8682 

12 0.175 0.38 3.8682 

13 0.190 0.38 3.8682 

Copper spherical particles with diameters of 74-88 ym. Air flow bulk 
velocity of 1.466 m/s. Input volt of the feeder servomotor of 15 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.15. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

lm-3] 

1 - 0.30 3.1372 

2 0.024 0.31 3.036 

3 0.035 0.31 3.036 

4 0.046 0.31 3.036 

5 0.056 0.31 3.036 

6 0.067 0.31 3.036 

7 0.078 0.31 3.036 

8 0.089 0.31 3.036 

9 0.099 0.31 3.036 

10 0.111 0.31 3.036 

11 0.122 0.31 3.036 

12 0.133 0.31 3.036 

13 0.166 0.31 3.036 

^Copper spherical particles with diameters of 74-88 ym. Air flow bulk 

velocity of 1.19 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.0 m/s. 
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Table 13.16. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 

density 
-8 

n X 10 

Im-^l 

1 - 0.22 4.278 

2 0.024 0.22 4.278 

3 0.034 0.22 4.278 

4 0.044 0.22 4.278 

5 0.055 0.22 4.278 

6 0.065 0.22 4.278 

7 0.075 0.22 4.278 

8 0.085 0.22 4.278 

9 0.095 0.22 4.278 

10 0.115 0.22 4.278 

11 0.115 0.22 4.278 

12 0.125 0.22 4.278 

13 0.140 0.22 4.278 

Copper spherical particles with diameters of 74-88 ym. Air flow bulk 

velocity of 0.82766 m/s. Input volt of the feeder servomotor of 10 V. 
Particle vertical velocity 1.0 m/s. 



www.manaraa.com

148 

Table 13.17. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10"® 

[m-3] 

1 - 4.60 1.736 

2 0.07 5.10 1.566 

3 0.12 5.20 1.536 

4 0.16 5.20 1.536 

5 0.2 5.20 1.536 

6 0.27 5.20 1.536 

7 0.31 5.20 1.536 

8 0.345 5.20 1.536 

9 0.380 5.20 1.536 

10 0.43 5.20 1.536 

11 0.485 5.20 1.536 

12 0.515 5.20 1.536 

13 0.59 5.20 1.536 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk 

velocity of 7.98 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.18. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

liPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

[m~^] 

1 - 4.05 1.972 

2 0.06 4.15 1.925 

3 0.096 4.15 1.925 

4 0.125 4.15 1.925 

5 0.160 4.15 1.925 

6 0.2 4.15 1.925 

7 0.23 4.15 1.925 

8 0.26 4.15 1.925 

9 0.29 4.15 1.925 

10 0.32 4.15 1.925 

11 0.36 4.15 1.925 

12 0.39 4.15 1.925 

13 0.425 4.15 1.925 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk, 

velocity of 6.37 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 



www.manaraa.com

150 

Table 13.19. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

l^Pi 

(torr) 

Particle horizontal 
velocity 

"s 

(m/s) 

Particle number 
density 

n X 10 ® 

1 - 2.6 3.073 

2 0.04 2.65 3.015 

3 0.06 2.65 3.015 

4 0.08 2.65 3.015 

5 0.10 2.65 3.015 

6 0.12 2.65 3.015 

7 0.14 2.65 3.015 

8 0.16 2.65 3.015 

9 0.172 2.65 3.015 

10 0.19 2.65 3.015 

11 0.21 2.65 3.015 

12 0.228 2.65 3.015 

13 0.247 2.65 3.015 

^Glass spherical particles with diameters of 44-63 wm. Air flow bulk 

velocity of 4.06 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.20. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 
Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

[m-3] 

1 - 2.1 3.805 

2 0.034 2.3 3.474 

3 0.05 2.3 3.474 

4 0.065 2.3 3.474 

5 0.08 2.3 3.474 

6 0.095 2.3 3.474 

7 0.11 2.3 3.474 

8 0.125 2.3 3.474 

9 0.14 2.3 3.474 

10 0.156 2.3 3.474 

11 0.171 2.3 3.474 

12 0.186 2.3 3.474 

13 0.203 2.3 3.474 

Glass spherical particles with diameters of 44-63 um. Air flow bulk 

velocity of 3.1955 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.21. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 

density 

n X 10-8 

[m-:] 

1 - 1.4 

2 0.02 1.5 3.298 

3 0.033 1.5 3.298 

4 0.043 1.5 3.298 

5 0.054 1.5 3.298 

6 0.065 1.5 3.298 

7 0.075 1.5 3.298 

8 0.085 1.5 3.298 

9 0.093 1.5 3.298 

10 0.102 1.5 3.298 

11 0.112 1.5 3.298 

12 0.12 1.5 3.298 

13 0.130 1.5 3.298 

Glass spherical particles with diameters of 44-63 pm. Air flow bulk 

velocity of 2,3298 m/s. Input volt of the feeder servomotor of 15 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.22. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10-8 

[m-3] 

1 - 0.9 3.520 

2 0.013 0.94 3.370 

3 0.02 0.94 3.370 

4 0.028 0.94 3.370 

5 0.036 0.94 3.370 

6 0.043 0.94 3.370 

7 0.051 0.94 3.370 

8 0.0585 0.94 3.370 

9 0.066 0.94 3.370 

10 0.073 0.94 3.370 

11 0.081 0.94 3.370 

12 0.089 0.94 3.370 

13 0.0967 0.94 3.370 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk 

velocity of 1.466 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.23. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

|n-3| 

1 - 0.75 4.235 

2 0.012 0.77 4.125 

3 0.0195 0.77 4.125 

4 0.027 0.77 4.125 

5 0.034 0.77 4.125 

6 0.0385 0.77 4.125 

7 0.042 0.77 4.125 

8 0.049 0.77 4.125 

9 0.057 0.77 4.125 

10 0.064 0.77 4.125 

11 0.072 0.77 4.125 

12 0.080 0.77 4.125 

13 0.098 0.77 4.125 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk 

velocity of 1.19 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.24. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ̂  

[M-^l 

1 - 0.52 6.1087 

2 0.0115 0.53 5.9935 

3 0.021 0.53 5.9935 

4 0.028 0.53 5.9935 

5 0.04 0.53 5.9935 

6 0.050 0.53 5.9935 

7 0.0595 0.53 5.9935 

8 0.069 0.53 5.9935 

9 0.079 0.53 5.9935 

10 0.088 0.53 5.9935 

11 0.098 0.53 5.9935 

12 0.105 0.53 5.9935 

13 0.1175 0.53 5.9935 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk 
velocity of 0.82766 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.25. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m-3] 

1 - 3.6 1.066 

2 0.07 3.85 0.997 

3 0.117 3.95 0.927 

4 0.16 3.95 0.927 

5 0.213 3.95 0.927 

6 0.26 3.95 0.927 

7 0.31 3.95 0.927 

8 0.355 3.95 0.927 

9 0.4 3.95 0.927 

10 0.45 3.95 0.927 

11 0.5 3.95 0.927 

12 0.545 3.95 0.927 

13 0.593 3.95 0.927 

^Glass spherical particles with diameters of 44-63 ym. Air flow bulk 

velocity of 7.89 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.26. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

l4Pi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 
density 

-8 
n X 10 

[m~^] 

1 - 3.05 1.2593 

2 0.06 3.15 1.2194 

3 0.095 3.15 1.2194 

4 0.13 3.15 1.2194 

5 0.164 3.15 1.2194 

6 0.198 3.15 1.2194 

7 0.233 3.15 1.2194 

8 0.267 3.15 1.2194 

9 0.300 3.15 1.2194 

10 0.336 3.15 1.2194 

11 0.37 3.15 1.2194 

12 0.405 3.15 1.2194 

13 0.44 3.15 1.2194 

^Glass spherical particles with diameters of 63-74 pm. Air flow bulk 

velocity of 6.37 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.27. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 
Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m'^l 

1 - 1.9 2.021 

2 0.04 2.0 1.920 

3 0.06 2.0 1.920 

4 0.085 2.0 1.920 

5 0.10 2.0 1.920 

6 0.12 2.0 1.920 

7 0.137 2.0 1.920 

8 0.157 2.0 1.920 

9 0.177 2.0 1.920 

10 0.196 2.0 1.920 

11 0.214 2.0 1.920 

12 0.233 2.0 1.920 

13 0.252 2.0 1.920 

^Glass spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 4.06 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.28. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

l4Pl 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 

density 

n X lO'G 

[m"^] 

1 - 1.70 2.2595 

2 0.033 1.75 2.1949 

3 0.057 1.75 2.1949 

4 0.076 1.75 2.1949 

5 0.093 1.75 2.1949 

6 0.113 1.75 2.1949 

7 0.13 1.75 2.1949 

8 0.145 1.75 2.1949 

9 0.158 1.75 2.1949 

10 0.172 1.75 2.1949 

11 0.19 1.75 2.1949 

12 0.2 1.75 2.1949 

13 0.215 1.75 2.1949 

Glass spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 3.1955 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.29. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point Pressure drop Particle horizontal 

i jAp^ velocity 

(torr) ^s 

(m/s) 

1 - 1.1 2.1618 

2 0.022 1.15 2.0678 

3 0.037 1.15 2.0678 

4 0.049 1.15 2.0678 

5 0.06 1.15 2.0678 

6 0.072 1.15 2.0678 

7 0.084 1.15 2.0678 

8 0.095 1.15 2.0678 

9 0.105 1.15 2.0678 

10 0.115 1.15 2.0678 

11 0.127 1.15 2.0678 

12 0.132 1.15 2.0678 

13 0.142 1.15 2.0678 

Glass spherical particles with diameters of 63-74 tam. Air flow bulk, 

velocity of 2.3298 m/s. Input volt of the feeder servomotor of 15 V. 

Particle vertical velocity 1.7 m/s. 

Particle number 
density 

-8 
n X 10 

[m-3| 
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Table 13.30. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m-3] 

1 - 0.720 2.11474 

2 0.015 0.725 2.10016 

3 0.024 0.725 2.10016 

4 0.033 0.725 2.10016 

5 0.042 0.725 2.10016 

6 0.051 0.725 2.10016 

7 0.060 0.725 2.10016 

8 0.069 0.725 2.10016 

9 0.078 0.725 2.10016 

10 0.087 0.725 2.10016 

11 0.096 0.725 2.10016 

12 0.104 0.725 2.10016 

13 0.112 0.725 2.10016 

Glass spherical particles with diameters of 63-74 ym. Air flow bulk 

velocity of 1.466 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.31. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 
Pressure drop 

jiPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

1 - 0.58 2.624 

2 0.018 0.59 2.580 

3 0.026 0.59 2.580 

4 0.034 0.59 2.580 

5 0.043 0.59 2.580 

6 0.051 0.59 2.580 

7 0.059 0.59 2.580 

8 0.067 0.59 2.580 

9 0.078 0.59 2.580 

10 0.089 0.59 2.580 

11 0.099 0.59 2.580 

12 0.109 0.59 2.580 

13 0.114 0.59 2.580 

Glass spherical particles with diameters of 63-74 pm. Air flow bulk 

velocity of 1.19 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.32. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

I'Pi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

|m-3] 

1 - 0.400 3.8067 

2 0.02 0.409 3.7227 

3 0.029 0.409 3.7227 

4 0.039 0.409 3.7227 

5 0.049 0.409 3.7227 

6 0.058 0.409 3.7227 

7 0.068 0.409 3.7227 

8 0.078 0.409 3.7227 

9 0.088 0.409 3.7227 

10 0.097 0.409 3.7227 

11 0.107 0.409 3.7227 

12 0.117 0.409 3.7227 

13 0.127 0.409 3.7227 

^Glass spherical particles with diameters of 63-74 wm. Air flow bulk 

velocity of 0.82766 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.33. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

jAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

1 - 2.60 0.91318 

2 0.070 3.00 0.79142 

3 0.120 3.05 0.77845 

4 0.168 3.05 0.77845 

5 0.215 3.05 0.77845 

6 0.265 3.05 0.77845 

7 0.310 3.05 0.77845 

8 0.363 3.05 0.77845 

9 0.411 3.05 0.77845 

10 0.459 3.05 0.77845 

11 0.508 3.05 0.77845 

12 0.555 3.05 0.77845 

13 0.605 3.05 0.77845 

Glass spherical particles with diameters of 74-88 urn. Air flow bulk 

velocity of 7.98 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.34. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ̂  

1 - 2.0 1.18701 

2 0.06 2.4 0.98918 

3 0.095 2.4 0.98918 

4 0.130 2.4 0.98918 

5 0.160 2.4 0.98918 

6 0.195 2.4 0.98918 

7 0.230 2.4 0.98918 

8 0.255 2.4 0.98918 

9 0.290 2.4 0.98918 

10 0.335 2.4 0.98918 

11 0.375 2.4 0.98918 

12 0.415 2.4 0.98918 

13 0.45 2.4 0.98918 

^Glass spherical particles with diameters of 74-88 ym. Air flow bulk 

velocity of 6.37 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.35. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

1 - 1.25 1.8994 

2 0.04 1.55 1.5318 

3 0.065 1.55 1.5318 

4 0.095 1.55 1.5318 

5 0.115 1.55 1.5318 

6 0.14 1.55 1.5318 

7 0.16 1.55 1.5318 

8 0.18 1.55 1.5318 

9 0.195 1.55 1.5318 

10 0.22 1.55 1.5318 

11 0.24 1.55 1.5318 

12 0.255 1.55 1.5318 

13 0.27 1.55 1.5318 

^Glass spherical particles with diameters of 74-88 um. Air flow bulk 

velocity of 4.06 m/s. Input volt of the feeder servomotor of 23.3 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.36. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 

i 
Pressure drop 

lAPi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 

density 

n X 10 ̂  

[m"^l 

1 - 1.2 1.9775 

2 0.034 1.4 1.695 

3 0.06 1.4 1.695 

4 0.08 1.4 1.695 

5 0.095 1.4 1.695 

6 0.113 1.4 1.695 

7 0.126 1.4 1.695 

8 0.140 1.4 1.695 

9 0.153 1.4 1.695 

10 0.170 1.4 1.695 

11 0.183 1.4 1.695 

12 0.195 1.4 1.695 

13 0.21 1.4 1.695 

Glass spherical particles with diameters of 74-88 wm. Air flow bulk 

velocity of 3.1955 m/s. Input volt of the feeder servomotor of 23.3 V. 
Particle vertical velocity 1.7 m/s. 
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Table 13.37. Data of solid-air flow parameters along the duct at constant 

electric field strength* 

Test point 

i 

Pressure drop 

liPi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 

density 

n X 10 ® 

[m-3] 

1 - 0.8 1.8413 

2 0.02 0.9 1.6367 

3 0.035 0.9 1.6367 

4 0.046 0.9 1.6367 

5 0.057 0.9 1.6367 

6 0.068 0.9 1.6367 

7 0.079 0.9 1.6367 

8 0.090 0.9 1.6367 

9 0.100 0.9 1.6367 

10 0.111 0.9 1.6367 

11 0.122 0.9 1.6367 

12 0.133 0.9 1.6367 

13 0.143 0.9 1.6367 

^Glass spherical particles with diameters of 74-88 Mm.  Air flow bulk 

velocity of 2.3298 m/s. Input volt of the feeder servomotor of 15 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.38. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 

velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10~® 

[.-3] 

1 - 0.5 1.8823 

2 0.015 0.6 1.5686 

3 0.024 0.6 1.5686 

4 0.033 0.6 1.5686 

5 0.04 0.6 1.5686 

6 0.05 0.6 1.5686 

7 0.059 0.6 1.5686 

8 0.067 0.6 1.5686 

9 0.076 0.6 1.5686 

10 0.085 0.6 1.5686 

11 0.094 0.6 1.5686 

12 0.103 0.6 1.5686 

13 0.112 0.6 1.5686 

Glass spherical particles with diameters of 74-88 ym. Air flow bulk 

velocity of 1.466 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.39. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPl 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ̂  

|m-3j 

1 - 0.45 2.09146 

2 0.017 0.455 2.06848 

3 0.026 0.455 2.06848 

4 0.035 0.455 2.06848 

5 0.044 0.455 2.06848 

6 0.053 0.455 2.06848 

7 0.062 0.455 2.06848 

8 0.071 0.455 2.06848 

9 0.08 0.455 2.06848 

10 0.09 0.455 2.06848 

11 0.100 0.455 2.06848 

12 0.110 0.455 2.06848 

13 0.119 0.455 2.06848 

^Glass spherical particles with diameters of 74-88 pm. Air flow bulk 

velocity of 1.19 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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Table 13.40. Data of solid-air flow parameters along the duct at constant 

electric field strength^ 

Test point 
i 

Pressure drop 

lAPi 

(torr) 

Particle horizontal 
velocity 

u 
s 

(m/s) 

Particle number 
density 

n X 10 ® 

[m-3] 

1 - 0.31 3.003 

2 0.017 0.316 2.946 

3 0.027 0.316 2.946 

4 0.036 0.316 2.946 

5 0.046 0.316 2.946 

6 0.056 0.316 2.946 

7 0.066 0.316 2.946 

8 0.075 0.316 2.946 

9 0.085 0.316 2.946 

10 0.095 0.316 2.946 

11 0.105 0.316 2.946 

12 0.115 0.316 2.946 

13 0.125 0.316 2.946 

Glass spherical particles with diameters of 74-88 um. Air flow bulk 

velocity of 0.82766 m/s. Input volt of the feeder servomotor of 10 V. 

Particle vertical velocity 1.7 m/s. 
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