
- ?  4 .  I 

ELECTROSTATIC BENEFlClATlON OF COAL 
Identification Number: DE-FG22-93PC93203 

Grant Period: October 1,1993 to September 31,1996 

QUARTERLY TECHNICAL PROGRESS REPORT 
April 1,1995 to June 30,1995 

Submitted by 

M. K. Mazumder (PI), D. Lindquist (Co-PI), and K. B. Tennal (Co-PI) 
University of Arkansas at Little Rock 

2801 S. University 
Little Rock, AR 72204 

Submitted to 

Document Control Center 
U.S. Department of Energy 

Pittsburgh Energy Technology Center 
PO BOX 10940, MS 921-118 
Pitfsbwgh, PA 15236-0940 

19980401 100 
July 1995 

~ 
~~ - ~ 

U.SJDOE Patent Clearance is not required prior to publication of this document. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation. or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



a 

ELECTROSTATIC BENEF'ICIATION OF COAL 
DOE PROJECT ID#: DE-FG22-93PC93203 

Quarterly Technical Progress Report 

April 1, 1995 to June 30, 1995 

I. INTRODUCTION 

This report outlines the progress made on the project during the third quarter of the 

second year, from April 1, 1995 to June 30, 1995. Work performed during this quarter is 

described in Section 11. A portion of our effort during this quarter went into preparation of 

an interim report on the project. This was done in part as preparation for the project 

review held at Nashville, TN in June. It is a combined review of the electrostatic 

beneficiation technique and a review of progress made on the project. The final draft was 

not completed at the time of this mailing but will be submitted with the next quarterly 

report. 

II. WORK PERFORMED IN THE SIXTH QUARTER 

1. Effect of Weathering on Charging and Separation 
- 

A chamber has been set up for exposing ground coal to controlled relative 

humidities. Four levels in the range of 10% to 95% are planned. The change in moisture 

content of the coal powders will be determined after exposure. Charge to mass ratio 

acquired in tribocharging and the degree of electrostatic beneficiation will be determined as 

a function of the relative humidity used for each of the exposures. This work is currently 

in progress and results will be reported in the next report. 
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2. Grinding 

We have found that the microhammer cutter mill produces particles of the desired 

size only with the smallest screen size (200 pm) but that that screen clogs easily and 

passes only a fraction of the coal. An attempt was made to extract the coal by elutriation 

out the top of the grinder. This method was not satisfactory. 

It was also found that the longer grinding times associated with the use of the 

smaller screen resulted in significant deposits on the door of the grinder. This deposit 

appeared browner in color than the passed coal -- similar to the refuse portion of the 

electrostatically separated coal. A size distribution on this deposited powder with the 

Microtrac Particle Analyzer showed a median diameter of only eight to ten microns. 

Sulfur analysis has not been done on this but would be of interest. 

Most of our grinding is performed using an 800 pm screen in the mill. This screen 

passes most of the coal fed into it but the median diameter of the output is around 200 

pm. A second pass of this coal through the grinder produces negligible additional size 

reduction. We have discussed the problem of grinding with Mr. Otis Mills, our project 

monitor, and with Mr. William Gerstler of PETC. Most of coal used in the PETC dry 

beneficiation lab is sent to an outside contractor for reduction to -200 mesh and then stored 
s 

in sealed bags until use. This method would not be appropriate for performing separation 

immediately upon grinding but might be sufficient for many of our experiments. A 

centrifugal pin mill is used at the PETC lab for small batches ground at the lab. 



3. Expansion Cone 

Some question had been raised during discussions about the low percentage of coal 

recovered after separation. The expansion cone was considered a possible source of loss. 

Removal and examination showed about one gram of coal remaining in the cone -- an 

amount equal to about 0.5% of what had been passed through it since it had been cleaned. 

An examination after a single run may need to be performed. 

An experiment without an expansion cone was performed. The high velocity 

output from the charger was very turbulent and coal'powder deposited on the plastic 

honeycomb and on the separator plates even with no electric field present. 

A cylindrical cross section cone was tried. The charger was then replaced with a 

114 inch 0.d. copper tube, eight inches long, with a 90 degree bend. Flow rate was lower 

than with the static mixer type charger. Some deposit occurred on the lower one inch of 

the inside of the cone but on exit the powder flowed through the separator with low 

turbulence and only a small amount of deposit on the plates when the electric field was 

off. Net charge to mass ratio was about one tenth that achieved with the original charger. 

A copper tube, 18 inches long, with 3/8 inch 0.d. and curved around 450 degrees 
.. 

was tried as a charger. The flow rate was higher than with the 1/4 inch tube due to lower 

pressure drop. There was some turbulence at the outlet of the cone, however, deposit on 

the plates was still small with the field off. 

On a set of runs involving both of the tubes described above, 83% of the coal was 

recovered -- 52 percent from the filter, 19% from the negative plate and 12% from the 

positive plate. Sulfur analysis showed percentages similar to those reported using the static 

charger -- 2.3% for the negative plate, 3.3% for the positive plate, and 2.95% for the filter. 
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The net charge to mass ratio was about one tenth that obtained with the static charger 

which probably accounts for the small fraction of the total mass that was separated. 

A third cone which was more effectively a contraction cone was used. This cone 

had a snug fit around the outlet of the copper static tribocharger (0.75 inches in diameter) 

and then expanded in one dimension to 3.2 inches and contracted to 1/8 inch in the other 

dimension. For this configuration the particles came out with high velocity and very little 

was deposited on the cone or on plastic components. Six grams of 15.5 grams fed (39%) 

was recovered from the plates. Charge to mass ratio was lower than previously measured 

with this charger. The median size for powder deposited on the positive (refuse) plate was 

about 11 pm and for powder deposited on the negative (clean) plate about 43 pm . These 

sizes are about half those found when the original expansion cone was used. Larger 

particles apparently went straight to the filter. Total sulfur was 2.9% and 1.8% for the 

refuse and clean materials, respectively. In petrographic analysis no mineral particles were 

found, either separate or associated with macerals, in the powder collected from the 

negative plate (see Table 2). This suggests that 1.8% may represent the organic sulfur 

content for this coal. We have previously performed only total sulfur analysis. We will 

perform analyses for organic sulfur at least on the feed coal. The lower sulfur content and 
s 

the smaller particle sizes found in this separation experiment further indicate the need for 

fine grinding of the coal for optimum beneficiation. 

2. Electric Curtain 

The design plan for the electric curtain is not yet completed. A review of the 

modeling calculations and method has been prepared and is included as an appendix. We 



will continue with the modeling work with the goal of having a completed design plan by 

around the end of July. Construction will follow so that tests can begin near the start of 

the third project year (October 1995). 

3. Particle Measurement Using Image Processing 

As mentioned in the last report the image processing technique developed by 

Charles Mu is being reviewed and modified to make it into a practical instrument for 

routine use. A new camera, a new computer, and a new image processing board have 

been ordered. Additional hardware -- optics, laser, chamber design -- are still under 

consideration. It is anticipated that a Faraday cup will be incorporated into the exit flow 

of the sample chamber to allow simultaneous measurement of overall charge to mass ratio 

of the sampled powders. Some software modifications have already been made that have 

reduced processing time by a factor of ten and another order of magnitude reduction may 

be possible. Calculations are being made to allow selection of optimal drive frequency, 

sensing volume dimensions, etc., as well as to specifically state the potential capabilities of 

the instrument. 

4. Petrographic Analysis 

The goal of microscopic analysis of the coal and coal powders is to associate 

charging properties with the mineral and maceral types. 
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Petrographic Analysis of Finely Ground Beneficiated Illinois #6 Coal 

The properties of individual macerals as relates to beneficiation can be determined 

by processing fineIy ground powder through the separator followed by petrographic 

analysis. If the powder dimensions are too large then each particle contains more than one 

- 
Particle Type Number of Particles Number of Particles 

(+) Plate (-) Plate 
Vitrinite 28 40 
Lip tinit e 8 18 
Inertinite 5 5 

Vitrinite with Mineral 26 6 
LiDtinite with Mineral 11 4 

maceral type and the behavior of an individual type is not discerned from the others. A 

fine powder (< 20 pm diameter) of Illinois No. 6 coal was electrostatically separated and 

the material from the oppositely charged plates was embedded in polymer resin. The resin 

was then ground and polished. The identity of several particles was determined by 

petrographic analysis as shown in Table 1. The microscope used is a Nikon Labophot 

with capability for reflected light fluorescence illumination using a mercury lamp for easy 

identification of fluorescing macerals. Particle counts are done at lOOOx using a lOOx oil 

immersion objective lens. Unfortunately the microscope is not yet equipped with white 

light reflected illumination so it is difficult to identifjr inertinite macerals whose most 

distinguishing characteristic is their white appearance in reflected light. Transmitted 

illumination through the specimen has been somewhat helpfkl in this regard since the 

inertinite is opaque in transmitted light. 

Table 1: Maceral Analysis of Illinois No. 6 Fine Powder (<20 pm) in 

Electrostatic Separator. 

. .  . . . .  ~ _._._._... 



The data from Table 1 illustrate the importance of fine grinding on liberating 

pyrites from the coal matrix of macerals. This is necessary in order to minimize the 

quantity of carbon carried along with the minerals during beneficiation. Even in these fine 

powders, macerals were often found associated with small mineral crystals (<1 pm ) in 

them, particularly on the positive plate. Although large powders are beneficiated as 

indicated in the sulfur analysis data presented earlier in this report showing sulfur 

enrichment in positive plate material, there is a penalty of inefficient separation of carbon. 

The data in Table 1 also indicate an increased quantity of liptinite on the negative plate. 

The difference between the two plates is not pronounced, but this trend of increased 

liptinite in the clean fraction has been noted in other samples as well. Although further 

experiments are needed to determine the reasons for this, one may speculate as to 

differences between liptinite and other macerals. It might then be possible to influence the 

other macerals to behave similarly and enhance beneficiation. As regards physical 

properties, liptinite, unlike vitrinite or inertinite, exhibits a strong yellow colored W 

induced fluorescence in the microscope. Chemically, ljptinite contains more hydrogen and 

less oxygen than either vitrinite or inertinite largely due to paraffinic carbon in the plant 

precursors to liptinite. However, the strong fluorescence of liptinite in W light is 

indicative of aromatic carbon also. Fluorescence results from the presence of aromatic or 

other conjugated carbon moieties. Vitrinite also contains aromatic carbon, notably from 

lignin precursor. However, the fluorescence of vitrinite in Illinois No. 6 bituminous coal is 

weak, perhaps due to the increased quantities of oxygen in this maceral. It is well known 

that fluorescence is quenched if heteroatoms are bonded to the conjugated carbon system. 

The deleterious effect of oxygen on fluorescence might also be correlated with the finding 

that oxidized coals are not as amenable to electrostatic beneficiation as freshly ground 

coals. Therefore, conjugated systems without heteroatoms not only have greater 



fluorescence, but also may enhance the degree of positive charge adopted by the coal 

particle during triboelectrification. 

The finding that electrostatically processed coal powders can lead to enrichment of 

a specific maceral type can be exploited in studying the chemical properties of distinct 

macerals. Traditionally macerals are separated from one another for study using solution 

methods to dissolve soluble macerals leaving the insoluble maceral behind. Centrifugation 

of suspensions of coal powders is also commonly employed for isolating diverse macerals. 

These methods utilizing solvents alter the chemical composition of coal powders making 

compositional analysis of the various macerals suspect. Since electrostatic beneficiation is 

a purely physical separation method conducted on dry powders, the chemistry of the 

separated macerals remains intact. We plan to study the processed powders by such 

methods as diffuse reflectance infrared (DRIFT) and electron spin resonance (ESR) in 

order to determine the chemical and physical differences of the individual macerals which 

governs their electrostatic properties. 

Petrographic Analysis of Coarsely Ground Beneficiated Illinois #6 Coal 

Table 2 shows recent petrographic analysis data of a processed coarsely ground 

coal powder representative of the level of grinding reasonably achieved in a commercial 

operation. Particle counting is more complex than with finely ground coal since many 

particles contain more than one maceral type. As expected, minerals were often found 

associated with macerals. Almost no minerals were located in the negative plate material 

indicating the strong preference of the minerals to adopt a negative charge. Unfortunately, 

despite the excellent segregation of the minerals, the overall efficiency of the process is 

poor due to the abundance of minerals entrained in macerals in positive plate material. 

Gravimetric sulfur analysis values of 1 g samples of the material used for Figure 2 data 

were 2.92% and 1.83% for the positive plate and negative plate respectively. All sulhr 

analyses we have reported to date are total sulhr analyses. We are now beginning the 
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Maceral Type 
Vitrinite 
Liptinite 

more complicated analyses of the pyritic fraction. Analyses of the pyritic fraction of the 

total sulfbr content in the processed powders are long overdue and will hopefblly 

complement the microscope findings which indicate negligible mineral content in the clean 

+ plate - plate 
32 95 
18 7 

coal fraction. 

Inertinite 
Vitrinite w/ mineral 

35 42 
35 

Mineral 
Vitrinite rich w/ 
Liptinite 

Vitrinit e 
Vitrinite rich w/ 
Liptinite and Mineral 

Vitrinite and Mineral 

Liptinite rich w/ 

Liptinite Rich wl 

21 
42 65 

7 7 

35 2 

3 

Table 2: Maceral Analysis of Illinois No. 6 Coarse Powder (<200 pm) in 

Electrostatic Separator. 

The tendency of liptinite to be enriched on the negative plate in fine processed powders is 

not exhibited by the coarse powder in Table 2. However, the liptinite is almost invariably 

associated with vitrinite and finer grinding is needed for liberation. 
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Prevent The Wall Loss Of Particles By Using A Pair of Single Phase 

AC Supplied Electrode Panels 

I. Analysis Of Line Charge Density Of Electrodes 
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(2) Line Charge Density Of Electrodes 

II. Analysis Of Electric Field Caused By Charged Electrodes 

(1) Electric Field At Some Point Above A Panel 

(2) The Electric Field Caused By One Electrode 

(3) The Electric Field Caused By An Adjacent Electrode 

(4) The Electric Field Caused By Whole Two Panels 

III. Analysis of Dynamic Movement Of A Particle Between The Panels 

(1) Mathematical Mode Of A Charged Particle Near One Panel 

(2) Momentum Analysis 

IV. Computer Simulation 

(1) Formulas 

(2) Use C To Calculate 

(3) Analysis The Result 

(4) Is It OK Or Not? If OK, How To Design Whole System. 



I. Analysis of Line charge density of Electrodes 

(1) Structure and Power Connection 

By applying three phase alternative potential to transfer the particles has been studied a lot by many 

scientists. In this project we attend to by applying single phase alternative potential to prevent the wall loss during 

the particles are transferred. This paper is a step by step research From simply and easy to complicated and 

difficult. First, by the theoretical analysis, we build a mathematical mode to describe the moyement of particles. 

Giving out all formulas and do some analysis. Second, computer simulation will be carried out. If it success, this 

will be a invention because no one did that before. If the computer simulation shows some problem, we can get 

some idea to improve and redesign whole system. The basic ideal and construction is showed in figure one below. 

Fig. 1. Structure and power connection 

- 
AC potential 

Every panel has 2K electrodes (for fig.. K=6) 

v= v(f) = Ysin of Dcpotential U 

(2) Line Charge density of Electrodes 

Suppose there are two electrodes with infinite length in free space each with potential V, and V, . Then the 

charge density of each electrode can be calculated by formula (1) and (2). 

(Assume the charge density on one electrode is identical since L>>2r) 



Fig. 2. The calculation of line charge density 

We can use these formulas to calculate the line charge density of each electrode in both panels. First let us 

consider the line charge density of electrode one. The charge on electrode one is caused by electrodes marked 2,4, 

6, ..., 2k on the same panel with permittivity of the medium of sP and electrodes marked 2k+l, 2k+2, ..., 2k+2k 

(2k+n; n=l, 2,3, ..., 2k) on opposite panel with of i& of€, (&air k: Efieevace = Eo) 

p1 = P l E p  + P l E O  (3) 

In same case, consider the line charge density of elmode three. 



k-2 =c 
i=O 

Applying this method, it is easy to calculate the line charge density for every electrode on the lower panel 

markedthe number of 2n+l (n=O, 1,2, ..., k-1). The formulas (S), (10) and (11) are given below. 

p2n+1 = P(2n+l)Ep + P(2n+l)Eo (9) 

Simplify the expression of the formulas above to be easily used by computer calculation. 

Every panel has 2k electrodes 

where n=O, 1,2, ..., k-1 



thenfomulas (10) and(l1)bcome 

By using same method, the line charge density on the electrodes on lower panel marked even numbers 

should be 

(n=l, 2,3,  ..., k) (1 8) P2n = P(2n)Ep + P(2n)Eo 

U 

For the electrodes on the upper panel, the calculation is almost same. Since the symmetric of stxucture of the 

device, it is very easy to get the formulas for the calculation of line charge density of the electrodes on upper panel 

marked numbers fiom 2k+l to 2k+2k. 

The formulas are devided two parts, one is for the electrodes marked odd numbers, the other is for those 

marked even numbers. 



Part One: For the electrodes marked odd numbers. (where n=O ,1,2,3, ..., k-1) 

Part Two: For the electrodes marked even number. (where n=l, 2,3, ..., k) 

Hence by the formulas above, we can calculate the line charge density for every electrode in the device. 

(j= 1,2, 3, ..., 4k) 



11. Analysis of Electric Field Caused by Charged Electrodes. 

(1) Electric field at some point above a panel 

The electric field at some point is the sum of all fields caused by all electrodes on the panel. Figure three 

shows that. 

Eo 
E l  A E-I 

fig. 3 The electric field caused by electmdes on a panel 

(2) Consider a point just above one electrode and how to calculate the electric field at this point 

caused by this eIectrode only. 

Fig. 4 Calculation of electric field caused by only one electrode 

+ 
Let the line charge density be p (C/m), then the electric field d E at point (z, , y,,) caused by dQ on 

electrode should be 

where dQ=pn& 



+ - +  + 
dE=dE, +dE, 

dz > 0 ( always positive ) - PnY 0 
2 2  - 

2mo[ (20-2) +yo] 

By same way, we have 

-+ 
Intuitively, one knows that the Ey is always positive (with the same direction of y axis) and it gets 

maximum value at Zo = L (suppose yo = constant ) and minimum value at both ends of electrode. 

L 
if20 = - 2 

Fig. 5 Distribution of Ez alone the electrode 

Figure five shows the vector of electric field along electrode. 



If y o  

approximation below 

r ( This means the particle very close to the electrode ) and L >> r we have 

-+ -+ 
FQ integrating d E we can get E 

If20 = 0 ; 

Ez=O (37) L .  
2 '  If20 = - 

I f z o = L ;  Ez=&lIl(l+g) Y o  > o  (38) 

yo2>yol Y 
A 

(3  * z  

Fig.6 The distribution of Ez alone the electrode 

(3) Now consider the electric field caused by an adjacent electrode. 

In figure seven, the particle is on the position (G y, 22, just above some electrode located \. We consider 

the electric field caused by an adjacent electrode distance d from that electrode. The dQ is tiny charge on the 



adjacent electrode. The dEn is electric field caused by dQ. The summation of all dEn will be the electric field caused 

by the adjacent electrode at point (x,  , yo, zJ. 

YO 

xo 

Fig. 7 The calculation of electric field caused by an adjacent electrode 

By finding the similar triangles we can easily calculate the value of dE, , dEy and dEz . 

Please note the last formula above. In this expression d is less than zero. In fact d equals (x,-x). From fig 8, 
+ 

you ais0 can see that the direction of d Ex, is opposite to the direction of axis X. Since den = pn * & and 



Now we have equations below 

d 1 dm, + 
= i . m , . i - & = - - d z  d Ex, ? 

d E y ,  = T . m , . L . & = - . d z  Yo yomn + 
r r2 

& (45) 

(46) 

+ zo-z m , , . 7 . & - - .  1 (zo-z)m, 
- 9  d E Z ,  =-- r 

where 9 = d2 +3/20 + (Zo -Z)* 

By integration, we wil l  obtain the vector of electric field at point (%, yw zk, caused by an adjacent electrode. 

+ + L 
EX, =I d Ex, = dm, I 5 * dz (47) 

L 0 

Since 

(43) 

(44) 

Hence 

+ arctan - Jm L-zO 1 --[arctan-- 20 
+ 
Ex,  -JD JYa+dz 

L(L-2Z0) + 
E," =-^h[l+ 2 dL+yo+zo 2 ]  

1 

(54) 

1 P n  (where m, = 



(4) The electric field caused by whole two panels. 

In formulas (52), (53) and (54) if we use (%-x) instead of d, we can calculate vector of electric field caused 

by every electrode on the panel. It is very clear, the total electric field at some point (%, y,,, ZJ should be the sum of 

all vectors. 

+ +  + + 
E=E, +Ey +Ez 

+ + 
E ,  =5, 

i 

+ + 
Ey =?Eyi 1 

+ 
E,  =ZEZi 

i 

(55)  

(57) 

( where i=l, 2,3, ..., 2k) 

In formulas (52), (53) and (54), if we use (yo-h) instead of yo (in fact yo=yo-O), we can figure out the electric 

field caused by upper panel. 

Now all formulas used to calculation are available. Formulas (9), (13), (14), (15), (16), (13, (18), (19), (20), 

(21), (22), (23) and (24) are used for calculation of line charge density of electrodes. 

Once we know the charge density for every electrode, we are able to calculate the electric field at any point 

and any time between the panels by applymg the formulas (52), (53), (54), ( 5 3 ,  (56), (57) and (58). The final 

calculation formulas presented below. 

For structure of fig. 1 the electric field at any point (x, y, z) and any moment t is 

where 
c 



where 

Now we have got the all formulas needed in calculation of line charge density of very electrode and electric 

field of any point between two panels at any moment. 



111. Analysis of Dynamic Movement of A Particle between Two Panels 

Since we have known the electric field at any time and any point between the two panels, if 

is possible to analysis the dynamic movement of a particle. 

For the problem we study and want to solve, the movement of a particle parallel with the y 

axis is very important of us. This movement determines whether the particle touch the wall or not. 

Since the expression of E is extremely complicated, only numerical analysis could be applied 
+ 

on that. In order to reveal the mechanism of the movement of a particle we first simpllfy the 

problem and the build a simple mathematical mode for analysis. By studying the solution of 

differential equation we hope to get some basic ideas about the behavior of a charged particle. 

These basic concepts will be very usefil for firther analysis in which the charged particles will be 

in more complicated electric field environment. 

(1) Mathematical mode of a charged particle above a set of electrodes. 

Fig. 8 Consider a charged particle above a set of electrodes 

Suppose the particle is just above the electrode charged positive and in the middle of that. 



By formula (32), we have 

P+ L E y +  = ? t ~ 0  NCtall- (67) 
2Y 

By similar triangles we have 

then we get 

thus the electric field is 

E, = E p +  E, +Eu 
1 

Now, let us work on that how to use the differential equation to describe the phenomena about 

the charged particle. 
Y Eu 

Fig. 9 



m: mass of the particle 

+q: charge of the particle 

Fy: force exerted on the particle by electric field 

f y = q * E y  
F,: drag force caused by air 

(73) 

Since the direction of fd is always opposite the direction of velocity, fd is negative. 

According to Newton's Law, we get differential equation as below 

dy d2u qEy - 3xqdp;s; = m- dt2 

change the expression of equation (76) 

dLu 3 Z r l d P  du 4 - + 7 ; = E y  dt2 

Let 
-- E - R (79) 

R is ratio of charge to mass. 

-- - B (so) 
3 W P  

B is mechanical mobility. Then we get 

where Z p  is relaxation time of the particle. 



we get 

Please note that 

where V(t) = V S ~  a t  

Let 

then 

In general condition we care the particle close enough to the panel, so we consider the region as 

y = 2-5mm. The design for panels and electrodes is d = Smm, L = 3OOmm. 

Hence y > > y  L and $>>,/m. 
In this case 

w a r c t a n 2 0 w y  x 
2 / 7 2  

arctan 

Thus we have 

For /x , we use 1.25 + 0 . 2 ~ -  0.7 instead. 
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By applymg MathCad, we can see both expression are very close each other between 2mm 
and 5mm of the range of y. 

P 

Now we get simplified equation below 

1 -+-.-- dzr I &-R W."/1- 1 )  sinot+Eu 
dt2 % dt [ ( 1.2$-0.2y-0.7) (87) 

q t  dt = 0)  = 0; y(t= 0) =yo 

We can apply the numerical analysis to solve the equation (87), but it is still not easy for the 

theoretical study. 

2 
Since the range of fo/) = 1 1  + ($) 
use 2 instead fi). 

Let q = a ,  7- - b, REu = C, 1 RWx 

is from 2.7 to 1.4 corresponding y from 2 to 5 .  We 

then equation (87) becomes 



q t  dt = 0) = 0; 

This equation is easy to solve. 

The solutions are below 

$=arctan$ (90) 

where 

C = R E u = 7 - ,  9 E U .  (93) 

Ifwe temperately do not consider the DC potential. This means that Q, 4. Thus equation (89) 

becomes 

Let t -3 00 , we have stable solution as below 

y = y o - =  1 -  a *sin(cut+@) 1 (95) b I  Jzz 

(2) Momentum Analysis 

The equation (89) tells us that the movement of a particle starts some position 

sin 4 and then oscillates up and down that is caused by force - a J x 2  

f p  = E,,@, t) - q . Meanwhile, the particle moves to the panel which is caused by electric field 



produced by DC potential U. 

Since the inertial of the mass of particle, the almost sine movement of a particle has a 

phase-lag for the force exerting on the particle. Please note that for equation (82) we use a 

simplified equation (88) to calculate. In equation (88), Ey is a fbnction of time t ody. In fact, E$ 

a h c t i o n  of time t and position y. The equation (83) shows that. Hence the oscillation of a 

particle is not exactly a sine movement. due to the phase-lag and the changed electric field, in 

some circumstances, the particle will never touch the panel. 

Now let us consider the relationship among the force, phase-lag, momentum and so on. 
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