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ABSTRACT

The aim of the project is to measure the mass flow rate of
an electrostatic spraying process, by means of a novel pulse
charge technique. This involves three main topics. First
the study of the physical process of charging and collection.
Second the design of charge detection electronic instrument.
Finally the measurement and analysis of the experimental data

in order to predict the flow rate.

The study of the physical process of charging and
collection involved the examination of the charge injection
and corona discharge, and the study of charge collection to
optimize the sensor 1length and the charge injection pulse
width.

The charge detection electronic instrument measures the
charge induced at the sensors. Due to the low magnitude of
the charge detected, circuit analysis was necessary to

minimize the electrical noise in the devices.

The experimental work consists of interfacing the
electronic instrument designed, to the microcomputer system
for data analysis. Data was collected over a wide range of
parameter variation, and it was possible with the
microcomputer system to perform statistical analysis on this
data. The result showed that there was a wide range of
fluctuation in the original data but with analysis it was
possible to obtain an accurate prediction of the flow rate

from the sensor.



CONTENTS

Page
Chapter one
INTRODUCTION
1.1 Mass flow rate measurement 1
1.2.1 Capacitance noise
1.2.2 Pulse charge injection
1.2 Electronic instrument 3
1.3.1 Input stage and noise
1.3.2 Signal processing
1.3 Thesis structure 4
Chapter two
THEORY OF CHARGED PARTICLES
Introduction 6
Corona discharge 6
Electric field at the walls 7
2.3.1 Case of pointcharge 7
2.3.2 Case of line charge 9
2.4 Charge collected at the sensors 13
2.4.1 Flux due to apoint charge 13
2.4.2 Flux due to aline charge 16
2.5 Singals induced at the sensors 23
Chapter three
§;GNAL PROCESSINQ
Introduction 25
Signal processing 25
3.2.1 Peak detector 27
3.2.2 Sample and hold 27

3.3 Circuit analysis 29



3.3.1 Current to voltage converter
3.3.2 Integrators
3.4 Noise analysis
3.4.1 Basic noise properties
3.4.2 Siganl to noise ratio

3.5 Test on the eletronic system

Chapter four
INTERFACE WITH THE MICROMPUTER

4.1 Introduction
4.2 Hardware
4.2.1 User port of BBC
4.2.2 A to D converter
4.3 Software
4.3.1 Main program

4.3.2 Data processing

Chapter five
EXPERIMENT AND RESULTS

Introduction

Experimental precedure

5.2.1 Pneumatic system

5.2.2 High voltage power supply
5.3 Data processing

5.3.1 Mean absolute deviation

5.3.2 Standard deviation
5.4 Results and discusion

5.4.1 Comment on Q1,02,Q03.

5.4.2 Ratio Q2/0Q01

5.5 Conclusion

Chapter six
CONCLUSION AND FURTHER WORK

6.1 'Conclusion

31
34
36
36
37

41
41
43
43
45
45
47

48
48
48
50
51
53
53
53
54

54
58

61



Further work 6l

6.2.1 Powder control 62
6.2.2 High voltage pulse generator 63
6.2.3 Electrostatic precipitators 64
References
Appendix A : Poinsson's solution for point charge in

grounded cylinder.

Appendix B : Circuit analysis for a current to voltage

converter and an integrator.

Appendix C : Programs in FORTRAN of electric feild and

electric flux analysis.

Appendix D : Programs in BASIC of Mass flow rate

measurement record and data analysis.

Appendix E : 6809 software listing of powder flow control.



(S IS B S N S, B S

N N NM DMDNDNMDMDMNDDMNDNDND
© 0 N o O U » W N PR

W W wwwww
o U0 b W W Dd R

[ N -
W MDD DN R

.1
.2
.3
.4-
. 6-

FIGURES

Page
Pulse charge injection method...................... 5
Electrostatic charging process.............cccoo... 7
Ideal point charge or line charge.................. 9
Bessel function solution routine................... 10
Electric flux densitycase of point charge......... 11
Electric flux densitycase of line charge.......... 14
.a Flux enclosed case of point charge............... 17

.b Comparison between parallel paltes and a cylinder 17

Flux enclosed case of variable line charge........ 19
Charge sensed case ofline charge, variable pulse.. 21

Charge sensed case ofline charge, variable sensor. 22

Circuit diagram of the analog circuit............. 26
Integrator and peak detector....................... 28
.a Sample and hold........... it iiieneennnnnnns 30
.b Timing diagram of the signal processing......... 29
Equivalent current source ............... ... ..., 32
Current to voltage converter and amplifier........ 33
Linearity of the analog circuit.................... 36
Circuit diagram of the interface................... 42
.a User port of the BBC. ... ... ...ttt iiinennnnnnnn 44
.b A to D converter, interface with the BBC........ 44
.C Timing diagram of the A to D converter........... 43
Flow chart of the data analysis.................... 46
BBC ucp interface with the pneumatic system........ 49
Signal delivred by the sensors..................... 52
Data record of Q2/Q1 with respect to MFR.......... 55

5 Data analysis of Q2/0Q1.........ciiiiiun iinennnnnn 56-17
7 Standard deviation on the ratio Q2/Ql1l............ 59-60

.1 Flow chart of a mass flow rate regularisation 65



LIST OF SYMBOLES

is an elementary charge
sensor length

potential

line charge length
dielectric permettlvity
electric density of the flux
total charge collected

nw O Uo B o n Q

standard deviation

MFR mass flow rate

ADC analog to digital converter
S/H sample and hold

Zinol open loop input impedance
Zincl closed loop input impedance
J1l ,Jo Bessel functions

op-amp operational amplifier

SNR signal to noise ratio
Vio input offset voltage
lio input offset current

1b bias current



Chapter 1

INTRODUCTION

Electrostatic powder coating is a widely used technique in

the painting industry, and has many advantages over the other

processes. Powder painting is more economical than solvent
based paints. It uses less energy to dry/fuse the paint, and
any powder missing the target can be recycled. The main

parameters that determine the finish are mass flow rate and
the time taken to coat the object. A secondary parameter of
the coating process control is the back ionization, based on
the particle size and resistivity of the powder, which means
that extra powder coming is neutralized by ions from the
layer. In fact this is one of the advantages of this process

known as self-limiting effect of the paint.

In an industrial painting process, the powder is
transported from the hopper to the object by means of
pneumatic conveyance and it is charged by a high voltage
corona discharge at the tip of the spray gun. The coated
object is placed into an oven at an appropriate temperature,

where the powder particles fuse and the painting is finished.

The aim of the project is based on three parts. Firstly
to optimize the sensors and the pulse charge length, this
involves Laplace's solution applied to the electrostatic
problem. Secondly is to develop an instrument capable of
measuring the mass flow rate of particles in ducting, over a
small cross-sectional area. Finally is to interface the
instrument to a microcomputer in order to analyse the
correlation of the measured mass flow rate and the predicted

one.

To measure the mass flow rate, the project wuses a pulse

charging technique. A pulse of charge is injected into the



powder/air stream via a corona needle located along the axis
of the pipe of the detector. Charged powder is carried down

stream in the pipe, where sensors are located.

1.1 Mass flow rate measurement

The control of particulate processes cannot be satisfied
unless the measuring techniques have been developed. Powder
flow rate measurement in gas-solid two phase flow 1is a
complicated and a critical process, since the variables of
state of both gas and solid are independent and may vary
widely. There are several techniques for measuring the
powder flow rates in pipes, three of which are

optical/microwave, capacitance noise and pulse charging.

1.1.1 Optical/Microwave method

Optical and microwave method: MALYSHEV [4] When particles
interrupt two separate optical/microwave beams, the time of
flight between the two beams determines the velocity of the
powder. For mass flow rate measurement, a single beam of
laser light is crossed and the frequency of the beam changes.
This 1is known as doppler effect. This technique is not
suitable for the small size of particles and small pipe

diameters normally used in powder spraying.

1.1.2 Capacitance noise method

The capacitance noise technique GREEN [2] is based on the
principle that a change in density of powder changes the
capacitance of the transducer forming part of the pipe's
wall, because the dielectric of the capacitor is proportional
to the density of the powder. By measuring the capacitance

of the transducer the mass flow rate can be obtained.

In practice it is difficult to obtain an absolute value of
the capacitance, this is due to the continuous build up of

powder on the wall of the pipe. The capacitance also depends



on other parameters other than the mass flow rate, which make
it unreliable.BECK [3]

1.1.3 Pulse charge injection method

Pulse charge injection method, which was developed in this
laboratory, consists of charging the powder flowing in the
pipe, using a high voltage power supply. The pulse is at a
voltage of 6KV, for a duration of, 5ms and is at low energy
level. Four sensors located along the pipe, detect the

charge induced at the walls of the pipe.

Charge detection is obtained by using current amplifiers and
integrators. Due to the time delay between the signals,
these are processed by an analog signal processing unit, in

order to give a simultaneous reading.

1.2 Electronic instrument

WILLIS [1] used a technique of peak current detection to
measure the flow rate. In this project a method of charge
detection was used. The two methods were then compared for

accuracy and efficiency of use.

Because of the small size of the current that the charge
induces in the sensors, FET op-amps were chosen because of
their high impedance, and low input bias current. When
injecting a pulse charge inside the pipe, sensors located in
the pipe, detect the charge with a differing time delay due
to their position. This time difference is overcome by the

use of peak detector and sample and hold circuitry.

1.3 Thesis structure

This thesis contains four main parts, each part is treated
in a separate chapter with greater detail. Chapter two deals
with the charging process and the study of the charge induced

by the sensors which determines the design of the sensors,



that, are connected to the measurement device. Chapter three
contains the «circuit analysis and signal processing used in
the electronic instrument. The instrument is then used in
chapter four to interface with the BBC microcomputer, in
order to analyse the parameter which predict the flow (its
correlation with the mass flow rate ). The latter involves a
lot of statistics. Finally, chapter five, describes the

experimental procedure, and discusses the results obtained.
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Chapter 2

THEORY OF CHARGED PARTICLES

2.1 Introduction

In an electrostatic powder coating process, the powder is

charged by a high voltage needle, using an H.T pulse

generator. The electric field is very intense round the
needle at which corona discharges, hence particles are
charged by ion bombardment. Powder carried down-stream,

sticks at the grounded walls of the pipe, where sensors are
located, and generates an electric current. This chapter is
concerned with the charging process of the powder, ( the

corona discharge ), and the charge detection.

The charge induced in the sensors is obtained by a study
of the flux 1lines, which can be calculated by applying
Poisson's equation to a point charge inside a cylinder. From
this study, the performance of the flow of an ideal charge
particle a long the centre of the pipe can be obtained for
various sensor lengths, hence an optimum sensor length can be
determined. Also the signals delivered by the sensors can be

predicted.

2.2 Corona discharge

The corona discharge is defined as the leakage of the
charge brought about by the ionization of the air surrounding
the needle, break-down of the air in the immediate vicinity

of the point occurs only at very high voltage.

The project uses a positive corona discharge, which is
caused by a positive potential applied at the needle in Fig
(2.1). A value of potential will be reached at which the
needle begins to discharge itself to the surrounding air via

the sharp point of the needle. Powder is charged by positive



ions ( free ions ) travelling towards the collector.

+ ©
Air/powder => + + @@ ©
H.T + ©
YTTrTT TTTT rr

Fig 2.1
2.3 Electric field

The electric field analysis is based on Poisson's solution
for a point charge or a line charge, which does not take into
account the effect of space charge on the electric field
distribution. Also the needle axis is assumed to be in free
space, which means that needle is considered to be a point
charge. The potential given by Poisson's solution in

appendix A is:

[e]e]
Jo(kjn
@ exp(-kllzl ) 2 (2.1)

27T€0 ro
1=1 k| ol

- -

Where Jo, and Jl1 are Bessels functions, and k the ensemble of
solutions. The electric flux density is obtained first, by
using a master solution based on a point charge inside a

cylinder, then this is extended to a line charge.

2.3.1 Case of a point charge

o-g-

Fig 2.2.a



The ideal problem illustrated by Fig (2.2.a), makes it
easy to find the electric field induced at the walls of the
pipe, by only a point charge inside a cylinder . From

Maxwells equation, the electric field is

E = - grad( 0 )

Now using the above equation, the electric field inside the

cylinder is equal to

Ez d0 Er 80 (2.2)
dz 8r

Where Ez is the axial component, and Er is the radial

component. Using the electric field of (2.1), the new

components are

oo
Ez = ——%- kgexp (- fkgfzt) ----&) (2.3)
27r'°ro ke Ji (kfro)
00
1 2 5Jf£ (k'n) (24)
Ex T. exp(- ~(lzl) -
2 TOro g=1
Ji(k£€ro)
Which make the first component Ez = 0 at r = ro, because
Jo(ro)= O. While the second component Er depends on the
value of Jo' (r). Using one of Bessels equations
dJdn(x) Jn
- n-— Jn+1
d x X
Hence
dJ  (kjm)
2 9 kg3l (kEx) (2.5)
dr

Putting (2.5) in (2.4) gives



Let a = k ro , which is the solution of Jo(k ro) = 0, and let

CJ/(a)x=—l— , Do:—q
Ji(a) 2 7Tr ro

When using (2.6), the electric flux density becomes equal to

Dr = Do It CJ(a)exp(—:i[zli—m° ) (2.7)

The expression (2.7) is deliberately written in such way
as to make it easy to compute, yet the series needs hundreds
of terms, involving Bessel function solutions Jo(a)=0,
especially near z = 0. Software in appendix C, based on the
numerical solution, was written to sum these terms. Fig 2.3

shows the Bessel function solution Jo(a) = 0 routine.

The value (Dr / Do) was found to be equal to 0.664 near z -—
0. The electric flux density induced at the walls of the
pipe in Fig (2.4), shows how the distribution varies with

respect to =z.
2.3.2 Case of a line charge

By assuming a perfect pulse of charge, a uniform 1line
charge will be created along the centre of the pipe. The
length of the line will depend on the duration of the pulse
and the velocity of the powder. Fig (2.2.b) shows a line
charge of length L, inside a grounded cylinder. The previous
case of a point charge is extended to line charge, where a

series of points are simulated to a line charge.

-L/2 | +L/2
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R is the accuracy
A is the solution

A + PI

Jo( A)

/ is \
F less than

1t
No or equa o

Yes

S(I)

Fig 2.3

Bessel function solution routine
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-3.0

-2.5

-2.0

1.

Dr(z) /Do
Where Do

Fig 2.4

2.0

Electric flux density sensed at the walls of

the pipe,

case of a point charge
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The electric field calculation based on the previous section,

can be obtained by making.

q=A.L dq = A .d# (2.8)

Where A is the linear density of charge, and dgq is an
elementary point charge. Suppose z' is the place at which we
are looking for the electric field. Here two cases are
presented.

a) Case of 'zx i> L/2, using the master solution for a point
charge (2.6), the electric field at z1l is the sum of several
point charges one after the other. An elementary charge dg

produces an electric field

ab(z') , £ CJ(a)exp(- * a) (2.9)
2Irro V i <o)

Hence the total density of charge is

D(z) - Do Trn A Lci(a)exp(- g a)at (2.10)
a J -L/2
Where Do = E — ~ o after integration, all calculus done
n o
D(z)= Do ~ 2&-° exp(— ~ a)sinh(i a ) (2.11)
3

b) Case of jz'i< L/2, here the electric field is symmetrical

at z = z'
L/2 z
D(z)= Do )(  Jexp (~-~ a) dt + Jexp(- a)ds )
a o'z -L/2

After integration

-12-



2ro 1 1 - exp( a ) cosh( a) (2.12)

D (z)= Do 22
la Jica) 2ro xo

The graph of Fig (2.5) shows the electric flux density for
a line charge of lengthywith respect to z, which
gives the two expressions obtained (2.11) and (2.12) in one
graph. Here it can be seen that for a small line (L =
0-.14mm ) the graph is similar to the one obtained for a point
charge. It is important to notice that for a bigger value of
pulse length, the electric field is almost constant nearby
the charge.

2.4 Charge collected at the sensors

In this section there is need to optimize the sensor
length, Dbecause it 1is important to have a very long sensor
which encloses the maximum flux, at the same time the loss of
charge between sensors suggests a short length, therefore a

compromise is necessary.

To find the charge collected by a sensor of length s, it is
useful to use the expression of electric flux density, and

Maxwells equation (2.13)

+ CO

Dr(z).ds — gq let say q 1 (2.13)

—0o

By making the charge unity, q = 1, it means that the total
charge induced inside a sensor is less than one. In the next
sections the charge calculated is given as a percentage of
the total charge.

2.4.1 Master solution
The sensor is located at z = z’, where z* is a variable.

Here the charge sensed at the sensors, is due to electric
field given by (2.7).



Q¥ ~r D/z) /Do
Where' Do

7 -14mm

0.5 t-

14. 14mm

Fig 2. 5

Electric flux densityinduced at the walls of the pipe
case of a line charge

-14-



a) Case of \z'\< s/2, using equation (2.13) and (2.7), the

charge collected is

, 22 r 0
2 7rro Dr (z) dz = Do CJ(a) ( I exp(z a/ro) dz
zl a z1l-s/2
,z1l+s/2
+ exp(-z a/ro) dz ) (2.14)
"o
E
™ (1 - exp((z'-s/2) a/ro)
adi(a)
a
+ 1 - exp(-(z'+s/2)a/ro)
Finally
2
Q =V' —— [(1 - exp(-sa/2ro) cosh (zla/ro)] (2.15)
adi(a)
a

b) Case of }z'!>s/2, here the electric field can be obtained

by simply using the same process.

122 ,22
Q =2nro IDr(z) dz = Do y ' Iexp(-'z! a/ro) dz
zl a zl

All calculus done the final expression is

Q= V"' ———- exp (-IzIa/ro) sinh(sa/2ro) (2.16)

Both (2.15) and (2.16) have charge dimension ,the only

problem in computing these
0, it follows that.

equations is the solution of
Jo(A)= 0. When making z =

Q =V —-———- [l - exp(-sa/2ro)] (2.17)

x-w aJi(a)
a

-15-



The plot of (2.17) in Fig 2.6, shows that the flux
enclosed is proportional +to the sensor 1length, when the
length is relatively small compared to the diameter of the
pipe. When the sensor 1length is much greater than the
radius, the flux enclosed reaches 100 % of the total flux.
The graph also shows that for a sensor length of 21mm the
flux reaches 95 % of the total flux. This means that the

sensor is close to the ideal.

The comparision between this model and the approximate
parallel plate model wused by Willis [2.1] is shown in Fig
2.6.b, which shows the error obtained by Willis in assuming a

parallel plate model of the flow.

2*4*2 Flux due to a line charge

The flux induced in the sensors due to the line charge is
obtained by the superposition of the result of point charges
displaced at small intervals a long the length of the 1line
charge and integrating the result. Fig 2.2.c shows a line

charge of length L inside a cylinder and a sensor of 1length

s. The solution present different cases, whether L > s, or s
> L.
-L/2 o +L/2
z' -s/2 0 s/2 z
Fig 2.2.c
a) Case of |z *|<ilL—si/2 in Fig 2.2.c , using Maxwells

equation (2.13) and the electric flux density of (2.12), it
follows that

Q =2n roD(z)dz

-16-
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flux

60. .

9]
40-.
10 .
2s/ro
0.0 Os 1.0 ts 2.0 2.8 3.0 35
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$Flux
o
<>
Cylinder
Parallel plates
S/fTo
0-00 1-60 4 -s0 s- 00

Fig 2.6

a) Flux eclosed inside a cylinder due to a point charge
b) Comparison between parallel pale and cylindrical models
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2 rZ'+s/2

Q = Do* I[(1 - exp(-al/2ro)cosh(az/ro)]dz
a zl-s/2
Thus
\/"l' (s
A aJi(a) L
a
9_
] exp(-as/2ro)sinh(aL/2ro)cosh(za/ro)) (2*19)
a

The case of s less than L can be obtained in the same manner
by just replacing s by L.
When making z = 0 at (2.19) this becomes equal to

Q - L (1 - exp (- 250 )sinh ( 2 )] (2.20)

- " *  aji@@) ai ro
a

The graph of (2.2.0) in Pig 2.7 , shows the flux enclosed at
different values of 1, as function of s. When making 1= 0 in

(2.19), which is the case of a point charge, this becomes

equal to
e = V' = __ [1-- exp (-sa/2ro)
r? ajl@)
This is equivalent to (2.17) . Another way to check the
calculus error, is to see if there is a continuity of the

flux Q(z) in the differents cases of z, (s-L) and (s+L).

b) Case of (L+s)/2>\z'|>1L-s|/2 in Fig 2.2.c >, here the
charge is the sum of the charges induced by the density of
flux (2.11) and (2.12)

+1>/2

2.
Q =DoT* I (i exp (al«/2ro) cosh (az/ro)dz
« LaJdi(a) J -
a z'-s/2
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Fig 2.7
Flux enclosed inside a sensor
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case of a line charge
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Therefore

0 L5, _JL + | cosh (az/ro)exp (- Lts a)
aJi(a) L L aL \ 2 ro
Irs Iz
- h —_ (— 2 .21
cosh (a o Jexp ( - 2)} ( )
c) Case of !z'|> (L+s)/2 in Fig 2.2.c , here the electric

field is given by (2.11), therefore the charge collected is

z '+s/2

47 '

Q = Do m sinh (al/2ro)exp (- i—zjla )dz (2.22)
IaJdi(a) 10

z'-s/2
After integration
0 = "xzaLJi(a) a AN )singlﬁ)a exp (- ;D (z + s/2))
a

exp(- — (z - s/2)
™
Finally

» 1 4 ro Iyn\
Q “2w 7T7 ;\TJ" sinh (as/2ro)sinh (al/2ro)exp (- % !a) (2.23)
LJi(a) a' o

Now the charge sensed inside a sensor of length s, due to
a travelling 1line charge of 1length L, can be obtained by
gathering the three equations (2.19), (2.21) and (2.23). The
graph of Fig 2.8 shows the percentage of charge sensed, due
to a pulse charge of L=21mm with various values of sensor
length. Whereas Fig 2.9 shows the percentage charge sensed

at sensor of length s=21mm, due to variable pulse length.

- 20



Charge Sensor of 21 mm

Unit
21 mm
Q7
42 mm
63 mm
'2S /o !
Fig 2.8

Charge collected inside a sensor of 21 mm length, due to
a variable line charge



T Qtt) Pulse of 21 mm

0.0 21.14mm
0.7 --
7.14mm
0. S --
0. A --
0.5 --
0.2 -
0.14mm
-2.0 1s 0.8 0.0 0.s io 2.0
Fig 2,9

Charge collected inside a sensor of variable 1length, due
a line charge of 21mm

- 22
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The sensors and pulse charge are chosen to enable 1large
flux detection and low loss of charge, thus these are given
the values of s=21mm and L=21mm, where the charge sensed is

more than 80 %, which is close to the ideal.

2.5 Signal induced at the sensors

The previous section dealt with pulse charge and sensors
length optimization, this study involves the calculation of
electric flux density and the charge induced. Now this
section takes a closer look to the signals delivered by the
sensors, their prediction and their application. There are
four sensors that collect signals from the pipe. The first
is designed to be close to the needle and 1long enough to
collect the main injection. The other sensors are designed
to sink the current due to charged powder when it discharges

at the grounded pipe.

The electric charge with respect to time can be evaluated,
and the electric current which flows from the walls of the
pipe to the ground can be predicted. According to the
previous study, if the particles are flowing at constant

velocity, it follows that.

x =V.t
dx = V.dt
Where V is the velocity of the powder. These are substituted

below, hence

i(t) = dg/dt
i(t) = v.dQ/dx

The second term of the last equation "dQ/dx", can be deduced
from the previous sections. It appears that the current is
proportional to the velocity of the powder, and according to

sensor and pulse length, i(t) can be predicted.



In the next chapter the sensors that measure the charge
induced are designed to capture the maximum charge, execpt
the first sensor which is designed to measure the total
charge injected. This can be obtained by using a sensor

length of 31mm, which gives a total flux of 95% according to
Fig 2.7

. 24.



Chapter 3

SIGNAL PROCESSING

3.1 Introduction

, A pulse charge is injected into the powder flowing in the
pipe, this charge is then detected by sensors downstream,
which act as current amplifiers and will detect charge
deposited on the sensor or induced in it. The aim is to
measure the total charge injected into the powder. To do
this it 1is necessary to integrate the current which passes

through the sensor, and then detect its highest peak.

Sensors are located along the pipe, and designed to read
electric currents induced by charged powder inside the pipe.
An electronic instrument based on analog circuitry, is built
to measure the charge sensed at the sensors, however, the
circuit accuracy depends on the way they are built. This
chapter deals with the signal processing necessary to read
different sensors simultaneously, and the circuit analysis of
the important circuit elements, in order to reduce drift and

noise in the instrument.

3.2 Signal processing

Four sensors collect signals from the walls of the pipe.
The first one is designed to be close to the needle in order
to sense the total charge injected. The three other sensors
collect signals due to the flux induced by charged particles
flowing in the pipe, and unaffected by the ions due to corona

discharge, due to their distance from the point of injection.

The signal processing is based on the circuit diagram of

Fig(3.1), which consists of four current to voltage
converters. The second stage is to measure the charge
induced.

- 25.



#®0

KAx3zTnoxto

Potewe =p P wexaberp 3ITOATO 1€ Bu

JOLVIIANED HSINd

Sensors from the pipe

- 26.



This consists of integrating the current. The integral of
the signal coming from the first sensor equals to the total
charge injected, but the integral of the other sensors give
zero because the total flux induced by the particles is zero
( section 2.5 ). Peak detectors are therefore needed to
obtain the peak value of the charge. The third stage is the

recording of the data using four sample and hold circuits.

Because of the time delay between signals when measuring
the charge induced at each sensor, peak detectors and sample
and holds are used to read all the sensors simultaneously.
Timing necessary for this task 1is provided by dual

monostables which are triggered by the pulse generator.

3.2.1 Peak detectors

A positive peak detector <circuit follows the positive
voltage and holds the maximum value attained in a capacitor.
When this capacitor is discharged by a switch, the output

goes to zero.

The circuit in Fig 3.2 consists of two LF351 JFET op-amps.
The first one, Al, is a comparator which compares the input
voltage with the last value stored in the capacitor. When
the input voltage is higher than the value stored in the
capacitor the diode D1 conducts, and the capacitor is charged
to the new value. The second op-amp, A2, is a unity gain
buffer. An analogue switch is wused to discharge the

capacitor and is operated by a dual monostable

3.2.2 Sample and hold (S/H)

Four sample and hold integrated circuits AD 585 are used
to sample the signals at T= 20ms. The control inputs of the
S/H chip which allow the switching, on and off, between the
sample and hold modes are delivered from the dual monostable
in Fig 3.3.b.
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The sample and hold <circuit presents problems which

involve the aquisition time and voltage droop in the hold

mode . Large capacitors hold the signal for a long time with
small droop, but the aquisition time, which is the charging
time, is long. Small capacitors, in contrast, give a
considerable droop, but a short time of aquisition

Aquisition time and droop are two parameters which cannot be

fulfilled simultaneously.

n

Reset 1

Reset 2

S/H all

Fig 3.3.c
3.2.3 Timing diagram

As previously stated the peak detector and integrator need
to be reset each cycle. The signal at one channel is shifted
in time from the next one, therefore, dual monostables were
chosen to generate the correct timing necessary to the reset
all the integrators, and the S/H.

In Fig 3.3.c the signal"” a " is the pulse which triggers the
power supply and the dual monostables. Signal " b " is a
delay of 15ms from " a " , which only resets the injection
current integrator. The third pulse " c " is a delay of 18ms
from " a ", resets all the other integrators and peak

detectors. The fourth pulse " d " operates all the s/H all

circuits at the same time.

3.3 Circuit analysis
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The aim of doing circuit, analysis is to find the optimum
circuit conditions, in order to minimize the errors in the
circuit, such as drift and noise. The analysis is mainly
based on the current to voltage converter and the integrator.

Details of the analysis is in appendix B.
3+3*1 Current to voltage converter

A conversion from current to voltage must be done first
because it 1is easier to deal with voltage rather than
current, and operational amplifier circuits are then suitable
for scaling the voltage.
The current to voltage conversion circuit analysis is based
on the input impedance which is ideally equal zero, and the
evaluation of the input offset current.

3.3.1.1 Current source

The sensor which delivers the current induced by the

charges, in Fig 3.4.a, is a real current source, and Fig
3.4.C is its equivalent circuit. Where Rs 1is the internal
resistor ( resistance of the powder ), and Cs is the internal

capacitor, which is due to the cylindrical form of the pipe.
3.3.1.2 Input impedance

The ideal current to voltage converter circuit, provides a
zero voltage drop, when using ideal op-amp, because the input
impedance is an ideally equal to zero. Equation (3-1) gives

the expression of the input impedance of a real current to

voltage converter which is

1 1 .
+ 1 1+ jCWR2 3-1
Zincl Zinol R2 ( J ) ( )

Where Zinol is the open loop input impedance of a real
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op-amp Zincl is the closed loop input impedance, and Aol is

the open loop gain.

The analysis shows that Zincl is close to zero when wusing a
JFET op-amp, because of its high open 1loop input
impedance,which is Zinol -— IOL%

For a DC and low frequency signal, the open loop gain, Aol -
110 dB. If R2 = 10kQ and Cf = O0.0luF, it makes Zincl =
0.03 12 Suppose the current to be measured is Imax = 10 uA

then the voltage drop is Imax Zincl = 0.33 uV
3.3.1.3 Input offset current

Ideally the current that flows in the feedback branch, is
equal to the input current, however, an error is introduced.
Appendix B shows that the input error current is equal to

I0s = + lio (3-2)

Rs//R2
Where Rs : is the internal current source resistor

Vio: is the offset voltage

Iio: input offset current.
The error is reduced by a large value of R2 as 1long as the

input impedance remains small.
3.3.2 Integrators

Although the current to voltage converter is well designed
to measure the current, reading the charge is much easier
than the current, because the current measurement ideally
needs two peak detectors onefor the positive peak and one
for the negative peak, whereas the charge measurement only
needs one. In order to get thecharge carried by the powder,

the output from the current to voltage converters is then

integrated. Using an integrator circuit, such as the one
presented in Fig 3.2, would solve the problem. However,
problems occurs when using the integrator circuit. Here are

details of these and some technical solutions.
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3.3.2.1 Offset and drift errors

The greatest error of an integrator comes from the offset
voltage and drift. Equation (3-4), given in appendix B,
presents an expression of the output voltage of a real
integrator, taking into consideration the input offset

voltage, Vio, and the input bias current, 1lb

dt + Vio (3-4)

Where ein is the input voltage, eo output voltage and T the
period of integration. The error due to the input bias
current 1lb, of the amplifier, can be reduced by wusing an
equal resistor to that of the integration, between the earth
and the non- inverting input, whereas Vio can be reduced by a

long period of integration 'RC'.

A real op-amp could never give an ideal integration, because
of its finite bandwidth, and its open loop gain. Finite open
loop gain causes errors at low frequency, and finite

bandwidth causes errors at high frequency

3.3.2.2 Practical consideration

Good integrators use low input current FET op-amps such as
the LF351 (input bias current of 50pA) or BIFET op-amp such
as the TLO71 (30pa). They allow the input bias current
contribution to the integrator drift to be negligible without

the use of an excessively large capacitor values.

The examination of equation (3-4) suggests that large values
for the capacitor might reduce the drift, but the resistor
needs to be small to keep the same RC value. Because R is
the input impedance of the circuit, a lower limit exists on R

because of a current limitation.



Polystyrene and teflon are usually the best capacitor choices
for long term integration accuracy. Capacitor 1leakage
presents an additional source of integrator drift. A

capacitor whose dielectric leakage current is less than the

amplifier bias current must be wused. The choice of the
amplifier is also governed by the length of time of
integration and desired accuracy. In general op-amps used

for different lengths of time are

- Chopper-stabilized amplifier for long time.

- FET amplifier for medium length of time.

- BIFET amplifier for a short time.
For the present circuit the amplifier used is FET,. and R =
100k1Q, C = 0.1 uF which makes RC - 0.0ls, and an input current
of 1OuA which compared with input current error is extremely

small.

3.5 Noise analysis

Measurement of DC voltages cause some problems, especially
if small voltages are involved, thus a practical limitation
for every type of instrument exists. Input stages of DC
voltages can be improved by examination of drift, noise and
sensitivity. Drift is the instability of the instrument in
terms of temperature variation. Sensitivity is the minimum
amplitude of signal that the equipment is capable of
resolving. Noise is a random, unpredictable voltage wave

form that contaminates the signal.

3.5.1 Basic properties of noise

The noise falls into two main categories, which are white
noise and flicker noise (1/f). The density of a white noise
is independent of the frequency £, whereas the flicker noise
density varies on 1/f. Here are examples of white noise

which are thermal noise and shot noise.

(a) Thermal noise is generated by random agitation of

electrons, which manifests by an increase in temperature.

-36-



Resistor noise is an example of the thermal noise, where the
mean square of the noise voltage in a narrow frequency band
width is equal to:

Vn = 4kTR df (3.1)

Where T is the temperature in degrees Kelvin ( K ), and k is

Boltzmans constant.

(b) Shot noise (Schottky noise ) is due to random emission of
electrons from the cathode in diodes. Each emission arriving
at the anode carries a discrete electronic charge, g, which
gives rise to a current pulse during the transit time. The

mean square value of the current noise is:

In = 2ql df (3.2)
Where I is an external current flowing through the diode.
Fliker noise on the other hand, is the most c¢ritical noise
source, generated by thin metallic or semiconductor layers,
by carbon resistors and solid state devices. The power
spectral density of noise is:

s (f)=K

Where K is the value of s(f) at 1 Hz.
The noise generated in op-amps is a combination of white noise
and (1/f) noise. The total mean square input of both current

and voltage noise, Vnt and Int of an op-amp are

vat [vo® (1 +fee—") ] df (3.4)

Int

[in2 1 + fci —-) ] df (3.5)

Where in, vn are respectively noise spectral densities of the

current and voltage of the op-amp in Fig 3.6 .a, and fee, fci
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are corner frequencies relative to the current and voltage

source of noise.

3¢5*2 Signal to noise ratio

Signal to noise ratio, SNR = S/N, is defined as the ratio
of signal power to noise power. The ratio is minimum when the

signal is contaminated by a high level of noise.

It is proposed to measure the noise produced by the
instrument, then optimize it by minimizing the sources of
noise. The analysis here is based upon the current to voltage
converter as the the first stage where the noise may be
reduced. The signal to noise ratio calculation consists of
evaluating the total equivalent output noise voltage. The
equivalent circuit of the current to voltage converter source
of noise in Fig 3.6.b can be used to sum the total input

current noise density, int, which is.

int = 4kTR(f)/(Z2//Rs) + in + vn/(Z//Rs) (3.6)

Where R(f) = R /[I + (27cRCf) ], is the resistive component
of the impedance, Z. The current source resistor Rs is due to
charged particles at high voltage and the current flowing to
the ground is about 0.1 uA, hence the resistor Rs is ideally

infinit, which makes (z//Rs) = Z.

A noise evaluation requires a knowledge of the spectral
distribution of the input noise source sn(in). These are
multiplied by the frequency dependent square magnitude of the
transfer function and appear at the output as output spectral
density sn(out). This is illustrated by equation (3.6).

sn(out) = sn(in) |H(f)r (3.7)

Where H(f) , is the transfer function, which in the case of

the current to voltage converter is the feedback impedance.



Current source

vn

Is Rs in

a)

V4kT Af(R//Rs)

vnl

in

Fig 3-6

Current to voltage converter source of noise

H (£) 7’ = R
1 +(2RC/TF)i

The input noise spectral density is the total current, int,

and The output noise spectral density is the total voltage

noise, wvnt, which is.

vnt = int . Z = 4kTR(f) + i 22+ vn (3.8)

The 1last term of (3.8) is multiplied by the noise frequency

band width, Af, whereas the first two terms are integrated



upon the entire frequency spectrum. The mean square output

noise voltage, talcing into account only the white noise is:

vnt = ((4lcmR + in2R2) ! 2df + vn Af (3.9)

I 1+ (2JTRCE) '

The integral of the above expression is

vnt = (4kTR + in R2) ~ — + wvn2 Af (3.10)
4RC

The first term of (3.9) may be calculated other ways, by
multiplying the resistor, R, by the noise band width, Af. This
is because the power generated by the resistor R is

transferred to the resistive impedance.

kT

o = 4kTR Af (3.11)
Af = 1
4RC

When replacing the wvalue of, Af, at the last term of (3.10)

the final expression is:

Vnk = Jf£E- + iA + (3.12)
Cc 4c 4RC
Finally the numerical value of (3.13) is obtained by the
choice of RC = 0.001ls, and the LF351 op-amp source of noise
in = 0.0lpA/VHz, vn = 16nV/VHz, hence

vnt = 0.473 uV rms

The output signal power, So, is obtained using (3.7), where
the input current signal is about, Iin = 0.1 uA, and the
transfer function is R = 10 kO , thus So = ImV. Hence the
the signal to noise ratio, SNR = Sg'/ Vgt, is maximum enough

for the present application.



Chapter 4

INTERFACE WITH A MICROCOMPUTER

4.1 Introduction

, The previous chapter dealt with the analysis of the analog
circuitry of the instrument that measures the charge induced.
The instrument is applied to the mass flow rate measurement
in order to study the correlation between the data recorded
and the measured mass flow rate. However, this processe can

not be done manually as the large volume of data needed will

take too long to collect. In this chapter the electronic
instrument is interfaced to the BBC microcomputer. The
interfacing has two parts, the software, and the hardware.

The hardware contains an analog to digital converter, and a
buffer which is connected the user port. The software is
based on the main program that records the data, and the
processing 1is based on programs that evaluate the

correlation.

The BBC microcomputer comprises a 6502 central processing
unit( CPU ), with 64K memory, 32K of which is ROM containing
the operating system, and 32K of user accessible RAM. For
full analysis and system simulation, the BBC microcomputer
can not be used due to its small memory capacity and slow
processing speed. For this operation a mainframe or
minicomputer is needed. The task of the BBC however, was to
gather the data and perform simple error bar and standard
deviation analysis. The BBC could actually be wused to

control the flow system and this is discussed in chapter 6.
4.2 Hardware
The circuit diagram of the hardware, Fig 4.1, consists of

the analog electronics, described in chapter 3, which

measures the charge collected by the sensors. These signals

- 41



P

oav pwe jaod  Iesn

rH
+IP
P <D

‘soeyILIUT JP P WeIRTP YOOoTd

Ao,

odd =p P 33xd  aesp

-4.2-



are processed by a multiplexed analogue to digital converter,
which replaces the ADC of the BBC.

4.2.1 User port of the BBC

The input/output ports of the BBC use a powerful and
flexible interface <circuit, the versatile interface adaptor
(VIA) 6522 Fig 4.2.a. The VIA is a combination of peripheral
interface adaptor PIA and asynchronous communications
interface adaptor ACIA. The VIA contains two identical 8-bit
registers which can be programmed either as input or output,
plus a number of control 1lines such as CBl, CB2, CAl, Ca2 (
used for handshaking). There are two 16 bit programmable
timer/counters, and a serial to parallel / parallel to serial

shift register.

4.2.2 Analog to digital converter

The user port of the BBC wused as input and output,
contains eight data lines and two control lines CBl1 and CB2,
only the data lines are buffered by a bidirectional buffer
74LS245. The control line CA2 of the printer was used to set
the direction of the buffer. The A to D converter wused was
an ADCO00844 Fig 4.2.b, a CMOS 8-bit succesive approximation
converter with versatile analog input multiplexers. The

4-channel multiplexers can be software configured.

CB2 WR

CA2 ,Dir ,RD

CB1,INTR

Fig 4.2.c

Timing diagram of the A/D converter
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The timing diagram above. Fig 4.2.c, shows that the ADC
needs only three control lines from the user port to read an
analog input. The control line CB2 starts conversion, CBl is
used as the end of conversion signal or interrupt, and CA2 is
used to reset the interrupt and set the direction of the
buffer.

4 .3 Software

The software, as previously stated, is based. Firstly on
the main program that triggers the pneumatic system and
records the data. Secondly, data processing that evaluates

the error and correlation.

4.3.1 Main program

The flowchart of Fig 4-3 describes the software written in
BASIC. The program starts by triggering the power supply,
then reading the voltage held by the S/H, using the A/D of
the BBC. The same operation is repeated a hundred times, and
the average is recorded before a new value of the flow, is
set by adjusting the valves manually. After running the
program for several values of flow rate, the program starts
ploting the graph of the ratio Q2/Ql against the mass flow
rate, or saves the results in a data file known in section

4.4.3 as the first type of graph.

The second idea was to generate a program which would
record the ratio Q2/Ql, N times for each wvalue of the flow,
each time taking an average of 100 readings, then finding the
error bar or the standard deviation. The A/D converter of
the BBC, is too slow to read 100xN ( where N = 100 ) in the
required time, therefore, the A/D was replaced by an external
one. This needed a program written in 6502 assembly language

to control the A/D.

The assembly language software consists of four —routines.

The first routine clears three pages of memory. The second
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routine triggers the power supply and waits 10ms/ and the
third routine reads the A to D converter. Ten such readings
are then averaged to produce the final result.

4.3.2 Data processing routine

The data processing software contains the error bar and

the standard deviation <calculation. The flow chart of Fig
4.3 shows the data processing procedure, which consists of
opening four data files, finding the error bar and the
standard deviations for each file, then ploting all the

standard deviation on one graph.

The aim of this analysis was to study the fluctuation of the
flow. The ratio Q2/Q1 is one of many parameters which

predict the flow, and this appears to yield a stable result.



Chapter 5

EXPERIMENT AND RESULTS

5.1 Introduction

Interfacing with the microcomputer makes it easy to
operate the experiment, especially the data recording. This
chapter contains an experimental procedure of the mass flow
rate measurement, and data analysis. It also contains a
study of the relationship between the actual mass flow rate

and the measurement given by the instrument.

Experimental procedure explains how the flow can be
measured wusing the pneumatic system and analog electronics.
Comment on the results recorded by the experiment are given.
Data analysis consists of evaluating the error or spread of
the data recorded by means of standard deviation, and the

mean value.

Initially the type of powder used was a white
epoxy/polyester, which is the one wused by C.Willis and
B.C.0'Neill [1]. Later the powder was mixed with a black one
of similar type. The latter seemed to have heavy particles,

in contrast with the former which has finely divided dust.

5.2 Experimental procedure

When using the pulse charge injection technique, the mass
flow rate measurement is obtained using a set of electronic
and pneumatic instruments. The three main parts which
contribute to the experiment are, the high voltage power
supply, the electronic equipment, and the pneumatic system.

Here is a description of each part of the experiment.

5.2.1 Pneumatic system
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The pneumatic system consists of a compressor, which
delivers the air to a hopper which contains the powder,
cylindrical pipes in which the powder flows and the sensors
are located. Valves control the mass flow rate by adjusting
the flow of the primary and secondary pipes which feed the
hopper.

First the hopper is fed with a suitable sort of powder.
Two types of powder have been used so far, both are
polyester/epoxy, the first white and the second black. The
experiment shows that the second type induces 1less current
than the first one, later the second type of powder started
inducing higher currents. Two parameters in the powder may
affect the flow, these are particle size and resistivity.
The case for particle size is that after a long period of
operation, the powder is pulverized ( reduced in size ), and
the currents have been seen to increase with prolonged use of
the powder. In fact that is one of many parameters which

cause data fluctuations.

Secondly the compressor is switched on at a pressure level

of (100 bar). The air delivered is assumed to be free of
hydrocarbon gases, although it does contain a small
proportion, which makes the powder wet. Finally the flow

rate is set to the desired value by means of primary and

secondary air valves

5.2.2 High voltage power supply

Once the flow rate is set at a specific value, the high
voltage ©pulse generator is triggered by a pulse generator of
variable frequency and pulse width. The power supply is a
high ~voltage pulse generator, which can deliver a maximum
voltage of 15 kV, and a maximum current of 100 uA. Later the
power supply was triggered by the BBC microcomputer for the

analysis stage.

5.2.3 Analog circuitry



When using the electronic instrument designed to measure
the charge induced at the sensors, it is important to see the
currents induced at the sensors on the oscilloscope, as they
vary with respect to time. The graphs in Fig 5.2 show that
the currents induced are shifted in time, according to their
position in the pipe, in fact this is due to the velocity of

the particles which is defined as

At

Where At is the time delay, betweentwo successive peaks,

and S is the sensor length

Channel 1 the first sensor, detects the main injection is
called the current injection, and Fig 5.2 shows that this is

the sum of two current given below as

IT = Iinj + leap

Where Iinj is the main injection current, and leap is the
capacitance current due to the cylindrical capacity of the
pipe. The dielectric will vary with the concentration of the

flow, leap, is smaller at high mass flow rates.

The final stage of the analog circuitry detects the
maximum value of charge for each channel and holds it by
means of a sample and hold circuit. The output of this
circuitwas connected to a high impedance digital voltmeter at
the beginning of the experiment, in order to record data
manually. This proved to be unsatisfactory, so the idea of
interfacing the analog circuitry with a microcomputer came

about.

5.3 Data processing

At the beginning data was recorded manually. This proved
to be difficult to process the, since the experiment may be
repeated several times. What follows is a description of the

main elements involved in the data analysis, which enable
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mass flow rate prediction.
5.3.1 Mean absolute deviation (MAD)

The mean absolute deviation is defined as the average

distance from data to the mean value. This can be written as
MAD (x)“ sum Jjxi - x {/n

Where x is the mean value of the data, and n is the number of

samples. The mean value and error bar analysis were first

carried out on the data, but later it appeared that this does

not give an accurate description of the data spread.

5.3.2 Standard deviation

Its only the standard deviation that can show how stable
the reading is, because it depends on the density of the
spread. The error bar in contrast, can show only how wide

the spread is. Standard deviation is defined as

n+ 1

Where Q is the mean value or average. Software written in
BASIC was generated for both the error bar and the standard

deviation calculations, in appendix D.

5.4 Results and discussion

The results and discussion are based on the measurement of
charge deposition, given by the electronic instrument, and

the ratio of charges as prediction parameters.

5.4.1 Comment on Q1,02 ,03.

The data recorded shows that the wvalue of Q1 (the main
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injection ) is higher at low flow rates than at high flow
rates, whereas the charges Q2,03,04, ..are smaller at low flow
and higher at high flow. Further down-streara these became
almost equal.

The difference Di = (Qi - Qi+l) gives the 1loss of charge
between one channel to the other, due to particles which
stick on the walls, and other parameters. At high flow rates

the difference, Di, gets smaller.

5.4.2 Discussion on the ratio Qi-f1/Qi

As previously mentioned , section 5.4.1, at a very high
flow rates Qi+l/Qi is nearly unity, while for lower rates
there is a fairly linear relationship. It appears that only
the ratio Q2/Q1 is appropriate to analyse, the ratios Q3/Q2
and 04/Q3 being almost unity. Three types of graph have been
recorded in order to analyse the ratio Q2/Ql, starting with
the averages to the error bar, and finally the standard

deviation.

The first graph in Fig 5-3, shows the ratio Q2/Q1 against
mass flow rate, each point represents an average of 100

samples. The maximum flow rate used is 1.2 g/s.

The second graph in Figs 5-4 and 5-5 shows the error bar
of the ratio Q2/Ql at different mass flow rates. These shows
that the samples are almost linear within an error bar + 10
%, whereas at high flow rates they are not. This graph was
produced for the evaluation of the spread of the recorded

data and does not give total information of about the flow.

The third graph in Figs 5-6 and 5~J* represent the
standard deviation of the ratio against the mass flow rate.
This graph is used in study of the stability of the ratio of
Q2/Qinj. The maximum flow rate here is at 2.8 g/s. The
graph shows that the standard deviation, s, is within + 5% of
the ratio Q2/Qinj.
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5.5 Comparison With C.Willis[1]

The work of C.WillisClU is based on current measurements,
and the wuse of I2/1linj. The measurements used are peak to
peak values, which makes the ratios 13/12, and 14/13 possible
to measure, in contrast to Q3/0Q2. The data processing
consists of averaging the ratios in three regions of the
flow, high, low and medium flow rates. The experiment uses a
white epoxy/polyester powder. This type of powder is lighter
than the one used here, and the flow rates discussed were in
the order of 5.6 g/s. All the readings were taken manually

hence averaging the data was a difficult task.

5.6 Conclusion

The aim of this analysis was to study the fluctuation of
the flow, and the parameter used to predict the mass flow
rate. The ratio Q2/Ql1 is one of many parameters that are
fairly proportional to the flow, and it seems to be stable

especially at low flow rates.

Analysis based on standard deviation, shows that the ratio
Q2/Q1 is linear within an error of + 5%. This may depend on
the type of powder, but definitely not on the operating
conditions such as the power supply voltage and pressure

level.
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Chapter 6

CONCLUSION AND FURTHER WORK

6.1 Conclusion

. The project covered three parts which are the theory of
charging and collection in electrostatic spraying, design of
charge detection electronic instrument and the analysis of
the parameters needed to predict the mass flow rate. First
the theory of charged particles involves the study of the
charge detection, with a wvariable sensor length and pulse
width using Laplace's solution. Secondly the electronic
instrument is designed to be of low noise and high accuracy,
hence circuit analysis of the analog circuitry was needed.
Finally the data analysis based on error bar and standard
deviation was used to study the linearity of the parameters

for mass flow rate prediction.

The theory of charged particles is more accurate than the
previous one which wused the assumption of parallel plates.
The flux collected by a sensor length of 21lmm and a pulse
charge of 21mm is optimized to 85 % of the total flux. The
instrument can measure a current of O.luA with an error of 5
%. The noise 1is found to be small, thus small errors are
allowed when reading low charge values. The analysis shows
that the parameter which is used to predict the mass flow

rate, Q2/Q1l, is within an error of + 10 %.

The previous work might be optimized at its best

performance when the following notes are fulfilled.

1- The theory of charged particles <can be developed to
include the flow parameter in order to simulate the charging
process for a computer model. Although it is a difficult task

because it involves the theory of turbulent flow.
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2- The electronic instrument, which is the charge detection
device, needs a noise reduction technique, and replacement of

the sample and hold integrated circuits with faster ones

3- The present process for data analysis takes 10 minutes to
read four channels each with 1000 samples.The processor
cannot be accelerated because the pulse charge cycle time is
20 ms. This suggests a multichannel use where a processor is
connected to several systems.

6 .2 Further work

For future work the electrostatic spraying incorporating
the pulse charge injection measurement technique, should be
fully controled and computerised. It appears that two topics
may contribute to the improvement of the electrostatic
spraying performance. These are the high voltage power

supply and the control of the flow process.

The power supply presents problems during the charging of the
powder, which affects the measurement of the flow, and the
safety of the process. The flow of the powder is not uniform
due to a critical parameter which might lead to a poor
quality of the coated surface. Flow control is needed to try
and stabilise the flow.

6.2.1 High voltage pulse generator.

The actual power supply used in the experiment is a
commercial high voltage pulse generator, which has a complex
internal structure to provide switching of the high voltage
giving a sharp response. For industrial use it is important
to have a power supply that is easy to build, cheap and more
reliable, providing it «can still fulfill the previous

requirement of switching.

At the beginning, the project includes a design of a new

power supply, which can deliver higher voltage 1level,



which enable the powder to be discharged, and a power supply

that might interface with the computer for control purpose.

6.2.2 Powder flow control

The flow control depends on on many parameters. The major
parameters are particle size and particle resistivity. Good
quality powder coating depends on the uniformity of the flow.
Since this 1is currently not available, a good flow control

process is needed to try and give this uniformity.

At the end of this project it was suggested to initialise
a basic idea of flow control. The flow chart in Fig 6.1
presents the idea. This consists of measuring the parameter
that predicts the flow rate. The next step is to control the
flow by driving the valves of the pneumatic system wusing a
stepper motor. Due to the lack of time this was not

completed.

Mass flow rate control work carried out, used a SYNTEL 6809
developement system. The software was written with the full
developement tools of the system, unlike the 6502 programming
on the BBC which had no developement tools. The software is
based on the principle of measuring the average ratio Q2/Q1
and comparing it to the reference value, adjusting the flow
up or down according to the result. The reference value is a
variable potential, read by the ADC. The hardware contains
an 8-bit 4-channel A/D conveter, a stepper motor drive I.C
and a PIA. Port A of the PIA is used as input from the ADC,
and port B as output to the stepper motor drive to set the
number of turns and the direction. The hardware is
implemented on a eurocard which interfaces to the external
bus of the SYNTEL system.

The software representing the basic idea of flow control

is outlined in appendix E.

2.2.3 Electrostatic precipitators
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The process applied to electrostatic spraying, treated in
chapter 2, assumes the flow to be high density. Further
investigation into the low density region of the flow may be
carried out to monitor electrostatic precipitators, which are
used for gas cleaning. This is aimed to produce better
complex analytical and computers models, and to optimise the
precipitator's overall performance, mainly the collection of
high resistivity particulates. The pulse charging mass flow
measurement technique should be used as an important tool for

this work.
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APPENDIX A

The solution of a point charge inside a grounded conducting

cylinder is not an easy problem to solve since the potential

is function of three variables.

Laplace's equation in cylindrical coordinates is:

. av
j+ —r =20
dz*

1 a ,
- = (r - +
rdr( )

dr b )

The separation of the potential function by means of a product

A-1}

lead to
(r , ¢, z) =R(xr) . &(P) .Z(2z) (A-2)
Putting (A-1]) in (A-2) gives:
r— (r 3 Hm) + (k2r2- n2) R= 0 (A-3)
r
a0 © n’ =0 (A-4)
d P
2:
dz
¥z =0 @-5)
dzz
Where n, and k are the separation parameters. (A-3) is
known asBessel eqution, and its solutionsare called

Bessel function.

Because of the symmetry of the cylinder/

the potential is independent on the angle @ ,so n = 0, and

0 « constant.

The solution of (A-3) and (A-5) are respectively:
Z = E*exp (k 2z) + exp (- k z) (A-6)
R = A*Jo(k r) (A-7)
Equation (A-2) could be written as:
A Jo(k*r) exp(-kjr) , z >0 (A-8)
1
W2 = **AjJo(k-*r) exp(kjr) , Z 0 (A-9)

1
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Because the walls are grounded this means that “(ro) = 0,
thus Jo(kjr) = 0, k» are defined as the ensemble of solutions
The surface density of charge is <7(x) = gq S(r).
where < (r) is a two dimentional density of distribution,
defined as

ro
2jv S(r) rdr =1 (A-10)
'0
The potential should satisfy the expression

viy=_ & @-11)
€0
The first term of (A-11) can be written as

vV=— i- (V\g) =E&d <<*>—<§ U-) 3 (A-12)

d

Hence

£2? = c £*% _  art] (A_13)
el dz dz 2

Using (A-8) and (A-9) it follows

beny _ 5 5% kamrgo (krr) (a-14)
e ! ~ ro
When multiplying both sides of (A-14) by Jofk*'r) r dr
this becomes 0
rro bCr) / ro
q I Jokj'r)»r dr - 2 *~ kjA* IJo(kj*r)Jo(kjr) r dr (A-15)
Jo i Jo

S(r) has onecriteria defined as

ro

2% f(r) r £(r) dr = £(0)

So the first terg of (A-15) becomes equal to q —i3>.)
An other feature of Bessel function known as the
orthogonality, defined as
ro
I Jo(k*r) Jo(k*' r) dr = 0 , 1 * 17 (A-17)
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Now using (A-17) the second term of (A-15) becomes equal to

2 Aj [ Jdo(kjr) ] r dr

Putting @-16) and (A-18) in (A-15) gives

q Jo C°)
Al= -——— , -

2jlloke £ {JoCAr)} rdr

Bessel function derivation is known as
Jn'(x) = Jn+l(x) + ~ Jn(x)

The same here is
rm

>
[ Jod*r) ] r dr = — [ J1 (kp.ro)]

A

0
Finally putting (A-20) in (A-19) gives

Now the final form of (A-8) and (A-9) when replacing

in these is

a C r)
VS gpg 22 P O
u 1 U. [J<k. r.)]

-A. 3-
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APPENDIX B

This appendix present a detailed circuit analyses of the
current to voltage converter and the integrator treated in
chapter three. The analyses here are based upon the input
impedance and the input offset current of the current to

voltage converter, and the integrator drift.

B-1 current to voltage converter.

a) Input impedance: The circuit of Fig B-1 present a real

current to voltage converter, which uses a real op~amp.

27

Tin

Acl.e, o 1

Fig B-1

From the circuit above it follows that:

11 = e£/ Zin (B-1)
And

If = (et- eo)/ 2Z2 (B-2)
Also

Iin = I' + If (B-3)

Now substuitting (B-1) and (B- 2) in (B-3) gives

Iin = (e”/Zin) + (e*-eo0)/ Z2 (B-4)
Usually ZL >> Zo hence, eo = - Aol.eo. Equation (B-4) becomes
Iin = e [ (1/ zZin) + (1 + Aol)/zZ2 ] (B-5)
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An ideal op-amp has an open loop gain Aol igfinit which
means thatthe last term of (B-5) is infinit Tand the first
term is nil, which make the input impedance infinit. Finally
the input impedance of a real current to voltage converter
is

1/ Zincl = [ 1/ Zinol + (1 + RAol(w))/ 22 ]

) input offset current: The circuit of Fig (B-2) show the offset
currents at both input terminals of a real op-amp. Where Vio

is the input offset voltage, Ib”and 1lb are the input bais

current.
Rf Rf
B 'Rs Rs
T b
Vio R3
R3 Ib|lb
Fig B-2 Fig B-3

When measuring the total offset voltage Eos, the output Vo should
equal to zero, which bring Rf in parallel with Rs in Fig B-3.

The equivalenthkircuit of this is in Fig B-4. The total

offset voltage is:

Eos = (Rf//Rs).Ib - R3.Ib + Vio
Rf Rs
Eos is minimum when R3 = (Rf//Rs),
the above equation may be written as R3
Eos = (R3//Rf).Iio + Vio .
Fig B-4
Where lio = (1b - 1b ) is the input offset current.

The output offset voltage is equal to (Eos/jS), where ftis the
feedback fraction ~=Rs /(Rs+Rf). the output offset current
is

Ios = Eos/ (ft.Rf)
Finally

Ios — + Vio / (Rf//Rs) + lio

_B-2_
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B-2 Integrator:

A real integrator is shown below in Fig B-5

Vio

ein
eo
Fig B-5
Where Vio : the input offset wvoltage
Vc : the voltage cross the capacitor

1b : the input bais current
If : the feedback current.
If the open loop gain and the input impedance of

the op-amp are infinit, it follows that:

Iin = If + 1b B 10)

And
Iin = (ein + Vio )/R B 11)

Also
Ve = * Vio - eo= T at B 12)

Now usig (B-11) in (B-12)
Ve = J(Iin - 1b) dt €-13)
Again using (B-11l) in (B-12)
Ve = ~ dt * dt - o [1b dt €-14)

Finally using (B-12) gives:

63—15)
eo = - fcdt £& ¢ dt +
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APPENDIX C

Electric feild and electric flux density programs in FORTRAN. This
appendix contains five files as

1- BESSEL.FOR
2- ELECL.FOR
3- ELECP.FOR
4- DENSL.FOR

5- DENSP.FOR



BESSEL.FOR is a program that find bessel function solution Jo(a)=0, which
uses a numerical solution.

ty bessel.-for
BESSEL FUNCTION PROGRAM
SOLUTIONS OF J0
.. .FUNCTION REFERENCES...
REAL S17AFE,S17AEE
C ... TABLE OF SOLUTION. ..
REAL IALPHA,A
10 FORMAT (1H,T20 , 'The solution of' bessel e¢function Jo
20 FORMAT (lHO«T 12, 'Solutionnumber ', T3S, 'A value',KTs
30 FORMAT (" ',T12,13,T735,1PE12.3,T49,2F10. 3,T60,1PE12.5)
WRITE<6,10)
WRITE (6,20)
A~0.0
SUM1=0.0
I=0 .0
50 A=A+3,15
1=1+1
R=1QE—-05
40 IFAIL=1
V=S17AEE (A, IFAIL)
F=ABS (V)

IF (P.LE.R) THEN
V1=S17AFE (A, IFAIL)
SUM1=SUM1+1/ (A*V1)
WRITE (6,30) I ,A,Vv1,SUM1
GOTO 50

LLSE

A=A—P
GOTO 40
END IF
END

(oMo Ne!
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ELECL.FOR is a program which find the electric feild due to a line charge
induced at the walls of the pipe.

ty eleel.-for
ELECTRIC FEILD PROGRAM
CASE.OF A LINE CHARGE
...FUNCTION REFERENCES.
REAL S17AFE,SI7AEE
...TABLE OF SOLUTION. ..
DIMENSION X (140),Y (140)
...Z2/Ro=B«..
...L/2*Ro=CP. ..
REAL A,D1,D2,SUM1,SUM2,CS,CP
CALL PAPER (1)
CALL MAP(-3.00,3.00,0,00,0.80)
CALLAXES
CP=0.01
DO 75 J=1,4
WRITE<6, *>CP
B=-3.0
DO 70 K=1,140
IF ABS(B) .LE.2E-02.0R.CP.GT.0.1) THEN
Pi 0--5E—-03
ELSE
P10—IE-03
END IF
A=0.0
1=0. 0
D2=10.0
SUM1=0.0
50 A=A+3.40
I=I+1
R=10E-05
40 IFAIL=1
V=S17AEE (A ,IFAIL)
P=ABS (V)
IF (P.LE.R) THEN
Z=S17AFE (A,IFAIL)
R1=EXP (A* (CP—ABS (B)))
R2-EXP<-A* (ABS (B) +CP))
R3=EXP (~A* (CP-B))
R4=EXP (—A* (CP+B))
R5=2*Z*A*CF'
IF (@ABS (B>.LE.CP) THEN
SUM2=SUM1+ (2- (R3+R4) ) /R5
ELSE
SUM2=SUM1+ (R1-R2) /R5
END IF
D1=ABS (SUM1-SUM2)
IF (ABS(D1-D2).LE.P10) THEN
SUM1=MIN (SUM1l,SUM2)+D1l/2
ELSE
SUM1=SUM2
D2=D1
GOTO 50
END IF

-C.2-



ELSE
A=A-P
GOTO 40
END XF
X (K) =33
Y K>=SUM1
WRITE (65*)B ,SUM1 ,K
IF (ABS(B).LE.0.5)
B=B+0.01
ELSE
B=B—+-0.1
END IF

70 CONTINUE

CALL POSITN<X (1>,Y<1) )

DO 100 IF'T~2 ,140

THEN

CALL JOIN (X<LFT) ,Y(IF'T)>

100 CONTINUE

CP=CP+0.5

CONTINUE

CALL PLOTC3(-1.00,0.80,
CALL FLOTCS (-0. 50,0. 75,
CALL FRAME

CALL GREND

STOP

END

75

'"ELECTRIC FIELD SENSED AT THE WALLS')
'CASE OF A LINE CHARGE')



ELECP.FOR is a program which calculate the electric feild at the walls
the pips-, due to a point charge.

ty elecp afor

ELECTRIC FEILD PROGRAM
CASE OF A POINT CHARGE
...FUNCTION REFERENCES. ..
REAL S17AFE ,S17AEE
... TABLE OF SOLUTION...
DIMENSION X (i40>,Y (i40)
o] ...Z/Ro—B.
REAL A ,D1,D2,SUM1,SUM2,CS,CP
B=—3.0
DO 70 K—1,140
IF<ABS (B) .LE .10E-04)THEN
X (K) =B
YCK>=0.663
WRITE <6, *) X <K> ,Y (K)
ELSE
A=0. 0
I=0.0
SUM1=0.0
D2=10.0
50 A=A+3.15
1=1+1
R=10E-05
40 IFAIL=1

Y=S17AEE (A, IFAIL)

P=ABS (V)

IF(P.LE.R) THEN
Z=S17AFE (A,IFAIL)
SUM2=SUM1+EXP (—ABS (B) *A) /2
D1=ABS (SUM1-SUM2)

IF <ABS (D1-D2).LE.IE—03) THEN
SUM1=MIN <SUM15SUM2)+D2/2
ELSE
D2--D1
SUM1=3UM2
GOTO 50
END IF

ELSE
A=A—-P
GOTO 40

END IF

END IF

IF (ABS(B).LE.0.5) THEN
B-B+0.01

ELSE
B=B+0.1

END IF

X<K) =B

X (\<Q)=SUM1

WRITE (6,*)B, SUML,K

O rn

Q



70 — CONTINUE
CALL PAPER (1)
CALL MAP(-3.0,3.0,0.00,0.70)
CALL AXES
CALL POSITN (X (1> ,V (1> >
DO 100 IPT=2,140
CALL JOIN (X (IPT),Y (IPT))
103 CONTINUE
CALL PLOTCS (-2.0,0.70, 'ELECTIC FIELD SENSED AT THE WALLS')
CALL PLOTCS<-1«0,0.70CASE OF A POINT CHARGE')

CALL PLOTCS<1.00,3.025, 'CYLINDER LENGTH /2*RADUIS (2/PRn)"')
CALL FRAME

CALL GREND
STOP
END
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DENSL.FOR is a program that find the electric flux density due
a line charge, at variable sensor and pulse length.

ty densi.-for
DENSITY OF CHARGE PROGRAM
CASE OF A LINE CHARGE
. FUNCTION REFERENCES. ..
REAL S17AFE,S17AEE
C ... TABLE OF SOLUTION.
DIMENSION X (100>,Y<100)
«..Z/Ro=B»..
...8/2*Ro=CS-..
. L/2+Ro=CF'. ..
REAL A ,D1,D2,CS,CP,SUM1,SUM2
CALL PAPER (1)
CALL MAP(0.00,3.60,0.00,12.00)
CALL AXES
* CP=0.01
90 IF (CP-LE-1.6)THEN
cs=0.0
WRITE (6,*) CP
DO 70 £<=1,35
A=0.0
I=0.0
SUM1=0.0
D2-10.0
50 A—A+3.40
1=1+1
R= 10E--05
40 IFAIL=1
V=S1l7AEE (A .IFAIL)
F-ABS (V)
IF (P-LE-R) THEN
Z=S17AFE (A,IFAIL).
R1=EXP (—A*ABS (CS-CP))
R2=EXP (—A* (CS+CP))
R3=1/ (2*CF *A)
R4=CS/CP
IF (CS.LE.CP)THEN
SUM2=SUM1+20* (R4-R3* (R1-R2) )/ (z+a)
ELSE
SUM2=SUM1+20+ (1-R3* (R1-R2)) / (Z*A)
END IF
D1=ABS (SUM1-SUM2)
IF @ABS (D1~D2) .LE.10E-03)THEN
SUM1=MIN (SUM1,SUM2)+D1/2
ELSE
D2-D1
SUM1=SUM2
GOTO 50
END IF
ELSE
A=A-P
GOTO 40 o
END IF
X (K)=CSs
Y (K) =SUM1
CsS=Cs+0.1
70 CONTINUE

QO
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t.L3E
GOTO 110
END IF
CALL POSITNYX (1) ,V (1))
DO 100 IPT=2,35
CALL JOIN(X(IPT),Y(IPT))
100 CONTINUE
CF=CP+0.5
GOTO 90
110 CALL PLOTCS <0. 5, 11. 50, 'Dsnsi ty of charge with respect ')
CALL PLOTCS (0« ,11.00T'to the sensor 1length')
CALL PLOTCS (0.5 ,10. 50 case of a line of charge')

CALL PLOTCS(1.00,0»25,'Sensor length /2*raduis <S/2Ro> ')
CALL FRAME

CALL GREND
STOP
END
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DENSP.FOR is program that find the electric flux density due to a point
charge, at variable sensor length.

$ ty clensp.for
C DENSITY OF CHARGE PROGRAM
C CASE OF A POINT CHARGE
C ... FUNCTION REFERENCES.
REAL S17AFE, S 17AEE
C ... TABLE OF SOLUTION. ..
DIMENSION X (45),Y (45)
C ...Z/Ro=B«..
C ... S/2-*Ro=CS. ..
C ... L/2-*Ro=CF". ..
REAL A ,D1,D2 ,CS,SUM1-, 3UM2
cs=0
DO 70 K=1,35
A=0.0
1=0. 0
SUM1=0.00
1)2-20. 0
50 A—A+3.43
1=1+1
R-10E-05
40 IFAIL=1
V=S17AEE (A, IFAIL)
P=ABS <V)
IF (P.LE.R) THEN
Z=S17AFE (A,IFAIL)
3UM2=3UM1+20* (1-EXP C-A*CS) ) /<Z*A>
D1=ABS (SUM1-SUM2)
IF (ABS D1-D2>.LE.10E-03) THEN
SUM 1=M IN <SUM 1 ,SUM2)+D'i /2
ELSE
D2-D1
SUM1=3UM2
GOTO 50
END IF
ELSE
A=A~P
GOTO 40
END IF
X (K)-Cs
Y (K)=SUM1
WRITE (6,*) CS,6SUM!
CsS=Cs+0.1
70 CONTINUE

CALL PAPERK])
CALL MAP<0.00,3.50,0.00,11.00)
CALL AXES
CALL PO31TN<X<1l) ,Y<1))
DO 100 IPT=2 ?35
CALL JOIN (X<IPT),Y(IPT))
100 CONTINUE
CALL PLOTCS(0.40,11.00, 'Density of charge with respec
CALL PLOTCS(0.50,10.50,'to the sensor length')
CALL FRAME
CALL GREND
STOP



APPENDIX D

Data processing, and main program of data
contains three files as

1- MAIN.BAS
2- ERR.BAS

3- DEV.BAS

record.

This appendix



MAIN.BAS is the main program which collect the data.

10 DIM A% (100),B%(100),C% (100)

20 REM The program trigger th power

30 REM supply, and record 100 avereges
40 REM of three channels each average
50 REM is of 10 readings

60 REM then save the data in a file
100 PROCadc !
130 CALL reset
140 CALL avrge
145 FOR 1=0 TO 99 STEP 2

150 A% (I)=2? (&2.A00+I)+256*? (&2A01+1)
160 B%(I)=2 (&2B00+I )+256*? (&2B01+1I)
170 C%(I)=?(&2C00+I)+256*? (&2C01+1I)
160 PRINT A% (I),B%$(I),C% (I)

190 NEXT

200 PROCstore

210 END

2000 DEFPROCadc

2005 CONF=&80

2010 AVRG=&10

2015 CHNL=&20

2120 DIM M% 250

2130 FOR opt%=0 TO 2 STEP 2
2140 P%=M%

2150 [

2160 OPT opt%

2170 \

2180 \ START ROUTINE \

2190 \

2200 .avrge LDA £10 \ set mem &10 with
2210 STA AVRG \ 10 ten readings
2220 .start LDA £&4

2230 STA CONF

2240 LDA £&2A

2250 STA &73

2260 LDA £6&3

2270 STA CHNL

2290 LDA £&80 \ trigger power
2300 STA &.FE62 \ supply

2303 STA &FE6O

2305 LDA £0

2307 STA &FE6O0

2310 JSR delay \ wait 12ms

2320 .next JSR ADC

2330 JSR add

2340 INC CONF

2345 DEC CHNL

2350 BNE next \ make an average
2351 DEC AVRG \ of 10 wvalues
2353 BNE start

2355 INC &72 \ make 100 average
2357 INC &72 \ each time take
2359 BNE avrge \ two bytes
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2361

2363
2365
2367
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2530
2540
2550
2560
2570
2590
2600
2610
2765
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
4000
4010
4020
4030
4040
4050
4060
4070
4080
4090
4100
4110
4120
4125

.ADC

exit

.reset

.loop

.delay
.DLY2
.DLY1

.add

RTS

\ A

LDA
STA
SETI

LDA
AND
ORA
STA
LDA
AND
ORA
STA
LDA
ORA
STA
CLI

LDA
AND
CMP
BNE

STA
LDA
AND
STA
RTS

TO D ROUTINE \

£&F \ set first 4 bits
&FE62 \ as output

&FE6C \ CB2 low ,R/W
£&1 \ CA2 high ,DIR,RD
£&CE \ interrupt,CBl
&FE6C \

&FE60 \ clear input re
£6&0

CONF \ set config of
&FE60 \ multiplexer
&FE6C

£&20

&FE6C \ stat convers

&FE6D \ 1s interr set
£&90

£6&90

exit

&FE6D \ clear interrup
&FE6C

£&FD \ CB2 as high and
&FE6C \ CA2 as low.

\ CLEAR ROUTINE \

LDA
STA
LDX
LDA
STA
LDY
LDA
STA
INY
BNE
INC
DEX
BNE
RTS

£&2A \ clear 3 pages
&7 3 \ of memory from
£&3 \ 2A00 to 2C00
£0

&7 2

£0

£0

(&72),Y

loop
&7 3

loop

\ DELAY ROUTINE \

LDX
LDY
DEY
BNE
DEX
BNE
RTS

£&A \ delay of 12ms
£0

DLY1

DLY?2

\ ADDITION ROUTINE \

LDA

£0 \ all inputs



4130
4135
4140
4150
4160
4170
4180
4190
4200
4210
4220
4310
4900
4910
5000
5010
5020
5030
5040
5050
5060
5070

STA &FE62
LDA &FEG60
GLC

ADC (&72),Y
STA (&72),Y

INY
LDA £0
ADC (&72),Y
STA (&72),Y
INC &.73
DEY
ETS
]
NEXT
ENDPROC
DEFPROCstore

$=OPENOUT"DATA"
FOR 1=0 TO 99 STEP
PRINTS E%,A%(I),E%
NEXT
CLOSELE%
ENDPROC

\ add "o "the
\ previous val
\in 1 byte

\ store carry-
\in the 2 byt

2
(I);C% (1)



ERR.BAS is the program Wh:l..c}ll E._Eﬁ' the pfInr bar of tins data & .each run

Mistake
>,
10 MODE3 :DIM DV (150)
20 DIM AV (150),BV (150)
25 DIM CV(150),M(150)
30 PROC_ASSEMBLE !
70 E%S=OPENIN"DATO.5"
75 FOR 1=1 TO 50
80 INPUTS E%,AV (I),BV(I),CV (I),M(I)
85 NEXT
86 CLOSES E%
87 E%=0PENIN"DATZ2.3"
88 FOR 1=51 TO 100
89 INPUTS E%,AV (I),BV(I)fCV(I),M (I)
90 NEXT
100 CLOSES E%
101 E$=0PENIN"DAT2.8"
102 FOR 1=101 TO 150
103 INPUTS E%,AV (I),BV(I),CV (I),M (I)
104 NEXT
105 CLOSES E%
120 FOR 1=1 TO 150
130 DV (I)=400*BV (I)/AV(I)
140 NEXT
181 PRINT "ENTER RUN NUMBER"
182 INPUT RNB
183 PRINT "ENTER MASS FLOW RATE"
184 INPUT MFR
185 MODEO
224 PROCdraw(7,7,51,100)
235 MN%=Mean
300 PROCbarr -« '
445 MOVE 1200, 100~DRAW 1100,100
450 MOVE 1100,90 :DRAW 1100,100
460 DRAW 600,100 :DRAW 600,90
470 MOVE 600,100 ::DRAW 100,100
480 DRAW 100,600 :DRAW 90,600
490 MOVE 100,600 :DRAW 100,1000
495 DRAW 90,1000 :DRAW 1200,1000
500 DRAW 1200,100:MOVE 100, (100+Mean)
505 DRAW 1200, (100+Mean)
510 PRINT TAB(67,30) "100"
520 PRINT TAB (0,30) "0.o00"
530 PRINT TAB(0,13) "0.125"
535 PRINT TAB (13, 3) "Mean="
(
(0

536 PRINT TAB(18,3)MN%/4E+3

540 PRINT TAB 0) "0.225"

550 PRINT TAB(37 30) "50"

560 PRINT TABUS, 30) "Data number "
580 PRINT TAB (35,2 "RATIO OF Q2/0Q1"

)
581 PRINT TAB(50,2) MFR
582 PRINT TAB(60,2) "g/s"
590 PRINT TAB(34,1) "RUN",RNB
595 PRINT TAB(37,3) BARR
597 PRINT TAB(35,3) "Bar=+"

599 INPUT AS
600 IF AS=0 GOTO 605
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603" GALL DUMP
605 END

6!I0 DEFPROCbarr
620 MAX=0

630 MIN=1000

640 FOR J=1 TO '50

650 D1=DV (J)-MAX

660 D2=MIN-DV (J)

680 IF D1>0 THEN MAX=DV (J)
690 IF D2>0 THEN MIN=DV (J)
695 NEXT

696 BAR%= (MAX-MIN)

697 BARR=BAR%/8000

700 ENDPROC

800 DEFPROCdraw (Z,W,M,L)
805 Mean=0

810 FOR K=M TO L

815 X=2*M(K)+100:Y=DV (K)+100
820 MOVE X-2,Y+W

830 DRAW X+Z,Y-W

840 MOVE X+W,Y+Z

850 DRAW X-W3Y-7Z

870 Mean=Mean+DV (K) /50
880 NEXT

890 ENDPROC
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DEV.BAS is the program which find the standard deviation of each run.

10 MODE3
15 PROC_ASSEMBLE
20 DIM AV (50),EV (50)
25 DIM RC (50), M (50)
30 DIM DEV (5),MEN (5)
70 E%$=OPENIN"DATO.5"
75 FOR 1=1 TO 50
80 INPUTEL ES%,AV (I),BV(I),RC(I),M(I)
81 NEXT
85 PROCmean (1,1 ,50)
86 CLOSEf E$%
87 E%$=OPENIN"DATI1.5"
88 FOR 1=1 TO 50
89 INPUTf E%,AV (I),BV(I),RC (I),M (I)
90 NEXT
95 PROCmean (2,1, 50)
100 CLOSELf E%
101 E%=0OPENIN”DATZ2.3"
102 FOR 1=1 TO 50
103 INPUTS E%,AV (I),BV(I),RC(I),M (I)
104 NEXT
105 PROCmean (3, 1,50)
110 CLOSES E%
120 E$=OPENIN"DAT2.8"
130 FOR 1=1 TO 50
140 INPUTS E%,AV (I),BV(I),RC(I),M (I)
145 NEXT
146 PROCmean (4,1,50)
147 CLOSES E%
150 PRINT “ENTER MFR : A,B,C,D"
151 INPUT M(1l),M(2),M(3),M(4)
181 PRINT “ENTER RUN NUMBER-
182 INPUT RNB
185 MODEO
400 PROCdraw
445 MOVE 1200, 100'-DRAW 1100,100
450 MOVE 1100,90 :DRAW 1100,100
460 DRAW 600,100 :DRAW 600,90
470 MOVE 600,100 :DRAW 100,100
480 DRAW 100,600 :DRAW 90,600
490 MOVE 100,600 :DRAW 100,1000
495 DRAW 90,1000 :DRAW 1200,1000
500 DRAW 1200,100
510 PRINT TAB(67,30) “5 g/s"
520 PRINT TAB (0, 30) "0.00"
530 PRINT TAB(0,13) "0.125"
540 PRINT TAB (0, 0) "0.225"
550 PRINT TAB(37 30) “2.5 g/s"
560 PRINT TAB(45,30) "Mass flow rate-
580 PRINT TAB(31,3) "Standard deviation on Q2/Q1"
590 PRINT TAB(34,1) "RUN" ,RNB
000 CALL DUMP
605 END
805 DEFPROCdraw
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810 FOR K=1 TO 4

815 X=M(K) *200+100:Y=MEN(K)+100
820 MOVE X-5,Y

830 DRAW X>5,Y

840 MOVE X,Y+DEV(K) /2
850 DRAW X,Y-DEV(K)/2
880 NEXT

890 ENDPROC

900 DEFPROCmean (Z ,M ,L)
905 MEAN=0

910 FOR I=M TO L

920 RC (I)-400*BV (I)/AV(I)
930 MEAN=MEAN+RC (I)/50
940 NEXT

950 MEN (Z ) -MEAN

960 D3=0

970 FOR I=M TO L

980 D4=(MEN(Z)- RC(I) )
990 D3=D3+D4*2
1000 NEXT
1010 DEV%=SQR(D3/50)
1020 DEV (Z )=DEV%
1030 ENDPROC
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APPENDIX E

This software is the basic idea of flow regularisation explained
in chapter 6.

NAM MAIN
TTL. MAIN PROGRAM OF MFR CONTROL

IFF1

USE /DO/DEFS/OS9DEFS

ENDC
* MODULE HEADER DEFINITION

MOD PRGML,NAME,b*11,$81,ENTER, MEMSZ
NAME FC3 "MAIN”
* DATA EREA

RMB 3 work erea,calculations

01 RMB 20 data erea of the charges
02 RMB 20 01 and 02 sensed
DIFF RMB 2
BITS RMB 1
NBPULS RMB 2
RATIO RMB 2 02/01
NFR RMB 2 reference mass flow rate
BLGTH RMB 1
RMB 256
RMB 200
MEMSZ EQU . MEMORY SIZE
* SYMBOLS DEFINITION
PIA EQU $C1B8 pia port 2

* PIAI2 port 3

* PROGRAM EREA

ENTER EQU *

*** p T A INITIALISATION * k%
LDA #7.00000000 BET DDRGA
STA PIA+1
LDA #$FF ALL OUTPUTS port 2
STA PIA
ORA #7.00100100 SET DREGA
STA PIA+1
LDA #7.00000000 SET DDRGB port3
STA PIA+3
LDA ##00 ALL INPUTS
STA PIA+2
ORA #700100100 SET DREGB
STA PIA+3
ANDCC ##EF

READ ROUTINE ***

READ LEAK Q1,U clear previous data of 0.1
LDB #20 ten data each of two bytes
LBSR CLEAR
LEAK 02,U clear previous data of 02
LDB #20 ten data each of two bytes
LBSR CLEAR
LDA #7.00000011 set multiplexer
ORA PIA conf igurati an
STA PIA for desired mass flow rate
LBSR ADC enter NFR
LDA WORK
STA NFR store NFR
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LDB #20 load nbr of reading
AGAIN LDA #700000001 set config of chi

ORA -PIA

STA PIA

B3R ADC read Q1
LEAX Q1,U get previous value of Q1
LDD ,X add-~it
ADD ,U to the recent value
STD Q1,U store it
LDA #7.00000010 set multiplexer conf igqg
ORA PIA for Q2
STA PIA
B3R ADC read 0.2
LEAX 0.2,U get previous value of O
LDD ,X add"it
ADD ,U to the recent wvalue
STD 02, U store it
DECB has record been completed
BNE AGAIN if not branch to again
LEAX 01,U get add of 01
LEAY 020U get add of 02
BSR DIVDIT rnake division
DD ,U
STA RATIO,U store it in ratio
BSR MOTOR branch to motor routine
CLRB
0S9 FT-EXIT
4% A to D CONV ROUTINE **%*

ADC LDA #7.00001000 set CB2 as high
ORA PIA+3
ANDA #a11110111 set CB2 as 1low
STA PIA+3

WAIT LDA PIA+3
CMPA #7.10110110
BPL WAIT
LDA PIA+2
STA ,U
RTS

*** STEPPER MOTOR ROUTINE ***

MOTOR LDD MFR,U get MFR value
CMPA RATIO,U compair with ratio Q2/Q1
BCS DIRD branch to turn down

DIRU LEAX MFR,U turn up if MFR is
LDD ,X gretter than ratio
SUBD RAT 10 ,U substract raitio from
STD DIFF,U MFR, store it in DIFF
LDA #7111101II set turn, up confiq
ANDA PIA
STA PIA
BRA INPUT

DIRD LEAX RATIO,U if ratio is gretter than MFR
LDD ,X turn down,
SUBD *MFR ,U' substract MFR form ratio
STD DIFF,U store it
LDA #70000.1000 set turn down config
ORA PIA
STA PIA

INPUT LDA DIFF,U
CMPA #5 compair it to the accuracy
BCS EXIT branch to exit if diff '"is
LDB #24 less than the accuracy, multip
MUL by 24 which is.related to total nbr
STD NBF'ULS,U of turns,'' '
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MORE EDA #0
QRA FIA
STA PIA
LBSR DELAY

LDA #7,00000100
QRA PIA

STA PIA
DEC NBPULS
BNE MORE
RTS
'16 BITS BY 16 DIVISION ROUT INE ex-i
DIVDIT LDA #16 FOR 16 BIT DIVISION
STA BITS,U
LDA ,Y
STA ,U
1LDA 1,Y
STA 1,0
CLRA
CLRB
DVSN A3L 1,U SHIFT LEFT LSB
ROL ,U ROTATE LEFT MSB
ROLB
ROLA
CMF'D ,X
BLO NEXT
SUBD ,X
INC 1,U
NEXT DEC BITS Y is the starting add of remaind
BNE DVSN
STD REM,U store remainder
RTS
**%* CLEAR ROUTINE **%*
CLEAR CLR X+
DECS
BNE CLEAR
RTS
*** DELAY ROUTINE ***
DELAY LDX #4=1250 10ms DELAY
BRA DLY
DELAY 1 LDX #4=236 4.55ms DELAY
BRA DLY
DELAYS LDX #4=5 40us DELAY
DLY LEAX -1,X
BNE DLY
RTS
*** SUBSTACTION ROUTINE **%%e
*** 16 bit ADDITION ROUTINE W**
MOVE ROUTINE ***
MDVEDT LDA , X+ X:START ADDRESS OF DATA
STA ,Y¥+ YsFIRST ADDRESS WHERE TO MOVE DATA
DECB Bf. NUMBER OF BYTES TO BEMOVED
BNE MOVEDT
RTS
CLRB
EXIT 0S9 F4EXIT
EMOD
PRSML EQU ~*
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