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Noisture content of paper is important both for the
mamufactirers and users. Proper moisture content in paper is
possible only with accurate instruments used both in productién
line and laboratory., The present dissertation work consists of
the development of electrical type paper molsture meters both
for on-line and laboratory applications and their performance
analysis was undertaken. Developed instruments are based on
resistance change of paper with moisture for on-line use and
capaciténce change of a parallel plate capacitor with change in
the dielectric constant of paper with moisture for laboratory use.
Encouraging results were obtained frmn'their analysis. Based on
this work, prototypes can be develbped. Scope of future research
in this area'bécmnes clear and the developed instruments can also

be improved to obtain better results.
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CHAPTER= 1

INTRODUCTION

From the dawn of civilization, betula (betulaceous, &
fanily of trees having special thin bark) has been the medium for
writing informations to preserve the valuable manuscripts and to
transfer the messages from one place to the others For the last
many centuries paper production from wood pulp has been into
existence, but one of the most difficult and persistent problems
is the production of a uniform paper sheet containing 'right
amount of moisture's According to its degree of moistness,
paper can display a mmber of pecullar phf)rsical and mechanical
characteristics. If these characteristics are not controlled,
undesirable economical and technical consequences can re.su.lt for
both manuféc-turers and users of paper, particularly in the
highly specialized printing industry. '.Im‘prOper sheet moi.sture
nanifests itself on the paper machine bys

(a) Variation in finish, bulk, and density.

(b) Blackening of the paper sheet.

(c) Cockles, puckers, and grainy surfaces.

(d) BExcessive breaks on the .machine resulting in loss of
production time.

(e) Won uniform strength properties such as burst, tear,

and fold, .
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Printers and users also encounter difficulties due to improper
sheet moigture, because of the followings:

(a) Development ofcurl.

(v) Poor strength properties. |

(¢) Lérge sheet dimensional change due to shrink or stretch.

(d) Poor coating and printing surfaces.

The firét essential step toward control and moisture
content is its measumment. However, paper web moisture is one of
the most difficult process variables to be measureds This is,
because practically all means of continuous moisture measurment
are indirect, and are affected to a greater or lesgser extent by
other process variables such as temperature, composition, pH etc.
None of the pogsible methods of meagurment is universally appli=-
cable to all types of papers made from different raw materials
because none is free of the extraneous effects of other variables.
Therefore, the method to use is usually the one that provides
the most reproducible results with the materials of interest and
at the same time is least affected by other variables known to

exist in the process. K N

The well accepted conventional method of moisture deter-
mination in paper is by weighing and is used for calibrating
other (indirect) type of instyuments. The samplevis weighed
when ’wet' and subsequently when dry by driving off the moisture
by dessication. Percent moisture content (M) is then calcilated

from
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“ary
e P 100 '/. (1.1)

This moethod is very slow and crude. It can nct be used for
online measument of paper moisture, which is a must for controll-

ing the moisture within a safe permigsable limit.

The development of instrument technology for the measurment
of the moisture content of the materials has undergone a radical |
change in recent years and there has been a revolution of methods
and results these days in estimating moisture content of samples
by the application of modern physical techniques such as infrared
spectroscopy, miclear magnetic resonance spectroscopy (NMR),
neutron-scattering etc. These techniques have been developed
based on some unique physical properties of water or that of
hydrogen (27 proton) which forms its main constituent. Both
online and laboratory measurments of paper moisture have been
tried with some of these technidques and results obtained are
quite encouraging, Since both manufacturers and consumers are
not véry quality concious in'India, practically no paper moisture
measuring instrument could be developed and marketed indi geneously
so far, Some special types of papers are mamufactured with proper
moisture content using imported instruments. Through this disser-
tation work, a preliminary step towardindigenisation of technical

know=how in thig¢ area has been taken.

1.1 ORGANISATION OF THE DISSERTATION WORK

The work embodied in thig dissertation is divided in gix

chapters. After giving a brief introdiction in the first chapter,
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Chapter II deals with the cellulose-water relationship. In this
chapter various properties of water and cellulose are‘described,
which are importent for moisture measuring system. The influence
of interaction between solids (paper5 and water on moisture

measuring methods is also considered.

A critical uptodate review of molsture measuring methods
(particularly applicable for paper) is made in Chapter III.
Every attempt is made to cover up all the important moisture
measuring methods for paper in this review chapter, space being

the only limitation.

Chapter 1V deais with the resistive type moisture meters
developed for paper molsture measument. The conventional resig-
tive type moisture meter is not very much useful in the field
because of: its non-linear response characteristic. It is opti=-
mized and ﬁhen linearized. Resistivé transducer is used as
sensore It is an on-line method of paper moisture measurment,
and the instrument can be directly used in the paper industry
for the contimous moisture measurment of the papers It is a

simple, compact, portable and economic ingtrument.

Chapter V deals with the developments of capactive moisture
meters. Parallelvplate capactive transducer has been used as a
sensor. A linearized'capacitiﬁe moisture meter is deveIOped for
paper moisfure measurment, This instfument is portable and can
be used for paper moisture measurment intermittently or continu-
ously. This ig pafticularly useful as a laboratory type instru~

ment.



1=5

Finally, in the chapter of concluslons, a complete summary
of the work done by the anthor is given, which mainly consists
the relative performance of the developed instmiments. Scope of

further work in this area 1s also included in this chapter,
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CHAPTER- 2

. T A

PAPER (CELLULOSE) -~ WATER RELATIONSHIP AND THEIR PROPERTIES

e

The cellulose-water relationship is the most important
relation;hip,in the paper industry. The amount of water in the
individual fibers affects the strength flexibility and sheet
foming characteristics of the fibers. The moisture content of
the paper affects the weight; strength, dimensional stabiiity, and
electrical properties of-paper and is a highly‘import&nt.factor in

the calendering, printing, coating and impregnation of paper;

Thé moisture content of paper stored under normal condi-
tions 1s usually between & to 10 % at a relative humidity of
40 to 60 % . The quality of paper is determined by the cellulose-
water relationship, therefore, the various aspects of the cellulosc -

water relationship are described here in brief.

2.1 CELIULOSE 2

It is not easy to give a chemical definition of the word
"Cellulose® which fits all the uses of the word. The 'ideal’
cellulose is a linear polymer composed of individual arhydro-
glucose units (aiso called glucopyranose units) linked at the !
and 4 positions through glucosidic bonds with the beta configu-
ration. Thus, it has the repeated unit, with n having values

renging from about 50 to 5000 or more, as shown in Fig.2.1.Some
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of the early formulas proposed for cellulose are also shown in

Figq 20 20

0.5 PROPERTIES OF CELIJLOSE 3™

2,241 PROPERTIES IN STATIC STRESS (CREEP)

The mechanical behaviour of cellulose under static stress
is important because the resulting strain and breaking stress are
time dependent. The éontinually increasing deformation, commonly
known as creep, frequently results in undesirable dimensional
changes or actusl rupture of the structural element, On the
other hand, a moderate amount of creep may be beneficial by
relieving regions of.highiy localized stress, thus equalizing the
load distribution. |

Creep in tension may be simply observed by measuring
elongation of the material at vafious times after a constant
load has been applied. If the deforming stress is applied for a
sufficiently long time, mpture occurs even when the stress is

very low, as shown in Fig.2.3.

2.2.2 PROPERTIES IN STATIC STRAIN (STRESS RELAXATION)

When high polymer material (eege paper) is rapidly
deformed and held at constant deformation, the internal stress
relaXes very rapidly at first and then more slowly as time goes

on. This phenomenon is termed as "stress relaxation”.

Stress relaXxation is eXpressed by Maxwell's formulat

‘ 9 = 0 o~t/n (2.1)
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where ¢, and ¢, are stresses at times t and O, respectively, and «
is the time of relaxation in which the tension falls to 1/e of its

original values Fige2¢4 shows the stress relaxation function., |

22,3 ELECTRICAL PROPERTIES OF CELLULOSE

Celluloge has two important electrical properties. First,
the property of resistivity Anhydrous cellulose behaves as an
insulators It has the d.c. resistance value of about 1012 g
when no molsture is present in the cellulose sample. As the |
amount of moisture increases in the cellulose sample, its resis-
tanee value decreases exponentialy., In the range of 15 to 20 %
moisture content, the value of cellulose resistance is 105 to 106

Q , as shown in Fig.2.5,

Second, cellulose is a dielectric material., It has a
dielectric constant in between 2.7” to 343, when no moisture is
present in the cellulose sample. As the molsture content in the
cellulose sample increases, the dielectric constant of the sample
inecreases at rate of 0,78 per one percent increase in the moisture
content of the sample, The relationship between dielectrie
constant and moigture content present in the cellulose sample is

almost linear, as shown in Fig.2.6.

5.3 WATER AND ITS GENERAL PROPERTTES'16)

2.3.1 MWATER

The term 'water' refers in general to water in which the
isotopes appear in their natural relative abundancés; The mole=

cular structure of water (HQO) consists of highly directional
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hydrogen bonds and is represented as:

H -~ 0 —H

2.3.2 NATURE OF WATER (MOISTURE) IN HYGROSCOPIC MATERIALS

Adsorbed moisture exists in many forms in the hygroscopic

materials, shown in Fig.2.7.

Egpilibrium Moisture (X*)% This is the moisture content of a

substance when at equilibrium with a glven partial pressure of

the vapo e

Bound Moisture? This refers to the moisture contained by a subs~

tanée which eXerts an equilibrium vapor pressure Jess than that

of the pure liquid at the same temperature,

Unbound Moisture: This refers to the moisture contained by a

substance which exerts en equilibrium vapor pressure equal to

that of the pure liquid at the same temperature.

- Free Moisture: Free moisture is that moilsture contained by a-

*
substance in excess of the equilibrium moisture: X - X .

2:3s3 SCATTERING AND ABSORPTION OF LIGHT WAVES BY WATER

When a layer of pure water is irradiated with a beam of
monochromatic visible light, most of the light is either trans-
mitted through the layer or reflected from the surface of the
layer, but a fraction of light is scattered in other directions.
The total light scattered by water is in the range of A= 2636 to
5790 A° and varies with A. The absorption spetrum of water vapér

eXtends from the far infrared to the far ultraviolet and consists



of a series of bands, each composed of numerous lines,

2.4 ELEGTRICAL PROPERTLES OF WATER'®)

2.4 1 CONDUCTIVITY OF WATER

The conductivity of pure water is due to hydrogen (5*) and
hydroxyl (OH™) ioms in equilibrium with water molecules. The
conductivity of intrinsic water, theoretically estimated is
0.0548 x 10™C mho/am. at 25°C. Weiland obtained pure water having
& conductivity of 0,05 - 0,07 x 10”0 mho/em. by distillation in
quartz. In contact with air, water dissolves CO, and the conduc-

tivity rises at 25°C to about 8 % 10"6 mho/em.

Water is a dipolar molecule, When an electric voltage
(below breakdown strength) is applied, i1t shows conduction due to
the presence of H™ and OH” ions. The conductivity, K, of a
substance is the reciprocal of its volume resistivity, which is
the longitudinal resistance per unit of length of a unifom

¢ylinder of the substance of the unit cross~section area.

While employing electrical methods of moisture measurment,
it is nomal practicle to use the term 'resistance’ or 'specific
resistance' more often then the tem ‘'conductivity'. This is
because most electrical instruments operate on relationship between
molsture content and the specific resistance of a hygroscopic
material between two fiXed points. Bpecific resistance is usually
defined as the resistance between the opposite faces of a 1 amd of
the material, |



2.%,2 DIELECTRIC PROPSRTIES OF WATER

Water has high dielectric constant (80,0). No other
liquid approaches it in this property. This accounts for the
great lonizing povwer of waters The value of dlelectric constant
of vater, expresgsed in electrostatic units, can be defined as the
ratio of the mutual electrical capacity of a given pair of equi-
potential surfaces, fixed with reference to each other, when
immersed in the dielectric (water) to their capacity and also
when immersed in vacuwm. If the polarization of the dlelectric
is accompanied by a dissipation of eneng, the apparent dlelectric
constant is a complex quantity. In such cases the real part is
commonly called the dielectric constant. In case of wafer, the
dielectric constant at optical frequencies is much smaller t‘»aén

that under static conditions.

2,4,3 TEMPERATURE AND FREQUENCY VARIATION OF DIELECTRIC
GONSTANT OF WATER

The approximate relationsghip between gtaticdielectric

constant (E,) and temperature (T) is given by Kirwood's equation:

. 19,000

ES e T | (202)

vhere T is expressed in Kelvin scale. This law has been eXperi-
mentally verified, and the results are found to be in fairly good

agreement with Kirkwood's theoretical calculations.

There is no satisfactory theoretical treatment of the
frequency dependence of the dielectric properties of water as

such. BExperimentally it has been observed that dielectric
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constant of water remains constant at 81 upto 1,000 M Hz.

Fig.2;8 shows the varlation of dielectric constant and dielectric
loss of water with change in frequency over a wide range of the
frequencies. It can be observed that the dielectric constant

remains nearly constant over a very wide range of frequencies.

2.5 INTERACTION OF WATER WITH CORPUSCULAR RapIaTIONs'S)

Tonizing radiations in the formm of a,P,Y, and X-rays or
streams of fast moving neutrons, and other charged particles
bring about decomposition of water into hyd‘rogen, hydrogen peroxide,
and oXygen. A steady state is reached where the rate of decompo-

sition just matehes the resynthesis rate of water,

In water vapor the range of the « particlés ig 0,77 times
their range in air at the same temperature and pressure. The
range of ¢ particles from polanium in liquid water at 15°C is
32 um. The range of a« radiations in liquid water from RaC has
been found to-‘be 60 um. | |

The coefficient of mass absorption of 8 rays from RaE in
liquid water is 17,% en®/g. The coefficient of absorption of

. s s s % -1
neutrons in liquid water is 0.027 cm. .

2.6 ABSORPTION OF MOISTURE BY HYGROSCOPIC MATERTALS(?»6)

. —— - .

24641 PHEVOMENON OF WATER MOISTENING A SUBSTANCE

Fige 249 represents diagrammatically how water combines
with a hygroscopic substance, A layer of molecules of water

envelops the substance, fastening itself on the hydmphildus
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parts by electric action, potentials of contact, or eXchange
electrovalences. Molecules of water, being polar, are oriented
by that bondg they present toward the exterior a polarized
surface that is capable of affixing to it a new layer of molecules
of water. Thus a second layér ig capable of acting the same way,
and there is formed a diffuse atmosphere of molecules attached to

the substance.

The water molecules must be absorbed directly into the
hydrophilic groups, or they may form further layers on top of the
water molecules already absorbed. Water molecules directly
attached will be firmly fixed, fitting tightly to the structure
of molecules, and will therefore be limited in their movement.

The indirectly attached water molectiles will be more loosely held.

Water is absorbed in materials in three phases; The first
phase to be absorbed is tightly bound to hydrophilic groups in
the side chains of the molecule and has liﬁtle effect on the
rigidity of the structure of its electrical properties. The
second. phase is attached to groups in the main chain and repiaoes
cross~links between molecules. The main effect is on rigidity.
The third phase is more loosely attached and is only appreciable
at high humidities.

2,642, EQUILIBRIUM-MOISTURE RELATIONSHIP AND HYSTRESIS

Thé moisture contained in a wet solid 6r liquid solution
eXerts a vapor pressure to an eXtent depending upon the nature of
the moisture, the nature of the solid, and the temperature., If

then a wet solid is exposed to a continual supply of fresh gas



10r

082 5SoRPYION //'

0% 7 - .
\ / DESORPTION
0.4 - .

s RELATIVE SATURATION ——o

L
P

e

o k4

X 0.2 03
MOISTURE CONTENT —w

FI6.2 1_EQUILBRIUM WATER CONTENT OF A SULFITE
PULP, SHOWING "HYSTERESIS. |



2«9

containing a fixed partial pressure of the vapor, p, the solid
will either lose maisture by evaporation (desorption) or gain
moisture {adsorption) from the gas until the vapor pressure of
the moisture of the solid 'ecp.als pe The solid and the gas are
then in equilibfium, and the moigture content of the solid is
termed its equilibrium~moisture content at the prevailing condl-
tions. A few typical equilibrium-moisture relationships are
shown in Fig.2. '1'0, where the moisture in each case is water.

Here the equilibrium partial pressure p of the water vapor in the
gas strean is divided by the vapor pressure of pure water, P, to

give the relative saturation or relative humidity of the gas.

Many substances exhibit different equilibrium-moisture
characteristics depending upon whether the equilibrium 1s reached
by condensation (adscrption) or evaporation (desorption):of the
moistures A typical example of hystresis is shown in Fig.2.11,
In drying Opérations, it is the desorption equilibrium which is
of particular interest, and this will always show the larger of
the two equilibrium-moisture contents for a given partial pressure

of vapor.

5.7 INFLUENGE OF INTERACTION BETWEEN SOLIDS AND WATER ON
MOTSTURE~MEASURING METHODS®?)

Most of the problems arising in moisture measument are
- related to the material prOperties; Materials are mostly compo=-
slte systems in which structure has a great effect on the inter-
action between material particles and ﬁater;

A1l materials can be classified into three groups:
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(1) Colloidal materials - gelatins, pastes.
(i1) Materials with capillary pores - sands and soils.
(ii1) Colloidal materiels with capillary pores -« This

combines the properties of both groups (1) and (ii)
and consists of capillaries with flexible wallsy and
therefore change their form and shape when absorbing
or losing moisture, Fiberous materials (e.g. paper)
fall in this group.

Three types of bonds exist between solids and water:

(1) Chemical Bondt The most energetically stable bond.

The chemically bound water can only be separated by
breaking down the chemical structure, resulting in a
change of proverties.

(1) Physicochemical Bond: In this, water exists on the

material surface. The formation of this tyve of
bond is caused by electrical forces. In this case of
hydrogen bonding, dispiacanent of charges takes place.

(1ii) Physical Bond: In this, water has the weakest bond

with the material., Water bound in this way has
little interaction with the material.

It is assumed that the dlelectric constant of water is
about 80. Nevertheless, in reality, the dielectric constant of
pure Wwater that is only made up of the tfidymite structure is 8Q.
The dielectric constant of water bound in a different way deviates
- fron this value and changes inversely with the strength of binding.
Thus, in the case of nateriels with a very strong water bond, the

dielectric-constant versus moisture-content curve has a very low
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slope in the initial stages.

Unequal moisture distribﬁtion leadsrto incorrect measur-
ing results, even with instruments based on measurment of conduc-
tivity (or resistivity)., A& value exceeding that of the mean
moisture content 1s obtained if some parts of the sample contain
higher moisture contents. Direct influence of water-solid inter-
actlon is apparent, since the logarithmic relation between resis-
tivity and molsture content exists until hygroscopiec saturation.
After saturation, this relatlonship 1ls represented by a flat curv

and is not suitable for measurment.,
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A REVIEW OF MOISTURE MEASURINC METHODS OF PAPER

The moisture measuriny methods are broadly classified
into two groups:
(i) Direct (Chemical) moisture measuring methods.

(11) Indirect (Physical) moisture measurinz methods.

In the direct methods moisture is normally extracted
from the material by oven drying, desication, distillation and
other chemical techniques, sand its quantity found by welghing or
by observing the pressure or temperature change's of the chemical
reaction. Direct methods are usually employed in the laboratory
and are found to be accurate. With proper precautlons in sampling,
in most of the cases, absolute values can be obtained. Some of
the important direct methods are:

(1) Oven drying method of moisture measurment.

(1) Distillation method of moisture measurment.

(iii) Titration method of moisture measument.

In the Indirect methods, the moisture content is not
extracted from the material, instead properties of the wet solid
dependent on the quantity of water present are measured. Some of
the related properties on which a number of significant moisture
neasument techniques have been developed aret

(1) Resistive method of moisture measument.



(i1) Capacitive method of moisture measurment.
(1ii) Microwave method of moisture measurment.
(iv) Infrared method of moisture neasurments

(v) NeMR. method of moisture measurment,

A Comparison Between Direct and Indirect Methods

With the direct methods, it is possible to get very
accurate and even abgolute values of the melsture content, but
the time taken in thege methods is considerably large and the

operations are mostly mamal,

Indirect methods, though dependent in accuracy on the
results of direct measuments against which they are calibrated,
offer the quickest mode. of moisture measument. The continuqus
measumment and automatic control of moisture content is possible

only with the indirect methods,

Today, the determination of moisture is more often achieved
by instrumental (indirect) methods rather than by direct chemical
analysis, because of the rapid developments in the field of

electronic instrumentation.

3.1 DIRECT METHODS OF MOISTURE DETERMIVATION ?s7)

3.1.1 DRYING METHODS

In these methods the paper is exposed to low relative
hunidity and decrease in welght occasioned by loss of moisture is
determined. The common procedures aret

(1) Drying in an electrically heated oven at 100 ta 125°C,
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(ii) Drying'in & vacuum oven in the range of 60 to 120°C

(iii) Drying at room temperature using anhydride P205 .

The oven drying method is the most commonly used procedure
for detemining the molsture content of the paper because of its
ease and simplicity. For general use a femperature of 105 + 2°C
is recommended (TAPPI TW2)., Temperatures above 120°C are not
advisable, because of possible decomposition of eellulose and
certain other components of the paper. The paper sample is heated
continuwusly for 1-ur. periodlor until the weight is constant.

The moisture content of the paper is calculated by the Eq.(1.1).

3¢1.2 DISTILLATION METHODS

Moisture can be removed completely from the paper by
distillation with a watepr=immiscible solvent. The distillate 1s
condensed and collected in a trap. The'solvent is returned
continuously to the distillation flask, while the water remains
in the trap and the volume is measured at the conclusion of the

test.

This is a volumetric method and is especially suitable
for materials which contain appreciable amounts of volatile
substances other than water and for waXed or for varnished papers

which are difficult to dry in an oven.

3+1.3 TITRATION METHODS

The Karl Fischer method 1s the most useful and generally
applicable titration method. The Flscher reagent is a solution

of iodiney pyridine, and sulfur dloxide in methanol. The reactior



with water can be represented byt

| Ly + 50, + 3{f¢hﬁ\T + Hy0 = 22(:?13 i;

T Reagen’c " mm—"

In the determination, anhydrous methanol is added.to the
paper. The methanol removes the water and the solution is titra-
ted with the Fischer reagent. The end point of the titration can
be found visually, For accurate nolsture content measurments,
the dead4stop method of.endvpoint detection is preferred and
antomatie titrators of thls type are available from geveral

namfacturers.

3.2  ELECTRICAL/ELECTRONIC METHODS OF MOISTURE
HEASURMENT 19619, 10,11)

g A W P

In section 2.%, we have seen that water hes two important
electrical properties? conductivity and dielectric. Molsture
measuring methods and instruments based on these properties are

described here.

3.2.1 D,C, CONDUCTIVITY OR RESISTANCE METHOD

Principle of Operation

There 1s a definite relationship between the moisture
content of hygroscopic materials and their dec. conductivity or
d;c; resistance, which 1s logarithmic in nature and shown in
Fig.2.5. Anhydrous paper has very high resistance value
(1011 to 1012 ohms), whereas the resistance of the moist paper

varies from about 25 XQ to 50 M& for various grades of papers
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wvith various mcisture contents. This large change in resistance
becanse of moisture variation is measurable and is a direct

function of the moisture contents present in the samples

On~Line Moisture Measument of Paper

Fig.3.f shows a scheme which operates by measuring the
electrical resiétance through the paper. This scheme mainly
consists of three unitss |

(1) The electrode system.

(11) The electronic unit.

(1i1) The indicating meter or recorder.

The electrode system consists of two electrodes. One
electrode is grounded, called as grounded cylinder (roller) and
the other electrode 1s placed against it, called as detecting
roller. The sheet of paper passes through them. The detecting
roller is ingstalled against the sheet of paper in such a manner
that the paper is used as a resistance between the grounded

drying cylinder and the detecting roller.

- Paper resistance forms one am of the wheat stone bridge
in the electronic unit. The change in the paper resistanée,
because of the change in the moistness of the paper, produces
an out of balance voltage in the wheat stone bridge. This out of
balance voltage is further amplified by the amplifiers and then
the signal is fed to a sultable indicating or recording meter
which is calibrated in terms of the percentage of the moisture
content present in the paper. Calibration in tems of moisture

content is established by a calibration curve, which is different
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for each grade of paper. Satisfactory measuments have been
made on some papers with moisture contents as low as 2 percent

and as high as 40 percent. .

Only one detecting rcller can be uged in such a way that
1t can cover the whole of the width of the paper sheet, by using
the mechanical gear and lever arrangmnent. The detecting roller,
comes back at the ihitial‘position again after scanning whole of
the width of the paper. A movement profilevof such a detecting
roller is shown in Fig.3.2. The»advantage of using the detecting
roller in this fagbion 1s that it gives a continuou;Achedkﬁaf-tﬂe.

moisture content at the different places of the paper sheet.

In the recent.devéIOpments, a number Qf-detecting rollers
(usually six nmumber) are used instead of using only one défecting
roller. These rollers are piaced on the width of the paper sheet
at equal distancesy as shown in Fige3e3. Two rollers aré piaced
at the edges of the paper sheet and rest‘fbur rollers are placed
on the paper sheét such that the disténpe betWeen the two rollers
is 20 percent of the total width»of the-paper sheet. The control
of such a scheme is usually in the control room; where the
opera.or can.put any one of the rollers iﬂ.the operation just by
moving the gselector switch for a particular roller; When a partie-
cular roller is in contact with the paper sheet, other rollers
remain in the lifted position. Thus, moisture content of the
paper sheet can be moniteréa ét its different places and accor-

dingly it can be controlled.



Hart Molsture Meter

- .

The same principle of change in resistance because of the
change in the moistness of paper is applicable in Haft nolsture
meter., Paper forms one am of the wheat stone bridge, The
Instrument i1s deslgned such that a series of known rasistance
can be incorporated into the baléncing am of the wheat stone
bridze by pressing the Watton associated with that resistance.
The resistances are chosen to glve uniform steps of approximately
0.1 % to 0.5 % moisture. Before use, the instrument must be
calibrated with the papers cf known moisture content. An elect-
rical circuit of Hart moisturc meter is shown in Fig.3.t, in

which a direct voltage (10-45 Volts) is applied across the paper.

Factors Influencing the Moisture Measument

e -

For optimum results from the dic. conductivity/resistance
moisture meters, the following factors should be taken into
consideration:

(i) Moisture Distribution

Moisture must be uniformly distributed througheut the
sanple, since resistance meters measure the path of least resis-
tance and a single wet spot in the seample can vitiate the test

results,

(i) Renge of Measurment

The accuracy of measurment is less in the samples having
very low or very high moisture contents. Accurate measurments

of + 0.5 /4 can be made in the range of 3 to 30 % moisture contents.
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(1i1) Temperature

- A

Nomally, operation temperature should be 20 to 25°C, The
eleetrical resistance of a hygroscopic material is an inverse
function of its temperature, therefore, suitable temperature
correction should be made,

(1v) sampling
Sample should be in proper size and quantity beeause

larger the sample, the more representative is the result.

(v) Purity of the Semple

The presence of snall amounts of impurities in the fomm
of an electrolyte drastically affect the conductivity of the

sample and hence introduces the error in the test results.

(vi) Method of Measurment

HMoisture content of the samples must be measured as
repidly as possible, Where the current is passed directly through
the sample. Delay in measument will case the heating of the

sample and thus the incorrect results.

Merits and Demerits

(1) There is a large chanse in the resistance for a compara=
tively small change in the moisture content.e An almost
linear relationship holds between the moisture content
and the logarithm of the resistance over the hygroscopic
range, in which accurate moisture measurments can be

mnade.
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(11) Resistance is a property which can be measured by simple,
robust and reliable apparatus.

- (11i) Moisture measurment is instantaneous after the sample is
placed between the electrodes. Hence, contimious
measurment and control of moisture can be made in an
industrial process.

(iv) Meisture measurments are affected by the desree and
ef%iciency of the contact between electrodes and sample.
It is not always practicable to obtain uniferm contact
(due to the unevenness of—tihre surface of the sample) end
accuracy of measurment ig of doubtful nature in such
cases. ,

(v) The reading of the meter is very much affected by the
presence of impurities in the form of electrolytes, and
it is not possible to control these impurities as the
moisture content may vary with the quality of water used
in the processing of the material. This is a serlous

drawback in this type of meter.

3.2.2 A.C, CONDUGTIVITY METHOD

Paper containing no water is an insulator and produces
effectively infinite resistance, or no conductivity., Pure water
is also an insulator. However, water in paper is invariably
contaminated by electrolytes in solution which meke it conductive.

Using alternating current, the conductivity of paper can
be measured over a range of moisture contents and kinds of paper,

The change in conductivity with moisture content is large and the
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relatlonship is exXponential in form so that a shift of 1 percent
in moisture causes conductivity to rise in five times its value

at lower moisture content. A change of 2 percent in moisture at
lover ranges change ccnductivity by 25 times. The block diagran
in Fige3.5 shows a moisture measurment system of this type. The
measuring electrodes, applied to only one gide of the sheet,

form a part of a balenced capacity bridge anefgized with a voltaze

of about 1000 velts.

A gmall current, proportional to moisture content, passes
through the paper spanning theelectrodes and creates a voltage
at the input of the first anplifier stage. Grade, temperature,
and range controls are used in the next phase to adjust a&plifier
gain as required. The signal then passes through a second empli-
fier, then to a phase-sensitive detector, and finally to a second-
ary instrument which converts the signal to a linear pefecent

molsture response within moisture range limits of 3 to 11 percent.

3¢2,3 DIELECTRIC OR CAPACITIVE METHOD

Principle of Operation

The operating principle of the capacitive type moisture
meter is based on thé change occurring in the dielectric constant
between its most and dry conditions. The variation of the dielecw
tric constant of hygrosic materials with moisture content is
approXimately linear over a useful range of O to 35 % moisture
content corresponding to a change in relative humidity of 30 to
90 % at 20°C. The dielectric constant of water is 81, whereas

the dielectric constant of most of the hygroscopic materials
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varies from 2.2 to +.0. Therefore, the presence of a very small
quantity of water in the materlal causes a considerable change in
the dielectric constant of the combined sample (mixture of material

. and water content).

' Ma,’ge ri al-Wate.r Mixture

Though the water absorbed by hygroscopic materials does
not fom amixture in the tme sense, the free water as well as
the water mechanically held within the popres of the porous
materials can be treated as foming a miXxture with the solid
material, and the composite dielectric constent of such a miXture

can be theoretically estimated.

Under ideal conditions, the dielectric constant (B ) of

the mixXture is given by the following relationéhi;o:
B, =By Sy +E, 8, (3.1)

where §, and S, are the volume=-filling factors of each component

into another to form the mixture, and Ey and E, are the dielectric

constant of the individual substance.

Capacitive Moisture Meters

Capacitive moisture meters are usually made of three
units. They are
(1) An electrode systenm.
(11) An electronic cirecuit.

(ii1) An indlcator or recorder.
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(1) Electrode System

The geometry of the electrcde system depends on the
nature of the sample and type of measument to be made. Plate-
type electrodes are found to be most suitable for sheet materials
for continuous measuments. One of the problems in the design of
a parallel plate electrode is the prevention of fringing which
cauges error in the egstimation of the capacity of the condezlser |
from its parameters. BEXperimentally, fringing can be minimized
by using a glAard ring in the plene of one of the plates. The
guard ring should be maintained at ground potential and its
associated electrode should be kept at a low potential with
respect to grounds By this arrangement, the fringing is confined
to the guard ring only and the opposite electrode keeps the
electrostatic lines of force straight between the upper and

lower measuring electrodes.

(11) Electronic CGircuitry

Three electronic techniques are used for measuring the
small capacitance changes obtained in the électrode system?
(a) Bridge circuit.
(b) Resonance cireuit.

(¢) Beat frequency cireuit.

(a) Bridge Circuit

In the bridge circuit, a radio frequeney oscillator is
used. The use of high fréquency in this method gives the

advantage that impedence of the test capacitor is reduced to
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such a value that stability and accuracy can be obtained and very
small changes in capacitance cansed by small changes in moisture

content can therefore be measured..

(b) Resonance Circuit

This method utilizes the characteristic of variation of
voltage or current in a series or parallel resonant circuit, near
its resonance frequency. Over a limited portion of the resonant
curve, the voltage or current varies approximately linearly with
the unknown value of the capacitance which 1s now foming a part
of the resonant circuit and whose capacitance varies with change

in moisture content of the sample.

(¢) Beat Frequency Circuit

In this system, two oscillators, onc having a fixXed,
preferably a crystal~controlled frequency, and thé other having
a variable frequency, are used. The test capacitor (made of
sémple) and a calibrated capacitor are connected to the variable
oscillator., Initially both the oscillators have the same fre-
quency i.e;, show a zero beat. Before the sample is placed in
the dielectric cell, the oscillator is made to oscillate. When
the sample is placed in the dielectric cell, its capacitance
changes and oscillation ceases. The change in the capacitance of
the sample is comnensated by adjusting the calibrated eapacitor,

which in turn directly gives the moisture content of the sample.

(iii) Indicating Meter or Recorder

It is a microampere meter or milliampere meter or

recorder which indicates the molsture content of the sample into
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corresponding current variations.

Factors Influencing the Moisture Measuiment

ST A = ]

To get the best results from capacitance moisture meters,
the following factors should be taken into considerationt

(1) Moisture Distribution

T e e T B A AL T W s TR <

Moisture should be well distributed throughout the sample

and the moisture content should preferably be under ¥ % ,

(i1) Presence of Electrolytes

Small concentratlons of electrolytes do not introduce
appreciable error in the‘moisture'measunnent; eXcessive concentra-
tion of additives in the form of electrolytes, lead to erroneous
results by introducing dielectric losses which give a higher

indicator reading.

(1i1) Temperature

Dielecfric constant of water 1s very sensitive to tempe-
rature changes, therefore, a temperabure correction is necessary
if the temperature at which measurments are made differs widely
from the temperature at which the moisture meter has been calibra-

ted.

Merits and Demerits

(1) The calibretion of the cepacitive moisture meter is not
appreciably affected by the majority of additive agents

encountered in the process.
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ii) A large change in dielectric constant ocecurs for small
cnanges in moigture content of most materials, hence

very go0d serrsitivity can be obtained.

(1ii) It is not necessary that the material be in contact with
" both the electrodes. In the usual practice material
contacts only one electrode, therefore, 1t is a very
convenlent method for contimious moisture measument,
(iv) The electrode system can be modified -in different ways
to meet the requirments for sémpling a large range of

materials.

(v) When the moisture meter is eXposed to abnormal tempera-
ture and tension variations, its calibration is affected,
it such variations seldom ocour under operating condi-
tions.

(vi) It is possible to use the eapacitance type moisture meter

as a monitoring device as well as a measuring instmument.

3,2,4% TOTAL ADMITTANCE METHOD

It 1s a comparatively new technigue which does not depend
on one capacitance measument alone, tut determines total admit-
ténce at two freguencies simulteaneously. These two values, plus
a temperature measurment from a thermistor element, feed an |
analog computing circuit that produces.a temperature~corrected out-
put which is independent of the quality of the probe contact
(Fige3.6). |
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The primary measuring element is a fringe field capacitor
probe (Fig.3;7) with a large surface containing many strips rmunning
in both the machine direction and across the machines The probe
is comnected to a bridge circuit that is excited by two different
oscillators operating at widely separated frequencies. After
linear amplification, the two unbalanced signals from the bridge
are filtered, furtier amplified and rectified. From the resulting
dece signals, Ey and E2, a simple computing cirecuit produces a

single out put voltage E according to the relation
E = (E; - B,)E (3.2)

vhich can be read out as percent moisture. The advantage of this
type of moisture meter is that the temperature variations are

corrected antematically, henece better results are obtalned.

3.3 ELECTROLYTIC METHOD OF NOISTURE imisummnt 0197

Principle of Operation

This method is based on the principles of absorption of
water in a suitable hyzroscopic material followed by electrolysis
of water to 02 and Hy, the electrolysis current serving as a

direct measure of water content.

According to Faraday's law of electrolysis, 0.5 g/mole of
vater (9.01 g) requires 96,500 coulombs of eleofricity for its
electrolytic decomposition. The electrolysis current is ﬁromr-
tional to the number of moles of water absorbed per unit time. |

If a flow rate of 100 nl/min. at NT P ig maintained for ideal
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gaseous samples, the electrolysis current is 13.2 pA/ppm water

by volume, which is measurable by electronic means.

Description of the A;ngaratus

The apparatus, 'Amstrong Electrolytic Moisture Meter',
shown in Fig.3.8 consists of a tank of dry nitrogen, a magnesium
perchlorate drying tube for the incoming nitrogen stream, a brass
micro oven, a molsture monitor, a flowmeter, an integrator and a
recorder. The micro oven heater is; regulated by en automatic
timer and an adjustable voltage control. The out put signal
from the moisture monitor is recorded by the 10wnV Varian strip
chart recorder and is simulteneously integrated by the integrator,
‘whieh has a range of 0 to 1000 counts/min. corresponding to a

signal output range of 0 to 10 mV,

3.4 HYGROMETRIC METHOD OF MOISTURE Meagymveny('ZT)

Principle of Operation

A porous material inside a closed space at a given tempe~
rature and relative humidity exchanges moisture with the atmos~
phere until an equilibrium of vapor pressure 1s att ained, To
This equilibrium corresponds a given moisture content in the
material which depends on its characteristics, Conversely, the
relative humidity of the material is a function of its moistube
content,

If the function

W= £(H) _
betwveen the molsture content W and the relative humidity H is
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xnown for this material, it is possible to obtain W from H,

H can be deternined without difficulty by means of a hygrometer.
As the function W = f(H) depends on the cheracteristics of the
material, the application of the fnethod requires a previous

plotting of a calibration hygrometric curve.

The field of application of the method is limited to the
range of molsture contents correSpdnding to relative humidities
below the saturation point (H = 100 % ). The hygometric curve
in Fig.3.9 shows that the sccuracy of the function H = £(W)

decreases as the relative humidity approaches H = 100 percent.

Vibrating Wire Telehygrometer

The operation of the vibrating wire telehygrometer is
based on the length var_iations undergone by cer‘caih hygroscopic
materials on absorbing or losing moisture, and on the measurment
of these strains by means of a vibrating wire, the vibration of
whieh when excited by an electromagnet has a frequency which is

a function of the stress in the wire.

A diagramatic cross section of a telehygrometer is
represented in Fig.3.10 showing the wooden str_ips - the hmaiditj
sensitive element =~ érranged around two circular heads to which
the vibrating fire is fixed. The length of the vibrating wire
depends on the strains undergone by the wooden strips. Thé
vibrating wire, the electromégaet that exeites 1t and a tempera~
ture-measuring thermocouple are protected against moisture by a

flexible sleeve.
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3.5 INFRA-RED (SPECTRO-PHOTO-METRIC) METHOD OF
MOTSTURE MEASURMENT 0 1211, ITL,13,1%)

Moisture measurnent technique based on infra-red (IR)
absorption is one of the most versatile and reliable method of
the detection and quantitative measument of water content of
various substances. In recent years, a very reliable, accurate
and sensitive moisture measument technique particularly that of

paper sheets has been developed using the IR transnission measur-

ment.

The principle depends on the fact that water molecules
have binding energy walch corrasponds to certain specific wave-
lengths in the 'IR-sp,ectmm. Any IR radiation falling over watér
will show absorption lines corresponding to these lines. Water
sbsorption bands oceur at 0,76, 0,97, 1,18, 1,45, and 1.9% p,
as well as at longer wave-lengths. Shorter ane-vlengths' are
more useful for measurment becanse of their higher penetration

through the substance whose moisture content is to be measured.

One of the technique uses the ratio principle where two
wave-lengths are chosen by rotating filter such that none of
then are absorbed by the bhase material whereas one is absorbed
by water., When transmitted through the sample one becomes the
reference line while the other becomes the test or absorbed line.
If the signal strengths measured by detector in the two cases are
glven by Sy and Sq respectively, then moisture content M is given

by

(3.3)

15
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The ratio measument technique is quite accurate as the measur-
ment in the two cases will be equally affected, if any. The other
technique is known as combination measument and involves signal

detection at dry and wet condition of the sample and a little

more computa’cion;

The law of absorption of radiation in a nonwhomogeneous

material is given'by
n L : o
Lo =1, eXp{-(ji.“. O g Vs * o)x} (3.1

vhere 1 oh is the intensity of the radiation for vavelength A\
before absorptionj I, y that after absorptiqné ax 39 the-absorption
coefficient for component j of material A ; vy the concentration
of the component by weight; d§ the secattering coefficlenty and X,
the sample thickness. It is required in the ratio measument
that IoM be made equal to 1 OND such that a transmission ratio

TR = I)\1 / I)\z (31 5)
can be evaluated as

Tr = exp (- M 57\1' x) (3.6)
where M = moisture concentration by weight., Hence M is evalua-
ted as

M=« loge TB/ (x (1}\‘) (3.7)

The TR-?\ aurves for paper at two dlfferent molsture contents are
shown in Fig.3.11.
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}nstmmen’cation

The mhctional and schematic diagrams of the IR moisture.
neasument technique for paper sheet are shown in Fig.3.12. The

important constituent units of IR-spectrometer aret

(i) Monochromatie source of IR radiation.
(1i) Detector.

(11i) Awplifier and readout systems

For measurments in the 1.0 to 2,4 u region, a simple
spectrometer of very high efficlency is devised, using a wedge
interference filter as the monochremator, a tungsten lamp as the
radiant energy source, and a lead sulfide cell as the detector.
The energy from the tungsten lamp is focused on the eﬁtra.nce
slit placed directly above the wedge filter. The vedge filter,
wvhich is moved across the slit 0 obtain the desn.red monochromatic
energy, is a Schott Veril $=200 filter designed for the 0.5 u to
142 P region. The detector is located as close as possible
below the sample to collect the maXimum smount of energy transe
nitted by the sample. The signal from the detector is amplified
by a solid-state amplifier which is fed to an X=~Y recorder for

spectral geanning,.

3.6 SONIC AND ULTRASONIC METHODS OF MOISTURE MEASURMENT!S)

3,6,1 SONIC METHOD OF MOISTURE MEASURMENT

Principle of Operation

The degree of absorption of sounc_i energy 1s dependent on

the medium through which it is transmitted. For many sAheet



‘3UOEL 40 13IHS
4O H3dVd 40 €3M V 804 HILIW JUNISION JNOS v E'E D4

] | WOLVUIN3D
P O1aw




3=22

materisls such as paper, textiles etc., sound abscrption also

depends on the quantity of water present in the sample.

Description of the Instrument

A sonic moisture meter for a web of paper 1s shown in
Fige3.13. ‘An audio frequency sound of a fixed frequeney is
generated by a phase-shift RC audio genera,tof and fed to a loud-
speaker. This generator is placed on one side of the web, and a
reciever or microphone placed on the other side picks up the
tranemitted sound} the output of the microphone after passing
through a sufficient number of stages of elactronic amplification
gives an adequate &oltmeter reading. The resultant amplifier
signal can also be utilized for electribal control of the web~
forming process by automatic adjustments when the moisture

content departs from a desired value.

34602 ULTRASONIC METHOD OF MOISTURE MEASURMENT

Utilizing the seme principle cf sonic energy absorption,
ultrasonic waves have been'ﬁsed for measument of moisture
content, Due to their high frequency (short wavelength), these
waves have special properties of reflection, refraction, and
abscrption; They can be beamed and focused in a desired mamer
on the sample and the output from the sample can be processed to

detemine the moisture content of the samples

In such devices the andio-generator is replaced by an
ultrasonic generator comprising a radio frequency osecillator and

a pilzeoelectric transducer (quartz or ceramic crystal), the
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microphone being replaced by a pizeoelec‘tric quartz receiver
having the same resonant frequency as the generator. The ultra-~
sonic waves, after passing through the web of material, are
picked up by the pizeoelectric‘transducer and amplified by a
suitable amplifier whose output is connected to a meter or a

recorder.

Prineipade of Operation

Measument of moisture content with a moilsture balance is
based on the fact that the volume displacement of a sample
immersed in water is dependent on its moisture content and

utilizes the buoyancy of the sample in water.

Specific gravity and moisture scales are graduated on the
arms of the balance. The scale pan is hung at a point correspond-
ing to the specifie gravity of the anhydrous sample, and a vessel

immersed in water is hung at the appointed point of the same am.

The sample is placed on the pan, and a counter~welght of
adjustable mass is hung at the sppointed point of the other am
of the balance. The balance is brought into equilibrium by

adjusting the mass of the counter weight,

The sample is then transferred from the pan into the
vessel in vwater, and the equilibrium of the balance is restored
by sliding the counterweight to a point of the moisture scale.

The moisture content can then be read direetly.
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For the moisture measument, the mass of sample does not
have to be determined and so can be chosen arbitrarily, Moilsture
balance is suitable for hoth water—insoluble and water-soluble
samples, the procedure of measument is somewhst more complicated
_in the case of the latter. Moisture balance is more sultable for

samples which have densities substantially greater than one.

Theoretical Considerations

Specific Volume of Water~Insoluble Sample

Let the density of insoluble sample in the dry stats

(anhydrous sample) be P, and the density of water be P and let

v
the semple of mass M be composed of anhydrous portion of mass m

and water of mass m,, then the moisture content X (percent) is

given by
BB <
X = T x 100 = m x 100 (3-8).

And the volume of this sample, V, is represented by

RN S AU Y
=4g ~105 & -7}

Jedode dugd (3.9)

where, I% is the specific volume of the sample.

Therefore, assuming that ? and P, are constant respect-
ively, the specific volume of the sample 1%— is a linear function

of X, and s0 X can be obtained by maklng use of the measured
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value of the specific volume %{ and previously known values of P

and Pwo

Specific Volume of Water-Soluble Sample

Let a sample of mass M be composed of solid of mass m1

and liguid of mass My the liquid content x1 ls defined by |

om .. m , o
X1 = —I\é x 100 = -—fv-Lf- £ 100 (3.10)
m +ml .

Let the density of the liquid be Py (the density of the

solid is still #), the specific volume of the sample is given by

i<

*"'%“%6 (%.-J...) (3.11)

The mass of Water m, included in the liquid of mass 'ml
is given by

m, = mg (1= 0) (3.12)

where ¢ is the concentration of the liquid.

1Y

Therefops, the moisture content X of the water-soluble sample
is ziven by

x=x (1-0) (3.13)

Apparent Mags of Sample in Water or in Liquid

Apparent mass M, in water of the insoluble semple is
given by

M, =M = VP

the apparently reduced mass V Pw is due to buoyancy. The

velume V of the sample can be represented as follows:
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- ol (MM ‘
V= o M na) (3.14)

his equation gives, with Ed. (3.9)

M
V1.

-~
-

J_ - p:s (1" 1
P~ TO0 ‘P

W

an_d then we have

3 p
o8 _ (1 ooy L100-x) ‘
2= =gy, 100 (3.15)

corresponding to Eq.(3.15), the apparent mass M_ of the soluble

sanple in the liquid is given by

M
—A:
M

. 1 | |
(1- 5hy , L0 ) | (3.16)

Moisture Measurment with Moisture Balance

The moisture balance is an apparatus for ob.téining the
moisture content X by the ratio M_ /M, without measuring the
mass of the sample. |

Pan D is hung at point A on the am of a balance fulcrum
K, and versel R in water is hung at point B on the same am of
the balance as shown in Fig.3,1%(a). The balance is put in
equilibrium by suxiliary weight W', with no sample on the pan D
or in the versel R. o

The sample is placed on the pan D, a countemeight of
adjustable mass w 1s hung at point P of the other am of the
balance, and then the balance is put in equil;ibrium by adjusting

the mass W of the countemeight, ag shown in Fig,3. (b)),
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Let the distanee of KA and KP be L and L respectively,
then we have the relation
Ll =% v (3.17)
The sample is transferred from the pan D inte the vessel
R in watery the equilibrium of the balance is regained by changing

the position of the counter weight v from the point P to point Q,

as shown in Fig,3.14%(c), . Then we have

LM, =Lw (3.18)
vhere KO and £ denote the distance KB and KQ respectively.

‘Combihing Egs.(3.17) and (3.18), we have

M
Ta
—}Zg' :*I‘;"t é (3'19)
and Eqe (3.19) gives, with Eq.(3.15)
L L P .
f =00, X L (gL (3.20)

The distance L is appcinted to satisfy the relation
‘ P, L
L=x(1-5) (3.21)

where ¥ 1s an arbitrary proportional constant.
Putting L, given by Bg.(3.21), into Eq.(3.20), we have

£y Lg (100+=x)

K o aratn s D i
- .

k 100
or,
£ = C(100=x) (3.22)

el

where C 1s a proportionality constant.



3-28

Eq;(B. 22) shows that f varies proportionally to x and that
the relation between ;( and X 1s independent of the specific gra-
vity of anhydrous samnle.

For the sake of simplicity, it 1s assumed that
LO = XO =
then Eq. (3.22) is rewritten in the fom
L, | |
L = 755 « (100~ x) (3.23)
In the case of Water-soluble sample, takinggP, and x!
instead of P, and X respectively, we have

L : .
L = 100 (100=x") | (3+24)

Fiz.3.15 shows the specific gravity scale and the moig=

ture scale;-

Merits

(1) Accurate measument is possible.
(11) The mvass of the sample is arbitrary. It is umecessary
to measure the mass of the sample;
(1i1) The measument time is short (minutes).
(iv) The moisture balance provides a primary method of

measuring moisture content.

Demerits

i A . A

(i) The specific gravity of the anhydrous sample must be

constant and }mowm

(i1) Continuous measument is impossible.
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(111) Pores or volds in the sampleé which are not filled during
the period of immersion prior to welghing in water causes

an eryovr,

3.8 MICROWAVE METHODS OF MOTSTURE MEASURMENT 8y 16)

3.8,1 A CHANGE IN ATTENUATION METHOD OF MOISTURE MEASURMENT

Principle of Operation

The principle of measuring attenuations (losses) at
microwave frequencies, on which the method depends, is based on
the fact that at centimeter wavelengths the loss tangent and
dielectric constant of water are very high compared with those of

most materials in which water is absorbed.

Theory

The 1oés of energy in a dielectric can be accounted for
by considering the dlelectrie constant as a complex quantity of

the fom
e=6'-3¢€" (3.25)

vheare

™
n

€' = the real part of the dielectric.

the Imaginary part of the dielectric.

M
i

The loss tangent (or loss factor) is defined as

_ o . loss qurrent '
tan & = £7 = charging current (3.26)

At normal temperatures in the frequency range 1 to 30 G,HEz
the dielectric constant of water is between 40 and 80 and the

loss tangent ranges from 0,15 to 1.2, Most dry materials have ».
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dielectric constant ranging from 1 to 5 and a loss tangent
between 0,001 and 0.05, unless some conducting material is
present, Difference of the above order mean that the loss due
to water is at least ten times greater than the loss in the

material when no water is present.

Based on quantum-mechanical considerations, it is possible
to caleulate the relaxation frequency of the water molecules in
the microwave region. The frequencies of absorption peaks are

given by the relation!

£ =5 | \ (3.27)
where
f = the fraquency of electromagnetic radiation.
< = the relaxation time of its molecular dipole.

’

Theoretically, 7 is given by the following Debye's equation:

T = Xﬁ%ﬂ (3.28)
where
n = inacro scoplc viscosityof the liquid
V = the volume of a molecule of the liquid
K = the Boltzmann constant
T = the temperature (absolute scale)

water at room temperature has aviscogityof about 0.01 F and the
radius of molecule is 2 A% Hence the value of v of water is
0.25 x 10™10 gec, which corresponds to a Wwavelength of 1 cm.

In the case of water, it has been observed that the
absorption band corresponds to a'frequency of 2450 M Hz, which

falls in the microwave region of the radio frequency spectrum.
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. \

Kinsey and Ellis reported that there is a linear relatlonship
between the molsture content of hygroscopic materials and the
absorption of microwaves having frequencies of 2450 M Hz (8 band)

and 10,680 M Hz (X band) as shown in Fig.3.16.

Description of the Equipment

The equipment consists of the following units?
(1) A constant source of microwave radiation of 2450 and
10,680 M Hz modulated by a square wave of 3 X Hz.
(11) Wave guide teminating in a homm.
(1i1) A micro-wave detector.
(iv) A microwave attenuator and amplifier.

(v) An indicating meter.

The eXperimental arrangnent is shown in Fige3.17. This
is the usual ’cransmifter—receiver combination, the specimen
forming the absorbing medium; The commonly used source of micro-
wave radiation is the reflex klystron oscillator. This oscillator
gives a modulated power output of 0.5 watt and is coupled to a
radia’c:Lng horn by a quarter-wavelength Waveguide systeme The
recelver congists of the receiving horn which is coupled to a
70-dB variable attenuator folloved by crystal mixer, local
oscillator, limiter, discriminator, and final amplifiér. The
noisture content value of thé unimown sample is obtained from the
calibration curve drawn earlier between attenuation readings and

moisture content data obtained by standard oven drying method.
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(1) Microwave absorption depends mainly on the molsture content
and is not affected by the nature of the granular solid
naterial, ' |
(i1) The accuracy of this method lies between 2 and + 3 %.

of the actual amount of water present. Operational time is

very less.
Demerits

The moisture meter readings are affected by the following

factorss

STy e -

(1) Leakaget If the size of test sample is smaller than the

aperture ¢f horn, leakage of energy takes place.

(i1) Particle size! Attenuation in granular mate;ial is due to
o causes, the diélectric losses in the water and the
scattering of the beam at the particulaf surfaces in the
material, The scattered energy will be absorbed, but the
degree of scattering, and hence the losses, depend on the

particle size.

(111) Polarigzation’ The radiation from the moisture meter is

polarized in one plane.

(iv) Soluble Salt Content® At low freqﬁencies water shows' an

~ increase in loss when it contalns dissolved salts, due to
increased conductivity. Thus the'variation of loss may

occur with samples of different salt contents.

(v) Temperaturet The logs factor of pure water decreases with

increasing temperature., An individual calibration curve is

required for particular temperature.
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(vi) Frequencyt The loss factor of pure water varies with the
frequency, hence the measured attenvatlon is a function of

frequency as well as of sample thickness.

3.8.2 AN IMPROVED MICROWAVE METHOD OF MOISTURE CONTENT
MEASURMENT AND CONTROL

1(16) described an improved method

Kraszewski and Kulinsk
in which both the attemmation A and phase shift # of the electro-
magnetic waves are measured simultaneously and thus limits the

demerits of the above method.

Theoxy

o m g

The definition of moisturé content based on a wet basis is

written as!

, = i, . v /v
wo+ww Y{Q

Xl +

- (3.29)

<i {"i‘i

vhere

the weight of water.

i

Wy

)
V = the volume of the wet sample.

= the weight dry material.

The density of wet material g may be written ast

=
=

=52+ 7 . (3.30)

<=

g:
where

W= Wo + W, = the weight of the wet sample.

Attenuation and phase shift of the electremagnetic wave

passing through the sample of wet material are related to the
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thickness of the sample and to the dielectric properties of the
material. The permitivity of the Wwet material is a function of
its water content, density and physical properties. Thus, the

measured value A and @ may be presented in a general fom

b= W) and £ = 5,00 W) (3.31)

In the simplest case, when it may be assumed that the wet
material is a homogeneous substance and that the attemation A
and phase shift § are linearly related to the weight of water and
welght of dry substance, the case most often met inpractice,

Eq. (3.31) may be written in the fom

¥ W
A:At(vf""*a‘,-i--v-o-ag),' b
g = tiF" 8y + 7> @)

where t denotes the thickness of the material layer, numerical
coefficients &, are specific for a partimilar material and its
physical properties, A is the attenuation of the wet layer in dB
and # is the phase shift in degrees. The mumerical coefficients
a, are given for a volwme of 1 cm.3, because the values of W /V

and WO/V are also referred to this volume.

By solving the Eq. (3. 32), fhe following relations may be

obtained
'gl’_..l(plal’f“ﬁaz )
Tt e -y |
| - (3.33)
‘(‘-Lo--l(g 31 - A a.-%
vV T~ tta

1 8, = 8 8q
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By substitution of Bq,(3.33) into Eq.(3.29), the simple eXpression

for moisture content may be written as

Aay =0 a2, ,
T = Blay~ay) = A(a3-a§) (3.3
It may be seen from the above eXpression that the moisture

content determined according to this expression does not depend
upon either thickness of the material or upon density of the
material.

The values of a calculated for a sample (sand) at tempe~
rature of 20° and at frequency of 94& G Hz are as follows?

8 =299.27 , a, = =1.42 , 8y = 8177.43 , ay, = 421,35

Substituting these values in EqQ(3;3h), We have

421 A4 0,014 @ '
My = 3,018 = 77.5 A (3.35)
where
A = the attenuation of sample (in dB)

it

the phase shift introduced by sample.

A block diagram of complete measuring system is given in
Fig.3.18, Inclusion of a themometer probe sensing the material
temperature to the calculating unlt enables the correction of 9
values, according to the material temperature. The purpose of
the calculating unit is continuous calculation of moisture content
~according to Eq;(3;35). The output of this unit is independent
upon density of wet material, upon its layer thickness and upon

its temperature.
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This method has the 1imita£ion with the phase shift. In
the case, where considerable changes of phase shift are introduced
by wet material under test (when § > 2 7), inaccuracy of the
calculation of moisture content could be very high and might hide

the advantages of this method.

3.9 N,M.R, METHOD OF MOISTURE MEAsyRMEnt(8,12V)

Nuclear magnetic mesonance (M.R) is a new non=destructive
nethod of moisture measurment in which the nuclear magnetism of
the hydrogen atom is utilized. The nuclear magnetism of hydrogen
is a useful property for the identification and quantitative
analysis of hydrogen containing compounds in liquids or solids.
The N,M,R. method of moisture measurment is quite unique in the
sense that it is basé,d on nuclear propertiecs of the hydrogen atoms
in water rather than on properties of the water molecule itself,
The N.M,R., technique is based on the abscrption of radic frequency
energy by the nucleus of an atom placed in the constent magnetic
field. The N,M.R. technique has & mmber of applications in
industry and research comnected with product identificaticn in
chemical analysis, as well as the measument of the moisture

contant of hygroscopic materials.

?heorz

N MR, dependé for its existence upon the fact that most
isotopes of the elements possess gyromagnetic properties i.e.
they behave like spinning ber magnets. Some of atoms are:
hydrogen, lithium, boron, carbon, nitrogen etec. The gyromagnetic

property of the atom is the basls of the phenomenon of nuclear
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magnetic resonance which can be eXplained by the Lamor Precession

Theo rem,

If these nuclel which have a magnetic moment and a spin 'I'
are placed in a homogeneous magnetice field H, they behave like
ninute magnets having random orientations and allign themselves,
depending upon the particular nuclei (e.ze hydrogen nuclei),
either parallel or antiparallel to the direction of applied
magnetic field. Lamor showed that the éngular frequeney of
precession was directly proportional to H. The constant of
proportionality is the ratio of megnetic moment of the spimning
bar magnet to its angular momentum, called as the gyromsgnetic
| ratio, v. Therefore, the hamcr Precession Theorem can be stated
as follows
W =vH (3.36)
where |

W = anguler precession (Lamor) frequency

o

it

= intensity of homogeneous magnetic field

<
1}

gyromagnetic ratio

1f these precessing nuclel are now subjected to a ratio
frequency field placed at right angle to the applied magnetic
field Hy and if the radio frequency and Lammcr WO are equal,
resonance' occurs and the radio frequency energy is absorbed by '
the nuclei in proportion to ’cheir 'number. Thé quantity of radio
frequ.aﬁcy absorbed gives a measure of the abundance of hydrogen
nuclel which in turn can be used as a measure of moisture content
in a sample. The magnetic moment of the protdn (H*) is

1.4 x 10723 epgs/g and thus for a magnetic field of 10,000 gauss,
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the Lamor fremency W, equals 42,4 M Hz which (W,) can be gene-

rated by standard electronic techniques.

An Experimental N,M.R. Spectrometer

The eXperimental MR apparatus developed by Leane is
described in Fig.3.19, The apparatus consists essentially of four
unltss

(1) A magnet capable of producing a very strong homogeneous
magnetic field, |
(1i) A means of ‘contimwously varying the magnetic field over a
very anall range.
(iii) A radio-frequenecy oscillator.

(iv) A radio~frequency reciever or detector.

(1) The Magnet

LR N

-~ Both permanent and electromagnets are employed in N.M,R.
spectroscopy. Leane used a permanent magnet having a magnetic
field of 7000 G. The magnet had a square voke of ;arge dimensions
to minimize the effects of external magnetic disturbances. The
Temperature of the poles was maintained almost constant at 27°C.
It is désirable that the strength of this field should be as high
as is practically possible because higher the field strength,
better is the dispersion of the spectrum. High field strength

gives rise to stronger absorption signals.

(1ii) Magnetic Field Sweep System

The precessional frequency of the nucleus can be effected
by varying the strength of the applied static magnetic field
whereas the rotatlonal frequency of the rotating magnetic field
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can be determined by varying the fre'quency of the »f~oscillator. |
The sweeping or scanning of the static fleld may be aceomplished
in two ways. TFirst, it i1s possible to apply direet cusrent to
ccils wound on the two pole pleces of the mégnet. In the secoﬁd
method & direct current is fed"co a pair of Helmholtz coils which
flank the sample with thelr aXes parallel %o the direetion of the
static field., Either method allows the effective value of H to be
varied over a small range. Scan time was waried from 6.1 sec. %o

45 min, by Leane, and the range of scan vas kept from 5m G to 5 G.

(111) Radio~Frequency Oscillator (Generator)

In order to induce a nuglear transition it isg néces'sary
to provide a rotating electromagnetic field, the magnetic compo~
nent of which moves in é plane perpendicular to the direction of
the applied magnetic field, A radio frequency oscillator capable
of generating a signal of constent frequency but variable power ig

the source of radiant energy, A GTwcut 100-K Hz quartz crystal
malntained at a constant temperature is used as the source of
encrgy. This signal is fed to a coil sitiated in the pole gap of
the magnet, with its aXis perpendicular te the direction of the
magnetic field, Such an arrangment provides for a magnetic
component of electromagnetic field to rotate in a plane at right

angles to the main field direction.

(iv) Radio-Frequency Reciever or Detector

The passage of radiation through the magnetized sample is
associated with two phenomena, namely, absorption and dispersion.

The observation of either digpersion or absorption enables the
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detemination of resonance frequenc:r. The function of the
detector is two fold: First, it must separate the absorption
signal from the dispersion sisrnaig and second, it must separate
the absorptlon signal from that originating from the rf-oscillator.
Detector requires the use of a radio-frequency bridge which
functions as a Wwheatstone bridge. The bridge network balances

out the oseillator signal and allows the absorption oy dispersion
signal to appear as an out of balance signal electromotive force
across the bridge. The out of balance signal can be amplified and

rectified, and recorded or displayed on an oscilloscope.
Merits

(1) The MR method of moisture detemination is rapid, none
destructive, and presents the results in the fom of an
electrical signal which can be used to control automati-
cally driers or blenders in the mamifacturing plant.

(1) This method does not depend on the sample size, compaction,

/ oy on the presence of moderate amounts of nonparamagnetic
electrolytes.

(131) Powdered materials and whole grains can be handled with
equal facility,

(iv) No special precartion is required for preparing the test
sample. .

(v) This method is useful over the entire moisture range of a

few percent to 100 ¥, water.
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(1) Cost of equipment is high compared to that of other
devices for measuring water content. |
(11) This method does not give a single standard curve for all
types of materisls, ' ,
(111) The instmment is complex and requires skilléd electronic

technicians for its operation and maintenance.
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DEVELOPMENT OF AN ON.LINE PAPER MOISTURE METER

o

%,1 PRINCIPLE OF OPERATION

The principle of operation of this moisture meter is based
on the change occurring in the paper resistance between its moist
and dry conditions. The resistance value of the dfy paper is
very high. Moisture decreases the resistance of the paper and
this decrease 1s exponential in nature. The resistance of the
paper varies from about 25 KQ to 50 MR for various papers with
various moisture contents(1>. The useful range of resistance
variation is from 1 to 3 MG for commercial papers when the
moisture varies from 15=20 7. to é=8 % . Therefore, presence of
a very small quantity of Wwater in the paper causes considerable
change In the resistance of the paper and it is this property of
resistance vériation which has been used in the molsture measur-

ing instrument. R N T I R

L) PR Y
N LM.N ]‘5 ﬂb
The change in resistance is sensed by a resistive trans-

&icer in tems of resistence. The resistive transducer forms
one of the énns of the wheatstone bridge. The unbalanced signal
cansed by the change in resistance of the transducer due to
moisture content of the sample is amplified and measured by a

sultable voltmeter. This voltmeter reading shows a direct
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relationship with the change in resistance, and hence with the
molsture content of the paper. )

To control the moisture content of the paper, this
measured signal (voltage) of the measu:ing cilrcuit 1s compared
with a reference voltage which is fiXed for a partienlar percent-
age of moisture content. An output signal is obtained’by the
comparator depending upon the errof signal caused by the compari-
son of both the measured and reference voltages which in tum
elther regulates the steam input to the drier or machine speed
within predetemined limitations (relay action represents the

.controlling action for laboratory purpose).

4,2 SCHEME OF THE MOISTURE METBR

The block diagram of the resistive moisture meter develop-
ed by the author is shown in Fig.M.1. -This block diagrem is
applicable to all the three resistive moisture meters developed .
invdifferent'phases. It haé the following units:

(1) Resistive Traﬁsdacer;
(i1) Blectronic Cirouitt
(a) Wneatstone bridge with supply.
(b) Mmplifier unit.
(¢) Brror detecting unit.
(d) Relay driving unit.
(e) Stabilized d.c. supply for biasing (+ 14 volts).
(i1i) Indicator.
Details of each block, including design are discussed below

individu ally.
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4, 2.1 RESISTIVE TRANSDUCER (SEIISOR)

To simulate the actual situation in the laboratory
conditions, a flat mild steel plate is used in place of the
drier surface and a brass rod is used as the detecting rollor, as
shown in Fig.%, 2. In this scheme the drying cylinder and the
detector roll will act as the two electrodes between which the
paper movess. The arrangment-is made éuch that the vaper, which
passes through both the electrodes behaves as a variable resis~

tance with the variation of the mcisture in the paper. From

Figeth 2 '
By = Ryg + Bp + Hgg
where
Rey = Total resistance between the terminals X and Y.

Ryg = Resistance of mild steel plant.
= Resistance of paper (variable) in contaet with both

the electrodes.

i

Registance of the brass rod.

Rar

To minimize errors, paper between both the electrodes
‘shculd move in a manner such that there is only the paper betwean
the drying cylinder surface and detector roll without any air gap
and also the detector rpll should not touech the drying cylinder
at any place. To achleve this condition, detecting roller should
be heavy enough to press the paper against the grodnded cylinder
without effecting its physical properties and it ghould be able
. to make proper contact with the paper without leaving any air

bubble in the paper.
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Design (From Fig.lts2)

s o o e g W

Ryy = Byg *+ Rp + Rpgp

BMS << RP and RBR << RP

e » Byy = Rp

Mild steel plate (Grounded cylinder):
Surface Area = 30 x 25 cm?
Thickness of the sheet = 0.1 om.

Resistivity of iron = 12 pld = cm.

Therefore, the resistance of the mild steel plate

(Ryg) is spproXimetely 150 uG-

Brass Rod (Detscting roller) s
Length of the rod = 28 am.
Diameter of the rod = 2.1 an.
Resistivity of brass = 50 p@ an. (depending upon the
| ratio of Cu and 7n),
T 2

Therefore, the resistance of the brass rod (Ryp) is

Crosé~sectional area of the rod

approximately 400 unQ,

M.2.2 WHEAT sTong BRIDGE(17»18)

The general fom of four-am vheat stone bridge is shown
in Figss3. From Fig.l 3, the gensral balance equation of a

general four-~arm wheat stone bridge will bes
Z1.Z3 = Z2QZ)+ (L{‘.“)
p :

In the polar fom, Z = |Z| e
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where |Z| represents the magnitude of a complex impedence, and ¢
its phase angle. |

Therefore, Eq. (1) becomes:?

58,48 5(8,48,) |
2z 25l 0" Y =z ml e 2 Y (4,2)
To satisfy this relationship, it is essential that
12y 240 = 12, 3l ] | |
(%+43)
and (¢1+$253) = (8,4)) I

Sensitivity

There are two types of voltage sengitivities: absolute

and relative, defined below:

(1) Absolute voltage sensitivity, Sy =Lim A Vcd]A-Z (4o k)
VAR

-

(11) Relative voltage sensitivity, Sy = Lim A V_,|(A2/2)

= SV.Z

;

-

vhere, & V . = Vector of chenge in voltage across detector circuit.

To determine these sensitivities, consider the bridge (Fig,lr k)
thrown out of balance by a small chenge in the impedence

(say A Z3) of an arm (say Z3)

when AZ:,)«Z3
AN/
3

— o 57

_Z3 3

where, 6 Z3 = Unbalance factor



Z1 Ztl—

S A

Zy ~ 2y "
where, A = Am ratio

2 (Zy + D 25) = 2, 7,

® Voa = VO LT Gl Ty) ¥,

At near balance condition

A vcd Vab.é Z3. *"1:[:)‘5
AV
Sg - .g,_,.g... =V b ,‘.,,.é-.uwa
3 ab (144)

If Bae(%9) is rearranged for A Veat

ab

- g% - '
A Vcd = SV.G Z3 = 0ZJK.V

where, K = A Network factor

- (1+A)é

je

In the polar fom, A=d + jga=ae . We get:

K a
(1 +2 2 cos © + a°)

Design (From Fig.lt.3)

For resistive wheat stone bridge, Z = R

Therefore, Ry«Ry = RyoRy,

Yt

(%,6)

(%,7)

(%,8)

(%,9)

(%, 10)

(4a11)

Since, the resistance of paper varies from 1.0 to 3,0 MQ vhen

its moisture content varies from 1520 7% to 6~8 7 y therefore,

all the four ams of the wheat stone bridge should have the

approXimate 1 MQ resistance value at the initial balance condi-

tion such that the condition R1.R3 = Rz.&Jr may be achieved.
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The final wvalues are

Ry =1MQ+ 10 KQ preset

B

B3 = Resistive transducer unit + 10 KQ preset

140+ 10 KC preset

it

R, = 1 MG+ 10 KU preset

Pregsets are used to achiasve zero balance condition. From Fig;M.ue

E}‘:“}rzA=1.0
B
Therefore, a = 1.0 and & =0

From  BEg.(%411) , K = .25

Avd=;2553v

. (4.12)

ab
where, Vab_ié the varisble stabilized d.c. supply for the bridge
eXcitation, applied across the termlnals a and b of the bridge

circuit.

%,2.3 REGULATED D,C. SUPPLY FOR BRIDGE

The circuit diagram for variable stabilized d.c. supply
using IC 723 (regulator) is shown in Fig.h, 5.
Design (From Fig.lt. 5)

v (given) =7 V

Zeney
Variation required = 2V « 10 V

Short clrcult current Isc.= 100 mA

Take vref = 1‘0 v

vref =7 X R)_*_/(B3+Rh_)
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Ry,

or 1,0 = 7,0 x -
R3v+ R)+

ake Ry, = 1.0 X0

Therefore,
; = » = £
’ 'Bg 0.6
Rgy (Short circuit resistance) = =7 = et
: sC 100 x 10

where, VBE = Voltage drop ecross base to emitter.

(Ry + R,) o .
Vout™ Voor * TR R, = 1,0 X2 (say)

when Ry =037V

]

out ref
Vout = 140 7
when Ry = 10,0 Ko V. p = 140 % 10;01fo1 0
:_11’.0 v

Therefore, the final values ares

L

Ry = 10,0 K@Pots, R, = 1.0 K@, Ry = 5.6 XK@,

Ry, = 1.0 KU, Ry = 6.0 @, Gy =1 pafa, G, = 500 p.f.

Transfomer Design

To ge£ the variable stabllized d.cs supply for bridge
circult, a transfomer (230/15 Volts) is designed with the
following specifications:

Stamping size = 15 no.

Primary voltage = 230 (P to P)
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Secondary voltage = 15 (P to P)
e 2
Take B = 1.2 Wb/n

By = 4 UWLLB AT

15 = Lk x 50 X 12 % 2,5 % 2.5 % 107 x X
NS:90

_ 230
NP ..-~1-=5--x 90

= 1380

Maximum secondary current = 100 mA.,

Hence, wire gauge of secondary winding = 32 SWG.
Primary current = 32'3%0' % 100 ~ 10 mA.

| Hence; gauge for primary winding = 43 sVIGQ-

Vin, in Fig.l.5 is the unstabilized dece voltage, is
obtained from the full wave rectifier circuit., % no. SR 20k
diodes and one 1000 p.f. capacitor are used with the secondary of
the transfomer tc get the unstabilized dsce supply which is fed
at the teminal 15.0.8 of IC 723, A ccmplete circult diagrem of

variable stabilized d.c. supply (2V to 10V) is shewn in Fig. 6.

k2.% pLIFIER oart'd)

An amplifier unit, shown in Fig 47 consists of buffer
amplifiers and a differential amplifier, OP! and OP2 are the
buffer amplifiers to avoid any loading Qf the signals picked up
from the ¢ and d points of the bridge network, Buffer amplifiers
are used in unity galn as voltage follower. Differential empli-
fier uses only one OP. MMP, (OP3) which is differential-input



4«10

single-ended output instrumentation amplifier. From Figelt 7

R, By

if R1+r1“R3+r3=n

then, V, = n(V, - V,) (4,13)

Degipn (From Fig..7)

e s v AP

R, =R, = 33,0 XK Q (say)
Ry = Ry = 1.0 Ko
r =7y = 19;0 KQ preset,
When, r1A=r3=é;n='3‘%‘”:%=33 | | | ’
ry =7y =10.0K05 n = S H

Therefore, the gain of the differential amplifier can be adjusted

anywhere in between 3 to 33.

%,2,5 ERROR DETECTING UNIT

It is a simple comparator which uses only one OP, AMP,
and compares the two imput signals (Fig.%,8). One of the input
signals is the output obtained from the differential emplifier
and is fed at the inverting termihal (2) of OP% The other
signal is the adjustable reference supply fed at the noneinverting
teminal (3) of OP4%, Both the input signals are compared and
depending upon the error, an output signal is issued which in
turn is used to drive the relay circult for the controlling action.
Variable reference supply, Vref.’ is tapped from the
IC 7% biasing supply (+1% Volts) through a 10K @ linear Pot.
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Vref varies in the range of 0~1% volts. To control the moisture
content of the paper sheet, Vref can be adjusted at a particular
value (from the calibration curve) for a predetermined value of

molsture content,

%.2.,6 RELAY DRIVING UNIT

The slgnal issued from the error detecting unit is not
" capable emough to drive ﬁhe relay winding, Relay is used to
represent the controlling aéfion-to control the moisture content
of the paper sheet at the désirea valge; In actual practice, the
control of molsture content is achieved either by regulating the
machine épeed or the steam input to the drying cyiinderé;

To drive the relay, the signal (current value) issued
from the error detecting unit is strengthened (amplified) by
using a darlington pair which consists of two cascaded emitter

- follower, shown in Fig,%.9. |

For darlington pair, current gain (A7) ¢
b= Ay X Apy | (414
where; Apy and Ay, are the reépective cufrent galn of transistor
T, and T,.
Desizn (From Fig,1h9)

Relay: Electromasnetic type (12 volts d.c.)
Coil current = 80 mA.
Contact current = 1 Amp.

To drive the relay, following two transistors are used?
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50/280

it

SF 103 (PNP), I

3
—
t

o(ifax,) = 170 mhy Reg

50/ 300

1
i1

sk 100 (PNP), I = 500 mh, he

C(M@Xo)

R = 10 KQpreset (to regulate the current)

4e247 STABILIZED D,.C, SUPPLY FOR BIASING (4 1% VOLTS)

A dece stabilized supply of 1_14 V is required for
operational amplifiers. For this purpose two voltage regulators

(723) are used,

Design: Circuit diagram using 723 regulator and SL 100 transistor

e

is shown in Fig.4.10,

Ry + R
Vout = Vpape ™8~ Voer = 7 V (given)
R1 . R2 Vout = 14V
h =7 X i

or 2R, = Ry + Ry or By = Ry
TakeR2 =R‘i = 1K Q

Let short circult dﬁrrent, Igg = 400 mA.

Transistor used is SL 100,

Transformer Design

T By T g T e W

Transformer for dual power supply of OP, AMP. is designed

with the following specifications:



L=13

Stamping size =15 o,
Primary voltage = 230 (F to P)
Secondary voltage = 18V-0-18V (P to P)

To get dual out put, one primary and two secondary

windings (i.e. central tap) are wound, Take # = 1.2 Wo/m®

Eszuolf"fxfoB'AoNS
3% = UM x 50x 1,2%x2,5%2,5% 10"” S
NS =216
_ 230
NP‘ 361{216
= 1380

Maximun secondary current = 250 mA.
Hence, wire gauge of secondary wdg. = 27 SUG.
36

Primary current = 530 % 250 ~ L0 mA.

Hence, gauge for primary wdg. = 38 SWG.

The 18 Volts secondary voltage of the transfomer gives
the unstabilized d.c. voltage of 16 Volts with SR 204 diodes and
1000 p.f. c@pacitors This unstabilized voltage, When aspplied at
teminal 8 (Vin) of IC 723, gives the stabilized 1% Volts dac.
supply. A complete circuit dlagram of stabilized dual ds Co

supply (x 1% V) is shown in Fig.ln 11,
%,2,8 INDICATOR

A 0~20 Volts d.ce voltmeter is used for the indication
ourpose. This voltmeter is calibrated in tems of the moisture

content of the paper sample.
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A complete circuit for the conventional paper moisture

meter is shown in Fig.k.12,

4,3 ANALYSIS FOR THE BRIDGE QUTPUT

AV . =V, .6% (%, 10)

c ab*

For resistive bridge, 62 = 6R, Therefore, Ed. (+.10) becomes!

AV . =V ,.6R.K (4,15)

cd ab

Bqs (4e15) is applicable for near balance case only i.e. when
A R4 Re But, in the present case, the above condition doas not
exist because the resistance of the paper sheet varics from
1.0 M& to 3,0 M@ in the interested moisture content region; For
e bR, OV, (sayd Vcd) is caleulated according to Eq. (%.7).

For resistive bridge Z = R. Therefore, Eq.(4;7) becomes:

R»](R +AR)“RZRL*’
a = Van' (5 +32>Ua3+aa33 YR

A v'

(4{16)

Impedence of the detactor is assumed infinity, Figela13 shows
the curve for & V!; (V. = 5.0 Volts) for the different values of
(Ry + 4 R). B Viq is the out of balance voltage of the bridge.
It is clear from the Fig. 4. 13 that as the value of resistance

increases, the out of balance voltage increases in accordance with

Bg. (4.16).

4% OPTIMIZATION OF THE BRIDGE SENSITIVITY 20521,22)

A vheatstone bridge is used to measure an unknown resistor
or indirectly some other quantity such as moisture content, It

1s lmportant to achieve the largest output voltage for a given
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bridge unbalance. In other words, optimization of bridge sensi-
tivity is desirables By choosing the proper value for the bridsge
arms this optimum condition may be achieved but at the eXpense of

the bridge's input pover.

The values of the resistive elements in the bridge are
in general a function of power dissipation; The analysis deals
with the pover distribution among the four bridge elements as 2
function of maximum bridge sensitivity{_ Hence, a compromise must

be made between bridge sensitivity and power.

% o1 BRIDGE SENSITIVITY

The wheat stone bridge as shown'in Figeds 14 consists of
four resistive elements whare one bridge leg has a resistance cf
R and the other three legs are exXpressed in tems of R and two
factors, M and N. By restricting these elements to positive
values; Ry M and N atiributes to i A R which is assumed small as
compared to R, If the detector is treated as the load, a mathe-
natical expression using Thevenin's Theorem can be derived
between the voltage appearing across the detector and + A R(22).

The result is
A Byp = [B(x & R)/R)X(RI/N (M41) (041) 4K (N+1)%) ] (4,17)

where K represents the ratio of the detector's resistance, R,y to

R, and the other quantities are defined in Fig;%.fh-

A nomalized sensitivity can be defined such that it will
ba applicable for all bridges that fit the circuit configuration

in Fig.% 1% and can be eXpressed as
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FIG.4.15_CURVES OF CONSTANT BRIDGE SENSITIVITY (K=5.0).



Le16
S = (A Eun/ E)/(+ A R/R) (4, 18)

Using the above definition, the bridge sensitivity can be eXpres-

sed In tems of K, M and ¥ in the followlng manner:
S = KH/[0+1) (141 4K (04+1) 2 ] (4+.19)

If 8 is considered to be a parameter, a family of constant sensi-
tivity curves can be plotted for a given K, For K = 5,0, the
results are shown in Fig 4, 15. As the numerical value of §
increases, the bridge becomes more sensitive. Fig,4,15 also
shows the relation between M and N, It can be noted that the
sengltivity passes through a maxXimum value of M for an increasing
N, This maXimum can be fownd by setting the first derivative of
Eq, (4,19) with respect to N equal to zero., The value of N for

maximum sensitivity is

T = [K/(Ki+1) 172 | (. 20)

Solving Bq. (%20) for (M+1) and substituting the results into
Eqe (4.19), we have

Sy = L0/ Q1) 1P S (h21)

The largest value of N for meximum sensitivity may be found by

the following eXpression®
N = [K/(14K) ]/2 (1, 22)

- From Egse (4,20) and (.22), as K espproaches infinity, N approaches
unilty and the corresponding value for Syax 1S 0.25. In Fig.l 15,
all maximun sensitivities are to the left of N=1 regardless the

value of K, As K increases, the sensitivity contours shift
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upvard. With the restriction that the bridge elements must be
positive, the bridge sensitivity will approach to maximum (0,25)

under the limiting conditions X + oo and N - 1.

44,2 POWER DISSIPATION

The actual, normmalized, and total power dissipation are
shovn in Table (%,1) in tems of B,R,M and N, It is assumed that
the power dissipation in the detector is small as compared to the
power dissipation in the bridge elements. This is true only if

A R is much less than R.

TABLE 4.1
Bridge Actual Power Dissipation Nomalized Power
Element | (Watts) | Dissipation
MR P, = (Ez/R)X(N/(M(NM)Z)) Py/Pp = N/ (M1 )x (T+1))
NR P, = (E2/R)x(N/(N+'1)2) P,/Pq = N/ ((M+1)x(W+1))
MR Py = (B2/R)x(1/ (L (14+1)2)) Py/Py = 1/((+1)x(H41))
R P, = (B/Rx(1/W+1)?) P/Pp = M/ ((+1)x(141))
- Total '2 - ‘ -
%oweg Pp = (B5/R)x(M+1)/ (Mx (W+1)) Poy = (M41)/(x(W+1))
npu

Y%,3 POWGR DISTRIBUTION

The digtribution of input power among the four bridge
elements depends on the sensitivity of the bridge. Generally,
Py/Pp and P3/PT increases with sengitivity because N is increas-

ing. TFig.'t.16 represents the pover digtribution, nomalized
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povwer Py, M, and ¥ as a function of maximm bridge sensitivity.
Table (4.2) indicates the corresponding meaning of each mumber

in Fig.%,16.

Curve 1, represents the bridge's normaliged input power.
The nomalized power dissipation associated with resistor MINR,
curve 2, increases with increasing maximum bridge sensitivity.
This is due to increasing N« The same general argumént holds for

curve Y.

Curve 3, the nomalized power in resistor IR, shows that
the power dissipation reaches a maximum in Fig. k. 16, This is due
to the fact that this power is essentially proportional fto the
product MN, Since M and N are decreasing and increasing respect-

ively with S, the product produces a maximm condition,

The nomalized power dissipation associated with resistor
R, Curve 5, is essentially proportional to M. Curves 6 and 7

follow the results by Eqs. (4.20) and (421),

4,5 DESIGN OF AN OPTIMIZED METER

From Figs,4,15 and %, 16, we conclude that a maximum
sensitivity of 0.22 (for K = 5,0) can be achieved with the

following values of N and M,
I 4

N M

0.65 0.0818
0.70  0,226%
0.80  0.3763
0.0  0,4062
1,00 0,363
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The optimum values fall to the left of ¥ = 1 in the
Fig.%.15 such that N approaches unity. Hence, the optimum

values of N and ¥ (for K = 5,0) are chosen as below?
N =0.,90 and M = 0,40
Therefore, the bridge elements are chosen of the following values?

NR =900 KQ+ 10 KQpreset
MR

i

400 X Q + 10 K G preset

MNR = 360 KQ+ 10 K@ presat

R = Resistive transducer + 10 K g preset

Filg;’-k; 1'7 shows the optimized wheat stone bridge unit with
the chosen values of N and M for the paper mnoisture measument,
This brid'g‘e is used in the Optin;ized resistive moisture meter.
Rest of the electronic units remain same as that of the conven=
tional resistive moisture meter discussed earlier. Fig;4;18
shows- the out of balance voltage of tha optimized bridge using

Ed, 4. 164

4,6 LINEARIZATION OF THE METER OUTPUT(A)

-—

The disadvantage of the resistive type transducer for
molsture measument is 1ts nonlinear scale over the entire
renge of operation. This, however, is to some eXtent annulled
by the compensation technidques. A simple compensation technique
is to parallel the resistive transducer with a low resistance.
This reduces the sensitivity but increases linearity. Fig.l,19
shows the scheme and the curves of uncompensated and compensated

resistive transducer characteristiecs for comparison. The
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physical concept is that the parallel combinatlon has much less
resistance value and hence its percentage change will also be

less. This can be calculated theoretically with approximation.

4,6,1 DESIGN FOR LINEARIZED WHEATSTONE BRIDGE

Variation of transducer resistance (RT) = 1,0 to 2.5 M Q.

i

100 K¢ is used for compensation.

Let, RC

At Rq

it

1.0 M8, Ryl[Ry =90.909 Kg

Rp = 2.5 M@, RpllRy = 96,153 Ko

]

T
For maXimum sensitivity, the bridge should be symmetrical at the

balance condition.

Ry =R, = Ry = Ry = 100 X @ (say)

To get the zero balance condition (at RT = 1.0 Msz), a
preset of 10 K 2 (fixed at 9.‘09"!' K& is used in series with the

transdb.cer compensated arm such that the total resistance of the

arm is 100 X Q.

Figﬁ%. 20 shows the linearized bridge circuit for the
paper moisture measument. Rest of the electronic eircuitry is
similar to the conventional resistive moisture meter eXcept that

the gain of the Diff. Mmp. is adjusted nearly. 100,

%7 CALIBRATION OF THE METERS

Following three resistive moisture meters were developed
for calibration:
(1) Conventional resistive moisture meter.
(11) Optimized resistive moisture meter.

(iii) Linearized resistive moisture meter.
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The instruments develcped were first calibrated in temms of
resistance., For this purpose, transducer is replaced by the
known variable resistance and the voltmeter reading is recorded
for different velues of resistance. Then the calibration of the
ingstrments is done with the help of the paper sheet samples ofl

the knovn molsture percentage.

" 4,7.1 CALIBRATION IN TERMS OF RESISTANCE

Resistance decade boXes and linear pots (10 to 1000 X )
in the range of 1.0 to 2,5 MQ were used in place of the trans-
ducer and full scale deflection in the voltmeter was obtained,
Table (%, 3) shows the voltmeter readings nmoted for different

vaelues of the resistance.

TABLE 4,3
S.  Resistance Voltmeter Reading (Volts)
Noo (K Q) Conventional Optimized Linearized

Moist. Meter |QMoigt.Meter Moisgt.Meter

1 1095 .7 7 .8
2 1450 1.3 1.7 2.3
3 1740 2.5 343 4,3
4 1950 3.7 | Lo 1 6.0
5 2055 b Y 7.3
6 2110 5.0 53 ' 846
7 2205 7.0 - 8.0 10,2
8 2295 9kt 10.2 11k
9 2355 12,0 12,2 © 120

Calibration curves are shown in Fig;lk;Z‘l‘;
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%y7,2 CALIBRATION IN TZRHMS OF MOISTURE PERCENTAGE

Paper samples of known moisture percentage (by oven
method) were placed between the two electrodes of the resistive
transducer, which foms one amm of the bridge and the correspond-

ing voltmeter readings Wwere noted in Table (M),

TABLE L, 4

A T s i

(2) For Kraft Paper

S. Moisture % Voltmeter Reading (Volts)

No. of paper Conventional Optimized Tinearised
Moist. Meter Moist.Meter Molst.Meter
1 4,96 1241 12.0 12,1
2 5,10 10,2 9.8 10,5
3 7.16 6.0 6.7 8.k
n 12,04 2,8 346 ary
5 13,18 2.7 3.5 3.8
6 k5 2.7 31 3.1
(b) For Writing and Printing Paper
S, Moisture % Voltneter Reading (Volts)
No. of paper Conventional  Optimized Linearized
Moiste Meter Moist.Meter Molstelieter
1 4,22 1242 12.0 12,6
2 5.06 6.0 6.7 9.0
37 7.98 3.7 o7 640
L 10,96 2,4 2.9 &, 2
5 13,00 2.4 3.0 3.7
6 15,11 2 2.9 2,9

Fig,4.22 shows the relationship between the moisture percentage

of the paper samples and the wolimeter readings.
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4,8 MERITS AND DEMERITS OF THE METERS

Le841

MERTIS

The developed resistive molsture meters for the paper

molsture measuiment has the following merits:

(1)

(11)

(iv)

(v)

(vi)

(iv)

The moisture meter is simple, compact and portable.

There is counslderably large.change in resistance for a
comparatively amall change in the moisture content.

A simple resistive transducer is used as sensor. It is
simple in constmiction. Length and diameter of the
detector roll can be modified easily depending upon the
dimensions of the paper machine.

The use of low resistance in parallel with the transducer
makes the response approxXimately linear,

Continucus moisture measurment is possible instantanecusly
after the paper starts passing through the detector roll,
The instrument is expected to be cheaper than other types

using different transducers.

DEMERITS

. v oA oty

The initial response of the instrument is non-linear,
With non-uniform moisture distribution, satisfactory
results are not likely to be obtained.

Paper sample must be in fim contact with both the elec~

trodes of the trensducer. Any gap between them will cause

wrong results,

The presence of electrolytes, salts or acids in the paper

seample reduces its resistivity and henee leads to wrong

resul.ts.
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(v) Resistance depends on the temperature. Henee, any change

(vi)

in the temperatire of the operation of the instrument will
give erronecus results. A temperature correction is
necessary. '

If the paper sample is nlaced for longer perlods between the
eleactrodes of the transducer, current passing through the

paper Wwill canse 1ts heating and the moisture content of

the sample may vary,



CHAPTER- 5

. s XA T AT

DEVELOPMENT OF A LABORATORY TYPE PAPER MOISTURE METER

5,1 PRINCIPLE OF OPERATION

Dielectric constant of dry paper varies between 2.7 and
3.5, Wiereas the dlelectric constant of water is 81. Hence, the
dielectric constant of the melst paper varies from 3.5 onwards -
depanding upon the moisture content present in the papsr sample.
This change in dielectric constant has linear relationsﬁip with
the moisture content, For one percent increase in the moistura
content, the dielectric constant of the paper inereases by 0.78.
The change in dielectrlc constant due to the change in the |
moisture content of the paper is being utilized for the capacitive

molsture meter.

The change in dielectric constant is sensed by a capaci-
tive transducer in temms of capacltance and iIs measured by a
bridge. The unbalanced signal caused by the change in capacitance
of the transiucer due to moisture is anplified, filtered, recti-
fied and given to a dec. microammeters The microammeter reading
shows the change in capacitance, which is proportional to the
moisture content in the paper sample uptc a considerable range of

moisture percentage.
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5,2 SCHEME OF THE MOISTURE METER

The block diagram of the capacitive moiéfure meter
developed by the author is shown in Fig.5.1. It has the following
units?

(1) Capacitive Transducer.

(1) Electronie Circuit:
(a) Wien bridge oscillator.
(b) Capacitance bridge.
(¢) Amplifier unit.

(d) Bandpass filter.

(e) Rectifier'unit.

(f) Stabilized d.c. supply for biasing (+ 1% Volts).
(iii) Indicator.
Detalls of each block, including design are discussed below

individually.

5.2.1 CAPACITIVE TRANSDUCER (SE:NSOR)(23,28) |

For paper moisture measument, parallel plate capacitive
transducer is used in which paper acts as the dielectric media.
By the use of guard plate arrangnent (Fig, 5.2) the capacitance

of a condenser with two parallel plates is given by

0,885 A

Cza“d+d/E' (5.1)

where
C = Capacltance in p.farads.
A = Active area of one plate in cmg;

a = Distance between plates .in mm,
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d = Thickness of paper in mm.

E = Dielectric constant of the molst paper.

An increase in pemittivity of the moist paper by OB will increase

the capacltance by &,
14

L oan o 0885 A
C+5C"a-d+ Tadny

Hence, tie fractional change in capacity 8C/C,

l

1
2 1 & N3(SEVTD

=

wherey Sengitivity factor

2 1T ¥ EB(a=d)/d ~

N3 = 1+rd/1E(a“‘d)] = Non"linearity factor

and &/ (a~d) is called the gap ratio of the transducer.

Design (From Fig. 5.2)

For measurable capacltance change, an area of 150 cm?

(15 em.x10 em.) will be suitable for parallel plates of the

capacitive transducer.

For A& = 150 cm? y &= 4 = 2mm,
C(for B = 3,0) ~ 200 p,f.
C(for E = 30.0) ~ 2000 p.f.

The capacitance of the transducer varies from 200 p.f. to 2000 p.f,
when the meisture content of the paper varies approXimately upto
20% . The parallel plate capacitive transducer is constructed by
using two copper clad plates (15 x 10 en®) having a separation of
2 mn, of bakelite, as shown in Fig;5,3. The distance between the

two plates is kept small compared with the dimensions of the plates
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in order to avoid the fringing effect at the edges of the plates.
To avoid the stray capacitance effects due to the commecting leads,
shielded wires have been used to connect the transducer to an am

of the bridge.

Effect of the Thickness of the Paper (d)

Fig.5.% is plotted to show the effect of the variation in
the thickness of the paper sheet on the value of capacitance of
the transducer. It is clear from Fig. 5.4 that as the value of @
reduces by a, the response characteristic is not linear. For a= g,
the response characteristic is a straight line. Therefore, for
good. results, the gap between the panallel plates of the transducer

must be fully filled with the sample of_the.paper sheet.

Analysis for Sensitivity Factor and Non-linearity Factor of the
Irangducey

B e

The sensitivity factor and the non-linearity factor are
plotted in Fig.5.5 against the gap ratio d/(a~d) for various
permittivities; Best results are obtained with high d/(a=d)
ratios, i.e. 4 is greater than (a-d). High gap ratio cen be
achieved by thick layers of the paper and narrow air gap between

the plates of the transducer.

5.2.2 WIEN BRIDGE 0SCILLATOR'1997,30)

Wien bridge oscillator (Fig.5.6) is the simplest precision
sine wave generator of congstant frequency; required for the opera-
tion of the cepacitance bridge. With an OP. Amp.(active element)

as a gain elementy such an oscillator will have a frequency that
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is precisely controlled by bridge elements. The osclillation

results at the frequency

£f=1/27/R R, C; G, atp = 3
where, B 1s the feed back factor

IfRy =R, =R and Gy =C, =C

]

£ = 1/27 RC

For sustained oscillations P should be slightly less than 1/ 3.
| 1
B =R,/ (R3+R,+) <3

Design (From Pig.5.6)

i

Let w = 104 rad/sec (f = 1.59 K Hz)

1

R
0% x ,01 x 1070

C1 = 62 =C = 0.01 u.f;(say)

e

or R=10K4Q

R, =10 K& and Ry, = %7 KO preset forﬁ(-%

3

5.2.3 CAPACITANCE BRIDGE(2%r29)

An ordinary‘bridge for capacitance measument is shown in
Fig,57. Assuming that the detector is of high impedence, the

trensfer function of the ordinary bridge is given by:

B Ny

It is well known that close tc balance, the transfer

T (5.2)

function may be considered as a linear function of the impedance
responsible for the departure from the balance. On the other

hand, if large deviations from balance are contemplated, linear
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behaviour is mot generally attained. However, if the transfer
function is rewritten ast

= (543)
1 + Z2/Z1 1 + Z1+/Z3

T

then it is easily seen that linearity at the detector is possible
for large deviations from balance under the conditions: 22/21 &1

and Z)+/ Z3 K 1.

In such a-gituation the transfer function may be written

approXinately as

Z Z
L 3

Degign: Z, = Capacitive transducer and 0,001 e £ capécitor in
parallel + 1 MQ resistance in series.
Zy = 0,001 u f. capacitor and trimmer (for zero setting)
in parallel + 1 MQ resistance in series.
2y = 2y = 0.001 4o fs capacitor in parallel with 1 MO
resistance. |

Zy = %), = 0% (1 - 103) G = 10" rad/ sec.)

2y = ‘IO,5 (10 - 3) when trimmer at zero position.

Zq = 10° ("1(-) - 3.833) for dry paper.
= 10° (10 = 3.333) for 20% (E = 30.0) moist paper.

. Z .
Therefore, :%- = 0,10 and —Z-& ~ 0.10
N 3
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5,2, AMPLIFIER UNIT

Similar amplifier unit as described in sect. M 2.4 of

Chapter~- % is used here,

5,2.5 BAND Pass FILTER''9)

To measure the signal, noise must be filtered out. A
narrovw band pass filter is a circuit designed to pass signals
only in certain band of frequencies while rejecting all signals

outside this band. TFig.5.8 shows an active RC band pass filter.
Design (From Fig.5.8)

The design equations are:

where R = R1|I 32

We hava'wo = 10“ rad/sece.

Let, bend with B = 100 Hy

ot

Therefore, quality factor Q = 66 = 100

Let maximum gain of OP.AMP. (&) = 50

i

C»] = 02 = 0001 He f. (SaY)

Ry = wemee x e = 20 K0

.01 x 1070 7 107 x %0
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.01 % 1070 % .01 x 107 100
Ry ¥ =="="2% S
.01 x 1070 4+ ,01 x 10 10
= 20
Ry = 20 KO

20 x 103 x R

2 3. -5 wb 1
x 20 x 102 x ,0Yy x 10 % 01 x 10 "=~
20 x 103 + R, (102

Therefore, /che‘ final values are!

Cy = Cp = 0,01 pfe By = Ry = 20 K&, Ry = 646 KO

5.2.6 RECTIFIER oz 19)

The output obtained from the band pass filter is to be
rectified for the microammeter niddle deflection. A rectifier
unit (Fig.5.9) converts the sinusoidal input waveform (whose
average value is zero) into a unidirectional wavefom, with a
ron zero average components In the rectifier unit % no. IN 66

diodes are used.

5.2.7 TINDICATOR

.l A ezt

The output of the bridge rectifier unit is given to a deCo
microammeter (0-100 uA) through a variable resistor (10 X Q Pot)
in series which gives the average value of current corresponding

to the change in moisture content in paper.

The complete circuit diagram of the conventional capaci-

tive moisture meter for paper is shown in Fig.5.10,
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5.3 LINEARIZATION OF THE METER OUTPUT

N

J The ordinary bridge described in sect;5;2;3 is not very
much practicable. ILinearity in this case can only be achieved

with a possible loss of sensitivity.

In contrast, linearity can be preserved in tne pseudo

bridge (Fig.5.11), whose transfer function is given as

0./ %n = Zn) T )
L/ 23 o/ 4 A

An improved bridge which comprises two similar feed back
amplifier circuits has been used (Fig.5.12). For upper and lower

circuits, the transfer functions are respectively

-~

T_EL_LZ.?, wa'
U_ Z1 b :{'- ZB

The combined transfer function of the bridge is T = Ty - Ty .

Hence,
Zn 7 .
Jper (5.6)
1 3

If impedances %, and Z3 are purely capacitive, and equal to

1/ij1 and 1/ij3 respectively, then
If %, = %, =%, then

T = jwzCy = Cy) (5.7)

which is simply proportional to the difference between the two

oppositely varying capacltors. Due to stability consideration,



JWNLSION JAILIDVAYD G3ZI8V 3N

i
-

C e

URIVINY
IWILNIY¥I S0

¥3L N4 SSvd
GNYE MONYV N

1IN
C ENIIIN

"83dvd H04 Y313W

4L 40 WYHOVIQ LINDHD ~74'S O3

- -

390188

¥OLY TUISO
JONVYLIOVAVY D ISAUB N3IM
QNS =
Mi0°

UAOL

vWL 'S3Y 1Y
$Y100° "dvd 11V

Lu
1
AL
2
o

A
VWAAGY

13S'd ¥AHLY

wAQL

4t
1

’,.

99 NI

‘7)).71
- Aot

¥IINASKYYL
T BAIIIVIVY



510

some high resistance 1s added to each side.

i

Zo =7y, =Z 4 Zy =1/(1/R + jw ;) and Z3:1/(1/R+jwc3)

consequently,
1 . 1 .
T = Z[(*R- + jw C-1)‘ - (—R' + JW' C3)]
and therefore, T = jw z(Cq = 03)

which preserves the same fom as Eq.(b“;?)';v

Implementation of the Igproved Bridge for Capacitance Measument

Fig.5.13 shows the circuit in which the improved bridge
with linear output is implemented. Bridge ams are chosen as
follow: |

Zy = Parallel unit of capacitive transducer + 0,001 u.f,
capacitor + 1 MQ resistance.
Zy = Parallel unit of 0.001 g.f. capacitor + trimmer

(for zero setting) + 1 MQ resistance.

Zy = 7y = 0,001 pofe capacitor in parallel with 1 MQ resis-
tances
The complete circuit diagram of the linearized capacitive
moisture meter for paper is shown in Fig.5,1%. Electronic units

are similar to conventional capacitive moilsture meter.

5.4 CALIBRATION OF THE METERS

Following two capacitive moisture meters were developed
for calibration: |
(1) Conventional capacitive moisture meter.

(i1) Linearized capacitive moisture meter.
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The instruments were first calibrated in temms of capaci-
tance. For this purpose, transducer is replaced by the known
variable capacitance and the microammeter reading is recorded for
different values of capacitance. Then the calibration of the
instruments is done with the helps of the paper sheet samples of

the known moisture percentage.

54,1 CALIBRATION IN TERMS OF CAPACITANCE

e

A variable capaci‘d::r of value 0,003 u.f, Wwas used in
place of the transducer and full scale deflection in the micro-
ammeter was obtained, Table (5.1) shows the microammeter readings

noted for the different values of the capacitance.

TABLE 5,1
S. Capacitance Vicroammeter Jﬁzeadihg (&)
No. - Conventional Tinearized
P L Moist, Meter Moist, Meter

1 400 - 5 | 13

2 900 Y 26

3 1250 I V/ )

n 1500 22 50

5 1900 | 30 67

6 2200 40 72

7 2600 56 85

8

3000 20 100

e g g

Calibration curves are shown' in Fig.5.15.



5-12

5, 4,2 CALIBRATION IN TERMS OF MOISTURE PERCENTAGE

Paper sanples of known moisture percentage (by oven method)
were place between the parallel plates of the capacitive trans-
ducer, which foms one am of the bridge and the corresponding

microw ammeter readings were noted in Table (5.2).

TABLE 5.2

O g S

(a) Tor Kraft Paper

Se | Moisture % Microanmeter Reading (u.4.)
No. Conventional earlze
of Paper Moist, Meter  Molst. Meter

1 5,82 9 20

2 10,98 1 43

3 12.40 16 L8

4 15.1% 25 63 -

5 15,74 25 67

6 16.01 | 13 84

7 18.96 61 90
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TABLE, 5.2

(p) For Writing and Printing Paper

8. Moisture ‘Z WicToameter Reading (e he)
o _orrwer  DRTNRR e fevs

1 IR 9 1

2 8460 12 | o7

3 11.38 16 39

4 15.2% 3 59

5 17.60 iy 76

6. 17.83 L4y 4 80

7 18,89 55 ol

Fiz. 5,16 shows the relationship between the moisture
percentage of the paper samples and the mlcroammeter readings..'
The response of the conventional moisture meter is not linear
whereas the linearized moisture meter shows the approiimate

linear relationship.

5.5 MERITS AND DEMERITS OF THE METERS

5.5.1 MERITS

(1) The moisture meter is simple, compact and portable. This
does mot require any accessory.

(11) There ig a large change in capacitance for a small change
in the moisture content. Change in capacitance is propor-
tional to the change in moisture co.ﬁtent; Hence, linear

relationship exists.



CONCLUSIONS AND FUTURE SCOPES

After having surveyed the work done in the area of moise~
ture measument of paper, the author got eXposed to the ideas
used by various research workers. An attempt was made in the
present work towards developing both omline and laboratory type
paper molsture meters based on well known principles of variable
resistance and capacitance for moisture méasument. At present'
none of such measuring instruments are manufactured in the
country, hence, the development work undertaken is a positive
step towards indigenisation of technical lkmow=how which will

lead to development of prototypes in future for imports substi~-
tution.

Performance analysis of both the instruments showed quits
satisfactory results and they are going to be quite economical

too when manufactured in large quantities.

The present work opens the door for future research in
this arca which may be listed as follows:
(1) Development of a closed loop control system for on-line
control of moisture of paper.
(i1) Development of a microprocessor based system to control

paper moisture when it is being manufactured.
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(1i1) A simple parallel plate capacitive transducer is used ag
sensor. It's construction is simple and can be easily
modified,

(iv) The moisture measument is instantaneous after the sample
is placed betWeen the parallel plates of the transducer,

(v) In comparison to resistive moisture meter, the main
advantage of the capacitive moisture meter is that the
presence of electrolytesg salts or acids in the paper
sample doesi not affect the moisture.measument;

(vi) It is not necessary that the paper sample should be in
contact with both the plates of the t;cansducer;

(vii) The use of an improved capacitance bridge with OP, AMP,
and high resistance makes the system more stable.

(viii) Capacitiv?, méisture meter can be used both for on-line and
latoratory pufpose.

(ix) The instrument is economical.

5 5.2 DEMERITS

(1) Fringe field capacitance at the end of the plates and the
stray cepacitance between the leads may introduice errors

(1i) Paper sheet should be of uniform thickness.
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(i11) Improvement of the capacitor type instrument by considerin:

the change in phase angle due to the change in capacitance.
(iv) Development of both on-line and laboratory type instruments
using sensing elements with Infrared, Microwave and

Ultrascnic sources.
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