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HOT SURFACE DRYING OF PAPER

PRELIMINARY EXPERIMENTS MEASURING THERMAL CONDUCTIVITY
BY A NONSTEADY-STATE TECHNIQUE

SUMMARY

Project Report 2, Project 1901-, reviews the literature on the

techniques of measuring thermal conductivity. From this review, a non-

steady-state method devised by Krischer and Esdorn (1) was selected as.

the most promising for our purpose, that of measuring thermal conductiv-

ities of wet paper. This particular method puts-to use one solution of

the Fourier equation by observing the necessary boundary conditions under

experimental conditions. For further details of the solution, refer to

Project Report 2 and the literature cited therein.

Equipment, essentially as described by Krischer and Esdorn,

was constructed. Some modifications in the design of the heating

elements were included to simplify their fabrication, but basically

the unit was the same as described. Temperature measurements were

taken by thermocouples made from Chromel and Alumel wire 0.002 inch in

diameter following the technique of Ulmanen (2).

The material under test was lightly beaten, bleached sulfite ~?

pulp formed into pads of about 150 mg./cm.2 For the preliminary tests,

the pads of pulp were air dried.
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From the beginning of the test program, the measurement of

thermal conductivity was not reproducible. The electric power supply

to the heaters,was altered iin several ways .in'attemptstoJobtain a '

steady,pber,,input. Finally, an A.C'.,circuit with voltage,-stabilizer , 

t nd, transformers .was used that did give'a satisfactory electrical input..

Several thermocouple arrangements were also investigated, both in regard

to the thermocouples and the measuring instruments. Despite this, the

calculated values for k still varied as much as fourfold.

The net result, then, is that this technique has not been

successful in measuring the thermal conductivity of paper.

APPARATUS

The equipment built and used in this work for measuring the

thermal conductivity is similar to the apparatus described by Krischer

and Esdorn (1).

The heating elements were fabricated from 0.001-inch stainless 

steel shimstock with a heating area of 10 centimeters by 10 centimeters.

Opposite edges of the heater were fitted with copper bus bars 10 centi-

meters long, 1 centimeter wide, and several millimeters thick. In

order to attach the heavy bus bars to the stainless steel foil, slots

were milled in the bars; the slots were then filled with solder, and

the edge of the foil inserted. With the somewhat irregular edge formed

by the solder, the precise area of the heating element is not 100 square

centimeters. An error of perhaps one-half per cent maximum is inherent

in the design of. the heaters, but this error is constant. Four heating
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units were prepared that were then connected in series by fastening heavy

copper leads between the bus bars of adjacent units.

-, .'Inoperation, the series ofheater'units ,are sandwiched' , ' . ...

-' t throughout a- stack' eight identical pads ofthe test substance asi ' ,,.' 

'shownin Fig '-1 The entire test zone is placed under a slight compres-

sive load (several pounds per square inch) to insure good thermal con-

tact between the heaters and the test material. The whole setup is then

housed in a small closed box to reduce heat losses.

Thermocouples to measure temperature rise during a test are

located within the pile. One thermocouple is placed between the two

pads of test material forming the central plane of the stack. Two

other thermocouples are located between the heating elements and the test 

substance on either side of the central plane of the entire stack. The

thermocouple junctions are placed no nearer than 4 centimeters from the

edges of the heaters in the plane of the heaters. The thermocouples

are connected to a Minneapolis-Honeywell multipoint recording potentio-

meter.

Several power sources have been tried. Lead-acid storage

batteries were first used to supply the necessary current to the heating

elements, but because of the relatively high amperage requirements, the

batteries were unable to supply a constant power output. Alternating

current through a voltage regulator and a transformer was also tried. 

This second procedure gave a constant energy input throughout the course

of an experiment. The heat generated is determined by measuring the

voltage drop across and the current flowing through a heating element.
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An assumption is made that the copper bus bars and leads are of suffi-

ciently low resistance that their power consumption is negligible com-

pared with the stainless steel foil. >, ^ C *.,. , $ /' - '- > A

The initial work was planned'to-test ,the'apparatus'byymeasurir

and checking the conductivity of a dry sheet or pad of lightly beaten

bleached sulfite pulp against the values reported in the literature for

dry pulp. Sheets with a basis weight of approximately 150 milligrams

per square centimeter were formed in a sheet-forming apparatus. These

sheets (eight) were uniformly wet pressed to about 100 centimeters of

mercury for one minute, and then trimmed to the necessary size for the

conductivity apparatus (1C cm. by 10 cm.). The eight sheets were then

stacked, placed under a slight compressive load, and air dried to their

equilibrium point. Only one set of eight sheets was prepared, and

these same sheets were used in all of the experiments.

Thermocouples were prepared in the same manner as described

by Ulmanen (2). Chromel and Alumel wire, 0.002 inch in diameter, were

joined with silver solder As two of the thermocouples in the system

were to be in direct contact with the metal heating elements, the

thermocouples were given a thir coating of "Formvar" to electrically

insulate them from the heaters.

The sheets of pulp, heating elements, and thermocouples were

then stacked as shown in Fig. 1. In the first runs (1-21), a storage

battery was used as the source of power. It was soon detected that the

power output was not holding constant through an experiment. This led

to a number of trials in which the two-volt cells were hooked up to form

a 3-cell 2-volt battery, two 6-volt batteries in parallel, a 6-volt

,.-'s.* WnA.~1.1 -.
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The differential thermocouple was connected to a "Sargent" single pen

recording millivoltmeter.

.<- , -$ ; - RESULTSa, ' , ' ' . '- .

*'** . C.,, ' k - -I '.'.* * . . I . 5' -

'' ~ ; ; < '.The calculated' values for'the thermal conductivity, -'k of aa- ' " -' -

dry sheet of paper are recorded in Table I. Han and Ulmanen (3)

estimated k from their data to be from 0.00018 to 0.00020 cal./cm.2 x

°C./cm. for essentially the same dry pulp.

It is obvious that some factor or factors are not being con-

trolled in this present work, as the values of k vary from 0.00010 to

0.00044 cal./cm.2 x sec. x °C./cm. Experimental attempts to eliminate

the uncontrolled variables have been unsuccessful. The first suspect

was the power supply. After a number of attempts to obtain steady D.C.

power to the heaters, the system was switched to A.C. This did give a

constant power input. A second suspect was the temperature measurement.

Three different potentiometers were used at various times--a Honeywell

recording potentiometer, a Sargent recording potentiometer, and a

student potentiometer-galvanometer arrangement. Though a difference in

the generated emf was detected (runs 22-26) when two of these measuring

circuits were used concurrently, neither device gave a constant value of

k for a pad of dry paper.

Neither refinements in the power supply nor in the measure-

ment of the pad temperature had an effect on the reproducibility of the

k value. Unfortunately, time has not permitted further investigation

into the causes of the nonreproducibility of k.

l

Because the thermal
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battery in parallel with a battery charger, and other combinations.

In most cases, the power would hold constant to only within 10% for an

experiment. , , ,8 . ,. · " -'" £

. * J t j ' ' -' . , *a"' t. I 'I. ". J< ' j- », -S. A . I t

:-Eventually'(runs';22-?33), an'A.C. source of current was used'

The line current was run through a voltage stabilizer, then through a -

variable transformer (Varie) and finally a step-down transformer (46:1). .

This arrangement gave a constant power output.

I.. 

The power supplied to the heating elements was measured (runs

1-7) by means of a D.C. millivoltmeter and a D.C. milliammeter, with

appropriate shunts or series resistances. After run 7, the milliammeter

was inadvertently damaged and had to be returned to the manufacturer for

repair. Runs 8-9 made use of a 15-amp. D.C. ammeter Runs 10-17 used

a borrowed D.C. Polyranger. Runs 18-21 used the original equipment

again. The runs using an A.C. power supply necessitated A.C. instrumen-

tation, so an A.C. ammeter together with an A.C. voltmeter (Heath kit)

were used. It was recognized that these instruments did not have the

accuracy that the D.C. millivolt and milliammeters had, but as there was

already considerable nonreproduclbility in the experiments, this was

ignored for the time being.

Beginning with run no. 18, a differential thermocouple was also

employed to measure the temperature drop across the pad of test material.

A differential thermocouple is actually two normal thermocouples with

the two Chromel (or Alumel) wires connected together. The other wires

(Alumel or Chromel) are then connected to the measuring millivoltmeter.

The reading of this thermocouple is simply the difference in emf between

the two Junctions and will not indicate the actual temperature The
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TABLE I (Continued)

Amperage,
amps.

k x 1o 5,
cal.! (cm.~7(sec.)( C./cm)

I - " ~~~~~t - I I

* I~~~~~~~ Il

.4 .4 ,. *4 C.. . -

I I , - . - K. I 

243, 

26~ 3, 

27~ 3, 

293 '5

30'11 

31 3 ,6

33 3.6

I . vI

I 4 , C I * 

0.75

0.59

0.94

0.94

0.92

1.15

0.75

0. 86

1. 06

0. 85

0. 72

t ~

.' I I 

6.8B

6.2

8.2

8.2

8.25

10.4

6.70

7.75

8.30

6.65

5. 00

25 16

35 20

27

27

17

15

14

15

28

20

27

23

44

3A.C. Power supply

' Use of two (2) At measuring devices, i.e., a normal
a differential T.C.

pair of T.C.'s and

5Only a differential T.G. used, its values recorded by the Sargent
recorder.

6 T.C. errf Measured with student potentiometer.

Run
Voltage,
volts
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TABLE I

Amperage,
amps.

6.10

1.82

2.32

5.47

7.85

4.30

4.90

13.3

8.91

4.29

6.54

8.66

3.58

5.74

10.95

_ _

cal./(

1 D.C. Power source; batteries plus
various voltmeters and ammeters and
meters.

2 A large convergence of the t and
-o

charger in several combinations;
arrangements of shunts for these

t was noted throw these runs out!-s

I ,

:./cm.)
,, It~ 

Voltage,
volts

., ,1 t. . .

1.55

0.63

0.68

0.86

1.17

0.68

0.78

1.78

1.34

0.65

0.99

1.30

0.61

0.88

1.66

Run

.I' S..

31

41

51

61

71

81

91

101

111

121

131

141

151

161

171

181,2

191,2

201,2

211,2

14

11

10

21

22

23

20

25

15

15

13

14

12

11

17

- - � - -1 -
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conductivity of a dry sheet could not be measured, no effort was made Th,

to make measurements on pads of wet pulp.

4444 ~44 44.44

*44 .I

44,
I 4 '.4
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HOT SURFACE DRYING OF PAPER

METHODS OF MEASURING THERMAL CONDUCTIVITIES OF MOIST PAPER

SUMMARY

The determination of the thermal conductivity of moist paper

is of importance to the paper industry. For example, a knowledge of

it will enable a more rigorous design of the drier sections of paper

machines.

A number of schemes have been developed for measuring

thermal conductivities. In almost all instances, however, the methods

are only good for dry materials. Several techniques have been worked

out that claim success on moist materials. Of these, some have rather

apparent faults and it is doubtful that accurate measurements could be

made. One method does seem to be satisfactory, and it is the method

that has been selected for the work to be done at the Institute.

The thermal conductivity that will be measured is in fact

only an apparent thermal conductivity. The heat that is transferred

across a moist porous pad is the sum of three heats being moved by

three driving forces. There is the heat flowing due to true thermal

conduction and two types of thermal convection (liquid and vapor).

A technique that isolates the true thermal conduction from

the other forms of heat transfer is presented in this report. This

FORM 7-3 THE INSTITUTE OF PAPER CHFMISTkY
2500-7-54
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method has not been reduced to practice, and for that reason in part

was not selected as the means to be used for the measurements.

The procedure that appears best suited for measuring the

thermal conductivities of paper is the one developed by Krischer and

Esdorn. It is described in some detail in the body of this report.

Several other methods that were investigated are also

presented along with the reasons for their rejection.

INTRODUCTION

The study of hot surface drying in the Chemical Engineering

Department of the Institute had its start with the work of Dreshfield

(1, 2). His was a study of the moisture movement within a pad of

paper as it dried. Han and Ulmanen (3) expanded on Dreshfield's work

by measuring the temperature gradient as well as the moisture move-

ment within the paper pad as it dried.

From this work, estimates of the apparent thermal conduc-

tivity of moist paper have been made. However, due to the ever

changing moisture contents and the necessarily transient state of

heat flow, these are only over-all estimates of thermal conductivity.

A more exact measurement of the thermal conductivity is a

logical step in the drying study program. For this reason, a survey

of methods of measuring the thermal conductivity has been made in

an attempt to find or devise a technique suitable for our use. There

are a great number of procedures for measuring the thermal conductivity
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of a material. In general, they fall into two major categories: the

steady state or the nonsteady state.

The steady state technique usually involves the determina-

tion of the thermal conductivity, k, from this equation:

dt
q = kA (d ) (1)

The heat flowing (q), the area normal to its flow (A), and the

temperature change with respect to sample thickness (- -) can all

be measured independently, which then allows the calculation of k.

In this method, it is imperative that a state of equilib-

rium be reached before the measurements are made. This often means

a minimum of 24 hours even for materials of high thermal conductiv-

ity, and upwards to 400 hours in some cases.

The nonsteady state techniques all involve the solutions

to the Fourier equation,

at -(zt azt e 2tae ax2 + ay2 a2) (2)

and the observation of several boundary conditions. The resulting

solution of Equation (2) determines the necessary measurements for

calculating the thermal conductivity of the test specimen.

An advantage of the nonsteady state technique is that the

entire test usually requires only a few minutes of time as compared

with the steady state procedure.

Upon examining the methods that have been developed for

measuring thermal conductivity, it appears that none is entirely
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satisfactory for use with moist porous materials. This is because

there is moisture movement within the test specimen when a temper-

ature difference is impressed across the specimen. This leads to the

conclusion that what probably will be measured in any thermal conduct-

ivity study is actually only an apparent thermal conductivity. That is,

the heat movement across the test specimen will be by a combination of

conduction and convection.

DESCRIPTION OF THERMAL CONDUCTIVITY MEASURING TECHNIQUES

The means of measuring thermal conductivity generally fall

into one of two categories, that is, either the steady state or the

nonsteady state procedure.

Of the steady state methods, the classical procedure is the

use of a guarded hot plate apparatus, which in itself has a number of

variations. One of these variations is described in this report (the

Fluker (5, 6) method). A modified steady state method as outlined by

Daane (7) is also presented.

Of the nonsteady state methods, two are reported. The first,

-a method developed by Beatty, Armstrong, and Schoenborn (8), has been

used on dry materials but not on moist, porous materials. A second one,

the Krischer-Esdorn (9) procedure, has been used for dry materials as

well as moist, porous materials. This second nonsteady state procedure

appears to be the method best suited for our requirements.
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GUARDED HOT PLATE METHOD (4)

The classical method of measuring the thermal conductivity of

a slab of material is by a steady state technique known commonly as the

guarded hot plate method. This method has slowly evolved over the years

and at the present time is the standard method of measuring thermal

conductivity of homogeneous solids.

This technique simply requires that the necessary measurements

be taken so that k in Equation (1) maybe calculated.

dt
q = kA (----). (1)

This, of course, is carried out under steady state conditions.

A vast number of variations of this method have been developed

and tried. These methods vary as to means of measuring the heat flow,

the heat source, etc. The accepted standard apparatus is described by

the American Society for Testing Materials (1945).

The name, "guarded hot plate," is derived from the use of

two heat sources. The two sources are physically arranged so that one

surrounds the other. The central source is the testing unit. To

insure that the heat flowing from this central source is unidirectional

and all of it passes through the test specimen, the outer heat source

is used. The outer source is kept at the same temperature as the inner

source, and as a result, no heat from the test zone has a tendency to

escape as there is no temperature differential to drive it from the

test zone. The heat generated in the central zone is very carefully

measured and the outer source "guards" against the escape of any of
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this heat from the testing unit.

FLUKER METHOD (STEADY STATE) (5, 6)

A method developed at the Texas Engineering Experiment

Station for measuring the thermal properties of soil makes use of the

so-called "heat meter" principle. This device requires that the heat

passing through the test substance must also pass through a material

of known thermal properties. The amount of heat flowing may be deter-

mined by measuring the temperature drop across the known material.

Only the thermal conductivity of the test material is left as an

unknown, and it may be calculated from a knowledge of the temperature

drop through the test zone.

This apparatus, as shown in Fig. 1,

/p_ -&. * -

Neeci
Source

Neok
Sink

I_ ' "___

////// / / / / / / // '

K rfCphe5e heriocoupb6

Fig. 1.

is operated under steady state conditions. Heat supplied at the heat

source travels through the bismuth heat meter into and through the

test specimen, through the second heat meter, and finally into the

Ho l cold
ibmxu+h Tes4 Specimen I snu4h

XX )A KXX KX X XK X

air 0o.o -
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heat sink. The heat flowing can be calculated through a knowledge of

the thermal properties of bismuth and the measured temperatures in the

bismuth heat meters,

q = kA d ), (1)

where a is the heat flowing, k is thermal conductivity of bismuth,

A is the cross-sectional area normal to the heat flow, and dt/dx is

temperature gradient.

For the operation of this system with two heat meters, measure-

ments are made of the heat flow in both meters until the difference is

no larger than 5%. An average q is then assumed to be the heat passing

through the test specimen. The k of the test specimen was determined

by
~~~by ~k average (la)

dx t

In actual operation, with moist soil as the test specimen, it

is found that equilibrium is not reached until after 150 to 400 hours

have elapsed.

Actually, this technique for measuring the thermal conduc-

tivity of moist, porous materials measures only an apparent thermal

conductivity. However, in the course of just one test, a number of

moisture levels can be taken into account. This is accomplished by

having a number of thermocouples located along the axis of the test

specimen at measured intervals. The temperature differentials be-

tween these thermocouples give a number of temperature gradients,

(dtdx). After the test, the sample is dissected and the actual
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moisture in each segment determined by weight loss on drying.

The original uniform moisture distribution changes when

the sample is being subjected to the flow of heat along its axis.

Greater amounts of moisture accumulate at the colder end. This

redistribution of moisture is to a large extent the reason for the

slow approach to a state of equilibrium.

This particular apparatus employs bismuth for the heat meters.

This was done strictly for simplicity of design, i.e., bismuth has a

low melting point and therefore is easy to cast to the desired shape in

the laboratory. Any metal whose thermal properties are known may be

used as a heat meter.

DAANE METHOD (MODIFIED STEADY STATE) (7)

The transfer of heat across a bed or pad of fibers containing

moisture can be visualized as being caused by three separate driving

forces. These heat quantities moved by each driving force are additive,

and their sum equals the total heat transferred per unit area through

the system being studied. The first of these is the heat transferred

by true conduction,

qi = k+ , (3)ax (3)

the driving force being the change of temperature with distance and

k being the true thermal conductivity.

The second quantity of heat flowing is that caused by water

vapor actually moving within the pad of fibers. This can be represented
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by

aP
Ca^ ^T-.a (4)qz = # ax

The driving force in this case is the change of the vapor pressure

with distance through the pad. And p is the proper conductivity for

this situation.

Finally, the third quantity of heat flow is that caused by

the movement of liquid water within the pad,

q3 = e . (5)

In this case the quantity of heat is a function of the rate of change

of moisture content with distance and the conductivity is 0.

The total heat flow through the-pad is the sum of the three:

qT = ql + q2 + q3 = + BPx + 6 x (

The determination of the true thermal conductivity, k, is

possible if qa and q3 can be made small. A means by which this can

be accomplished is described as follows.

In an apparatus as shown in Figure 2 and at the initial time

(e = 0), the entire system (metal, paper) is at a constant temperature

(ta). At this time, the heat source begins to generate a heat impulse

that alternately rises above t and falls below ta by an amount, At |.

This cycling heat should follow a sine wave as shown in Figure 3.
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The temperature at x = 0 at any time, 9, is, then

to = ta + I Ato I sin (7)

where )is the heat cycling frequency in radians per second, e is the

time in seconds, and IAt I is the temperature amplitude in degrees.

For unidirectional heat flow, the following Fourier equation

holds:

at a 2t
ae =O ax2

(8)

One solution to this is

At = Ae x sin W-e -x) + Be/X (sinse +I-x)

where

(9)

(10)

c is specific heat and p is density. The temperature difference, At,

at any point, x, in the metal is also given by Equation(14l

At = t - t 
a

(11)

If thermocouples are located at x = 0 and x = h, At and

At can be measured directly. Then, at x = 0 and from Equation (9),
~~~~h t (+B ino

Ato = (A + B) sin UWe

lAt | = A + B

(12)

(12a)

at x = h, and e = 0, and setting -h = R,

Ath = -Ae-R sin R + BeR sin R (13)

= (Ae- R - BeR) sin R

or

-/ = ;- Fod�(:' = 1/=kCZ

(13a)
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at x = h, and e = qr/2.

Ath = Ae- R cos R + BeR cos R (14)

= (Ae- R + BeR) cos R (14a)

It is also apparent (similar to Equation 7) that

th =ta + Ath sin (e - ) (15)

where V represents the lag or delay of the heat flowing from x = 0 to

x = h.

From this we get

Ath = Athl sin (le -V). (l5a)

Then when e = 0,

Ath =| Athl sin v (15b)

and when e = 7172.

Ath = lAthl cos Y. (15c)

Substituting in Equations (13a) and (14a),

I Athl sin 1 = (Ae R - BeR ) sin R (13b)

IAth cos = (Ae-R + BeR) cos R. (14b)

Squaring and adding Equations 13b and 14b,

lAth1 2 = A2e- 2R + 2AB(cos R - sin R) + B2e2R. (16)

Equation 16 together with Equation 12a make it possible to solve for

the two constants, A and B.

Within the metal (see Fig. 2), all the heat is transferred by

conduction,
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q = k at (3)
ax:

since t is constant,
-a

aAtq = k a (3a)ax a

then substituting in Equation (9) and differentiating,

qh = k{ -Ae-R [sin(we - R) + cos(&) - R)]

+ BleR[sint-e + R) + cos(ie + R)]t. (17)

In Equation 15, R and k are known from the metal used, A and

B have been solved for from Equations (12a) and (16), and w and |AtI

and IAthl can be measured. As a result, ah can be calculated. As qh

is the heat at the interface of the metal and fiber mat leaving the

metal, it is also the heat entering the bed of fibers at Z = 0 (see

Fig. 2).

By measuring the temperature in the sheet, aat/z can be

determined at z = 0. Then by rearranging Equation (3),

k qh (3b)
( at ),ay

where the k is now the thermal conductivity of the bed of paper. As it

stands [see Equation (6)], it represents only the apparent thermal con-

ductivity. However, if the second and third terms in Equation (6) can

be made negligible, then the k will approach the true thermal conduc-

tivity of the bed of fibers.

The second term of Equation (6), or the term represented by

Equation (4), is the quantity of heat moving due to the difference in
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vapor pressures within the pad. As t is lowered, this quantity of

heat will become less significant with respect to the total flow of

heat across the pad.

The third term of Equation (6), or the term represented by

Equation (5), is the quantity of heat moving in the form of liquid

water due to a temperature driving force. In this case, due to the

mass of the water involved, the inertia, or resistance to motion, can

keep the liquid water virtually stationary if the direction of heat

flow is changed often enough. The number of heating cycles per unit

time ()) must be adjusted to make this true.

To determine the limits within which a true thermal conduc-

tivity can be measured, a series of exploratory experiments must be

made. If the apparent thermal conductivities at several t 's andI''s-a

appear as shown in Fig. (4), then at X> )*, the third term is negligible

and also the second term is not dependent on a. Cross plotting at to

>_2, a correlation as shown in Fig. (5) should be obtained.

?t £sS < _^LOI ; --
<^ w c t,

Fig. 5.Fig. 4.
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In Fig. 5, when t < t *, the second term of Equation (6) is

also negligible and the value of k may be assumed to be the true-apparent

thermal conductivity.

In the event that the initial correlation of k t at
-apparent

several W's and ta's does not appear as shown in Fig. 4 but rather

looks like Fig. 6, then &O is still too small to make the third term of

Equation (6) negligible, provided, of course, that ta is less than some

estimated value at which the third term becomes negligible.

4A

LA)

Fig. 6.

BEATTY, ARMSTRONG, AND SCHOENBORN METHOD (NONSTEADY STATE) (8)

Heat transfer through a material by conduction can be

described by the Fourier equation. When the transfer of heat can be

shown (or assumed) to be along only one axis of a three-dimensional

system, the Fourier equation takes the following form:

at = C< a2t (8)
aen a ax2

The solutions to this differential are many and varied, each depending

I
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on the particular boundary conditions to be met.

Beatty, Armstrong, and Schoenborn have shown in their method

developed at North Carolina State College a means by which the thermal

conductivity, thermal diffusivity, and heat capacity of a test specimen

can be measured through a particular solution to Equation (8). The

system is shown in Fig. 7. Heat is supplied from the heat source which

is maintained at a constant temperature, T . This supply of heat begins

at time zero (8 = o), prior to which the test specimen and the copper

block are at a constant temperature, t .

Z~o -v
7'

X'sL X -- treprevo
4\erwoco Lles

Fig. 7.

When the test begins, the heat source is placed in intimate contact

with the test specimen, causing heat to be conducted through the

specimen into the copper. By measuring the temperature rise within
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the copper block (assumed to be uniform throughout) and knowing the

thermal properties of copper, the heat transferred may be calculated.

The boundary conditions expressed mathematically are:

t(x, ) = to (for all values of x) (18)

t(o, e) = To (for e>o) (19)

kA- t = w'c' a at x = L; e> (20)ax ae

where t is temperature at time, e, t is initial temperature, To is hot

surface temperature, t' is the temperature of the copper block, x is

distance normal to hot surface in test specimen, k is thermal conduc-

tivity of test specimen, A is area of contact between test specimen

and copper, w' is weight of copper, and c' is specific heat of copper.

Equation (20) may be rewritten

(L) at ) + at = at x =L 21)

where

H = ,wf, = --p^c .WC(22)- w'c' L'p'c'

The term,CC, is the thermal diffusivity of the test specimen, L and

L' are defined by Fig. 7, p and c are the density and specific heat

of the test specimen, respectively.

With the assumption that at x = L, t = t ', Equation (21)

becomes

(H )( at + at = 0 at x = L. (21a)

With the above boundary conditions, one general solution to Equation

(8) is
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T - t 00

T t =
0 0 n=1

2(\2 + H2)e(~L2)e

An(A2 + H2 + H)
Xi xsin --
L (23)

whereXn for n = 1, 2, 3, .... are the positive roots ofn~~~~~~r h oiieroso

H = A tan .

Substituting n = -TZ H in Equation 23 and rearranging,

T o
~~~- 

t

(24)

T - t

T - to o
(25).. -.

As e increases, the terms after the first term become less

significant. Considering only the first term and taking the natural

logarithm of both sides,

in T t =- H e + ln [ 2(Z, + H) ][ [sin -1 (26)
T -t L2 z + H + JL L

The curve obtained by plotting (T - t)/(T - t ) vs. e on semiloga-

rithmic paper results in a straight line, the slope of this line

being

loe = m = 2303LZ - 2.30slope = m = - 2 3o3 - - O232. 303L2 2.3031.2 (27)

Further substitution yields

m =-k Z
m = - (2.303)(L'p'c')(L)

k = -(2.303)(L'p'c')(L)(m)
Z

(28)

(28a)

Equation (28a) shows that determining the thermal conductivity

of the test 'specimen is dependent on the slope of the temperature-time

or

H ]H
:t [ + Hn ,++ '( ),_~2 1-sin -Ln ]e(Z~

n=1 -rZH L
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curve, the properties of the copper block, and Z.

The value of Z may be determined in several ways. If thermal

diffusivity,o(, is known, Equation (27) may be rearranged to give the

quantity, ZH:

ZH = 2.303L2m (2a)ZH=-S^ ^. (27a)

Z may then be determined from ZH by referring to Equation (24) and

A n = Zn (29)

A second way by which Z may be determined is from Equations

(24) and (29) directly if the heat capacity of the test specimen is

known.

The third method of determining Z requires no advance knowl-

edge of the thermal properties. Referring to Equation (26), it can

be shown that the intercept for the straight line plot on semiloga-

rithmic paper for x = L is given by

intercept =I= FZH [ jH]Ein =t] . (30)

Since Z is itself a function of R, it is possible to determine a

value of Z from Equation (30). The relationship between I and Z., and

I and H can be shown graphically.

The thermal diffusivity (aX) may be determined in much the

same manner as described for the thermal conductivity. The apparatus

is the same except that the copper block is removed and a temperature

measurement is made between the two test specimens, i.e., at x = L.
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Plotting the data in the same manner as previously described,

the slope of the curve is now a direct measure of the thermal diffusiv-

ity

4L2m2.303 (31)

KRISCHER-ESDORN METHOD (NONSTEADY STATE) (9)

The method herein described as the Krischer-Esdorn Method

(named after the men at the Technical Institute of Darmstadt, Germany,

who developed it) is similar to another procedure for thermal property

measurements which was developed virtually simultaneously and indepen-

dently by Clarke and Kingston (10, 11) in Melbourne, Australia. The

essence of these procedures is as follows.

If, referring to Fig. 8, a constant supply of heat, 2o. is

produced in a metal foil, b, of zero mass and lying between two flat

plates, a, of thickness, s, from time, e = 0, the temperature, t,

will obey the following relation as long as there is no temperature

increase at x = s.

t xo= -2 s /~- (e - -¢ T~- erfcI ) (32)
t(x., ) : f- kp

where

x k 2:r)= _2 - = : , erfc = 1 2 d-n.
24~~~W 0171~~-fF 
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a a

Q I Q -~ 8

Fig. 8

for the plane, x = 0

2 qo - (3)
t(o, e) -2 33

The heat penetration modulus, kp , can then be determined from the

slope of the curve of t(0 e) against -4 and a knowledge of the heat

generated, _q.

The thermal conductivity, k, can be determined as follows.

As the system shown in Fig. 8 continues to be operated, heat will

begin to reach the plane, x = s. If heat transfer at this surface

can be prevented, then after a period of time the temperature within

the plates (a) will obey this equation:

t qo x x + G + ] (34)
(x, 2k 2 ' s'

G being an arbitrary constant dependent on starting conditions.

The correlation between temperature and distance, x, and temperature

and time, e, will appear as shown in Fig. 9 and 10.
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3

-t

kF
IT<»

0

Fig. 9
Fig. 10
Fig, 10

For the difference, At, of the temperatures, t(0, and t(, e), at

time, n , the following relation holds:
~~~A ~ ' 9 ) -ts n

) o/k

At = (o. e) - (s, n) q0 /2k (35)

From this, by rearrangement,

k -^ 2At (35a)

The slope, a ) time graph (Fig.The slope, -t -, ae of the temperature versus time graph (Fig.8e '

can be derived from Equation (34),

at(x, e) -
8a cps (36)

Since the slope remains constant for all values of x, cp can be

computed,

10)
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qo
cp = . (36a)

Pt S)aes

For the time difference, &A (Fig. 10) elapsing between the planes,

x = 0 and x = s for the same arbitrary temperature, t n to be achieved,

the following relation holds from Equation (34),

Ae = s212. (37)

From this it is seen

(= s2/2&e. (37a)

It is to be noted that (, the thermal diffusivity, is found indepen-

dently of the heat energy, qo.

The preceding establishes several boundary conditions that

must be maintained in order thatEquations (32-37a) are applicable.

Among these are that no heat passes the plane, x = s, and that the

flow of heat is strictly a unidirectional flow, normal to the source,

b. A third condition requires that the heat source have no mass.

The first of these conditions is accomplished by the design

of the apparatus (Fig. 11). The second boundary condition can be met

by dimensioning the system properly. That is, the ratio of sample

thickness to sample diameter must be sufficiently low so that heat

flow parallel to the heat source is kept negligible or below a speci-

fied maximum. The third boundary condition dealing with the mass of

the heat source is solved by applying a correction factor and by

building the heat source originally as small as possible.
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m _ L
_ a0 o a a a C Q

I P ^tPI ·t ·
4/' tb zb bb b
Io/- __ - -

? o-2? . ?.-?o ?o--'o 2'-.-?o
7 I ,.-I

_'o T g0 I l; o

Fig. 11

a. Test specimen (# equal specimens)
b. Heat source (4 equal sources)
c. Insulation

The apparatus as shown in Fig. 11 consists of a sandwich of

8 similar test specimens arranged symmetrically about 4 heat elements.

The heating elements are very thin metal sheets of high eletcrical

resistance. Krischer and Esdorn used a material called Vacromium, 

0.01 mm. thick (0.0004 inches). Clarke and Kingston used shim steel,

the dimensions not given. Stainless steel shim stock is available in 

this country, 0.001 inch thick with an electrical resistivity high

enough to give fairly satisfactory results. The four heating units

should be as nearly identical as it is possible to make them. The

metal foil heating units are connected together in series by strips

of material of lower electrical resistance and greater thickness such

as 0.005-inch copper foil. The four heating units, when the apparatus 

is in operation, are connected to a source of power, and an-electrical

current is passed through the circuit. Heat (2qo) is generated in

each heat source, and by symmetry, half of this heat (qo) will travel
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away from the heating unit through each of the adjacent test specimens.

Each test specimen receives a quantity of heat equal to q

at x = 0, and this heat then moves outward toward x = s. The test

specimens are identical so the heat arriving at x = s from one direc-

tion will be met by an equal quantity from the opposite direction and

no heat will cross the x = s boundary. Therefore, the first boundary

condition is met. The testing zone in this apparatus is the central

pair of test specimens, thermocouples being located at x = 0 and x = s.

The outer sets of test specimens and heaters are aids in insuring equal

division of heat within the test zone.

It is possible to show mathematically that with a set of

eight test specimens, the conditions required to meet the first boundary

condition will have less than a 0.5% error.

Equations (32-37a) are related to definite time periods in the

test. Knowledge of these time limits are essential for the analysis

of the data. The time limits can be found from a comparison of the

theoretical temperature-time curve with the measured curve. When the

measured slope deviates less than 0.5% from the theoretical case, the

measurements properly belong to that portion of the test for which the

theoretical curve was drawn.

As a preliminary estimate of the time involved for each por-

tion of the test, calculations may be made. The expression for the

analytical shape of the curve relating temperature to all periods of

the experiment is:
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qs2 x7 x 1 0 ___
x6 = r{[1()2^ x +. t +l a] - ("D n)o cos(nJX)e- s (38)(x,e) k 2's' - s 3 s- n (im)2 s -

The slope of the realistic curve can be calculated from Equation (38).

At startup, when x = 0, the slope becomes

dt qos Fn~ I\22t
d -e.8 ( )( ) + 2e-) s2 (39)
de k S L n=1

the bar over the t indicating the realistic situation.

The slope of the ideal curve at starting conditions can be

calculated from Equation 33:

dt'e) = qOs (40)

From an earlier definition, that relating the slope of the ideal curve

to the realistic curve,

(1 +E ) d(0e) = (0e) (41)
de d e 4 '1

and stating that the slopes shall not differ by more than 8= 0.005

during the test time, 0 M,, the following equation is arrived at:

1.005( )( ) A/S(e e( 2 (42)k"V-O A/ sa k s - n=l J

This can be reduced to show that

52 1 = - 1 (see Appendix I) (43)
sz 6

or by rearranging

0 M = 6I- = e . (44)

that is, the maximum time for the first part of the test is equal to

s2/6o, or 0 .u
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All other characteristic times will be multiples of e .

After a period of operation and when heat begins to arrive at

x = s, the slope of the ideal temperature-time curve will be [from Equa-

tion (34)]

dt qos
d(oe) = ( ) 2 ) (45)

The slope of the realistic curve has been shown as

dt(0,e) q s
de ( k ( + 2e- (n)2 ] . (39)

n=l

Setting the slope equal to each other in accordance with Equation (41),

the following results:

e= D2e- _nE 2 = 0.005. (46)
n=1

The solution to this gives

= 3.5 (47)
sz 6

or

=3-5-S2 = 3.5 e. (48)
M2 6 cc u

That is to say, this time must elapse before the second period of

measurements may begin. If this portion of the test can be conducted

within a period of time equal to 1.5&u , the total time elapsed for a

complete test will be 5e .

The relationship between sample thickness and width must be

established. The thickness of the sample must be selected according to

the thermal properties of the material and the time limits of the
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measurements so that the heat losses do not exceed some predetermined

value. The solution to this is found from the following general heat

transfer equation for heat conduction in a cylinder:

azt + at 1 dt
Br2 r ar oc d * 

The boundary conditions are that the heat source has no mass, and at a

radial distance, r, from the axis of the cylinder, the temperature is

t. The use of this equation comes about by imagining that a cylinder

of radius, R, is contained within the test specimen (see Fig. 12). At

time, e = 0, the temperature is tA. Further, it is assumed that thel-A

cylinder transfers heat to its environment from e = 0 at a constant

temperature. t 

r

I \'-.____-...I ,--5-} ... IJŽx

Fig. 12

The boundary conditions, stated mathematically, are:

-k( at ) = htar r=R- - (R,e) (49a)
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( at) = ° (49b)ar 0

t(r) = t (49c)

The solution to Equation (49) is, then:

t(r,t) = nJo(pnr) (so)

This equation (50) may further be reduced to finally show a

relationship between the quotient of plate thickness and plate length,

(s_/2R) to the Nusselt Number (h2R/k).

This relationship can be plotted with the reciprocal of the

Nusselt Number as the ordinate and the sample thickness as the abscissa.

The sample length (2R) are parameters. This plot is shown as Fig. 11

of reference (9).

One of the original boundary conditions is that the heat source

have no mass. A rather involved mathematical analysis can be made to

show the influence of the mass, of the heating foil on the system. The

corrections arrived at for this deviation from the boundary conditions

is only about 2% of the measured values.

DISCUSSION

The system of interest is a sheet of cellulose fibers contain-

ing water. The ratio of fiber to water is one of the more interesting

variables to be investigated. It is therefore extremely important that

in a given test the fiber-to-water ratio be known and, furthermore, that

no change take place in the ratio during the course of a test.
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It is apparent that it would be difficult to maintain a

constant moisture content with several of the described procedures.

For this reason, any method requiring a substantial period of time to

make the measurements must be discarded. This eliminates any guarded

hot plate method, such as the Fluker (5, 6) method.

As stated earlier, all the methods measure an apparent thermal

conductivity rather than a true thermal conductivity. The reaon for

this was also pointed out. One technique was found that attempts a

separation of the true thermal conductivity from the other modes of

heat transfer. It would appear that the Daane (7) method would there- 1

fore be the logical selection as a procedure for this work. Were the I

details of this method more thoroughly worked out, this could very 

well be true. The perfection of the mechanics of this technique,

however, might take a considerable length of time. Because of this, /

this method is being sidetracked for the present.

Thus, there remain, of the methods presented, the two non-

steady state processes--the Beatty, Armstrong, and Schoenborn (8)

method and the Krischer-Esdorn.(9) method. Of these, the Krischer-

Esdorn has been selected as the more suitable of the two.

The Beatty, &t al., (8) technique appears on analysis to be

more complicated mechanically to operate. For example, the heat source

must at time zero be at a constant temperature, T , and at the same

time be in good thermal contact with the test specimen. In addition,

the heat flow is measured by a "heat meter," receiving the heat from

the test specimen. Any film resistance between the specimen and the
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meter can seriously affect the results. And finally, the published 

mathematical analysis of this procedure has not been as completely

worked out as has the Krischer-Esdorn (9) method.

On the other hand, the boundary conditions set forth in the

Krischer-Esdorn (9) method appear rather simple to meet. The mathematics

involved are presented in detail in the article describing this process.

And the mechanical operations and measurement are straightforward. This 

technique has therefore been selected as the means of measuring the

apparent thermal conductivity of sheets of moist paper.
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APPENDIX

To reduce

qos5)( 1 qs (051.005(k A ~ )J ~ ~ai c-Wkjj I + t 2e
n=1

rearranging

at-e14
1.05 I c 2- (n7t2 ~2

-. 1/7ae141 2e
"'~~Xe ~ n=1

This resolves into the solution of the group:

-(nl)2 s2
S

2 2e
n=1

An expansion of eJ(Dr) 2 or at n = ,e' 4I can be shown to converge

rapidly if17T2x• 0.1, therefore making the following true::

-Vrx e = 1 -1t2x.

However, if x = 1/6, then 1T2x > 0.1. To get around this, write

-'fl2x =-Z, ZI -fl¶2x
e =e e

and find the Z, such that Z1 -lr'x = 0.1 for x = 1/6

Z = 0.1 +rT2/6

Z,= 1.75;

CD
then the first term, i.e., n = 1 in e~ 

n=1
which is equal to

becomes

_7 X'2aL e 1 .7 5 1+ 1.75 _ 01a 

- -1.75 5 
= e 1 -

-(nil)
(42)

(42a)

e' el 1
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The other terms can be written with their appropriate Z 's. The

summation of these terms gives

(e
op -(nt) 2 s2
2 e
n=1

For the first several

n

1'

2

3

4

values of n, Z becomes

Zn = -0.+ (n

1.75

6.67

14.90

26.50

The summation becomes

-(n't) e

e - e-1t 7 5 2.75-_ i2 s-e

+ e-6.67 [7.67 - 4 ]

+ e-14. 9 15.9 - 91 ]

+ e-2 6 5 C27.5 - 161T2 --2

+.

It is apparent that after n = 1, the terms become negligible.

Therefore, it can be said that

n=l

-(nil) 2 e-
e

00

n=l

~-1.75 91 2 Cref~
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Placing this solution for the summation into Equation (42a) and letting

s2 = 6 we find

1. 005 
-10 + 2 /16 [e-17'5(2.75 - )

0.565 = 0.41 + 0.82[0.174(2.75 - 1.65)]

0.565 = 0.41 + 0.157 = 0.567.

Check

This is trial-and-error type solution; our trial was that ce/s2 - 1/6.

An alternate and more general solution is as follows:

To reduce the form,

1.005( k )(" + ) = ( k )( s2 )k MkS [1+z) S2e
n=l

rearranged this becomes for n = 1,

1.005 2 = 1 + 2er~ ew~T 
s

Let s = 32; then

3 = 1 5 + 2e ]
1.005 

This may then be solved graphically. To speed the solution, write

f(a) = 1r I1 + 2e1.005

Taking the derivative of f(3) with respect to 3 gives the slope of the

curve

df(7) _ 4 472 ( ) 
d 1.005 3 e 

-( ) 
3 -
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Knowing the slope at a value of 3 will help select the next

trial for a trial-and-error solution. This type of solution requires

that values of the summation group found in Equation (42) at n greater

than 1 be negligible.

I
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INTRODUCTION

The purpose of this study was to complete the study made by

Arthur Dreshfield, Jr. Especially interesting was to get a more detailed

picture of both moisture and temperature distribution inside a paper sheet

being dried on a hot surface.

Since the time of Dreshfield's thesis work, practically no new

ideas have been presented in the literature, and the literature study made

by Dreshfield still applies. Therefore, the author of this work refers

only to Dreshfield's publications.

DESCRIPTION OF TECHNIQUES USED

I. Drying Apparatus

The main part of the apparatus used in this study was the same

as that used by Dreshfield. However, the hot water circulation system was

totally rebuilt, and the clamping device was reconstructed in order to pre-

vent, as much as possible, the reduction of the areal size of th6 samples

caused by shrinkage phenomenon.

The total elimination of shrinkage can hardly be carried out using

the existing devices, even if shrinkage could be reduced to a great extent.

Concerning the hot water flow in the heating system and the air

flow in the ventilation system, careful calculations were made in order to
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see if they were sufficiently high, and no appreciable temperature or R.H.

change took place during the evaporation period.

II. The Fixed General Drying Conditions 

Hot water temperature was fixedat 1940 F., and the rate of flow ' o 

of ventilating air was 150 ft.3/min. Dry bulb temperature of the air was 

100 F. and wet bulb temperature, 78°F.

III. Temperature Distribution Measurements

For'this purpose, 0.002-inch diameter chromel and alumel Hoskins

Manufacturing Company thermocouple wires were used. Thermocouples were

prepared using silver solder as a medium to form the junction. The thermo-

couples were always placed between laminates so that the wire ends came out

from the space between laminates on the opposite long edges of the test

sheets. Thus any short circuits between wires inside -the sheet were pre-

vented. A Minneapolis-Honeywell Recording Potentiometer was used to record

the temperatures at any desired sheet level in the course of the drying run.

Because this existing potentiometer was calibrated against copper-

constantan thermocouples, careful calibrations must be carried out. By using

an accurate water thermostat and BNS-calibrated thermometer, these calibrations

were made and calibration curves worked out. It was also noticed that by

connecting the thermocouples directly to the instrument best results were

obtained. During the calibration procedure, junctions were soaked in the

water. This could be done without any special insulation procedures, which 8

fact was noticed when comparing a silicone resin insulated thermocouple with

a similar thermocouple without any insulation.

When measuring the temperature between the hot surface and the
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sample, thermocouple wires were coated with Dow Chemical Company's silicone

resin. In addition, soon after the junction points both of the wires were

led under the sample. This was done simply by cutting a tiny slice on the

bottom surface of the sheet 'and the wires were immersed in this slice. At

the edges where they came out of the sample they were fixed with a plastic

cement. The sensitivity of these thermocouples was very good, and even if

the wires used were not the standardized ones, an entire agreement existed

between all prepared thermocouples, provided the junctions were properly

made.

IV. Moisture Distribution Determination

The recording apparatus assembly for radioactive materials built and used

by Dreshfleld was accepted for this work too. In general, when equipped

with a new photomultiplier tube, Tracerlab's scintillation detector worked

very satisfactorily, as did the Autoscaler also. ',hen a long enough

warming-up period was allowed, 5 to 6 hours, the radioactive standard which

was used to control the condition of the recording apparatus gave very re-

producible figures. This control procedure was repeated before and after

every run. During the entire run, the so-called background counting rate

was about 4500 counts per minute, the thallium sources emitted a recorded

radiation of about 200,000 counts per minute, and the strontium sources a

counting rate of 400,000 counts per minute. When the background counting

rate varied only in the limits of a few hundred, the effect of.this variation

was negligible. The gain setting of the scintillation detector was-so

adjusted that the background counting rate remained relatively low, but the

recorded counting rates of radioactive sources were high enough without pre-

paring the sources stronger than necessary. When increasing the strength of

I I
� J .

, I I
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the sources, more binding substances per source must be used, which very

soon causes a dangerous resistance moment through the area where such source

will be placed. Gain setting between Gain 12 and Gain 4.5 was used, giving

the figures presented above.

The limitations of the technioues developed by Dreshfield are dis-

cussed later. Perhaps a chart recording instead of the existing photographic

way would be less laborious when picking up the time differences.

The recorded figures were not always applicable to be converted

directly to moisture differences since the shrinkage taking place during the

drying, being not totally eliminated in horizontal areas and not at all in

vertical direction, must be taken into consideration. This multi-directional

shrinkage influences the results as follows At first the areal shrinkage

increases the basis weight of the laminate under investigation, then causes

an additional absorption of beta rays. The vertical shrinkage causes an

increase in the distance between radioactive source and the scintillation

detector and then reduces the rate of recorded radiation. Both these phenom-

ena were so pronounced for certain time moments ahead that corrections must

be made. The largest correction was to be made to the recordings at the end

of each run, and the magnitude of this correction amounted to about 5%.

The magnitudes of both kinds of corrections over the whole range

used were properly measured, and correction curves were plotted to be used

when necessary.

Concerning the emitter isotopes used in this study, the radiaticn

energy of the thallium radioactive isotope is too low to be used anywhere an

this study. Therefore strontium-yttrium Isotope was accepted to be used from

the points where thallium seemed to he too weak. Thallium was used until the
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the basis weights of 30 mg./cm.2 and strontium over the rest of the range.

The highest basis weight of a laminate was approximately the same as the

sample basis weight or 150 mg./cm.2, and one should note that this basis

weight lies very close to the upper limit of the range where strontium can

be used. This applies where the starting moisture content;,is about 200%.

If only fairly dry paper sheets are tested, the basis weight range becomes

naturally much wider in both cases.

The preparation of radioactive sources was made following the

method of Dreshfield. Only when the isotope-Amberlite suspension and the

resin (Penacolite) solution were mixed together, mixing took place in the

opposite direction as described by Dreshfleld. More finely divided suspen-

sions were gained in this way.

Before any runs, the very extensive calibrations were carried out

in order to create an accurate basis for moisture constant caluclatlons.

As shown later, one cannot expect reliable results by using only one single

calibration curve for the quantities of moisture in paper, but several

curves must be determined using o.d. basis weight as parameter. This

applies for both of the used isotopes. During these calibrations, sources

of varying strengths were used with the purpose of seeing whether the

source strength variations have any influence on the slopes of calibration

curves, and then what will be the greatest heterogeneity of the sources that

can be allowed.

In general, the calibrations against the moisture content were

carried out so that for one basis weight only one sample was used, and dif-

ferent moisture contents were obtained by evaporating water gradually away.

I ------ ----
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Always when a test point was reached, the sample was sealed in aluminum foil,

and transmission was measured. Immediately after each transmission measure-

ment, the amount of shrinkage was determined also. The calibrations were

actually made in the same circumstances as the drying runs.

V. Procedure to Prepare Samples and'the Drying Procedure

Weyerhaeuser bleached sulfite pulp beaten to 800 ml. S.-R. was

used in this study. After careful consideration, a relatively high basis

weight was chosen to be used as total basis weights of the test sheets

throughout the entire investigation. Several factors caused this basis

weight to be fixed at 150 mg./cm.2 The most important factors rich elim-

inated the use of still higher basis weight were as follows: At first,

strontium-yttrium isotope would not have been used beyond this value. The

sheet formation would have been suffering still more, as well as the proper

wet pressing. Moreover, the thickness of a sheet as compared with its area

would not have been too reasonable, and to maintain a good contact between

the sample and the hot surface would have been still worse than it was now.

Even now, ouite a few runs were abandoned because of varying contact.

The size of the sample was limited by the existing drying equip-

ment, and the size of 8 cm. x 10 cm. was accepted. This size is greater

than the size used by Dreshfield. The author of this work would have liked

to use still larger samples to avoid the edge effects.

The handsheets were made in the ordinary way, using the British

sheet mold. The sheets were formed from deionized water in order to prevent

any exchange of radioactive cations. As is known, the radioactive cations

I
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are at first bound by the ion exchange resin (Amberlite) which is then fixed

into a piece of teabag stock by means of Penacolate phenolic resin.

In order to form the desired laminates, the slurry which was dis-

integrated in- the standard defibrator was poured from a bottle into a grad-

uated'cylinder. This simple procedure provided a sharp division, and the

deviations in samples were merely total basis weight variations rather than

the weight ratio deviations of the laminates. The total basis weight vari-

ations were caused by differences in raw pulp consistency and in the wet

pressing effect, especially when using as thick sheets as here.

When the separately formed laminates were taken out from sheet mold,

both thermocouple and the radioactive source were placed on the lower laminate.

Before being placed on this laminate, the source was soaked in water for so

long a period that practically no air was left in the source when it was

taken to the use. A piece about 12 mm. x 12 mm. was cut and removed from

the center of each source with the purpose of maintaining a better contact

between laminates at that place'and thus preventing as much as possible any

delaminstion effects. The junctions at the thermocouples were placed inside

this source opening. In general, the thermocouple was put at first on the

surface of the lower laminate so that it crossed the laminate in the direction

perpendicular to the long edge of the final sample. Then the radioactive source

and the upper laminate were placed, and finally a roller was used to remove

the air which was entrapped between the laminates.

~4 The so-formed sandwich was put into the Williams plane press and

pressed very carefully during 40 seconds to the moisture content of about ,

280;. This fairly slight wet pressing was accepted especially to prevent

I
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again as much as possible the shrinkage during the drying as well as a too

extensive hardening of the samples.

The procedure described above differs in some respects from that

used by Dreshfield. At first the aluminum foil recommended by Dreshfield

to be used as a bottom layer at the sample was abandoned. The investigations

showed namely that such an aluminum foil causes considerable resistance to

heat flow, and, moreover, it tends to loosen toward the end of the drying

run. The Noble and Wood rotary sheet press could not be used either, because

it caused a very dangerous unevenness at the sheet as well as an increasing

delamination tendency. No starch was used either.

After the wet pressing, the samples of the final size were cut

witT a sharp razor blade. This sheet, 8 cm. x 10 cm., was aslays removed

from the center area of the circular sandTrich, and so the radioactive source

remained symmetrically in the middle of the sheet. The edges of these test

sheets were then sealed with "901" cement produced by American Phenolic

Corporation.

A sheet so prepared was then exposed to a warm air stream in order

to condition it for the drying treatment. The expected starting moisture

content of each sample was 206,. After this conditioning treatment, the

v samples were sealed in aluminum foil. Each sample was given a drying treat-

' ment on the same day it was prepared. The purpose of this rule was to make

the time shorter for the possible isotope cation migration.

7Tnen all the other preparations for a run were made, the sample

was taken, still being sealed in aluminum foil, weighed properly, and placed

in the front of the duct opening. The thermocouple wires were led and
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connected to the potentiometer. Any metallic connections before the poten-

tiometer uere not allowed. Thereafter the aluminum foil was removed and the

sample was placed on the hot surface and clamped properly. Simultaneously,, 

the starting buttons of the recording apparatus were pushed-on. 

After each run, the final moisture contents of both the laminates

were determined gravimetrically as well as the exact basis weight of the

upper laminate. The calculations based on recorded values were made as

follows:

The temperature recordings picked up from the chart of the poten-

tiometer were corrected, using the calibration data determined earlier.

These corrected temperatures were then used Trhen plotting the temperature

distrltut'on curves. For some few sm'-les a small correction was made due

to a devliatlo on the starting moLsture content of that kind of sample.

'hen needed, this correction was carried out so that the constant rate period

of such sample was extended to continue as much further as would have been

needed to evaporate that amount of water which was less than the expected

value,

'ritt the purpose of determining the moisture distribution through

the sheet at any time, the calibration curves were used. The method of calcu-

lating the moisture content was as follows: The moisture content of the upper

laminate was determined gravimetrically before and after each run as well as

the basis weight too. These figures were then taken as the basis for the cal-

culations, and the starting moisture content of the upper laminate formed the

fixed starting point. Primarily, the time intervals for 10,000 recorded im-

pulses or so-called counts were recorded during each run. Using tnis value,

I
t·

-

I
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the transmission at any stage of drying was calculated directly as a ratio

between the time interval at the starting moment and the same at any desired

moment. These relative values, corrected if needed, were then used to calcu-

late moisture content differences, using the following'equation:

N\
lo ' °

- n
a

where Am = moisture content difference (mg./cm.2)

N = time interval for 10,000 counts at starting moments

Nn = the same at any time

a = the slope of calibration curve at desired point

The -;hole system -ras fixed when the starting moisture contents

were kpown and used as starting points.

The moisture contents at several drying intervals were then calcu-

lated and the corresponding curves for eacri run were plotted.

using this method, only ratios were used instead of any absolute

translmssion or counting rate values.

It vas possible to check the accuracy of this method, too, by com-

paring the calculated moisture figure with the figure determined gravlmetrl-

cally at the end of each run. If deviation occurred, correction was made

using the corresponding gravimetric value. This was needed very seldom,

and it shows that the migration of the radioactive cations did not take

place to any dargerous extent.

VI. Errors Involved and Limitations of the twisting ietnods

hen considering the results of tuls vork presented in the next

�
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section, one has to keep in his mind the following remarks:

The author of this work, when carrying out his work for Diploma in

Finland, noticed that the areal shrinkage of a sheet during the drying treat-

ment was to be prevented. This was important for two reasons. At first, the

more even drying rate resulted as well as the better capillary characterist-

ics. On the normally managed drying machines, practically no shrinkage is

allowed to take place. Using the existing apparatus, the clamping system

was impossible to be constructed so that pretension enough and a constant

tension in general could have been given the samples. This was unfavorable

not only because of the corrections which were to be made but because of the

slightly variable contact between a sample and the hot surface. This is

actually 'Tell demonstrated by the temperature curves showing the course of

temperature at the bottom surface of the sample. Not only the tension of the

sample must be under control, but the pressure of the sample against the hot

surface, too. This can be done simultaneously with tension control.

Concerning the moisture determinations, the use of teabag stock

sources is perhaps not the final solution when using this tracer method.

This method itself is a very useful one indeed, and when made properly by means

of good devices, gives a relatively good accuracy. Two remarks are to be

made against those teabag sheet sources. At first they do not always pro-

vide an ideal contact between laminates, but in certain circumstances even

cause a delamination effect. When they do, it depends upon their location

which apparently determines how a sheet behaves mechanically. The opening, ,d

cut into the source, helped very much, but in certain cases the source sheet

apparently disturbed the drying.
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Another thing is t e migration of the radioactivity from the

source. Apparently the ion exchange method is not reliable enough, because

the ion exchange reaction is very fast and very sensitive too. This was

actually shown already by Dreshfleld; but because the error-sb created re- , -s

gained relatively small, the existing method was accepted. 'However, a ' .,.

method usin= some kind of metallic wire net as a frame on which the tracer

would be precipitated ana fixed in a suitable ,ay should provide a safer

operation. The ratio between the area of this net and the area of the

sample should be only small enough. At the sane time, the size of the

samples should be increased when using a basis -.eight like 150 mg./cm.2

The temperature measurements were relatively easy to be carried

out end the accuracy apparently very good as :;ell as the sensitivity of the

tlernoccu2les. One thing 'hhicn is ocrt'/ of rention, however, is the fact

t',-t by using these tiny junctions, the poont temcrature only is recorded.

In order to get the best results, a series of thermocouples should be used

sLmultaneously or several duplicate runs s'ould be made.

In site of the facts here presented, the purpose of tnis project

was apparently reached with satisfactory accuracy.

RESULTS

I. Number of Runs

The total number of 42 drying runs were made when collecting the

necessary data. Twenty of these runs were totally accepted, and some runs

were totally abandoned.

II. Calibrations

Concerning the use of radioactive isotopes when determining a mass
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per unit area, the general theory is well known. uo'ever, this kind of

radiation does not follow the theory so well that, by using the derived

equation, values of rroisture contents could be directly calculated using

experimental transmission data. Therefore;,the proper calibration must

always be done.

The shape and the general course of the calibration curves are

seen in Figs. 1, 2, 3, and 4. There the transmission vs. mass per unit

area has been plotted. The curves for two extreme source strengths used

are presented. One notes that depending upon the basis weight of the pulp

sheets, different slope values for these transmission curves are received.

On the other hand, the curves are so nearly linear that tvo slope values for

each curve are enough to cover the whole range in each case. One sees also

that the rate of radLation -er unit of area influences the slope values too

to some extent. This is especially the case when using thallium isotope.

III. Temperature Distribution

Recorded and corrected values Tere plotted at first in the form of

Fig. 5 where the distance from the open surface is used as parameter and

temperatures vs. time have been plotted. Using this diagram, Fig. 6 was

prepared. They already give a fairly clear -picture of the course of the

temperature distribution development. As seen later, these temperature plots

agree well with the corresponding moisture plots. In Table I the temperature

data which have been used when plotting the curves are presented.

IV. Moisture Distribution

The corrected moisture content fLgures which are presented in

Table II have been the basis '.hcn plotting Fig. 7. It shows the accumulative
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moisture content vs. distance from the open surface at the several stages of

drying. By measuring the slopes of these curves, Fig. 8 was worked out.

There the moisture distribution is presented again at several stages of drying.

; -* . A i 

With the purpose of giving some general picture of the course of-' >.

the drying runs, Fig. 9 is presented. It shows how the moisture content of

three different laminates have been changing during corresponding drying

runs. These curves, as said earlier, were prepared for each accepted run,

and Fig. 7 was actually worked out by using the moisture values taken from

these plots.

V. Discussion

Concerning the calibration part of this work, the main conclusion

which is to be drawn is that careful calibrations must be made before any

ordinary measurements. It turned out that the basis weight of sheet has an

influence when trying to determine the amount of water in the paper. It is

evident too that the thallium isotope is more suitable to be used for moisture

determinations than strontium-yttrium until the basis weight of about 25 mg./cm.2

is reached. This range actually covers a big variety of papers and boards.

The only limitation when using thallium is its relatively short half-life.

It was seen that when the rate of radiation per unit source area is changing,

small changes on slopes of the transmission curves must be expected. Practi-

cally, this means that when a source is getting weaker by time, new calibra-

tions become necessary in order to get continuously reliable results. In

that respect, the strontium-yttrium isotope is more suitable with its longer

half-life. What is said here of water applies also to the basis weight
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determinations, and thallium, when having the steeper slope of the calibra-

tion curve, should give a better accuracy on its special area.'

The results received by moisture and temperature measurements 

agree fairly well principally with conclusions drawn'by Dreshfield. He, 

however, did not measure the temperature distributions and used only 

expected values derived on the basis of McCready's and his own work. As

said before, in the present study, the agreement between the moisture and

temperature distribution is evident when thinking what kind of physical

picture they give of the course of drying.

One can see the following things: The so-called constant rate

period takes place during about the first 12-14 minutes. Quite strictly

speaking, the rate of evaporation during this period is apparently not

constant because the temperature inside the sheet is increasing slightly

toward the end of this period. The average moisture content of the sheet

is 110-115¢ at the end of this period. Thereafter, the so-called falling

rate period starts practically simultaneously through the sheet. The main

phenomenon which starts this period can be seen in temperature distribution

figures. It is evident that the border layer of the continuous water network

inside the sheet begins to migrate toward the inner parts of the sheet leav-

ing at this moment the hot surface side. There builds up a considerable

heat flow resistance which can be seen from a big temperature gradient which

is formed at the same moment.

By the time the border layer continuously migrates away from the

-surfaces and because there is still under the sheet free water to be evap-

orated, this means increasing area of the steeper temperature gradients.

Because the thermal exposure mainly takes place on only one side of the
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sheet, the nonsymmetric distribution curves result in the course of contin-

uing drying. Simultaneously, if one follows the moisture conditions inside

of the sheet, he notes that during the earlier stages of drying a large area

of even moisture distribution remains over the distance from 10-204 to 70%.

This area then gets narrower with continued drying, and the center point of

this area moves gradually toward the open surface. This area includes the

maximum moisture content layer too. This process continues until the devel-

opment of the gradients covers the whole distance between the surfaces. Then,

too, the main part of water has been evaporated, and because the heat demand

goes down gradually, an even temperature distribution results through the

sheet.

On the basis of this picture, one is able to expect what would

happen if the sheet had been heated on both sides, which is the case on the

ordinary paper machine. The material conclusion is that instead of the non-

symmetric distribution curves, symmetric ones would have been received.

That is the picture of water migration which can be got on the

basis of this work? Primarily, the capillary forces are dominant on the

other side and during the whole so-called constant rate period when causing

the water to migrate toward the surfaces. It is logical, too, that the

water which is vaporized at the hot surface (or anywhere inside the sheet)

begins to move upward in the form of practically saturated steam. then no

great amounts of air are mixed in this vapor and because the temperature

distribution at this stage is very even, the condensation begins to take

place very soon after the vapor has left the hot surface. No sharp conden-

sation area can be expected to exist in the inner region of the sheet.

Naturally big amounts of vapor go through without condensing, but how much
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its amounts deviate from that amount which should correspond to equilibrium

conditions through the sheet is impossible to say.

jii;" : Later on, the contact to hot surfaces becomes worse, and the vapor

is partly superheated and mixed with air. Then perhaps the condensation 

takes place over a narrower region, but the rate of condensation must del 

crease too.

From the viewpoint of practice, it is interesting to realize that

when the constant rate period is over, the main resistant for heat flow

begins to be built up in the sheet itself; and even if the contact between

the hot surface and the sheet can be improved in certain cases to some ex-

tent, this helps only fairly slightly. More heat should be transported

directly inside the sheet if e more pronounced effect is wanted. This applies

especially to the sheets with high basis weight, but certainly to all kinds

of papers.
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TABLE I

DATA OF Th??FERATURES AT DIFFEFENT SMEiT LEVELS AFTER
DIFFERENT PERIODS OF CRY-ING

Temperature, Cc.
15

53

53

54

56

58. 5

58.5

59.5

6.5

03.5

68

67 * 5

69.5

20

51

52

53

54

58

56

57

63

62.5 

65.5

65.5

67

25

60.5

67

62.5

54

67

56.5

60.5

58.5

63

63.5

64.5

.30

51

51

52

52.5

56

54.5

55.5

58

55

60

61.5

62.5

72 69 66.5 63

75 70.5 67 65

78 71 5 71.5~ 73.5?

77.5 J))J
78.5 79.5 81,5 82

80 80 81.5 82

85.5 86 86 86

35

51

51

51. 5

51.5

54.5

53

54.5

55.5

55.5

57.*5

57.5

59.* 

63

66

78 2
I

82

82

86

45 '

50

50

50.5 

51

53

52.5

53

56

56

59.5

58

64.5

68

71

79

83

83

87

IWeight
f ract ion,

2.9

5.1

8.0

10.1

15.2

20

21.5

33-. 3

33,4

44.4

4 6

5 3

I0.1

29

28.*5

30

27.5

33

30.5

28

33.5

30.5

30.5

30.5

35

. 5

51.5

52.5

54

55.5

59

59.5

60

66.* 

61.5

68.5

66.*5

71

72.5

78

79

81

82

81.5

84

10

52

54

55

55.*5

60

60

61

67

62

68.5

67

71.5 

73.5

78.5

79.5

81

82

82. 5

84.6

64

74

80

84

94

97

100

30.5

28.5

31.56

28.5

30.5

30.5

30
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TABLE II

DATA OF YOISTURE CONTENTS OF DIFFERENT SHEET' EICGFT FRACTIONS
AFTER DIFFERENT PERIODS OF DRYING

Moisture content (mg. water/cm.2)
0

(206%)

8.9

15.1

25

31

46

62

65.5

78

102

103

137

142

164

182

198

229

247

259

269

5

6.9

12.2

18

26

36

51

54

64

81

83

112

120

138

151

168

192

201

210

227

245

10

3.2

7.8

11

18.5

25

38

40

50

57

62

82

93

107

113

133

150

154

161

182

190

15

.0.8

3.6

4.6

11.2

15

27

29

35

41

44

56

67

79

85

102

114

123

124

152

0.7

2.1

2.8

6.7

11

21

22

26

31

3n

42

51

-62

67

80

91

98

96

115

25

0.6

2

2.8

5.2

9.3

16.5

17

21

24

23

33

41

51

53

64

79

79

79

82

30

0.6

2

2.5

4

8

14.5

14.5

20

21

19

28

34

42

44

52

61

62

56

62

35

0.6

1.2

2

3

7.5

12

12

14

21

15

24

29

35

34

40

40

40

39

44

45

0.2

0.5

1.6

3

5.3

6.5

7.3

9

13

9

10

18
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WATER IN PULP, MG/CM.

Fig. 2. Thallium source
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