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I. INTRODUCTION

Cellulose nitrate is one of the oldest synthetie
plastics. Its first application was in 1867 when .John
W, Hyatt produced a material for billiard balls by
mixing cellulose nitrate and camphor. This product
is known as celluloid. The production of cellulose
nitrate plastic in the United Itates increased to a
peak of an annual production of 12,161,000 pounds in
1946, then gradually decreased to 5,266,000 pounds
in 1954, Although new plastics have largely replaced
it, cellulose nitrate plastic has many excellent prope
erties and is still needed in many applications.

In the processing of cellulose nitrate plastic a
serious problem, checking and warping, is encountered
during drying. In the ordinary process of drying by
convection heat, the liguid content differences are set
up from center to surface, and the surface tends to dry
and shrink before the interior. This has two bad
affacts. The first is that there may be developed a
hardened layer on the surface, known as case~hardening,
which retards the diffusion of the remaining internal

liquid. The second effect is that the shrinkage will
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cause the material to warp or check, or otherwise
change its gross structure. To avoid these effects
controlled rates of drying must be employed,

In the case of drying cellulose nitrate plastiec
humidification of the drying air with alecohol might be
the most effective method of control, but it is not
practical and involves fire hazard. It seems possible
that the humidification of the drying air with water
might serve the same purpose. '"ater from air diluting
the aleohol on the surface of a solid will lower the
vapor pressure of alcohol and decrease its rate of
evaporation from the surface of the solid. If, in
addition, radiant heat is applied, acting by penetra-
tion into the solid and increasing its temperature, it
should increase the diffusion rate of liquid in the
interior of the solid. If the rate of svaporation is
decreased and the rate of diffusion inereased, it should
be possible to prevent the shrinkage and uneven drying,
thereby decreasing the overall drying time and reduc-
ing warping and checking. |

The purpose of this investigation was to determine
the effects of relative water humidity of the air, con-
vection heat and radiant heat for air drying cellulose

nitrate plastiec.



IT. LITERATURE REVIREW

Cellulose Hitrate

The properties of cellulose nitrate plastic and of
the solvent to be removed are reviewed in this section
as their effects are closely interrelated,

Hitrogen Content of Cellulose Nitrate. The éellu-

lose moleeula‘ls} is a polymeric chain consisting of
repeated gluccse units, Each of these monomeric units
contains three reactive hydroxyl groups as CgHa0p(0H)5.
Consequently, three kinds of nitrates are expected to be
formed after nitration, namely: mono-, di-, and tri-
nitrate, It is not possible to prepare a cellulose
nitrate with only one degrea of substitution, a mix~
ture of the three degrees of substitution accompanied
with different nitrogen content always being formed,
The nitrogen content(lg'ZS) for cellulose nitrate used
as plastic is from 10.9 to 11.2 per cent., The prop=-
erties exhibited by cellulose nitrate depend mainly
on the relative proportion of hydroxyl groups and
nitrate groups,

Alcohel in Cellulose Nitrate. After the nitra-
tion of ¢311u1°80(12,20)’ fresh water is added teo




purify the products. Upon completion of the purifica-
tion treatment, the slurry of cellulose nitrate in
water is pumped to draining bins where the major pore
tion of water drains out. DPresses apply pressure which
foreces out more water. The remaining water is removed
by displacement with alcohol which is pumped through
the cellulose nitrate while held under pressure. A
large part of the aleohol can bs recovered. The
remainder of the alcohol must be dried out cabofully
in order that a satisfactory finished product can be
obtained.

Chu(g} compiled the data of Jona3(lo) on the vapor
equilibrium data for the binary system of ethyl
alcohol and water, The data are shown in Table I

for the tempsrature of 50 °C (122 °F). It is shown
that at the same temperature the total vapor pressure
decreased with decreasing mol per cent of ethyl alco-
hol in the liquid. The mol per cent of ethyl alcohol
in the vapor decreased with that in the liquid. While
these data apply to vapor in the absence of air, the
partial pressure of the components in air at any pres-

sure can be calculated.



TABLE I

Vapor-Ligquid Equilibrium Data of
Ethyl Alcohol and Water

Mol % of Sthyl Alcohol Temperature Pressure
Liquid in Vapor sC mm Hg
hob 29,0 50.50 133
9.3 L2.4 50.52 157
12,25 L3.2 50.25 164
15.8 50.7 50.75 177
34.25 58,6 50.5 196
33.3 59.0 50,51 200
51.3 64.9 50.2 207
82.4 8hL.5 50,2 220
90.8 91.0 50.5 225

Chu, J. C., R, J. Getty, L. F. Brennecke and F. Paul:
"Vapor-Liquid Equilibrium Data," p. 90.
Reighold Publishing Corp., New York, ¥, Y.,
1950,

Jones, C, A., B, M. Schoenborn, and A, P. Colburn:
Ind. Eng. Chem., 35, 666 [1943).



Properties and Applications of Cellulose Nitrate
Plastic. Cellulose nitrate plaﬁtie(17’26) is the

toughest of all thermoplastics and has good dimen-
sional stability. It has excellent chemical resist-
ance as to animal and vegetable oils, dilute acids,
alkalies, and water. The water absorption 1s very low,
0.6 to 2,0 per cent for 24 hours immersion.

The chief disadvantages. of cellulose nitrate plas-
tic are its flammability and decomposition on continued
exposure to light., This undesirable characteristic
has been improved to some extent in reéenﬂ years by
the use of plasticizers containing chlorine and phosw
phate., Another disadvantage of the material is its
tendency to disenlor and become brittle under sunlight.

Usually, cellulose nitrate plastic is not used at
teuperatures above 140 °F because it softens in the
‘region of 153 °F,

Cellulose nitrate plastic is not adapted to
compresasion or injection molding because of its sensi-
tivity to heat, and hence is not marketed as a molding
powder, By the methods of fabrication of drawing, saw-
ing, blowing, and blendingz, this plastic can be made in

the form of sheets, rods, tubes, and films, which in



turn are converted into many 1ltems of decorative and
functional wvalue, such as personal accessories, sports
equipment, tableware, toilet articles, and industrial

pleces.

Theory of Drying

The most important process for drying ligquids'?7:28)

from sclids depends upon first vaporising the liquid
after which it 1s carried away in the vapor form from
the structure by which it was held. If air or some
inert gas is used to carry away the vapor formed, the
_process is called ailr drying. If circulating water is
used instead of air, the process is called water drying.
If the vapor is passed to a condenser, a pump being
employed to withdraw the air from the apparatus, it

is spoken of as vacuum drylng. The process used in

this research is air drying.

Mechaniam of Alr Drying of Solid Materials. The.
(4)

general case of drying may'ba considered as the
transfer of liquid from the interior of a solid into
the drying medium. It involves two steps: first, the
diffusion of the liquid through the interior of the

solid to the surface, and second, the evaporation



- from the surface of the solid into the main streanm of
drying medium,

Assume that over the wet solid there is flowing
a stream of air of constant temperature, velocity,
direction, humidity, and pfe%sure. This process is
known as drying under constant drying conditions. A
typlical rate of drying eurvs(é) under constant drying
conditions is shown in Figure 1.

In the initial stage of the drying of a very wet

solid‘é’ZI)

under constant drying conditions, the sur-
face 1s completely wet with liquid, and the drying is
similar to the evaporation of that liquid. As long as
the surface is wholly wet with liquid, the rate of
evaporation is independent of the solid but is essen-
tially the same as the rate of evaporation from a free
liquid surface, and under constant drying conditions
the rate of drying is constant. This stage is termed
the "constant rate period," as gb in Figure 1. How~
ever, at some definite liquid content the rate of
drying begins to decreass, and the range frog there

to dryness is called the "falling rate period," as

all portions of the curve below b in Figure 1. The
liquid content at the ﬁoiutig is called the "critical

Nad
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BADGER,W.L. AND BANCHERO, J.T..“INTROC UCTION TO CHEMICAL
ENGINEERING, P 492. McGRAW-HILL BOOK CO., NEW YORK,N.Y.
1955
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liquid content® which indicates the end of the constant
rate period and the beginning of the falling rate
period, Wwhen dried for a very long time, the liquid
content of the solid approaches an ultimate value
which depends primarily on the relative humidity of
the air and is termed the "equilibrium liquid or
moisture content®.

The Constant Hate Period. During the constant
rate period(zl), liquid is diffusing to the surface of
the solid at a rate equal to that of evaporation from
the surface, and the rate of drying is controlled by
the latter, The solid assumes a constant equilibrium
temperature, just as a free liquid surface assumes the
wet~bulb temperature of the air. When the heat nec~
sssary for svaporation is supplied only by conduction
through the same surface air film through which the
vapor diffuses, the surface assumes the wet~bulb tem-
perature of the air, %“hen heat is asupplied in other
ways, such as by radiation or by conduction from dry
surfaces in contact with the material, such as the
shelves on which it rests, the surface temperature is
higher than the wet~buldb temperature, and the rate of
drying is increased.



The Falling Rate Period, The falling rate

pariad‘zB) is in general divisible into two segond-
ary periods or zones, which from the mechanism of dry-
ing may be called the "zone of unsaturated surface
drying", or the first falling rate period, and the
"zone where intermal liquid diffusion controls”, or
the second falling rate period.

The zone of unsaturated surface drying follows
immedliately after the critical point, as be in
Figure 1, page 9. The decrease in the rate of drye
ing in this zone is dua to the decrease in the wetted
surface of the material. The surface is no longer come
pletely wetted, but dry portions of the solid are
exposed to the air film, so that the rate of evapora-
tion per unit of total surface is reduced. The effec-
tive wetted surface in this zone is frequently a linear
function of the water content, 30 the cﬁrve representing
the rate of drying against liquid content of the solid
is straight in this region., The mechanism of drying
is essentially the same as during the constant rate
period. The rate is independent of the thickness of
the material being dried, and the factors discussed

below as influencing the rate of drying in the constant



rate period have similar offects on the rate of drying
in this zone.

The maximum rate of diffusion of liguid to the
surface decreases with the licuid content of the mate=-
rial, so that a second eritical point, as ¢ in Figure 1,
page 9, is reached beyond which the resistance to
internal liquid diffusion is greater than the surface
resistance to vapor removal. This 1s the sone as ¢o
in Figure 1, where internal liquid diffusion controls
the rate of drying.

The Pogsible Cases of Actual Drying. As pointed

out above, the constant rate(é*EA) period ends at the
eritical liquid content. In case the eritical liquid
content 1s less than the desired final liquid content,
the ¢onstant rate peripd constitutes the whole drying
process. In case the initial liguid content is less
than the eritical, no constant rate period appears.
Obviously, if the initial liquid content is less than
the second critical point, intsrnal liquid diffusion
will econtrol throughout the drying process, ‘
%enaaltzg) ra%ortad that, during the constant~
drying-rate period, the increased roughness of the

solid surface may lead to higher rates of evaporation



than from a free liquid. He also pointed out that
during the falling-drying-rate period, different kinds
of variation in drying rate curves may be obtained.
They may be concave upward or downward. Badgar(7)
explained that the point of discontinuity in the
falling rate period of the curve, as ¢ in Figure 1,
page 9, does not always occur, since the first falling
rate period corresponds to that part where the wetted
surface continually decreases, and the second falling
rate period begins when the surface is completely

dry. For the cases where the change of drying rate
from partially wetted to completely dry surface is
very gradual so that no sharp change is detectable,
discontinuity between the first falling rate period

and the second falling rate period will not ocecur,

The Factors Affecting the Rate of Urying. The

major operating factors affecting the rate of drying
are velocity of the air, humidity of the air, direc-
tion of the air, and the solid stock temperature.
Air Velocity. During the constant rate
period(zz) and the first falling rate period,
the rate of drying is controlled by the rate

of vapor transference through the surface alr



film, Factors which affect thickness of the air
film influence the rate of drying in these two
periods, Perhaps the most important one of these
factors is the velocity of the alr past the sure
face. It has been shown that the rate of drying
could increase in proportion to the 0.3 power of
the air velocity during these two periods, Howe
ever, the velocity of air has little effect in
the second falling rate period.

Air Humidity. Vapor from the surface of the
liquid(21) on the solid must diffuse through the
air film in contact with the surface. The driving
force for thié diffusion is the difference between
the vapor pressure of this liquid at the interw
face and the partial pressure of vapor in the air
stream, Thus, in the first two drying stages
when evaporation controls, if the humidity of air
is inecreased, the rate of drying must decrease;
and the rate of drying may be accurately con- |
trolled by controlling the humidity of the air. In
the second falling rate period, the humidity of
the air only affects the equilibrium water content.
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Air Direction. In the first two stagas(z)

when evaporation controls the rate of drying, if
the alr is flowing perpendicular to the surface,
the rate of drying should be higher than if the

flow is parallel to the surface, since under the
former case the film is thinned down more by the
air flow than in the latter. The air direction

has no effect if diffusion controls.

Solid Stoek Temperature. Increasing the

temperature of the stoak(B) by increasing the
ailr temperature increases the rate of drying

in both the evaporation and the diffusion phases.
If evaporation controls, increased temperature
increases the rate of evaporation, because the
per cent saturation of the air at the interface
decreuses, and 8o the driving force becomes
larger. If diffusion controls, the rate of
diffusion is increased because of decreased
viscosity. In general, increasing the tempera-
ture will increase the drying rate to a greater
extent if evaporation controls than when diffu-

gsion controls.
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Effects of Shrinkage. An important ractor(?) in

eontrolling the drying rate is the shrinkage of the
golid as the liquid content is lowered. At the start
of drying, the liquid content may be uniform through
the solid, but an appreciable liguid content gradient
is soon set up from center to surface. In thé case
of a material‘which shrinks as it dries, especially
as colloidal and {ibrous materials, the surface tends
to shrink before the interior, and unless the mate-
rial is sufficlently elastic to take up the resultant
strains some permanent distortion, such as warp or
surface cracking, results. In other cases, as the
surface layer dries and shrinks it becomes relatively
impervious to the diffusion of the remaining internal
liquid, producing the so-called case-hardening effect.
When these effects must be avoided, controlled
humidity drying is employed, using air of sufficlently
high humidity to decrease the difference between the
vapor pressure of liquid on the surface of the solid
and the partial pressure of vapor in the air stream,
thus reducing the rate of drying. This often makes
it possible to keep a small liquid gradient from the
inside to the outside of the solid, and so decrease

the effect of shrinkage.



Equilibrium Liquid Content. When a wet aolid(S)

is brought into contact with air under constant condi~
tions and the exposure is sufficiently long for
equilibrium to be reached, the solid will reach a
definite liquid content that will be unchanged by
further exposure to this same air. This is known as
the "equilibrium ligquid or moisture content® of the
material under the specified conditions. For air of
zero humidity the equilibrium liquid content of all
materials is sero,. »

For any given relative humidity, the equilibrium
liquid content varies greatly with the type of mate-
rial. For the same material, the equilibrium liquid
content decrsases with an increase in the air tempera-

ture.
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Characteristics of Radiant Heat

The characteristics of radiant heat are presented
as follows.

(l), not being

General. The radiant energy
absorbed or obstructed by the atmosphere through
which it passes, c¢an penetrate the substance being
dried. As the radiant energy encounters the substance
and is absorbed, it is converted into heat. Nelson

and Silman(ls)

stated that all heating by radiation,
whatsver the nature of the source, is largely depend-
ent on radiation of those wave lengths. The infrared
or heat rays correspond to wave lengths from 8,000

to 4,000,000 § which are longer than those normally
visible with the human eye, but for most industrial
applications th= range may be narrowed down to a range
from 8,000 to 2,500,000 A.

Nelson and Silman also stated that energy must
be radiated to the receiver at as high a rate as
possible, so that loss by convection is limited,
Also, the surrounding air should be kept at as high
' a temperature as possible so that the receiver will

not tend to lose heat until it has reached the tempera-

ture of the air, Such considerations are important if



the effects of radiant heat are to be shown with any
accuracy.

Nelson and 3ilman further stated that in the
application of radiant heat to drying one must not
forget that despite the fact that radiant heat can
supply the heat to evaporate the liquid, the vapor so
formed must be removed from the immediate vicinity of
the material, Radiant heat cannot perform the latter,
80 a flow of air is necessary.

Infrared Radiant Heat. Carber and Tiller(g)

stated that infrared radiant heating has found applica-
tion in many vaporisation processes, including the dry=-
ing of textiles and explosives. When using infrared
radiant heat on materials having low thermal conduc~
tivivies, such as plasties, unleass great care is
exercised the heat will not be conducted away from
the surface fast enough and burning may occur.
Radiant heat has been employed alone and combined
with convection heat to produce heat transfer rates
which are higher than those available with convection
heat alone.

In the drying of sawdust, sugar, celotex, filter=-

cel, cloth, and calcium carbonate, Winegard and



20w

(30)

Rozier reported that infrared and steam heated
air combined gave the highest drying rates and the
lowest drying times. Infrared alone was next in
order with respect to rates and times, and steam
heated air resulted in the lowest drying rates and
the longest drying times,.

Other Influences. &arland‘lB) stated that the

use of radiant heat must be applied with good sense

to a drying problem. In the drying of wool felt

using mild heat, the outside of the material was

not damaged but the interior was badly scorched.

This was not due to extreme penetration of the heat,
but because the outside of the material was cooled by
air currents while the interior was not so cold.
buring the drying of wet insulating board, a thermo-
couple penetrating the interior of the m&terial showed
a drop in temperature to the freesing point, while the
outer surface was badly scorched and charred. Too
rapid heating of the surface had caused such a rapid
rate of evaporation of the liquid that the large tem-
perature drop had rssulted. The radliant heater may
be placed as close as possible to the material, but

the dryings rate will determine the final position.
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Assume that the total radiant energy{l4) falling
on a substance is unity, then the addition of all the
fractions absarbed; reflected, and transmitted by the
substance must also be unity. The majority of engi-
nesring materials are opaque substances having zero
transmissivities, but there are none which completely
absorb or reflect all the incident energy. If a body
had a ecomplete or unity absorptivity, it must be a
perfect black body,

Th@ quantity of radiant energy converted into
heat by the substance depends on the amount of energy

it absorbs.
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Drying of Cellulose Nitrate Plastic

A search of the literature revealed very little
work on the study of the drying of cellulose nitrate

plastic. However, Johnaen(ll)

reported that drying
of cellulose nitrate plastic employing radiant heat
was faster than drying employing only conveetion hea§
from air. The interior temperature of 0,045-inch
thick cellulose nitrate plastic was increased by

31 °F by employing radiant heat. The source of
radiant heat was from one electric hot plate whose
surface temperature was 600 °F, placed five inches
from the specimen. Johnson also reported that there
was a cooling effect on the drying specimen due to
high air velaeity. Alr velocity of 979 feet per
minute over a drying specimen of cellulose nitrate

plaatic lowered its interior temperature from 103

to 78 °F.



IIT. EXPERIMUNTAL

This section of the thesis contains the purpose of
the investigation, plan of experimentation, materials
and apparatus used, data and results obtained, and

sample calculations,

Purpose of Investigation

The purpose of this investigation was to determine
the effects of relative water humidity of the air, con-
vection heat, and radiant heat for air drying cellulose
nitrate plastic. Proper control of c¢onditions should
result in improvement in the drying of cellulose nitrate

plastic and shortening the drying time,

Plan of Experimentation

The plan of experimentation used in this investi-
gation was as follows:

Literature Review. In reviewing the literature

special attention was given to the publications cone
cerning the solvents and properties of cellulose
nitrate, the theories of drying, air conditioned dry-
ing, and the effect of radiant heat in drying.



Test Material. Cellulose nitrate plastic sheet
containing nitrozen from 10,9 to 11,2 per cent was
used as the test material. Ten grams {for a thin
sheet) or thirty gzrams (for a thick sheet) of the
plastic was saturated with ethyl alcohol, diffused
uniformly. Then the wet specimen was dried to cone-
stant weight under controlled conditions.

Preliminary Tests. Preliminary tests were con-

ducted to determine the required diffusion time of
alcohol in the plastic, the nature of the general
influence of relative water humidity in the air, and
the air temperature on the drying rate of cellulose
nitrate plastie,

Operational Tests, After the results of the

§raliminary tests were obtained, operational tests
were conducted, controlling th@‘variables, as fol-
lowsg, all with a constant air veloecity of 50 feet per
minute,

Effect of Relative /ater Humidity., Tests

were made with relative water humidities of 30,
40, 50, and 60 per cent at a constant air tem-

perature of 120 °F,
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Effect of Convection Heat, Tests were made

with air temperatures of 110, 120, 130, and
140 °F at a constant relative water humidity of
40 per cent,

Effect of Radiant Heat. Tests were made at
different internal temperatures of the plastie by
supplementine the convection heat with radiant
heat at constant air temperature and relative
water humidity.

Analysis of Hesults. The data obtained from
the above tests were used to analyze the effects of
the variable conditions and to evaluate thelir possible

advantages in drying cellulose nitrate plastie.
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Materials

The following materials were used in the experi-
mental work.

Alecohol, GEthyl, Technical grade, 95 per cent,

meets ACS specifications. HManufactured by U, 5. Indus-
trial Chemicals, Inec,, Baltimore, Maryland., Used as
solvent for cellulose nitrate plastic.

besiccant. Sulfuric acid, technieal grade,

96 per cent, Hanufactured by J. T, Baker Chenical
Co., Phillipsburg, New Jersey. Used to dehydrate
the dried samples,

Plastie. Pyralin (cellulose nitrate plastie
sheet containing nitrogen from 10,9 to 11.2 per cent),
Gray~colored pieces, 0.13 centimeter thick; brown-
colored pleces, 0.60 centimeter thick. Obtained from
. I. du Pont de HNemours and Co., Arlington, New
Jersey. Used as test material,

Steam. Steam was drawn directly from the power
plant main running to Davidson Hall. Uéad for heate

ing and for humidifiecation.
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Thread. Sixe-cord, No 8 cotton thread. Obtained
from Blackelogan Co., Blacksburg, Virginia. IUsed to
suspend sample in the drying chamber from the balance.

Wire. Copper enameled, thermocouple wire, B & 8
gage, ﬁg 30. Dbtained from Leeds and MNorthrup,
Philadelphia, Pennsylvania. Used in thermocouples.

Wire. Constantan enameled, thermocouple wire,

B & 5 gage, No 30. Obtained from Leeds and Northrup,

Philadelphia, Pennsylvania, Used in thermocouple.



Apparatus

The following apparatus was used in the experi-
mental work.

Anemometer. Taylor, model Mo 3132, fan type,

diameter 4 inches, reading in feet. Obtained from
Taylor Instrument Co., Rochester, Yew York.

Balance., Laboratory type, triple beam, division
0.1 gram, capacity 311 =rama. Obtained from Fisher
Scientific Co., 3ilver Spring, Maryland., Used to
weigh specimen,

Beaker. Pyrex, capacity 600 ml. Obtained from
Fisher Seientific Go., Silver Spring, Maryland.

Used to hold ethyl alcohol in which the specimen was
{mmersed.

Blower., Centrifugal type, belt drive, wheel
diameter 14 inches. Obtained from Sturtevant #ill
Co,, Boston, Massachusetts.

Bottle. Glass bottle, with tight cover, diameter
of mouth 7 em or larger. Obtained from Fisher 3Scien-
tific Company, Silver Spring, Maryland. Used to hold
the wet plastie for the first thrse hours' diffusion

of alcohol,
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Desiccator. Glass, removable top, diameter 10 cm,
Obtained from Flsher Scientific Co., Silver Spring,

Maryland. Used to hold the plastiec for thorough dif-
fusion of alcohol, and to dehydrate the dried specimen
to constant weight,

Bryer. Ailr conditioned. Framework of angle iron
overlaid with galvanligzed sheet iron, and insulated
with 1/2-inch cellotex. The construction is shown in
Drawing 1, page 30.

Heater. Autemp, laboratory hot plate, ac, 115 v,
450 w, Obtained from Fisher Scientific Co,, Silver
Spring, Maryland. Used as radiant heat source,

Motor. Three hp, 1720 rpm, ac, 220 v, 60 cy.
Obtained from General Electrie Co., Schenectady,

New York.

Potentiometer. Brown, portable, model No 126W3,

range from O to 71 millivolts, Obtained from
Minneapolis-Honeywell Regulator Co., Philadelphia,
Pennsylvania. Used to measure elactromotive force of
the thermocouple connected to the drying specimen.

Relative Humidity Recorder. Bristol recording
humidigraph, model L4, L=-inch recorder. Obtained
from Bristol Co,., Waterbury, Connecticut. Used to
record the relative humidity of the air.
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Temperature Rscorder. bristol recording there

nometer, model No 17501-18, serial Wo 576129, range
0 to 300 *F, Obtained from Bristol Co., Yaterbury,
Connecticut. Used to record the alr temperature in
the drying chamber. |

Thermometer. Mercury, glass, range O to 300 °*P.

Obtained from Fisher Seientific Co., 3ilver Spring,
Maryland., Used in calibration of thermocouples and
the relative humidity.

Timer. Electrie, ac, 115 v. Range O to 1000
minutes. Graduated in hundredths of a minute.
Dbtained from Fisher Scientifie¢ Co., Silver Spring,
Maryland., Used to time drying test,
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Method of Procedure

The method of procedure employed in the experi-
mental work is described and explained in the order:
preparation of specimen, control of drying conditions,
operation of drying test, determinaticn of dry welght,
and operating conditions of tests.

Preparation of Specimen. The preparation of
specimens consisted of three steps: cutting cellu-
lose nitrate plastic into proper slze, soaking in
ethyl alcohol, and conditioning the wet specimen,

The grey plastic sheet, 0,12 centimeter thick,
was cut into pieces 8.2 by 4.9 centimeters in size,
while the brown plastic sheet, 0.5 centimeter thick,
was cut into pleces 5.0 by 7.6 centimeters in size.
The drying surfaces of the specimens were 85 and &1
square centimeters, respectively, and they were of
convenient size for soaking and drying.

The specimen was suspended by a fine copper wire
in 95 per‘eent athyl aleohol contained in a beaker,
The beaker was covered and the specimen allowed to
absorb alcohol, In the preliminary tests only the
grey specimen was used, and the soaking time was two

hours. In the operational tests the grey specimen
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was soaked for two and one-~half hours and the brown
specimen {ive hours, If soaked for a longer time .
the plastic would swell and lose its shape.

After soaking, the specimen was conditioned by
hanging it in a closed glass bottle for different
periods of time, to permit uniform diffusion of alcohol
through the spacimen. In the preliminary tests the
grey spacimen was tested with different lensths of
diffusion time: three and one-half hours, eight hours,
and thirty-six hours. In the operational tests the
diffusion time was increased to three days for the grey
specimen and four or five days for the brown specimen,
This was done by hanging the specimen in a closed
bottle for the first two and one~half hours for the
grey specimen and eizht hours for the brown specimen;
then the specimen was removed and laid on the plate
of a desiccator containing some alcohol in the bottom.
With this proeedure the wet specimen neither lost its
shape dug to henging too long nor due to adhering to
the plate of the desiccator.

Contrel of Drying Conditions. The operating cone

ditions in the dryer were controlled as follows:



The blower was started. Alr was taken from
outside, or mixed with recirculated air from the
drying chamber when a high humidity was used. Air
was heated by passing over the steam coils into the
humidification chamber. The steam valve in the
humidification chamber was opened and steam was mixed
wish the warm air. By adjusting the heat from the
steam c¢olls and the steam from the pipe, the air was
adjusted to the desired temperature and humidity.
The conditioned air flowed through a perforated
baffle plate into the drying chamber, ‘when radiant
heat was used, a desired temperature of the spscimen
could be obtained by adjusting the temperatures on
the electrle hot plates and the distances between
the specimen and the two hot plates. A plece of dry
plastic was used to determine the required stock,
or internal, temperature before the test began. Ons
and one~half hours were required to set these condi-
tions.

Operation of Drying Test. The conditioned speci-
men was hung in the dryer on the loop of a tﬁread
which ran from the balance through the top of the

dryer. The initial weight and time were recorded.



The surface temperature and internal temparature of
the specimen were recorded periodically. The surface
teuperature of the specimen was obtained by sticking
a thermocouple directly on the surface of the speciw
men. The internal temperaturs of the specimen was
measured by placing a thermocouple in a 1/16-inch
diameter hole bored in tha center of the specimen at
the lower end. The time intarval for recordinz the
welrht of the drying specimen increased as the alceohol
eontent in the specimen decreased. When the weight of
the specimen decreassd no more than 0,01 gram during
a one-half hour interval, the specimen was considered
free from alcohol. Usually, it took two days for dry-
ing to this extent, and during the night between these
two days the specimen was moved from the dryer to a
closed bottle in the room.

Determination of Dry Weight. The original weight

of the specimen could not be used as the dry weight in
the ecalculation of drying rate as some plastic dissolved
into the aleohol during soaking., The dry weight was
determined by removing the specimen from the dryer and
placing it on the plate of a desiccator containing 96

per cent sulfuric acid. The vapor pressurs of water
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in such a concentration of sulfuric acid is prac-
tically zero; hence, the relative humidity of the

alr in the desiccator was considered to be zero.

After the weight of the specimen had become constant
during a éne«day interval, it was assumed that this
constant weight was the dry weight. Usually, it took
seven to nine days for the grey specimen in the desic~
cator to reach constant weight, while the brown specie
men reguired fifteen to elghteen days. It was shown
that such a dried specimen would not decrsase in
weight again by more than four per cent at the room
conditions even for as long a time as three and one-
half months.

Operating Conditions of Tests. The conditions

used for the preliminary tests are shown in Table II
and the conditions used for the drying tests are shown

in Table III.



TABLE II

Operating Conditions of Preliminary Test

Air
Purpose Run HNo Diffusion
Time Relative
Water Temperature
Humidity
hr % °F
1 3-1/2 40 120
A 2 8 40 120
3 36 40 120
[N 3-1/2 30 120
B
3-1/2 50 120
c 6 3=-1/2 30 110

Specimen: 0.18 x 4.9 x 8.2 centimeters; grey
cellulose nitrate plastic sheet;
immersed in alcohol 2 hours.

A: To determine the effect of diffusion time of
alecohol in specimen.

B: To determine the nature of the general
influence of relative water humidity.

C: To determine the nature of the general
influence of air temperature.
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TABLE IIIX

Operating Conditions of Orying Tests

Alr Internal
Temperature
Purpose Run Specimen Relative Tempera-~ by Radiant
No Water ture Heat
Humidity ,
% °F op
7 grey 30 110 no radiant heat
A 8 grey 50 110 no radiant heat
9 grey 30 130 no radiant heat
10 gray 50 130 no radiant heat
11 grey 30 130 154
1lla brown 30 130 158
12 grey 30 110 130
B 12a brown 30 110 132
13 grey 50 110 128
13a brown 50 110 130
14 grey 50 110 114
lsa brown 50 110 119
c 15 grey 5356 84-86 no radiant heat

Specimen: Grey; 0.18 x 4.9 x 8.2 centimeters; immersed
in alecohol 2-1/2 hours; diffusion time,
3 days
Brown; 0,6 x 5,0 x 7.6 centimeters; immersed
in alcohol 5 hours; diffusion time,
5 days .

A: To determine the effect of relative water humidity
and air temperature.

B: To deternmine the effect of radiant heat.

C: To determine the drying rate under atmospherie
conditions.
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Jata and Results

The data and results obtained from this investigae~
tion are presented in the following section.

iffect of viffusion Time of Alcohol in the Speci-

men. The results of the preliminary study of the dry=-
ing rates of cellulose nitrate plastic after different
psriaas/af aleohol diffusion in the svecimen, 3-1/2, 8
and 30 hours, are given in Tables IV, V and VI, pages
i, 45 and 40, respectively. Figure 2, page 47, shows
the corresponding curves of thase drylng rates. The
results of the preliminary tests showed that the drye
ing rate, versus the alegohol content of the specimen,
was inversely proportional to the length of diffusion
time until the aleohol content was reduced to Q.15
gram per gram dry weight, After the aleohsl content
was reduced to 0,15 gram per gfam dry weight the dif-
ference in diffusion time had no effect on the drying
rate.

General Influence of Helative Water Humidity.
The results of the preliminary study of the drying

rates of c¢ellulose nitrate plastic at different rela-
tive water humidities of 30, 4O and 50 per cent are
given in Tables VII, IV and VIII, pages 48, Li and 49,



respectively. OJiffusion time of three and one~half
hours and air temperature of 120 °*F were used in all
of these tests, Figure 3, page 50, shows the core-
responding curves of these drying rates. The results
of the prelimin:sry tests showed that increasing the
relative water humidity of the air deersased the dry-

ing rsate,
#

General Influence of .ir Tomperature. The results
of the preliminary study éf the drying rates of cellu~
lose nitrate plastic at different air temperatures of
110 °F and 120 °F are given in Tables IX and VIII,
pages 51 and 49. Diffusion time of three and one-
half hours and relative water humidity of 30 per cent
were used in all of these tests. Figure L, page 52,
shows the corresponding curves of these drying rates,

The results of the preliminary tests showed that increas-
ing the air temperature increased the drying rate.

Effects of hNelative Water Humidity and Air Teomperae

ture. With & socaking time of two and one~half hours

and diffusion time of three days, it was believed that
alcohol was diffused uniformly in the specimen. Then
the operational tests were conducted under conditions

of air temperatures of 110 °F and 130 °F, and relative
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water humidities 2f 30 and 50 per cent. The data and
results are glven in Tables X, II, ¥II and XIII,

pages 53, 5k, 55 and 56. Figure 5, page 57, shows

the corresponding curves of these drying rates. The
results of vhe operational tests showed that both the
air temperature and the relative water humidity
affected the drying rate, btut the air temperature had

a greater effect. Figure 6, page 58, presents the

time required to dry the wet plastic by convection
heat. It was indicated that with these operational
conditions there was no case-hardening and within

these limits the higher temperaturs and lower rela-
tive humidity shortened the time required to dry off
the same per cent alcohol Irom the wat specimen.
Figures 7 and 8, pages 59 and 60, present the effect

of the internal temperature of the specimen on the dry-
ing rate of the plastic, It was indicated that the
internal temperature of the specimen was increased with
the increase of drying time to a maximum value and then
remained constant., The drying rate versus time was
inversely proportional to the internal temperature of

the specimen,
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Bffect »f Radiant Heat., Four runs were made at

different interrnal teaperatures of the specimen by
supplemanting the convectieﬁ heat with radiant heat.
?he data and results are given in Tables XIV, XV, XVI,
and XVII, pages 61, 62, 63 and 64, ¥hen the internal
tamperatures of the plastic were 154 °F, 130 °F and
128 °F at the relative water humiditias of 30 and 50
per cent, case~-hardening and warping and checking
occurrad. vhen the internal temperature was lowered
to 114 °F at 50 per cent relative humility the plastie
was dried uniformly without these defects, Figure 9,
page 65, shows the corresponding drying curves uﬁder
these conditions. Figures 10 and 11, pages 96 and 67,
show the eomparison of ths drying rates of plastic by
convection heat alone and by supplsmenting the convec-
ﬁian heat with radiant heat, It was indicated that the
drying rate of the former was glower than that of the
latter,

Four additional specimens of brown color were also
tested in the operational test. It was thought that the
darker color might cause greater heat absorption and
that the greater thlckness might affect the operation.

The data and results are giver in Tables XVIII, XIX,
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XX and XXI, pages 6%, 69, 70 and 71, PFigure 12,

page 72, shows the corresponding curves of these dry-

ing rates. It was shown that the brown plastic reached

a higher internal temperature than did the grey plastie

under the same conditions. In the first three tests,

lla, 12a and 13a, the brown specimen suffered badly

from case-hardening, bubbles and cheeking. In

test 1l4a very few bubbies formed in the specimen.
Drying Hate under Atmosgpherie Conditions. The

drying rate of cellulose nitrate plastic under atmose
pheric conditions is shown in Table XXII, page 73.
Figure 13, page 74, shows the corresponding curve of
the drying rate. It was apparent that the drying rate
of plastic under atmospheric conditions was very slow,

compared to that at the other conditions.



TABLE IV

Preliminary Test of Orving Hate of Cellulose Nitrate Plastie

after Three and One-half Hours Diffusion

Run: No 1
Air Temperature: 120 °F
Relative Water Humidity: 4O %

Time Weight of Wet Total Alcohol ~ Aleohol Drying Rate
Specimen in Specimen Evaporated
hr gm gm gn/gm dry wt gm gm/sq em/hr

Specimen A: Ury weight, 9.03 gm; drying surface, 85 sq cm

o

13.15

0.0 L.12 0.456 - -
0.1 12.77 3.74 O.41L 0,38 0.0447
0.2 12.41 3.38 0.374 0.36 0.0424
O.L 12,07 3.0L 0.336 0.34 0.0200
0.7 11.59 2,56 0.284 0.48 0.0155
1,0 11.33 2.30 0.255 0.26 0.0102
1.3 11.14 2.11 0.234 0.19 0.0075
2.3 10.75 1.72 0.191 0.39 0.00459
33 10.52 1.49 0.165 0.23 0.00271
5e3 10.20 1.17 0.131 0.32 0.00188
73 9.97 0,94 0.104 0.23 0.00136
9.3 9.380 0.77 0.0853 0.17 0.00100
Test interrupted
0300 906[& Océl 000677 - -
1 9.56 0.53 0.0537 0.08 0.00094
2 9.51 0.48 0.0532 0.05 0.00059
2.75 9.48 O.h45 0.0498 0.03 0.00047
L.75 9.41 0.38 0.0422 0.07 0.00041
7.75 9.33 0.30 0.0333 0.08 0.00032
8.75 9.31 0.28 0.0310 0.02 0.00024
Speecimen B: Dry weirht, 9.38 gm; drying surface, 285 sq cm
0«.{}0 13.65 llrog? 0.1&55 - hatnd
001 13.18 3»80 Oﬁlb% Q.l&é 0;051&2
0.2 12.84 3.46 0.369 0.34 0.04L00
0.5 12.23 - 2.85 0.304 0.61 0.0236
1.0 11.70 2.32 0,248 0.27 0.,0105
1.5 11.40 2,02 0.216 0.30 0.0070
2.5 11.05 1.67 0.178 0.35 0.00412
3.5 10,83 1.45 0.155 ' 0.22 0.00259
5¢5 10.53 1.15 0.123 0.30 0.00177
7e5 10,32 0.94 0.100 0.21 0.00124
9.5 10.16 0.78 0.0832 0.16 0.00095
Test interrupted
OoOO 10.00 0:62 040662 o e -
1 - 9.94 0.56 0.0598 0.06 0.00071
2 .9.89 0.51 0.0544 0.05 0.00059
2.75 9.87 0.49 0.0523 0.02 0.00032
L.75 9.30 O.42 C.0L4L8 0.07 0.11141
775 9.71 0.33 0.0352 0.09 0.00035
8.75 9.69 0.31 0.0331 0.02 0.00024




TABLE V

Preliminary Test of Oryling Rate of Celluloss Nitrate Plastie

after Tisht Hours diffusion Time

Run: No 2
Air Temperature: 120 °F
Relative Jater Humidity: &40 %

Time Weight of Wet  fTotal Aleohol Aleohol Drying Rate
Specimen in Specimen Zvaporated
hr gm gm gm/gm dry wt gm gn/sq cm/hr

Spacimen A: Dry weight, 8.87 zm; drying surface, 85 sq cm

0.00 13.15 L.28 0,433 — -
0.35 12.35 3.48 0.292 0.45 0.0212
0.50 12.16 3.29 C.37 0.19 0.0149
0.75 11.91 3.04 0.343 0,25 0.0118
1 11.73 2.836 0.323 0.18 0.0085
1.5 11.34 2.51 0.243 0.35 0.0082
p: 11.10 2.23 0.251 0.29 0.0066
3 10.70 1.83 0.206 0.30 0,00353
Test interrupted
0.()0 9073 0036 01697 --t - -
1.25 Y4 0.70 0.0739 0.16 0.00151
3425 9,42 0.55 0.0620 0.15 0.00089
5.25 923 0.46 0,0518 0.09 0.00053
Specimen B: uJry weight, 8.87 gm; drying surface, 85 sq om
0,00 12,50 3.73  0.422 - -
0.1 12,41 3.5 0.398 0,19 0.0224
0.2 12.25 3.38 0.381 0.16 0.0129
0.5 11.90 3.03 0.351 0.35 0.0137
0.75 11.69 2.82 0.318 0,21 0.0099
1 11.42 2.65 0.299 0.17 0.0080
1.5 11.25 2.38 0.259 0.27 0.00637
2 11.02 2.15 0.243 0.23 0.00542
3 10.67 1.40 0.203 0.35 C.OCL12
Test interrupted
0.00 2.80 0.93 0.105 - —
1.25 9.5 0.78 0.048 0.15 0.00142
3.25 9.49 0.62 0.070 0.16 0.00099
5.25 9.38 0.51 0.058 .11 3.00043




TABLE VI

Preliainary Test of Dryines Rate of Cellulose Mitrate Plastie

after Thirty-six Hours Diffusion Time

Run: MNo 3
Air Temperature: 120 °F
felative “ater Humidity: 4O ¢

Time Waight of Wet Total Alcohol Alcohnl Drying Rate
Specinen in Specimen dvaporated
hr gm gn  gn/mm dry wb ga gn/sa em/hr

Specimen A: Dry weight, 8.67 gm; dryinpg surface, 25 sq em

0.13 12.96 L,29 Q.49 0,32 0.0281
0.24 12.78 Lol1 Q. 474 0.18 0.0212
0.40 12454 3.87 Oo b7 0.2k 0.0176
0.75 12.18 3.51 0.405 0.25 0,0118
1.60 11.95 3.28 0,379 0.23 0.0108
1.50 1l.52 2.91 0.336 0.37 0.0027
2.00 11,28 2.61 0.301 0.30 0.00707
3.00 10.79 2.12 0.245 D.49 0.00577
4,00 10.46 1.79 0.2056 0.33 0,00389
60{)0 9098 1.31 0.151 - OQL}g 8.00283
9.00 9.48 0.81 0.0934 5.50 0.00194,
11.00 9.31 0.64 0.07358 0.17 0.00100
Test interrupted
O‘OQ ‘9.06 9-39 0;0‘&50 hudnd kst
1.25 $.03 0.36 0.0415 0.03 0.00028
3.25 8.97 0.30 0.0346 0.06 0.00035
5.25 8.93 0.26 0.0300 0.04 0.00024

Specimen B: Dry weight, 2.70 gm; drying surface, 85 sq em

0000 12077 i&‘- 07 0- z}ég - -
0.13 12.45 3.75 0.432 0.32 0.0281
0.23 12.30 3.60 0.416 0.15 0.0177
042 12,07 3.37 0.384 0.23 0.0141
0.50 12,00 3,30 0.380 0.07 0.0103
0,75 11.80 3.10 0.356 0,20 0.,00946
1.00 11.51 2.91 0.334 0.19 G.00895%
1.50 11.31 2.1 0,300 .30 0.,00611
2,00 11.06 2.26 0.260 0.25 0.00544
3.00 10.66 1.96 0.22L 0.0 0.004L72
L.,00 10.37 1.67 0.194 0.29 0.00342
6.00 9.94 1.24 0.143 0.43 0.00253
9.00 $,50 0.80 0.092 Calply 0.00173
11.00 9.33 0.563 0.0725 0.17 0.00100
Test interrupted
0.0G 9003 04538 0;@&38 - -
1.25 9.02 0.32 D.0364 0.06 0.00057
3.25 9.01 0.31 0.0356 0.01 0.00006
5425 8.97 0.27 0.0310 0.0 0.00024
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TABLY VIX

Preliminary Test of Drying Fate of Cellulose Nitrate Plastic

in Air of 30 % Relative Humidity

vt—

Run: Yo 4
Alr Temperature: 120 °F
Aleohol Diffusion Time: 3-1/2 Hours

Time Weight of YWet Total Alecohol Alcohol Drying Rate
Specimen in Specimen Rvaporated
hr gm gn gafgn dry wt gm gn/sq em/hr

Specimen A: Dry weirht, 9.16 gnm; drying surface, 85 sq cm

0.00 13.33 L.17 0454 - -—
0.1 12.82 3.66 04400 0.51 0.0500
0.2 12.45 3.29 0.359 0.37 0.0436
0.5 11.77 2.51 0.285 0.68 0.0267
1 11.20 2.04 0,223 0,29 0.01140
1.5 10.488 1.72 0,188 0.32 0.0752
2 10.70 1.54 0.168 0.1% 0.0424
3 10.46 1.30 G.142 0.24 0.0282
4 10.38 1.12 0,122 0.18 0.0106
6 10.02 .86 0.0938 0.25 0.0153
8 , G.R3 0.67 0.0732 0.19 0.0112
10 9.71 0.55 0.0602 0.12 0,.00071
Test interrupted .
0.00 9.&2 0;!&6 000503 A b
2 9.49 0.33 0.0360 0,05 0,00059
5 9.39 0.23 0.,0251 0.10 0.00004
9 - Q.29 0.13 0.0141 0.10 0.00003
Specimen B: Dry weight, 9.16 gm; dryins surface, %5 sq em
0.00 13.21 L,,05 Delhly2 - -
8.1 12.73 3.2% g.%?ﬁ 8.&8 g‘g&gg
02 120 - » L 2 L ] "
0.5 11.39 %.53 G.Zgé O.gg 0.0251
0.7 11.40 2.24 0.245 0.29 0.0171
1.2 - 10.99 1.83 04200 .41 0.00896
1.7 10.74 1.58 0.172 0,25 0.00546
Ze2 10.58 1.42 0.155 0.16 0.00378
3.2 10.37 1.21 0.132 0.2 0.00247
Lae2 10.20 1.04 0.113 0.17 0,00200
6.2 9.97 0.8 0.884 0.23 0.00136
10.2 9.68 0.52 0.,0568 0.12 0.,00071
Test interrupted
0.00 .60 Okl 0.0480 — -
2 Y47 0.31 0.0338 0.05 0.00059
5 9.37 0.21 0.,0229 0.10 0,00003
9 9.27 0.11 0.0200 0.10 0.00002




TARLE VITI

Preliminary Test of pryinc Rate of Cellulose Nitrate Plastie

in Air of 50 % Relative Humidity

Run: No 5
Alr Temperature: 120 °F

Alcohol 3iffusion Time: 3-1/2 Yours

Time Weight of Vet Total Alcohol Aleohol Drving Rate
Specimen in Specimen Yvaporated
hr gn gn  gn/gn dry wt gm gn/sq em/hr
Specimen A: Ury weight, 9,07 gm; drying surface, 85 sq em
GIOO 13¢15 I&QQS OJ&SQ - ' -
0.1 12.75 3.68 0406 0.40 0.0L72
0.2 1Z2.45 3.33 0.373 0.30 0.0353
0.45 12,00 2.93 - 0.323 045 0.0211
0.70 11.56 2,59 0.286 .34 0.0160
1 11.45 2.38 0.263 0.21 0.00823
1.5 11.16 2.09 0.231 0.29 0.00684
-2 10.99 1.92 0.212 0.17 0.00400
2.5 10.84 1.77 0.195 0.15 0.00390
4.2 10.48 1.41 0.15 0.36 0.00250
6.4 10,21 1.14 0.126 0427 0.00155
8.2 16.0L 0.97 0.107 0.17 0.00111
Test interrupted
OOOO 90’%9 0;&2 OuOl}é!,} - ""“"
e .49 0.42 0.0464 ? ?
2.5 9.49 O0.42 0.0464 ?
3.9 9.46 0.39 0.0430 - 0.03 0,00025
10.4 9.4 0.34 0.0375 0.05 0,00009
13.4 8.35 0.28 0.0306 0.06 0.00023
144 8.34 .27 0.0298 01 0.00012
Specimen E: Iry weirht, 8.98 gm; drying surface, 85 sq em
0.1 12.4L7 3.49 0.349 0.36 0.0424
0.2 12,20 3.22 0.359 0.27 0.,0318
045 11.77 2.79 0.311 0.43 0.0202
0.7 - 11.49 2.51 0.280 0,28 0.0132
1 11.25 2427 «253 0.24 0.0094
1.5 11.02 2.04 0.227 0.23 0.00542
1.75 10.91 1.93 C.215 0.11 0.00516
2.25 10.76 1.78 0.198 0.15 0,00390
4 10.41 1.43 0.159 0.35 0.00236
6 10.23 1.15 - 0.128 0.28 0.00165
8 9.96 0.98 £.109 0.17 0.00100
Test interrupted
G'{}O QQW 0;1}2 S-Ol{ég hudand -—
215 90&0 04.[?2 Oo@t&é% N ? ?
10.4 9.31 0.33 0.0368 0.07 0.00013
13.4 9.27 Q.25 0.0323 .04 0.00016
1kl .25 0.27 0.0300 .02 0.00024
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FIGURE 3. NATURE OF THE INFLUENCE OF RELATIVE WATER HUMIDITY
ON THE DRYING RATE OF CELLULOSE NITRATE PLASTIC



TABLE IX

Preliminary Test of Drying Rate of Cellulose Nitrate Plastie
in Air at 130 °F

RBun: No 6
Relative Water Humidity: 30 4
Alcohol Diffusion Time: 3-1/2 Hours

Time Welizht ol Wetb Total Alcohol Aleohol Brying Hate

Specimen in Specimen Evaporated
hr gn gu gn/gn dry wt gm gm/sq cm/hr

Specimen A: Dry weight, 9.23 gu: drying surface, 25 sq cm

12.81 G.381

O.C}O . 3.53 R R
042 12.23 2.958 0.318 0,22 0,0259
Ce5 11.76 2.42 0.268 Q.47 0.0178
0.8 11.48 2.20 C.237 0.28 0.0110
1 11.33 2.05 0.221 0.15 0.0089
2.3 10.81 1.53 0.165 0.26 0.00383
Lel 10.47 1.19 0.128 0.34 0.00200
6.3 10.27 C.99 0. 107 Q.20 0.00118
8.3 10,12 0.84 0.0906 0.15 0.00089
Test interrupted

.00 G.48 0.20 0.0216 — e

1l 9.46 0.18 0,019, 0.02 0.00024
2 9.45 0.17 00,0143 0.01 0.00012
4 Geb3 .15 0.0162 0.02 (0.00012
525 Yaled 0.14 0.0151 0.01 0.00010

Specimen B: Ury weight, 9.00 gm; drying surface, 25 sq em

0.00 12.56 3.56 0.396 — —
0.1 12.19 3.19 0.354 0.37 0.0436
0.2 11.95 2.95 0.323 O.24 0.,0282
O.45 11.52 2.52 0.230 Q.43 0.0202
0.70 11.24 224 0.249 0,28 0.013)
1 11.01 2.01 0.224 0,23 0.0108
2.6 1C.45 l.45 0.161 0.19 0.00255
L.6 10.13 113 0.126 0.32 0.00148
6.6 954 Q.94 0.104 0.19 C.00112
Test interrupted

1 .17 0.17 0.0129 0.02 0.00024
& 9.14 0.14 0.0156 0,02 0.00012

525 .13 .13 0.0145 0.01 0,00010
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FIGURE 4. NATURE OF THE GENERAL INFLUENCE OF AIR
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TABLE X

Dryingz have of Cellulose Fitrate Plastie

at 110 *F and 30 % Felative Humidity

Run: No 7
Specimen: Grey; dry weight, 8.81 gm
Alcohol Diffusion Time: 3 days

Time Welght of Wet Total Alecohel Aleohol  Orying Rate Internal
Specimen in Specimen Evaporated Temperature of
Specinen
hr o gn gu/gm dry wt gm ga/sq em/hr °F
0100 13».89 3§03 0'359 - - hntad
0.1 11.78 2.97 0.331 0,11 0,0129 -
0.4 11.56 2.75 0,312 0.13 0.00765% 98
0.7 11.40 2.57 0.291 0.16 0.00630 99
1 11.28 2.47 0.28C 0.13 0.00477 102
l§3 ’ 1}-.15 2.3# 0»266 Qall 9.9@&3‘3 10‘}
2.3 10.86 2.05 04233 0.30 0.00353 104,
3 - 10.57 1.86 0.211 0.19 0.00320 104
5 ©10.26 1.45 C.154 .41 0.00242 . 104
73 10.393 1.12 04127 0.33 0.00169 104
11,3 9.53 C.o72 0.071 0,15 0.00046 104
13.3 Q45 0.55 0.063 0.08 0.00047 104
Test interrupted
0.00 Fel O.42 0.048 - -
3 S.13 0.32 0.036 0.10 0.00039
7 S04 0.23 0.027 0.05 G.00029
10 3.00 0.19 0.021 0.04 0.00016
13.3 8.98 0.17 0.019 0.02 0,00007




TABLE iI

Dryingz Rate of Cellulose Nitrate Plastic
at 110 *F and 50 % Relative Humidity

A

Run: HNo & ,

Specimen: Grey; dry weight, 2.84 gm
Aleohol Diffusion Time: 3 Days
¥axirmim Internal Temperature: 104 °F

<

Time Height of vet Total Alcohol Alcohol Drying Rate
- Specimen in Gpecimen Zvaporated

hr gn gn. gafgm dry wt gu gn/sg em/hr
. 0‘00’ 11195 3:11 9'352 Rkl . e -
0.1 11.35 3.02 0.342 0.09 . 0.0106
0.2 11.78 - 2.9 0.333 0,08 » 0.0094
0.5 11.58 2.74 0.311 0,20 0.00787
0.8 1l.44 L 2.60 0.294% , g 0.14 o 0.00550
1.7 11.10 L 2426 0.255 S % 12 0.00378
2.7 10.83 1.6C 0.226 0.27 0.00316
3.7 10.58 1.74 0.197 . 0.25% -0.00273
5«7 10,23 1.39 0.157 , 0.35 . 0.00206
6.9 10.04.  1.20 0.136 0.19 0.00187
9'9 . 9!7 . 50092 0&1@& 0123 0000110
10.9 9.69 0.85 0.0%96 0.07 0.00083
Test interrupted g ' '
va 9.11'3 0. 59 Qt%? T - k g

2 9,33 Gy 0.055 .10 0,00059
g . 9.28 _ Ok 0,050 U 0.05 0.00030

: 9,23 , 0.39 0.0k 0.05 0.0003C

11 9.13 . 0.27 0.031 - 0.10 ‘ 0,.00029

13 9.11 0.25 0.028 . 0.02 . 0.00012




TARLE XIX

Drying Rate of {eliulose Hitrate Plastie
at 130 °F and 30 % Relative Humidity

Run: Ho 9
Specimen: QOrey; dry weight, 8.75 gnm
Aleohol Diffusion Time: 3 days

Time Weight of Wet Total Aleohol Aleohol  Drying Rate Internal
3pecimen in Specimen Evaporated Temperature of
Specinmen

hr gn gan gu/gm dry wt gu gm/sq em/hr *F
0600 11053 2' ' 69318 —— ——— b
0.1 11.35 2,00 0.250 0.18 0.0212 108
0.2 11.20 245 0.280 0.15 0.0177 115
0.3 11.10 2.35 0.269 0,10 0.0118 119
0.6 10.87 2,12 Ouh2 0.23 0,00904 121
1l lc.gg 1.89 0.216 0.23 0.00678 123
1.5 10. 1.61 0.184 0.28 0.00658 124
2.3 10.05 1.30 0.149 0.31 0,00459 124
3.8 9.68 0.93 0.106 0.37 0.00291 124
L.2 9.53 0.73 0.039 D.15 0.00177 124
5.8 9.39 0.64 C.073 0.14 0.00165 124
6.8 9,29 0.54 0.062 0.10 ¢.0n118 124
9.8 J.11 0.36 0.0L1 .18 0.00071 124
10.8 9.05 0.30 0.034 0.06 0.00071 124
12.8 2,99 0.24 0.018 0.06 0.00035 124
Test interrupted

G.OO 9;81 0,2{} 6.329 - hnatad

2.5 2,89 0.1% 0.016 C.l2 0.00057




TABLA XIIX

Drying Rate of Cellulose Nitrate Plastie
at 130 °F and 50 % Relative Humidity

Run: NRo 10

Specimen: Grey; dry weizht, 2.656 m
Alcohol Diffusion Time: 3 days
Maximum Internal Temperature: 12, °F

Time Weizht of Wet Total Alcohol Alcohol Drying Rate
Specimen in Specimen Evaporated

hr gn gn gn/gm dry wt gm ga/sq em/hr
GQQ{) 1l456 25% 60335 _—— -~

0.1 11.38 2,72 0.314 .18 0.0212
0.3 11.16 250 0.289 G 10 0.0118
O 10.91 2.25 0.260 0.25 0.0091
0.9 10.71 2.05 0.236 0.20 0.00747
1.2 10.56 1.90 0.219 0.15 0.005%0
2.2 10.17 1.51 0.17%4 0.39 0.,00459
3.2 9.70 1.04 0.120 0.47 0.00553
ha2 9,52 C.3 0.099 0.18 0,00212
5;2 90&0 Q.?i’ 3:885 ﬂu}.? @aMﬁ
6.2 9.31 0.65 0.075 0.09 0,00106
g.5 9.16 0.50 0.058 0.15 0.00089
10.5 9.07 0.41 0.047 0.09 0.00053
12.5 5.01 0.35 0.041 0.06 0.00036
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TABLA XTIV

Dryinz Rate of OGrey Cellulose Nitrate Plastic with

Radiart Heat and 154 °F Internal Temperature

Run: ¥o 11

Dry Yeight: 8,82 zm

Alr Temperature: 130 *F

Drying Surface: 35 sq em

Rkelative Jater Humidity: 30 %2

Distance between Specimen and Hot Plates: 9 in.
Surface Temperatures of Hot Plates: 3560 and 380 °F

Time Wveizht of Wet Total Aleohol Aleohol  IDrying Rate Temperature of

Specimen in Specimen Evaporated Specimen
Surface Internal

hr gm gn  ga/gm dry wt gm gu/sq em/hr  °F °F
i}.% }..1.3? 2;55 60290 - it - -
O.1 11.15 2.33 0.265 0,22 0.0259 - -
Ce5 10,61 1.79 0.202 .40 00,0157 147 150
1l 16.23 l.41 0.160 .38 0.0049 147 150
1.5 9.93 1.11 0.126 - 0.30 0.0071 147 150
2.5 9.51 0.69 0.078 Ouh2 0.0050 150 154
Le5 9.1i 0.32 0.036 0.37 0.0022 150 154
g.g 8.94 0.12 0.014 0.2C C 00,0012 150 15k

2.86 0.04 0.004 .08 0.0004 150 15,




Drying Rate of Grey Cellulose Hitrate Plastic with

TABLE

v

Radiant Heat and 130 °F Internal Temperature

Ran: No 12
dry Weight: 8.

87 §ﬁ
Air Temperature: 110 °F

Drying Surface:
Relative 7ater

85 sq om
Humidicy:

30 &

Distance batween Specimen and Hot Plates: 9 in.
Surface Temperatures of Hot Plates:

330 and 350 °F

Time Weight of Wet Total Aleohol Aleohol Drying Rate Temperature of
Specimen in Specimen Evaporated ‘ Specimen
Surface Internal
hr gm gn  gm/gm dry wt gn gn/sq en/hr  °F ep
0.00 11.53 2.66 G.300 —-— - — -
0.1 11,30 243 0.27 0.23 0.0271 118 114
0.3 11.05 2.18 0246 0.25 0.01148 122 118
0.5 10.87 2.00 0.226 0.18 0.0106 122 120
0.8 10.68 1.81 0,204 0.19 0,0075 122 122
1.2 10.49 1.62 0.123 0.19 0.0056 124 126
1.7 10.27 1.40 0.158 0.22 0.0052 125 127
2.7 9.91 1.04 0.117 0.36 0.,0042 128 130
3.7 0.67 0.80 0.090 0.24 0,0028 128 130
Le7 9.53 0.66 0.075 0.14 0.0017 128 130
6.2 934 0.47 0.053 0.19 0.0015 128 130
8.2 2.19 0.32 0.036 0.15 0.0009 128 130
10.2 9.10 0.23 0,026 0.09 0.0005 124 130
12.2 9,01 0.14 0.016 0.09 0.0005 128 130




TABRLE XV

Drying Hate of Grey Cellulose Hitrate Plastic with

Radiant Heat and 128 °F Internsl Temperature

Run: Wo 13
- Dry Welght: 9.00 gm
Air Temperature: 110 °F
ing Surface: 25 sq cm
R ative water Humidity: 50 %
Distance between Specimen and Hot Plates: 9 in.
Surface Temperatures of Hot Plates: 330 and 350 °F

Time Weight of Wet Total Alcohol Alcohol Drying Rate Temperature of
Specimen in Specimen = Evaporated Specimen

Surface Internal

hr oo} gn  ga/gm dry wt gm gn/sq em/hr  °F oF

0.00 12.31 3.32 0.3568 - — -~ -

0.2 11.85 2.85 0.316 0.17 0.0200 122 122
G.3 11.73 2.73 0.304 0.12 0.0142 124 128,
0.6 11.45 2.45 0,272 0.28 00,0110 124, 124
1 11.19 2.19 O.241 0.26 0.0077 124 126
1.5 10.93 1.93 0.215 0.26 0.0061 126 128
2 10,71 1.71 0.1 0.22 0.0052 126 128
3 10.40 1.40 0.156 0.31 0.0037 126 128
L 10.18 1.18 0.131 0.22 0.0026 126 128
6 9.92 0.93 0.103 0.25 0.0015 126 128
9 9,87 0.87 0.097 0.06 0.0003 126 128
11 9,87 0.87 0,097 0.00 0.0000 126 128
12 G,37 .87 0.097 0.00 0.0000 126 128




TABLE XVII

drying Rate of Crey Cellulose Nitrate Plastic with

Radiant Heat and 114 °F Internal Tempsrature

Run: %o 14

Dry Weight: 9.00 mm

Adr i‘ﬁ;;zgeramm° 110 °F

Drying Surface: 85 sg cm

Relative ¥Water Humidity: 50 %

Distance between Speciman and Hot Plates: & in,
Surface Temperstures of Hot Plates: 185 and 195 °F

Time Weight of “et Total Alcohol Alcohol Drying Rate Internal
3pecimen in Specimen Evaporated Texperature of
Spacimen
hr £m gm  gm/gm dry wt B gn/sq cm/hr op
{}. OO Radand b - — - " -
qu 12.&3 > 30?8 001516 —— - 192
0,2 12.73 3.64 - 0400 0.15 G.0177 105
0.3 12.71 3.52 . 0.388 0.12 - 0.0142 108
0.5 " 12.37 3.28 0.360 0.24 0.0142 111
1l 12.00 2.91 - 04320 0.37 0.0087 112
2 1l.41 2.32 0,255 0.59 0.0070 114
3 10.93 1.84 0.202 0.48 0.0057 114
& 10.64 1.55 0.171 - 0.29 0.0034 114
645 16,19 1.10 0.122 0.45 0.02021 114
75 10.06 0.97 0.107 0.13 - 0.0015 114
8.5 9.96 0.87 0.09 0.10 0.0011 114
10.5 9.81 0.72 0.079 0.15 - 0.0009 114
11 G.76 0.67 0.074 0.058 0.0005 114
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FIGURE 9. EFFECT OF RADIANT HEAT ON THE DRYING RATE OF THE
GREY CELLULOSE NITRATE PLASTIC



DRYING RATE ' ALCOHOL GRAM PER SQUARE CENTIMETER PER HOUR x 1,000
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FIGURE 10. COMPARISON OF THE DRYING RATE OF CELLULOSE NITRATE
PLASTIC BY CONVECTION HEAT AND BY SUPPLEMENTING
CONVECTION HEAT WITH RADIANT HEAT



RUN NO.8 :
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TABLE XVIIIX

Bryinz Rate of Brown Cellulose Nitrate Plastic with

Radiant Heat and 158 °F Internal Temparature

Run: No lla

Dry veight: 32.19 gm

Alr Temperature: 130 °F

Lrying Surface: 21 25 cm

Relative #ater Humidity: 30 %

Distance between Spscimen and iot Plates: 9 in.
Surface Temperatures »f Yot Plates: 360 and 330 °F

Time Weight of Vet Total Aleohol Aleohol Drying Rate Temperature of
Specimen in Specimen Bvaporated Specimen

Surface Internal

hr gm gm  gm/gm dry wt om gn/sq em/hr  °F °F

Dam 32.?6 5-{}7 0‘15? tadnad - i bl

.1 37.16 4497 0.155 .10 0.0124 —-— 128
0.2 37.08 L.39 0.152 0,08 0.0099 136 138
Oul 36.95 L.76 0.148 0.13 o eaez 139 141
1.0 36.62 Lod3 0.138 © 0.20 9.00 150 153
1.4 358, L5 he26 0.133 0.17 0.0053 150 156
2.9 35.87 3.8 0.111 0.34 0.0042 152 158
4.9 35.25 2.96 0.092 0.62 0.0038 152 158
6.9 34,80 2.61 0.081 - 0.45 0.0028 152 158
9.1 34.38 2.19 0.068 0.42 0.0023 152 158




TABLE XIX

drying Hate of Erown Cellulose Nitrate Plastic with

Radiant Heat and 132 °F Internal Temperature

Fun: No 12a

Dry Weirht: 32,57 gm

Alr Temperature: 110 °F

Drying Surface: 81 sq om

Relative Water Tumidity: 30 %

Distance between Specimen and Hot Plates: 9 in,
Surface Temneraturﬁs of Hot Plates: 330 and 360 °F

Tinme Welzht of Wet Total Alcohol Alcohol  Drying Rate Temperature of
Specimen in Specimen Svaporated : ) Specimen
Surface Internal
hr zm gm gm/gm dry wt £n gm/sq cm/hr R o7
0‘00 39099 ?'32 0;22& -~ ) —— ——— g
0.1 39.84 7.17 0.220 0,15 0.0185 - 112
Je2 39.73 . 7.06 0.216 0.11 0.0136 121 122
Va3 39.52 6.95 0.212 0.11 0.0136 122 123
0.6 36.39 6.72 0.206 0.23 0,.,0005 123 12
1.0 39.12 6.uhs5 0.197 0.27 3.008L 128 12
1.5 38.75 6.08 0.185 0.37 0.0091 126 - 132
2.0 33,50 5.83 0.178 0.25 0.0062 126 132
3.0 382,12 5.45 0.167 0.38 0.00L7 126 132
4.0 37.92 5.25 0.161 0.20 0.0025 126 132
5.0 37.69 4.92 0.150 0.23 00,0028 126 132
6.5 37.35 4,68 O.143 0.34 0.0042 126 132
8.5 36.94 4.27 0.130 0.41 0.0025 126 132
10.5 36.64 3.97 0.121 0.30 0.0019 126 132
12.5 36.37 3.70 0.113 0.27 0.0016 126 132




TABLE XX

Drying Rate of Brown Cellulose Nitrate Plastic with
Radiant Heat and 130 °F Internal Temperature

Run: No l3a

ory Weight: 22,11 gm

Air Temperature: 110 °P

brying Surface: 81 sq cm

Relative Water Humldity: 50 %

distance between Specimen and Hot Plutes: 9 in,
Surface Temperatures of Hot Plates: 330 and 360 °F

Time Weight of Wet Total Alecohol Alechol Drying Rate Temperature of
Specimen in Specimen Svaporated Specimen
Surface Internal
hr g gn  gm/gn dry wt g gm/sq em/hr  °F °F
0‘1 39079 ?n 59 6.236 gclé 000198 bagiaad -
0.6 39.29 7.18 0.224 G.20 0.0082 124 127
1.0 39.11 7.00 0.218 G.18 0.,0055 125 128
1.5 38.85 6.74 0.210 0.26 0.0064 126 130
2.5 38.52 6.41 0.199 0.33 " 0.0041 126 130
545 3773 5.62 0.175 0.48 0.0029 126 130
8.5 37.18 5.07 0.158 0.55 0.0024 126 130
10.5 36.83 L.72 0.147 C.35 0.0022 126 130
11.5 36.83 Le72 0.147 U.00 0.0000 126 130




TABLE XXI

Dryins hate of Brown Cellulose Nitrate Flastic with

Radiant Heat and 119 °F Internal Tempsrature

Run: HNo lha

Ury Weight: 30.15 gm

Air Temperature: 110 °F

Drying Surface: 81 sq cm

Relative Water Humidity: 50 %

Distance between Specimen and Hot Plates: 8 in.
Surface Teaperature of Hot Plates: 185 and 195 °F

Time Weight of Vet Total Alcohol Aleohnl  Drying Rate Internal
Specimen in Specimen Bvaporated Temperature of
Specimen
hr B gm gm/gm dry wt gm gm/sq em/hr °F
G‘OO 36;7‘{» 6.% 0:218 —— - —
0.3 36,56 6.3% 0.211 0.12 0.0074 109
0.5 36,48 6,30 0,208 0,08 0.0050 113
1.0 i 36,31 6.13 0.203 0,17 0,0012 116
1.5 36.18 6.00 0.199 0.13 0.0032 119
Ja5 35.2 5.66 0.187 0.15 0.0019 119
6.0 35.5 5.35 0.172 0.31 0.0015 119
7.0 as5.43 5.25 0.168 0.10 0.0012 119
8.0 35.35 5.17 0.165 0.08 0.0010 119
10.0 35.08 490 0.157 0.27 0,0016 119
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FIGURE 12. EFFECT OF RADIANT HEAT ON THE DRYING RATE OF THE
BROWN CELLULOSE NITRATE PLASTIC



TABLE XXIIX

Drying Bate of Cellulose Nitrate Plastie
Under Atmospherie Conditions

Run: Mo 15

Dry Weight: 8.81 gm

Drying Surface: B85 sq cm

Afir Temperaturs: 85 °F .
Relative Water Humidity: 55 %

Time Welght of Yet Total Alcohol Alcohol Drying Rate
. Specimen in Specimen Zvaporated

hr gn gm  gm/gn dry wt o gn/sq em/nr
0.00 14,43 5.52 0.638 — —
0.1 144,32 5.5 0,624 .11 0.0130
0:2 ’ 15}‘22 5.!31 0.&3.5 {}‘10 600118
Cu5 13.96 5.15% 0.588 0.26 0.0102
1.0 13.7C L.89 0.571 0.26 0,0061
1.5 13.48 4.67 0.530 0.22 0.0052
2.5 13.16 he35 . L9 0.32 0.0038
3.5 12.91 4L.10 U, b65 0.25 0.0029
he5 12,66 3.85 0.437 .25 0.0029
S5 12,18 3.67 0.5:16 0.18 0.0021
8.0 12,05 3.24 0.362 0.43 0.0020
8.5 11.98 3.17 0.360 0.07 0,.0016
Qb 11.86 3.05 0.346 0.12 0.0014
10.5 T 11.75 2.94 C.334 0L.11 0.0013
11.5 11.65 2.84 0,322 0.10 0.,0012
Test interrupted

0,00 11.00 2.19 — - -
2.0 10.89 2,08 0.236 0.08 0.0094

ha3 10.76 1.95 0.221 0.13 0.0012




RUN NO. 15

ALCOHOL GRAM PER SQUARE
CENTIMETER PER HOUR x 1,000

T T T !

o 2 .4 .6 .8

DRYING RATE Z{

ALCOHOL GRAM PER GRAM DRY WEIGHT

FIGURE 13. THE DRYING RATE OF CELLULOSE NITRATE FLASTIC
UNDER ATMOSPHERIC CONDITIONS



Sample Caleulations

The sample calculations involved in the experi-
mental work are given in thls section. All data for
illustrations of the sample calculations are taken
from run No 1, Table II, page 37.

Total Alcohol in.Sgecimeg. The total aleohol in

the spacimen was calculated as follows:

WO L Wb

where:
W = waeight of wet specimen during drying, gm

¥y = dry weight of dried specimen, gm
Wo

total aleohol in specimen during drying,
ga.

At 0.5 hour the total aleohol in the specimen

was

1243 = 8067 b 3&76 &8 .



o T,

Alcohol Gram per Gram Ury Weight. The aleohol

gram per gram dry weight was calculated by the follow=-

ing expression:

where:

a = alcohol gram per gram dry weight.

At 0.5 hour the alcohol gram per gram dry weight
was
3.76

MS. 7 = 0.434 gn per gm.



Aleohol Evaporated. Alcohol evaporated was calcu-

lated as follows:

b L wl - Wz

where:

a3, wz = welights of wet specimen at two consecu-
tive welghings, gm
b = alcohol evaporated, gm.

From 0.5 to 0.75 hour the alcohol evaporated was

120&3 - 12.13 = 0025 gm.
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Drying Rate. The drying rate was calculated as

follows:
b
P 85(31-t2)
, b
P " Sl(tlttg)
where:

b = alecohol evaporated, gm

85 {sq em) = drying surface of grey specimen of
dimensions 0.18 x 4.9 x 2.2 cm

81 (sq cm) = drying surface of brown specimen of
dimensions 0,6 x 5.0 x 7.6 cm

ty, &, = time of two consecutive weighings
for Wy and Wy, hr

P, P' = drying rate of grey specimen and brown
specimen, respectively, gm/sq cm/hr.
The drying rate of the grey specimen for the

interval from 0.50 to 0.75 hour was

0.25 - :
85(0,75~0.50) 0.0118 gm/sq em/hr.



Iv, DISCU3SION

This section contains a discussion of the opera-

tions and a discussion of the results,

Discussion of Operations

Operation of the Oryer. An unsatisfactory point

in the operation of the dryer was that the air tempera-
ture could not be held constant sbove 140 °F. Another
defect in the operation was that, at a relative humid-
ity of 60 per cent, moisture condensed on the wire by
which the specimen was suspended and the weight could
not be determined, These factors limited the range

of test conditions.

Source of Radlant Heat. Two electric hot plates

were used as a source of low temperature radiant heat
to increase the internal temperature of the plastic.
By adjustinz the distance between the hot plates and
the specimen and by regulating the surface temperature
on the hot plates, any desired internal temperature
could be obtained in the specimen. The maximum tem-
perature was dependent on the susceptibility of the

material to heat.
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Determination of Air Velocity. Air velocity has

littlse effect in the second falling rate perisd. In
this work the aajority of the drying time was in that
period, and the air velocity in all tests was kept
congstant. The maximum air velocity obtainable with
the centrifugal blower, 50 feet per minute in the
drying chamber, was used.

Measurement of Specimen Temperature. Both the

surface and internal temperatures of the specimen were
determined by copper constantan thermocouples. The
difference between the internal and surface tempera-
tures of the brown specimen, 0,5 millimeter thick, was
6 to 4 °F, while that of the grev specimen, 0,18
millimeter thick, was 4 to 2 ®°F., A greater tempera~
ture gradient existed in the thicker and darker speci-
men with the same source »f radiant heat.

Jetermination of Jry “Welzht. “hen cellulose

nitrate plastic was soaked in alcohol some plastic
and camphor plasticizer dissolvad in the aleohol.

An attempt was made Lo determine the dissolved weight.
The solution was evaporated and the residue was
welghed., The welpght thus obtained was always negli-

gible, This was probably because the extracted
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camphor vaporized. Since the loss could not be deter-
mined, the original weight of the spacimen could not
be used as the dry weight for the teat,

The dry weight was obtained after the specimen
was removed from the dryer and dried in a ze#a humid-
ity desiccator until its weizht became constant for
a one-day periocd,

It was found that such a dry specimen decreased
in weight less than L per cent after 3-1/2 months
exposure to air,

Determination of the Reguired Diffusion Time.

It was first attempted to dry the wet cellulose

nitrate plastic as soon as it was taken out of the
aleohol with no time for the solvent to diffuse
uniformly. It was found that the initial drying
rate of such a specimen was very high, decreased
very rapidly in the first half hour and became very
low after two hours. It was apparsent that the
alecohol soaked up by the specimen did not diffuse
uniformly and most of 1t was held on or near the
surface,

The plastic to be dried in the factory is in
colloidal form with the alechol distributed uniformly.
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In order to determine the requirements for uniform
distribution, three preliminary tests were made with
different diffusion times, 3~1/2, 2 and 36 hours. The
drying rate was found to be inversely proportional te
the length of diffusion time when the aleohol content
was above 0,15 gram per gram dry weight. After the
alcohol content fell below that value, the difference
in diffusion time had no effect on the dryingz rate,
This can be explained as follows. ‘The shorter the
diffusion time, the more alcohol remained on the sur-
face of the specimen instead of penetrating into the
interior. As long as there was aleohel at the surface
the drying rate was controlled by evaporation and was
rapid, It should be borne in mind that the diffusion
action was not only in the so-called diffusion time,
but also started at the time of soaking in aleohol and
continued during the drying time. Diffusion should be
good while the specimen was being dried at the eleva-
ted temperature. By the time the alcohol content was
reduced to 0.15 gram per gram dry weight, all the above
three tests had been running for more than four hours.
It was believed that after four hours at the drying

temperature diffusion was uniform in all the
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specimens. After that, the drying rate dapended only
on the cenditions in the dryer, and the original dif-
fusion time, 3-1/2, & and 36 hours, was no longer a
factor.

Control of the Drying Rate by Relative Water

Humidity. The use of alcohol humidity in the air to
control the drying rate of cellulose nitrate plastic
should be most effective, but it involves a fire
hazard and is not economical. The use of relative
water humidity of air to control the‘drying rate was
based on the principle of the depression of aleshol
vapor pressure by dilution with water,

| When the relative water humidity in the air is
increased, the difference between the vapor pressure
of water on the surface of the wet specimen and the
partial pressure of water vapor in the air stream is
decreased, and the drying rate is lowered. When the
partial pressure of water vapor in the alr is greater
than the vapor pressure of water on the surface of the
wet specimen, the water in the specimen will be pre-
vented from vaporizing and some water wapor will con-
dense from the air stream on the surface of the spesci-

men. The mol per cent and the vapor pressure of the



pure alechol in the specimen will be decrsased and,
consequently, the drying rate of the pure alcohel
component is lowersd. In this way it should be poa~‘
sible to control the drying rate and avoid shrinkage
and cass~hardening.

The quantitative effect can be shown by the fol-
lowing example. The 95 per cent alcohol by weight is
39 mol per cent of aleohol. According to Table I,
page 5, such a solution is at equilibrium with §1 mol
per cent of alecohol in the vapor, and at 50,5 *C
(122 °F) it produces a total pressure of 225 allli-
maters of mercury. The vapor pressure of water in
the solution must be 225 x (1 ~ 0,%1) = 20 milli-
meters of mercury which corresponds to a humidity of
0.168 pound of water per pound of dry air. From the
humidity chart at 122 °F this is 20 per cent of satu-
ration. Thus, any water humidity larger‘than 20 per
cent in the air should prevent water in this aleohol
solution from vaporizing.

Another example can be used to ghow the composi-
tion of alecohol solution under equilibrium conditions.
Suppose the conditioned air used to dry the specinmen

was 122 °F and LO per cent water humidity and zero
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alcohol humidity. PFrom the humidity chart the amount
of water in the air is 0.03 pound per pound of dry
air. The corresponding partial pressure of the water
is 34.9 millimeters of wercury. From Table I, page 5,
82.4 mol per cent of aleshol in water (8&;5 mol per
cent in vapor) at 122 °F has almost the same vapor

pressure of water calculated as follows:

220 x (1 ~ 0,845) = 34 mm He vapor pressure of water.

Thus, theoretically when 95 per cent aleohsl is dilu-
ted to 82.4 mol per cent the partial pressure of the
water component will be equal to the vapor pressure
of water in the air stream. At that time water in the
wet specimen can begln to vaporise with pure aleohol,
but the composition of pure alcohol and water must
remain as 82.4 and 17.6 mol per cent if equilibrium

is to be maintained.
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Discussion of Results

Drying Curve of Cellulose Nitrate Plastie. Since

the cellulose nitrate and 95 per cent ethyl alcohol
formed a colloidal system, there was no ¢onstant rate
period in the drying curve. The portion of the falling
rate period that was studied was betwesn 0.4 and 0,04
gram aleohol per gram dry plastic. In this ranze the
curve wag concave upwart, since the wvaporigzation rate
of the alcahﬁl decreased very rapidly until the |
alcohol content was resduced to about 0.15 gram per
gram dry plastie, and much more slowly below this
point. The fast drying period range,above 0.15 gram
alecohol per gram dry plastie,was considered to be of
the greateat importance in this study. If this rate
was too high, case~hardening, checking and warping
resulted and the final drying rate was lowered, 1In
this range the rate was materially affected by exterw-
nal drying conditions, while in the lower range humide
ity had no effect. This indicates that humidity con-
trol should be applied in the upper drying range, only.
iffect of Alr Temperature and Helative Water
Humidity. Both the air temperature and relative water
humidity influenced the drying rate and drying time,

g
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The air temperature had a greater effect than humidity.
Increasing the relative humidity decreased the drying
rate and this effect was greater at an air temperature
of 130 *F than at 110 °F, It became less as the alco~
hol decreased and disappeared at 0.225 gram per gram
dry weight for 110 °F and at 0.17 gram per gram dry
weight for 130 °F. These effects can be explained as
follows.

The increase of relative humidity resulted in a
deerease in the difference of vapor pressure of water
at the surface of the wet specimen and the partial
pressure of water vapor in the air stream. Thus, the
driving force for evaporation of water from the speci-
men was lowered and the drying rate decreased, At a
higher air temperaturs the drying rate was greater than
at a lower temperature., +hen these two rates were
reduced by the same percentage by relative humidity,
the actual amount of reduction in the former case was
larger than in the latter.

As stated above, the drying rate affected by the
relative humidity was only in the higher range where
gvaporation controlled. In the second falling rate

period the relative humidity had no effect because



the drying rate of the wet specimen was controlled by
the diffusion rate of alcohol in the specimen. The
points of 0,225 and 0,170 gram alcohol per gram dry
welght might be regarded as two eritical points,
Below them the drying rate belonged to the second
falling rate period where the relative humidity had
no effect.

An increase of air temperature raised the inter-
nal tampefaturﬂ of the specimen which, in turn,
increased the drying rate in both the evaporation and
diffusion periocds. When evaporation controlled, the
vapor pressure of water at the surface of the speci-
men was inereased and the drying rate became larger.
When diffusion controlled, the increase of internal
temperature decreased the viscosity and increased the
rate of diffusion, Thus, the total drying time was
shortened by increasing the air temperature,

The Effect of Shrinkage. When a specimen was

tested at a relative humidity of 30 per cent and air
temperature of 140 °F, warping and checking occurred.
~ This indicated that the temperature was too high and
relative humidity was too low, so that the surface of

the wet specimen dried faster than the interior and
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the surface tended to shrink, following which warping
and checking ocourred,

#hen the internal temperature of the thick brown
specimen was raised to 130 °F by supplemental radiant
heat, many bubbles formed. The reason for this was
that at high internal temperature some alcohol vapor-
ized in the interior before diffusinz to the surface
of the specimen,

The Effeet of Radiant Heat. Cellulose and its
derivatives, as cellulose nitrate, have a long chain
molecular structure. The secondary bonds between the
¢hains can be broken by heat and the interior becomes
softer. The thicker and darker the plastic, the more
radliant energy is absorbed under constant radiation.
The internal temperature is, therefore, the critical
factor rather than the temperature of the radiating
surface.

By using the same aaﬁree of radiant heat the
~internal temperature of the brown specimen was raised
2 o 5 °F higher than the grey specimen, This was due
to the darker and thicker specimen absorbing more

radiant energy to increase its internal temperature.



Another factor in radiant heating was indicated
in runs We 12, 13, l2a and 13a. When the air tem-
perature was 110 °F and the relative humidity was
increased from 30 to 50 per cent, the internal teme
perature of the specimen was decreased by 2 to 5 °F,
This indicated that the water vapor in the air had
absorbed some of the radiant energy. The internal
temperaturs should have risen, as the effect of higher
humidity was to slow the rate of drying and thereby
decrease the rate of cooling.

The Advantaze of Radiant Heat. The internal tem-

perature of the specimen could be raised either by
convection or radiant heat. However, a higher air
temperature would require a higher moisture content

to maintain the relative humidity. By radiant heat,

the internal diffusion rate could be increased without
affecting the effect of relative humidity in slowing the
vaporization rate. Curves are shown in Figure 11,

page 67, for tests in which the temperature was raised
10 °F by radiant heat and 20 °F by convection heat.
The slope of the first curve (run No 1l4) was greater
than that of the second (run No 10). This indicated
that the total drying time, calculated by extrapolation,

in the former case would be shorter,



Recommendations

The following recommendations are presented for
future study of the drving of esllulose nitrate plas-
tic.

- Specimen. The specimen should be taken {rom
comnercial eolloidal material instead of preparing
it from dried plastic sheet. The solvent is uniformly
diffused in the colloid and uniform diffusion is dif-
ficult to obtain in finished plastic. |

Continucus Process, A continuous process of

drying without interruption should be used, and the
spscinen should be dried to equilibrium moisture con=-
tent. Then, a better comparison could be made of
total drying time under different conditions,

Operating Conditions in Different Dryinz Ranges.

It seens that it is worth while to vary the operating

conditions for a specimen in the drying process. Low
temperature and high humidity e¢an be used in the
evaporation periods to prevent case-hardening, while
in the diffusion period a higher temperature can be
used to increase the drying rate and the control of
humidity is not necessary. In this way the optimum

conditions may be obtained,
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Range of Operating Conditions. Drying air of

temperature higher than 130 °F and relative humidity
beyond the range of 30 to 60 per cent should be used.
The radiant heat should be applied in various cases.
Construction of Uryer. In order to obtain opti-
mum conditions, a new dryer should be constructed in
accordance with the following ideas. The sige of the
dryer should be reduced by reducing the height of the
lower part and the width of the dehumidification
chamber; then th: time required for adjusting the
air to the desired conditions can be shortened. An
automatic temperature control and humidity control
are necessary to maintain the exact air conditions.
A set of dehumidification equipment or refrigeration
coils should be installed in the humidification
chamber to lower the humidification below 30 per
cent, The high pressure steam can be used to raise
the air above 130 °F, The internal temperature of a
specimen by radiant heat should be easily raised to
any degree, This may be accomplished by utilizing a
rheostat control with the electric hot plates. The
shape and size of the electric hot plate should be

made to fit different apecimens.
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Study of Radiant Heat. Radiant heat has rarely

been applied to the drying of c¢cellulose nitrate plas~
tic. This 1s a good field of study, not only for
cellulose nitrate plastic but also for other kinds

of plasties and surface coatings, and should be

further investigated.,



Limitations

This investigation was conducted under the followe
ing limitations. |

Specimen. The cellulose nitrate uged was
pyralin made by E. I. du Pont de Nemours and Company,
plasticized with camphor, Two types of specimens
were tested; one was grey color, 0,12 millimeter
thick, and the other was brown color, 0,6 millimeter
thick,

Afr Velocity. Alr velocity was kept constant

at 50 feet per minutsa,
Sglvent. The solvent used was 95 per cent ethyl
aleohol,

Algohol Content. In most cases, the drying tests

were started below an alechol content of O.4 gram per
gram dry weight of plastic,
Relative Humidity. The relative humidities were

limited to 30, 40, 50 and 60 per cent. At 60 per cent
moisture condensed on the suspension wire and the data
were not taken,

Alr Temperature. Air temperatures in the dryer

were limited to 110, 120, 130 and 140 °F, At 140 °F




the difficulty of maintaining a constant temperature

prevented makinz a complete tast,

Internal Temperature of Specimen by Radiant Heat.

By supplementing convection heat with radiant hsat the

internal teuperature of the grey specimen was
increased to 114, 128, 130 and 154 °F, and of the
brown specimen to 119, 130, 132 and 158 °F.



V. CONCLUSINNS

The investigation of the effects »f relative water
humidity, convection heat and radiant heat on the dry-
ing of cellulose nitrate plastic led :o the following
eonclusiona, Unless otherwise stated all plastic men-
tioned below is C.18 millimeter thieck gréy cellulozse
nitrate plastic with the commercial name of pyralin,

l. #hen the internal temperature of the wet plas-
tic was raised from 104 to 114 °F by sappiementary
radiant heat, with drying air at 110 °F and 50 per
cent relative humidity, the drying rate of plastic was
increased without cauaing case~hardening or warping.
The drying time was reduced from 12.9 hours to 10.2
hours for drying the plastic from 0.352 to 0,075 gram
aleohol per gram dry weight.

2. Wwhen the internal temperature of the wet plas-
tic was raised to 122 and 130 °F by aupplam@ﬁnary radi-
ant heat, with drying air at 110 °F and 50 and 30 per
cent relative humidity, respectively, the drying rate
of the plastic was increased, but physical damage to

the plastic resulted.
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3. The maximum safe air temperature for drying
cellulose nitrate plastice without radiant heat was
between 130 and 140 °F, physical damage to the plastic
ocecurring at 140 °F,

L. The effect of increasin: the relative humidity
was to decreaze the dryinc rate at higher aleohol cone
tent of the plastie, and the effect increased with
inerease of air temperature. It became less as the
alcohol content decreased and disappeared when tha
plastic had been dried to 0,225 gram alcohol per gram
dry weight at 110 °*F, and 0,17 graa alcohol parvgram
dry weight at 130 °F,

5. An increase in humlidity caused only a slight
inerease in drying time to alecohol content of 0,10 gram
per gram dry weight and an increase in air temperature
shortened the dryinz time much., To dry the plastic
without physical damage from 0.315 to 0.100 gram alco-
hol per zram dry weirht required 9,85 hours at 110 °F
and 50 per e¢ent relative humidity, 9.5 hours at 110 °F
and 30 per cent relative humidity, 4.8 hours at 130 °F
and 50 per cent relative humidity and 4.3 hours at

130 °F and 30 per cent relative humidity.
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6. Radiant heat was effective in raising the
internal tenperature of the wet plastic without damage
to the material, and the affect was slightly greater

with a thicker apecimen of dark c¢olor than with a thin

specimen of light color.



VI. SUMMARY

In the manufacture of cellulose nitrate plastie
some physical damage of the finished product always
results during dryinz. The drying conditions should
be studied and improved.

The purpnse of this investipation was to determine
the effects of relative water humidity, convection heat
and radiant heat on the drying of cellulonse nitrate
plastic., The conditions causing case-hardening and
physical damage were observed, drying rate was deter-
mined and drying time compared.

Specimens of cellulose nitrate plastic sheet,
plastiecized with camphor, were soaked in 95 per cent
ethyl alcohol., They were first dried in a compartment
dryer by conditioned air, with or without radiant heat,
Then, they were removed tn a zero relative humidity
desiccator to be dried until ths weirht became constant
within a one~-day period.

The values of relative humidity studied were 30,
40, 50 and 60 per cent. The air temperatures studied
were 110, 120, 130 and 140 °F. The detalled data were
not obtained at 60 per cent relative humidity and at
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1L0 °F because these conditlions could not bs controlled.
The radiant heat was supplied from two electric hot
plates ard used to inecrease the internal temperature of
the plastic.

The effect of increasing the relative humidity was
to reduece or avold damage to the plastic and to reduce
the drying rate at highsr alcohol content. This effect
incressed with the increass of alr temperature and
became less as the alcohol content decreased., It dis-
appearad at 0,225 gram alecohol per gram dry weight as
dried at 110 °F and teampsrature, and at 0,17 gram per
gram dry welight as dried at 130 °F.

Increasing the air temperature increased ths dry-
ing rats and shortened the drying time. The maximum
safe air temperature for drying cellulose nitrate plas-
tic without radianvu heat was between 130 and 140 °F,
physical damage occurring at 140 °F,

Radiant heat could be applied to raise the internal
temperature of the wet plastic and to increase the dry-
ing rate without causing case~hardening, the effect
being slightly pgreater with a thick plastic of darker

color than with a thin plastic of light color.
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When the internal temperature »f the wet plastie
was raised to 122 and 130 °F by supplementary radiant
heat, with drying air of 110 °F and 50 and 30 per cent
relative humidity, respectively, the drying rate was

increased, but physicsl damage to the plastic resulted,
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