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DRYING C!ULHAC'LX t lSTICS OF 

R&VilE FIBER 

SUMMARY 

This study was undertaken to obtain data that would penrit an 

analysis of the mechanism and characteristics of the adiabatic drying 

of garnetted ramie fiber. 

Equilibrium moisture vras determined for several points in order 

to check that available in the literature (3h). Rate of drying studies 

were made at 1U0 °F, 170 °F, and 200 GF, at relative humidities from 

l̂/o to $1%, at air velocities from 500 ft/min to 1050 ft/min, at dry 

densities from 0.110 fin/cc to 0.232 gn/cc upon slabs of degummed gar-

netted ramie from 0.635 cm to 2.5U cm thick., The results "were plotted 

and analyzed. The results and their graphical analysis are presented 

in Figs. 1 through 21. 
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INTRODUCTION 

Ramie is a bast fiber which is produced naturally in the bark 

of the stalk of the Boehmeria tenacisscina; China grass is produced 

naturally in the bark of the Boehmeria nivea, but they have never 

been distinguished in the economic literature (5). Kamie is the name 

commonly used to designate all "Boehmeria" fiber: and China grass is 

a synonym, and trade name of the fiber imported from China. 

The plant is found in India, China, Haiti, Japan, Southern 

Europe, the Southern United States, Hawaii, and other countries 

located in tropical or sub-tropical climates. The plants generally 

grow five to eight feet high and are cut upon reaching maturity (2). 

The stalk is usually decorticated while green. The 'process has been 

one of the major obstacles in the successful treatment of the fiber. 

In the Orient the decortication is carried out by hand, but the limited 

productivity of this method, re stricts it to areas where labor is cheap 

and plentiful. Experimenters in the United States have recently 

deve.lc.jed a machine "which is report---; to perform the operation satis­

factorily {19) • 

The presence of chemical gums causes the decorticated fiber to 

become stiff -when dry. These gums, which are principally cutose, vas-

culose, and pectose, must be completely removed before the fiber can be 

utilized as a textile. The first two can be easily dissolved with soap 

and alkalies under pressure, after which the pectose can be removed by 

washing (2). The fiber is then ready for the garnetting process. 

The literature with one exception (3k) reveals no data on the 

drying of ramie fiber, and reveals none whatever that may be used in 

determining the mechanism, of drying. Furthermore the literature 

deve.lc.jed


reveals no data on the drying of cotton or other similiar fibers which 

may be used to analyze the mechanism of the drying of fibers in gene­

ral. The need for such data and their analysis is present in all tex­

tile industries requiring a drying operation, hno is becoming in­

creasingly important for raisle es a result of success obtained by 

research in other ;bases of processing. 

It is the purpose of this study to obtain data that can be 

analysed to determine the mechanism and characteristics of drying of 

ramie fiber, and fibers in general, that vvill be useful in designing 

drying equipment and processes. 
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OBJECT 

Cne part of this investigation v.as to check existing equi­

librium data on de gummed. garnetted ratnie fiber. Several points 

were checked by determining equilibrium moisture content at I4O °F, 

170 °F, and 200 °F as a function of relative humidities of ly%, 33%> 

and 5l« of the enclosing aomosphere. 

The other part of this investigation vres to determine the 

drying oechanism and characteristics of derwrmed garr.etted ramie. 

Drying rates were obtained and analyzed at li|.0 °F, 3.70 °F, and 

200 °F, at relative humidities of \y], to $1%, at air velocities 

of 500 ft/min to 1050 ft/rain, at densities from 0.110 grn/cc to 

0.232 -gm/cc upon sla.bs of ramie from 0.635 cm to 2.5-4 cm thick. 
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iXP&uM'lTAL ii..ljIPyj!JKT 

The basic piece of experimental equipment was a Proctor-Schwartz 

laboratory dryer. See Diagrams 1 and 2 in the Appendix. This dryer 

is of a compartment-tray design heated by a Trane steam heater. The 

drying compartment measures 24x24x1+8 inches. The necessary humidifi-

cation is supplied by an open steam humidifier and an air-water spray. 

Baffling arrangements and dampers on either side of the drying com­

partment permit three methods of air circulation and variable recir­

culation. 

The temperature and relative humidity in the dryer are regu­

lated by a Foxboro wet and dry bulb recorder-controller. The vet 

bulb is of the porous sleeve type. The controller is air operated 

employing dual controls; one control system governs the dry bulb 

temperature, and the other the wet bulb temperature, 

Air is circulated, through the dryer by a /r'3LLI) Buffalo fan 

driven by a one and a. half horsepower Diehl motor connected to the 

blower through a variable speed drive. The arrangement permits fan 

speeds of 2(k to 10>'6 rpm. 

liounied on top of the dryer is a Toledo scale equipped with a 

hook which is suspended in the drying compartment. The scale is fur­

nished with one ten pound blank beam, two ten pound beams with one 

ounce gradations and a five pound chart with one one hundredth of a 

pound calibrations. This scale was not sensitive enough to weigh the 

slabs used in this studs7-; so a O'Kaus balance graduated in tenths of 

a gram with a capacity of five hundred grams was used instead. 

A set of two calibrated brass tubes five-sixteenths inches in 

diameter spaced one and a half inches apart, one with a one one sixty-
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fourth of an inch in diameter hole on the upstream side and the other 

with a similiar hole on the downstream side were used to measure air 

velocity. These tubes viere connectec to a draft guage filled with 

ethyl alcohol located outside the dryer by two rubber tubes. The 

tubes were calibrated against a pitot tube in a wind tunnel to 

determine the factor for the tubes (?)• See Appendix for calibration 

data. 

Other equipment used in the vork included an analytical 

balance, open air electric furnaces, and the usual laboratory equip­

ment • 
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EXPKtti^KTAL PhOCEDtiBE 

The fibers used in the investigation "were processed as described 

in the Appendix. To insure uniformity of the samples, all studies 

were made on specimens of one processing. 

The experimental work necessary to obtain equilibrium moisture 

check date was performed first. For every run four sarncTes of the 

.fiber were prepared by securing them with a. short piece of stainless 

chrome wire. Two of bhese samples were placed in an open air electric 

oven and dried at least six hoars at a temperature of 200 °F to bring 

the moisture content below the equilibrium value for the conditions 

of the run . The other two samples were placed in tap water and 

allowed to soak at least six hours to thoroughly saturate the fiber. 

The Proctor-Schwartz dryer was used as a constant atmosphere 

bath. The ter perature and relative humidity for the run were estab­

lished with coirolete recirculation of the air at a low air velocity. 

The four samples were then suspended in the air stream and allowed to 

remain at least thirty-six hours. This time has bee:i proven to be 

sufficient time to i 'sure equilibrium between the samples and the 

air (9) Ok). 

After thirty-six hours the samples were moved quickly to num­

bered 250 ml Krlenmeyer flasks, which were then tightly closed with 

rubber stoppers. The flask containing the samples were weighed on an 

analytical balance. The samples were then removed from the flasks and 

A few fine free fibers on the surface of the ramie samples 
charred slightly at this temperature,, A few determinations were made 
at 150-60°F, where no charring occurs, and it was discovered that the 
amount charred war so small as to not affect the bone dry weight. 
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placed in the open air electric oven. The samples were dried at 200 °F 

Tor twenty-four hours Tvhich brought them to a bone dig condition. This 

time ha.s been proven to be sufficient to reach a constant weight (3^)• 

i'jext each sample v.:as rsplacec in its original flask and rewelgh-

ed on the analytical balance. The sample "was then discarded and the 

flask, stopper, and -wire uhat bound the sarq.de were -weighed to deter­

mine the tare weight. The 'three weights give sufficient information 

to cetermine the equilibrium moisture content. 

The rate of drying studies »ere made last. A slab of ramie was 

mace by packing the fibers to the aesired density in a rectangular 

frame eight by five inches made of one thirty-second inch brass strip 

of the desired width to give proper slab thickness. The slab ^as held 

in position in the drying compartment by four pieces of small stainless 

chrome ware attached to a hook. Drying from, the edges cf the slab 

was prevented by the brass strip. Drying from the two surfaces of the 

slab was accelerated in the immediate vicinity of the brass strip aue 

to L-he high heat conductivity of the brass, but this effect was small 

and introduced an error that was constant. 

Considerable trouble was experienced in obtaining a method of 

securing a uniform moisture distribution in the slab without air 

pockets prior to drying. Approximately twenty-five runs were made be­

fore a method of securing uniform moisture distribution and even pack­

ing that v-jonld. give reproducible results vvas c.evised. The method 

finally usee was to soak a weighed sample of ramie in tap vater for 

six or more hours, beatinp; and s-ueesing it several i.imes to remove 

all air bubbles and sockets. The soaked ramie vas then packed into the 

brass frame and pressed between two flat boards tc form a slab with two 

sarq.de
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smooth surfaces. All uater was allowed to run out that -would vrhile 

pressing the slab to the desired density and thickness. Care v.as 

token not to destroy the unifc.tr.: mc isture distribution by draining 

fro?n either end of the slab. 

The controls of the dryer were set to give iii3 aesired. value of 

tempera Dure, relative humidity and air velocity,. Approximately eight 

tenths of the drying air 'was recirculated. This was found to be 

sufficient to maintain a constant atmosphere ano COD Id be controlled 

by trie controller more easily than with no air be inn; recirculated. 

The dryer was allowed, to run uni.il the chosen cone it ions balanced out 

on automatic control. Pith the or? ing conditions thus eguilibrated, 

the :rlab was then suspended in the drying compartment in a stream of 

air flowing parallel to the two surfaces of the slab. The slab was 

removed from the dryer and weighed on the G'Haus balance every Jive 

minutes, exactly thirty secends we:e allcweo for weighing so 'that 

'the slab actually dried in the dryer four p.nd one half minutes be­

tween each reading. It was assumed no crying oceured during the 

weighing process, four and cue half minutes was the time allowed for 

drying beween each weighing in plotting and analyzing the data. This 

technique certainly is not the best, but is the best that could be 

devised with available equipment. The error introduced was made on 

each recording for each run, and had the effect of lowering the drying 

rates as the slab had to ?ieai back uo to the temperature of the drying 

atmosphere from room tempera'./are after each Y^eighing. Of coarse the 

amount of m.oisture lost while vetching compensatec somewhat for the 

dec:'-eased, drying rate immee lately after each weiphir.g. This is not as 

much as miyht be extectec. as there was little difference between the 

room temperature and the ~;et bulb temperature cf the Prying atmosphere 

unifc.tr
uni.il
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for most runs. The slab remains at the wet bulb temperature throughout 

practically all of the drying period.. These data -were sufficient for 

the calculation of the instantaneous drying rate and with the equili­

brium moisture data permitted the calculation of the free moisture 

content. 

One of the time-weight runs was made; with a thermocouple im­

bedded in the center of the ramie slab to measure the temperature at 

the half-thickness of the slab. This copper-constantan thermocouple, 

made of fine -wires, ran parallel to \lie surfaces of the slab, equidis­

tant from each surface, from the edge of the slab to its geometric 

center. Connections were made to a Leeds-Korthruo potentiometer and a 

cold, reference -junction of 32 °F 'which "were located outside of txhe 

dryer. Provisions were made for disconnecting the potentiometer and 

cold junction for weighing the slab. Headings of the thermocouple 

potentiometer were made just prior to each weighing while the slab 

remained, in the dryer. 

The air velocity across the surfaces of the slab were measured 

with two velocity tubes connected to a draft guage filled with ethyl 

alcohol. The tubes could easily be moved about so that the air velo­

city could be measured at any point in the drying compartment. The 

draft guage was inclined at a slope of 1:36. This made readings of a 

thousandth of an inch of alcohol or better possible. Assuming an error 

in reading the draft guage of a. thousandth of an inch and an error of 

three hundredths in determining the tube factor, the air velocity can 

be determined with an error of 3«8£ at 1U0°F, iy% relative humidity 

and 500 ft/min, and an error of 3.3$ at lJ|0°F, If, relative humidity 

and 1000 ft/min. The error at higher temperatures and relative humidi-
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ties is a little greater. 

For each run the slab was allowed to remain in the dryer an hour 

or more after obtaining an apparent constant weight in order to deter­

mine if a constant weight had really been obtained. Two slabs were 

allowed tc remain in the dryer twenty-four hours after obtaining an 

apparent constant weight. Further loss in weight amounted to two 

tenths of a gram which is a very small error for a forty-three gram 

sample. This is the weight used for all runs except in those where the 

dry density of the fiber was varied. This servec as a check on how 

close the drying sample had approached equilibrium after obtaining an 

apparent constant weight at the end of each run. 
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THEORETICAL CONSIDERATIONS 

Drying is the term generally used tc indicate removal of water 

from a system or structure, Sfhen the amount of water present is com­

paratively small. By far the most important processes for drying 

solids depends upon first vaporizing the water and in this form sepa­

rating it from the structure of which it formed a part. If air or some 

inert gas is used to carry away the rater vapor formed, the process is 

called air drying (28). This is the method used in this study. 

Dryer design involves two separate yet dependent considerations. 

First, the moisture must be brought to the surface of the material to 

be dried, or LO some point in the material, and at this point evapo­

rated. Second, the drying medium must be brought into contact with 

the stock under proper conditions. The first consideration is commonly 

associated with crying theory : while the second, although a function of 

uhe first, involves largely the principles of fluid and heat transfer. 

It is the former that is to be reviewed here. 

It is a well established, fact that -when any material is exposed 

to a constant atmosphere there will be an interchange of moisture be­

tween the two until a final value is reached which is unchanged by 

by further exposure. This condition represents equilibrium between the 

material and the atmosphere; and the moisture present is known as the 

equilibrium moisture. The equilibrium moisture is dependent upon the 

temperature and relative humicity of ihe ambient atmosphere and upon 

the nature of the material. Pxoeriments have also suovin that it is 

dependent somevvhat upon the history of the material [13) (2y) (3U). The 

importance of equilibrium moisture to drying considerations can be seen 

since it represents the degree to which a substance can be dried in a 
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given atmospher e. 

By analogy with other physical phenomena it is logical that the 

rate of approach to equilibrium conditions would be a function of the 

displacement from equilibrium. This leads tc the distinction of the 

free moisture content or the total moisture present minus the equili­

brium moisture. The equilibrium moisture is sometimes referred to as 

the bound moisture. The free moisture is the amount of water chat can 

ultimately be removed by the given drying conditions. 

If, when the material to be dried is first exposed to the drying 

atmosphere, the surface is completely wet with water, the drying pro­

cess is similiar to the evaporation of "water from a free liquid sur­

face (1)(28). As long as the surface remains wholly wet, the rate of 

evaporation is not a function of the water content of the material: and 

under constant drying conditions the rate of drying is constant. This 

oeriod is called the "Constant Hate" oeriod. After reaching a certain 

moisture content the drying rate begins to decrease, and the so-called 

"falling Rate" period begins. The moisture content at which the change 

from a constant to a falling rate occurs is known as the critical 

moisture content. 

Experimental evidence indicates that during the constant rate 

period liquid moisture is moving to the surface of the solid at a rate 

equal to that of the evaporation from the surface (l)(3)(8)(10)(11)(13) 

(14)(15K16)(21)(22)(28)(34). If the drying occurs adiabatically, the 

equilibrium temperature reached by the solid approaches the wet bulb 

temperature of the drying air. When heat is supplied directly to the 

stoclc by conduction from adjoining dry surfaces or by radiation from 

the surroundings, then the surface temperature is higher than the wet 
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bulb temperature, and ohe drying rate is increased. An initial adjust­

ment period usually exists during which the wet material comes tc the 

equilibrium temperature miich is to prevail curing the constant rate 

oeriod. 

During the constant rate period the rate of drying as weight of 

water per unit time removed from a wet surface of a riven area may be 

expressed to good agreement by the equation (l)(22)(28): 

dW/de= KgA(Hs - Ha) (1.01) 

or for a u n i t area as 

m/tiQ^ KgUi s - Ha) - Kg(AH). (1.02) 

The constant K^ is the film coefficient and is a function of the air 

velocity, angle of incidence of the air to the solid, temperature, and 

o'uher variables that affect trie film resistance to heat and mass trans­

fer. For most purposes K,T can be expressed as a function of air velo-

city over relatively short ranges of temperature by the equation (1) 

(23) 

iv = <XGn . (1.03) 

S u b s t i t u t i n g equat ion (1.03) i n t o (1 .02) g i v e s : 

cD/v/de - «Gn(AH). (1.04) 

The nature of the drying mechanism during uhe falling rate 

period is not as definite not is as thoroughly understood as for the 

constant rate period. For a good many substances, i.e., i,rood, certain 

clays and brick mixes, ungla'-ed ceramic products, soaps, etc., the 
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process is divisible into tt/o secondary periods, which from, the 

mechanisms of drying (Tevaillng in each may be called the "zone of 

unsaturated surface drying" ano the "zone where internal liquid 

diffusion controls" (23). The former period follows immediately 

after the critical noint; the decrease in the rate of drying in this 

zone is due to the decreare in the vested surface of the material. 

Trie ...achanism of the drying is essentially the same as for the constant 

rate period: but dry portions of the solid ;>rotrude into the air film 

so that the rate of evaporation p^r unit of total surface is reduced. 

The maximum r?t€ of diffusion of ivater to the surface decreases 

with the water content of the material (21)(22)(28). This causes a 

second critical ;:.oint to be reached beyond, which the resistance to 

internal licuid. aiffusion is rreaver than the surface rs*.s::.£tance to 

vapor r„i ivr.l. Durin; bhis »*-*ricK the rate of internal Irhynic 

diffusion controls the rate of drying, U s e curing this r>eriod eir 

veiocite ;*as no influence en 'i'-he rate of dr; ica: and air humidity 

Is of u-ocrtanca on'i • so far as it affects the oc 3±1 ibriiM? POifture 

coutsat. 

diffusion eruptions nave been solved for certain limits ajid 

applied to data duri.y; this eerlod of diffusion controlling eith a 

yraat deal of srecesf oy a nunber of investi p.tors (10)(13)(17)(18) 

(21)(23)(2u). It should be tainted cut, hcaever, that theu-e is still 

controversy as to lust that materials the diffusion eouations ^ay be 

ay lied without experimental data (11) (15) (27). 

For a numb r of cuher substances, retably fibreas materials, 

certain sain s sno clfiT/S, are brick mixes, the mechanise curing the 

fallirw rate "period as not as clearly understood, nor can data for 
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ih..se substances be oorrelftoc as ^ell. One thing is definite; the 

6r:tp coes not follow the diffusion ec/nations, nor do?s it folio?; 

stipple relationships developed' npoon the assignation List the cirging 

rate in tre falling:; rate period is a linear function of the free v;ater 

prssent uncier constant drying conditions. 

Knowing full v/ell his simplifying assumptions, Lei'vis developed 

the following equation for d)m/iA£ during I' e falling rate period ^lj) 

V23)B 

oT „ d6 ^ EdO ^1.05) 

~ T~~1C TAJTTI^J 

iviiere 

rp =- L/3D (1.06) 

and 

rs = ? ( T S C - E)/ ? . U.07) 

mis assuji'otloiis v.ere: 

t. That the constant rata period was long enough for a. para­

bolic concentration graoient to be established in the slab, and that 

it remain garaboj.ic auring the falling rate period. 

2. That the diffusion law nolds. That the driving force for 

diffusion of moisture is the concentration gradient in the material. 

3. That the instantaneous rate of evaporation per unit surface 

is proportional to the difference between the surface concentration 

and the concentration corresponding; to equilibrium, v ith the main boqy 

of air flowing past oh? surface. 
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It is seen that B is a function of thickness, temperature, 

humidity, and the angle of incidence of the air stream. 

Upon neglecting shrinkage and assuming rj_ and rs constant, inte­

gration between limits of 9 = 0 and T ~T]_ and 6 and T, gives: 

VnTi- E - 9 = BG (1.08) 
V r i ~ L(ri+ rs) 

\Tnere both resistances are important, elimatinp r-j_ and r0j from 

equation (1.08) gives: 

1 
B 

^ ^ L [ L ?d(Tgc-^)] (1.0*) 
HP|.i*il».i.i.-ie^ | — In 
i" - iii 

If resistance to surface evaporation is controlling: 

inhz.1 = © =. B e (i.io) 
T - JaS r g L 

if resistance to liouid diffusion is controlling 

l n ^ | = 3C8 = BG (i.il) 

Since these relationships are derived on the assumption that the 

diffusion law holds for the movement of water to the surface of the 

material being dried, ohey should not necessarily be good for ana­

lyzing drying rate data of materials "where the moisture does not move 

by diffusion. However, it has been found that they agree to fairly 

good approximation with heelboard (13), whiting (2tf), and rayon (30). 

This does not mean, however, that the mechanism of drying of these 

substances is by the movement of water to the surface by liquid 

diffusion. These relationships have proved useful :Ln approximating 

file:///Tnere
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drying rate curves for these substances at conditions other than those 

used in the experimental work. 

For convenience equation (1.08) may be simplified by substituting 

for B 

B =<*Gn(AH) U.12) 

and thus obtaining 

lnhz.1 = «Gn(*H)G (1.13) 
T - E 

This relationship has been found to be very good for the drying of 

rayon (30). 

For the entire falling rate period the drying rate can be ex­

pressed as a function of the free moisture content for any substance 

so far investigated. however, just what this relationship is has 

never been thoroughly understood or developed for fibrous and granular 

materials from a theoretical standpoint, where the movement of water 

to "Che surface of the material is not controlled by moisture concen­

tration gradients. Indeed, the movement of liquid moisture through 

fibrous and granular materials is controlled mainly by capillary and 

gravitational forces (4)(15)(27). It has been demonstrated that it is 

possible for moisture to move from higher moisture concentrations to 

lower moisture concentrations by capillary forces, "his is because 

forces causing movement by capillary action are a function of the 

diameter of the capillaries for a given liquid and not of the moisture 

concentrations in the material. This the the exact opposite of the 

conception of the movement of liquid water through a material by the 

process of diffusion. 
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One of the most thorough cf the investigations of capillary 

flow was carried out by Ceaglske and Kiesling { U). They found that 

caoiilary flow could be expressed by a modified form of Darcy's Law: 

vx-=- " k cj£ ( 1 • lij-) 
Q clx 

where i is the capillary potential or suction ana is defined as the 

pressure difference between the water and the air at the curved air-

water interface, the curvature being produced by uhe surface tension 

of the water. For vertical flow equation U-«lu) mi; ?t be modified to 

take in effects of gravity : 

vy = -• k d(P - (-9?0) (1.15) 
£ dx 

•where (-£x) is the gravity potential. They obtained data which 

showed that capillary forces are. ecuaily as effective in producing 

flow as are external forces in saturated, flow. They also demonstrated 

that of the two forces causing flovj of moisture in a material contain­

ing capillaries, capillary suction and the moisture concentration 

differences, capillar;/ suction, is the factor causing flow. The 

moisture concentration eeuends upon the total suction and is not the 

prime factor in causing flow. The diffusion oJ vapor from surfaces 

with large radii to surfaces with snail rfidii of curvature can be 

neglected because this diffusion process is extremely slow. 

They further discovered that epilations y-.liid and (1.15) only 

Capillary flow is defined, as the type of flow existing when a 
.Lieaid is flowing through a porous media without assistance of an ex­
ternal force. 
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apply until the suction reaches the entry suction value. Entry suction 

is that value of ruction necessary to cause a sudden drop in the 

moisture content with no appreciable increase in the total suction. 

It is reasonable to expect the permeability (k) to drop after the 

entry value is reached since air is now entering the pores which in 

turn decreases the cross sectional area available for flow. Permea­

bility of course is a function of the temperature, the fluid and the 

material. 

The total suction may be made greater than the; entry suction 

by either of two methods. First the total column height may be greater 

numerically than the entry suction. The layer of material which lies 

above the entry value would have a von.' low permeability and. the rate 

of flow possible from such a column would be very small. Furthsrmore 

any flow would increase the total suction at the surface resulting in 

a decrease in.the permeability. 'Vith a column sufficiently high the 

permeability becomes essentially zero, so capillary flow up the column 

is impossible. Wow if the column is not as high numerically as the 

entry suction, then any flov; will increase the total suction. Con­

tinuing the increase in flow villi eventually cause the total suction to 

reach tne entry value and further increase in flow will be impossible 

because of the rapid decrease in the permeability. The maximum flow 

possible decreases rapidly as the column height approaches the entry-

value . 

In either of the cases discussed above the actual column height 

need not be the height given. Consider a column twenty-five cms. high. 

under equilibrium conditions. If the bottom twents cms. of this 

column are removed the conditions in the top five will not be altered. 
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The effective height used to determine the permeability of the top 

layer would be twenty-five cms. even though the column was only five 

cms. high. The bottom of the five cms. layer would have an equilibrium 

suction of twenty cms. and the top twenty-five cms. Obviously since 

there is no supply of water at the bottom of this short column the 

flow would now be unsteady state flew if there were any flow at all. 

Although the investigations by Ceaglske and Kiesling were 

carried out on very fine sands, it is reasonable to assume that the 

same forces are at work in fibrous materials where spaces between 

fibers leave a complete mare of capillaries. 

Another interesting phenomenon is the vapor pressure lowering 

of water in very fine capillaries (3). For example a capillary with 

a radius of a thousandth of a micron v.ill lower the vapor pressure of 

water in it fifty percent below normal while a capillary with a radius 

of one micron will lower the vapor pressure of water only eleven 

hundredths of one percent (3). 

Recent electron microscopal studies of ramie show that the 

smallest filaments visible with the naked eye are composed of even 

smaller "fibrils" with plenty of fine capillaries between the fibrils. 

They further show that bhe fibrils are in turn composed of even finer 

fibrils which seem to be the basic structural element of ramie (12). 

These smallest fibrils average three hundred sixty Angstrom units in 

diameter and it is believed, although not proven, that they are com­

posed. of chains of cellulose molecules. Therefore.* the structure 

of ramie may be visualized as a complete maze of entwining and inter­

linking capillaries of a wide range of diameters, many of which are 

well below one micron. From these studies one would assume chat the 
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moisture flows mainly by capillary action in a drying process. 

Although ramie fiber has an absolute density of better than 

!•> pft/cc {9)f it is very difficult to pack it to apparent densi­

ties of greater than 0.300 gn/cc without the aid of mechanical 

presses. Thus the space occupied, by the capillaries is relatively 

lar=;e coiupareo to che space occupied by the "solid" fibrils of ramie. 
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PRESENTATION AfcD AKALTSIS OF ttSSULTS 

The equilibrium moisture data for the fiber is Riven in Fig. u 

along with Reid' s data (3U). The data obtained agreeid -with that re­

ported by Reid within experimental error. The general shape of the 

curves is similiar to those found in the literature i'or other textiles 

(13)C28)(2^)(30)(31)(32). 

Drying rate curves with all variables held constant except air 

velocity are shown in Fig, 5» The erratic behavior of the curves is 

due to non-uniform moisture distribution in the slabs at the beginning 

of the run because of air bubbles and pockets. These occured in the 

slabs of fiber if they were not squeezed and beaten during the soak­

ing process. No shrinkage was noted during these or any later runs. 

At high densities there was some tendency for the slfb to expand 

slightly as it dried out. This was probably due to the release of 

capillary suction which kept the slab more compact while wet. How­

ever the expansion just was enough to be noticeable. 

The curves shown in Fig. 6 are for the run where a thermo­

couple was imbedded in the geometric center of the slab in order to 

measure the temperature there during 'drying. The drying rate curve 

exhibits a typical constant rate period followed by a falling rate 

period. This was found to be true for all drying rate curves obtained 

in this study. It is seen that the tempers Lure at the center of the 

slab remained constant at the wet bulb temperature until the percent 

free moisture dropped to about fifteen percent, at which time the 

vaoorirstion zone or at least a portion of it reached the center of the 

slab. 

The overall heat transfer coefficient from txhe ambient air to the 
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slab center nas computed, by the equation 

U =XS/(ta - tz) , (i.i6) 

assuming that all heat nas utilized in evaporating the water in the 

slab snd that none v.as used in he a win " up the cried ] ort-ion of the 

fit r. this assnaution is justifiable as ane latent beat re-mired 

tc eva :orr oe a grrun of "i\atar is s^v^ral hundred biiaes; tie neat re­

quired to raise toe terrperature of a grain of ranie a fev, decrees. 

The overall coefficient, I;, regained constant during the con-

scant rate period indicating evaporation at tae sur ''ace. .Luring the 

falling rate . eriod, however, it decreased^ indicating that the limit 

of at Least a ;,u rt of , e zone- of vaporisation a as retreating gradual­

ly into she slab-1. At a free moisture content of about fifteen ge -

ccn'i, U becar.e ssEsr-tiai.lv constant indicating trie zone of vaporiza­

tion or portions of it reachno. tae center of the s^ab. This also is 

L ••': point ab which the seirge.. seure at the center of th° slab be ran to 

ris^. A slight bend in tee er 'ing r^te curve is noted at the c'^e. fre^ 

aieir here content orciec:up: a f,bUB.p': beteeen zero and fifteen percent 

free noiatere content. This can be ettrsauted, to the fact that -t this 

goint ate va.gor ares, are in tse sled nae no Icr. or a function of tine 

tejugrrature of the fres eater in the slab, i.e., the ret bulb tempera­

ture of the air, but degended upon the temperature a ad the highest 

Dot nd water concentration still regaining in she slao. The bound 

TPater present in the center of the slab at this point is in all 

probabil. tg greater than she bovine water at she surface of the slab. 

nj remains constant under similiar conditions for wood and parch­
ment where diffusion is the controllina factor in drying (15) (28). 

ssEsr-tiai.lv
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This may be explained by the fact that 'the water vapor diffusing 

through the pores of the slab from the zone of vaporisation to the 

surface of the slab, form an atmosphere within the pores of the slab 

of a higher humidity than that of the drying atmosphere. This higher 

humidity causes a higher equilibrium moisture or bound moisture con­

tent -within the slab than at the surface. The rise in temperature in­

creases the rate of diffusion of the vapor to the surface of the slab 

and at the same time decreases the equilibrium moisture content at 

points within the slab, waking more water available for evaporation. 

Thus the rise in the drying rate at this point above the trend expect­

ed. 

In Fig. 7 rvy be seen five drying rate curves of different air 

velocities with all other variables held constant. All exhibit typi­

cal constant rate and falling rate ciirves of similiar shape. The cri­

tical moisture content increases with increasing air velocity which is 

typical for most substances that have been investigated. The outstand­

ing feature of the curves is the change in drying rate with change in 

air velocity at all free moisture concentrations . If diffusion were 

an important factor in the drying mechanism at any time during the 

falling rate period, this phenomena would not be possible. Apparently 

certain capillaries or a connection of capillaries in the fiber has 

access or connections to areas of moisture in the slab that feed water 

up to the surface of the slab until t.ie free moisture content is near 

zero. Or expressed in another way, the entry sueticn is not reached 

for certain canillaries with openings on the surface until the free 

mieid reported this phenomena, but inasmuch as his technique of 
measuring air velocity was not good, the proof was not definite (34)• 
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.moisture concentration for the entire slab in very near zero. That the 

surface terminus of these capillaries is not a major fraction of the 

total area of the surface is seen from Fig. 6 '.'here the decrease in U 

indicates a retreatment of the larger portion of the zone of vaporiza­

tion into the slab. The changes in the slope of the curves during 

t,he falling rate period cannot be explained precisely without a 

thorough knowledge of how much of the zone of vaporization retreats 

into the slab at a given time and how far, and without a relationship 

based upon theoretical considerations of the forces involved that fit 

L-he data. Its gradual change of slope does, however, show that uhere 

are no "critical points" within the falling rate period where a large 

portion of the zone of vaporization either begins retreating below the 

slab surface or retreats suddenly at a greater or lesser rate. 

The effect of variation of humidity, both absolute and relative, 

is shown in Fig. 8. Here the effect is the same as for most substances 

in the constant rate period, and is proportional to the change in 

humidity gradient across the film.. This proportionality/- continues 

throughout the entire drying process. In general the percent free 

moisture at the critical poirrc decreases with increasing humidity. 

This has been found to be true of most substances. 

Shown in Fig. i is the variation of drying rates with temperature 

at a constant relative humidity. The absolute humidity changed with 

the temperature, so the change in rates shown really are for variation 

of temperature and absolute humidity. Increasing temperstures at 

constant relative humidities increases A H thus increasing the drying 

rates. Slight charring of fine fibers near the surface occurred at 

temperatures of 170 °F and 200 °F. Therefore, temperatures in this 
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range should not be used commercially "where: fiber color and physical 

appearance are important, ho charring occurred at all at 1U0 °F. 

The influence of slab thickness on drying rates is shown in 

Fig. 10. The results agree well with those reported for paper pulp 

(15). It is seen that for a given free moisture cone:entration in the 

falling rate period, the thicker the sample, the slower the drying rate. 

This can be explained in the following manner. Consider the conditions 

in two slabs of different thickness that are drying at the same rate 

daring the falling rate period, but before all the free moisture has 

been removed. If the rate of water loss is the same in the two slabs, 

the condition of one zone of vaporization in each will be identical in 

all respects. The zone of valorization in the thin slab will be a 

larger fraction of the total slab than that in the thicker slab. Thus 

the average water concentration in the thicker slab will be greater 

than in the thinner one. This causes the change in the drying rate 

curves in the falling rate period from concave down for thin slabs to 

concave up for thick slabs. 

Figs. 11 and 12 show the change in drying ra.te with change in 

ohe dry density of the fiber, all other variables being held constant. 

I'lote that increasing density shifts u:e critical moisture content to 

one right. The drying rate in the falling rate period is very much 

the same for small density changes, but decreases for equal free 

moisture content when the dry density is doubled. This means of 

course that the critical moisture content cannot be expressed on a 

volume basis for a given drying rate in the constant rate period at 

varying dry densities. Indeed, the moisture content of the denser 

slab Is greater at the critical point than for the less dense slab, 
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despite the greater void space in the less dense slat. Evidently the 

denser slab provides shorter capillary connections tc free water areas 

in the slab causing the entry suction to be reached n.ore rapidly than 

for the less dense slab. Also the permeability of the denser slab is 

lesser due to a decrease in cross-sectional area available for move­

ment. The deciease in drying rate in the falling rate period can be 

explained by the increase in resistance of diffusion of vaoor from the 

retreating zone of vaporization to the surface. This resistance is 

increased due to less void space and smaller pore openings in the 

denser slab. It should be poi.ni.ed out chat this does not agree 

with the data obtained on two runs of paper pulp at different densi­

ties reported in the literature (15)• However, only tv.o runs were 

presented and the3r were made at different thicknesses as well as 

different densities. Therefore, it is difficult to draw any posi­

tive conclusions from them. 

If the lo arithm of the drying rate in the constant rate period 

by plotted against the logarithm, of tlie mass velocity of the air, the 

slope of the line thus obtained should be equal to the exponent n 

of equation (l.Oii), provided all other variables are held constant. 

This has been done in Fig. 13 for those runs plotted in Fig. 7. The 

exponent thus determined has a value of 0.8a which agrees well with 

values reported in the literature not only for drying, but for heat 

transfer as well (l)(28). 

In Fig. I4 is plotted drying rate in the constant rate ;eriod 

versus All. For those runs where Ah was changed by changing the 

relative humidity at constant temperature a good straight line is ob­

tained indicating that the drying rate is a direct function of A H . 

It can also be seen that a reasonable straight line can be drawn 

poi.ni.ed
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through the points representing runs where AH was changed by a change 

in temperature at constant relative humidity. The slope of the two 

lines is not the same indicating that o< in equation (l.OU) is a 

function of temperature. This is to be expected since temperature 

effects the film thickness and the rate of diffusion through it. The 

effect seems to be relatively small compared to the effect of air 

velocity on the film, however, and for relatively small temperature 

changes may be neglected. This point can be brought out mere clearly 

by the computation of c< for the runs concerned. Tiese values are 

tabulated below. The values of o< vrere computed using the following 

Temperature, F <=< 

iho 0.872 
170 0.799 
200 0.765 

units for terms in equation (I.OJ4) : G, lb/hr-ft ; du'/dG, gms/hr-cirr; 

AH, lb H20/ftJbone dry air. It is seen that <K decreases with in­

creasing temperature but not linearly. Probably the increase in the 

rate of diffusion due to higher temperatures is offset by the increase 

in the thickness of the film due to increase in viscosity of the air 

with rising temperatures. 

If the concentration of free moisture in grn/co at the critical 

point be plotted against the drying rate at the critical point as in 

Fig. 15} a straight line can be drawn through those points for runs 

made at the same dry density. Those points made at a different dry 

density fall far from the straight line drawn. Thus the correlation of 

moisture concentration data on a volume basis at the critical point is 

good only for equal densities. For different densities a. different 

correlation must be worked out. The cause of this phenomena has been 
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explained in the paragraph on change of drying rates with dry density. 

Although the restrictions for equations (1.05) through (1.11) 

have been pointed out and the fact emphasized that there is no theo­

retical reason v,hy they should apply to the drying of this type of 

material, since they have been applied with some success to other 

fibrous materials an attempt was made to apply them :o ramie fiber. 

The plots are shown in Figs. 17-ly. In Fig. 17 all variables were 

constant except air velocity. In Fig. 18 all variabiles were constant 

except relative humidity. In Fig. 19 thic-.ness and temperature were 

varied while all other variables were held constant. Examination of 

the plots show that in most cases imagination has to be used in order 

to get a good straight line, and belcw a value of 0.1. for Y//Wc the 

relationship fails altogether. Note that the free moisture content 

for a value of W/V,:c of 0.1 is about fifteen percent. This corresponds 

to the "hump" on the drying rate curve in Fig. 6 as previously 

brought out. The deviation from a straight line for values of V/~"c 

greater than 0.1 seems to be smallest for high drying rates, but 

even so, the correlation is not exact. This is not surprising in 

view of the previous mechanism discussions. The fact that the move­

ment of water by capillary forces coupled -with vapor oiffusion from the 

retreating zone of vaporization are similiar to movement by liquid 

diffusion alone is coincidence. However, this is the best simple 

relationship tried which fits the data obtained, and can be used for 

most approximations over the ranges it has been proven to hold. 

Inasmuch as the data fit equations (1.05) through (1.11) 

approximately, values of B were calculated assuming a. straight line 

could be drawn through the points in Figs. 17 through. 19. Using the 
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simplified relationships <1.12) and (1.13) Fig. 16 was constructed. It 

can be seen from equation (1.12) that if the logarithm of B is plotted 

against ive logarithm of mass velocity the slope will give the exponent 

n. The value of the exponent was determined to be 0,73 for slabs of 

ramie 1.2? cms. thick. This value has been reported in the literature 

as 0.5 for heelboard (13) and as 0.5 on up to values above one for 

rayon ^30) depending on the condition of the rayon and the ratio of 

surface area to the dry weight of the rayon. The data on rayon was 

reported as the rate of drying per unit weight of stock, while the 

data on heelboard was reported as the rate of drying per unit area 

exposed to the drying stmosphere. 

To further test the validity of equations (1,12) and (1.13)? the 

values of o< were computed from equation (1.12) to see if it were con­

stant at a temperature of luO °F. The results are shown below. It is 

Hun Ko. cK 

4 I . l u 
5 i.ou 
6 1.18 
7 l . U 
Q 1.12 
9 1.22 

10 l.Oh 
11 1.18 

Ave. 1.12 

seen that <x is fairly constant with changes in Ali or G at a. constant 

temperature, so that equation (1.12) is reasonable valid for ramie. The 

fact ohat a reasonable straight line can be drawn through the points 

in Fig. 16 further substantiates the fact. It must be remembered that 

all of these calculations were based on the assumption that a straight 

line could be drawn through the points plotted in Fi?;s. 17 through ly. 
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Since the data does seam to fit the ecuation developed by 

Levis with a fs.irly good decree of approximation, they should fit 

the cs.se eh are boVfi resistances to diffusion and surface evador? lien 

pre jjgoortsnt controlling factors. It hag already been reaovm that the 

resistance tc serf-ca evaporation is a controlling factor at all free 

i-oislere ccTicentra'tiona. L'he dlf-fusion of tine va eor from. t e zones 

of van >ri.Fatien inside t:,e slab to the surfe-'ce, '.'tile not ccourrinf 

aero • ghOi.t the entire slab i: a controlling' factor also. It CFFJ be 

seen from equation y.L.O>) t^at a. plot l/hj/ verses i.Tsc- ")/j?L should 

give a straight line. Since ^ = h(t - t s ) / \ end since 1 is a rela­

tive .LY small • unntito for this naterialj \-L\c~ '•')/£ ̂  i s proportional to 

•vI/n;^t - t ). aince tor> closelg ape roaches the r;et bulb bery-erature 

o 
of tee air, these data t.re plottet. in Fie. 20 as 1/BL versus 

\,l/L) (t - tv.). It ic seen 1 at a good strai^irt lina is obtained as 

called for weee^t for t?o eoints. It is to bo reir-emberec! that these 

sare rents five aoor values for Tc-C on Fie. 8. It is to bo re^erber-

:?u 1" at the value of B nseol in eakins; the olot of Fig. 20 aas ceter&ined 

p.saurcirig that a straight line could be drama through the points on 

figs. 1? through lg. this is not ouitr true so this relationship is 

only •another ppproaimatiori that happens to work over the ranges in­

vest!' ated. 

The agreeiaent with Levis' s equations beinp fairly close it -was 

decided to determine if it ^ouLd fit eouations (1.10) or (l.ll) in 

order to get an idea as to whether the resistance to surface evapo­

ration completely controls during the falling rate period. Examina­

tion of these equations show ulist if log 0 be plotted against log L 

for equal values of T] -i/I - E, the slope should give the exponent 

cs.se
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of L. For the case where surface evaporation is controlling the ex­

ponent is unity. For the case where internal diffusion is controlling 

the exponent is two. Fig. 21 shows the slope to be 1.16 "which is the 

value of the exponent of L, assuming that a straight line can be drawn 

through the points plotted in Figs. 17 through ly. This would indicate 

that even provided Lewis's equations could be applied to ramie fiber 

on a theoretical basis, surface evaporation would not be the controlling 

factor. Therefore, if these equations are used in attempts to approx­

imate drying curves for ramie, equation (l.Oy) is the; best one to use. 

Equations (1.10) and(l.ll) cannot be used in an attempt to simplify 

equation (l.Oy) without introducing further error. It should be re­

membered that these relationships if used are only good approximations 

for the ranges so far investigated. These ranges should cover most 

conditions met in drying practice. 

Summing up, the data and analysis presentee indicates the mech­

anism of drying of garnetted ramie fiber to be as follows. In the con­

stant rate period water- moves up to the surface of the fiber by cap­

illary action, and is there removed by evaporation at, a rate determined 

by air velocity and other factors influencing the film characteristics. 

As soon as the entry ftction is obtained at certain 'points on the sur­

face, the surface film of water is broken, the critical point is passed 

and the falling rate period begins. Ceaglske end !-lo>;gon have shown ex­

perimentally that the critical point occurs at the ssme free moisture 

content at which the entry suction value is reached (3)• The drying 

rate continues to decrease due to c,hree principal factors. i-ore and 

more portions of the surface reaches the entry sucticn causing the 

vaporization zone to retreat into the fiber at more points. Those 

vaporization zones already inside the fiber retreat further from the 
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surface, increasing the distance tc be traversed by the diffusion of 

vapor to the surface. This also increases the distance heat must 

traverse to the free moisture or the zone of valorization. The 

vaporization of the water from the zones of vaporization within the 

slab is less cue to the small radii of curvature. ¥ater is evaporated 

at the slab surface at the terminals of certain capillaries whose 

entry suction is never reached throughout the entire drying process. 

The number of such capillaries continually decreases from the time 

the critical point is reached until zero free moisture is obtained. 

This mechanism continues until the free moisture content drops to 

about fifteen percent at which time a. rise in temperature within 

the slab increases the diffusion of vaporized water to the surface 

of the slab and decreases the bouncl cr equilibrium moisture to its 

value corresponding to the surrounding atmosphere. 

It is realized that ramie fiber will probably never be dried 

commercially in the form, of slabs. This was merely an experimental 

technique used to stud;, the mechanism and characteristics of drying. 

However, these same mechanisms and characteristics occur in the drying 

of ramie fiber, no matter what it physical shape. 

It is hoyed that this uork has shed tome light en an under­

standing of the mechanisms involved in drying ramie fiber and fibers in 

general, ana that this knowledge can be used in developing and improv­

ing equipment snd drying processes for ramie and other fibers. 
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A Areaj cm 

B A constant 

D Diffusivity of liquid 

E ..eight of equilibrium moisture, gms. 

h Coefficient of heat transfer from air to surface 

of liber 

H Absolute humidity, wt. I12O per unit wt. bone dry air 
corresponding to saturation at surface temperauure 

Hg Alsolute humidity of the drying atmosphere 

AH HB - Ha 

Kg- Film coefficient for diffusion through film 

permeability 

half thickness of slab, cm. 

Capillary potential or suction in ens. of fluid height 

Resistance to internal diffusion 

Resistance to surface evaporation 

Surface evaporation, gm/hr-cm^ 

Temperature of air °F 

Temperature of air °C 

Temperature at surface °F 

Temperature at surface at critical ooint °F 

Tet bulb temperature of air °F 

Temperature at center of slab °C 

Total weight moisture, both free and bound, gms. 

Total wt. water at critical VTUJH 

Overall heat gransfer coefficient, cal/hr-cm20C 
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v„ Velocity in direction x 

'17 T - £,, v/eight free moisture., gms. 

B Time, hours 

Greek Letters 

cK Constant 

(3 b (t - ts)/X 

X Lo.tent heat of vaporization 

£> Densi ty of l i q u i d , gm/cc 

PD Dry dens i ty of f i b e r , grn/cc 
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