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DRYING CHERACT-tISTICS OF

RAVIE FIEGR
SUMLARY

This study was uncderteken to obtain deta that would perrit an
analysis of tre mechanism and characteristics of the adiabatic drying
of garnetted ramie fiber.

Equilibrium moisture vias determined for several ooints in order
to chack that evallable in the literaiure (3L4). Rate of drving studies
were made at 140 °F, 170 “F, and 200 9%, at relstive humicities from
175 to 51%, at air velocities from 500 ft/rin to 1050 ft/min, at dry
densities from 0.110 fm/cc to 0.232 gri/cec uson slabs of degummed gar-
netted remie from 0.635 em to 2,54 em thick., The results were plotted

and analyzec. The results and their gravhical ansalysis are presented

in Fizs. 1 through 21.




IWTRCL L CTION

iiamie is a bast fiber which is produced naturzlly in the bark

of the stalk of the Doehmeria tenacisscina; China grese is .roduced

c

%

naturally in the bsrk of the Boehmeria nivea, but the’ have never

been distinguiched in the eccnonic literature (5). ZXanie is the name
commonly used to designate 21l "Boehmeria" fiber; and Ching grass is
a synonym and crade name of the fiber importec from China.

The plant is found in India, China, Haiti, Japan, Southern
surope, the 3outhern United States, Hawaii, and other countries
located in trozical or sub=troigical climates. 'The planls generally
srow five to elght feet high 2nd are cut ucon resching maturity (2).
The stalk is usuelly c=corticate. while green. The process has been
one of the major obsuacles in the successful trectwent of the fiber.

In the Orient the decortication is cerried out by hand, but the limited
procuctivity of this methed restricte it te areas vhere labor is chean
and plentiful. cxperimenters in the United Stetes have recently
devalc.ed g wachine vhich ie renortoc to perform the operation satis-
factorily (1Y).

1he nrccence of chemical pums causes the decorticated fiber to
become stiff when dry. These gums, vhich are prineinally cutoce, vas-
culose, and pectose, muct be comnletely removed before the fiber cen be
utilized as a textile. The first iwo can be eacily dissolvea with soap
ana alkalies under pressure, after which the pectose can be removed by
waching (2). The fiber is then reeuv for the garnetting process.

The litersture with cone excepiien (34) reveals no data on the

driing of ramie fiber, 2nd reveals none whatever that may be used in

cetermining the mochanism of drying. Furthermore the literature
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reveals no dova on the drying of cotton or other similisr fibers which
may be used to analvze the mechanism of the drving of fibers in gene-
ral. The need for such deta and their snelysis is nresent in all tex-
tile industrier recuiring a drring oseration, &nd is becoming in-
creasingly imvortant for ramie 25 2 rosult of success obtained by
rescarel in other ;hases of processing.,

It is the nurpose of this study to obtain dete thal can ha
analyrzed to determine the mechanism and characteristics of drying cf

ramie fiber, and fibers in seneral, thet will be useful in desipgning

irying ecuioment snd procesces.,

A T




OBJECT

Cne nart of this investigation ves to check existing ecui-
librium data on degummed garnetted ramie fiber. Severzl poinis
were checked by determining ecuilibrium moisture content at 140 m,
170 OF, eud 20C °F as a function of relative humiditiecs of 15%, 33%,
and B1% of the enclesing aumosphere.

The other part of Chis investication was to cetermine the

Croins pechanism end charactoristics of decumved garretted ramie.
Drying rates wers obbained and analyzed at 140 °F, 170 O¢, and
200 %', at relstive humiditles of 192 to 51%, at air velocities

of 500 ft/min to 1050 ft/min, at densities from 0.110 gm/ce to

0.232 gm/cc upon clabs of ramie from 2,635 cm to 2.5.4 cm ihick.




d AP EALMSNTAL &, UIFIAERT

The pasic piece of experimentsl ecuioment was a Frector-Schwartz
laboratory dryer. See Dizprams 1 and 2 in the Appencdix. This cryer
is of a compartment-tray desien heated by a Trane stesm heater. The
drving comoartment measures 2ix2uxi inches. The necessary humidifi-
caticn is sup-lied by an open steam humififier and an air-water spray.
Baffling arrangements and darpers on either side of the drying com=
wartment pernit three methods of air circulation end varisble recir-
culation.

The tempersture and relative humicity in the dryer are regu-
lated by a [oxbore wet and dry bulb recorder-controller. The vet
bulb is of the porous slesve tipe. The controller is 2ir operated
employing dual conurcls; one control system governs the dry bulb
vemperature, and the other the wet bulb temperature.

4dr is circulated throurh the dryer by a #3LLD Buffalo fan
¢riven by a one and 2 half horsepower Diehl motor comnected to the
blower througsh a variable s ecd drive. The arrangement permits fan
speeds of 274 to 10%6 rpm.

iounted on top of the dryer is a loledo scale ecuipped with a

100k which is sucoended in the drying compartment. “he cscale is fur-
nished with one ten pound blenk besm, two ten pound beams with one
cunce rracations and e five pound chert with one one hundredth of a
cound calibretions. This scale war not ssrsitive enough tc weizh the
slabs uesed in this study; so a C'liaus balance gradustled in tenths of
a sram with a capacity of five hundred rrams wrs used instead.

L set of two calibrated trass tubes five-sixteenths inches in

diameter spaced one and a half inches apart, one with a cne one sixty-




fourth of an inch in diameter hcle on the uvpsiream cide and the other
with a similiar hole on the dovnstresm side were uset to messure air
veloceity. These lubes wvere connectee to a draft gusise filled with
ethyl alechol locatec outeide the dryver by two rubber tubes. The
tubes wers calibrate: a2sainst a pitot tube in a wind tunnel to
determine the factor for the tubes (7). 3ee Apvendix for calibration
dala.

4
L

Cther ecuioment used in the worlr included an snalytical

balance, onen air eiectric furnaces, and the ususl laboratory ecuip-

menvt.

6




Bl T NTAL FRCCEDULE

The fibers used in the investiration were processed as described
in the Appendix. To insure uniformity of the sarples, all studies
were made on <oecimens of one crocessing.

The exﬁerimental work necessary to cbtain ecuilibrium mcisture
check dats was oerformed firet. For every run four samules of the
fiber were prepared by securing them with a short piece of stainless
chrcue vire. Two of these sam>les were placec in an open air electric
oven and dried at lezst six hours at a temzerature o 200 °F to bring
the moisture content below thes ecuilibrium value for the conditicns
of the runl. The other two samples were placed in tap water and

allowed Lo scaikk at least six hours te thoroughly saturate the fiber.

bath. The terperature and relative humiciiy for the run were estab-
lished with comolete rzecirculation of the azir at a low air velocity.
The four samples were Lhen cuspendec in the air stream anc alloved to
remain at lea:zt thirtv-six hours. This time has beea proven to be
sufficient time to i sure ecuilibrium between the samples end the
air (9)(3L).

After thirty-six hours the sam:les viere moved culckly to num-
bered 250 rl Srlenmeyver flasks, which were then tizhtly closed with
rubber stoppers. The flask conuaining the sannles were weiched cn an

analvtical balance. The sanples were then removed from the flasks and

14 few fine free fibers on the surface of the ramie gamoles

charred slightly 2t this terwerature. A few determinaticns vere rade
at lSO—éOOF, vhere nc charring occurs, =2nd it wze discovered that the
apount charrec¢ was so small as to not affect the bone dry weight.




claced in the open air slectric oven. The samples were drieua at 200 OF
For wvenly=four heurs which brought Laem to & bone d:s conditicn. This
time has beon rreven to he suftieient to r=seh a constant weight (3h).

Hext each sample wag repleced in its orijinal flesk and reweigh-
ed on the anelytical belance. The s2mule was then discarded end the
flzsk, svopper, and wire vhai bound vre semle were weighed to deter-
mine the tare weight. Yhe three weignis give sufficient informaticn
Lo cetermine the evuilibrism moisture content.

the rate of drying studies were macde lzzt. A slab of ramie was
mace by oacking the ibers to vhe cerired dencsitr in a2 rectangular
freme eipht by five iunches made of cne thirty-sc¢cond inch brass strip
of the desired widbh to give proper slab thicknsss., The slab was beld
in position in the diving conpartment by four »izees of srall stzinless
chrome wire abtached to 2 heok. Dryving from the adpes cf Lhe slab
viag prevented by the bragse stricv. Tirqine from the oo surfaces of the
slab vae zeceleratec in the iarediale vieinity of the brass surip due
to uhe high heat conauctivity of the brass, but this effect was small
and introcuced an error that was conslant,

Congiderable treuvble wes wsxoeriences in cbtairing & method of
s2curing a uniform roisture digtribution in the slab without air
pockets orior to dryving. Approximaiely trenty-five runs vere wade be-
fore a method of securing unifcrm woilsture vistribution anc even peck-
ing vhzt wonld give reoroducible resulls sary cevised. 'The meithod
Yinally usec was to seak a weljhsed sswole of ramie in tap vater for
six or more hours, beeting and goueering it several .imes to remove

21l ailr bubbles end ockets. ‘the gosked ramte va: Uhen pscked into the

bras:e frame and :resse. betvern two flet boarde to form a slab with two
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#mooth surfaces.  all walor wee allovied o rua out that would while
vraseing the zlak to the desired censity and thiievwness. Care vas
tzken nov o destroy the unifcrr meisturs distribution by draisning
from eizher end of the slab.

ihe contrels cf thz dryer were set to jive Lhz desirec volue of
vemsers iire, relasive huwicicy and air veloedliv. ApproXimately eisht
tenths of the dryicg air wac rocirculateu. this was found o be
sufficient to meintzin a constant stmosghere ane could be contrclled
by Tie coatroller more essily than with no air being reelrculated.
The drver vies allowac to run univil lhe chosen concitions balsnced out
on antemelic econtrel. iuli the orving conditions thus ecuilibreted,
wne Flab was then cus.onded ln the drying comjariment in & stream of
air Ilowin. rersllel 1o ithe wwo suritaces ¢f Lhe ¢lah, The slab vas
remeved from vhe diver and wedched on the O'acs bolence every !lve
crminvees, oxecoly thirty sszeconds vele alloves for veighine sa'that
g sleb setuslly diled Ln obe dryer four and oae haly minutes be-
tween each readins, 1t vers secumed no dryving occurea during ihe
weighing wrocese. Four and cne half mimutes wae the time allowed for
drying between each welsiing in plotiing and anslyoing the dsta, This
bzetinicue cerivainly is not Jhe best, butl is che best chat could be
cevired wiih availablie ewuioment. 'Yhe error iniroduced was mace on
each recording for each run, ond hadc the effect of lowering the dryving
rates 25 the slad hed to hesl back un to the temuersture of the dr:ing
aukicspinere 'rom room waicerauire eftzr esch weighing. Uf co.rse the
awonnt of weizlurs loot while volshing comoens: ted sorewhzat for the
dogreresd drelng rate imred lately after esch welshires. Y'his ig not as

mach ag misht be ex ects. as Thers wes pittle didforence hetveen the

roon tevperature snc the vob bulhk temcereiare of She drylez almcesphere
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for most runs. the slab remains at ithe vel bulb tem»ercsture throuchout
osrectically all of the drving vericd. These dala were sufficient for
‘the calculation of the instantsneous driing rate and with the ecuili-
brium mcisture data verritted the calculation of ihe free moictire
content.

Une of the time-weight runs was mede with a tiermocoucle im-
bedded in the center of the ramie slab to measure the temperature at
the nzlf-thickness of the slab. This copper-constanten thermocouple,
mace of fine wires, ran perallel to vhe surfeces of the slab, ecuidis-
tant from eacii surfece, from the edue of the sleb to its zeometrie
center. Connesctions were made to a Leeds-torthrus votentiometer and a
cold reference Jjuncticn of 32 °F which were lcecated outside of the
drver. rrovisions were made for disconnecting the potenticmeter and
colda Jjunction Tor weirhing lhe slab. Geadings of the thermocouple
potentiometer were made just orior tc each weighing while ithe slab
rerained in the dryer.

The air velocity zcross the surfaces of the slab were meacsured
with two veloecity tubes connacted to a draft guasge filled with ethyl
alcohol. The tubes coulc easily be moved about sc tist the air vele-
city could be measured at any point in Lhe drying compartment. The
draft guese was ineclined at a slope of 1:38. This made readings of a
tho.sandth of an inech of 2lecchol or better possible. Assuming an error
in reading the draft guece of a2 thousandth of en ines and an error of
three hundreditis in determining the tube facter, the zir velocity can
be determined with an srror of 3.8% at luOUF, 1% relative humidity

and 507 ft/min, ané an error of 3.3% at 140°F, 1% relative humidity

ancg 103U ft/min. The errcr at higher temoeratures aad relaiive humidi-
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ties 1is 2 little greater.

For each run the slab was 2llowed to remain in the dryer an hour
or more after cbtaining an apparent constant ﬁeight in orcder to ceter-
mine if a consiant weight had really been ooteined. Two slebs were
aliowed tc remain in the dryer twenty-four hoors after obteining an
apparent constant weight. Further loss in weight amounted to two
tenths of a gram which is a very small error for a forty-thres gram
sample. This is the weight used for all runs except in those where tie
dry density of the fiber was varied. This gervec z¢ 2 check on how

clese the drying semnle had ey roached ecnilibrium after obltainine an

epsarent constant weight at the end of esch run.




THEQZETICAL CCHSIDRRATIONS

Drving is the term generzlly used tc indicate removal of water
from a svstsm or structure, when the amount of weler uresent is com-
saravively small., By far the most imwoortant processes for dryving
solids depends upon first vaporizing the weter and in this form sepa-
rating it from the structure of vwhich it formed a part. If air or scme
inert gas is used to carry away the waler vapor formed, the 'rocess is
called air drying (28). This is the method used in this study.

DCryer design invclves two seoarate yet dependent considerations.
First, the moileture must be brought tc the surface off the meterial to
be oried, or to some point in the material, snd at this ooint evavo-
rated. oeconc, vhe drring redium must be brought into contact with
the stock under proper conditiuvns. The fir:t corsideraticn is commonly
associavsd with érire theory: while the second, although a function of
vhe first, involves larvcely the crineiples of fluic and heat transfer.
It ig the feormer that is to be revieved here,

It ie 2 well esiablished faect that when any material is exposed
to a constant atmosphere there will be an interchange of mceisture be-
tween the two until a final value is reach=d which 15 unchanged by
by further exposure. This condition resrecente ecuil:brium between the
meterial and the almosphere; and the moisture p_esent is known ac the
ecuilibrium meicture, The ecuilibrium meoicvure i1s dependent ugon the
temnerature and r=lzuive humicity of Lhe ambient atmosphere and upon
the nature of the material. sxoverizentes hove also sicwn that it is
dependent sonewhat upon the hisicry of the material (13)(2Y){(34). The

importance of ecuilibrium moisturs to drying censiderations can be seen

1t

sinece it reoresenve the degree Lo which a subsience can be dried in a
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iven atmosphere.

By analom- with other vaysical onencmena it is logical that the
rate of apiroach to ecuilibrium conditions would be a function of the
diszlacement from ecuilibrium. This leads t¢ the distincticn of the
free molsture content or the sotal moisture present minus the ecuili-
brium meisture. The evuilibrium noisture is somctimes referred to as
the bound moisture. The free moisture is ihe amount of water that can
ulvimately be removed by the siven drying conditions.

If, when the material to be dried is first exposed to the drying
atmocsphere, the surizce is completely wet with water, the drying vro-
cess is similiar to the eveporation of water from a frec liguid sur-
face (1){(2h). 4is long as lhe surface remains wholly wet, Lhe rate of
evaporation is nol a function of the water content of the material; and
under constant drying conditions the rate of drying is constant, This
seriod 1s called the "Constant :ate" oeriod. After reaching a certain
moisture content the drving raslte begins to decrease, and the so-called
"#alling nate" period begins. The monsture content at which ithe change
froem a consuent to a falling rate occurs is known ac the critical
moiciure content.

sxperimental evidence indicaties that during the constant rate
period liguid moisture is meving to the surface of the sclid at a rate
ecusl to that of the evaporatlion from the surface (1)(3)(8)(10)(11)(13)
(L) (15)(16)(21)(22)(28)(3u). 1f the orving oeccurs adiabatically, the
ecuilibrium temvereture reached by the solid approaches the wet bulb
tererature of the drying air. Then heat is supplied directly to the

stoek b7 conduction from adjeoining dryr surfaces or by racisticn from

the curroundings, ‘hen the surface tervsrsture is higher than the wet




14

bulb terperature, snd the dryving rate is increased. An initisl adjust-
ment o.ricd nsually exists curing which the wet material comes tc the
egulliorium lempevature viich is to rrevail curing the constant rate
weriod.

During tne conscant rate gericd the rate of drving =s weight of

zLer per unit time removed from a wet surface of a riven zrea mav be

exyressed te goud agreenent by the egustion (1)(22)(28):

aW/d6 = K A\Hg = Hy) (1.01)
or for a unit area as
aW/de = Ky\Hg - Ep) = KglaH). (1.02)

The censtent K, is the film coefficient and is a function of the air
: velocity, angle of inciceice »f the 2ir to the solid, vems:=rature, =nd
other varisbles thet affect tne film resictance to heet and nass trans-

fer. For most ourposes Lk, czn be e¥uresse¢ as a function of air velc-

+

o

city over reletively short ranges of temnerature by the ecguation (1)

(29)

Ly

= XE. (1.03)

Substituting ecustion (1.03) into (1.02) gives:
ar/de = «G™aH). (1.04)

ihe nature of the drying wechanism during the felling rate
veriod i1e not as definite not is as thorou;hly understood as for the

constaznt rate pesricd. For a good many substeonces, i.e., wood, certasin

]

clars and brick mixes, un~lared cersmic wroducts, scaps, ete., the




Jrocess is divisible into

WALRS

A

seeconcary variods, which from the

mechanisms of drwing —revailing in each mav be called the "zene of
unesturetzd surface arving anc the "zone where internal licuid

diffusion controls" (23).
aftezr bhe critical point:

iz due to the decreace

70ne
e

rate ricd: but dry gorti

£0 wnat the rate of eveoores
The maximrum

T
L
in
echianism cf the drying i
Lien

of diifusicn of

e former period follows immeciatelr
e decrerave in the rete of drving in thig

the westea surface of the material.

L

=
e

escertially the sszme as for the constent

s ol bLre sclic rotruce into the eir film

«1r unit of total surf:iee is recuced.

vatsr to tne surfsce decreases

with tre water conient of the meterial (21)422)(2#). ‘ihis csusss a
seeond critical coint to be rogehed bevond which the resistance to
internsd Licuid oir'i-isica i racwer shen the surfzee vagictronee to
vager cwaly 1 L rive the rete of ternal liunic
Sifjision coanrcls the rabte of crving. Aleo during this wzrioa oir
velecit 55 no Tlveree cn ey reTe off O *s ang Bir howmiditiy
s crtanes o s¢ fer me it affects BN ec i

caleab.

Lilffusior < curvicas nave been scolved for certeain limits =nd
axrlied to data during thils grrlicd or d o eontrelline with a

L of & m

TIRCCLT

1t should be

(21)(23)24) .
conurovarsy as to just vnat
L

5 lied witaout

ek

200 NTweEC

tnvesti etors (10)(13)17)(18)

irbher of

horever, thet there is etill

Wwericle the ¢diffusion ecustions nay be

deta (11)(15)(27).

Lancas, nowacly fibrous patsrisls,

certain cai cls, o, ond bricik mixes, Lhe reehanisr cerins ohe
falling: poricnt T8 noT 23 elearly wndersicod, nor c=n dziua for
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these substances te correlsinc ze well, Une thins is definite; the
drte dees not follew vae ¢iffusicn ecnetions, nor coze it fellow

cimple relavicustins ceveloed vron the aseuralicn zt the arying

rate in e I'rlling yete pericd is o linear fupction of the free veter

conditinns.

-_-.'T‘?-:'--"'n'.- - nc=r (‘("‘,"-."-:\-a;,ll']'t; {.‘I-»:_: l. e

raovins full well his sivplifding assvrrticos, Lewis develoned

ot 'ollowin: etashion for drvins durinpg the falling rete ceriod (13)

b1 | 1GIe

re =p(Toe - 8)/p - (1.07)

ils zsswrotions were:

L. Uhat the constent reits pericd wns long endush for a sars-
polic concentrstion sraiient to be esteblished in thz slab, ena that
it rewain varsbeiie aurirg vhe faliing rate nariod,.

2, That tne ciffusion law nolds. Thzt Lne ariving force for
diffusion of moisture is the concentration sradient in the material.

3e dihat vhe instenteneccs rate of evauvoretion vsr unit surface

is vroporticnal to the cifference belween the surfacs concentration

and the concentratiuvn corregoonding to ecuilibrium with the vain body

of eir flowing past vhe surface.




17

It is seen that B is & functicn of thickness, temperature,
huridity, and the angle of incidence of the sir stream.

Upon neglecting shrinkage and assuming rj and rg consiant, inte-
sraticon between limits of 8=0 and T=Ty &nd 8 and U, xives:

1a81-E - 8 == B (1.08)
- & Liri+Ts)

here both resistances are important, elirating ry and r, from

equation (1.08) gives:

L _ 8 _ L ?d{Tsc—“)J (1.09)
5= T-E !—;_.'_]‘LD Ll
T = & )

If resistance to surfzce evaporation is contrelling:

T - I rgh

If resistence to liguid diffusien is controlling:

1nli= 4 _ 3D _ Be (1.11)
T - & Le

Since tliese relationships are derived on the assumption that the
diffusion lav hclds for the movement cof water to the surface cf the
material being dried, tner- shovld not necessarily be good for ana-
1,7ing drrin- rate date of waterisls where the mcisture does not move
by diffusion, However, it has been found that ther asree to fairly
£0od aprroximation with heelboard (13), whiting (2%, and rayon (30).
This does nect mean, however, that thre mechanism of drying of these

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

diffusion. These relationshius have proved useful in approximating
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drying rate curves for these substancss at conditions other than those
used in the experimental work.

For convenience ecuation (1.08) may oe simplified by substituting

for B
B =G (aH) (L, 8)
and thus obtaining
1ply= b = « GM(aH)® (1.13)
Pl

This releticnshin has been found tc be very good for the drving of
rayon (30).

For the entire falling rate poriod the cryine rate can be ex-
oressea as a functicn of the free mcisture content for any substance
so far investigatea. iowever, just what this releticnship is has
never been thoroughly understood or develoned for fibrous and granular
materiasls from a theoretical standpoint, where tie movement of water
to the surtace of the material is not controlled by moicstiure concen-
tration gradients. indead, the mnovement of licuid ncisiure throug
fibrous and granular niaterials 1s contrelled mainly by capillary and
gravitational forces (4)(15)(27). It has been demonstrated that it is
possible for moisture to move from hisher moisture concentrations to
lower moisture coucentrations by capillary forces. 'his i1s because
forces causing movament by casillary action are 2 function of Lhe
diameter of tie casilliaries for a given liguid and not of the moisture
concentrations in the mzierial. This the the exact oprosite of the

concention of the movement of licuid water through a2 material by the

process of diffusion.




19

Une of the most thorcugh of the investipations of cavillary
2 C o S . . T
flow® wes carried¢ out by Ceaglske and kKiesling (4). Ther found ihat
carillary flow cculd be sruressed by = modified forw of Darecy's lLaw:
Vy= =k df (l.1iy)
g &=
vinere | 1s the cagillary rolential or suction and is defined a3 the
oressure difference between the water and the 2ir at the ecurved air-
water interfzece, <ube curvature being produced by vhs surface iension
of the water,  For vertical flow ecguation (1.1lu) must be modified to

teke in effects of gravity:

vy = = K AP - (-01)) \1.15)
o) ax

I

where {-0X) is the gravity potential., fhey obbainzd data vhich
sihaowed that capillary fureces are ecually as effective in vroducing
flow as are external forces in satursted flow. They also demcnstrated
that of the two forces causivg flow of meisture in a raterial contain-
ing carillaries, capillery suction and Lhe moisture concentration
éifferences, cauwillary suction is the factor causing flow, The
nolsture concentration cesends uoon the Lolal ructiva Aand is not the
srime faetor in ca.siug flow. The diffusion of vapor from surfaces
witn layge rediil to strfzces with smell radii of curvature can be

neclected bacause this <iffusion wrocess is exXirevel;’ slow.

They furt-er discovered that ecustions (.14} #nd (1.15) only

Z)agilla?y flow ig detined ag btre tvoe of flow exlsting when a
a sorous media without asvistance of an ox-

Liceic is flowin: throwgh
ternzl force.




apply until the suction reszches the entry suction value. hntry suction
is thal value of cfuction necessary to cause a sucden drop in the
mol<ture content with no apyreciasble increase in the totazl suction.
It is reaconable to exuect the permeability (k) to drop after the
entry value is reached since air is now entering the vorec which in
turn decreases the crose sectional area availavle for flow. Fermea-
oility of course is a function of the temperature, the fluid and the
material.

The total suction msy be mace greester than the entry suction
by eitiher of tuc methods. First the totsl column height mav be greater
mumerically than the entry suction. The laver of material which lies
above bLhe entry valus would have s verv low oermeability anc the rate
of" flow possible from such a column would be very emell. Furthermore
any flow would increase tae totel suction at the surface resulting in
a decrzose in the vermeability, "ith a column cufficiently high the
permeability becomes essentially zero, so cavillary flow up the column
is imuossible., Now if the column is not as high numerically as the
entry suction, then any flow will incresse the total suction. Con-
tinuing the increase in flow will eventually cause the total suction to
reach the entry value and further increasss in flow will be irpcssible
because of tne rapid decresse in the permepbility. The raximum flow
jossible decresccs rantdly as the column heipht apurosches the entry
value.

In either of the czses discussed above the acitmal column height
need not be the heicht given., Consider 2 column twenty-five cms. hizh

under equilibrium ccnditions. If the botteom twent: ems. 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 nermeability of the top
layer would be twenty-five cms. even though the column wes only five
cms. highs The botiom of the five crs. layer would heve an ecuilibrium
suction of twenty cms. and the to: twenty-five cms. Obviously cince
there is no sup.ly of water at the tottom of this short column the
flow would now be unsteady stete flcw if there were any flow at all.

Although the invectigations by Ceaslske and kiesling were
carriec out on very fine sande, it is resconsble to assume that the
seme forces are at work in fibrous naterials where snaces between
fibers leave a comolete mare of casillaries.

Another interesting nhenomenon is the vacor pressure lowering
of water in very fine cepillaries (3). Ior evample a cesillary with
a radius of a thouszndth of a micron will lover the vapor oressure of
yater in it fifty porcent below normal wnile 2 capi_.lary vith a radius
of cne micron will lower the vapor :ressure of water only eleven
hundredths of one percent (3).

Hecent electron microscopal studies of ramie show that the
snallevt filaments visible with the naked eye are composed of even
emaller "fibrils!'" with plenty of fine canillaries between the fibrils.
They further show that ithe fibrils are in turn composed of even finer
fibrils which seem tc be the basic structursl element of ramie (12).
These spmallest fibrils avers;re three hundrec sixty Angstrom units in
diameter and it is believ=d, althouh not oroven, that they are com-
sosed of echains of cellulose molecules. Therefore, tThe structure
of remie may be visualized as a complete wagze cf eniwining and inter-

liniking capillari=sc of a wide range of diameters, many of vhich ere

well below one micron. From these studies one would assume chat the
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moisture flows mainly by capillery esction in a drying process.
Although ramie fiber hos an absclute density of better then

1.5 :m/ce (9), it is very difficult to pack it to apparent densi-

ties of zrester than 0.300 gri/cc without the sid of mechanical

presses. 1nus the space cccunied by the capillaries is relatcively

lar-e couparec to the snace occupied by the "solid" fibrils of ramie.
= ol iy !
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FRESENTATION AnD ANALYSIS OF w<SULTS

The ecuilibrium moisture data for the fiber is riven in Fig. u
along with Reid's data (34). The data obtained sgreed with that re-
ported by -eid within experimental error. The generasl shape of the
curves is similiar to those found in the litersture for other textiles
(13)(28)(27)(30) (31)\32).

Driring rate curves with 2]l variebles held constant except zir
velocity ars shown in I'ig. 5. The eiratic behevior of the curves is
due to nen-uniform molsture distribution in the slabg at the beginning
cf tihe run becaunse of air bubbles and pockets. These occured in the
slabs of fiber if they were not scueezsd snd beaten curing tlie soak-
102 process. Mo shrinkage wes ncted during vhese or any later runs.
At high densities Lhere was some tendsncy for the sleb to expand
slizhtly as it dried out. This was probesbly due to the release of
cavillary suction which kept the slab more compact whrile wet, tiow-
ever the exgansion just was enough to be noticeable.

The curves shown in Fig. 6 are for the run where a thermo-
couple wac imbedded in the zeometric center of the slab in order to
neasure the tempersture vhere during drying. The arying rate curve
exh’bits a2 tyvpiesl cunstant rate veriod fellowed by & felling rate
veriod. This was found Lo be true for all drying rate curves obtained
in this study. It is seen that the temperaiture at tle center of the
slab rermained constant at the wet bulb temperature urtil the nercent
free moisture dropied to sbout fiftecn percent, at which time the
vasorirzticn zone or alt leasbt a portion of it reached¢ the center of the

slab.

The overall heat transfer coefficient from the ambient air to the




sleb center wus compuled by the equation

u :Ab/tta - tz) 3 \lnlé)

assuming vhet all heat ves utilized in evarcrrtine e vaber in the

PO . - - -

slab esnd thewt none vas used in seavins un the dried tortion of the

fibzr, [his ascwrpbion is Justilizole as 1he latent beat recuined
LC ogvE e os a sren of vwelar i fovoral nmdred Lines Uhe neab re-
uirad te ralge Loe terrarawure of & srem of rerde g few o srees.

ke overall coeff . cient, |, rerained coiusteant during u.e con=-
stonb retez cericd indiesviue avaporation at Lohe surfzce. Huring the
fallin» rate | ericd, acvever, it deecrsaced, indleating tist the limit

of L tevet & ort of e zone of vouorivoticn ves retreatitic cradisl-—

1y into the slab’. At ¢ f'ree noic.vure content of abeut ifteen ;1o -

stire the gone of vacorize-

tion or vorticvns of it receiad ine center of the £1sbh, “UThis 2iso is

1uopuint  a2b uhich the tempe.sture st ilc center of the slab baren to
rice. L alisht bend in Lhe Froling rete curve is ncoctec af, the sone free
R ur e Rhe 8 W o etreen zero fiftesn orreend

crn be stbriiuled to the fzel thest =4 Uhiils

LGLL B vaLor cregsure in troe clen ves no lorocer 8 function of

Lhe

a
tenocrature of Lhe fres vewar in Lbe slab, i.e., vhe vet ovulb Lampoera-
wre of the air, but deuended uzon tvhe vemerature sad the nirhect
povne wavcr concnntraticn till reme’ning In the slzo. The bound

vooey oresent in ohe center of the sleb at this point is in all

orobaoil. U srester Lhan the bound water sf the surfrce of the =lab.

renains constant under simi
ment where diffusicn is the conuroll

Jder conditions for wood

3

ncé uarch-
8

& &
ing Tactor in orving (15;(28).
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This may be ox leined by the fret thnat the water vaoor diffusing
whrouzh
suri'ace of the slab, iorm an atmesohere within the pores of the slab
of 2 higher humidity th-n that of the dryinc etmos -here. 7This higher
numidity cauwes a higher ecuil . brium moisture or bound mc!sture con-
tent within ilhe slab than at the surfzce. The rige in temperature in-
craascs ohe rave of diffusion of the vavor to the surface of the slab

end at bhe same tlie decrencg the ecuilibrium rmoicture content at

noints within the slab, malting morne water aveilatle for evajoration.
fhus the rise in the diving rete at this goint sbove the trend eroect-
ed.

In Fig, 7 r2v be seen Jive drving roie curves of different air
velocities with all other varisbles held constant. £11 oxhibit typi-
cal constant rate 2nd fallin; rate curves of similiar shape. The cri-
tical molisture content inecreases with inereasing air velocity which is
tyical for most substances that have been investigated., The outstand-
in;: feature of the curves is the chanve in dring rate with change in
air velocity at 211 free mecisture concentrationsu. If aiffusicn were
an important factor in the drying mechenism at any tine during the
falling rate period, this phenomena would not be pocsible. Apparently
certain cepiliariss or a comection of canillaries ir. the fiber has
access or connections Lo areas of moisture in tne slzb that feed water
up to the surfzce of the slab until the fres moisture content is neer
7zero. Ur ex-ressed in another wav, tThe entry suecticn is not reached

for certain cavillerizs with orenings on the surfezce until the free

Yieid reported this phenomena, but inasmuch 2s his technicue of
measvring air velocity was nol good, the vroof was not definite (34).




moicture concentration for tne entire slab in very nesr zero. That the
surface terminus of these cenillaries is not a major fraction of the
tolal erea of the surface is seen from Fiz. 6 vhere the decreese in U
indicates a retreatrent of the larrer portion of the zone of vaporiza~
tion into the slab. rhe changes in the slope of the curves wuring
vhie falling rate period caninot be explained precise.y without a
thorough knowledge of how ruch of the zone of vavoriuation retreats
into the slab at a given time and how far, and without a relationship
based upon theoretical consideraticns of the forces invelved that fit
Lthe data. Its gradual change of slope aoces, however, show that there
are no "critical ocoints" within the falling rate pericd where a large
portion of the zone of vaosorization either begins retreating below the
slab surlface or retreats suddenly at a greater or lesser rate.

The effect of variation of humidity, both absclute and relative,
is shown in I'ic. 8. fere tine effect is the same as for most substances
in the consvant rate period, and is proporticnal to the change in
mmidity zracient =mcross the film. This oroporticnal.ity continues
throu-hout the entire drying process. In general the nercent free
moisture at the eritical point decreases with inecreacsing humidity.
i'his has been found to be true of most substances.

Shown in Fig. 7 1is the variation of drying rates with temperature
at a constent relative humidity. The zbsclite humidity cnanged with
the temperature, so the change in rates shown really are for variation
of temperature snd absclute humidity. Increasing terperctures at
constant relative humidities inereases A H thus increesing the drying

rates. S51light charring of fine fibers near the surface occurred at

: ~ 3 s o T . S 2 2
temperatures cof 170 Or znd 200 °F. Therefcre, tewmporatures in this
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range should not be used comnsrcially where fiber color and physical
appearance are important. lo charring occurred at all at 140 °F.

i'he influence of glab thickness on drving rates is shown in
fig. 10. The results acree well with those reported for .aper pulp
(15). 1t is seen that for a given free moisture concentration in the
fallin; rete psried, the thicker the sample, the alover the drying rate.
Ihis can be explained in the following manner. Consider Lne condiliocns
in two slabs of different thicikness that are cdrring at the same rate
during the falling rate pericd, but before all the free moisture has
been removed, If the rate of water loss is the seme in the two slabs,
the condition of the zone of vaporization in each will be identical in
all resvects. 'The zone of vanorization in the thin elab will be a
larrer fraction of the total slab than thsat in ihe thicker slsb. Thus
the averare wster concentration in the thicksr slab vwill be greater
tnan in tne thinner one. 'his causes the chiange in the crving rate
curves in the falling rave period from concave down for thin slabs to
concave un for thick slabs.

Fies. 11 and 12 show the change in drring rate with change in
the dry density of the fiber, all cther variables being held constant.
tote thzt increasing density shifts vie eritical molsture content to
vne right. 'The drving rate in the falling rale pericd is very mich
the szme for small density chesnges, but decreases for ecual free
moisture content when the dry density is doubled. This means of
course uthat the critical moisture content cannot be expressed on a
volume baslis for a given drying rece in the constant rate pericd at

variing dry densities. Indeed, the moisture content ci’ the denser

slab is greater a2t the criticesl noint than for the less dense slab,
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despite the greater void space in the less dense slat. fvidently the
censer slab provides sherver cacillary connections ic fres waier areas
in the slab ca sing the entry suction Lo be resched nore raoidly than
for the less dense cleb, ALlsc the nermeability cf the denser sleb is
lesser due to a decresse in cross-sectional ares aveilable for rove-
ment. Lhe decrease in drying rate in the fallins reie period can be
sxolained by whe ineresse in resistence of diffusicn of vazor from the
retreatinz zone of vacrizstion to the surfiace. This resictance is
increased due to less void space and smaller gore ogenings in 1he
denser slab. It should be peinted out that this does not acree

with the data obtained on two runs of paper ouln at different densi-
ties revorted in the litersture (15). Howvever, only tvo runs were
oresented and they were made ot different thicknesses as well as
different densities. Therefore, it is difficult to draw eny posi-
tive conclusions from ther,

If the lorarithm of the drying rate in the corstant rate pericd
by clotted acainst Lhe logarithm of the mess velocity of the air, the
slooe of the line thus obtained should be equel Lo the exgonent n
of ecuation (1.0L), -rovided all other varizbles are held constant.
his nas been done in Fig, 13 for those runs plotted in Fig. 7. The
exnonent thus determined hes z value of 0.84 vhich asrees well with
values reperted in the litcrsture not only for drying, but for heet
transfer as well (1)(28).,

In Mig. li is plobbed drying rate in the constant rate seriod
versus All. For those runs where AFR wes changed by changing the
relative humidity at constant temperature a good sirzight line is ob-

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

It can also be seen thet a rescounsble swraight line can be drawn
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througn the points ropresenting runs where AH was changed by a change
in tericerature at constant relstive numidity. The sloze of the two
lines is not the same indicabing that « :in equatica (1.0L) is e
function of terverature. 7This is to be exsected sinze temperature
effects the film thickness and the rate of diffusion through it. The
effect seems tc be relavively small compared to the 2ffect of air
velocity on the film, however, and for relatively small temperature
changes may be neglected. This point cen be brought out mcre clearly
by the computation of <« for the runs concerned. Tiese values are

tebulated below. The values of o« were computed using the follewing

Terperature, OF <
140 0.872
170 0.797
200 0.765

units for terms in ecuation (1.04): G, 1b/hr-ft°; d47/d6, gms/hr-cm?;
Aid, 1b HgG/ftBbone ary air. It is seen lhat &« decreases with in-
creasing temperature but not linearly. Frobably the increase in the
rate of diffusion due to hicher temneratures is offset by the ilncrease
in the thickness of the film due tec inerease in viscosity of vhe air
with risins temperatures.

If the concentration of free moisture in gm/ce &t the critical
point be plotted epzinst the drying rate at the critical point as in
Fig. 15, a straight line can be drawn through these points for runs
made at the szme dry density. Those pointes made at a different dry
density fall fer from the straight line drzwn. Thus the correlation of
moisture concentration data on a volume basis at the critical point is

goed only for ecual densities. ¥For different densities a c¢ifferent

correlation must be worked out. The cavse of this phenomena has been




exolained in the paragrach on chanpz of dring rates with dry densitv.
Although the restricticns for equations (1.05) through (1.11)
have been pointed out znd the fact emphasized that there is no theo-
retical reason why thev should apoly to the drying of this tyoe of
material, since they have been apolied with some success Lo cther
fibrous materials an attempt was made to apuly them <o ramie fiber.
T'ne plots are shown in Figs. 17-17. 1In Fig. 17 all variables were
constant except air velocity. 1In Fig. 18 &1l variables were constent
except relative humidity. In fig. 1Y thic:ness anc emperature were
varied while all other varisbles were held constznt. LExemination of
the plots show thet in mcst cases imagination hes to be used in order
to get 2 goed straight line, and belcw a vslue of 0... for W/l the
relationshiv fails altopether. kote ihat the free moisture content
for a value of /., of 0.1 is about fifteer oercent. This corresuvonds
to the "hump" on the drving rate curve in Fig, ( as previously
brought out. The deviation from a straiszht line for values of V'/7,
greater than 0.1 seems to be smallest for high drying rates, but
even so, Lhe correlation is not exact. This is not surprising in
view of the vrevious mechanism discussions. The fael that the move-
ment of water by cavillary forces coupled with vapor oiffusion from the
retreating zone of vaporization are similiar to movenent by licuid
dgiffusion alone is coiuncidence. Iliowever, this is the best simple
relationship trieu which fits the data obtained, and can be used for
most av sroximations over the ranges it has been oroven to hold.
Inasruch as the data fit equations (1.05) through (1.11)

an roximalely, values of B were calculated assuming a straignt line

could be drawn throush the points in [Figs. 17 through 1y. Using the
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simplified relationships (1.12) and (1.13) Fig. 16 was constructed. It
can be seen from ecuation (1.12) thet if the logaritlm of B is plotted
arainst ithe logerithm of rass velocity the slope will pive the exnonent
n. The value of the exponent vwae determined to be 0,73 for slabs of
ranie 1.27 cms. thick., Tnis wvalue hess becn reperted in the literature
a2s 0.5 for heelboard (13) and as 0.5 on up to values sbove one for
razon 30) desending on tie condition of the raron and the ratio of
surface areca to uhe dri weight of the rayon. The deia on razon was
reported as the rate of drring per unit weirht of stock, while the
data on heelboard was reportec &as the rste cf dr. ing per unit area
exposec vo the drp ing stmosphere.

To further test the validity of ecuetions (1..2) and (1l.13), the
valiues of o were comptted from ecuation (1.12) tc see if it were con-

O

stant at a temperature of 140 “F. The results ere shown below. It is

Jun Bo. =
i 1ol
) 1.0l
G 1.18
? l.lrJ.
& 1.12
7 Ly
10 1.04L
11 1.1
ive. 1.1

ceen that o<« 1s fairly constant with chanpes in Al or G zt 2 constant
temserature, s¢ that equation (1.12) is rezsonable valid for rewmie. The
fact that a reasonable siraicht line can be drawn through the points

in Fig. 16 further substentiates the fact. It must 2e rerembered that
11l of Lhese calculstions viere based on the assumption that a streizght

plottec in Figs. 17 through ly.

b S

line could be arawn throuzh Lhe points




Since the data does sezm to fit the ecvation developed Ty

Lewis with a Izirly rood deyree of arproxiration, ther shoula fit

the case yiare botrn resistanees to difiusicn and fur’zece evarorsiticn

are -.“'_-"1(“'?"'@' nt C(.‘:'!LT‘L':-.\L.:_ZF_'_I'I:_‘; Tecters. 1t hos slryescyr been ohown thelh the
restatanes toe surfzea cvaperction 1s ¢ controlling freter st 211 free

TOLEG e conecnorations.  ihe 4aiffvsion of the vator from the gzones

of vouarisaticn ingice Tre sl-h to vhe surisece, Tile net ceevrrineg
- = - 1 & &~ " - T o

ro 0% G rz gl coinrel il IreTy so. 1L crn be

i 5 G e o g = :
sesn frew ecuation (1.0%) Lol 2 plot 1/R1C versus (Tge- 4)/BL siculd
ive 2 swraisht line. dince @ = h{t - bki/ A sud cinece & ds a2 rola-

cuanhity for thia reverdial, (L..—- 4)/8L is prosortionsl to

Jo cinece t.. closely apiroszches the wet bulb ber erature
of the air, these delz ire plottec in Figs 20 as 1/P1L° versus
IAT) (L = ). It ie gesn o2t a pood straisznt line is obtained as

cellec for cxez-t for tve wints., It is to be rererbered that these

H Ty e £ A T e 1
sare rivis ive ocr valuss Loe On Fice o, It ‘e te be rererber-
o1 Lhe value of B us=2d in wakine the plot of P e o]

assandine thnt s glraight Tine could te draym throush the noints on

only “nother soprerimation

hapoens to work over the renges in=

The agrezrent with Levisls ecuavions being fairl), close it was
decided to determine if it wouid fit ecuations (1.,10) or (1l.11) in

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

ration completely contreols during the falling rete pericd. HLxamina-

L.

tion of these ecuations shew ~hirt if log € be plotted z2¢ainst log L

for e¢ual velues of Ty -3/T - &, the slone shoild »ive the exponent
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of L. For the case where surface evapeoraticn is contreolling the ex-
ponent is unity. For the case where internal aiffusion is controlling
the exponent is two. £Hfig. 21 =hows the slope to be 1.16 which is the
value of the exponent of L, assuming that a strazighit line can be drawn
through the points slouted in Migs, 17 through 1Y¥. This would indicate
that cven srovided wewls's ecnations could be aprlied to ramie fiber

on a theoreuvicel basies, surfacs evaporation would not. be the controlling
fzetor. Therefere, if these ecuations sre used in altempts to aporox-
imate drving curves for ramie, ecustion (1.0Y) is the bect one to use.
Weuations (1.10) and(l.1l) cannot be used in an attenpt to simplify
equation (1.09) without introducing further error. Il should be re-
membered that these relationships if used are only good approximations
for the ranges so far invesiliratecd. These ranges should cover most
conditivne met in drying practice.

Summing up, the data and analysis presented indicates the mech-
anism of crying of garnetted ramie fiber to be as follows. In the con-
stant rate period water moves ug to the curface of tie fiber by cap-
illsry action, and is vhere removed by =vaooratvion at a rate determined
b7 air velocity and oiher factors influencing the film characteristics.
As soon azs the entry sucvion is obtained atl certsin voints on the sur-
face, the surface film of water 1s broken, the eritical point is passed
and the falling rate pericd besins., Cesglsve snd Houren have shown ex-—
serimentzlly that Lhe criticsl no'ni occurs at Lhe seme free moisture
content at which the entrv suction value is reached (3). The dryving
rate continues to deciease due to .chree principal factors. ore and
more gortions of the surface reaches the enbry sucticn causing the

vagorization vone to retreat into Lhe fiber at more points. Those

vacorizaticn zones alrcacy inside the fiber retreat further from the




surface, increasing the dirtence tc he traversed by the diffusion of
vapoer to bhe surface. This elso increases the dislance heat must
traverse to the free moisture or the rzone of va.orizstion. The
vasorigzetion of tie water from the zones cof vaporization within the
siab is less cue to vie small radii of curvature. "“'ster is eva.orated
at the slab surface at the uverminals of certain capillaries whose
entry sucticn ls never reached throushout the entire drying process.
The number of such eajpillaries contineelly decreases from the time
Lhe critical point is reached until rero free moisture is obtained.
This mechanism conlinuss until the free moisture con:ient drouvs to
about fifteen percent at which time 3 rise in tenperaturs within
the glab increases tne diffusion of wvaporigzed vater to the surface
of the =lab and decreases the bounc cr ecuilibrium moisture to its
value correcoonaing to the surrcunding atmcsphere.

It is realized that ramie fiber will vwrcbably never be dried
comiercially in the form of slabs. This wes merely on experimental
technicue used to stud; the mechanism and charescteristics of criing.
towever, these same mechanisms and cnaractericuvics occur in the drying
of remie fiber, no matter vhat it »hvsical shape.

It is houed that tnis work har shed =orie 1. ght ¢cn an under-
standing of the mechanisms involved in drying randie {iber and fibers in

veneral, anc vhat this knowledre can pe used in develosing and improv-

ing equipment and cryviiy orocesses for ramie ana other fibers.
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KCWENCLATU R E

)

Area, cm®

A conctant

Diffusivity of licuid

weight of ecuilibrium moisture, grns.

Coeflicient of heat transfer from 2ir to surface
of iiber

Absolute humivity, wt. 120 per unit wt. bone dryv air
corresaonding to satiravion at surface tUenperature

Alsolute humidity of the drving atmosphere

g =g

Film coefficient for diffusion throuvsh film
vermeability

hHelf thickness of clab, cm.

Capiliary votential or suction in ens. of fluid height
itesistance to internal diffusion

Resistence to surface evapcration

Surface evaporaivion, gm/hr-cmé

m

lTemoecr=ture of air OF

i

leamperature of air ©C

YTemoerature al surface OF

Temperatire at surface 2% eritical noint OF
"t bulb temrerature of zir OF

Temperature ab center of slab “C

Total weight moisture, both free and bound, cms.

Total vi. water szt critical valus

Overall heat =zransfer coefficient, czl/hr-cm2°C
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v, Velocity in direction x

T - £, vweight free moisture, gns

210 .

e Time, hours
Greek Letlers

Constant
F(t - ts)/)

Lztent heat of vaoorization

o oy w3

Uensity of licuic, rm/ecc

[
©

Lry density of fiber, pr/ce
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