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Abstract- An experimental investigation is presented for the drying of absorbent materiats (such as cotton) 
with the aid of microwave heating. Data is presented for the transient temperature, pressure, and moisture 
distributions for axial, radial and combined axial and radial drying. It is shown that there is only a very 
small mass concentration gradient under these conditions. Temperature gradients also are small. Mass 
transfer occurs due to pressure gradients caused by the rapid vapor generation throughout the sample. 
The drying cycle is divided into four regions: the initial adjustment period during which the temperature 
throughout the product rises steadily and very little drying occurs; a liquid movement period during which 
liquid is forced out of the sample with a high initial moisture content (over 200 per cent); a constant rate 

period when water is vaporized in the sample; and a failing rate period when final drying occurs. 

~URUC~UN mass transfer in porous media with internal heat 
SOLUTIONS to coupled heat- and mass-transfer generation. An important step in understanding 
problems in porous media with heat generation the process IS the availability of experimental 
are difficult to obtain due to the shortage of data on the internal heat and mass transfer 
fundamental experimental data. This work is characteristics. 
concerned with the measurement of temperature, 
mass concentration, and pressure at specific EXPERIMENTAL INVESTIGATION 

locations within a cotton sample which is being The drying of cotton samples took place in an 
dried with the assistance of microwave heating. aluminum oven (18 x 175 x 15 in.) which used 
Although this study is restricted to drying cotton, a 2450 MHz Raytheon model QK 390 mag- 
the techniques and general observations should netron as a source of microwave energy (see 
be useful for studies of the drying of paper, foods. Fig. I). The sample was suspended above a 
and other textiles. Plexiglas rod on which a strain gage was 

Luikov [l] presented a discussion of the attached for weight measurements. The strain 
development of the coupled beat and mass gage was positioned outside of the oven to 
transfer equations and presented a set of solu- prevent erroneous readings that might result 
tions for several geometries and boundary from the microwave radiation. Temperature 
conditions [2]. These solutions do not apply to measurements in the microwave field were 
problems involving distributed heat sources. accomplished with small (i in. dia. by 6 in. long) 
Approximate solutions for problems without alcohol filled glass thermometers. They remained 
heat generation were reported in [3] and [4]. unaffected by the microwave field and were 
There appears to be little information available calibrated prior to each experiment. A gamma 
on the important problem of coupled heat and ray attenuation tech~i~ue [SJ was used to de- 
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I Microwave field stirrer 
2 Line of y-roy beam 
3 Fluorescent kght bulb 
4 Cobalt 60 source 

surrounded by lead 
shield 

6 Polystyrene somple 10 No1 crystal and 
holder phototube 

7 Table positioning I I Sample 
crank 12 Screen covered 

8 Cantilevered weighing window 
beam 13 Moanetron 

5 Table positioning 
rollers and woys 

9 Strain gages on 
weighing beam 

FIG. 1, Schematic of experimental apparatus 

termine the local mass concentration within the 
sample. This method consisted of directing a 
collimated beam of gamma rays through the 
sample in a direction normal to the moisture 
flow. The attenuation of the gamma rays de- 
pended on the mass of the moisture along the 
path of the beam so that the change in intensity 
could be measured and related to the change in 
local moisture content of the sample. The pres- 
sure distribution within the sample during the 
process was measured with teflon pressure 
probes (0.106 in. i.d.) which were connected to 
inclined manometers outside the microwave 
chamber. 

The samples were constructed from absorbent 
and non-absorbent cotton yarn wound on an 
impervious paper core, 3 in. dia. The samples 
were 8 in. dia. and 52 in. long. The non-absorbent 
cotton yarn was 24 count single ply, and had not 
been exposed to any bleach treatment. The 
absorbent cotton yarn was 28 count, two ply, 

unmercerized and treated with a caustic bleach 
process to make it absorbent. In some tests, 
moisture flow was restricted to one direction by 
coating each end or the circumference of the 
cylinder with a polyester resin which penetrated 
into the cotton sample less than & in. This resin 
is essentially transparent to microwave radia- 
tion. The samples were brought to uniform 
temperature and mass concentration prior to 
each experiment. 

EXPERIMENTAL RESULTS 

Six different experiments were made for drying 
absorbent cotton. These experiments are out- 
lined in Table 1. 

Typical drying curves showing the mass 
fraction (weight of water divided by weight of 
dry cotton) as a function of time are presented 
in Fig. 2. The curve for Test 1 represents radial 
drying which is accomplished by sealing the 
ends of the sample. Test 2 is for simultaneous 
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Table 1. Table of test samples 

Sample size . 
Test 

number 
Surfaces diameter by D~~c~~~~ Mass Measurements 
sealed length, 

(lb) 
fraction* taken 

(in3 

1 Ends 18 x 58 3.24 2-18 TWM 

2 None 1; x 5; 3.24 1.67 TW 

3 Circum. 78 x 52 3,25 212 TWM 
4 None 72 x 5; 3.24 2.24 TWM 

5 Ends 73 x 5$ 342 2.00 TWP 

6 None 12 x 5i 3.20 2-23 TWM 

* Mass fraction is lb, water per lb, of dry cotton. 
T = Temperature 
W = Weight 
P = Pressure 
M = Mass fraction 

radial and axial drying-no surfaces were sealed 
for this test. The rate of drying during the early 
stages is very slow for Test 2. During this same 
period (about 30 min) Test 1 shows a much 
larger rate of drying due to drainage of liquid 
from the sample. 
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FIG. 2. Mass fraction vs. time with ends of sample sealed. 
Test I. and with ends not sealed. Test 2. 

shown in Fig. 4 for Test 3, where the circum- 
ference of the sample is sealed in order to obtain 
axial drying. The radial temperature variation 
for Test 1 is shown in Fig. 5 where it may be 
observed that the tem~rature throu~out the 
sample rises rapidly during the initial adjustment 
period. After about 30 min the temperature 
throughout the sample approaches 210°F (the 
local boiling point of water). As the temperature 
approaches 210”F, a rapid increase in the mass 

Liquid 
movement 

Constant 
rote 
period 

Figure 3 shows the mass change rate vs. mass 
fraction. It should be noted that the right end 
ofthe curve represents the initial state and drying 
proceeds as one follows the curve to the left. 
The initial period is designated the “initial 

adjustment period”. During this time, the 
temperature throughout the sample rises. The 
temperature distributions as a function of time 
at several locations along the axial direction are 

0 
Ii / / ! ) L / : / i  ; , 

02 04 06 08 10 12 14 16 18 20 22 2.4 

Moss fraction. lb,., woterllbcl dry cotton 

FIG. 3. Mass change rate vs. mass fraction with ends of 
sample sealed. Test 1. 

change rate was observed for samples with a 
very high initial moisture content. Liquid may 
be observed to flow from the sample during this 
time due to the rapid rate of vapor generation 
which causes a pressure gradient within the 
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FIG. 4. Temperature variation along the axial direction, circumference of sample sealed, Test 3. 

sample. This period is designated as the “liquid As the drying proceeds, the observable trans- 
movement period”. Such a period is observed port of liquid ceases and the mass transport 
only in samples with high initial moisture con- becomes primarily a movement of vapor. The 
tents. Drier samples do not exhibit a liquid temperature throughout the sample becomes 
movement period. The distinction between the and remains at the local boiling tem~rature. 
initial adjustment and the liquid movement Since the moisture is vaporized before leaving 
periods is arbitrary as can be seen in Fig. 3 ; the sample, the drying rate is proportional to 
however, the later period starts before the tem- the vaporization rate and is, therefore, propor- 
peratures in the sample reach the boiling point. tional to the energy input to the sample. The 
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FIG. 5. Temperature variation along radial dimensions, ends of sample sealed, Test I. 
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energy output of the oven remained constant 
throughout the process; therefore, the mass 
change rate during this period remains constant. 
This period is designated as the “constant rate 
period”. 

Near the end of the process some portions of 
the sample became dry, while others remained 
slightly wet. The mass change rate decreases in 
this period and is designated as the “falling rate 
period”. 

Axial dMunce from front of sample, in 

FIG. 6. Temperature profiles along the axial dimension at a 
radius of 2$in.. sample unsealed. Test 4. 

Typical temperature profiles within the 
samples at selected times are shown in Figs. 6 and 
7. Figure 6 shows the temperature variation 
along the axial direction and Fig. 7 shows the 
temperature distribution in the radial direction. 

Rodiol distance from centerline of sample, in 

FIG. 7. Temperature profiles along the radial dimension. 
ends of sample sealed, Test 1. 

These figures show that the temperature distri- 
bution is nearly constant during most of the 
process. During the initial warm up period, 
some temperature variation exists, but once the 
sample reaches 210”F, the temperature distribu- 
tion throughout the sample remains uniform. 

It is significant to note the lack of large 
temperature gradients within the sample. Mea- 
surements of the sample surface temperature 
revealed a considerable temperature gradient 
near the surface. The depth beneath the surface 
at which the temperature remained substantially 
less than the sample center temperature (210°F) 
was affected by movements of the surrounding 
air. In all cases the region affected by the tem- 
perature gradient extended less than $ in. below 
the surface. 

The pressure variation within the sample 
during test 5 is presented in Fig. 8. This repre- 
sents the pressure variation at several different 
radial locations for a sample with the ends 
sealed (i.e. radial mass flow). The pressure 
throughout the sample remains essentially un- 
changed throughout the initial adjustment 
period. At the end of the initial adjustment 
period, as the temperature of the sample 
approaches 210”F, a sharp rise in the pressure 
is observed. This period corresponds in time to 
the start of the liquid movement period. The 
pressures become large and then start to decrease 
as the process continues. As the moisture con- 
tent of the sample decreases the permeability 
increases and the pressure at all locations within 
the sample decreases. 

A plot of the pressure profiles in the radial 
direction, shown in Fig. 9, shows as one would 
expect, that the highest pressure within the 
sample occurs at the center of the sample. 

The local mass variation within the sample 
as measured by the gamma ray technique of 
[5] is shown in Fig. 10. The local mass content 
curves demonstrate the same drying character- 
istics as the mass fraction curve for the entire 
sample, Fig. 2. It is significant that only small 
mass concentration gradients exist with internal 
heat generation. The local mass concentration 
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FIG. 8. Pressure variation with radial flow, ends sealed, Test 5. 

along the axial direction of an unsealed sample 
is presented in Fig. 11 and in the radial direction 
in Fig. 12. The sample used in both Figs. 1 I and 
12 was unsealed allowing mass diffusion in all 
directions. These data reveal the lack of large 
mass concentration gradients existing during 
the process. 

The data reported here were obtained for 
samples of absorbent cotton. Experiments also 

Rodiot distance from centerline of sumpie. in 

FIG. 9. Pressure profiles in radial dimension with radial 
flow. sample ends sealed. Test 5. 

obtained for non-absorbent samples showed 
characteristics that are similar to the results 
presented. 

CONCLUSIONS 

External characteristics 
The characteristics of heat and mass transfer 

in a drying porous media may be greatly 
influenced by internal heat generation. Drying 
occurs during a liquid movement period which 
does not occur during more conventional drying 
processes. The constant rate period continues 
until the moisture content is very iow. The rate 
of heat dissipation corresponds directly to the 
latent heat required for evaporation of the water. 
A brief falling rate period occurs only near the 
end of the drying process when the moisture 
content is very low. Much faster drying is 
possible by using internal heat generation than 
by using surface heating. 

Internal characteristics 
Perhaps one of the unexpected results of using 

internal heat generation to accelerate drying 
processes is the lack of a significant mass concen- 
tration gradient during the entire process. For 
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FIG. IO. Mass fraction variation with radial flow, sample ends sealed, Test 1. 

example when a sample with non-uniform mass of mass transfer is the mass concentration 
concentration was placed in the oven, the mass gradient which exists between the wet interior 
concentration became uniform and remained portion and the drier surface. With internal heat 
uniform throughout the process. generation the mechanism of energy transfer is 

When samples are heated externally, the primarily internal heat generation and the mass 
potential of energy transfer is a temperature transfer is primarily through a total pressure 

the rapid vapor gradient resulting-in heat conduction to the gradient establish& due to 
interior of the sample. Similarly, the potential generation inside the sample. 

24 - 

I I I I , I I I I I I I I 
0 IO 2.0 30 4.0 5.0 

Axial distance from front of sample. in. 

FIG. 11. Mass fraction profiles along the axial dimension, unsealed sample, Test 4. 
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RG. 12. Mass fraction profiles along the radial dimension, unsealed sample. Test 6. 

With the internal heat generation, most of the 
moisture is vaporized before leaving the sample. (. 

However, when the sample is initially very wet 
and the pressure inside the sample rises rapidly, 2. 
liquid may be removed from the sample under 3. 
the influence of a total pressure gradient. The 
higher the initial moisture, the more influence 
this pressure gradient has on total mass removal. 

4 
’ 

It is hoped that this study will provide a basis 
for approximate solutions to be obtained for j. 
coupled heat and mass transfer in a porous 
media with internal heat generation. 
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SRCHAGE DUN MILIEU POREUX AVEC GRNRRATION INTERNE DE CHALEUR 

R&urn&On presente une recherche experimentale pour le sechage de materiaux absorbants (comme le 
coton) a l’aide d’un chauffage a haute frequence. Des resultats sont present&s concernant les distributions 
de temperature, de pression et d’humidite pour des sechages axiaux radiaux et combines. On montre qu’il 
n’y a dans ces conditions qu’un tres petit gradient de concentration de masse. Les gradients de temperature 
sont petits eux aussi. Le transfert massique observe est dti aux gradients de pression provoques par la 
generation rapide de vapeur a travers l’echantiflon. Le cycle de sbhage est divil en quatre parties: la 
periode d’ajustement initiale durant laquelle la temperature a travers le produit s’C1eve lentement et durant 
laquelle le chauffage est trts faible; une pbriode de mise en mouvement du liquide qui est chasse hors de 
l’tchantillon avec un grand taux d’humidit~ initial (supbrieur a 200%) ; une p6riode de flux constant lorsque 

l’eau est vapori& dans le modtle; et une ptriode de flux d&croissant correspondant au sechage final. 

TROCKNUNG VON PORLiSEN MEDIEN MIT W~RMEERZ~UGUNG IM INNERN 

Zusammenfawnrg-Eine experimentelle Untersuchung ftir die Trocknung von absorbierenden Materialien 
(z.B. Baumwolle) mit Hilfe einer Mikrowellenheizung wird vorgestellt. Fiir zeitlich verlnderliche Tempera- 
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tur, Druck und Feuchtigkeitsv~~eilungen, fiir &ale, radiale und kombinierte axiale und radi-ie Trocknung 
werden Daten angegeben. Es wird gezeigt, dass es nur einen sehr kleinen Massenkoiizentrationsgrad~enten 
unter diesen Bedingungen gibt. Die Temperaturgradienten sind ebenfalls klein. Stoffiibertragung tritt 
gem&s dem Druckgradienten auf, verursacht durch die rasche Dampferzeugung im ganzen ProbekBrper. 
Der Trocknungszyklus ist in vier Bereiche eingeteiit: die Nulleinstellungsperiode, wlhrend der die Tem- 
peratur im Produkt gleichmtissig ansteigt und sehr geringfiigige Trocknung eintritt; eine Fliissigkeits- 
Bewegungsperiode wehrend der aus dem Probekiirper mit einem hohen Anfangsfeuchtigkeitsgehalt 
(iiber 20073 Fliissigkeit herausgepresst wird; eine Periode, in der das Wasser im Probekarper mit gieich- 
mlssiger Geschwindigkeit verdampft; und eine Periode abnehmender Geschwindigkeit, in der die Schluss- 
trocknung erfolgt. 

BbICOKOYACTOTHAR CYLIIKA IIOPIilCTOlW MATEPHAJIA 

~~HEOT&~~-~pOBe~eH0 3KCnep~~eHTa~bHOe ~CC~e~O~aH~e CylEKH r~rpO~KO~~~O~~~eCK~X 

MaTep~a~oB (~anp~Mep, xnonKa) c noMo~b~ BbrcoKo~acToTHoro ~~Kp0~0~~0~0r0 Harpesa. 
~p~Be~eH~ ,qaHHbre no HecTa~~oHapHo~y pac~pe~e~eH~~ Te~nepaTyp~, ~a~~en~~ H 
BJiaZZHOCTE IIpU aKC~a~bHO~,paAKa~bHO~ M CMe~aHHO~ CylOKe. nOKa3aHO,YTO lIpSi TaKHX 

yCJIOBllKX Cy~eCTBJ'eT JIllIIIb He6OzbtuOfi l'pa,I@ieHT HOHIJeHTpalJHH hiaCCbi. fpF@YreEiTbl 

TeMnepaTyphl TaK)f(e 09eHb Ma%r. Maccoo62uren II~OHCXOAHT 6saronapx rpa&nHeTaM .qaB- 
JIeHHR,BbI3BaHHbIM 6bIcTpbI~ napoo6pa30saHHeM B o6paar(e.L@KnCymHH MOWHO paay(enaTb 

Ha seTbIpe pemmhfa: HasanbHbrZt nepwoa, BO spews HoToporo TerdnepaTypa MaTepnana 

nocTeneHH0 noBbluaeTcR, a yRaJleHEIe BJIarEl nOqTM IIOJIHOCTblO OTCyTCTByeT; IIepElOA 

,?lBMHCeHllR HCBAKOCTH,BO BpeMR KOTOpOrO HWAKOCTb BbITaHHBBaeTCR H3 o6pa3ua npH SHPYM- 

TenbHoM HaqanbKoM BnarocoRepmaHaH (cBbuue 200%); nepHoA ~OCT~HHH~~ ~~0p0c~tr 

cymrta, KorAa n6ga klcnapReTcs B o6pasqe; M neprnoa nanaroweil CKOPOCTH cyunim, Korga 

npoqecccyw~n 3aKawfABaeTcfz. 


