
Heat and Mass Transfer in Hygroscopic 
Capillary Extruded Products 

This work presents an analysis of heat and mass transfer of extruded corn 
meal. Isotherm, thermal conductivity, drying and center temperature data were 
experimentally obtained for the cylindrically extruded product. 

Modeling of the drying process was made by incorporating the mechanistic 
and irreversible thermodynamics approaches for determining heat and mass 
transfer in capillary-porous media. The proposed model shows that both liquid 
and vapor fluxes can be expressed in terms of the same driving-forces, namely, 
temperature and equilibrium moisture content gradients. A search technique 
allowed for the evaluation of both liquid and vapor conductivities. 
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SCOPE 

The analysis of food dehydration is highly complex. The 
usual approaches to such an analysis have been to assume that 
moisture moves by any of the mechanisms of diffusion, capillar- 
ity or vaporization-condensation. All these and other mecha- 
nisms may play important roles under particular drying condi- 
tions. 

While it is true that simplified transport equations can be 
used under restricted circumstances, it is also true that they 
have led to wrong predictions. These misleading results have 
usually occurred where a broad range of external (air tempera- 
ture and air velocity, relative humidity, etc.) and internal 
(moisture content, temperature, etc.) conditions existed. The 
overall result is that industrial-drying processes are more of an 
art than a science. 

The objective of this work is to apply a set of transport 
equations to analyze drying of a substance as complex as ex- 
truded corn meal. A comparison between the nonequilibrium 

thermodynamics equations and those obtained from a 
mechanistic reasoning leads to the evaluation of the 
phenomenological coefficients. DuFour and Soret’s coef- 
ficients are obtained from Onsager’s relationships. Physical 
properties of the extruded product were obtained experimen- 
tally. 

Liquid and vapor conductivities are difficult to obtain ex- 
perimentally for food products and thus, a nonlinear search 
technique was employed. The validity of this procedure and 
model were ascertained by predicting drying rates and center 
temperatures of the cylindrically extruded product under vari- 
ous environmental conditions. 

The procedures involved in the present research can be 
applied to analyze not only drying, but also hydro and thermal 
stresses in food products, which depend not only on moisture. 
but also on temperature gradients inside the body. 

CONCLUSIONS AND SIGNIFICANCE 

Isotherm data for the extruded corn meal was obtained for 
the temperature range of 27-9OC. A modified Henderson’s 
equation was used to fit the data. Thermal conductivity data 
are presented for the temperature range of 30-70°C and for 
product moisture content between 8-36% dry basis. 

Liquid and vapor conductivities were obtained through a 
search technique. Several models were investigated and the 
proposed ones have a similar shape as those obtained by Philip 
and DeVries (1957) and Luikov (1964). The search technique 
was based on fitting the drying curves in the first 5% (300-600 S) 
of drying time. The rest of the drying curves and all the center 
temperature data were predicted successfully, with no fitting. 

Based on the theory, a moving evaporation front is postu- 
lated to exist for all drying conditions investigated (50-l2SoC). 

Vapor and liquid fluxes are basically dependent on the gradient 
of equilibrium moisture content. Liquid flux is dominant inside 
the porous medium at high moisture levels while vapor flux is 
dominant at regions close to the evaporation front. 

The form of the liquid and vapor conductivities can be pre- 
dicted qualitatively from the moisture isotherm data. The 
maximum value for the vapor conductivity is reached near the 
region where single-layer adsorption becomes dominated by 
multilayer adsorption. The value for the liquid conductivity 
increases with increases in moisture content and then levels off 
as saturation is reached. The good agreement between ex- 
perimental and predicted results favors the approach taken in 
this work. 

INTRODUCTION tion on the theory and application of polymer extrusion, little 
engineering information is available for food products. Extru- 
sion the 

effects being: gelatinization of starch components, dens- 
turation of proteins, inactivation of growth inhibitors, changes in 
product structure and expansion of the extrudate (Smith, 1974 
and 1975). Many of the food extrusion operations are followed by 
drying (Mustakas, et al. 7 1970; Wdsh and F u n k ,  1975). Be- 
cause of the amount of energy spent in evaporating the excess 

Extrusion is basically a process in which a material is “plas- 
ticized” and forced to flow under conditions of mixing, heating, 
and shear, through a die. While there i s  considerable informa- 
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moisture, drying should be an integral part in any optimization 
design of extrusion processes. 

Water may migrate in hygroscopic capillary-porous media, in 
both vapor and liquid phases, through a series of mechanisms. 
Vapor migration may take place by molecular diffusion, due to a 
partial vapor pressure gradient; by molar transport due to a 
gradient in total pressure, shrinkage and high temperatures, 
and by effusion (Knudson flow), when the mean free path of the 
vapor molecules is of the order of magnitude of the diameter of 
the pores. Liquid transport occurs by molecular diffusion, due 
to concentration gradients, by capillarity, by molar flow caused 
by changes in total pressure and gravity and by surface diffusion. 

Due to the complexity of such phenomena, early researchers 
tried to model the heat and mass transfer processes by assuming 
an isothermal flow of moisture either by liquid diffusion (Lewis, 
1921; Sherwood, 1929a-b, 1931) or by capillarity (Haines, 1927, 
1930; Ceaglske and Hougen, 1937; Hougen, e t  al., 1940). Henry 
(1939) proposed a model assuming that water migrates entirely 
in the vapor phase in a series of vaporization-condensation pro- 
cesses. Despite the fact that such models are highly subjected to 
criticism, when applied to a whole range of moisutre contents, 
such as in drying, they have been used recently (Harmathy, 
1969; Henderson, 1974; Peck and Wasan, 1975). The misleading 
results obtained from these approaches led to the development 
of more sophisticated models, which basically, include thermal 
effects and the vaporization-condensation model associated with 
either the capillary or liquid diffusion model (Philip and De- 
Vries, 1957; DeVries, 1958; Krischer, 1963; Berger and Pei, 
1973; Baladi, e t  al., 1978). 

Different from the cited mechanistic approaches, other re- 
searchers proposed models based on the concepts of irreversible 
thermodynamics (Cary and Taylor, 1962; Taylor, 1965; Rocques 
and Cornish, 1977; Valchar, 1966 and others). Luikov (1964, 
1966a-b, 1975), who is credited by Russian researchers to have 
discovered the phenomenon of thermodiffusion about three 
decades ago, developed the concept of moisture transfer poten- 
tial (moistness), as the potential for water movement in a 
capillary-porous body. This concept has not been commonly 
accepted in Western literature. Berger and Pei (1973) stated 
that Luikov’s assumptions of constant “moisture diffusivity” and 
“specific moisture capacity” lead to an “apparent mathematical 
paradox if his model is extended to the nonisothermal drying.” 

METHODS 

Heat and Mass Conservation Equations 

Theories to describe transport phenomena in capillary-porous 
media come either from a mechanistic (classical) approach 
(Philip and DeVries, 1957; DeVries, 1958; Krischer, 1963) or 
from irreversible thermodynamics concepts (Luikov, 1966; Val- 
char et al., 1966). Basic differences can be found between these 
two approaches. Fortes and Okos (1978) presented a theory that 
is based on both irreversible thermodynamics and mechanistic 
concepts. This theory is an attempt to incorporate most of the 
more recent approaches. Fortes (1978) and Fortes and Okos 
(1978) derived the following heat and mass transfer equations, 
applicable to hygroscopic capillary-porous media. 
Liquid flux: 

R,T aH 
H a M  5 = - K,(p,Ro lnHVT - p I  - - v M >  (1) 

Vapor flux: 

Heat flux: 
+ 

Mass conservation: 

- - v . c  + X.) a M  
PA - - at (4) 

Energy conservation: 

+ + aT a M  - - ’? . J,, - L,.‘? . Jt. (5) PsCb - - PSL,,. - - at at 

Some remarks should be made concerning Eqs. 1 to 5 :  

The above equations d o  not require any specific mecha- 
nisms for moisture migration. 

The isothermal driving-force for both liquid and vapor 
movement inside the grain kernel is taken as the gradient in 
equilibrium moisture content, as defined by an isotherm. Thus, 
water may migrate from regions of lower to those of higher 
moisture content as long as the equilibrium moisture content 
gradient effect is dominant and favors this movement. 

As expressed by Eq. 1, moisture in liquid phase can move 
from colder to hotter regions. Such phenomenon has been 
experimentally observed in cases of non-isothermal moisture 
transfer in soil (Gurr, e t  al., 1952). 

The heat of adsorption and latent heat of vaporization or 
condensation of water inside the porous medium is taken into 
account in Eq. 5. 

It is assumed that the medium is isotropic, continuous and 
that shrinkage is negligible. 

Convective (bulk) movement of water inside the medium 
is neglected. 

The approach taken in this work assumes that the product to 
be dried is isotropic, cylindrical, does not shrink and that there 
is no preferential path for moisture migration. 

Boundary Conditions 

In this work, we are mainly interested in the transport phe- 
nomena analysis of cylindrically extruded corn meal submitted 
to temperatures lower than 160°C. Due to the mixing and size of 
the cylindrical extrudate, it is furthermore assumed radial sym- 
metry and isotropy. 

Eqs. 1 to 5, which constitute a set of nonlinear partial differen- 
tial equations are to be solved in cylindrical coordinates with the 
following third order boundary and initial conditions. 

a t t = O  

M ( r ,  0) = M , ,  T(r ,  0) = T,, (6) 
a t r = O  

a t r =  R 

In order to numerically solve the above equations, the follow- 
ing physical parameters, not available from the literature, had to 
be obtained: H ,  K T ,  pS, &., and K , .  The first three of these 
parameters were evaluated experimentally, while ”K,. and K ,  
were obtained from the first 300 seconds (5%) of the drying 
curve through a search technique. The heat capacity, ct,, was 
obtained from (Heldman, 1975): 

c/, = (0. 34XC + 0.37x, + 0.4Xf + 0.2X“ 

+ l.OX,) x 4180 (J/kg . K )  (9) 

The saturated vapor density was obtained from the expression 
derived by Baladi (1975): 
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The heat of vaporization and adsorption (wetting) of water in 

(11) 

the extruded material are given by: 

Ah, = Aho + Ah, 

R J 2  aH Ah, = -- 
H aT 

where Brooker (1967): 

Aho = 3.11 x 10' - 2.11 x 103T (J/kg) (13) 
In order to evaluate heat and mass transfer coefficients, the 

J H  = I D  (14) 

Chilton-Colburn (1934) analogies were employed, namely: 

where: 

and: 

These factors allow the estimation of h, and h, once the 
relationship between j ,  and Re are known (Sherwood and Pig- 
ford, 1952). 

Other values for the physical properties of water (pr, CI, C,.) 
can be obtained directly from Perry and Chilton (1973). 

Extruder and Extvudote 

The degerminated corn meal, employed in this research, had 
the following approximate composition: fat = 0.7%, protein = 
8%, ash = 0.3%, fiber = 0.4%, carbohydrate = 78.5% with an 
initial moisture content of 12.1% d.b. The corn meal was rewet- 
ted to a moisture content of approximately 44% d.b. and then 
extruded. 

A Brabender extruder, type 2504, number 864, was used in 
this research. The operating conditions were: screw speed = 30 
rpm., barrel temperatures: first zone = 40°C, second zone = 
60"C, third zone = 80°C and the fourth zone = 120°C. The 
barrel length was 66 cm and the diameter was 2.6 cm. The dye 
diameter was 0.3 cm. The extrudate at these operating condi- 
tions suffered a slight swelling. This swelling practically disap- 
peared after a few minutes and was not considered in this work. 

Determination of the Isotherm Curves 

The experimental determination of the desorption curves of 
equilibrium moisture contents vs. relative humidity, at different 
temperatures, i.e., the isotherms, were made through the use of 
saturated salt solutions. Experimental conditions and the salts 
employed are shown in Table 1 .  Measurements were made 
every other day to ascertain the amount of water desorbed. 
Equilibrium was assumed after two consecutive readings did not 
indicate any further change in water content of the extrudate. 
Since drying is a desorption phenomenon, adsorption isotherms 
were not investigated. 

Thermal Conductivity and Center Temperature 

The thermal conductivity of the extruded corn meal was 
obtained through the method suggested by DeVries (1952), for 
soils: and later by Sweat (1976), in a form adapted for food 
products. 

The device consisted of a hypodermic needle, inside which is 
located a thermocouple and an electric wire heater. This device 
was inserted in the cylindrical sample in such a manner that no 
metallic part of the probe was exposed to the atmosphere. A 
computer assisted automatic acquisition system collected dataat 
10 points per second and furnished all the statistics needed. The 
data was collected from experiments conducted between 30- 
95°C and 8-36% H 2 0  d.b. A more detailed presentation of the 
calibration technique and the acquisition system is given in 
Fortes (1978). 

TABLE 1. SATURATED SALT SOLUTIONS USED IN THE 
DETERMINATION OF THE ISOTHERMS 

Relative Humidity 
Salt (%I Temperature Ref. 

LiCl 12.0 
13.3 
11.0 
11.9 

KF 2H20 27.4 
20.4 
22.0 
23.5 

MgCI, 6H20 33.0 
30.2 

NaI 2H20 36.4 
22.6 

NaNO, 63.0 
59.8 
58.9 
58.5 

NaCl 75.7 
74.9 
75.1 
77.0 
97.0 
94.8 

27.0 
50.0 
70.0 
90.0 
30.2 
50.0 
70.0 
90.0 
27.0 
70.0 
30.2 
70.0 
30.1 
50.0 
70.0 
90.0 
27.0 
50.0 
70.0 
90.0 
27.0 
70.0 

2 
2 
2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 

2 
2 

* 

* 

* 

1 = Cart and Harris (1949). 
2 = Gustafson (1972). 
* Extrapolated values. Some values were interpolated for mom temperature condi- 

tions. 

The center temperature was obtained by inberting the 
hypodermic needle in the sample and submitting the sample to 
the drying conditions. A digital voltmeter was used to measure 
the temperature a t  any time. Center-temperature mea- 
surements were taken so that predicted values could be com- 
pared with experimental values. These center temperature 
measurements were planned to help in verifying the proposed 
model. 

The density of the material was made by measuring the vol- 
ume of a sample in an air-comparison pycnometer and weighing 
the same amount. 

The Dryer 

The drying apparatus consisted basically of. 

1. A climate chamber, which furnished air to the drier at a 
constant dew-point temperature, adjustable from 4.4-35.5"C, 
and constant dry-bulb temperature adjustable from 4.4-48.9"C. 
The climate chamber controllers for dew-point temperature and 
dry-bulb temperature were pneumatic, proportional with reset 
(Honeywell). Two independent chart recorders displayed the 
output air conditions of dew-point and dry-bulb temperatures. 
Also, the air mass flow could be controlled through dampers, 
internally built inside the climate chamber and manually adjust- 
able. 

2. The dryer used had a square cross-sectional area of 
0.0929m. Three Chromalox CAB-611, Chrome steel sheath 
heaters, activated by a Chromalox CSRC, 50 A, power control 
unit, allowed temperature to be  adjusted up to 150°C. The 
dry-bulb temperature could be sensed through a Leeds and 
Northrup 8920 resistance thermooeter, wtoee signal was 
linearized by a Leeds and Northrup 479 temperatureimillivolt 
transmitter and displayed in a three-pen chart recorder. 

The output of the transmitter was also connected through a 
Leeds and Northrup proportional-integral-derivative (P. I. D.) 
electronic controller, to the SCR power control. Input air (from 
the climate chamber) relative humidity could be double- 
checked with an Aminco Hygrosensor (humidity sensor), whose 
output signal was linearized by a Hygrotran transmitter and fed 
to the chart recorder. The thin-layer of extrudate was placed 
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B t TABLE 2. PHYSICAL PROPERTIES OF EXTRUDED DEGERMINATED 
CORN MEAL 

Property Expression* Unit a- 27OC 
0 -  5OoC 
o -  7OoC 
a - 9OoC 

0 20 40 60 80 100 

EQUILIBRIUM RELATIVE HUMIDITY (Ye) 
Figure 1. Equilibrium isotherms far extruded degerminate corn meal. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 

MOISTURE CONENT ( % dry basis 1 

Figure 2. Thermal conductivity of extruded degerminated corn meal (30- 
9(PC). 

inside the dryer on a wire-mesh tray (0.30 x 0.30 in’). The initial 
sample weight was 200 grams. The sample weight during drying 
could be continuously obtained from a Statham UC-2 transduc- 
ing cell, and a Statham UL4-5, 2.27 kg (5 Ib) load cell adapter. 
The output signal was amplified and linearized hy a Statham 
SC-1105 bridge amplifier and a Dana 2850 amplifier. 

Calibration could be performed through standard weights, 
under conditions of the experiment at hand. Weight variations 
within 0.5g could be detected. Air velocity was measured 
through three different devices: air vane anemometer, pitot- 
tube and hot wire anemometer. The readings of the vane 
anemometer were more consistent since readings could he 
taken in longer intervals of time (5 minutes); thus, reading 
oscillations could he minimized. 

Numerical Solution and Evoluotion of K, and K ,  

The “Method of Lines” was used to solve the system of 
non-linear partial differential Eqs, 1-8. This method consists in 

1 - exp[-2.736(T - 273. 16)’.24ZM3.37Y 1 
0.1153 - 2.936& + 25.4M3 - 38.71M4 
1445 
4180(0.343 + M)/(1 + M )  

1595T2.242M3.379( 1 - H ) /  H 

4.149 X 10-’H3 exp(-2747/T) 
9.085 X 10-’(T - 273. 16)0.3”’6(H0.25 - H ’  

1.59 x 10-3 

3.11 x 106 - 2.38 x 1037- + L 

decimal 
watts/(m k) 
kg/m3 

m 
J4kg K) 

Jk 
J k  
5 

,25) mz/s 

* All  ternperaturrs in “K 

discretizing the spatial variable, leading to a system of ordinary 
differential equations (Madsen and Sincovec, 1974; Sincovec 
and Madsen, 1974). The method of Gear (1971) was used to solve 
the resulting system of ordinary differential equations. 

The liquid and vapor conductivities were evaluated by first 
finding K r  and K,. values through a nongradient bidimensional 
search technique using the drying data from the first 300 to 600 
seconds of the drying curve as discussed in Fortes (1978) and 
then proposing a model for Kr and Kt.. The criterion for the 
search is the minimization of the squares of the differences 
between the theoretical and experimental values obtained for 
the drying curve. 

RESULTS AND DISCUSSION 

Physical Properties 

Figure 1 depicts the experimental and predicted isotherms 
for extruded corn meal, in the temperature range from 27-90°C. 
Henderson’s (1952) equation was used to fit the experimental 
data and the nonlinear regression analysis and resulted in: 

H = 1 - exp[-2, 736T1.242M3.379 1 (17) 

The thermal conductivity of the product was found to be 

K T  = 0,1133 - 2.936M2 + 25.44M3 - 38.71M4 ( W / m  . k) 
related to its moisture content hy: 

(18) 

with: 
regression coefficient = 0.9926 
standard deviation = 0.00477 
Figure 2 shows the experimental data obtained. The data 

were obtained in the temperature range from 30-95°C. Data 
points in Figure 2 are the averages of at least 10 independent 
readings, obtained at a rate of 10 readingsis. Chauvenet’s criter- 
ion was used to eliminate spurious results. After the experiment 
was over, the sample was left to cool and the thermal conductiv- 
ity was again evaluated. No significant difference was noted 
hetween the thermal conductivity at 95°C: and 30°C at a given 
moisture content. Because of the short time needed to deter- 
mine the thermal conductivity (1110 second), moisture migra- 
tion is negligible and all data can then be considered as 
evaluated at a given average moisture content. 

The density of the bone-dry solid (p,) obtained from five 
replicates was 1445 kg with a standard deviation of 5 kg. The 
specific heat was calculated from the previously given composi- 
tion of the extruded corn meal, Tahle 2 .  

Model for K ,  and K,. 

As afood material is dried, shrinkage, starch gelling, presence 
of solutes, deformation of structure and chemisorptive forces 
drastically change the resistance to vapor movement (Keey, 
1973; Gorling, 1958). Since foods are highly complex, our 
present theoretical understanding of liquid and vapor dlffusivity 
or conductivity through porous solids does not enable 11s to 
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38 

34 36i EXPERIMENTAL CONDITIONS 

0 0. I 0.2 0.3 0.4 

MOISTURE CONTENT (decimal, dry basis) 

Figure 3. Effect of temperature and moisture content on liquid and vapor 
conductivities. 

estimate the variations of moisture movement from first princi- 
ples. However, it is a well-krrown fact that both the liquid and 
vapor conductivity are related to the structure and composition 
of the food product. The equilibrium moisture isotherm is also 
related, to a significant degree, to the structure and composition 
of the food product. It, therefore, can be assumed that a direct 
relationship exists between the characteristic equilibrium 
moisture isotherm of a food product and the formulation of 
liquid and vapor conductivity models. 

130 ,- 
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TIME (min.) 

Figure 4. Drying data and predicted drying curves at different experimen- 
to1 conditions. 

The relationship between diffusivity and moisture content in 
wet solids is a complex problem. One possible model can be 
based on the work of Luikov, (1966) and Philip and DeVries 
(1957). At low moisture contents and low relative humidities, 
monomolecular adsorption predominates and moisture moves 
primarily by vapor phase diffusion. The region in which 
monomolecular adsorption takes place lies generally below a 
relative humidity of 20-25%. It was assumed that the vapor 
conductivity increases from 0 at a relative humidity of 0% to a 
maximum value where multimolecular adsorption starts. The 
vapor conductivity goes to zero at low moisture contents since 
moisture transport becomes increasingly controlled by trans- 
port in the finest pores whose diameter is of the same order as 
the near free path of the molecules (Scott and Dullien, 1962). 
Also the large number of polar sites available for moisture ad- 
sorption would greatly reduce any moisture movement. 
Moisture begins adsorbing in multimolecular layers above a 
relative humidity of approximately 25%. A rapid decrease in 
vapor conductivity takes place with increases in amounts of 
moisture adsorbed due to subsequent filling of the pores. The 
vapor conductivity will decrease to approximately 0 at a relative 
humidity of approximately 95%. 

At the onset of multimolecular Adsorption, the liquid conduc- 
tivity increases sharply until saturation takes place. Upon sat- 
uration, a relative humidity greater than 95%, the liquid con- 
ductivity levels off to essentially a constant value at a given 

0.318 0.636 0.954 I. 272 1.59 

RADIAL DISTANCE (cm) 

Figure 5. Predicted and experimental dato for the center temperatures 
(060"C, 075"C, a 1 00"C, 0 125°C). 

Figure 6. Predicted moisture content distribution in o cylindrically ex- 
truded corn meal at 100°C drying temperature. 
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TABLE 3. DISTRIBUTION OF MASS AND HEAT FLUX INSIDE PRODUCT 
(TIME = 1800 s; TEMP. = 75°C) 

Position (cm) 
M.C. 
db 

0.0 center 
0.318 
0.636 
0.954 
1.272 
1.59 (surface) 

4.0, 

0.323 
0.323 
0.312 
0.164 
0.128 
0.072 

Temp. 
(“C) 
- 

71.8 
71.8 
71.8 
71.8 
72.3 
73.1 

-5.86 x 10-14  4.74 x 10-15 
-8.67 x 10-1  9.33 x 10-13 
-4.70 x 10-7 3.89 x 10-5 

-3.97 x 10-7 3.92 x 10-5 
-1.54 x 10-6 3.94 x 10-5 

TIME (min.) 

Figure 7. Predicted mass fluxes at the surface of a cylindrically extruded 
corn meal at 100°C drying temperature. 

temperature. Moisture is held in the microcapillaries and migra- 
tion of moisture becomes essentially based on capillary action. 
At this point, moisture exerts its full vapor pressure and thus, its 
migration is independent of moisture content and is only a 
function of temperature. 

In summary, the results of the various workers, and results 
from this work, suggest that vapor phase diffusivity passes 
through a maximum at low moisture contents (the onset of 
multimolecular adsorption) and then rapidly decreases to 0 as 
the liquid phase diffusivity continuously rises with an increase in 
moisture content. The liquid conductivity eventually levels off 
when saturation is reached. The total moisture conductivity will 
then vary as the sum of the liquid phase and vapor phase 
conductivities which vary with the temperature and relative 
humidity at a particular point in the porous body. 

Figure 3 shows the dependence of the liquid and vapor con- 
ductivities on moisture content and temperature for the ex- 
truded corn product used in this work. The mathematical rela- 
tionship for K ,  and K,. used in this work is given in Table 2. Both 
conductivities are highly dependent on moisture content. The 
vapor conductivity seems to be less affected by a change in 
temperature than is the liquid conductivity. While there is a 
shift of the peak to the left of the moisture content axis, in the 
case of vapor conductivity, the opposite is true for the “plateau” 
of the liquid conductivity curve. 

Some possible phenomena which contribute to the behavior 
of the vapor conductivity as a function of temperature are: a) 
more polar sites become available for desorption and adsorption: 
b) thermal expansion reduces the resistance to vapor flow; and c) 
at higher temperatures, the total pressure effect may no longer 
be negligible and its effect is “lumped” in the expression for 
vapor conductivity. In the case of liquid conductivity, thermal 
expansion and the total pressure effect (filtration) may also con- 
tribute significantly to the overall liquid flow. 

3.01 X 6.15 X lo-‘’ -9.18 X lo-‘ 7.89 X lo-’ 

1.27 X lo-* 5.32 X -8.66 X 10’ 8.22 X 10’ 
1.86 X lo-* 1.03 X -2.26 X 10’ 9.23 X 10’ 
4 .13 X 3.18 X lo-’ -2.81 X 10‘ 9.86 X 10’ 

4 .46 X lo-’‘ 3.12 X lo-* -3.36 X 10 1.56 x 

TIME (min.) 

Figure 8. Predicted heat fluxes at the surface of a cylindrically extruded 
corn meal at 100’C drying temperature. 

Analysis of the Drying Process 

Figures 4 and 5 show the experimental data and predicted 
curves for the drying and center temperature changes of the 
corn meal. The liquid and vapor conductivities were deter- 
mined from the first 300-600 seconds of drying. The expressions 
for K,  and K,. were used in the model to predict the rest of the 
drying curve and to predict the center temperature. Predicted 
values agreed with experimental data within 3% and these re- 
sults serve to justify the theory. 

To test the sensitivity of the liquid and vapor conductivity 
expressions, a series of runs were made to determine how the 
extent of change in K,  and K,. would effect the average moisture 
content and the rate of drying. At a temperature of 125°C after 

TABLE 4.  SURFACE MASS ASD HEAT FLUX AT 75°C 

Time (s) j I T  x 109 

60 
120 
180 
240 
300 
600 
900 

1200 
1500 
1800 
2100 
2400 
2700 
3000 
3300 
3600 
3900 

-5.622 
-2.983 
-1.794 
-1.540 
-1.451 
-0.8400 
-0.4985 
-0.4488 
-0,4602 
-0.3969 
- 0.3  172 
-0.2705 
-0.2633 
-0.2610 
-0.2386 
- 0.2084 
-0.1868 

2.690 
1.699 
1.419 
1.408 
1.366 
0.7684 
0.4992 
0.4816 
0.4661 
0.3915 
0.3237 
0,2900 
0.2784 
0.2650 
0.2415 
0.2164 
0.1965 

79.63 
9.308 
3.294 
2.469 
2.237 
1,057 
0.5403 
0.4728 
0.4905 
0.4132 
0.3182 
0.2650 
0.2547 
0.2556 
0.2315 
0.1991 
0.1767 

82.61 
5.827 
2.402 
1,999 
1.843 
0.7971 
0.4276 
0.3977 
0.3907 
0.3184 
0.2511 
0 2183 
0.2090 
0.1995 
0.1795 
0.1578 
0.1414 
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1200 seconds, a 20% increase in K( and K, gave a 16.3% decrease 
in the average moisture content, a 20.5% increase mass flux and 
a 17.0% decrease in heat flux. Similar results were obtained at 
other temperatures. Since the model predicted drying within 
3%, the expressions obtained for K (  and K ,  d o  indeed give 
reasonable representation for the drying of extruded corn grits 
under the conditions used in this experiment. However, since 
Kl  and K,. were obtained through “fitting”, the expressions ob- 
tained do not necessarily prove the theory but give a very strong 
indication of the validity of the technique. 

A moving evaporation front was predicted for the drying 
conditions investigated (50-125°C). A typical form of the pre- 
dicted moisture distribution inside the product is given in Fig- 
ure 6. Thus, moisture evaporation is faster than moisture migra- 
tion inside the porous medium. 

Liquid flux was found to be the most important mechanism for 
moisture migration inside the medium, in the regions not af- 
fected by the moving evaporation front. The relative humidity in 
the inner regions has a value close to 1 and an error can be  made 
when it is assumed that the effect of the temperature gradient on 
moisture migration is negligible Eqs. 1 and 2. For H = 0.9999, 
1nH = l.00*10-4, the temperature term can become the same 
order of magnitude as the term dependent on V M  for regions 
closer to the center. In general, however, liquid moisture trans- 
fer is predominantly due to a gradient in equilibrium moisture 
content (I,,IJJ,T = 103) inside the particle as given in Table 3 for 
75°C. 

Also as shown in Table 3, vapor transfer is predominantly due 
to a gradient in equilibrium moisture czntent for all drying 
conditions investigated -JIT  = lo2). J,. becomes negligible 
for regions closer to the center, i.e., regions not affected by the 
moving evaporation front. Figure 7 shows the predicted mass 
fluxes at the surface. The numerical solution implied that at the 
surface vapor transfer is more important than liquid transfer, 
however, the latter not being negligible, Table 4. 

Heat transfer is basically due to conduction for drying condi- 
tions where T < 1 S o C  and for regions not close to the moving 
evaporation front. J u m ,  the heat flux due to moisture migration, 
is significant at higher temperatures and in the latter stages of 
drying, when a good portion of the input heat is used to evaEo- 
rate t&e moisture. Figure 8 shows the relative importance ofJpm 
and JeT at the surface. 

CONCLUSIONS 

The model for transport phenomena in capillary-porous 
media was found to  accurately predict drying of extruded corn 
grits for the temperature range of 50C to 125C and an initial 
moisture content of 35% H 2 0  w.b. The values for K I  and K,. 
determined from the first 5 to 10 minutes of drying accurately 
predicted the remaining portions of the drying curve and center 
temperature. 

A moving evaporation front was shown to predominate over 
the entire drying condition. The liquid and vapor fluxes were 
found predominate due to the gradient in equilibrium moisture 
content. Moisture migration was found to have a significant 
effect in heat transfer at higher temperatures and during the 
latter stages of drying. 
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NOTATION 

C = specific heat, J/kg . K 
D,, = equivalent diameter, m 
Ahr 
Ah,,. 
Ah,, 

= specific latent heat of vaporization, J/kg 
= specific differential heat of wetting, J/kg 
= specific latent heat of pure water vaporization, J/kg 

= heat transfer coefficient, J/S mz Pa 
= mass transfer coefficient, kg/S * ms. - Pa 
= relative humidity, decimal 
= Chilton-Colburn factor for heat transfer 
= Chilton-Colburn factor for mass transfer 
= liquid flux, kg/m2s 
= heat flux, J/m2s 
= vapor flux, kg/m2s 
= liquid conductivity, seconds 
= vapor conductivity, m2s 
= apparent thermal conductivity, W/m . k 
= specific enthalpy, J/kg 
= moisture content (dry basis), kg/kg; 

moisture content (dry basis), kg/kg 
= vapor pressure, Pa 
= radius, m 
= radius, m (radial length) 
= thermodynamic temperature, K 
= weight fraction, kgkg 

= average 

Greek 

P 
p = density; kg/m3 
V 

= chemical potential, J/kg, or kinematic viscosity, kg/m*s 

= nabla (or del) operator 

Subscripts 

a 
b =body 

f = fat 
1 = liquid phase 
m = mass transfer characteristics 
0 
p = protein or pressure 
y = heat transfer characteristics 

T = heat transfer characteristics 

u: = wetting 

= surrounding medium (humid air) or ash 

C = carbohydrate 

= saturation state, initial or osmotic 

= solid skeleton, surface tension S 

8 = vapor phase 

Dimensionless Parameters 

- modified Reynolds number PaiPD,, 
Pair 

Rell,,,d = ___ - 

i% = Nusselt number 
Pr = Prandtl number 
Sc = Schmidt number 
Sh = Sherwood number 
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Interpretation of Surface Flow Phenomenon 
of Adsorbed Gases by Hopping Model 

MORlO OKAZAKI 
HAJJME TAMON 

and 
RYOZO TOE1 

The mechanism of surface flow of adsorbing gas molecules through the porous 
adsorbent is interpreted, and a new hopping model is derived by separately taking 
into account the hopping behaviors of monolayer and multilayer molecules. The 
reported experimental results containing the data measured here are correlated 
well. Finally, some considerations are given to the two experimental constants 
appearing in the model. 

Department of Chemical Engineering 
Kyoto University, Kyoto 606 Japan 

SCOPE 
Besides gaseous diffusion and flow in pores, surface flow of 

physically adsorbed gases is important in evaluating the appar- 

Correspandrnce concerning this paper should be addwssrd to M .  Okazakl 

ent mass transfer rates through adsorptive porous materials. 
The most commonly used models t o  interpret the surface 

flow mechanism are essentially divided into the following. 
1. Hydrodynamic model, which regards the phase of the 

adsorbed gas on the solid surface as a laminar-flowing film of o o o ~ - ~ s ~ ~ - 8 1 - 4 ~ f i 6 - o ~ f i z . ~ ~ ~ . ~ ,  0 The ~ ~ ~ ~ i ~ ~ ~ ,  in,tit,,tr <,f Chrm,cal ~ ~ ~ i ~ , ~ ~ ~ ~ ,  
1981. viscous liquid (Babhit, 1950; Gilliland et al., 1958). 
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