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Abstract—The transient process of drying granular materials in fixed packed beds is analysed, and
equations expressing moisture contents and temperatures of material and drying medium as functions
of time and location in the bed are derived. While moisture content of the granules may be expressed in
terms of ordinary exponential functions of these variables, humidity and temperature of the drying
medium additionally require numerical solutions. The theory is developed for materials drying in four
stages—one stage at constant rate, one at increasing rate, and two at falling rates—and should be applic-
able to numerous products in the chemical and food industries, with wider applicability if suitably modified.
Application of the theory is demonstrated for through-drying of a granular bed of wheat, using published
data to evaluate transfer parameters appropriate to special drying conditions and employing a CDC3200
digital computer to calculate the moisture content of grains as a function of time and location. The Fortran
programme written for this computation may be used to predict the progress of drying other materials
within the category of the present analysis.

‘NOMENCLATURE

X, moisture content [kg H,O/kg dry
C, specific heat (humid heat for the material];
gas) [kcal/kgdegC]; ¥, beight [m].
(CR)(0), constant rate at y = 0;
(CR)(y), constant rate at y > 0; Constants defined in text (equation numbers in
(FR), falling rate; parenthesis):
G, mass velocity of gas [kg dry gas/ a(B.2); A(16); b (B.3); B(11); D(A4); E(C4);
hm?]; L (C7); M (32); q (B2); r (B3); u, (29); u,
H, specific humidity of gas [kg H,O/ (C.3); v, (30); v, (C.10).
kg dry gas];
(IR)(y), peak increasingrateaty > 0, Greek symbols .
k, slope of drying curve [h™1]; % defined by equation (5);
K, volumetric coefficient of mass trans- b, defined by equation (8).;
fer, [kg H,0/hm? (kg H,O/kg dry A, latent heat of evaporation of water
air)]; [kcal/kg];
; time [h]; P, density (bulk density on dry weight
7,", temperat’ure KSR basis for solids) [kg/m?].
U, volumetric coefficient of heat trans- Subscriot
fer [kcal/h m® degC]; uc e consfant rate;
Vv, velocity of drying medium [m/h]; . equilibrium
g, gas;
* Present address: Central Institute for Industrial Re- i, pOint of gas entry;
search, Forskningsun 1, Blindern—Oslo 3, Norway. I, increasing rate;
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P aand

liquid;

solids;

initial conditions ;

first critical moisture content ;
second critical moisture content.
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1. INTRODUCTION

DURING the drying of granular material in
stationary beds, temperatures and moisture
contents of both the material and the drying
medium change continuously with time and also
with location in the bed. Moreover, the rates at
which these changes occur depend mainly on
the composition, structure and packing of the
granules, and on the composition, flow and
initial state of the drying medium. Heat transfer
between gas streams and dry granular beds—
a subject relevant to part of the present study—-
has already been analysed in terms of a mech-
anism for which mathematical solutions have
been presented graphically [1, 2] Wider appli-
cability of this earlier work has since been
attempted by graphical solution of the basic
equations in differential form [3] and in finite
difference form [4], and also by nomographical
presentation of approximate error functions [5].

It is well known that heat and mass transfer
across a boundary layer can be treated alike,
the transfer rates being functions of driving
forces expressed as temperature differences or
concentration differences, respectively. Thus
previous studies of pure heat transfer may
provide a basis for the present investigations
relating to heat and mass transfer. However, the
results of the earlier work are clearly not com-
pletely applicable to drying in granular beds,
since:

1. The latent heat required for vaporization of
water is usually considerably larger than the
sensible heat of the wet material during a
large part of the drying period.

2. During the constant-rate stage of drying,
when nearly all heat supplied is utilized for
the vaporization of water, the solids tem-
perature remains approximately at the wet
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bulb temperature of the drying medium
[6-9]; consequently, at this stage tempera-
ture differences cannot provide useful data
for prediction purposes.

3. With the above theoretical approach, tran-
sitton from the constant-rate stage to
changing-rate stages of drying results in
mathematical discontinuities.

Although a simplified analysis of moisture
transfer during adiabatic batch drying has been
made by van Meel [10], a detailed study of the
simultaneous transfer of heat and moisture has
apparently not yet been published. The present
study is directed towards this problem, and
while it is hoped that it will contribute towards
a better understanding of basic principles of
drying, the resulting physical relationships
should enable process engineers to predict the
progress of drying and thereby anticipate thermal
damage to particular products. Analyses of
changing conditions in the drying medium are
of especial interest in the drying of foods, where,
in order to limit microbial growth, strict control
of environmental temperatures and humidities
are required [11-13].

In the following general analysis of drying a
stationary granular bed with a gas, there will
for each phase be derived expressions for time-
dependent changes of moisture contents and
temperatures at various locations in the bed.
Mathematical formulations will be based on
one-dimensional changes, i.e. conditions affect-
ing the states of the solids and gases will be
assumed not to vary in planes perpendicular to
the direction of gas flow. This assumption
proved reasonably accurate for similar pro-
cesses, such as heat and mass transfer of
heterogeneous chemical reactions in granular
beds [14]. It will be assumed also that between
the gases and solids the rates of heat and mass
transfer remain proportional to differences in
temperature and humidity, respectively. Strictly,
this assumption limits application of the theory
to cases where transfer coefficients are constant,
and it is well known that these coefficients vary
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to some extent with process conditions. Never-
theless, it has been established in practice—at
least for heat transfer [3]—that instead of the
exact variable function an average constant
value can be used as a first-order approximation.
The same is expected to hold true for mass
transfer.

For industrially important materials, e.g. cal-
cium carbonate, coke and asbestos [15], clay
and kaolin—sand mixtures [16], and pumice [17],
as well as for foods and grain [18], small
samples dry over approximately three consecu-
tive stages, as illustrated by the idealized plot of
rate of drying as a function of moisture content
(Fig. 1). These characteristics, generally based
on the drying of shallow samples under constant
conditions of the drying media, may be deter-
mined either by carefully designed laboratory
methods [15] or by automatic recording instru-
ments [19].

When drying deep beds of the same materials,
a fourth stage of drying will be apparent; this
will be discussed in Section 4. The following
theory, limited to these four stages, requires a
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four stages, the technique used here is still
applicable, because, as will become apparent
later, additional stages may readily be incor-
porated in the analysis. However, the resulting
equations would increase in complexity and the
accuracy would decrease.

2. RATE EQUATIONS

The system considered below is a vertical,
packed column, whose load of wet solids is
being dried by an ascending flow of a gaseous
drying medium. For a cross-sectional area of
unity for the column when empty, a material
balance for the transfer of moisture from the wet
solids to the drying medium yields the following
differential equation:-

dx _

de ps dy’
In the same drying zone an energy balance for
the transfer of heat from the drying medium to

the wet solids gives the approximate differential
equation (heat losses are neglected):

G aH,

~Xm,-n)=- (1)
P

special analysis of the transfer of heat and d—X - C’—Xﬂ - 9595 = _Z
moisture for each individual stage. Should it be ¢ 4 A dt Aps
required to handle materials whose drying (T —T) = C,G fiﬂ )
characteristics are represented by more than Mo T W= Aps dy’
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F1G. 1. Stagewise progress of drying shallow samples.



678

Coefficients of heat and mass transfer, here
expressed on a volumetric basis, are directly
related to the corresponding coefficients on an
area basis through the specific surface area of
the packed material. Equations (1) and (2), in
conjunction with generalized drying character-
istics, will now be used to derive expressions for
changes in moisture contents, humidities, and
temperatures during each of the four stages of
drying. (Note that throughout this paper nega-
tive numerical values are implied in all symbols
that express rates of drying.)

3. DRYING AT CONSTANT RATE

The following analysis is carried out on the
assumption that a gaseous drying medium of
constant temperature and humidity is employed.
Under these conditions, commonly aimed at for
controlled drying in industry, T, remains ap-
proximately at the wet bulb temperature of the
drying medium, and H, at the surface of the
solid remains nearly equal to the saturation
humidity at T

3.1. Temperature variation

On the basis of the two right-hand terms of
equation (2) the temperature change in the
drying medium may be expressed by:

dT, U
S o (T, - T,
T AR @)

in which T, is the nearly constant temperature
of the solids. The solution of equation (3) is:

L=T+(T-T)e™, 4

where T; is the constant temperature at the gas
entrance to the bed, and

“=CG )

U
g
3.2. Humidity variation

From the two right-hand terms of equation
(1), the differential equation expressing humidity
changes in the drying medium is
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dH, K

& =g H—Ho ®
in which H, is the nearly constant saturation
humidity near the surface of the solids. The
solution of equation (6) is

Hg = Hc + (Hl - Hc)e‘ﬁ)" (7)

where H; is the humidity of the gas at the
entrance to the bed and

K
B= G @®)

3.3. Moisture content variation

An equation for the change of moisture con-
tent in the solids may be obtained from the two
left-hand terms of equation (1), modified for the
constant-rate stage of drying:

ax _

dr

Combining equations (7) and (9) leads to the
partial differential equation:

K
- —(H.— Hy). ©)
Ps

(). 4
hinly —Br 1
( 5 t)}. Be™#, (10)
where
-XH-H)
The solution of equation (10) is
X=X,~ Bte™# {12)
with initial conditions X = X, at t = 0 for all

values of y.

From equation (2) the change in moisture
content may also be expressed in terms of
heat-transfer data, as follows:

dX U
o ”;1“‘5;(7;— T). (13)
From (4} and (13),
7).¢ U
Y - - 2T - —ay 1
QJ T (4
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the solution for the same initial conditions as
equation (12) being:

X=X,— Ate™ ™, (15)
where
U
A= E(TE - T). (16)

For the following reasons it is desirable to
describe the progress of drying in terms of either
of the two sets of physical parameters of
equations (12) and (15), respectively:

1. Either heat-transfer coefficients or mass-
transfer coefficients (but less frequently both)
could be available from published work on
the product concerned.

2. Determinations of transfer data for un-
familiar products can for some practical pur-
poses be limited to heat-transfer data, which
are the more accurately measured [20].

3. Only this arrangement enables one to study
coupling between heat and mass transfer
during drying and to define the course of the
process in terms of unmixed transfer para-
meters, as in the next sections.

4. DRYING AT CHANGING RATES

An analysis will be made of the most general
case of drying, viz. when the initial moisture
content X, of the wet material is greater than
the first critical moisture content X ;. The drying
characteristics for this situation (see Fig. 2) may
be represented by one constant-rate stage
(CR)(y), one increasing-rate stage, and two
falling-rate stages of the material being dried,
and the drying medium goes through the fol-
lowing changes: during the constant-rate stage,
the temperature and humidity of the drying
medium at any given point in the bed depend
only on the height of the point from the bottom
of the bed ; but after the bottom layer of packed
material has reached the critical moisture level
X, the psychrometric condition of the drying
medium becomes a function of time also. Sub-
sequently the rate of drying of the bottom layer
gradually diminishes and the ascending drying
medium gradually becomes less cooled and less
humidified; only where the drying medium
enters at the bottom of the bed are its tempera-
ture and humidity constant at all times (as
specified for the present analysis). This gradual
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Fi1G. 2. Stagewise progress of drying deep packed beds.
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improvement in the drying power of the drying
medium is the reason for the increasing-rate
stage of drying of material within the body of
the bed.

4.1. Increasing-rate stage
(a) Moisture variation. The moisture content
of material at any level of the bed is reduced from
X, to X, (Fig. 2) at the rate:
¥ = (RO + X - X)),
which was derived from an analytical expression
for slope k of the increasing-rate curve. In
practice, slope k does not appear to change
greatly for various levels of the bed [21] and
will be assumed constant for the present ana-
lyses. In general, accordingly, an average slope
should be estimated from measurements at a
middle level of the bed. The solution of equation
(17) is (see Appendix A):

(17)

X=X,+ ge"”‘ [D —exp {k(t —t7)]}.  (18)

(b) Humidity variation. An expression for
changes of humidity in the drying medium
during the increasing-rate stage may be derived
from the two right-hand terms of equation (1):

dH,

& + BH, = BH.
Also, during the increasing-rate stage of drying
the humidity H, of air at the surface of the solids
is approximately equal to the humidity of
saturated air at the surface temperature T,
which increases as local conditions (temperature
and humidity) of the drying medium gradually
improve. H, is now therefore a function of time
and height and must be determined for substi-
tution into equation (19). The subsequent solu-
tion of equation (19) is given in Appendix B,
producing

(19)

B
Hg=r+bX‘,+|:H,-—-r—bX,,+p—IIE—y

x {D — exp [k(t — tz)]}] e (20
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(c) Temperature variation. An expression for
the temperature of the drying medium, also
changing with time and position in the granular
bed, may be derived from the two right-hand
terms of equation (2):

dT,

—2 + aT, = aT,

3 @)

together with the linear relations between solids
temperature and moisture content (discussed in
Appendix B):

T,=q + aX. 22)

It is now desirable to express X in terms of
heat-transfer data, viz:

X=X,+ —Ee'“" {D — exp [k(t — t,)]}, (18a)
the derivation being analogous to that of equa-
tion (18). Combining equations (18a), (21) and
(22) leads to:

0T, _ A _,,
(Fy—)t+a7;—aq+aa [Xo+ e

x {D — exp [k(t — t,)]}] . (23)

The solution of equation (23) [ mathematically
equivalent to equation (B.4), which was the
basis for equation (20)] may be obtained by
replacing the mass-transfer parameters f, b, B,
H,, H, r in equation (20) by the corresponding
heat-transfer parameters «, g, 4, T,, T,, g, giving:

aaA

T,=q+aX, + [E—q—aX,,+ s

% {D — exp [kt — m]}] v (24)

4.2, First falling-rate stage
(a) Moisture variation. During the first falling-
rate stage of drying, the moisture content of the
granular bed is reduced from X, to X,, as
shown in the drying characteristics of Fig. 2.
During drying of materials with a high initial
moisture content, (FR) may be considered to be
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nearly independent of y, i.e. the drying rate is
approximately (FR) in any level of the bed once
the moisture content in that level has been
reduced to X, [21]. However, as shown numeri-
cally in Section 5 and analytically in Appendix
D, the moisture content will not at any given
moment be equal to X, in all levels, but could
be considerably lower in the bottom regions
when it is equal to X, in the upper regions.
These regions would then receive drying medium
that had been only slightly cooled and humi-
dified during its ascent through the bed; this, in
fact, is the reason why (FR) is nearly constant.
The rate of drying in this stage may be
described by the differential equation:

4X _ FR) +

[(Im () — (FR
dt

) .
Xl - Xz ](X - XZ)s
(25)

which was derived from the slope of the drying

curve extending from X, to X,. The solution of

equation (25), worked out in detail in Appendix
C,is:

sy

FR) + vf

Uy

(FR)]

X=X2+ [Xl—Xz""
L

x exp [—mft — t)],  (26)

the transformations expressed by u,, and v, being
defined in the same appendix.

(b) Humidity variation. Derivation of an ex-
pression for changes of humidity in the drying
medium may now be based on equations (19,
26, B.3), using values for b, r, and X in equation
(26) that are applicable in the first falling-rate
stage. This leads to the partial differential
equation:

Bb(FR)

b

oH, _
(a_y), + BH, = Bir + bX5) +

(FR)
Uy
x exp[—wuit —t)], 27
the initial conditions (i.e. when y = 0) being:

Uy
+ ﬂbvbk [Xl —Xz —
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BD + E

Hg=Hi when ub=ﬁ~
1~ 2

L .
and vb=—I§+D.

This equation can be solved numerically, e.g. by
the Runge-Kutta method [24], on a digital
computer [25], and can be programmed as a
sub-routine in a main programme of the type
used in the present study.

(c) Temperature variation. A relationship ex-
pressing changes in temperature of the drying
medium with time and position may be derived
on the basis of equations (21) and (22). The
linear relation between temperature and mois-
ture content of solids, equation (22), assumed
for the small changes of T, expected during the
increasing-rate stage of drying discussed above,
has actually been confirmed theoretically and
experimentally for the larger changes of T,
expected during drying at falling rates [26]. The
expression for temperature changes:

T FR
%, +a7;=a(q+aX2)+aa( )
oy J, a
ta FR
+ aavt [X1 —Xz-(u )]
x exp [ —u,t — t))], 28)
in which:
ADe ¥ + E
= 9
="YX (29)
and
v, = %e‘”’ + D, (30)

may be solved by the same method as that
indicated for equation (27).

4.3. Second falling-rate stage

(a) Moisture variation. During this stage of
drying—the hygroscopic stage—the moisture
content of the granules is reduced from X, to
X, at a rate which, for equal values of X, tends
to be the same for all locations in the bed [27].
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Also:
dx
T MX-X,) (31)
in which:
(FR)
M=——"
X, - X, (32)

Equation (31) was solved in Appendix D and
gave:

-M
X=X +X,—X)o, *
X, - X *
Ny [1 - ub(_(ﬁo_‘)] exp [M(t — ). (33)

(b) Humidity variation. An expression for
humidity changes of the drying medium during
the hygroscopic stage may be derived by com-
bining equations (19, 33, B.3), giving:

(%> + BH, = Br
9y )

=R

+ Bb {Xe + (X, — XJv,

-M
y [1 _ u(X, — Xz)] “

(FR)
x exp [M(t — t,)]}. (34)

Strictly, the linear relation expressed by equa-
tion (B.3) holds good only when H, is the
saturation humidity at T,. Although the drying
medium near granular surfaces is not saturated
during the hygroscopic stage of drying, equation
(34) will be assumed valid. Its practical applica-
tion would require that b and r be determined
for the particular material to be dried, and in
the case of large variations in the temperature
of the material it might be necessary to deter-
mine various values for b and r over various
intervals of moisture content of the material.
Equation (34) may be handled in the way
indicated for equation (27).

(c) Temperature variation. In accordance with
the above discussions, temperature changes of
the drying medium may be derived by analogy
with equation (34):

ot
il T =
(ay)'ﬂg %
-M
k

+ aa{Xe + (X, - X))y,

X, - Xp] =
U, 1 2 Ha
8 [‘ "7 (FR) ]
x exp [M(t — t,)]}, (35)

which is solved as indicated for equation (27).

5. NUMERICAL EXAMPLE

Application of the above theory will now be
demonstrated by using equations (12, 18, 26, 33)
to calculate changes in moisture content during
large scale drying of grain (wheat) with warm air.
Numerical values for the following constants in
these equations were mainly determined on the
basis of small scale laboratory experiments
carried out elsewhere [21] at an air temperature
of 20-4°C, an air humidity of 55 per cent r.h.
and an air velocity of 1-38 m/s.

(FR) = —0-10 kg/kgh, from [21];
k  =88h7 ! from[21];

X, =075kg/ksg, from[21];

X, = 065kg/kg, from [21];

X, =055kg/kg, from [21];

X. =010kg/kg, from [21];

~ (. - H) = 16 kgheh;

B

D = 1 — kt; = 0-449 (dimensioniess);
E =L + (FR) = 078 kg/kgh;
G

K

Vp, = 5930 kg/hm?;

_ o W4x* e 3

ST @, @, - Ey  vkeAm
(kg/kg);

L = k(X, — X,) = 0-88kg/kgh;

* (dX)/(d?). = rate of drying in the constant rate stage.
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(FR)

e R LS. ‘22 -1,
M X, - X, 0222071,
X, - X
t; = w“—B——’— = 00625 h, from equation
(12)aty = 0;

B =§=8m’1‘

Under the specified drying conditions one
would therefore expect the moisture content of
wheat to decrease from 075 to 0-1 kg/kg over
the four following regimes:

O. MYKLESTAD

calculated for material situated at y = 0 was
—16 kg/kgh which checks exactly with the
experimental data. The falling rate calculated
for material situated at 0 < y < 2 m and having
a moisture content of about 0-51 kg/kg, was
~-0094 kg/kgh + 3-5 per cent as compared
with the experimental value of about —0-085 kg/
kgh.
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Regime 1 4 X = 075 = 16te™®,
g limits: 075 > X > (075 — 0-1e™®).

Regime 2 {limits: 075 ~ 01 e's-") > X > (065,

X = 0775 + 0-182¢ {0449 — exp[8-8( — 0:0625)]},

(12)

{18)

X =055-1/72¢7% + 78) + [0-1 + 1/(72e™% + 78)].

Regime 3 { (055 ¢8” + 0-449)(0818e"40888) gy [ (7278 4 7:8)(r — 0:0625)],

limits: 065 > X > 055,

(26)

X=01+ 0‘456-0-222(t~0~0625).(0.55 eBy + 0.449)(%025’

Regime 4 ¢ (72e™% + §8)0222(72e7&478),
limits: 0-55 > X > 0-10.

(33)

These four equations were numerically evalu-
ated on a CDC 3200 digital computer, the
results being given in Table 1. A packed bed
2-m high was considered for this numerical
example, which illustrates a number of features
discussed in this paper. Drying of the bottom
iayer (y = 0) proceeded rapidly in the beginning,
and in this region the first critical moisture of
0-65kg/kg was reached in about 006h, as
compared with about 1-8 h at a height of 2m.
The times needed to reach the second critical
moisture content of 0-55 kg/kg in the same two
Iocations were about 0-25 h and 2 h, respectively.
From Table 1 it may also be seen that the drying
front started at a height above the bottom of the
bed of 0-6 m and that it needed 1 h to advance to
the top of the bed. The following rates of drying
may be calculated from Table 1 and compared
with the experimental data on which the numeri-
cal data was based [21]. The constant rate
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APPENDIX A

Solution of Equation (17)
By appropriate substitution in equation (12)
one obtains:

X; =X, — Btje®, (A1)

685

in which ¢, is the time (single valued) required to
reduce the moisture content from X, to X,
(or from X, to X, at height y = 0). The constant
drying rate (CR) (y) is expressed by equation (10),
which with equations (17) and (A.1) leads to:

ot

a general solution of which is:

(LX) — kX = Bkt — e P —kX,, (A2)

B
X=X+ —Ige"”' + C,e¥,  (A3)

in which:
D=1-kt,. (A4)

Since equation (A.2) expresses the partial
differential of X with respect to t at constant y,
the integration factor C, in equation (A.3)
could be either a constant or a function of y.
Substitution of X and ¢ in equation (A.3) by their
boundary values X, [from equation (A.1)]
and t; respectively, leads to C, as an exponential
function of y:

B
Ci=—Zoxp [~y +kg)  (AS)

and the specific solution of equation (A.2):

X=X,+ ge‘”" {D — exp [k(t — t)]}. (A6)

APPENDIX B
Solution of Equation (19)
H, in equation (19) may be expressed as a
function of X from the total differential:

oH, oH, oT,
dH, = > dX = 7T 4% (BD

H, vs. T, is a logarithmic function [22] which
may be linearized over temperature intervals
of up to 30 degC [23]. Since variations in T,
are expected to be considerably smaller than
30 degC during the increasing-rate stage of
drying (inspection of a psychrometric chart
indicates 10 degC as a likely maximum figure),
O0H /0T, in (B.1) will be almost constant. Further,
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in view of the rather small variation expected for
T, 0T,/0X may also be linearized, yielding:
I, =q+aX, (B.2)
and equation (B.1) can be integrated to:
H,=r + bX.

From equations (18, 19, B.3):
0H,

hatnied H =
(6}7 )t + ﬂ g ﬂr

+ Bb [XO + ge‘” {D — exp [k(t — t,)]}],

(B.3)

a general solution of which is: (B4)
H,=r+bX, + %Bi
x y{D — exp [t — t)]} e~ + C, e
(B.S)

The constant of integration C, may be deter-
mined from the boundary conditions, i.e.
H, = H; when y = 0 for all values of ¢, and the
specific solution of equation (B.4) is:

Hg=r+on+[H,-—r—bX,,

+ g%gy{D — exp [k(t — t,)]}] e  (B.6)

APPENDIX C
Solution of Equation (25)

The peak rate of drying (IR) (y) may be
determined from equation (A2) at X = X,
thus:

(IR)(y) = — BDe ™ — (X, - X,;) (C1)

which, combined with equation (25), leads to
the partial differential equation:

0X
(—) + X = (FR) + u,X,,
at ).,

where the transformation:

_ BDe ™ # + E
BE T, o x,

(C2)

(C3)

O. MYKLESTAD

has been made, and :

E=KkX, - X,) + (FR). (C.4)

The quantity E is constant, since (FR) is assumed
constant [see Section 4.2(a)].
A general solution of equation (C.2) is:

(FR)

X =
X, + ”

+ Ciexp (—u), (C.5)
in which the integration factor C; could be
either a constant or a function of u, [cf. equation
(C.2)]. The value of C; may be determined by
introducing into equation (C.5) the conditions
prevailing in the beginning of the falling-rate
stage,ie. X = X, whent = t,. The y-dependent
t, may be derived from equation (18)at X = X, :

L 1/k

in which:
L=kX,—- X,) (C7)

Inserting now X, and ¢t; [i.e. equation (C.6)]
into equation (C.5) leads to:

%
C, = I:X1 -X, - (FR)] [Ee”" + D]
u, B

C8
exp (upt)), €8
and from equations (C.5) and (C.8):
23
FR
X=X2+( )+Ub [XI_XZ
b
(C9
FR
. )} exp [—u(t — )],
Up
where :
b, = (1: e” + D>, (C.10)
B
APPENDIX D
Solution of Equation (31)
A general solution of equation (31) is:
X=X,+C,eM, (D.1)

the initial conditions being: X = X, when
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t = t,. Time t, is dependent on y, as was pointed Co=(X,— X)e M, (D.3)
out in Section 4.2(a) and may be derived from

equation (26) at X = X, produces the special solution
-M

1 X=Xe+(X2—Xe)vbT

e [I_M] D2 - x,)]
t;=1; +Inv (FR) (D2 x[ —Mé,—ﬁ)iﬁ] exp [M(t — t7)].

which, together with: (D.4)

Résumé—Le processus transitoire du séchage de matériaux granulaires dans des lits fixes est analysé et
I’on obtient les équations exprimant les teneurs en humidité et les températures du matériau et du milieu
désséchant en fonction du temps et de I’endroit dans le lit.

Tandis que la teneur en humidité des grains peut étre exprimée a I'aide de fonctions exponentielles
ordinaires de ces variables, ’humidité et la température du milieu désséchant demande en outre des
solutions numériques. La théorie est établie pour le séchage des matériaux avec quatre régimes-—un
régime A vitesse constante, un autre i vitesse croissante et deux & vitesses décroissantes—et devrait
s’appliquer & de nombreux produits dans les industries chimiques et alimentaires, avec de larges applica-
tions si on la modifie convenablement. L’application de la théorie est démontrée pour le séchage forcé
d’un lit de grains de blé, en employant les résultats publiés pour évaluer les paramétres de transport
appropriés aux conditions spéciales du séchage et en utilisant un calculateur numérique CDC 3200 pour
calculer la teneur en humidité des grains en fonction du temps et de la position. Le programme Fortran
écrit pour ce calcul peut étre employé pour prédire le progrés du séchage d’autres matériauxtombant

dans la catégorie de I'analyse actuelle.

Zusammenfassung—FEs wird der instationire Vorgang der Trocknung granulierten Materials im Festbett
analysiert, und es werden Gleichungen fiir den Feuchtigkeitsgehalt und die Temperatur des Materials
und des Trockenmittels als Funktion von Zeit und Ort im Bett abgeleitet. Wihrend der Feuchtigkeits-
gehalt des Granulats in Form gewdhnlicher Exponentialfunktionen der Verdnderlichen dargestellt
werden kann, erfordert Feuchtigkeit und Temperatur des Trockenmediums zusétzliche numerische
Losungen. Die Theorie wird entwickelt fiir die Trocknung von Materialien in vier Stufen—eine Stufe mit
konstanter Geschwindigkeit, eine mit zunehmender und zwei mit abnehmender Geschwindigkeit—und
kann fir viele Produkte der chemischen und der Nahrungsmittelindustrie angewendet werden; bei
entsprechender Abénderung vergrossert sich der Anwendungsbereich. Die Anwendung der Theorie wird
fir die Durchtrocknung eines Granularbettes aus Weizen gezeigt, wofiir veroffentlichte Daten zur
Bestimmung der Ubergangsparameter der besonderen Trocknungsbedingungen und eine CDC 3200
Digital-Rechenmaschine verwendet wurde zur Berechnung des Feuchtigkeitsgehalts der Korner als
Funktion von Zeit und Ort. Das fiir diese Berechnung aufgestellte Fortran-Programm kann zur Bestimm-
ung des Trocknungsverlaufs anderer Materialien im Bereich der gegenwiirtigen Analyse verwendet
werden.

ABHOTAIHA—AHAJINBUDPYETCA HECTANMOHAPHHIY NHpOlecC CYIIKH 3ePHUCTHMX MAaTEPHANOB B
HEeMOABMKHKX IVIOTHHX CJ0AX. BHBefeHH ypaBHEHHA, RAlOIUe BIAroCOAEPIKAHME H TeM-
nmeparypy MarepHaja M CYIHJIbHOTO areHTa Kak QYHKONM BPeMEHH M NPOCTPAHCTBEHHHX
KOOpAMHAT, B TO BpeMA KAK BIArocOiepaHHe BePEeH MOKHO BHPABHTL 4Yepes OOLIYHHE
SKCNOHEHNHMAJbLHEE QYHKINM 3THX HNEePeMeHHHX, ONpefedeHNe BJIAMKHOCTH M TeMIEparypH
cpenH TpeGyeT MOMONHMTEALHHX YHCIEHHHX pacueroB. Teopua paspaGorana AuA MaTapHa-
JI0B, MPONECC CYMIKM KOTOPHX MOKHO PasGuTh Ha ueTHpe CTajiluM : NMepBafA CTAAMA — HpHU
TIOCTOAHHOR CKOPOCTH, BTOPAsA — MpH yBEIUYHBAOINECA CKOPOCTH U /(Be OCTaJIbHHE — NPH
H3A0IUX CKOPOCTAX cymku. Teopus NMpuMeHHMA K CymIke PaBJIHYHKX MPONYKTOB B XMMH-
YecKod ¥ NUILeBOH NPOMHIIUIEHHOCTH, M GOjee LIHPOKO, eCiIM e§ MOTMPUIMPOBATH HAIe-
wamum o6pasom. IlpuMeHeHHWe TeQPUMH NPOMJITIOCTPMPOBAHO HA IPHMepe HempepHBHON
CYUIKM 3ePHUCTOTO CJIOA NIIEHUIH, HCIIOILBYA OMyGINKOBAaHHHE NaHHHE A OHeHKH mapa-
METPOB TepPeH0ca, COOTBETCTBYIOIMX B3aJaHHHM YCIOBHAM CYIUIKH, a TaKM¥e NYTeM Ipume-
HeHuA NuQpoBol BeUKMCIHTENbHOM MammHH CIC 3200 min pacdera BIaroCojep»aHus sepHa
Kak QyHKIMH BpeMeHH U pacnoosxenus. IIporpamma QoprpaHa, COCTaBIEHHAA A FAHHOTO
cayyad, MOmeT OHTh HCIOJBL30BaHA AJA pacuieTa MPONECCa CYMIKU APYTHMX MATEPHAJIOB C
TIOMONIBI0 NPENJI0KEeHHOT0 aHAIN3A.



