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INTRODUCTION

Drying of most farm products is an essential post harvest operation.
Drying.opreanuts iike other crops is necessary for long term storage
without product deterioration. Fre;h peanuts when harvested may have a_
moisture content up to 200 percent (dry basis)‘(Troeger:Jgg_g;., 1972).
Normaily peanut plants with peanut pods on vines are removed from the "
soil and placed in the windrow for several days. The partially diigd

N -
peanutg are removed from tie vine and subjected to fdrced:convection
drying until the moisture content is-reduced to a safe levél. Tq save
time,and-deteriofation due tolinclement weather it sometimes becomes
necessary to dry the peanuts before they are partially dried in the wind- '
rows. It is neceésary'to know the drying performance of a drye&%sgv?arry‘.
out the drying operation properly and efficiently 'whether peanuts aré
freshly harvested or partially dried in wind;;Qs. )

Most drying on farms is doée in stationery bed dryers, éalled deep~-
bed or bulk dryers. Before a bulk drying system canfbe modeled it is: -~
eséential to accurately describe thé movement of moisture in a single .
peanut pod expésed to different but constant drying conditions. This is
alsoAcalled development- of axghi; layer model. Then, the bulk model can
be develdped based on the thin layer model.

Several investigators have studied the thin layen\grying of homo-
geneous, porous and hygroscopic bodies (Newman, 1931; Henderson, 1955;
Crank, 1956; Hendeféon aﬁd Pabis, 1961; Pabils and Henderson, 1961;

Young, 1969; Ybung and Whitaker, 1971a; Whitaker and Young, ‘1972a; and
many othe;s). fhgse models are not ade&uate for simulating the moisture

— s . <«
movement in the kernel and hull of a peanut pod, because they are all

«



applicable to one component system. Peanut pods are two components
systems consisting of kernels that are surrounded by hulls with different
material properties.

Young and Whitakef (1971b), and Whitaker and Young (1972b) made an

attempt to describe the moisture movement in a composite body of two

components with differing material properties. Although the pod does.

not have a simple geometric shape, they modeled it as a two component

‘

composite spherical body dénsisting of an inner spheric%l core of one
component (kernel) and an outer concentric shell of ;noth§; component
(hull). They assumed vapor concentration gradients to be the principal -
force in the movement of moisture. They also assumed vapor concentration
to be a linear function of moigture content within the pod.

Soﬁe investigatﬁré have considered liquid copcentration gradients
and others vapor concentration gradients aéifhe driving force in the
transfer of moisture in a bioloéical body, but no one has established
which is the true driving-force. In Manuscript-1 an attempt has beén
made to develop thin layer models based on moisture transfer describedegqm
by vapor diffusion and liquid diffusion equations separately using finite
difference techniques. . The ggmpariéon between vapor and liquid diffusion
thin layer models is made to determine the predominant driving force.

/
No single diffusion model (neither vapor nor liguid diffusion model)

can accufately describe the m;isture movement under ali\drying conditions.
Tﬂe author has foudd no feports of research considering the simultaneous
effects of vapor and liquid moistgre‘traﬁsfer in a two component system
lika a peanut pod. A mathematical model based on numerical_ﬁgqhniques

- «

was employed in Manuscript-1I for depicting moisture transfer in a single

peanut pod employing coupled vapor and liquid diffuslon equatioms.



Numerous researchers have reported the work done in the area of
bulk drying of hyéroscopic solids, Nelsoh (1961), and Kachru and Matthes
(1976) used the dimensional analysis approach. vHamdy and Barre (1;70)
used analog computer to solve the heaﬁ and mass transfer equation, this.w
approach was not followed in this study because the th}p layer models
deveioped here applied digital computer techniques. Simmonds, et g}.:.

(1953) reported the_performance of a.grain drv - P ~v his pro-

o

v

cedure to be within>i 10 percent over the range of éondigions covered
in his investigations; Clark, gg,gi., (1968a, 1968b) foliowed the pro-
cedure outlined by Simmonds,rgg_gi., (1953). Work reported by Bakker- .
Arkema, et al., (1967), Myklestad (1968), and Thbm;;'son (1968) could not
be employed easiiy be;ause their thin layer models involved explicit
type of drying equatibné (e.g., constant dgying fate). Considering the
thin layer models developed in this'study,rzgé general approach followed
by 0'Callaghan, gglgl;, (1971)'waa found most suitable in tﬂe develppment
of bulk m;del.

Manuscript-III consists of the development of bulk model. It compuheg
the change in the moisture content of a fhin layer in a deep bed based
on the thin layer model. The flow.of air is assumed to be constant for
a small but finite time interval. From the mass balance, the heat balance
and the heat transfer equations, the temperature of«;hg:material in the
}ayer after the elapse of a small time interval is computed. Layer to
layer computationg are &one from the bottom to the top of fhe dryer for
; particular ﬁime interval. The same procedure is repeated for the next
time interval and so on. O;Callaghan, et al., (1971) did natwjnclude

heat loss to the surroundings but these relations were modified to in-

clude this effect.



LIST OF REFERENCES

Bakker-Arkema, F. W., W. G. Bickert, and R. J. Patterson. 1967.
Simultaneous heat and mass transfer during the cooling of deep bed
of biological products under varying inlet air conditions. J. Agric.

“Engg. Res. 12(4):257-307.

Clark. R. G. and W. J. Lamond. 1968. Drying wheat in two foot beds.
Part I: Rate of drying. J. Agric. Engg. Res. 13(2):141-148.

Clark, R. G. and W. J. Lamond. 1968. Drying wheat in two foot beds. - - .
Part IV: Residual moisture content. J. Agric. Engg. Res. 14(1):
26-31.

: 4 .
Crank, J. 1856, The Mathematies of Diffusion. Oxford.University Press,
London. : '

Hamdy, M. Y,-and H. J. Barre. ,1970. Analysis and hybrid simulation of
deep-bed drying of grain. Trans. ASAE 13(6):752-757.

Henderson, S. M. and S. Pabis. 1961, Grain drying theory. {;Temperaturg
effect on drying co-efficient. J. Agric. Engg. Res. '6'(3):169-174. ...

Henderson, S. M. and R. L. Perry. 1955. Agricultural Process Engineering.
John Wiley and Sons, Inc., New York.

2
Kachru, R. P. and R. K. Matthes. 1976, Kinet¥es of batch drying of
deep-bed rough rice using dimensional analysis. Cereal Chemistry’ -
53(1):61-71. ‘

Myklestad, O. 1968. An analysis of transient flow of heat and moisture -
during drying of granular beds. Int. J. Heat Mass Transfer 11:675-
687. : -

Nelson, G. L. 1960. A new analysis of batch grain-dryer performance,
Trans. ASAE: 3:81-85,88.

Newman, A. B. 1931. The dryi;g‘of porous solids: Diffusion and
surface emission equations. Trans. Am. Inst. Chem. Engrs. 27:203-
220.

0'Callaghan, J. R., D. J. Menzies, and P: H. Bailey. 19%1. Digital
simulation of agricultural drier performance. J. Agric. Engg. Res.
16(3):223—244.‘

Pabis, S. and S. M. Henderson. 1961l. Grain drying theory. 1II: A
critical analysis of the drying curve for shelled maize. J. Agric.
Engg. Res. 6(4):272-277.

— - -



LIST OF REFERENCES (continued) -

Simmonds, W.H.C., J. T. Ward, and E. McEwen. 1953. 'The drying of whaat
grain, Part II: Through drying of deep beds. Trans. Instn. Chem.
Engrs. 31: 279-288. -

Thpmpson, T. L., R. M. Peart, and G. H. Foster. 1968, Matheméfical
simulation of corn drying - A new model. Trans. ASAE 11(4):582-
586. ‘ E o

Troeger, J. M. and J. L. Butler. 1972. Curing peanuts ;1th periocdic .
high temperatures. J. Am. Peanut Res. and Ed. Asgoc., Inc. 4(1):
82-88.

Whitaker, T..B. and J. H. thng« 1972a. Simulation of moisture movement

in peanut kernels: Evaluation of diffusion equation. Trans. ASAE
15(1):163-166. '

Whitaker, T. B. and J. H. Young, 1972b. Application of the vapor-
diffusion equation for concentric spheres in describing moisture
movement in peanut pods. Trans. ASAE 15(1):167-171, 174.

Young, J. H. .1969. Simultaneous heat and mass transfer in a porous
hygroscopic solid. Trans. ASAE 12(2):720-725.

Young, J. H. and T. B. Whitaker. 1971a. Evgluation of the diffusion
equation for describing thin—layer dryin”‘of peanuts in the hull.
Trans, ASAE 14(2) 309-312.

N

Young, J. H. and ‘T. B. Whitaker. 1971b. Numerical analysis of vapof
diffusion in a porous composite sphere with concentric shells.
Trans. ASAE 14(6):1051-1057. ’



MANUSCRIPT - I

A Study of Diffusion Equations Describing Moisture
Movement in Peanut Pods - I

Comparison of Vapor and Liquid Diffusion Equations1

by

“,

Manjeet S. Chhinnan and James H. Young2

-

~

1Paper number 4920 of the Journal Series of the North Carolina
Agricultural Experiment Station, Raleigh, N. C.

2Craduate Student aud Professor, respectively of the Biological
and Agricultural Engineering Department, North Carolina State University,

Raleigh N. C. R . -



INTRODUCIION

Forced convection drying has developed into an essential operation

in modern peanut processing practices.- Accurate prediction of drying

" rates of peanute under various conditions is of great importance in the

design of drying systems and in qualit& control of the final product.
In order to eccurately.describe the moisture movement in deep‘bed drying,)
it is 1mportant to understand*the movement of moisture in an individual
pod baged on physical laws represented by a mathematical model
A-great deal of work has been reported on moisture transfer in homo-
geneous perous, hygroscopic bodies using either vapor diffusion or liquid
diffusion equations .(Henderson, 1955; Crank, 1956; Young aud'Whitaker, .
1971, Whitaker and Young, 1972a; and many others). As pods consist of
two major components (kernels and hulls), differing in material properties,
Whitaker and Young (1972b) attempted to describe the moisture movement in
a peanut pod modeled as teo'concehtric shells and using the vapor concen- -
tration gradient as the driving force for moisture transfer. -
.It is not known whether a vapor concentration or a liquid concentra-
tion gradient is the. true driving force in the transfer of moistur:. .The
objectives of this study Qere (53 to develop two mathematical models, one

aesuming moisture movement by vapor diffusion aad the other by liquid

diffusion, -(b) tokcompare the numerical solutions for Eﬁahe two models.



THEORETICAL CONSIDERATIONS

" The peanut pod does not have a simple geometric shape, but to
simplify the theoretical analysis, it is necessary to model the pod as
a perfect geometrically shaped body. - lnvestigations of Whitaker and

Young (Young and Whitaker, 1971; Whitaker and Young, 1972a; anx Wﬁitaker

and Young, 1972b§‘on moisture movement in peanuts in the hull and shelled
peanut kernels suggested that the peanut pod may be considered a composite
spherical body of two different materials. The model used-in this study
for vapor diffusion and for liquid diffusion was a composite:spherical
body consisting of an inner spherical core of one component (kernel) and
an outer concentric shell of another component (hull). Each component
was further sgbdivided into concentric shells of thickness Ar.

Assumptions made in the analysis are:

(a) The mass diffusivities of the kermel and“hull are constant.

(b) Shrinkage is negligible. .

(c) There are no capillaty effects,

(d) There is no change in void space. .

(e) Solid and vapor reach equilibrium instantaneously. <

(f) Body comes into thermal equilibrium instantaneously with the = .

environment. . ] . .o

(Modified Lewis number, Le » defined by Young (1969) is greater than 60
(Xoung and Whitaker, 197lb), thus the heat transfer equations can be
neglected). ; /////

In contrast to the work of Whitaker and Young_(lQZZhl\the present
study (a) had the provision to use non-linear relationships between mois-
ture content and relative hﬁmidity, (b) used Crank-Nicholson's method
(implicit form) télobtain converging solutions to the diffusion equations
for all values of time and space increments (Carnahan, et al., &969),

— .o
and (¢) allowed different space increments for different materials in the

composite body.

Mo,
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In Crank-Nicolson's finite difference mefhpd, partial derivatives
of a function C with respect to space j(r) and time (t).are approximated

as follows ('i' and 'nf correspond to space .and time step, fespgctivély).

——

ac By N T T NN U IV R o v
a? . 1 2] Z_Ar 2Ar - : (l)
i,n+§ : .
32¢ 21 Ci+1in -2 Cilg + Ciéif; +
p Ar? 7
o 1,0t
!n 2 s
s S :
Cott,ntr = 2 01 * Cigpn
, , 2 Z
o K N Ar . . (2)
-
1 N ™~ .
5 = 2t Cyner 7 Cad . @
1
i,§+§
where
C = C(r,t)
Ci+1,n+1 = C(rir,tdt)
Ar = increment in space
. b
At = increment in time —
. - : ~

4 - .

Vapor Diffusion

~

The equation describing the movement of vapors in jth material along

with initial and boundary condition$ are:

—_—
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- oC aC i
1 3 (2p, ) =£f, —+ (Q-£)d
Z %% %73 er ',jat 17 sy 3t
,ﬁl(r;p) Mbl - t=o0,0<r <R
Mz(r,t) = M°2 t = o, Rl <r §_R2
3C(r,t) =0 t=o0, =0
ar .
“/
Cclr,t) =‘Ce(t); > o; r= R2
\rhl(r,?) = th(r,t) t=o,r= R1
Where T
~

d_ = dendity of solid, kg per cu m
£ = void‘fraction
" r = distance from center of sphere, m

rh = relative humidity,'decimal
t = time, hrs. e
C = vapor concentration, kg per cu'm

D = vapor diffusivit&,‘sq m per hr

N .

M .= moisture content, dry basis, dgcimal, and
Supscript
o = initial val;e
v 1= kernel-
. 2= hull
e = environment

.
n

jth material

.

%)

)
®)

N

(8

€)]
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For a general situation let the moisture’ content within a material
be some function of vapor concentration and temperature.
M, (r,8) = M IC(r, 1), Tlr,t)] o)
[Note: T(r,t),=_?e(t) from assumption (f)]

where

T = absolute temperature, K

%)

M, M M, 3T
.1 3 ., i . e (11)
ot ac 3 9T, 3t

Substituting (11) in (4) and rearranging the terms we obtaln

%

' 9%c '2 ac _ . aC 1 '
2r2 VT 3r Yy 3t * Bj 12

Where ) d

fi - ss M, : -

YT ot @) 5t - et (13)

| 3

d
S. T
= (1-f,) —d1 M e .

Bj @ fj) D, 3Te at S as

- (a) General Solution

—

To solve equation (12) using the:Crank-NiCOlson megﬁad, equations

(1), (2), and (3) are substituted into (12). After rearranging the terms:
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1 s 1

i1 g Y5
Garzy . zmr].) Ci1ntr ¥ C w7 50 Cion T
o1 1., .- . =
28r7 + 2rArj) Cit1,nt1 [:( 2ac2y T 2rArj) Cian®
S S N SN SR S asy
Aij At? Ti,n 2412j ZrArj i+l,n 3j

(b) Solution at Center of Sphere (r = o, i =1, j = 1)

%4

The diffusion equatioﬁ represented by (12) is not-valid at the

center because of the indéterminate‘quantity %- %% at r = o.
v )
Now,
2
™o . . (16) .t
r=o
for 1 = 1, 1
L
a%c - L - -
ar2 a 2Ar21 [-Z,n 2 Cl,n + Co,n + C2,n+1
P
» '2 .
2C a1t Co,n+]ZI an '
Since C0 n is a hypothetical value and also the condition %%— =0
’ ) r=o0
must be satisfied, it is necessary that C =C .
o - o,n 2,n

Substituting (3), (16), (17) and C = C into (12)\and rearranging
» o,k 2,k )

the terms, gives

Y1

-+

3, ¢ 3 Y1
At Ar21 1,n+l

oM, 3
T ae] Cy o nel [( At T Ar21) 1,0

. , 5 ,
- BrZ] Cont 31] e
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(c) Solution at Interface of Two Materials (1 = J)

It is assumed that the equilibrium conditions at the interface are
achieved instantaneously. This means that if_C;'n and C} o 8re the vapor
. . > s

"

concentration at the junctioa"fﬁ the inner material and outer material

respectively, then

c = C ~ {implication of (9)) N (19)

Let Q1 and 02 be the moisgure flow from point J-1 to J and J to J+I1,

respectively (Figure 1).

Ar, : -
4w (r - —2-1)‘2 D, (%%)

G - 11 (20
JT, n+é-
: ’ Ar - +
= - —J+1y2 3G :
Q= =47 (c+—=)" Dy, ED L N OIY)
J+5, nty
ty o
12

The differences (Q, - Q,) must be equal ﬁo the moisture stored in
1 27 - -

)/2 in Figure 1, then

the shell of thicknegs (Arj + Arj+1
2 .
r<Ar - r2Ar,
P 1 IO 1 ok S
Q1 Q2 4 7 5 yj (at) L + Bj + 47 5
J,n+§
+
. 3C
Yy G YA 22)
J,n+§

7

The Crank-Nicolson finite difference representations of the partial

derivatives of C with respect to r involved above are

: J,n+1'CJ—1,n+1) +1 (C J,n - S3-1,n
1 +l Ar 72 - Ar

_2’ ey 2 j j
- e

(c

5C ;
Gy ) (23)

-1
3 2

oy
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_ o , ot
act 1 Ssrnir T G o CJ+1 a " Can
G= =5 ( ) + ,( ) (24
T 1 1 2. . Arj+1 i 2 Arj+l

J+, ot : &
2 2 <.

Substituting (19) - (21), (23) and (24) in (22) and rearranging the

terms
DKy Gy gnen T KGR €y iy Y RoChann T MGl
FARHGRY O m Ky Can Ky _ 25)
where
D, - Aar . 2 .
= -y -
K, = g (- —5D) (26)
h|
1"KZ = —J———z (r + —J-—) 27
Ar ,
j+1
2 i
Ky = 52 (V424 A"j Y541 j+1 i) (28)
K, = Ar,D, + B ) ' 29)

4 (Bj 325 * Byl f

It is assumed that at time t = o, the outermost surface (i=nt+l)

is in equilibyium with the environment. If Ce n is the vapor concentra-
Zdhaies S , 4

tion’ inrhe environment, then in equation (15)
o .
= TN
Cis1,n+1 Co,n+1 (39)

i=N
‘Where . T
N = total number of sheJ.Is in the composite body.

— R ’ . ‘%
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Substituting equation (30) into (15) along with equations (18), (15)
and (25) comprise a tridiagonal system of equations and can be solved
readily by the Gaussian elimination method (Carnahan, et al., 1969) to
obtain vapor cohcentration'values Ci,n+1 when Ci,n values.are known.
Thus, knowing initial concentration values from iuitial Eoisture condi~
tions, along with the hiétory of environmental changes in concentration
and temperéture,_vapdr~concentration at any uoint and at any time can b;
described by solving the above described tridiagonal syscem of equations
for successive time increments. %7

Moisture distribution at any time in the composite boéy can be
numerically eualuated by using fhe relationship between moisture content

and vapor concentration. There is no restriction concerning whether the

relation between. moisture content and vapor concentration has to be
explicit. i

. ™.
Liquid Diffusion .
The partial differential equation describing liquid diffusion is

spherical co-ordinates, for jth material is: -

2
wheré
r = distance from center of sphere, m I -
C = liquid concentration at r, kg per cu m
D.JI = 1iquid_diffusivity of jth material, sq m per hr
¢ = -

time, hrs
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Initial and boundary conditiens are desecribed by equations (5) to (9)
except that C corresponds to ‘liquid concentration.

P

(a) General Solution

Subgtituting the Crank-Nicholson relations (1) to (3) in equation
;

(31) and simplifying gives:

1 1 1 1

Garz, ~ Tmar Cii,o T Gz taeml Ciae T
hf ki 3 J
PO S ~ 1 1 )
Garz A 2rArj) X (Copp,min) = -.(ZAij + 2rArj) Ci-1,a %
1 1 11
(Arzj - AtDj) Ci,n - 2Ar2j + 2rArj) Ci+1,n (32)

(b) Solution at the Center of the Sphere (r =0, 1 =1, j = 1)

Based on arguments parallel to those in ngp:.diffusion, f@e solution
. .
at the center of the sphere for liquid diffusion is,

a

3 1 3 |3 1
-G Y o) Cen T Cnn T [T T T Cin
1 T 1 1 ;
_ A—f-l Cyon (33)
1

(c) Solution at the Interface of Two Materials d=.J)

If Ql and Q2 are the moisture flows from point J-17te.J and J to
J + 1 respectively in Figure 1, then Q1 and Q2 are given by relations
'(20) and (21) except that C is liquid concentration instead of vapor

concentration.
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Similafly, -

2 _A:i acy J

- = 3G 2

Q Q2 4ur Dj 5 (3t) ; n+;l- +|47r 1)j+1 X
2

—J—< > . ‘ : (34) -

J, I‘H—z' N ) P

Subsi:itution of equations (20), (21), (23) and (24) into (34) and

simplification yields: 7 -
D > a4 oy
_i 1 _ l__ +>,[ ( - ) - ] C
7 (—_Arj r) CJ-l,n+l 2 °r 20t T, ol T
D Ar D -
j . j + Sl
- 2+1 (% + Arl ) - 2A:1] CJ n+l + g+l (%-'- Arl ) X
U jHl ] ’ j+1
D 3
S I e 1 _ 1 _.‘l. X
Cyr1,n+1 G- ) CJ 1,0 [2 ( TS 1: IR
' D : Ar D ’ .
- S b R 1 jtl, + i+l 1 1
C; + = CH ) - 1c¢; - &+ ) X
J,n 2 r Arj+1 .2At J,n 2 T Arj+l ) n
CJ+1,n ) . : (35)

The system of equations obtained from the relationships (32), (33),
: N
(35) and substituting (30) in (32) does not comprise a tridiagonal
. ~. .
system because of 4 unkiiown concentration terms on the left hand side
of equation (35). It may be recalled that in vapor diffusion
+ - -
‘CJTn+l = CJ,n+1 . (38)

k4
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In 1idu1d diffusion, the relative humidity at the junction ig in
equilibrium but it does nog necessarily imply that‘éSG) wil; hold true.
Only if an explicit relation between liquid conceﬁération and rélative
humidity exists can either C+ or C be eiiminated to. transform the ébove
meﬁtioned system of equations into 4 %ridiagonal system. Thisjwould
enable the description éf the distribution-of iiquid concentratibn at~

any time in the material, which in turn would enable the description

of the moisture disﬁributiqﬁ by using the following relationship. [

-

Moisture cpnteng,é‘ffauid Concentration/density of the
material , . (37

*

Equilibrium Moisture Content Equations

The Smith Equatioﬂ (Smith 1947) and the Young (3-parameter)
Equation (Ybung 1966) describing the equilibrium qoisture relations
were uged in this study. These two nelatioﬁ%xhéve been reported
:(Young 1974) to fit tﬁéhexperimental.data better than other coﬁmonly
ugsed equations for predicting eqﬁilibrium moisture content.

" The Young (3-parameter) Equation consists of the follbwing set of -

relations:
= ' -
M=A (6 +a)+ B8 ‘ (38)
where B
A= me/w . (39)
B=poV/W ' > Go)
f = —— 0 (41)

“Th ¥ (I-th) E

(6 is fraction of surface of cells covered by a layer of bound

el

water molecules.) . -
— - «
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- : 2 ' X . .
_ _Erh -, E E-(E-1)Th, _ ¢ B
@ = - FEDh + B ln'g——if—f——o (E + 1) In (1-rh) (42)

(tog§1 amount of normally—condensed moisture measured in molecular

-layers);
E = exp [-(q;-qy)/kT] : (43)
th = C/CSat (relative humidity, decimal) - (44),

p = density of water, kg per cum

= saturated vapor cog;entration, kg per cum

sat ¢

k = Boltzmann's constant, cal per molecule per °k
M = equilibrium moisture content for a desorption prodéss,

decimal (dry basis)

9, = heat of adsorption of ‘molecules bound to surface of cells,

cal per molecule

= normal heat of vapogi%ation of water, mpleéules, cal per molecule
3 e

V_ = volume of molsture in a unimolecular 1a§er of water molecules on

the surface of the cells, cum
V= amouﬁt of adsorbed moisture at saturation, cu m
W = mass of dry-material, Kg

Parameters A and B defined above vary with temperature, i.e., if,

v 4 : . b
AT W Po .
N %
and
v “\‘\
By =%
tﬂen - -
AO :
A=—p - ’ . (45)
Po , . .
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and

"B = Bop/po . (46)
a

where Ao,'Bo and o, are values of A, B, and p at a reference tempera-
ture, respectively. To evaluate E at any given temperature it is assumed
that (ql—qL)/qL is conétant. Under this -assumption,

) o q,T
E=E § where 5 = —=-2 CY)]
o q, T
L
o
7

and E_ and qL' are values of E and q; at a reference temperature T,
o ’ %

respectively., -
The Smith equation ma& be e#pressed as:
M= A-BIn (-th) . | (48)
The parameter A represents thé moisture bound to the surfaqe and B
represents the moisture in a unimolecular laygfgof ﬁormally condensed -
moisture. ‘ A
Parameters A and B in Smith's equétion ;ary with temperature in a

fashion similar to the parameters A and B in Young's equation as des-

cfibed by equations (45) and (46).

Computér Solutions

N

Two computer programs were written correspanding to two vapor

diffusion models, vapor diffusion model - I and II. A third program was

—

written to develop a liquid diffusion model. Vapor diffu;ion models -
Ivana II involved solying the vapor diffusion equation (4) along with
the-Young equation (38) and the Smith equation (48) respectively. The
liquid diffusion model involved solution of liquid diffusion qu?tion

(31) using the~Smith equation (48). In solving the liquid diffusion

~ T, T
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equation it was necessary that an explicit type of relation exist

between moisture content, relative humidity and llquid concentration,
therefore the Young equation could pot be used. Thus the three comﬁuter
programs were written to solve the following systems of equaﬁions:

(a) equations (15), (18), (25), (38) and (41) - (47) for the

-

" vapor diffusion model - I,
(b) equations (15), (18), (25) and (48) for the vapor diffugion

model - 1T, and ¢

s

(c) equations (32), (33), (35), (37) and (48) for the liquid

Y

diffusion model.
EX The program had the provision to:

(1) - estimate equilibrium moisture content of each material and

the composite body,

.

(i1) determine moisture content distribugibﬁ\in the spherical model

at any time,

(11i) compute average moisture content for each component and the

composite body as a function of time,
(iv) compute moisture ratio of the composite body as a function

of tim_e,1

=N

(v) compute the sum of squares of deviations between the observed

T and the predicted values of moisture ratio, and ™.

(vi) obtain a best fit for diffusivity values, Dj’ by minimizing the

- - sum of squares between the observed and predicted moisture ratio

values-using the steepest ascent method (Boughton, 1968).

Moisture content - Equilibrium moisture*Tontent
Initial moisture content - Equilibrium moistare content

1Moisture ratio =
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ANALYSIS OF DATA

Drying data published by Whitaker and Youﬁgééi;72b), where peanut
pods were dried at four dry bulb temperatures (26.7[{80}, 32.2[90],
37.8[100], and 43.3°C[110°F]) and four dew point temperatures (8.9[48],
13.3{56], 17.8[64]5 and 22.8°C[73°F]), were used in obté;ning numerical
solutions of the vapor and liquid diffusion equations for a comﬁbsite ’

sphere of two materials. TQe kernel and hull were simulated by the inmer

<
¥

and outer core respectively. :

Liquid and vapor diffusivity values of kernmel and hull were obtained
for each drying condition that yielded the best fit to the Whitaker and
Young (1972b) drying data. ﬁil other input parameters réquired to obtain
the numerical solutions of vapor and liquid diffusion equations were taken

from the work reported by Whitaker and Young;(l97zﬁ) and Young (1974).
. "\
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DISCUSSION

Values‘éf diffusivities and their associated sum of squares of the
deviations that yielded the best ?}tﬂbetween the observed and predicted
moisture ratio values fof each model are gkven in Table 1. To make a
comparison between the experimental and theoretical drying curves, an-
index called Root Mean Square of deviations 'RMS' was proposed. The RﬁS
for each set of drying congitions was obtained-by dividing the sum of
squares of &eviations by the number of observations iﬁ eich drying test
and then taking the square root. ‘

: - 4 .

Figure 2 is a typical plot of theoretical drying curves .obtained from
the liquid diffusion model and the vapor diffusion model - I along with
the experimental curve for peanut pods (drying curve predicted by vapor
diffusion model - II is not shown in Eigureig\gecéuse the drying curves
from vapor diffusion model I and II ;re coincidént'during most of the
dfying period). The théoreticél curvesiénd the experimental curve show
a close agreement over thé whole drying range. Figure 3 1s-a plot of
?xperimental drying data and theoretical dr&ing curves for the drying =
model (liquid diffusion) which yielded the largest value of RMS; the
drying conditibns‘were 26.7°C;{80°F] dry bulb temperature and 22.8°C
[73°F] dew point temperature. Even though the curves in Figure‘3 pro-
duced the largest RMS value, the theoretical curve adéguately predicted
thg‘d;ving cﬁr&e.

Effect of dry ;ulb temperature on diffusivities‘is_demonstrated in

Figure 4. Thermodynamically the diffusivity of a material should decrease

exponentially with the increase in reciprocal of absolute tgﬁﬁégature.

N
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“Thus, liquid ﬁiffusivities indicated the theoretically expected trend but
due to inexplicable reasons vapor diffusivities obtained from both the-
vapor diffusion models showed an opposite trend. A similar trend of vapor
diffusivities is reported by Whitaker and Young (1972b).

Effect of dew point temperature, indicated by analysis of variance,
on liquid_and vaporﬁgiffusivities of hulls was insignifzéan£. Effect"of»
dew point temperature on liquid and vapor diffusivities of kernels was
significant, but-this effegt was also insignificant whenhdiffusivity
values at 22,8°C [73°F] dew point temperature were excludgé from the
analysis of variance test.

Table 2 compares the fit of e#périmental,dr;iﬁg data obtained by
using thé three models. Comparigons are made by obggrving thé‘percent

change in.the RMS values of the models under consideration.

»

Vapor diffusion model - I, which uses fﬁB\Youhg (3-parameter)
equation, fit the experimental data better than the vapor diffusion
model -~ II, which uses the Smith equation, for the most drying condifiong
(Table 2). This trend was expected because over the considered range

of relative humidities the Young equation predicted the equilibriuﬁ ‘

moisture curve more accurately than the Smith equation (Young 1974).

—~

Comparison of values in col-7 and col-8 of Table 2, correspond%ﬁgg

to the percent change ofﬁRMS values of vapor diffusigg model - I and

the liquid diffusion model and‘%ercent changé of RMS values of vapor
diffusion model - K and the liquid diffusion model respectively, indicate
almost the same tfend of improvement of fit. Thus to compare the vapor

diffusion and liquid diffusion models, the percentages in co;:7 and col-8

should be observed. Both the columns (7 and *0 indicate that the vapor
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diffusion mod§1s fit the experimental data better than the liquid diffu-
sion model for all drying conditions with only one exception (13.3°C dew
point temperature and 43.3°C) (dry bulb temperature) where the liquid
diffusion model proved to be better than the vapor diffusion model - II.

Inspection oﬁ deviations of oéserved moisture ratios and moisture
fatios prgdicted from the liqu;d diffiuision model, Az, é;& déviations éf
observed moisture ratios and moisture ratios predicted from the vapor
diffusion‘model,rAv, reveafed that for most drying condisions [Azl was
greater than |A | during the initial 10 percent of the dryﬁng period,

whereas for the rest of the drying period ]A | was less than or equal

_to IAV|. This implies that the vapor diffusion models gave a better

fit between the ekperiﬁental and predicted moisture ratios during the
initial stages of drying and the liquid diffusion model gave a better

fit during most of the drying period; even g%ﬁﬁgh the results in Table 2
indicate that over the whole drying period vapor diffusion models provided
a better fit. '

Deviations of observed and predicted moisture ratios of vaporvand

1liquid diffusion model suggest that vapor diffusion and liquid diffusion

are taking place at the same time in the transfer of moisture. Thus,

N

a model based upon simuiltaneous diffusion of vapor and liquid would

probablv predict drying curves more accurately over the whole drying

RN

~N
period and for extreme ranges of drying conditions. 1y

<
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SUMMARY AND CONCLUSIONS

- .

Peanut pods were simulated as composité spheres consisting of two
conéeﬁtrie sheils of different materials where the inner core and the
outer shell represéntéd the kernel and hqllzrgspgctively. Methéds to
obtain nmumerical sblutions of the vapor and liquid diffu&ion equationsp
for the moisture movément in the composite sphere were developed. Ex-
perimental ering data were’used in égtima;ing the liquid and vapor
diffusivities which ylelded the smallest sum of squares ;f‘deviations
between t?e,tﬁeoretical and experimental drying curves. (

Comparison of the liquid and vapor diffusion models indicate the
following: .
. (1) The vapor diffusion model using the Young (3-parameter) equation

proved to be better than the vapor'%igfusion model using the

. '
§;}th equation. n -
(2) Over the total érying period, both the vapor diffusion models -
proved to be better than the liquid diffusion model, but the' ) .

liquid diffusion model fit the ekperimental data better than

the vapor diffusion model during the later stages of the drying

RS

. L . &
period.

(3) Diffusivities of kernels and hulls for both the models were
exponential functions of ;ke reciprocal 95 ;;;Biﬁte dry bulb
temperature.

(4) Values of liquid diffusivities increased while the values of -
vapor diffusivities decreased with the increase of tbe dry

-—

bulb- temperature. R
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(5) Neither vapor'nor liquid'diffusiv;ties were effected signifi-
cantly ﬁ% changes inidew point temperature. . ~
As the tren& shown by the liquid diffusivities as a function 6f dry
bulb temperature was expected tﬁeoretically and the liquid diffusion model
fit the experimental daté as godd or better than the vapor diffusion
model for a large part of the total drying period, théﬁiiduid diffusign,
model probably should be chosen over the vapor diffusion model. However,
over the total drying period, the vapor diffusion modgl gave a lower sum
of squares of deviations between observed and predicted values.

&
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. _Fig.. 1. Schematic diagram of moisture movement at the junction of two
materials

32

Ly



100
o
& 80
o
<t
m
>-
[ 4%
e
wn
[an)
g
60
w
@]
'—-
zZ
w
‘—
Z
(=]
(53
w40
D
‘.—
®
o]
=
[¢8)
o
<L
§ 20
Z
5
Fig. 2.

33

4
v

DRY BULB TEMPERATURE 43.3°C "~

DEW POINT TEMPERATURE 13.3°C

— VAPOR DIFFUSION MODEL -1
\ - -»LIQUID DIFFUSION MODEL v
\ o EXPERIMENTAL POINTS

e

0 4 8 2 16 20 24 __ 28

DRYING TIME -bhrs

<

Comparison of theoretical drying curves for vapor diffusion model-I1
and liquid diffusion model to experimental values for peanut pods
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INTRODUCTION 5

Drying 1s an important process i&rmaintaining the qualitf of peanuts
after ‘they, are harvested. Designing a drying system requires an under- )
standing of the nature of movement of moisture in an individual pod based
on physical laws. ' -

Several researchers have investigated the transfer of moisture in
homogeneous porous,‘hygrosco%}c bodies based on diffusion laws (Newman,
1931; Hendersén, 1955; Crank, 1956; Yoqu, 1969; Young aﬂd'Whitaker, 1971b;
and many others). The transfer gf moisture in peanuts has been investi-
gated by Youngrand Whitaker (1971a), Whitaker and Young (1972a), Whitaker
and Young (1972b), apd Chhinnaﬁ and Yourg (1975).. '

Some investigators haye qonsidered liquid concentration gradients
aﬁd others vapor concentration gradients as dg}ving forces in the movement
of moisture in peanut pods, but which i; the true‘driving forcehis not
established. Also, none ;f the researchers in their studies have con~:

sidered simultaneous liquid and vapor diffusion. Chhinnan and Young (1975)“

[N

developed and compared the numerical solution of two mathematical models =

in peanut pods, one assuming the vapor concentration gradient and the

other liquid ;;ﬁcé;tratioﬁ éradiént to be the driving force. They reported.
. tﬁ;t for a given set of drying conditions, the liquid diffusion model
provided a better fit ﬁetween the experimental and predicted values ex-
cept. in the initial stages Qf drying. But the vapor diffusion model

gave a better fit ove; the total drying.period. Tﬁis suggests that the
driving force fo; moisture movement is probably a combination of vapor

—

and liquid concentration gradients. #
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The objectives of this study were: (a) to develop a mathematical
model describing the moisture movement in peanut pods based upon simul—
taneous diffusion of liquid and vapor, (b) to use the method of finite .
t'iifferer;ge to predict the moisture distribution in peanut pods, and (c¢)
to compare the numerical solutions with the results of earlier reported

ot

work.

N
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THEORETICAL  CONSIDERATIONS

The model developed in this study is a combination of vapor and
liquid diffusion equations for a composite sphere consisting of two
components, with the kermel as an inner spheriecal core and the hull as
an outer concentric shell. Each component is subdivided-into concentfic‘
shells of thickness Ar and Crank-Nicolson's approximations for the partial
derivatives in the diffusigp equation were used to obtain the numerical
solution. 7

The basic approach to the, development of a model for éoupled vapor
and liquid diffusion was similar to that used for vapor or liquid diffu-
sion aloqg as discussed by Chhinnan and Youngr(1975). Therefore, in this .. =..
paper, only the necessary theoretical aspects and assumptions will be
discussed. i gw;;

Coupled Liquid and Vapor Diffusion Equation

. The equation describing the vapor and liquid concentration in a

material is: - _ ‘ -
S - ' BCQ BCV
D™y * DATC, = e * e @
where -~
52 = liquid diffusivity, n2he T
D = vapor diffusivity, m2he L ™
Fyr—
62 = liquid concentration based on bulk volume, kg m-3
Ev = vapor concentration based on bulk valume, kg m—3
t = time, hrs.
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To compare the results of the coupled vapor and liquid diffusion

—

equation with either vapor or liquid alone, the units of concentrations

and diffusivities in (1) must be the same as‘in the individual cases

'repprted'by Chhinnan and Young (1975).

The vapor and liquid diffusion equations studied by Chhinnan and

Young (1975) are:

where

and

where

D

Comparisons of equations (1) through (3) yields the following relation-

ships:

(21 B ~-1 Iy -]

(o]}

2

It

aC
v

pa2c =f—2+ (1-f) Mg
v v ot s

ot
7

¥

density of solid, kg m-3

void ffaction, ma(airﬁm_3(bu1k volume)

vapor concentration, based on void volume, kg m

vapor diffhsivity, mzhr'_'1

b

moisture content, dry basis, decima
- 2C
20 =t
DA% = 3¢

o

and

3

)

(€))

liquid concentration, based on volume of solid material, -

kg m--3

liquid diffusivity,,mzhp—l

Dy
DV/f
Cz(l—f)

C £
v

-

™~

%)
(5)
(6)

)
»
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Substitution of equations (4) through (7) in (1) yields:

3, ac,
- 2 2 = A - ) . -~
D, (1-£)42C, + D A%C = £ 7= + (1-f) 3¢ ®

Equation'(B) written in spherical co~ordinates for the jth material is:

: 1|, »%% s 5% 8Cp. -
Dij (;-f) 7z ar(? ar o+ Dv 2|3t (r ar ) = fj at +
oC .
2 ¢
(l—fj) 5T .. (sa)
subject to the following initial and boundary conditions:
M(r,t) = M - t=o0,0<r<R ) . (9b)°
o1 . - . 1 .
M(z,t) = Moz . ETo BTk, (9¢)
: Ny
Cc (r,t) = C, (r,t) t>o, r =ﬁ§2 (9d)°
......... e - ‘
C,(r,t) = Cge(r,t) ] t>o, r=R, . (%)
thy(r,t) = rhz(p,t) t>o0, 1= R1 : 9£) =
A (r,t) _ g . t=o,r=0 %e)
at .
an(r’t) =0 t=o0,T=0 (%h)
at . T
where
r = distance from center of sphere, m
rh = relative huﬁidity, decimal, and
R = outer radius of shell, m. .;$

-
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and subscripts are:

0 = initial value

1 = kernel

2 = hull

é = environment - A
j = jth material .

The Smith Equation (Smith 1947) describing the equilibrium moisture
relation was used in this study,

M=A-B 1n(1-rh)‘ . "(10)

The parameters A and B represent the moisture bound to the surface
- ¥

and the moisture in a unimolecular layer of normally condensed moisture,

o1

respectively. Paraﬁeters;A and B vary with temperature (Young 1974) as

¢

shown-below: ;-
P . ‘ (1)

p 7 (12)

L

where p is density of water,>kg m_a, and Ao, Bo and pé.are values of--
A, B, and p at a reference temperature, gespectively.

Assuming liquid and vapor are always at equilibrium inside the
material, the following relationships between moisture content, relative

humidity, vapor concentration and liquid concentration-agg\obtained:

M‘ = Cf,/'ds (13)
rh = Cv/csat (14)
— g S
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Equations (10); (13), and (14) jield:

C, = C.,, (1-exp o) 13)
where ) -
Csat = saturated vapor concentration, kg m»3 and
. . c -
.1 B
@ =3 A- ‘d—s' (16)‘

&
¢

To solve the system of equation (9) using the Crank-Nicholson

method it was necessary to convert either vapor concentration values to
LS

liquid concentration values or vice versa. In this study the system of

equations (9) was solved in terms of liquid concéntration values. To

obtain a tridiagonal set of equations from (9), as in work reported by
Chhinnan and Young (1975), it was also necess?ry,to’have a linear relation
. ~
between Cv and Cz at the next time step t+At. This was approximated as
follows:
, "3C (r,t) \
C,(r,t+at) = C (r,t) + 532—(},7)—. Cy (rythat)-C (r,t) -
¥

or

Cv(r,t+At) =K + K2 Cg(r,’tﬂxt) - (17a)
where

¢, (x,t) ™
K = wme @7

(this is evaluated from (15))
and

= - . : o A
Kl = Cv(r;t) chz(r,:) . (178)
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Computer Solutions

A computer program was written to solve the tridiagonal system of
equations obtained from (9) through (17) and Crank-Nicholson's approxi-
mations to'predict Cz(r,t) in the composite sphere using the same approach

as empioyed by Chhinnan and Young (1975) in solving the liquid.diffusion

o h

equation. The program also had provisions to:

1) predict the moisture content distribution in the spherical model

.

at any time, v

i1) estimate the equilibrium moisture content of each material and

%,

the composite body,
ii1) compute average moisture content for each component and the
composite body as a function of time,

iv) compute moisture ratio (MR) of the composite body as a function

of time, . }“\\

Moisture cobntent — equilibrium moisture content
Initial moisture content - equilibrium moisture content

where, MR =

v) compute the .sum of squares of deviations between the observed

and the predicted values of moisture ratio, and ) . .

vi) obtain best fit of vapor and liquid diffusivity values for the
kernel and hull minimizing the sum of'squares between the observed

-

and predicted moilsture ratio values using the steepest ascent

method (Boughton 1968). ) —
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ANALYSIS OF DATA

Experimental drying data collected by Whitaker ans Yodng (1972b)
for‘peanht ﬁoas for various drying conditio;; were used in obtaining
numerical solutions of the vapor-liquid ddffusion eqdation_for a composite
sphere consisting of two components with the inner core and the outer
) shell simulating the kernel and hull respectively. The set of drying
conditions consisted of all combinations of four\dry bulb temperatures
(26.7 [80], 32.2 [90], 37 8 [103], and 43.3°C [110°F] and™ four dew point‘&¢?
temperatures (8.0 [48], 13.3 [56], 17.8 [64], and 22.8°C [73° F]). Data
from the above set of drying condilions were also used by Chhinnan and
Young (1975) in obtaining the_numerical solution of the vapor -diffusion .
and liquid diffusion equations. o

Op timum values of liquid and vapor diffusivities reported by Chhinnan
and Young (1975) were chosen as initial values og‘aiffusivities to be
used to determine the vapor and liquid diffusivity values of kernels and
hulls for each set of drying condition that yielded the best fit to the'
drying data. All other necessary input parameters to the computer model

were taken from the work reported by Whitaker and Young (1972b) and Young

(1974). The numerical values of these parameters are listed below:

Parameter Kernel Hull
d; (kg/m3) 1102.04 ~1199.75
£ 0.0169 0.419
n N ' 6 6
W ' - 0.76 0.24
A @ 15°C  0.01448 .~ 0.07003-
B@15°c 4 0.06302 0.08514

R{cm) 0.0558 . 0.0655



and At

where,

0.1 hr.

number of shells

weight fraction

46
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DISCUSSION

Behavior of the computer model was investigated by assuming either
vapor diffusivities or 11qgid diffusivities equal to zero before obtaining
the optimum values of diffusivities for each set of drying conditions.

Sum of squares of deviations between the experimental and predicted mois-
_ ture ratiés were determined at 43.3°C dry bulb temperature ;;d 8.9°C dew =
point temperature for vapor (Sv), liquid (Sl) and vapor-liquid (Slv)
diffusion models (Table 1). Ig is observed (Table 1) that- S, (D,=0) is 4
o :
equal to S, but SZV(D£=°) is greater than Sye Under an ideal situation
Szv(D =0) and §, must be equal anéiso must Szv(Dv=°) and Sz. This dis-
crepancy of SQV(D =o)_noELbeing equai to S is probably due to the use of
a linear approximatioﬁ for'converaipn of vapor concentration values into
liquid concentration values in the-vapor—liquid diffusion model. It is
expected that if the vapor-liquid diffusion equjzibn was solved in terms
of vapor concentration values, thenESzv(D =0) and Sv would be equal and
probably Slv(D§ﬁo) would be greater than Sy

Another observed behavior of the computer model was that the optimum
values of diffusivities obtained were a function of the initial diffusivity
values used in the model. This ig due to the use of the steepest ascent
method (Boughton 1968) which yields only a relative extreme. Thus, to
obtain an absolute extreme a wide range of initial values of diffusivities
were chosen. Initial vapor diffusivity values for the mod;I‘were taken
as ; product of factor, F, aﬁd optimum diffusivity values of vapor modél -

II (Chhinnan and Young 1975)+ Initial liquid diffusivity values were

taken as a product of (1-F) and optimum diffusivity values of the 1liquid
— B
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$ode1 (Chhinnan and Young 1975). The magnitude of F was varied between
zero and one to oétain a wide range of initial values used in the model.
It was noted that lower sums of squares between the observed and predicfed
values Qere'obtained by choosing initial vapor and liquid diffusivity ‘
values of 70 percent and 30 percent of optimum vapor and liquid diffusivity
values réported by Chhinnan and Young (1975) respectively. “This implies
‘vapor diffusioﬁ as a preaominant phenomenon in moisture movement. Optimum
diffusivity values and their asSociated sums of squares ofhdeviations
between the experimental and theoretical moisture ratios are given in
Table 2. : ?

Figure 1 depicts the effect of dry bulb temperature on vapor and
liquid diffusivities. - Diffusivities are exponential functions of the
reciprocal of absolute temperature. Liquid diffusivit}es increased while
the vapor diffusivities decreased with an\incredéegin temperature. This
is consistent with the previously reportéd work of Whitaker and Young
(1972b), and Chhinnan and Young (1975).

Figure 2 shows the effect of dew point temperature on diffusivities
of kernel and hull. Effect of dew poinf temperature on ;apor diffusivify
of kernel was found statistically insignificant. Effect of dew point
temperature on liquid.and vapor dizfusivities of hull and 1iquid diffusi-
vity of kernel was significant. WNo attempt was made to determine'a
functional relationship between the diffusivity and the de;\Boiﬁt tempera-
ture. "

" An index called Root Mean Square of deviations 'RMS' was used by
Chhinnan and Young (1975) to make a meaningful comparison between the

—

experimental and—theoretical drying data predicted by various drying
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models. RMS for a set of drying.conditio;s 1s evaluated by dividing .
the sum of squaées of deviations by the number of observations in the
drying test and then taking tﬂe square ‘root. RMS values for each drying
test are iisted in col-6 of Table 3. Chhinnan and Young (1975) compared
RMS values for the liquid diffusion model and vapor diffusion model -II
(hoth the models empioyed Smith's equilibrium moisture equ#tion (1947)),*”
and found thét the vapér diffusion model was better than the liquid
diffusion model. In this study vapor diffusion model - II was compared
with simultaneous vapor-liquid diffusion model as indicatedﬂén col-7
(Table 3). Positive values in col-7 (Table 3) indicate thatithe vapor-
liquid model fits the experimental data better than the vapor diffusion
model and the negative values indlcate the opposite. In all but 4 cases, -

the vapor-liquid model was found to fit the observed data better than the’

vapor model. . ;\ ’ -

&
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SUMMARY AND CONCLUSIONS

Peanut pods were modeled as composite spheres consisting of two
components, an inner core and outer shell, of different materials. The
kernel and hull were represented by the inner core and outer shell

@
respectively. The Crank-Nicholson method of finite differences was used

to develoﬁ numerical solqtions of the vapor-liquid diffusion equation
describing the transfer of molsture in the peanut pod. Liquid and vapor
2
diffusivities of kernels.and hdils were estimated that yiélded_the
smallest sum of squares between the theorétical and experiment#l drying
. X
data. Conclusions drawn from this study are:

(1) The vapor-liquid diffision model gawgla bettef fit of‘e;peri—
mental data Ehan éither.the liquid diffusion or vapor diffus;:h
models studied by Chhinnan and Young (;?75).'

(2) Diffusivities were exponential fhnctionéNZT the reciprocal of
absolute dry bulb ﬁemperatq%e.“-

(3) Liquid diffusivity values increased with the increase in dgy
bulb teméerature while the vapor diffusivity values decfeased-
with the increase in dry bulb temperature.

(4) Vapor and liquid diffusivities of hull and liquid diffusivigy
of'kernel and vapor diffusivity of kernel was effaected signifi-

cantly by changes in dew point temperature. —
‘ ~

It is recommended that vapor-liquid diffusion model be chosen over

. #
either liquid or vapor diffusion model in developing a bulk drying model.
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hull diffusivities predicted. from vapor-liquid “diffusion
model
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INTRODUCTION

Peanuts, an excellent food source éf high protein and energy, have
taken‘anahmport;nt place among major crops. Like many other farm crops
peanuts—;ontain excess moisture when harvested. The excess moisture 1s
usually removed from peanuts on thé farms in stationary bed drying trailers.
In order to-design more efficient and practical driers or to predict the”
performance of a drier, cher3 is a need to develop an algotrithm by which

L4

the pefformanhe of full scale units may be analyzed in terms of the results

i .

of laboratory experiﬁénts on thin layers.
Numercus researchers have studied the drying of hygroscopic solids

in deep beds (Bakker-Arkema, et al., 1967; Boyce,'1965; Hamdy and Barre,
. : comak

1970; Henderson, et al. 1968; Kachru, et al., 1971; Myklestad, 1968;

~u.

Parti, et al., 1974; Thompson, et al., 1968; i;mmon&s, et al., 1953;
Spencer, 1969; and many others). They\proposed analytical or computer
models for predicting the moisture and temperature of the drying matepial
and the dryiﬁg medium at ény time and position in a bulk drier. The
development of these models considered two basic steps. It was first =
necessary to develop a thim }ayer model to characterize the change‘in
moisture content and températﬁre of the individual particle under constant

drying conditions. The second step involved the development of a bulk

RN

“model from the £h1h31éyé§‘modél which invqlvédkthe:Stﬁdy\gf simultaneous . . f .
changes in moisture and temperature in both the drying material and the

<

drying medium.
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OBJECTIVES

All the reported literature on drying of biological materials

represent th% thin layer model aé a one component system consisting of
~—t

the material being dried while the bulk drying.model is.represented as
~a two component system consisting of the drying material and the drying
medium. The peanut pods consist of two major components (kernels and
hulls), differing in material prgperties. Thus, in drying of peanut pods
the thin layer mddels must conslider pods as a two componené'éyEtem, the
kernel and the hull, and the bulk d{ying model as a three compoﬁent system,
the kernel, the hull and the drying‘medium. This indicates that the
existing thin layer or bulk drying modéls may not havé the neceésary .
accuracy to describe a reliable and consistent drying system for peanut

pods. 1.
e
N

Specific;ily, the objeétives of Fhis-;tudy were:

(1) Develop a bulk drying model for peanut pods based on the thin
layer médels for peéﬁuts developed by the authors (Chhinnan and
Young, 1975 and 1976).

(2) Obtain experimental drying data in a deep bed drying simulator
for different inlet conditions of air.

(3) Check the validity qf the éomputer bulk model with thg experi-

—

mental drying data.” ~

.
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THEORY -

In a bulk drying system it is required to know the occurrence of
the simultaneous changes in four quantities, the moisture and the tempera-
ture of Both the drying material and thé drying medium. Equations de-
scribing the exchange of heat and mass between the material and the drying -
air may be solved mmerically by aésﬁming the deep bed of material.to be ’
composed of a number of th;n laysrs of finite thickness AZ. Knowing the
state of the air flowing into the layer and assuming the cohdifipns of
the entering air do not cha;ge for a small but finite time, At, the
change in moisture of the product in time At can bé determined from a
thin layér dfying model. Then, solving the hmass balaﬁce, the heat balance
and the heat transfer equations, the temperature of the air and the
material and the relative humidity of the air can;EE'deéerﬁined at the
end of the timg At, These computations give the con&ition of the air
leaving the current layer, wﬁich is also the condition of the air entering
the next layer. vThése computations also give the temperature and moisture
content of the current layer for coﬁputations of the next time step. Thus,
the solution of the four independent equations discussed below for a layer
of thickness AZ and.time increment-At can describe the condition—of-the ——

air and the material at any time and position in a bulk dryer by performing

step by step (time step) and“layer by layer computationg. ™~

Thin Layer Drying <

It is necéssary'that a thin layer drying model is available that
predicts a change in moisture distribution M(r,t) in the peanut pod at a
N . —

spatial position r and time t, and moisture distribution M(r, t + Ais after
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an elapse of %time At corresponding to the drylng air at temperature T

and relative humidity rh.

M(r, t + At) = £QM(r,t), T, rh)‘ )

where £ 1s a function representing the thin layer model.’

‘Mass Balance

Let M(t) and M(t + At) be the average moisture content (dry basis,
expressed in decimal) of the prdﬁuét in layer AZ evaluateduf;q?,M(r,t)
and M(r, t + At) respectively.

The mass balance for the moisture of the layer and the drying medium
over thé time interval At is:

Moisture gained by air ‘= Moisture lost by material

Q(E'-H) At

-AZ P A (M(t#At) - M(t))
or . ' . 5 ~
Q(H'-H) At

wherel

3

WAM = WQM(tHAL) - M(t)) )
6 = mass flow rate of air, kg/hr
p = density of dry matter, kg/m3

A = cross-sectional area of the dryer, m2

L ”

AZ = thickness of layer, mii

o
K4
1]

change in pod moisture -content {(dry basis), decimal

™~
W = mass of pods in the layer, kg, and

H = absolute humidity of air, kg of water/kg of dry air

1Parameter with a suffix prime (') refer to the value after time

increment At. F\ N
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whence, the change. in absolute humidity of air

_u
A
Q t

Heat Balance

(&)

Taking a heat balance for the layer over the time interval At:

Energy lost by air

Energy lost by air

where

= Energy absorved by the material +
Energy absorbed by the walls of the dryer +

Energygiost to the surrounding through the
walls T

X (%)
Q atth - hY) )

{1

el
*h = enthalpy of air-vapor mixture, J/kg dry air

h is expressed in terms

of enthalpy of air, h_, and gntﬂalpy of vapors,
a’ T

hv, as:
h = ha + HhV
= Ca(T f To) +’H(CV(T - To) + hg,d) (6)

where

T C_ = specific heat

of air, J/(kg * K)

a
I =>specific"heat*of*vaﬁoriﬁﬂj?kg—*'10 -
T .= temperéture of air, K
T0 = reference temperat;rg, K N
bhg’° = heat of vaporization at To,~J/kg
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Energy gained by the material (pods)

=W, +MCH(Ty -T) +whcrT) n
where
Cp = specific heat of dry pods, J/(kg « K
Cz = gpecific heat of liquid water, J/(kg - K
Tp = ﬁemperature of pods, K . -
Energy gained by the walls of the dryer
' . 7
= W.C (T} -T) ' . (8)..
where
Ww = welght of wallé per layer,‘kg
CW = gpecific heat of walls, J/(kg *+ K)
T, = tempergturelof wali, K
Energy lost to the surroundings . £ﬁ<¥
= 3600 hcAw(‘Tw - T At __— 9
where
,hc = heat transfer coefficient, W/ (@2 . k)
As = surface area of walls exposed t6~the surroundingé per layer, m2
T = temperature of the‘surroundings, k.

N

Heat Transfer Equations

Heat transfer gquht;dné as expressed below describe the transfer

of heat from the air to the pods and the walls.

~
- -

RN AL
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Heat transfer between the air and the pod is:

T + o T - .
QVAAZAt 2 - 3 = w[(cP + MCJ?,)(TP - TP) +

M T AMRY
AMC T, Ath] (10)
where

Qv = overall volumetric heat transfer coefficient, W/(m3 fMFD;
Heat transfer between the air and the walls of the dryer is:
T 4T f -
T+7T' w_ wl o v N
hcAw[ 2 2 ] ww Cw(Tw Tw) an \

%

There are three unknowmn temperatﬁres, ', T;, T%, the temperature

of air, walls and pod respectively in equations (4) to (11) which can
be evaluated by solving fhree independent simultaneous linear equations
obtained from heat balance and heat transfer equations'(49 to (11) for

LY
a given layer and time increment.
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EXPERIMENTAL METHODS

Deep Bed Dryer
The deep bed drying simulator designed by Vedak and Young (1974)
was used to obtain experimental data on bulk drying. The simulator had
provision for measuring the moisture content of the pods, temperature
and relative humidity of the air at different levels in the bea’;ithout
disturbing the drying material. The dryer was divided into ten layers.
Each layer consisted of a 15.2 cm geep basket made of sheet metal with a
perforated bottom placed in an aluminum framé hung at the end of é:steel
- cantilever bar. Teflon sheets were u;ed to connect one frame: to the next.
The same mﬁterial was used to cover the side and thé back of the frames
and an aluminum plate waa.uae& to geal the front of each frame. This
arrangement let the air pass from one frame to the next without leakége.
A rel;tive humidity element and a thermoccouple weréigiaced in the inter-
frame gap to monitor the temperature an& relative humidity of the air
leaving the layer below and entering the layer above. Four strain gages
in a wheat stone Pridgé‘configuration were installed on the cantilever
bars from which the baskets and the frames were hung. These strain gages
—————————monitored tha change in weight .of bggggt filled with pods. Knowing the
weight of the baskets, the weight of the pods and finally the Toisture

content can be computed. b A -

~.

-
A schematic diagram of the simulator with the air conditioning unit

is shown in Figure 1. Air“was conditioned to the desired dew point
temperature and dry bulb temperature in the air conditioning unit. The

conditioned air entered the simulator from the bottom anq;?assed through
—_ . v LY
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succesgive baskets filled with pods and left the pods at the top. The
volumetric flow rate of air was measu%ed by the pressure differential
acrogs the Meriam2 laminar flow unit and the absolute pressure of air.
Figgre 2 shows the schematic diagram of the automatic recording
system to'mon;tor the weight of each basket, and the temperature and

relative humidity of the air entering and leaving each basket..-

Experimental Procedure

Six drying experiments were gbnducted in the simulator for various
inlet conditions of the air as given in iablé 1. The first four;tests
were conducted to check the validity of the computer model with the
experimental data under constant drying conditiomns. Test-5 was conducted
to check the behavior of the model undér wetting conditions. A tempera-
ture of 10°C[50°F] was chosen for this test to maintain a redﬁced level
of bacterial activity., After 3 days it wasfnoticeéLzﬁat the rate of
increase in moisture content was very iow, so the dry bulb temperature
was increased to 34.4°C[90°C] to accelerate the moisture absorption pro-
cess.

Test 6 was conducted for varyihg drying conditions where the dew

point éemperature was kept constaﬁt.gyt the dry bﬁigﬂtemperature was
varied between 21.1 and 26.7°C[70 and 80°F] every 12 hours in steps of
2,.8°C[5°F]. No attempt was made to change the dew point tegpsz?ture
during this test.

Fresﬁly harvested peahuts were used in all the drying tests, that

is for Test-l to 4 and Test 6. Test-5 was a wetting test, thus low

2'-~ A . PR . . \ .

The use of trade names in this publication does not imply endorSe-
ment by the North Carolina Experiment Station of the products named, nor
criticism of simildr ones not mentioned.
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moisture peanuts taken from storage were used.x Peanuts for Test-1 and 2
were dug from muddy fields, they were washed with water, left overnight
in plastic bags in a cold room and loaded in the dryer the next @orning.
For other tests, freshly dug peanuts were stored in the cold room for a
maximum of 4 days before loading in the dryer. In all tests the air
conditioning. unit was set at the desired conditions and run overnight to
gtablize it, and-was switchéd off before loading the dryer. The dryer
was loaded in the morning and . the air conditioning unit was ;witched on
again, Once the dryer was switched back on,. the desired con&iiions of
the/éir was quickly obtained. The weight of each basket and the_;emper-
ature and relative humidity of air entering and leaving each layer was
recorded every ten minutes for at least the first six hours of dfying,
and every one half hour for the rest of the 3 to 5 day drying period.

Samples were taken from each basket before andiafteé completing
each test to determine initial_and final moisture cont;nt of kernels,
hulls and pods.

Differential and absolute pressure gage readings were recorded
.periodically to calculate the volumetric air flow rate. Tgﬁperature of

the_water reservoir, which corresponded to the dew point temperature of

the air was also recorded periodicalf}.
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COMPUTER SIMULATIONS

Thin Laver Drying

Chhinnan and Young (1976) recommended that the vapor-liquid diffu-
sion thin layer model may be chosen over either liquid or vaporvdiffu—
sion models in developipg a bulk drying model. The liquid-vapor
diffusion'thin ;ayer model was written in the form of a subr;;tiﬁe called
;THINLR' to be included in the main program of the bulk drying model.
THINLR evaluated .the méisture cJ;tent of kernels and hulls-at the end
of a time increment for a known tempergturé, T, and relgtive hul;Iidit:y,
rh, of air; )

Diffusivities of kermels and hullsyused in THINLR corresponding to
dry bulb :§%§§Zature, T, and dew point temperature, T4» were inéerpolated
from valpe; estimated by Chhinnan and Young (1976). Vapor and liquid
diffusivities of kernels and hulls were estimate&£3§<0hhinnan and Young
(1976) for four dry bulb temperatures'(26.7, 32.2, 37.8, 43.3°C) and
four dew point temperatures (8.0, 13.3, 17.8, 22.8°C). An exponential

function of the reciprocal of absolute dry bulb temperature was used to..

estimate diffusivities for T and Td values which fell outside the range

" "of "the above mentioned—four—dfy—bulgfandgdew—pointdtemparatures.ﬂ‘mW —

Diffusivity as an exponential function of absolute dry bulb tempera-
ture, T(K), 1s expressed as ~ ~~
D= exp[Do + A/T]

where, Do and AO are constants estimated by a regression analysis. These

values are tabulated in Table 2. "
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THINLR could also be easily used as a iiquid diffusion model by
providing liquid éiffusivities from the liquid diffusion model (Chhinnan
and Young, 1975) and forcing vapor diffusivitg values equal to zero.
Exponenfial function parameters_D° and A for the liquid diffusion model
are also given in Table 1.

The Smith Equatidn (Smith, 1947) describing the equilibrium relation -

o -

. Ly - :
was used in computing equilibrium relative humidity or equilibrium mois-
ture content values. . &
M=A-B1n (1 - rh)

Parameters A and B vary with density of water (Young, 1974).

@ 15°C o
A (kernel) = 0.01448 - A (Hull) = 0.07003
B (kernel) = 0.06302 B (Hull) = 0.08514
4"
™

Development of the Bulk Model

The computer program was written based on the theory discussed
in the preceding sections. "In the first version of the bulk model, both .
sorption and desorption processes involved in deep bed drying were taken

into account but for simplicity heat losses through walls and temperature

drop of the air due to change in sensible heat of the pods were neglected.

When the computer program was tested for a bulk df;ing siﬁ;Iafién
it_appeared to be adequatéiauring'the‘initial period of d:zi?g, but
Became unstable as the drying in the lower layers and wetting in the
upper layers continued.” A réasonable amount of agreement was observed
between the experimental and the observed values of moisture contents

in the layers where drying was taking place. The inégsbility was' caused
-~ S
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by the sorption taking place in the saturate& air zone. It was found
that an excessive a@ouﬁt of wetting of the pods was predicted in a layer
gxposed to highly saturated air. This moisture had to be removed from
the air.A Thus, the moisture content of the air dropped significantlyl.
resulting in excessive drying of the succeeding layer in which the air
became saturated aggin.‘ Continued wetting and drying of altertiate layers
caused prematuré terminatian of the computer program. The probable
reason for the high rate of absopption under wetting conditions is
discussed in the next sectiomn. o

Inspection of the.experimental dété for moisture content ofithe
layers exposed to saturated or nearly saturated air revealed that the
increase in the moisture content of these layers was of very small mag-
nitude. It was true for all the tests (Test 1-4), where the initial
moisture content of the pods was very high and theLLgﬁe; layers were .
always expose& to drying conditions. -The bulk model was modified so that
it did not take into account the sorptionm process. This modification
eliminated the instability problem but the model was no longer usable
for conditions of air where wetting_occurfed. Thus, compufer simulation“

. o
was not completed for Test-5 and 6.

faster rates of drying than observed. The deviations between the pre-

dicted and observed moisture ratios for the upper layers w;%;fﬁigﬁer
than for the lower layerq: It was felt that the heat losses and the
sensible heat of the pods should not be neglected. The bulk model was
modified to include the hedt losses and senslble heat g;in as discussed

in THEORY. A flow-chart of the final modified bulk modeY is gilven in

the Appendix.
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Physical and Thermodynamic Properties

Dew point temperature Td(K) of alr was calculated corresponding to

T and rh of air using the following relation (ASHRAE 1972):

T, = 299.26 + 16.988a + 1.0496 a?

where

o Ioge (3376.85 Pw), and -

P vapor pressure of water, Pa

w

1

Relation between relative Hﬁmidity, rh, and absolute hqm;dity, H,

is given by the equation below (Henderson and Perry, 1966):

w

rh = 1.608 P, H/(1.608P__ H+P_ )

sat
where
Pat = pressure exerted by the atmosphere, Pa
PSat = saturation vapor pressure at tﬁé same4gsgpefature, Pa.

Density of moist air (gm/%) was takeﬁ from Weast (1970),

6

D = 3.48512 X110 (Pat - 0.3783 Pw)/T

air

Heat of vaporization, saturation pressure, specific volume of air
and density of water were taken from steam tables (Keenan and Keys, 1936).
Volumetric heat transfer cqefficieﬁi used in equation (10) was taken

from 0'Callaghan, et al., (1971)

Q, = 850.06 [cr/Pat]°'6°1l Was - k) ~

LS

where

G = mass flow rate of alr per unit area of bed, kg/hr/mz.

~
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Heat transfer coefficients in equation (9) and (11) were taken as
(Krieth, 1969)

h = 11.356 W/ (@’ « k) [2.0 Bru/(hr « ££° + °F)]

Relations for the specific heat of kernels and hulls at moisture
content M (dry basis, expressed in decimal) were developed by Young and

e

Whitaker (1973).

C,, = =522.5 + 6.98T

Pk
¢
CPh ='710.6
where CPk and CPh are specific heats of dry kernels and hulls respectively

in J/(kg «+ K).

C_ = 4.604 x 10°

w

c, = 1.004 x 10°

c, = 1.842 x 107 :
2 : ™

G, = 4.186 x 10

All of the above specific heats are in J/(kg - K)
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RESULTS AND DISCUSSION

Three -quantities, temperature and relative humidity of the air
leaving each layer and the moisture ratio of each layer, were computed
at intervals of one-tenth of an hour for Tests 1-4. The deviations
between: the observed and predicted values over the drying periqg for
layer was meésured by computing 'RMS' values. RMS implies the root mean
square of deviations, which is computed by taking the meaﬂ of sum of
squares of deviations betweén thergbserved and predicted values-and then
taking the square root of the mean. '

RMS values obtaine& from deviati;ns of observed and predicted moisture
ratios for each of the tests (Tests 1-4) and each of the layers (layers
1-10) are given in Table'3.

The bulk modelhwas also run employing the liqg}d»diffusion thin
layer model, which used liquid diffusivities estimaéza\by Chhinnan ‘and
Young (1975). The vapor-liquid diffusion model provided a better fit
than the liquid diffusion model for the thin layer drying data. As
expected bulk model using the vapor-liquid. diffusion thin layer model
gave smaller RMS values than did the liquid diffusion model. RMS values

of the moisture ?55{9§_3§}?§Mthfﬁ}}931d diffusion thin layer model for

Test-1 are tabulated in Table 3.
Computer simulations we;é}also made which neglected heat\;gss through
the wafls_and the sensible heat of pods. Neglecting the heat loss and
the sensible heat gain of 5ods p?oduced larger RMS values indicating
the importance of these quantities (for example see Test-l, Table 2).
Estimated and observed values of moisture ratios at\Ehree typical

—_ B
depths in the dryer such as layer #2, 5 and 8 were plotted for Tests-1
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to 4 (Figures 3 to 6). The deep bed in the simulator was divided into
‘ten layers and wefe numberd 1 to 10 starting from the bottom. There
is good agreement between the observed and predicted values of moisture
ratios for the bottom layers as shown by the moisture ratio curves for
layer #2 in Figures 3 to 6. The deviations between the observed and
predicted values increased in the middle and upper sections of ﬁhe dryer.*

Even thouéh the agréement between the observed and the prediéted
values of moisture ratios-may séem reasonable for a particu%gr layer,
any deviation between the predicted and actual conditions of t@e air
leaving the layer will result in errors in the prediction of the
moisture removal from the next layer. This affect is compounded as we
move to upper layers of the dryer, as is clearly demonstrated in the
plots of relative humidity and temperature of the air %eaving layers
#2,° 5, and 8 for a typical drying test (Figures 9ﬂééd 8). The devia-
tions of predicted values of relative huﬁidity and temperature from
observed values affect the correct prediction of moisture ratios and
vice versa.

It is very important that the thin iayer model prediét the removal
of moisture from the pods quite agcura;g}y"at high re;a;iyeihumidities,
Thus, prediction of ﬁhg parametetégéontrolling the molsture removal,

the diffusivities of kermels and hulls, should be good at high relative

.

humidities. In all the layers except a bottom few drying takes place
for a considerable length of time under high humidity conditions of the
air. The period of exposure to high relative humidities become longer

and longer as we move to the upper layers.

— -%
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.Thin layer models of Chhinnan and Young (1875, 1976) and Whitaker

" and Young (1972) were less accurate fof high than low dew point tempera-
tures. It should be noted in this study that RMS values of moisture ratios-
(Table 3) are smaller for drying coﬁditions corresponding to lower dew
point temperatures than the higher dew point temperatures. It is probably
due to availability of better estimate of diffusivities of kernels and «
hulls for dew point temperatures lower than 22.8°C., For dew point tempera-
tures greater than 22.8°C.diffusiv%;ies were considered as an exponential
function of dry bﬁlﬁ temperature only, as no simple relation &ééwsuggested
for the affect of dew point temperatures (Chhinnan and Young, 19765.

Considering the fact that so many parameters are involved in a bulk
model and that a good estipatiqn_of some of the controliing paramefers
are not available (for example diffusivities at high dew point tempera-

~..

tures), the prediction of moisture raéios are quite‘Eeasonéble.

In an earlier section, Development of Buik Model, it was indicated
that the bulk modei became highiy unstable when the layers were exposed
to saturated air, bécause of high rates of sorption of moisture by the

hull. Diffusivities of kernels and hulls are the-parameters controlling

the rate of removal or addition of water in the pods. Excessive sorption

predicted in the layers éXposed>to saturated air is attributed tbrﬁhé”

values of diffusivities used in predicting the process. Unfortunately

the values of diffusivities for the sorption process were not Rnown so

the values.corresponding to the desorption process estimated by Chhinnan
and Young (1976) were used and apparently were insufficient during sorption.

Another factor contributing to high sorption rate is the assuﬁftion

that the outermost shell is in equilibrium with the §urroﬁhding air. If
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the diffusivities estimated from the drying data is to‘be used in a
wetting process an appropriate value of surface resistance should be
1aken into account, or an independent estimate of diffusivities should
be made from sorption data. |
The desorption data used in obtaining the values of diffusivities
was availéble for whole‘pods and not for kernels and hulls séﬁérétely.
Though the estiﬁated valués of diffusivities provided a reasonable fit
for the whole.poq, it has not beén established that the samgrqiffusi—

» vity values would predict an accurate flow of moisture in kernéis and
hulls separately. .This indicates the ﬁeed to get estimates of diffusi-
" vities of kernels an& hulls from experimental data for kernels and.hulls

separately. N

When the.dryef was unloaded after the completion o? each test,
growth of fungi was obgerved in the upper layers %f(§he dryer. The
growth was visible in layers .7, 8 and 9 iﬁ Tests-1 and 2, layers 6 to 9
in Test-3 and layers 5 to 9 in Test-4 and 6. In all tests layer #10
did not show an excessive growth of fungi compared to layers below it,

as it was open to the room environment. The wetting test, Test-5,

produced an excessive fungal growth in all the layers from top to bottom.

e I N

The effect of fungai growth on drying is not known, thus, not included

in the bulk model.

~.
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SUMMARY AND CONCLUSIONS

A deep bed drying computer model was developed based on the vapor-
liquid diffusion thin layer model. The bed was divided into several layers
of finite thickness. The model was written to predict moisture contént in
each layerlat any time. The model originally took into account a desorp-
tion as well as a sorption process, but due to unavailabilityd;f diffu-
sivities for sorption, the model was modified to neglect sorption effects
caused by high relative humidityﬁéir in the upper zdnes of the. dryer.

This modified model seemed to work well for the drying tests subjected to
congtant inlet drying conditions. )

Tests were conducted by monitoring the moisture content of pods, and
the relative humidity and teﬁperature of the alr at various deptﬁs in the
deep bed drying simulator for various inlet air conditions. A good esti~-
mate, of diffusivities from the thin layer drying ﬁsaéls was not available
for air at high dew point ;emperatureé causing inaccurate predictions
where they occurred.

Bulk model predictions were also obtained employing the liquid diffu-

sion thin layer model. In mbst cases, as expected, the bulk model with

the vapor-liquid diffuaion thin layer model gave a better estimate of

change in condition of the pods in the layers and the condition of’ the air
leaving the layer than the 1iquid diffusion model. Inclusig&\?f heat loss
effects in the model produced a significant effect in correctly predicting
the moiéture ratios of the layérs, especially with high dry bulb tempera-
ture inlet ailr conditions. 1In spite of the compounding effect of errors
involved in calculating the drying profile of a layer, Q\reasonably-good

—_ AN
estimate of these profiles was produced by the bulk model.
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'

COMMENTS AND RECOMMENDATIONS

The bulk model originally developed had to be modified to drop the
sorption effect at high relative humidities in upper layers of the dryer
due to high rate of sorption predicted by the currently available estimates
of diffusivities of kernels and hulls. Following are the probable reasons .
for high rates of sorption of water by the hulls under wetting conditions
and the deviations between.the pgedicted and observed quantities:

i) the diffuéivitigs were estimated by the thin layer ﬁddéls

from thin layers desorption\data, .
ii) surface resistance to the flow of moisture is assumed to be
negligible, . ‘
ii1) desorption data available for estimating the diffusivities
was for the whole pods and not separatelyifqr the kernel and

the hull in a pod, ‘ h

iv) non-availability of good estimates of diffusivities at high
dew poinf temperaturéé. '
New estimate of diffusivities should be obtained considering the

‘ four factors stated above by obtaining new sorption and desorption

_thin layer data for a wide range of-drying conditions.
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Table 1. Inlet conditions of the'air for the ‘drying experiments

Dew point Dry bulb Relative
Test temperature temperature humidity
°c[°F] °C]°F] %
1 22.8 [73.0] 34.4 [94.0] 50.0
2 18.0 [64.5] 32.2 [90.0] 43.0
3 17.2 [63.0] 27.2 [81.0] 55.0 -
A 20.0 [68.0] 26.7 [80.0} 65.0
5 9,2-31.5 a/.‘ 10.0734.4
[48.5-88.7]= [50.0-90.0]- 95.0
6 16.7 [62.0] 21.1-26.7
[70.0-80.01= 55.0-75.0
al

~ Lower and uppef limit of temperature range

83
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Table 2. Coefficients evaluated from regression analysis expressing
diffusivities as an exponential function of dry bulb tempera-

ture
Intercept Coefficient
Thin layer Pod 2° Ao
model Diffusivity Component (m~/hr) (m2-°C/hr)
o
- Kernel -10.7668 2591, 344
Vapor- Vapor 1 g
1iquid Hull -16.495 3674.266
Kernel 0.5885 -5228.412
Liquid
Hull 3.5353 | -6341.678
Kernel -0.6956 -4320.815
Liquid Liquid
Hull * -1.1877 -4292,973
1.
E ~
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Variables
AIRFLO
- DH
DRWT

DT

IOPT
LR
MAXLR
0s
PM
PMF
RH
RHEQ

RHF

DESCRIPTION OF ENTITIES IN- THE FLOW CHART

Airflow rate

Change in humidity

Array, dry weight of layers

Time increment

Final moisture content in each concentric layer of pods

Expérimental value of FM
Humidity of air entering ‘LR

Humidity of air leaving LR

—
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Initial moisture content in each coneentric layer of4pods

If equal to 1, then take heat loss effects into account

Layer number

Maximum number of layers

Moisture content in outer shell of pod

Moisture content of pod

Final PM

Relative humidity of air entering LR

Array of‘eiﬁé;imeﬁtal values of RH

Equilibrium RH

Relative humidifi of air leaving LR

Array of root mean square of deviations between the
predicted and.experimental values of RH, T, and FM.

Temperature of alr entering LR

Temperature difference
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TF - Temperature of air leaving IR .
TIME ~ Time elapsed
TMAX - Maximum simulation time
TP - Teﬁperature of Pod
TPF - Final TP
TWL -~ Temperature of wail

TWLF - Final TWL

Subroutines )
EQLBRH (0S, T, RHEQ) - Computes RHEQ from 0S and T
HUMDTY (RH, T, H) - Evaluates H from RH and T
RELHUM (RH, T, H) — Evaluates RH from H and T

THINLR (RH, T, IM, FM, PM) -~ This is the thin layer model,
computes ¥M and PM from RH, T and IM

WETBLB (T, RH, TW, RHO) - Evaluates temperatureiTw, which is dry
bulb temperature of intersection of
relative humidity curve of RHO and wet
bulb line defined by T and RH

Other Quantities

Letter in a trapezoidal box refers to branching in the flow chart.

" Letters T and F near diamond shaped box refer to True or False value
of the expression in the box, respectively. - — :

Numbers in parentheses refer to equations in Manuscript - III

(A.1) refers to the following equation: ~

At = -AH l'xfg/(Cmi ] pv H) : (A.1)

For symbols in (A.1) refer to the main text of Manuscript - III.

~
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FLOW CHART OF BULK MODEL

TIME=0

| Read DT,DRWT,MAXLR,TMAX,IM |

g,

= CALL THINLR(RH,T, IM, FM,PM) jrom———— ]
[compute DH from (3) |——=f HF=H+DH _|——o{ DH1=DH |

{cALL EQLBRH(0S,T,1.,RHEQ) ™=

fcarL wETBLB(T,RH,fw;RuEQ)]———eLCALL HUMDTY (RHEQ, TW, HEQ) |

{cALL WETBLB(T,RH,TW,1.)

lcaL, mmoTY (1., W, XH) | e HF¢=X1H DH=HF-H
T

Compute PMF from DH & (3)fs—— Hr=g |

h:
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ICompute DH from (A.1) & PMF from (3) |

HF=H+DH |

/\ N
\ Y

DHYO &
(HF > HF1 or
HF < H)

HF=H |

Calculate PMF from (33

—

™~

= Compute PMF from (3)]

|
Reduce FM proportionately based on PM & PMF

LT




- TP=TPF <] TWL=TWLF

Store & Print RH,T |

T ToE-
p TIME=TIME+DT |

Read RHE,TE,FME
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