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INTRODUCTION

Drying of most farm products is an essential post harvest operation.

Drying of peanuts like other crops is necessary for long term storage

without product deterioration. Fresh peanuts when harvested may have a 

moisture content up to 200 percent (dry basis) (Troeger, et al. > 1972). 

Normally peanut plants with peanut pods on vines are removed from the

soil and placed in the windrow for several days. The partially dried
f-'

peanuts are removed from the vine and subjected to forced convection■-V

drying until the moisture content is reduced to a safe level. To save

time and deterioration due to inclement weather it sometimes becomes
S^i

necessary to dry the peanuts before they are partially dried in the wind-

It is necessary to know the drying performance of a drye:^^carryrows.

out the drying operation properly and efficiently'whether peanuts are
1.

freshly harvested or partially dried in windrows.

Most drying on farms is done in stationery bed dryers, called deep-
■f

Before a bulk drying system can be modeled it is-bed or bulk dryers;

essential to accurately describe the movement of moisture in a single . jb

peanut pod exposed to different but constant drying conditions.

Then, the bulk model can

This is
\

also called development of a thin layer model.

be develdped based on the thin layer model.

Several investigators have studied the thin layer, drying of homo­

geneous, porous and hygroscopic bodies (Newman, 1931; Henderson, 1955;

Crank, 1956; Henderson and Pabis, 1961; Pdbis and Henderson, 1961;

Young, 1969; Young and Whitaker, 1971a; Whitaker and Young, 1972a; and

many others). The_se models are not adequate for simulating bhe. moisture

movement in the kernel and hull of a peanut pod, because they are all
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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 Whitaker (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 Consisting of an inner spherical core of one
a'

component (kernel) and an outer concentric shell of another 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 moisture content within the pod.

Some investigators have considered liquid concentration gradients 

and others vapor concentration gradients as the driving force in the 

transfer of moisture in a biological body, but no one has established

■ •

which is the true driving-force. In Manuscript-I an attempt has been

made to develop thin layer models based on moisture transfer, described

by'vapor diffusion and liquid diffusion equations separately using finite 

difference techniques. . The comparison between vapor and liquid diffusion 

thin layer models is made to determine the predominant driving force.
/

No single diffusion model (neither vapor nor liquid diffusion model) 

can accurately describe the moisture movement under all drying conditions. 

Tlie author has foudd no reports of research considering the simultaneous

effects of vapor and liquid moisture transfer in a two component system 

A mathematical model based on numerical Jtechniqueslike a peanut pod.

was employed in Manuscript-II for depicting moisture transfer in a single

peanut pod employing coupled vapor and liquid diffusion equations.
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Numerous researchers have reported the work done in the area of

bulk drying of hygroscopic solids. Nelson (1961), and Kachru and Matthes 

(1976) used the dimensiorial analysis approach. Hamdy and Barre (1970)

used analog computer to solve the heat and mass transfer equation, this 

approach was not followed in this study because the thin layer models 

developed here applied digital computer techniques. Simmonds, et al., 

(1953) reported the_j)erformance of a, grain dr''

cedure to be within ± 10 percent over the range of conditions covered 

in his investigations. Clark, et al., (1968a, 1968b) followed the pro-

cedure outlined by Simmonds, ^ , (1953). Work reported by Bakker-
•?

Arkema, ^ , (1967), Myklestad (1968), and Thompson (1968) could not

be employed easily because their thin layer models involved explicit 

type of drying equations (e.g., constant drying rate). Considering the 

thin layer models developed in this study, the general approach followed • 

by O'Callaghan, ^ , (1971) was found most suitable in the development

* r•^T pro-

of bulk model.

Manuscript-Ill consists of the development of bulk model, 

the change in the moisture content of a thin layer in a deep bed based

The. flow, of air is assumed to be constant for

It computes

on the thin layer model.

From the mass balance, the heat balancea small but finite time interval.

and the heat transfer equations, the temperature of—tl^ material in the 

layer after the elapse of a small time interval is computed. Layer to

layer computations are done from the bottom to the top of the dryer for

The same procedure is repeated for the next 

O'Callaghan, ^ al•, (1971) did not include 

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

a particular time interval.

time Interval and so on.

elude this effect.
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INTRODUCTION

Forced convection drying has developed into an essential operation

in modem peanut processing practices. Accurate prediction of drying
%

rates of peanuts under various conditions is of great importance in the 

design of drying systems and in quality control of the final product.

In order to accurately describe the moisture movement in deep bed drying, 

it is important to understand?the movement of moisture^in an individual 

pod based on physical laws represented by a mathematical model.

A-great deal of work has been reported on moisture transfer in homo­

geneous porous, hygroscopic bodies using either vapor diffusion or liquid 

diffusion equations .(Henderson, 1955; Crank, 1956; Young and Whitaker,

1971, Whitaker and Young, 1972a; and many others). As pods consist of

major components (kernels and hulls), diffe^ng in material properties, 

Whitaker and Young (1972b) attempted to describe the moisture movement, in 

a peanut pod modeled as two concentric 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-

..The

two

33L

tlon gradient is the,true driving force in the transfer of moisture, 

objectives of this study were (a) to develop two mathematical models, one

assuming moisture movement by vapor diffusion and the other by liquid

the numerical solutions for th^e two models.diffusion, (b) to compare
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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. Investigations of Whitaker and 

Youn'g (Young and Whitaker, 1971; Whitaker and Young, 1972a; an^ Whitaker 

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 subdivided into concentric shells of thickness Ar.

Assumptions made in the analysis are:

(a) The mass diffusivities of the kernel and'hull are constant.
(b) Shrinkage is negligible. ,
(c) There are no capilla'ry. 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. , a.

(Modified Lewis number, Le^, defined by Yovmg (1969) is greater than 60 

(Young and Whitaker, 1971b), thug^ the heat transfer equations can be 

neglected).

In contrast to the work of Whitaker and Young (197-2b^the present 

study (a) had the provision to use non-linear relationships between mois­

ture content and relative humidity, (b) used Crank-Nicholson's method 

(implicit form) to obtain converging solutions to the diffusion equations

t-

for all values of time and space increments (Carnahan, et al., 4969),
— • 

and (c) allowed different space increments for different materials in the

composite body.
H ^
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In Crank-Nicolson's finite difference methpd, partial-derivatives 

of a function C with respect to space ;(r) and- time (t). are approximated 

as follows ('i' and 'n' correspond to space .and time step, respectively).

v^i+l.n ~ ^i-l.n ^i+l.n+l ^i-l.nfl3C 1
2Ar3r 2 2Ar (1)i,n+|

W

2 C + C,/, +
1-1, n1 ^i+f,n “ i,n

= 2 /
3r2

%

- 2C + C*^i+l.n+l i.iri-1 i-l,n+lA.

Ar^\ (2)

■

1 (3)(""i.c+l - ^^i.n)3C
At3t

.1
i,n+x:2

where 33L

C = C(r,t)

= C(r+Ar,t+At) ^^i+l,n+l 

Ar = increment in space

At = increment in time

Vapor Diffusion

The equation describing the movement of vapors in jth material along
•5

with initial and boundary conditions are:
>
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3M.
(4)i_

r2 3r - i

(5),M^(r,t) = t = o, o < r <
°1

(6)M2(r,t) = M t = o, < r < R2
°2;/ ' •

(7) .t = o, r = o3r

(8)o, r = R2C(r,t) = Cg(t)‘

(9)^rhj^(r,t) = rh2(r,t) o, r = Rj^t =
■ •

Where

7-^ ■
d = den^ty of solid, kg per cu in
s

f = void fraction

= distance from center of sphere, m■ r
>

rh = relative humidity, decimal I sn-

t = time, hrs

C = vapor concentration, kg per cu‘'m 

D = vapor diffusivity, sq m per hr 

M = moisture content, dry basis, decimal.

Subscript

o = initial value

1 = kernel

2 = hull

e = environment

j = jth material
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For a general situation let the moisture content within a material

be some function of vapor concentration and temperature.

ft

M,(r,t) = MjC(r,t), T(r.t)] (10)■j i

[Note: T(r,t),= T (t) from assumption (f) ]

where

T = absolute temperature, K

3M 3M 3T
3C (11)e

3t 3C 3t

Substituting (11) in (4)- and rearranging the terms we obtain

1.2 3C _ 3C ^ - 
r 3r ■^j 3t * (12)

(13)

(14)

(a) General Solution

To solve equation (12) using the Crank-Nicolson method, equations 

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

'-i
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- -1) C Af'
1 1 1

’;i-l,n+l Ar^j
+^2Ar2j ■ i.n+12rAr

j

1 -4.-
~) C^2hrZ = (- ■) C +

2Ar2j 2rAr+ i-l,n2rAr 1+1,n+1
j ii

_ 1 1(__i
'■Ar2 (15)+ (- ) C + SAt) " 2Ar2j 2rAr ji+l,nl,n

j5

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

The diffusion equation represented by (12) Is not valid at the
2 3 C

center because of the Indeterminate quantity — — at r = o.

Now,

'5

32c^ . 1 3 C Lr N*

IT. 7 57 ■ 5^^ (16)
r = o

for i = 1,

32c 1
- 2 C, + C + C.

l,n o,n 2,n+1S,n2Ar2^.... .gr2

1
i,n+2

(17)2 C + C a.
l,n+l o,n+l

3C
Is a hypothetical value and also the condition ~ °

r = o
Since C

o,n

must be satisfied. It Is necessary that C - ^2,n;
Into (12')-^and rearranging

o,n-J

Substituting (3), (16), (17) and C = C
o,k 2,k

the terms, gives

_ f I 3
■ At ^ Ar2^

Ar2, ^2,n

Y 31 3
) C^At Ar2^) ^l,n+l ^2,n+1 l,n

TLS)+ Bl
1
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(c) Solution at Interface of Two Materials (i = J)

It is assumed that the equilibrium conditions at the Interface are

are the vapor

concentration at the junction~iri the inner material and outer material 

respectively, then

Let Qj and be the moisture flow from point J-1 to J and J to J+1, 

respectively (Figure 1).

achieved instantaneously. This means that if CT and ct
< > • ' J J n ■J,n

(implication of (9)) (19)

Ar
D (^) 

2 ^ “j Sr^= -4 TT (r - (20)

f.

Arill) 2d (H|
2 ■' j+l^ar'^Q2 = -4 TT (r +

(21)
1

n+r2

The differences (Q^ - Q2) must, be equal to the moisture stored in

)/2 in Figure 1, thenthe shell of thickness (4r. + Arj+1j

r^Ar. r^Ar
.i+1i 3C + 4 TTQl - Q2 = 4 U -y + 3 2jJ,n+i

2 _

■^j+1 ^8t (22)+ 3j+1
J,n+|

The Crank-Nicolson finite difference representations"'bf^ the partial

derivatives of C with respect to r involved above are

1 J,n+l“^J-l,n+l^ c c
i ( . (23)3C

^3r\ 1 A ~ 2 
J-J. n+2 Ar

j j

p
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-C+ e' - c'^J+l,n J.n,^J+l.n+1„+ J,n+1> + i <= 1^3C ) (24)<f7> ArArj+i 4+1J+|. n+j ^ -

r

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

terms

- (K^+K2+K3) + K„CK, C. ,
1 i-l,n+l 2 i+l,n+l

(25)+ (K3+K2-K3) C^..^ - >^2 "i+l.n + *^4

where

2

K =A.
1 2Ar.

Ar

- lit * Vi “i« '''

(26)(r -
j

^1+1 ■ (27)'I',

^2 2Ar
j+1

(28)K3
“ J+1

(29)

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

is the vapor concentra-is in equilib^um with the environment. If Ce,n
le environment, then in equation (15)tion ■ in'
■j

(30)= c‘^i+l,n+l
e,n+l

Where

N = total number of shells in the composite body.
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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

values are known.obtain vapor concentration values C when C
i,n+l

Thus, knowing initial concentration values from Initial moisture condi-
i,n

tions, along with the history of environmental changes in concentration

and temperature, vapor- concentration at any point and at any time can be 

described by solving the above described tridiagonal system of equations
t

for successive time increments.

Moisture distribution at any time in the composite body can be

numerically evaluated by using the 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: a.

3^C . 2 3C
3r2 r 3r

1 3C (31)
D. 3t
j .X

where

r = distance from center of sphere, m 

C = liquid concentration at r, kg per cu m

= liquid diffuslvity of jth material, sq m per hr 

t = time, hrs
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Initial and boundary conditions are described by equations (5) to (9) 

except that C corresponds to liquid concentration.

(a) General Solution

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

(31) and simplifying gives;
f

(—i'■2Ar2 c ^Ar2. AtD^^ ‘^i.n+l2rAr i-l.n+1
j j i

•-aCi
f’

'isk + 2kr> ^ 2tk>) =i+l,n+l
j j 3 j

AtD ^ ^ ~ 2Ar2. 2rir^ (32)Ar2 i.n i+l,n
3 j 3 3f.

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

Based on arguments parallel to those in vapor, diffusion, the solution 

at the center of the sphere for liquid diffusion is.

C = (^ ^) C‘^2,n+ll,n+l Ar2iAtD AtD l,n3 3
®L

(33)4l *^2,0
Ari

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

If and Q2 are the moisture flows from point J-1 "to^ and J to 

J + 1 respectively in Figure 1, then and Q2 are given by relations 

(20) and (21) except that C is liquid concentration instead of vapor 

concentration.
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Similarly,

ArJ. (1C) 
2- Q2 = 4Trr2Dj 1 + X

J,n+2

^ (1^) 
2 '•9t ^ (34)

1 _J,n-ly

Substitution of equations (20), (21), (23) and (24) into (34) and
Vi.

simplification yields: !?

+ .[!l (i - i_) - c-
'■r Ar/ 2AtJ S

D.
_L (_1 
2 ^Ar

1
J,n+1r^ S-l,n+l jj

Ar

“'3+1’' tti, c+
2At ■■

X
J,n+1 2

j+1

Ar

- - sJi

. V (1 +
2 r Ar

X^J+l,n+l

J- 3

Ar
itil C'^
2At ^ J,n M X

j+1 j+1
St.

(35)“^J+l.n

The system of equations obtained from the relationships (32), (33),

(35) and substituting (30) in (32) does not comprise a tridiagonal 

system because of 4' unKnbwn concentration terms on the left hand side 

of equation (35).
0*

It may be recalled that in vapor diffusion

+
Jrn+l “ . (30S,n+1
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In liqu.id diffusion, the relative humidity at the junction is in 

equilibrium but it does not necessarily imply that (36) will hold true.

Only if an explicit relation between liquid concentration and relative 

humidity exists can either or C be eliminated to.transform the above 

mentioned system of equations into a Sridiagonal system. This.would 

enable the description of the distribution of liquid concentration at"

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

of the moisture distribution by using the following relationship.

Moisture conteng^^’Eiquid Concentration/density of the 
material (37)

Equilibrium Moisture Content Equationsf .

The Smith Equation (Smith 1947) and the Young (3-parameter)

Equation (Young 1966) describing the equilibrium moisture relations

relatioi/s^have been reportedwere used in this study. These two

(Young 1974) to fit the experimental data better than other commonly

used equations for predicting equilibrium moisture content.

The Young (3-parameter) Equation consists of the following set of
'5a

relations:

•{?
M = A (0 + a) + B0 (38)

where

A = pV /W 
m

B = PV/W

(39)

(40)

rh (41)0 =
rh + (1-rh) E

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

water molecules.)
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e2 E-(E-l)'rhE rh ,
" E -(E-l)rh E+1

(42)In (■ ) - (E + 1) In (1-rh)a =•
E

(toMl amount of normally condensed moisture measured in molecular 

layers);

E = exp [-(qj^-qL)/kT] 

rh = C/C

(43)

(44).(relative humidity, decimal)
sat,

p = density of water, kg per cu m

C = saturated vapor concentration, kg per cu m 
sat

k F Boltzmann's constant, cal per molecule per °K 

M = equilibrium moisture content for a desorption process, 

decimal (dry basis)

q^ = heat of adsorption of itiolecules bound to surface of cells, 

cal per molecule

q., = normal heat of vaporization of water, molecules, cal per molecule

V = volume of moisture in a unimolecular layer of water molecules on
m - , . . .

the surface of the cells, cu m 

V = amoimt of adsorbed"^oisture at saturation, cu m 

W = mass of dry material. Kg ■

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

su­

it.• i
V

A ^

^ ^ Po
V

and

„ V 
®o “ W Po

then
A

A = -2- p (45)
Po
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and \

= V^Po■ B (46)

^ where A^, and are values of A, B, and p at a reference tempera­

ture, respectively. To evaluate E at any given temperature it is assumed 

that /qj^ is constant. Under this assumption.

^ where 6 = (47)E = E
'll"o

P

are values of E and q, at a reference temperature T , 
o ^ °

and E and q^
O L

respectively.,

The Smith equation may be expressed as:

■?.

-r

M = A-B In (1-rh) (48)
' - '

The parameter A represents the moisture bound to the surface and B 

represents the moisture in a unimolecular lay^ of normally condensed 

moisture.

Parameters A and B in Smith's equation vary with temperature in a 

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

cribed by equations (45) and (46). ■a

Computer Solutions
.X.

Two computer programs were written corresponding to two vapor

diffusion models, vapor diffusion model - I and II. A third program was
written to develop a liquid diffusion model. Vapor diffu^on models - 

I and II involved solying the vapor diffusion equation (4) along with

t,
■3

the Young equation (38) and the Smith equation (48) respectively. The 

liquid diffusion model involved solution of liquid diffusion equation 

(31) using the~Smith equation (48). In solving the liquid diffusion
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equation it was necessary that an explicit type of relation exist

between moisture content, relative humidity and liquid concentration.

therefore the Young equation could not be used. Thus the three computer

programs were written to solve the following systems of equations:

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

vapor diffusion model - I,

(b) equations (15), (18), (25) and (48) for the vapor diffusion 

modej - II, and

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

diffusion model.

The program had the provision to:

(i) - estimate equilibrium moisture content of each material and - •

the composite body.
distribution in the spherical model(ii) determine moisture content

at any time,

(ili) compute average moisture content for each component and the
C ■

composite body as a function of time.

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

of time,^
-.U.

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

and the predicted values of moisture ratio, and

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

sum of squares between the observed and predicted moisture ratio

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

Hloisture ratio = Moisture content - Equilibrium moisture*^ontent_ _ _
Initial moisture content - Equilibrium moisITure content
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ANALYSIS OF DATA

C-l'972b), where peanutDrying data published by Whitaker and Yoi

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], and 22.8°C[73°F]), were used in obtaining numerical

solutions Of the vapor and liquid diffusion equations for a composite

The kernel and hull were simulated by the innersphere of two materials.

and outer core respectively.

Liquid and vapor diffusivity values of kernel and hull were obtained 

for each drying condition that yielded the best fit to the Whitaker and 

Young (1972b) drying data. All other input parameters required to obtain

the numerical solutions of vapor and liquid diffusion equations were taken

from the work reported by Whitaker and Young j(1972b) and Young (1974).

'Si.

■Si
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DISCUSSION

Values of diffusivities and their associated sum of squares of the

deviations that yielded the best fit between the observed and predicted 
moisture ratio values for each model are ^ven in Table 1. 

comparison between the experimental and theoretical drying curves, an ■ 

index called Root Mean Square of deviations 'RMS' was proposed, 

for each set of drying conditions was obtained-by dividing the sum of 

squares of deviations by the number of observations in each drying test

To make a

The RMS

and then taking the square root.
.A

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 Figure^ because the drying curves 

from vapor diffusion model I and II are coincident during most of the

The theoretical curves and the experimental curve showdrying period).

Figure 3 is a plot ofa close agreement over the whole drying range.
■

experimental drying data and theoretical drying curves for the drying

model (liquid diffusion) which yielded the largest value of RMS; the 

drying conditions were 26.7°G^[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 adequately predicted

the drying curve.

Effect of dry bulb temperature on diffusivities is^demonstrated in 

Figure 4. Thermodynamically the diffusivlty of a material should decrease 

exponentially^ with the increase in reciprocal of absolute tem^^ature.
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Thus, liquid diffusivities 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).
■*st.

Effect of dew point temperature, indicated by analysis of variance, 

on liquid and vapor diffusivities of hulls was Insignificant. Effect of 

dew point temperature on liquid and vapor diffusivities of kernels was 

significant., but this effect was also insignificant when diffusivity 

values at 22.8°C [73°F] dew point temperature were excluded from the 

analysis of variance test.
S-

Table 2 compares the fit of experimental drying data obtained by
t • '

using the three models. Comparisons are made by observing the percent

change in ^the RMS values of the models under consideration.
1.^

Vapor diffusion model - I, which uses thbxYoung (3-parameter) 

equation, fit the experimental data better than the vapor diffusion 

model - II, which uses the Smith equation, for the most drying conditions

f.

(Table 2). This trend was expected because over the considered range 

of relative humidities the Young equation predicted the equilibrium 

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

Comparison of values in col-7 and col-8 of Table 2, corre8pondl|ig . 

to the percent change of,{^S values of vapor diffusion model - I and 

Che liquid diffusion model and “percent change of RMS values of vapor 

diffusion model - H and the liquid diffusion model respectively, indicate

51-

4
’ \

almost the same trend 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 ^e vapor
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diffusion models 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 of deviations of observed moisture ratios and moisture

and deviations ofratios predicted from the liquid diffusion model, L 

observed moisture ratios and moisture ratios predicted from the vapor

diffusion model, revealed that for most drying conditions |Aj^| 

greater than |a^| during the initial 10 percent of the drying period, 

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

to |a^|. This implies that the vapor diffusion models gaye a better 

fit between the experimental and predicted moisture ratios during the

initial stages of drying and the liquid diffusion .model gave a better
■1 •'

fit during most of the drying period,- even tfibugh the results in Table 2 

indicate that over the whole drying period vapor diffusion models provided

was

- •

a better fit.

Deviations of observed and predicted moisture ratios of vapor and ^ ^ 

liquid diffusion model suggest that vapor diffusion and liquid diffusion0-

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

a model based upon simultaneous diffusion of vapor and liquid would

probably predict drying curves more accurately over the whole drying 

period and for extreme ranges of drying conditions.
-N
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SUMMARY AND CONCLUSIONS

, Peanut pods were simulated as composite spheres consisting of two

concentric shells of different materials where the Inner core and the 

outer shell represented the kernel and hull respectively, 

obtain numerical solutions of the vapor and liquid diffusion equations'

Methods to

for the moisture movement In the composite sphere were developed. Ex-

perlmental drying data were? used In estimating the liquid and vapor

dlffuslvltles which yielded the smallest sum of squares of deviations

between the theoretical 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 -diffusion model using the

Sml^ equation.

(2) Oyer the total drying period, both the vapor diffusion models

proved to be better than the liquid diffusion model, but the

liquid diffusion model fit the experimental data better than

the vapor diffusion model during the later stages of the drying
a

period.

(3) Dlffuslvltles of kernels and hulls for both the models were 

exponential functions of the reciprocal of absolute dry bulb 

temperature.

(4) Values of liquid diffusivities increased while the values of

vapor diffusivities decreased with the Increase of the dry

bulb- temperature.
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(5) Neither vapor nor liquid diffusivities were effected signifi­

cantly changes in dew point temperature.

As the trend shown by the liquid diffusivities as a function of dry 

bulb temperature was expected theoretically and the liquid diffusion model

fit the experimental data as good or better than the vapor diffusion 

model for a large part of the total drying period, the liquid diffusion

However,

n

model probably should be chosen over the vapor diffusion model.

the total drying period, the vapor diffusion model gave a lower sum 

of squares of deviations between observed and predicted values.

over

V?..

•St

X
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. Fig. 1. Schematic diagram of moisture movement at the junction of two 
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£>INTRODUCTION

Drying Is an important process in maintaining the quality of peanuts

Designing a drying system requires an under­after they,are harvested.

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, hygroscopic bodies based on diffusion laws (Newman, 

1931; Henderson, 1955; Crank, 1956; Young, 1969; Young and Whitaker, 1971b;

The transfer of moisture in peanuts has been investi-and many others).

gated by Young and Whitaker (1971a), Whitaker and Young (1972a), Whitaker

and Young (1972b), and Chhinnan and Yourtg (1975).

Some investigators have considered liquid concentration gradients 

and others vapor concentration gradients as driving forces in the movement 

of moisture in peanut pods, but which is the true driving force is not 

established. Also, none of the researchers in their studies have con- ,

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

developed and compared the numerical solution of two mathematical models 

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

- •

V

other liquid concentration gradient to be the driving force. They reported./

. that for a given set of drying conditions, the liquid diffusion model

provided a better fit between the experimental and predicted values ex-

But the vapor diffusion modelcept,in the initial stages of drying.

gave a better fit over the total drying period. This suggests that the

driving force for moisture movement is probably a combination of vapor

and liquid concentration gradients.
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(a) to develop a mathematicalThe objectives of this study were:

model describing the moisture movement in peanut pods based upon simul­

taneous diffusion of liquid and vapor, (b) to use the method of finite 

difference to predict the ipoisture distribution in peanut pods, and (c)

to compare the numerical solutions with the results of earlier reported

work.

A-.'

a

..X

%
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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 kernel as an inner spherical core and the hull as

Each component is subdivided-into concentric 

shells of thickness Ar and Crank-Nicolson's approximations for the partial 

derivatives in the diffusion equation were used to obtain the numerical 

solution.

an outer concentric shell.

The basic approach to the.development of a model for coupled vapor

and liquid diffusion was similar to that used for vapor or liquid diffu-
A.

sion alone as discussed by Chhlnnan and Young (1975). Therefore, in this -

paper, only the necessary theoretical aspects and assumptions will be 

discussed.

Coupled Liquid and Vapor Diffusion Equation

The equation describing the vapor and liquid concentration in a .

material is:
’?a.

3C„ 3C 
= ^D„a2c„ + 6 A^C = in V V at

(1)
at

where

D„ = liquid diffusivlty, m^hr"^
36

D^^ vapor diffusivlty, m^hr ^

- = liquid concentration based on bulk volume, kg m ^

C^ = vapor concentration based on bulk volume, kg m ^ 

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

reported by Chhinnan and Young (1975).

The vapor and liquid diffusion equations studied by Chhinnan and

Young (1975) are:
3C

D A^C = f _ — + (1-f) — d
V V 3t 3t s

(2)

where

-3
d = density of solid, kg m 
s

3 “3
f = void fraction, m (air)m (bulk volume)

= vapor concentration, based on void volume, kg m ^
• ' 2-1 

= vapor diffusivity, m hr

Pi

- •

and

M = moisture content, dry basisj decimal^and

(3)

where

C = liquid concentration, based on volume of solid material,
j6

kg m ^
2 -1

= liquid diffusivity, m hr 

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

ships:

Ta-

■'x

(4)= "a
D = D /f (5)
V V

(6)c, = c^(l-f)

C = C f 
V_V
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Substitution of equations (4) through (7) in (1) yields:

3C
Dj^(l-f)42Cj^ + = f ^ + (i_f) (8)

Equation (8) written in spherical co-ordinates for the jth material is:

3C
» f - — +

j 3t
(i-f) ^ 3 13,.

7? 37
(r2 + D

3r3r' 3r

3C
SL (9a)(1-fJ

j' 3t
‘

subject to the following initial and boundary conditions:

. (9b)M(r,t) = M , o £ r £t = o
°1 • • ••v

(9c)M(r,t) = M t = o, R2^£r£R
■

2 '°2

(9d)'C^(r,t) = (r.t) t > o, r =,R'2e

(9e)Cj,(r,t) = Cjj (r.t) t > o, r =
e

rhj^(r,t) = rh2(r,t) (9f)t > o, r =

3C^(r.t) ^ p (9g)^ t = o, r = o
3t

3C^(r,t) (9h)= 0 t = o, r = o
3t

where

r = distance from center of sphere, m

rh = relative humidity, decimal, and

R = outer radius of shell, m.
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and subscripts are:

0 = initial value

1 = kernel

2 = hull

e = environment

j = jth material

The Smith Equation (Smith 1947) describing the equilibrium moisture
j?

relation was used in this study,

M = A - B In(l-rh)

The parameters A and B represent the moisture bound to the surface
If

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

respectively. Parameter^A and B' vary with temperature (Young 1974) as 

shown below:

*■

(10)

Jf •

■

A
(11)

B = -^ p (12)
Po

where p is density of water, kg m ^ , and A , B and p . are values of- 
o o o

A, B, and p at a reference temperature, respectively.

■-SS.

Assuming liquid and vapor are always at equilibrium inside the 

material, the following relationships between moisture content, relative 

htffliidity, vapor concentration and liquid concentration-a^ obtained:

M^= Cj,/.d (13)
s

rh = C^/C (14)
sat

- -‘4‘ ->
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Equations (10)y (13), and (14) yield:

C = (1-exp a) (15)
V

where

= saturated vapor concentration, kg m ^ 

B ^ d

C and
sat

(16)a =
s

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

method it was necessary to convert either vapor concentration values to

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

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

obtain a tridiagonal set of equations from (9), as in work reported by 

Chhlnnan and Young (1975), it was also necessary, to’ have a linear relation 

between and at the next time step t+At. Tfiis was approximated as 

follows:

■3C^(r,t)

3Cj^(r,t)C^(r,t+At) = C^(r,t) + (r,t+At)-C^(r,t)
■SI.

or

C^(r,t+At) = Cj,(r,t+At) (17a)

where

C^(r,t)

V-,t) ^

(this is evaluated from (15))

(17b)

and

(17^0)= C^(r7t) - K2C^(r,t)
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Computer Solutions

A computer program was vnritten to solve the tridiagonal system of

equations obtained from (9) through <17) and Crank-Nicholson's approxi­

mations to predict Cjj(r,t) in the composite sphere using the same approach 

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

equation. The program also had provisions to:

i) predict the moisture content distribution in the spherical model

at any time,

ii) estimate the equilibrium moisture content of each material and

the composite body.

iii) compute average moisture content for each component and theXi

composite body as' a function of time.

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

Moisture cbnteht - equilibrium moisture content
where, MR =

Initial moisture content - equilibrium moisture content

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 moisture ratio values using the steepest ascent

method (Boughton 1968).
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ANALYSIS OF DATA

Experimental drying data collected by Whitaker and Young (1972b) 

for peanut pods for various drying conditions were used in obtaining 

numerical solutions of the vapor-liquid diffusion equation 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
f

conditions consisted of all combinations of fouri dry bulb temperatures 

(26.7 [80], 32.2 [90], 37;8 [iOO], and 43.3°C [110°F] and four dewpoint^‘"■i

temperatures (8.0 [48], 13.3 [56], 17.8 [64], and 22.8°C [73°F]). Data

from the above set of drying conditions were also used by Chhinnan and
j

Young (1975) in obtaining the numerical solution of the vapor diffusion

and liquid diffusion equations.

Optimum values of liquid and vapor diffusivities -reported by Chhinnan 

and Young (1975) were chosen as initial values of^iffusivities to be 

used to determine the vapor and liquid diffuslvity values of kernels and 

hulls for each set of drying condition that yielded the best fit to the • 

All other necessary input parameters to the computer model 

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

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

Hull

drying data. ’5S.

were

KernelParameter

d (kg/m^) 
s

_U99.75 

0.419

1102.04

0.0169f

66n

0.240.76w

A 0 IS^C 0.01448 0.07001-

0.08514B @ 15‘’C 0.06302

0.0655R(cm) 0.0558
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and At = 0.1 hr.

where,

n = number of shells

w = weight fraction

y

j:..-

.
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DISCUSSION

Behavior of the computer model was investigated by assuming either 

vapor diffusivities or liquid 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 ratios were determined at 43.3°C dry bulb temperature and 8.9‘’C dew

point temperature for vapor (S^), liquid (S^) and vapor liquid

It is observed (Table 1) that Sj^^

Under an ideal situation 

This dis-

diffusion models (Table 1).

equal to S^ but Sj^^(Dj^=o) is greater than S^.

Sj^^(D =o) and S^ must be equal and so must S^^(D^=o) and S^.

(D =o) no^ being equal to S^ is probably due to the use ofjr.

crepancy of S^^^

linear approximation for conversion of vapor concentration values intoa

liquid concentration values in the vapor-liquid diffusion model, 

expected that if the vapor-liquid diffusion equation was solved in terms 

of vapor concentration values, then S^^(D =o) and S^ would be equal and 

probably Sj^^(D^=o) would be greater than S^^.

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.

It is

'5S-

This is due to the use of the steepest ascent 

method (Boughton 1968) which yields only a relative extreme, 

obtain an absolute extreme a wide range of initial values^of diffusivities 

Initial vapor diffusivity values for the model were taken 

as a product of factor,' F, and optimum diffusivity values of vapor model - 

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

taken as a product of (1—F) and optimum diffusivity values of ths:_liquid

Thus, to

were chosen.
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model (Chhlnnan and Young 1975). The magnitude of F was varied between 

zero and one to obtain a wide range of initial values used in the model.

It was noted that lower sums of squares between the observed and predicted 

values were obtained by choosing initial vapor and liquid diffusivity 

values of 70 percent and 30 percent of optimum vapor and liquid diffusivity 

values reported by Chhinnan and Young (1975) respectively. This implies 

vapor diffusion as a predominant phenomenon in moisture movement. Optimum 

diffusivity values and their associated sums of squares of deviations 

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. • Diffusivlties are exponential functions of the

Liquid diffusivities increased whilereciprocal of absolute temperature.
the vapor diffusivities decreased with an. increaia^in temperature, 

is consistent with the previously reported work of Whitaker and Young

This

(1972b), and Chhinnan and Young (1975).

Figure 2 shows the effect of dew point temperature on diffusivities 

Effect of dew point temperature on vapor diffusivity
■st

of kernel and hull.

of kernel was found statistically insignificant. Effect of dew point

temperature on liquid and vapor diffusivities of hull and liquid diffusi-

No attempt was made to determine avlty of kernel was significant, 

functional relationship between the diffusivity and the dew point 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 conditions is evaluated by dividing

the sum of squares of deviations by the number of observations in the

drying test and then taking the square root. RMS values for each drying 

test are listed in col-6 of Table 3. Chhinnan and Young (1975) compared 

RMS values for the liquid diffusion model and vapor diffusion model -II 

(both the models employed Smith's equillbrivim moisture equation (1947))

and found that the vapor 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 indicated in col-7

(Table 3). Positive values in col-7 (Table 3) indicate that the vapor- 

liquid model fits the experimental data better than the vapor diffusion 

model and the negative values indicate 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 AMD 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 develop numerical solutions of the vapor-liquid diffusion equation 

describing the transfer of moisture in the peanut pod. Liquid and vapor 

diffusivities of kernels and hulls were estimated that yielded the 

smallest sum of squares between the theoretical and experimental drying
A

data. Conclusions drawn from this study are:

(1) The vapor-liquid diffusion model gayje a better fit of experl- 

mental data than either the liquid diffusion or vapor diffusion

f .

models studied by Chhinnan and Young (19^5). ' 
(2) Diffusivities were exponential functions^f the reciprocal of

absolute dry bulb temperature.' '

(3) Liquid diffusivity values increased with the increase in dry 

bulb temperature while the vapor diffusivity values decreased

with the increase in dry bulb temperature.

(4) Vapor and liquid diffusivities of hull and liquid diffusivity 

of kernel and vapor diffusivity of kernel was effected 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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INTRODUCTION

Peanuts, an excellent food source of high protein and energy, have

Like many other farm cropstaken an^important place among major crops, 

peanuts contain excess moisture when harvested, 

usually removed from peanuts on the farms in stationary bed drying trailers.

The excess moisture is

In order to'design more efficient and practical driers or to predict the 

performance of a drier, there is a need to develop an algorithm by which 

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

of laboratory experiments on thin layers.

Numerous researchers have studied the drying of hygroscopic solids
S-*

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

1971; Myklestad, 1968;
• ■ ’•Jit.

1970; Henderson, ^ nl. 1968; Kachru, ^ al

Parti, ^ al., 1974; Thompson, ^ , 1968; |immon88, ^ al•, 1953;

• >

Spencer, 1969; and many others). They proposed analytical or computer 

models for predicting the moisture and temperature of the drying material 

and the drying medium at any time and position in a bulk drier, 

development of these models considered two basic steps-, 

necessary to develop a thin layer model to characterize the change in 

moisture content and temperature of the individual particle under constant

The

It was first ■a-

The second step involved the development of a bulkdrying conditions.

model from the thin lay^ model which Involved the study^f simultaheOus 

changes in moisture and temperature in both the drying material and the

drying medium.

-'iw
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OBJECTIVES

All the reported literature on drying of biological materials 

represent thj^ thin layer model as a one component system consisting of 

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 properties. Thus, in drying of peanut pods 

the thin layer models must consider pods as a two component system, the

kernel and the hull, and the bulk drying model as a three component system.

This indicates that thethe kernel, the hull and the drying medium, 

existing thin layer or bulk drying igodels may not have the necessary

accuracy to describe a reliable and consistent drying system for peanut

pods.

Specificafly, the objectives of this study were:

(1) Develop a bulk drying model for peanut pods based on the thin 

layer models for peanuts developed by the authors (Chhinnan and 

Young, 1975 and 1976).

(2) Obtain experimental drying data in a deep bed drying simulator

■Ss

for different inlet conditions of air.

(3) Check the validity of the computer bulk model with the 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-

Equations de-ture of both the drying material and the drying medium, 

scribing the exchange of heat and mass between the material and the drying -

air may be solved numerically by assuming the deep bed of material, to be

Knowing thecomposed of a number of thin layers of finite thickness AZ.

of the air flowing into the layer and .assuming the conditions ofstate

the entering air do not change for a small but finite time. At, the

change in moisture of the product in time At can be determined from a

Then, solving the mass balance, the heat balancethin layer drying model, 

and the heat transfer equations, the temperature of the air and the

material and the relative humidity of the air canj;!^ determined at the 

These computations give the condition of the airend of the time At.

leaving the current layer, which is also the condition of the air entering 

These computations also give the temperature and moisture

Thus,

the next layer.

content of the current layer for computations of the next time step, 

the solution of the four independent equations discussed below for a layer

of thickness AZ and time increment At can describe the conditlon-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 computations.

Thin Laver Drying

It is necessary that a thin layer drying model is available that 

predicts a change in moisture di^rlbution M(r,t) in the peanut pod_at a 
spatial position r"and time t, and moisture distribution M(r, t + At^ after
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an elapse of time At corresponding to the drying air at temperature T

and relative humidity rh.

(1)M(r, t + At) = f(M(r,t), T, rh)

where f is 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 pro'duct in layer AZ evaluated from M(r,t) 

and M(r, t + At) respectively.

The mass balance for the moisture of the layer and the drying medium

over the time interval At is:

Moisture gained by air '= Moisture lost by material 

Q(H'-H) At = -AZ P A (M(t+At) - M(t))
■

or

Q(H*-H) At = WAM = W(M(t+At) - M'(t)) (2)

where^

Q = mass flow rate of air, Kg/hr 

p = density of dry matter, kg/m^
2

A = cross-sectional area of the dryer, m 

thickness of layer, m 

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

/■

AZ

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

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

^Parameter with a suffix prime (') refer to the value after time
increment At.
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whence, the change^ In absolute humidity of air

W M (3)AH = H’-H = -

Heat Balance

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

Energy lost by air = Energy absorved by the material +

Energy absorbed by the walls of the dryer +

Energy *’lo8t to the surrounding through the 
walls

(4)

(5)Energy lost by air = Q At(h - h')
S.

where

'^'h “ enthalpy of air-vapor mixture, J/kg dry air 

h is expressed in terms of enthalpy of air, h^, ai^d enthalpy of vapors, 

h^, as:

h = h^ + Hh^

= C (T - T ) + H(C (T - T^) + h J
cL O VO

(6)

5-

where

C = specific heat of air, J/(kg • K)
Q

^ "jf(kg-‘ K)

;

= specific heat-of vapo:

T = temperature of air, K

T = reference temperature, K 
o

h ■= heat of vaporization at T , J/kg 
g,o ' o

19

N.
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Energy gained by the material (pods) 

= W(Cp + M C^) (T^ - Tp) + W M C (7)

where

Cp = specific heat of dry pods, J/(kg • K)

C = specific heat of liquid water, J/(kg • K) 

Tp = temperature of pods, K.

Energy gained by the walls of the dryer

= W C (T' • - T )
WWW w

(8).

where

= weight of walls per layer, kg

C = specific heat of walls, J/(kg • BQ 
w

= temperature of wall, K.

Energy lost to the surroundings 

= 3600 h^A^(T^ - T^) At (9)

where

h^ = heat transfer coefficient, W/(m^ • k)
2

- surface area of walls exposed to_the surroundings per layer, m 

= temperature of the surroundings, k.
-1^

Heat Transfer Equations

Heat transfer equations as expressed below describe tKe;s;ransfer 

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

N.
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Heat transfer between the air and the pod is: 

Tp +T + T' = Wl(Cp + - Tp) +Q^AiZAt 22

AMCj^T^ - AMh^] (10)

where

3
= overall volumetric heat transfer coefficient, W/(m . K).^v

Heat transfer between the air and the walls of the dryer is:
!'

• T + T'
T + T’ w ^ = W C (T* - T )

WWW W
(11)h A 

c w 22

There are three unknown temperatures, T', T^, T^, the temperature 

of air, walls and pod respectively in equations (4) to (11) which 

be evaluated by solving three independent simultaneous linear equations

f . can

obtained from heat balance and heat transfer equations (4) to (11) for

a given layer and time increment.

'3.

s.
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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, 

provision for measuring the moisture content of the pods, temperature

The simulator had

and relative humidity of the air at different levels in the bed without

The dryer was divided into ten layers.disturbing the drying material.

Each layer consisted of a 15.2 cm deep basket made of sheet metal, with a 

perforated bottom placed in an aluminum frame hung at the end of a steel

Teflon sheets were used to connect one frame, to the next. 

The same material was used to cover the side and the back of the frames 

and an aluminum plate was used to seal the front of each frame, 

arrangement let the air pass from one frame to the next without leakage.

A relative humidity element and a thermocouple were placed in the inter­

cantilever bar.

.e.

This

frame gap to monitor the temperature and relative humidity of the air 

leaving the layer below and entering the layer above. Four strain gages 

in a wheat stone bridge configuration were installed on the cantilever 

bars from which the baskets and the frames were hung. These strain gages 

litored“the change in weight of basket filled with pods. Knowing the 

weight of the baskets, the weight of the pods and finally the moisture 

content can be computed.

lllUL

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 conditioi^ng unit, 

conditioned air entered the simulator from the bottom and passed through

The

N.
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successive baskets filled with pods and left the pods at the top.

volumetric flow rate'of air was measured by the pressure differential 
2

across the Meriam laminar flow unit and the absolute pressure of air. 

Figure 2 shows the schematic diagram of the automatic recording

The

system to monitor 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 inducted in the simulator for various 

inlet conditions of the air as given in Table 1.

were conducted to check the validity of the computer model with the

:v'.

The first four tests

experimental data xaider constant drying conditions, 

to check the behavior of the model under wetting conditions, 

ture of 10°C[50°F] was chosen for this test to maintain a reduced level

After 3 days it was "noticed^^at the rate of

f. Test-5 was conducted

A tempera- ■

of bacterial activity.

increase in moisture content was very low, so the dry bulb temperature 

was increased to 34.4°C[90‘’C] to accelerate the moisture absorptlor^ pro-

cess.

Test 6 was conducted for varying drying conditions where the dew

point temperature was kept constant ^t the dry bulb temperature 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 temperature

during this test.

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

is for Test-1 to 4 and Test 6. Test-5 was a wetting test, thus low

2 ■ - ... .

The use of trade names in this publication does not imply endor^- 
ment by the North Carolina Experiment Station of the products named, nor 
criticism of similar ones not mentioned.
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Peanuts for Test-1 and 2moisture peanuts taken from storage were used, 

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 morhing. 

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 

stablize it, and was switched off before loading the dryer. The dryer 

loaded in the momiiig and the ,;air conditioning unit was switched on 

Once the dryer was switched back on,, the desired conditions of 

the'''air was quickly obtained. The weight of each basket and the temper­

ature and relative hianidity of air entering and leaving each layer was 

recorded every ten minutes for at least the first six hours of drying, 

and every one half hour for the rest of the 3 to 5 day drying period.

Samples were taken from each basket before andt.gfter completing 

each test to determine initial and final moisture content of kernels.

was

again.

f.

hulls and pods.

Differential and absolute pressure gage readings were recorded 

•periodically to calculate the volumetric air flow rate. Temperature of 

„the_water reservoir, which corresponded to the dew point temperature of

the air was also recorded periodically.

N.
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COMPUTER SIMULATIONS

Thin Layer Drying

Chhlnnan and Young (1976) recommended that the vapor-liquid diffu­

sion thin layer model may be chosen over either liquid or vapor diffu­

sion models in developing a bulk drying model. The liquid-vapor 

diffusion thin layer model was written in the form of a subroutine called 

'THINLR' to be included in the main program of the bulk drying model. 

THINLR evaluated .the moisture content of kernels and hulls at^the end 

of a time Increment for a known temperature, T, and relative humidity, 

rh, of air.

Diffus^ities of kernels and hullsjused in THINLR corresponding to

dry bulb erature, T, and dew point temperature, T^, were interpolated 

from values estimated by Chhinnan and Young (1976). Vapor and liquid
I

diffusivities of kernels and hulls were estimated Chhinnan 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 T^ values which fell outside the range

of the above mentioned—four--dry—bulb—and—dew-point—temperatures._ _  _ _

Diffusivity as an exponential function of absolute dry bulb tempera­

ture, T(K), is expressed as

D = explD^ + A/T]

where, and A^ are constants estimated by a regression analysis, 

values are tabulated in Table 2.

These
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THINLR could also be easily used as a liquid diffusion model by 

providing liquid dlffusivities from the liquid diffusion model (Chhinnan 

and Young, 1975) and forcing vapor diffusivity values equal to zero. 

Exponential function parameters and A for the liquid diffusion model 

are also given in Table 1.

The Smith Equation (Smith, 1947) describing the equilibrium relation' 

was used in computing equilibrium relative humidity or equilibrium mois­

ture content values.

M = A - B In (1 - rh)

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

@ 15°C
A (kernel) = 0.01448 ■

S.

A (Hull) = 0.07003

B (Hull) = 0.08514B (kernel) = 0.06302

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 drying simulation

it appeared to be adequate-during 'the ‘Initial period of djr^^g, but 

became unstable as the drying in the lower layers and wetting in the

upper layers continued.' A reasonable amount of agreement was observed 

between the experimental and the observed values of moisture contents

The instability was-causedin the layers where drying was taking place.
N.
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by the sorption taking place in the saturated air zone, 

that an excessive amount of wetting of the pods was predicted in a layer

It was found

exposed to highly saturated air. This moisture had to be removed from 

the air. Thus, the moisture content of the air dropped significantly . 

resulting in excessive drying of the succeeding layer in which the air

Continued wetting and drying of alternate layers 

caused premature termination of the computer program. The probable 

reason for the high rate of absoijption under wetting conditions is

became saturated again.

discussed in the next section.

Inspection of the experimental data for moisture content of the 

layers exposed to saturated or nearly saturated air revealed that the
# 4

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 the*-4ower layers were 

always exposed to drying conditions. -The bulk model was modified so that 

it did not take into account the sorption process. This modification 

eliminated the instability problem but the model was no longer usable 

for conditions of air where wetting occurred. Thus, computer simulation

was not completed for Test-5 and 6.

A trial run of the bulk model for Test-1 indicated estimation of

faster rates of drying than observed, 

dieted and observed moisture ratios for the upper layers were^igher

It was felt that the heat losses and the

The deviations between the pre-

than for the lower layers^, 

sensible heat of the pods should not be neglected. The bulk model was

modified to Include the heat losses and sensible heat gain as discussed 

A flow-chart of the final modified bulk mod^ is given iijLin THEORY.

the Appendix.
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Physical and Thermodynanlc Properties

Dew point temperature T^(K) of air was calculated corresponding to 

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

= 299.26 + 16.98801 + 1.0496

where

a = log^ (3376.85 P^), and --

P^ = vapor pressure of water. Pa

Relation between relative Humidity, rh, and absolute humidity, H, 

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

rh = 1.608 P_., H/(1.608 H + P^^^.)
at

where

P = pressure exerted by the atmosphere. Pa

= saturation vapor pressure at the same^emperature. Pa.P

Density of moist air (gm/X.) was taken from Weast (1970), 

= 3.48512 X 10“^ (P - 0.3783 P )/T^air at w

Heat of vaporization, saturation pressure, specific volume of air 

and density of water ware taken from steam tables (Keenan and Keys, 1936). 

Volumetric heat transfer coefflcierTt used in equation (10) was taken

from O'Callaghan, ^ al., (1971)

H/(M^ • k)0.6011
Q = 850.06 [GT/P
V 31

where

2
G = mass flow rate of air per unit area of bed, kg/hr/m .

N.
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Heat transfer coefficients in equation (9) and (11) were taken as

(Krieth, 1969)

; ;= 11.356 W/(in^ • k) [2.0 Btu/(hr • ft^ • °F) ]

Relations for the specific heat of kernels and hulls at moisture 

content M (dry basis, expressed in decimal) were developed by Young and
■

Whitaker (1973).

= -522.5 + 6.98TSk
= •710.6Sh

are specific heats of dry kernels and hulls respectivelywhere Sh
in J/(kg • K) .

C = 4.604 X 10^ 
w

C = 1.004 X 10^ 
a

C = 1.842 X 10^ 

= 4.186 X 10^

Sk

^4

rs
W

i ■V

All of the above specific heats are in J/(kg ■ K) 511

. - 
W

5L

mm.
ii
ii
ii
11

N

N.
ir-i-

ISP
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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 di^rlng period for 

layer was measured by computing 'RMS' values, 

square of deviations, which is computed by taking the mean of sum of

RMS implies the root mean

squares of deviations between the observed and predicted values and then

taking the square root of the mean.

RMS values obtained from deviations 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.

employing the liquid 

layer model, which used liquid diffusivities estimated' by Chhlnnan and 

Young (1975). The vapor-liquid diffusion model provided a better fit 

than the liquid diffusion model for the thin layer drying data. As

diffusion thinThe bulk model was also run

expected bulk model using the vapor-liquid, diffusion thin layer model '51.

gave smaller RMS values than did the liquid diffusion model. RMS values

of the moisture ratios using the liqujd diffusion thin layer model for

Test-1 are tabulated in Table 3.

Computer simulations were' also made which neglected heat.^sB through 

the walls and the sensible heat of pods. Neglecting the heat loss and •

the sensible heat gain of pods produced larger RMS values indicating

the importance of these quantities (for example see Test-1, Table 2).

Estimated and observed values of moisture ratios atsthree typical 

depths in the dryer such as layer if2, 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 were numherd 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 the dryer, ,,

Even though the agreement between the observed and the predicted

values of moisture ratios may s4em reasonable for a particular layer.

any deviation between the predicted and actual conditions of the air

leaving the layer will result in errors in the prediction of the

moisture removal from the next layer, 

move to upper layers of the' dryer, as is clearly demonstrated in the

This affect is compounded as weA.

plots of relative humidity and temperature of the air leaving layers 

itZ, 5, and 8 for a typical drying test (Figures f'aiid 8). 

tlons of predicted values of relative humidity and temperature from

The devia-

observed values affect the correct prediction of moisture ratios and

vice versa.
’S

It is very important that the thin layer model predict the removal

of moisture from the pods quite accurately at high relative humidities. 

Thus, prediction of the parameters controlling the moisture removal.

the diffusivltles of kernels and hulls, should be good at high relative

humidities. In all the layers except a bottom few drying takes place

for a considerable lengtji of time under high humidity conditions of the

The period of exposure to high relative humidities become longerair.

and longer as we move to the upper layers.
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Thin layer models of Chhinnan and Young (1975, 1976) and Whitaker
P

and Young (1972) were less accurate for high than low dew point tempera-

It should be noted in this study that RMS values of moisture ratiostures.

(Table 3) are smaller for drying conditions 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 diffusivipies were considered as an exponential 

function of dry bulb temperature only, as no simple relation was suggested 

for the affect of dew point temperatures (Chhinnan and Young, 1976).

Considering the fact that so many parameters are involved in a bulk 

model and that a good estimation of some of the controlling parameters
S-i

are not available (for example diffusivities at high dew point tempera­

tures) , the prediction of moisture ratios are quite ^reasonable.

In an earlier section, Development of Bulk Model, it was indicated 

that the bulk model became highly unstable when the layers were exposed 

to saturated air, because 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 exposed to sathrated air is attributed to the 

values of diffusivities used in predicting the process. Unfortunately

the values of diffusivities for the sorption process were not known 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 assumption 

that the outermost shell is in equilibritnn with the surroiiiding air.
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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 

taken 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 available for whole pods and not for kernels and hulls separately. 

Though the estimated values of diffusivities provided a reasonable fit 

for the whole pod, it has not be4n established that the same diffusi—
. •

'• vity values would predict an accurate flow of moisture in kernels and

This indicates tlie need to get estimates of diffusi-hulls separately.

vities of kernels and hulls from experimental data for kernels and-hulls

separately.

When the dryer was unloaded after the completion of each test, 
growth of fungi was observed in the upper layers ^f^he dryer. The

growth was visible in layers 7, 8 and'9 in Tests-l and 2, layers 6 to 9

In all tests layer #10in Test-3 and layers 5 to 9 in Test-4 and 6. 

did not show an excessive growth of fnngi compared to layers below it.

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

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

The effect of fungal growth oh drying is not known, thus, not included

in the bulk model.

N.
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SUMMARY AND CONCLUSIONS
•V

A deep bed drying computer model was developed based on the vapor-

The bed was divided into several layersliquid diffusion thin layer model.

The model was written to predict moisture content inof finite thickness.

The model originally took into account a desorp-each layer at any time, 

tion as well as a sorption process, but due to unavailability of diffu-

sivitles for sorption, the model was modified to neglect sorption effects 

caused by high relative humidity'air in the upper zbnes of the,dryer.

This modified model seemed to work well for the drying tests subjected to

f.:

constant inlet drying conditions.

Tests were conducted by monitoring the moisture content of pods, and 

the relative humidity and temperature of the air at various depths in the 

deep bed drying simulator for various inlet air conditions. A good esti- 

mate, of diffusivitles from the thin layer drying models was not available 

for air at high dew point temperatures causing Inaccurate predictions

where they occurred.

Bulk model predictions were also obtained employing the liquid diffur 

In most cases, as expected, the bulk model withslon thin layer model, 

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

change in condition of the pods in the layers and the condition of' the air

Inclusion of heat lossleaving the layer than the liquid diffusion model, 

effects in the model produced a significant effect in correctly predicting

the moisture ratios of thfe layers, especially with high dry bulb tempera-

In spite of the compounding effect of errorsture inlet air conditions.

involved in calculating the drying profile of a layer, ^reasonably good 

estimate of these profiles was produced by the bulk model.
•'fr
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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

Following are the probable reasons „ 

for high rates Of sorption of water by the hulls under wetting conditions 

and the deviations between the predicted and observed quantities: 

i) the diffusivities were estimated by the thin layer models 

from thin layers desorption data, 

il) surface resistance to the flow of moisture is assumed to be 

negligible,

ill) desorption data available for estimating the diffusivities 

was for the whole pods and not separatelyj,for the kernel and 

the hull in a pod,

iv) non-availability of good estimates of diffusivities at high

of diffusivities of kernels and hulls.

dew point temperatures.

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.

■s.

N.
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Table 1. Inlet conditions of the-air for the drying experiments

Relative
humidity

Dry bulb
temperature

°cr°Fi

Dew point 
temperature 

°Cl°F]
Test

%

34.4 [94.0] 50.022.8 [73.0]1

18.0 [64.5] 32.2 [90.0] 43.02

17.2 [63.0] 27.2 [81.0] 55.03

26.7 [80.0] 65.020.0 [68.0]4

10.0r34.4 .
[50.0-90.0]2'

9.2-31.5
[48.5-88.7]

5
a/ 95.0

16.7 [62.0] 21.1-26.7 ,
[70.0-80.-0]-

6
55.0-75.0 ■

a/
Lower and upper limit of temperature range

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

CoefficientIntercept
AD

Thin layer 
model

Pod
Component

o2° (m^-°C/hr)(m /hr)Diffusivlty

2591.344-10.7668Kernel
Vapor

Vapor-
liquid

3674.266-16.4951Hull

-5228.412Kernel 0.5885
Liquid

-6341.678Hull 3.5353

-0.6956 -4320.815Kernel
LiquidLiquid

-4292.973-1.1877Hull *

i

■x

N.
>•
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DESCRIPTION OF ENTITIES IN THE FLOW CHART

Variables

AIRFLO - Airflow rate

DH - Change in humidity

DRWT - Array, dry weight of layers

DT - Time Increment

FM - Final moisture content in each concentric layer of pods 

FME - Experimental value of FM 

H - Humidity of air entering 'LR 

HF - Humidity of air leaving LR

IM - Initial moisture content in each concentric layer of. pods
.f.

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

LR - Layer number

MAXLR - Maximum number of layers

OS - Moisture content in outer shell of pod

PM - Moisture content of pod
■ssPMF - Final PM

RH - Relative humidity of air entering LR

RHE - Array of experimental vdlues of RH

RHEQ - Equilibrium RH

RHF - Relative humidity of air leaving LR

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

T - Temperature of air entering LR

TD - Temperature difference
X

a
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TF - Temperature of air leaving LR 

TIME - Time elapsed

TMAX - Maximum simulation time

TP - Temperature of Pod

TPF - Final TP

TWL - Temperature of wall

TWLF - Final TWL
r-’

Subroutines

EQLBRH (OS, T, RHEQ) - Computes RHfiQ from OS and T 

HUMDTY (RH, T, H) - Evaluates H from RH and T 

RELHDM (RH, T, H) - Evaluates RH from H and T
f.

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

i ■
- Evaluates temperature TW, which is dry 
bulb temperature of intersection of 
relative humidity curve of RHO and wet 
bulb line defined by T and RH

WETBLB (T, RH, TW, RHO)

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^dx, respectively.

Numbers in parentheses refer to equations in Manuscript - III

(A.l) refers to the following equation: ‘X

At = -AH hfg/(Cp^^ + H) (A.l)

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

N.
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FLOW CHART OF BULK MODEL

iTIME=0 I

I
[Read DT,DRWT.MAXLR.TMAX.IM |

=1 Compute AIRFLOE> ■pj LR=rjRead RH,T [

^ CALL 'rHmLR(BH,T,IM,FM,PM)|=3-E>
pjHF=H+DH [------ t=iDHl=DH |[compute DH from (3) }■

i
[call EQLBRH(0S,T,1. ,RHEq) t ■j HF1°HF I

I
CALL WETBLB(T,RH,TW,RHEQ)| ■jcALL HDMDTY(RHEQ,TW,HEQ)

T

|cALL WETBLB(T,RH,TW.l.) {=a-----

[call HUMDTY(1. .TW.MH DH=HF-H

T
-------<JpPT=C> I Compute PMF from DH & Q))-*E> HF=H

•^|TF=T-H'U [Calculate TD from (A.I)

<3-
iRHEQ-RHj >=

■^Irhf-rhI .
■jcALL RELHUM(RHF,TF,HF)

0 ■g°|RHF°RHEQ IOPT=l

9N.
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F
\ CALL HETBLB(T,RH,TF,RHF) |E> RHF=RH,

T

jTD=-TF-T|TF=T

J
jCompute DH from (A.l) & PMF from (3) |

T|HFqH^^DH^ HF< H

F\

[ Calculate TF,TWLF,TPF from TP.TWL.TP using (4) - (11) -

I F

T T {£>•cr iD=o & ^

$
FDH1> 0 ? 

HF> HFl^
T

J- ■<3& % 
(HF>HF1 or 
. HF<H) ^

E T

H DH=0HF°H \

ITF
1 ID=0 I

A

F I Calculate PMF from (33HF< H

T

■fc*j Compute PMF from (3) 1E> ------*^DH=HF-H )■

Reduce FM proportionately based on PM & PMF
■h

- - t»j RH°RHF [■H=HF T=TF

K
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!I> ■frj TP=TPF I- j TWL=TWLF

4 LR=LR+1 \=3 j Store & Print RH.T I '

F
LR<MAXLR •is4 TIME°TIME+DT |

T

r?
Read RHE,TE,FME

\ Compute RMS |
^ 4

T
TDffi^TOAX^

S ■

F

END

c-

-ft
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