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ABSTRACT

A FUNDAMENTAL ANALYSIS OF EQUILIBRIUM AND TRANSPORT

PROCESSES IN THE DRYING OF VEGETABLE FOODSTUFFS.

By Enrique Rotstein -

The equilibrium and kinetics of the drying of vegetable foodstuffs
are studied., To do this, the cellular membrane“permeability is
considered. Conflicting evidence and definitions are reconciled by
referring‘them to a rigorous definition of permeability and taking into
account the boundary layer resistances. On this basis the flux of
water through the cellular membrane is predicted and compared with
experimental data to determiﬁe that water permeation through the
membrane is not the controlling step.

After reviewing existing correlations to predict the equilibrium
of foodstuffs with moist air, it is found that they are not adequate.

A new equilibrium expression is presented on the‘gasis of equal
chemical potentials in the external and internai phases. Existing
data on transport properties are reviewed and new data reéorted. New
expressiops to predict transport properties are developed on the basis
of a model for the porous tissue structure and the pfopefties of the
constituent materials., |

The mass and energy transport equations are written for the case
under consideration and they are coupled through:use of the equilibrium
expression. To do this a physical model of the process is outlined which
takés into account the tissue structure and considers - the outward
flux of.water as one of water vapour through stagnant air. Using

the selected initial and boundary conditions the system of partial
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non~-linear differential equations is solved numerically for vapour
weight fraction and temperature. Through the equilibrium expression
the resulting values of moiéture content are obtained and averaged
over the volume.at each time step. The predicted change of mqisture

content as a function of time is compared with experimental data.

Satisfactory agreement is observed.
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CHAPTER 1

INTRODUCTION

The drying of foodstuffs presents an interesting probiem in
chemical engineering modelling. The challenge in this case is to
use the generalized transport phenomena approach and at tﬁe same
tiﬁe to take into account the peculiarities that characterize foodstuffs,
making them different from the heterogeneous structures more frequentl&
studied in chemical engineering.

When an analysis is made of the structure of cellular tissues
of which foodstuffs are made, it is realized that the tramsport
propéfties should depend on the constituents and the way they are
organized. It then becomes apparent that the prediction of these
properties is closely related to the ability to quel the porous
‘structure in question. Accordingly the drying behaviour will depend
on these characteristics. In tbis sense it 1is hopéd that the present

work will suggest ways to systematize the study of the drying of

different foodstuffs.
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CHAPTER 1T
ON CELLULAR MEMBRANE PERMEABILITY

Experimental information

Two main types of experiments can be found in the literature.

One 1s based on an osmotic driving force. The other is based on a

purely diffusional driving force. In the first case, the permeability

results from:

av _ _ POSA(ﬂln - nout) ' (1)

as

dv in out
Qv . A y
73 P RT(C C )

In the second caée, the diffusion is usually one of labelled water

*
versus water:

out in
- )

W Cw in out
at Dx = I')d A(Cw - Cw

> (2)

Typical experimental arrangements

In the case of artificial bilayer lipid membranes (BQM), H. T. Tien
(1974) describes typical experimental arrangements. For Posa 10 ml
Teflon beaker is the inner chamber, which is enclosed in an outer chamber.

On the wall of the Teflon beaker there is a semipermeable membrane. To
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start the experiment, solute is addéd to tlie outer chamber and is thor-
oughly mixed. Water will then go through the membrane towards the
outer chamber, causing an inward bulging of the membrane. The volume
of water éhat has permeated is measured by adding liquid until the
membrane is again in its original planar position. This is checked by

reflecting a light over the membrane.

To determine Pd a 5 ml Teflon cup, which can be sealed gas-tight
is placed inside a larger beaker. The membrane again occupies a section

of the wall.

A known volume of THO is added to the inner chamber. Its passage

to the outer chamber is recorded as a function of time.

It can be seen that bulk concentrations are used for calculation
purposes. The membranes are very small (e.g., membrane diameter = 1 mm,
Huang and Thompson (1966)). Usually there is stirring only at one side

of the membrane or there is no stirring.

wiﬁh actual cells many experimental approaches have been tried.
They differ in type of cell, mode of isolation and way of measuring

coneentrations and or changes in volume. Some experiments have been

made with whole pieces of tissue.

The experiments of Solomon (Sidel and Solomon, 1957, Paganelli
and Solomon, 1957) are representative of experimental techniques involving
singlé cells. The osmotic experiments were made by mixing blood with
a variety of anisotonic media, using a .recirculating mixing chamber.
The change in volume was measured by light scattering. The tritiated

water experiments were made by mixing blood and tritiated water in a
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similar mixing chamber. The extracellular water was sampled at definite

time intervals and analyzed for its tritium content.

Kohn and Dainty (1966) used disks of beet and artichoke of diff-
erent thickness, which were submerged intc anisotonic solutions. Glinka
and Reinhold (1972) made similar experiments with carrots of comstant
thickness. No stirring was used. The two above papers report data as

half~times instead of permeabilities.

Apparently, all of the experiments have been done with liquid phases

at both sides of the membrane.

The definitions of permeability

There is a certain degree of confusion as to the definition of
permeability, which results from the driving forces chosen or from more
general coefficients which have a restricted meaning when applied to water

permeability through semipermeable membranes.

Stein (1967) and Nobel (1974) define several coefficients which

are used throughout the literature. They are summarized and interrelated

below.

In general I, = Lo hu + Lo Aug : . (3)

(3"
]

+ -
stAuw LssAus

.

assuming the membrane is fully non-permeable to sugars
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J =0
s
L _=0=1L
SW ws
L =0
58

,Jw = waAuw

where wa is the phenomenological coefficient for water flux due to -water

force.
= 1® +RT Iny x +¥ (0 - D
uw Y ,nYw W W )
Thus i
: (waw) i = in out
‘ J. =L RT 1n + VT =P ) (4)
w ww | (Y % )out W
ww -

This can be expressed in terms of osmotic pressure

. RT In a, = RT In Yo&g = Vwﬂ (5)

Or, using an approximation, in terms of molar concentration:

~ nS nS nS
ina =lnx =1ln(l - ———— ) &8 = ————— % = —
W w nw +n - n +n . n
S w [ W
A .
In a n
w s

1
1
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Thus
; a;n - In %}n 1 QSUt
RT 1n —— = V RT( — =)
nout w v v
a
W w w
= V_RT (c;’,Ult - ¢y
_ = ,~in _ _out '
RT ¥_(C." - ¢2U%) (6) «

Equation (4) can be written in two different ways, taking into account

eqns. (5) and (6):

[
e
"
Et."
e
3
~
o!
c
T
’5‘
N’
L
<
)
H
5
)
)
e
VC‘T
L_l

[N
|

= wa ﬁw(Ap - AT) (7

whére A is an operator which means value in left hand side, or imside,

minus value *in right hand side or outside.

S

_ s ,-in _ out = ,in _ _out
JW = wa [RT VW(Cw CW )y + VW(P p )]
- v I3
J, =L BTV, [}CW t 55 . (8)

Note that (5) and (6) are identical "if the phenomenon by which there
is a water flux is osmotic and only osmotic. Otherwise they represent

different problems.

An alternative definition is based on volumetric flux. The "hydraulic
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conductivity coefficient" or "hydraulic permeability" Lp’is defined:

[N
it

L - Tg.AT.
p(AP j J)

[
i}
G
<
+
[
<

~Where

For the case under consideration

3, = 3V, =L (& - am A (9)

For volumetric flux of water and "water potential' as the driving

"~ force the "water conductivity coefficient" is defined:

_ - I o in _  out
JVW Jv Jwyw Lw(w Yo (10)
]
Y ==
Vi
4 Arin
. L . a
o A in out RT w
= - = - —_—
Thus Jwvw Vw (u L ) Lw \Y In gout bp) (1)
- w

using (6)

-

ww w\Y

JV =1L §E-ﬁ/ AC + fp »
/ww .

for a purely diffusional phenomenon or an osmotic one, provided that

the latter case be one of diffusional osmosis.
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J =L RT(AC + AP . (12)

or, with the above restriction, introducing (5) in (11)

= _ = A |
JwVw—Lwl:Vw VW+A%-

L
— W -
Jw = v; (Ap - AT) (13)

A more rigorous definition

- The above definitions fail to account for the convective contri-

bution to water flux, since they describe only the diffusional flux.

Lightfoot (1974) has presented an approach in which the membrane

is considered one of the species, to allow for the body forces term.

From the postulate that fluxes are linearly and homogeneously
related to driving forces, defining previously a generalized mass transfer

driving force a;, it follows:

- X n - — -

CRT d, = L. (v, =v) + L, VT
1 J=1 i J o

n S - -

VinT=5% L v. -—Vv) +L d

j=1 Oj( 3 ) (o]e] q

neglecting the contribution of thermal diffusion, which is-normally

unimportant in biological systems
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Li-
3 =3 . -7) (14
= v. = V.
i j=1 ORT Vi 'k )
itk

where Vi has been used as the reference velocity. Equation (14) is

now a set of Stefan-Maxwell equations.

The phenomenological coefficient is re—defined in terms of the

multicomponent mass diffusivities Dij.

From an entropy balance it can be shown that
RT T, = C_ (T + (C.V v
CRT d; = C,(Vugp o + (C;V; = wy)Wp
-> -
- 08y ~ Zwg) - (15)

Following the approach used by Scattergood and Lightfoot (1968)

it is concluded that for a binary system composed of water and the mem—

brane, the body forces are respectively

-

el

for the membrane and, for water

> -
CO

Thus, the body forces term in equation (15) can be written



Equation (15) becomes now

thus

Fick's equation

CRT d
CRT d
-
d =
w
Y
x V
w
x V
w
Y
x V
w
N=

= ¢ (Vu) + (CV 7 K
- w( uWP,T (ww W)Vp_'_p i
. W p
c (¥ +CT Y
- w( uW)I’,T wvva
A -
= +
Cw RT (V 1In aw)P,T CWVWVp
v
(Vina), .. +x —=7WUp (16)
xw wP,T w RT
1 =x V1 =x (71 + T 1nx
noa =X, nywxw—xW ooy, anw)
- -
=x VinY + Vx
w w W
9ln ¥y
In 'YW 5 Tn = VXW
3 1n Yw
In a = VXW 1+ ST = 17
+ + N
JW xW(NW m) (18)
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can be used here, redefining the diffusional term
J, = - CB d (19

Taking into account (16), (17), (18) and (19)

3 1n v X x V
w W W W 3p
= - + i
_Nw : C‘me é+81nxw) 3z RT 9z

* waw (20)

Before proceeding further it is-necessary to recall the physiéal
description of the problem. The membrane is regarded mainly as a bimol-
ecular lipid layer, hydrocarbon end pointing hydfocarboﬁ end, polar

. ends pointing outwards either surrounded by or indentéd by proteins.

It is assumed that they behave as a thin layer of oily material,

Both external phases are dilute solutions, eventually one of them

&

may be pure water,

e

As the membrane interphase concentrations cannot be measured, a

partition coefficient is defined

dw (21)

=
i ‘
Ol

The total molar concentration should be essentially constant and

the same can be expected to be Yw.throughout the membrane. Therefore,
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equation (20) can be simplified
302 m Vw 3p>
Nw -7 Ewm oz * CW RT 9z, * XwNw . (22)

It is interesting to note that in terms of mole fraction the
contention of these solutions being dilute ones is not a heavy res-

triction. For typical vacuolar compositions of apple tissue, table 1

shows this fact.

Equation (22) can be integrated

Cm’QUt - Cm’OUt oy out in
N =-5 we we + vww (p - P )
\ Wit Az RT Az

* (xw)av Nw (23)

where (xw)av is the average water mole fraction in the membrane.

If the partition coefficient is the same at both sides, i.e.
»

the relationship between external water concentration and local mem~

brane composition is linear, and Cgﬁw = 1 -

+-—
w Az

P K . .
v _ wm dw in out 1 in _ out
Ny = [Cwe Cwé RT (» P )]

. + (x N 24
( w)av w (24)

The equilibrium external concentrations can be substituted by

bulk external phase concentrations provided there is no significant

mass transfer resistance across the boundary layer. Then
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Table 1

Typical vacuolar water mole fraction

as a function of moisture content

X g H,0/g dry material Xy
7 . 0.9905
0,48 | 0.8768
, 0.32% IR " 0.8259

0.16  0.7034

% commercial dehydration limit,
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v = p' |ein _ 1 ,in _ out ]
NW Pw {Cw Cw * RT (e Pt (xw)av Nw

(25)

Interrelationship among the permeability coefficients

Considering the above definitioﬁs, it can be seen that all but
(25) neglect the convective contribution to the water flux. This is

acceptable only when (x ) , the membrane average water mole fraction
_ W’ av i

is close to zero. Then:

. in _ Lout 1 in _ _out ]

N, = By [Cw G *rr @ P (26)
The coefficients defined on the basis of osmotic gradients can

be equated to those defined on the basis of concentrations provided

there is no parallel or alternate mechanism superimposed with the

diffusional one.

Most of the experiments with BLM are set so as to ensure equal
hydrostatic pressure at both sides of the membrane. This is not

L]
always true when cells are involved.

San

Taking into account these remarks, table 2 can be used to inter-

"relate the different permeability coefficients.

Experimental data

The literature reports experimental values for the water permea-
bility coefficient, usually naming it according to the driving force
under consideration. Thus experiments using labelled water - water

are reported in terms of a "diffusional permeability" while those
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Table 2

Interrelationship among the permeability coefficients

Symbol  Driving Force Units Pw =

(26) Pw C and P cm/sec Pw
(25) P& C and P cem/sec P;/(l - xw)
(24) D C and P cm?/sec B KDw/Az(l - Xw)
(10) L, ¥ cm/sec at Lw R.T/§w

(9) I..P P and 7 cm/sec at LPRT/\-ZW

(3) L u mol2/at sec cm® fwwRTﬁw

) Pos T cm/sec at POET/VW
" (2) Pd c cm/sec Pd
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based on an osmotic gradient. are reported as yielding a "hydraulic"

or "osmotic" pe;meability. Moreover, there is a wide range of values’
for these permeabilities and while a few experiments confirm ﬁhe equi-
valence indicated in table 2, many give different values for the
permeability of the same membrane when a different driving forée is

used. Tables 3 to 6 give observed values of water permeabilities for

different membranes.

The bulk of the available data is for single cell membranes,
with or without the cellular wall, and for synthetic membranes. The
latter are basically bilayer lipid membranes. The data for tissue
sections in terms of permeability coefficients is scarce. Because
of the difficulty involved in accurately establishing the geometrical
relationships, authors report permeability data in terms of half-times

(see Kohn and Dainty, 1966; Glinka and Reinhold, 1972).

The differences among permeability values

The studies conducted on cell membfane pfoperties appear to point
to a unique Basic structure, a bimolecular lipid layer with proteins.
around or ingrained (Stein, 1967; Nobel, 1974). _On this basis it should
be expected that the water permeability of membranes from differenﬁ
origins would be similar-in magnitude. If the thgoreticai description
of the phenomenon underlying equation (25) or the similar equations

above, is correct, there is no apparent reason why Posand P . should be

d
different. Nevertheless it can be seen from table 3 that water perm~

eability values for single cells go from 0.23 to 127 x 107" cm/sec and
those found by using an osmotic gradient are approximately equal to those

t

found using a labelled water gradient in a few cases but differ significantly
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Table 3

Water Permeabilities of Animal Cells

Cell PogT/?% . P, References
10" cm/sec 107 cm/sec
. . e L Lillie (1916,1917)
Arbacia punctulata Sea Urchin (Atlantic coast) unfertilised 2.2 (Lucke et al (1931)
- b . Lillie (1916,151.7) .
fertilised 4.5 5'7 (McCutcheon & Lucke (1932)
Paracentrolus lividus Sea Urchin (Mediterranean) unfertilisecd 2.2 - © Maxia (1934)
fertilised 4.5 - ~ Maxia (1934)
Stronglyocentrotus, Sea Urchin, Sand Dollar, . ) ‘
Dendraster, Patiria Starfish (Pacific coast) . . 2.2 - 8.9 - g Leitch (1931)
Pisaster (unfertilised) (temp. 17-22°C) ' _
Zoothanium sp. Fresh water peritrich-ciliate 2.7 = 5.6 - . Kitching (1938)
_Gregarina 4.5 - Adcock (1340)
Chaetopterus Perga- _ Marine annelid (Atlantic coast) . - .
mentaceus ' . » - 8.9 -11.2 ' Lucke et.al (1939)
Cumingia tellenoldes- Marine mollusc (Atlantic coast) . 8.9 -11.2 - Lucke et al (1939)
Mouse, rat, chick fibroblasts l 8.9 -22,3 - . Brues & Masters (1936)
Rabbit ) leucocytes 6.7 -— Shapiro & Parpart (1937)
Human "' leucocytes 29.0 T e Shapiro & Parpart (1937)
Ox . erythrocytes 55.8 - . Jacobs (1932)
Human - , - erythrocytes 67.0 \ - Jacobs (1932)
Amoeba (' 0.37 0.23 s Prescott & Zeuthen (1953)
Frog, ovarian egg 89.1 1.28 ) ibid
, Frog, body cavity egg 1.30 ©0.75 ibid
Xenopus, body cavity egg 1.59 ) 0.30 ibid
i Zebra fish, ovarian egg 29.30 0.68 * Y ibid
Zebra fish, shed egg 0.45 0.36 ibid
Sidel & Solomon (1957)
Human (adult) erythrocyte 127.0 53.00 (Paganelli & Solomon (1957)
: . ’ : Sjolin (1954)
Human (adult) erythrocyte , 116.0 41.0 (Barton & Brown (1964)

Human (fetal) erythrocyte 61.0 23.00 - ibid

_'}75—



Table 4

Water Permeabilities of Cells in Tissues (Vegetable & Animal)

Tissue . PogT/Vw Py

10%-em/sec 10% em/sec

. Toad, bladder:

no vasopressin 4.1 0.95
. with vasopressin 188.0 1.6
Rat: (
luminal surface of inses=. .. 83 _
tinal mucosal cells
kidney, proximal tubule 2400.0 -
kidney, distal tubule 1100.0 ’ -

Beet root: ,
unp lasmo lyzed ' 0.3 -

References

Hays & Leaf (1962)
ibid

Lindemann & Solomon (1962)

Ullrich et al. (1964)
Ullrich et al. (1964)

Myers (1951)

- ¢ -



Table 5

Water Permeability of Vegetable Cells

Cell : PogT/V% Py
10% cm/sec 10% cm/sec
Chlorophyceae:

Cladophora glomerata (pH = 7) 12.3 -

" Rhizonium hieroglyphicum 6.4 -
Oedogonium echinospérmum 4,3 -
Spyrogira affinis 3.1 -
Spyrogira communis 3.8 -

. Spyrogira condensata 6.7 - -
Spyrogira gracilis 7.5 -
Spyrogira porticalis 2.5 -
Spyrogira pseudovarians 2.0 -
Spyrogira singularis 11.2 -
Spyrogira stictica 2.7 -
Spyrogira varians 3.2 -
Spyrogira sp. 4.6 -
Spyrogira sp. . 3.2 -
Spyrogira sp. 2.2 -
Spyrogira H. (pH = 7) 15.3 -
Zygnema velox 16.8 -
Zygnema Sp. 5.3 -
17.7 -

Zygnema Sp.

References

Seeman (1950a)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956}

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Lenk (1956)

Huber & Hofler (1930)
Bochsler (1948)
Seeman (1950a)

Huber & Hofler (1930)

Bochsler(1948)
Hofmeister (1935)

- 9f -



Characeae: 7
Mougeotia scalaris

Nitella flexilis (Transcellular dsmosis) 154.0-416,0

Nitella mucronata, live cell
dead cell

isolated protoplast N

Chara australis (Transcellular osmosis)

Tolypellopsis stelligera, live cell
- ' dead cell

membrane
intact cell

Phaeophyceae:

Fucus vesiculosus (egg cell of sea
water alga)

- L3

Filtetnae:
Salvinia natans (glycerine)
Salvinia natans

Salvinia auriculata (leaf cell of fresh-
water fern)

" Dicotyledonae:
Caltha palustrio d

Anemone hepatica
Ramunculus repens
Beta vulgaris
Stachys annua
Stachys recta

. Lamium maculatum-

- Solanum tuberosum
'Physalis alkekengi

OQQ

. 306

1.8
3.6
12.3

4.0
0.7
3.5
4.8
3.6

5.1
14.4
2,3

Seeman (1950b)

. Lenk (1956)

Kamiya & Tazawa f1956)

Collander (1954)
Collander (1954)
Collander (1954)

Dainty & Hope (léSg)

Wartiovaara (19u4)
Wartiovaara (1944)
Wartiovaara (1S44)
Palva (1939)

Resuhr (1935)

- Llg -

Seeman (1953)
Huber & Hofler (1930)

 Hofmeister (1935)

Hofmeister (1935)

Heinrich (1962)

Myers (1951)
Huber & Héfler (1930)
Heinrich (1862)

" Heinrich (1962)

Heinrich (1962)
Heinrich (1962)



Monocoty ledonae:
Valisneria spiralis (pH = 7)

Allium cepa (cell of 6nionj
Majanthemum bifolium
Majanthemum bifolium
Majanthemum bifolium
Majanthemum bifolium

2.6
7.8

‘1.2

1.7
2.2
2.0

Seeman (1350a)
Levitt et al.(1936)
Seeman (1950b)
Hofler (1934)
Hofler (1930)
Heinrich (1962)

- 8¢ =~



Table 6
Water Permeabilities of Synthetic Membranes

cholesterol in n~decane

(* boundaries resistances discounted)

PO§T/V; Py References ]
10" cm/sec 10% cm/sec

Bimolecuiar Lipid Membrane / :8.3 -l4.4 2.3 Hanai et al. (1965)
Dialysis Tubing ’ © 230 - Durbin (1360)
Cellophane 870 - ibid
Wet gel 3400 - - ibid
Dialysis tubing 380 - 10.9 Ginzburg & Katchalsky (1963)
Wet gel 1200 19,2 ibid '
_Brain 1ipids in chloroform:methanol 24,0 - Mueller et al.(1964)
Lecithin (egg) in chloroform:methancl " 17-120 4.4 Huang & Thompson (1966)
Lecithin (egg) + Cholesterol in decane, NaCl 18 - Hanai et al. (1966)

. sucrose 18 - - ibid

urea 21 -~ ibid )

Brain lipids + cholesterol - 7- 21 - - Finkelstein & Cass {1967) T = 36°¢
Lecithin (egg); THO _ - 4-5 Vreeman (1966) -7 = 20%
Oxidized cholesterol in octane 8.5+0,5 - Tieng & Ting (1968) T= 22.5%
Cholesterol and HTDAB 8.210.5 - ibid T = 22.5°C
Cholesterol and DAD 8.810,5 - ibid T = 22.5°C
Oxidized cholesterol + 2,5%10~3M valinomycin 9.5 - ibid
Chloroplast extract © 51.0 - Ting et al.(13968)
Lecithin + cholesterol ) - 31.7 - Prince & Thompson (19595 = 25°%C
Lecithin (egg) + 1.7x10'9Mvasopressin 39.3 - Graziani & Livne (1971) T = 28°%
Monogalactosyl diglycéride 73.1 - . Graziani & Livne (1973) - T = 37°C
Lecithin (egg), phosphatidyl choline and 20.0% yg.7% ‘ gzzﬁizg gtH:{??ggéégsg)

- 68 -



in other cases.

-If synthetic membranes are considéred it can be seen that they
differ even if the scatter of data is not so wide, 2.3 to 73.0 x 10™% cm/sec.

There is still a lack of agreement among permeabilities found using the

alternate driving forces,
The data for tissues offer the same discrepancies.

It is significant that there 1s also an important increase in
permeability when the cells are dead. Glinka and Reinhold (1972) féund
that the half time for THO equilibration was three times longer for
a living carrot cylinder than for a dead one, under the same experimental

conditions. The tissue was killed either by exposure to chloroform

vapour or by freezing and thawing.

Dick (1971) findé a correlation by plotting the osmotic water
permeability of live and dissected cells as a function of the surface to
volume ratio:. permeability increases as the ratio increases and dis-
sected cells show a higher permeability. Contending that only when cells
are larger the diffusional resistance is important the author concludes
that "true membrane permeabilities are of the oréer of 1073 cm/sec".

The lower values for tracer experiments were explained on the grounds

of the existence of water pores or channels, These pores would allow

a parallel hydraulic flow when there is an osmotic gradient.

The idea of pores has been considered by several authors (Dainty,1963,
Stein, 1967, among others) and the pore radius calculated by considering
the osmotic flow a pure Pouiseille flow and the tracer flow, a Fickian

one. Nevertheless there is no agreement among authors on this theory,
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as will be seen below.

Davson and Danieli (1952) collected early data on osmotic perm—
eabilities. Bennet-Clark (1959) reported experimental ﬁethods and
data for the same type of permeabi}ities. When discussing thelfelative'
permeabilities of plasmolyzed and unplasmolyzed cells, he concluded
that the cell wall is relatively large—pored and permeable and the

protoplast increases in permeability when plasmolyzed.

Stein (1967) regards the experimental data obtained by Paganeili
and Solomon (1957) and by Sidel and Solomon (1957) as particularly
reliable (cf. table 3). They show a 2.4/1.0 ratio between the osmotic

and the labelled water permeability.

Tien (1974) examined the evidence in favour of the bimolecular
lipid leaflet as ; suitable experimental model for the biological
membrane. He also points out fﬂat under the electron microscope all
membranes thus far examined are in the order of 100 & in thickness.
After noting the discrepancies between permeabilities obtained with
the differen; driving forces (cf. table 6) and reviewing the aqueous
‘pores idea, he mentions that recent papers attribute the difference to
inadequate stirring giving rise to stagnant layers at the biface statigg
that "it is now generally agreed that the equality of the diffusion and
osmotic coefficients, and the liquid crystalline property and its high
electrical resistance ... argue strongly against:-the existence of
aqueods pores in at least unmodified BLM". Moreover, "in view of the
fact that the interior of the BLM is liquid hydrocérbon—like, as well
as from the evidgnce resulting from recent studies, the possibility

of the existence of pores in the BLM is untenable'". The reference to



- 42 -

recent studies seems to apply in particular to Andreoli and Troutman
(1971) who found that in BLM modified by amphotericin B, the unstirred
layers account for 847 of the total resistance to the diffusion of -

water (they measured Pd).

Dainfy has emphasized the boundary layer effect, the "unstirred.
layer" as it is called, as a possible explanation for the discrepancies
(Dainty, 1963, Kohn and Dainty, 1966). He estimates this layer as
being between 20 p and 500 p thick, depending on sizes and rate of
stirring and that it is significantly more important for labelled wéter
diffusion although it exists in both types of experiments. The reason
for this difference Qould be the sweeping effect of the bulk flow on

_the solute; which drives it away from the membrane. This in turn

results in a diffusion of solute. The result is, for ¢ = 1 and at

steady state

AN

dC,

i-o

. + D, —
Jv CJ DJ,H20 dx

»

Thus, the boundary layer in the osmotic gradient experiments would be
stirred by the flux., Dainty's statement (Dainty, '1963) is quite strong
although they do not produce enough quantitative backing: "In most
experiments only the extefﬁal unstirred layer is important"; "I would
like to make the point quite strongly here that in all the published
comparisons of LPR.T/VW with Pd, Pd has always been underestimated and

therefore the difference between Lp RT/-{Tw and P, is never as great as

d

has been claimed". On the other hand, the above equation does not take

into account natural convection.
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Kohn and Dainty (1966) and Glinka and Reinhoid (1972) have tried
to measure mewbrane permeabilities to water in sections of whole tissue.
Kohn and Dainty investigated beets and artichokes. The éutho#s believe
that the values fpr Pos°f the largest cells are probably accurate, in
particular when obtained by the transcellular oswosis.technique. These
are in the order of 1072 cm/sec. The 0.26 x 10™* cm/sec for unplasmo-
lyzed beet parenchyma tissue (Myers, 1951) is regarded as much less
reliable. Using an unsteady state approach, after Phillip (1958) the
authors claim that if cell pgrmeability were the single controlling
variable the half time should be independent of the sample thickness,

which is contrary to their experimental evidence.

Stadelman (1963) corroborates this finding stating that the
rate of exchange of labelled and unlabelled water is controlled entirely
by the dimensions of the tissue and not by the diffusional permeability
of the cell membranes. Glinka‘and Reinhold (1972) in turn experimented
with cylinders of carrot tissue subjected to labelled water exchange.
They claim that the effect of the membrane is significant enough to result
in different’permeability values when the membrane is treated with
different chemicals. Thus, if there is a significant boundary layer

effect, it is not as high as to mask the true membrane perﬁeability

change thus obtained.

Some relevant equations

One of the simplest relevant equations to be considered is the

one describing the series resistances involved.
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1 1 1 1

P = 3;3 t yout * 1In ‘ 27

It can be seen that if the diffusional boundary layer resistances

were controlling

o(k) << O(P?) | | | C(28)
For the true membrane permeability to‘be at least influential

oK) = 02 | | 9y
If the diffusional boundary layer resistances were negligible

(k) >> 0(F)) | - .(30)
One approximation to the value of k°“% when dealing with single
spherical cells can be made using the classical heat/mass transfer corr-
» .
elations for a single sphere of diameter D in a large body of fluid,
It is known that both the correlation for free convection and that for

forced convection (Bird, Stewart and Lightfoot, 1960) yield for a motion-—

less fluid

Thus

K, =22 | (31)
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This is valid for equimolar counterdiffusion only, which is an
acceptable description of the heavy water experiments. The osmotic
experiments can be thought as diffusion of one component, the other

remaining stagnant. For this case equation (32) must be used instead

of (31):

AB c .
- (32)
D (Cp)y,

Typical experiments for the osmotic case, such as Zeeman (1950a)
or Levitt et al (1936), show Cl(CB)ln relationships of an order of

magnitude 102,

It can be seen that the outer boundary layer resistance is to
be expected to be much more influential when labelled water experiments
are considered. If the order of magnitude of vegetable cellular membranes

is considered, the diameter for total external boundary layer control

in the two alternative cases is shown 1in table 7.

1]

Unfortunately there is not accurate experimental data available
to recalculate the diffusional permeabilites. Nevertheless it is

apparent that they are higher than the reported values. By defining

Pin _ 1 - 1 (33)
1/Pt + 1/kin 1/p - 1/k2uc

a few tentative calculations are shown in table 8.

It can be expected that the difference between P and P? be

due to the internal boundary layer resistance. Poznansky et al (1976)



- 46 -

Table 7

Order of magnitude of cellular diameter

for total external boundary layer control

130-2000 u 13000-200000 u
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predicted internal boundary layers of about 200 u for spherical BLM.

The actual value depends of course on the sphere radius. If the

inside of the cell is considered homogeneous and the diffusivity and

total concentration is regarded as constant, the differential equation

ac
d 2 W,
ax g =0

describe the concentration profile.

. . . . oin
Accepting the above estimation of P

¢ -Sen
w T
i_G
Cym =z * H
i G in, . in out, _ .m ,.in
DAB R - PT(C Cm ) = Pt (Cm
~ Thus
»
1 1 8

- pin ~ pin -
Pt P DAB (1 §/R)

(34)

out
)

(35)

. m . . e, . .
Taking Pt as Pw from an osmotic experiment, it is possible to

estimate 8. The results for a few cases are given in table 8. They

show that the above indicated expectation is reasonable,

Moreover, from equations (35), (31) and (27), it can be seen that

§ R
* =iw - * Fout
DAB (1 s/R) D

S L
Pt

el o]
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Table 8

Diffusional Permeabilities Excluding the Outer

Boundary Layer Mass Transfer Coefficient

Cell o Py, Pf“ 8. Reference
' (cm/sec) x 10% n
. Frog, ovarian egg | 1.28 | 2.3 43,0 Prescott and Zeuthen (1953)
Froé, c;vity egg 0.75 1.1 234
Xenopus, body cavity egg 0.90 1.2 276 |
Human (adult) erythrocyte 41 46 2.3 Barton and Brown (1964)

Human (fetal) erythrocyte 23 25 2.6 . Barton and Brown (.964)
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By considering the diffusivities at both sides of the membrane

approximately equal

i
1
"Uén—l

% (; - 6/R>

This equation justifies Dick's contenticn that the boundary layer
resistances become influential for larger cells. Provided &/R < 0.5,

the inner boundary layer will be more influential than the outer one.

It is concluded that the reported differences between Pd and POEI/vW

may be accountable for the internal and external mass transfer coefficients,
Since the transfer mechanism involved in drying is similar to the

one considered for Po’ the latter is the relevant value for our case.
S

Recent evidence on BLM permeabilities seems to clarify quite

definitely the issue of the different permeabilities and boundary layer

resistances,

#*
Corrected permeability values in BLM

The synthetic membranes having a more amenable geometry and being
easier to use under controlled experimental conditions, have allowed
to gain understanding on the issue of the difference between osmotic

and diffusional permeabilities.

Everitt and Haydon (1969) noted that the build up or depletion
of solute concentration (Dainty, 1963) involves a corresponding change
in density and therefore natural convection. By using the approach

suggested by Leﬁich (1962) with suitable changes in the boundary
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conditions, non-nil membrane equilibrium concentration and non-nil
normal velocity at the wall, the authors were able to calculate the
membrane equilibrium concentration values. These values permit a direct
calculation of the-true membrane permeability. The results are shown
in table 9. The mass transfer coefficientg have been calculated from
the author's data at the high.concentratioh’side. The concentration

ratios (bulk and equilibrium values) is also calculated;

It can be seen that the influence of the mass transfer resistances

in series with the membrane, is very low when osmotic experiments are

conducted.

On the other hand, Everitt et al (1969) proved that the boundary
layer resistances are significant when labelled water diffusion is
under_consideratiqn. The authors corrected the Pd values by two methods.
In one they estimated the thickness of the boundary layers using mem-
branes of known permeability (glass or one and two layers of a known

membrane (cellophane)). In the other they placed the problem membrane

in a known linear velocity profile. The results are quoted in table
)

10, indicating again an estimation of the mass transfer coefficient
calculated from the original data as above. A third method based on
the apparent permeability and time lag proved impracticable within the

limits of accuracy of the experiment.

The selection of a representative permeability vdlue

From the above discussion it can be seen that equation (20) and
its further developments seem to describe reasonably well the permeation
of water through the cellular membrane.

™~



Table 9

Osmotic permeabilities Pongﬁw in BLM

-

Solution Nominal permeability Concentrations Corrected Permeability Difference Mass Transfer Coefficient
em/sec x 103 Conctd. Depleted cm/sec x 103 A cm/sec x 103
side side
NaCl : 1.72 0.9998  0.9985 1.96 14.0 28.0
NaCl 1.77 - 0.9984 0.9978 2,01 13.6 29.7
Urea . - 2,05, 1 ‘ 0.9996 2.08 1.5 - 284,3

Urea 1.90 1 0.9985 1.95 2.6 148.2

- IG -
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Table 10

Diffusional Permeabilities, Pd’ in BLM

Method of Corrected Py Mass Transfer Coefficient
correction cm/sec x 103 cm/sec x 103
Glass mesh * 1.99 1.80
. Cellophane 2.09 N 0.60
Linear velocity field 1.83
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The difference between POSand Pd can be explained in terms of
the usually unaccounted for boundary iayer diffusional resistances.
These are importapt when determining Pd and are negligible or relativély

unimportant in osmotic experiments, especially at smaller cell sizes.

Thus, values of Poscan be used to estimate the rate of permeation

through the cellular membrane. Since the boundary layer resistances

are unimportant, bulk concentrations can be used instead of equilibrium

membrane concentrations.

Dick (1966) has shown that there is a correlation between perm—
eability coefficients and surface/volume ratio of the cells. His data

is reproduced in table 11, for the sake of clarity.

The surface/volume ratio for apple cells, as reported by Reeve
(1953) from histological studies, is within the range of 0.0190 to

0.0299 y~!, This corresponds, in Dick's data, to an average value

Pw’= 4 x 107" cm/sec
The value should be acceptable to depict awdrying process on
the grounds that, as discussed earlier, the osmotic permeabilities

are very close to the true membrane permeabilities.

On the other hand, the collected data for plant cells (table 5)
shows a wide range of values but if the frequency of values is con-
sidered (table 12) it appears reasonable to narrow the selection to

1 to 10 x 10™% cm/sec. The average value within this range is

Pw = 4,04 x 10™% cm/sec
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Cephalopod Axons

36 11

37 49

38 16
Amphibian and Fish Eggs

39 89

40 29
Frog muscle Fibers

41 223

42 128

43 67

TABLE 11
0SMOTIC WATER PERMCARILITY COEFFICIENTS OF ANIMAL CELLS
Permeability Surface/Volume
Cell No. Coefficient Ratio Reference
‘ w/sec w2/ud
_ A, Free Living Cells
Amphibian and Fish Eggs
1 1.3 0.003
2 1.6 0.004 Prescott & Zeuthen, Acta physiol. scand.
3 0.45 0.009 28, 77 (1953).
Protozoa
4 0.37 0.017 . Prescott & Zeuthen, Acta physiol. scand.
28, 77 (1953).
5 1.2 0.04 Mast & Fowler, J, cell. comp. Physiol. 6,
151 (1935).
6 3.6 0.23 Kitching, J. exp. Biol. 15, 143 (1938).
Marine invertebrate eggs _ . ’
7 8.4 0.035 _
8 2.9 0.047
9 1.9 0.072 Leitch, J. cell. comp. Physiol. &, 457 (1934).
10 4,8 0.049 ’ :
11 1.2 0.078
12 2.8 0.057 Lucke, Hartline & Ricca, J. cell. comp,
13 2.1 0.078 Physiol. 14, 237, (1939)
14 10 0.092 ysto ’ .
15 11 0,060 Shapiro, J. cell. comp. Physiol. 18, 143 (1941).
16 3.8 0.079 Lucke, Ricca & Parpart, J, natn. Cancer Inst.
11, 1007 (1951).
17 13 0.12 Lucké & Ricca, J. gen. Phystol. 25, 215 (1941).
Mammalian leukocytes and ascites tumor cells
18 11 0.56 ;
19 11 0.62 Lucké, Hempling & Makler, J. cell. comp.
20 14 0,66 Physiol. 47, 107 (1956). (Corrected results
21 9.1 0.86 calculated by Dr. H. G. Hempling and pub-
22 13 0,88 blished by his kind permission).
23 11 .0.90
24 89 0.38 .Hempling, J. gen. Phystol. 44, 565 (1960).
25 6 0.71 L Shapiro & Parpart, J. cell. comp. Physiol.
26 30 0.75 | 10, 147 (1937).
) Chick heart fibroblasts .
27 T 16, 0.55 Brues & Masters, Am. J. Cancer 28, 324 (1936).
28 63 1.37 Dick, Proc. Roy. Sec. B 150, 43 (1959).
Mammalian erythrocytes ’
29 49 1.75 }, Jacobs, Bfol. Bull mar. biol. Lab., Woods Hle
30 67 1.88 62, 178 (1932).
31 127 1.88 Sidel & Solomon, J. gen. Physiol. 41, 243 (1957).
32 221 1.88 }_ Sjolin, Acta paediat., Stockh., 43, suppl. 98
33 117 1.76
3 400 1,82 Vlllegas, Barton & Solomon, J. gen. Physzol
35 156 1.59 }" 42, 355 (1958).

B. Dissected Cells .

0.011 - Villegas & Villegas, J. gen. Physiol. 43,

‘ Suppl., 1, 73 (1960).
e }, Hill, J. Physiol., Lond., L1, 304 (1950).
0.004 Prescott & Zeuthen, dcta phystol. scand.,
0.009 28, 77 (1953).
0.033 | Hodgkin & Horowicz, J, Physiol., Lond., 148,

127 (1959). o

0.033 Zadunaisky et al., Nature, Lond.,200, 365 (1963).
0.016

Reuben et al., J. gen. Physiol., 47, 1141 (1964).
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Table12

Frequency of measured values of permeaﬁiligy

for plant cells

- (all values x 10% em/s )

<1|1to10] 11 to20| 21 to 30 | 31 to 40 | 41 to 50 | > 51

¥

4 62 12 1 0 L1 3
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Most of the quoted data corresponds to sugar solutions outside
and/or inside the cells. There is no specific data for apple cells,

but a certain similarity could be claimed for Beta vulgaris.

On the other hand, some evidence like the transcellular osmosis
experiments and the BLM data seem to indicate that the true membrane
permeability is higher. Nobel (1974) states that a good estimate for
the water pgrmeability is 1072 cm/sec(l). This is a very much alive
issue in the field of biophysics and the experimeqtal techniques
involved are not easy. It is to be expected that through better experi-
ments and a more refined analysis the issue will be eventually clarified.
The above values can nevertheless be used for an order of magnitude
analysis and they can.be regarded as conservative figures, i.e., they

may be lower than the actual values thus exaggerating the influence

of the cellular permeability on the drying process.

The use of water permeability data to predict flux

The physical situation when drying is different from that for
which the permeability was defined and experimentally determined

(see figure 1 and equations (20) and (22)).

The main difference is that the intercellular space 1is the outside

(or "right" side) and it is filled with moist air.

Going back to equation (23) it will yield -

o pt | ovac . 1 in_ ou
N Pw [Cw * R (p P i% + (Xw)av Nw (36)

(1) Kohn and Dainty (1966) shared this view, as pointed out earlier.
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provided that, for the usual drying experimental conditions

air,m
. KWD
0 § —5— £ 100
K .
wD

which appears to be a restriction easily met.

A further simplification can be made considering the pressure
term, According to Nobel (1974) the tonoplast is slack, mnot taut. -
Thus, there is no pressure drop. When stressed, two cases can be con-

sidered as representative: spherical cells and cylindrical cells. In

the first case the stress would be

In the second case

A higher limit at which most membranes rupture is (Nobel, 1971) S = 1 at.

Thus, the maximum contribution to the water flux due to the
pressure term can be calculated by equation (37). The result is
NWP = 2.7 x 10712 g moles/cm?sec considering spherical cells with a
representative membrane thickness of 100 £ and a cellular radius of

125 u, the average value for apple tissue cells (Reeve, 1953).

NwP = RT r ' : (37)
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The pressure term is thus negligible and equation (Bé) can be

regarded as suitable to calculate Nw

vac
C

Nw Pw D) ‘ (38)
W av

To be able to predict the water permeation flux, (xw)a needs

to be known. This is not easily available information, but two cases

can be considered:

vac
a) (xw)av "
b) Assuming very slight water solubility in the membrane,

as would be the case if it were a purellipid, (x ) = 0.
w’ av

- Experimental drying water fluxes

In previous work carried out by the authbr,'Granny Smith

apples were selected, washed, peeled and cut into

parallelepipeds of 2.4 cm x 2.4 cm x 1.2 cm. They were sulfited by
exposure to §02 and air dried on a weighing tray. The air was filtered
and heated through a heat exchanger. To secure the desifed air moisture,
steam was injected. The steam injection was countercurrent to insure
good mixing. The air velocity was measured by a hot wire anemometer.
Dry and wet bulb temperatures were continuously recorded and controlled.
.Air velocity was 10 cm per sec, dry bulb temperature 760C, and relative

humidity of air, 10%. The weight of the drying sample was recorded

as a function of time.

To translate this data in terms comparable to permeation fluxes

it is needed to know the effective amount of cellular wall, i.e., the
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fraction of total cellular wall abutting on the intercellular air space.

According to Slatyer (1967) practically all cells have part of their

surface open to these spaces.

A geometrical model for the intercellular spaces

Reeve (1953) repcrted the total cell wall area per unit volume of apple
flesh parenchyma, for several varieties., To calculate the experimental
rates of drying in terms comparable to the‘permeation fluxes it is needed
to know the effective amount of cellular area 1.0, gge fraction of total
cellular wall area abutting on the intercellular spaces.

Reeve (1953), Lee
et al. (1967), published histological studies that give some insight

-

into the geometry of the system. On this basis a simple geometrical

model is proposed.

The cells do not behave as perfect spheres with only point contact among
them. It is suggested that they appear as cubically truncated spheres,

i.e., they occupy the common volume of a cube and a sphere intersecting

in such a way, that they have a common center, the cube diameter being

2 X r. The portions of sphere outside the cube are melted into the

adjacent sphere (Figure 1).
The values of A must be
7071 < A < 1 } (39)

for the two limit situations would be all the cube inside the sphere

and all the sphere inside the cube.

The value of X can be calculated from pofosity data using equation (40).
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} :
3 1 [‘ + 1]
4 = cos—li- L 21 f
= [4(1 — :) - ﬂ] vcos 3 cos TS ] + 3 (49)

where £ = 0, 1, 2.

Porosity

Smock and Neubert (1950) éstimated that 257 of the volume of the apple
parenchymatic tissue is océupied by intercellular spaces. Czerski (1964)
used a gasometric method to measure porosity of leaves of sevgral

species, obtaining a range of values between 7.4% and 57.72.' Hardy (1949)
found that the porosity of fresh samples of Cox Orange Pippin was 33.3% .

The more comprehensive determination of poroéity were made by Smith (1938)
and by Reeve (1953). Both covered seven different apple varieties.

On the basis of ;he above, a value of g = 0,225 appears to be representative,

This range of value is confirmed by Skene (1966).

Effective cell wall area

The total area of a sphere is related to that of the above collapéed

sphere by equation (41)

n=-2+3) . (41)
For ¢ = 0.225 and the average value of point—-contacting sphere area

reported by Reeve, equation (40) yields three roots of A of which two

can be disregarded on account of equation (39). This results in

0.8473

>
]

= 0.5419

=3
f
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which in turn result in a rounded figure of 1000 cmz for a ;ample of

tissue of the dimensions used in the experiments.

Comparison of experimental and permeation fluxes

Figure 2 indicates the experimental water fluxes and permeation

water fluxes calculated on the basis of hypothesis (a) and (b) above.

It can be seen that the predicted permeation fluxes are between
one and three orders of magnitude higher than the actual fluxes. Thus

there is a strong indication that the drying process is controlled by

resistances external to the cell.

In the case of hypothesis (a), for the closer starting‘values
to meet it would be necessary to accept that either the permeability
is one order of magnitude lower or the effective cellular wall area
is 1/20th of the total aréa or there is a suitable compromise between
both extremes. In the case of hypothesis (b) it would be necessary

to accept even larger departures from the selected values,

-
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. Figure 2

Apple drying fluxes

10} ' » - _

Xg/qg

From top to bottom: Hypothesis (b), Hypothesis (a),

experimental results (3 runs).
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CHAPTER III

PREDICTION OF THE SORPTIONAL EQUILIBRIUM
RELATTONSHIP

The drying of foodstuffs is a problem of coupled heat and mass transfer.
Mathematical modelling results in a set of coupled partial differential
equations. The coupling equation, equation (42?, is the equilibrium
relatiﬁnship which, at the prevailing temperature, relates the water

content of the food to the moisture content of the surrounding air.
X =X(¢$, T (42)

In addition, the following derivatives of equation (42) are required:

X

) -t “3)
- ¢

X _ |

[W]T - £,06, D) W

The applications of equations (42) to (44) expénd beyond the drying
pfocess to packaging, room temperature storage, cold storage, controlled
atmosphere storage, as well as to alternative déhydration processes.
The differences lie in ghe magnitudes of the variables X, ¢, T,
considered as well as in the extent of changes in the variables. In

the case of controlled atmosphere storage, moistuxe becomes one of

the contributing composition variables but not the only one.

Attempts to obtain equations of the form of (42), (43) and (44) have

followed two main directions. In the first use has been made of
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theoretical expressions developed for the adsorption of gas molecules

onto non-volatile solid surfaces, while in the second empirical equations

‘have been fitted to experimental data,

In order to assess the applicability of the various expressions that have
been obtained it is necessary to test them against experimental data.

This has been done for the specific case of apples.

Sorption equilibrium data by desorption starting from fresh food are rather

scarce for vegetable foodstuffs including apples.

/

Wolf et al. used vacuum dried apple samples and obtained desorption

data for rehydrated samples., Taylor (1961) used freeze dried samples
which were ground aﬁd re-hydrated. Gane (1950) also used freeze dried
samples. Saravacos (1967) used air-dried samples. All of the above
authors feported data at room temperature only, Filonenko and Chuprin-
'(1967) reported equilibrium data‘starting from fresh apples at 200, 400,

60° and 80°C.'

In the ensuing discussion the term relative humidity or water vapour

activity, is defined as follows:

® = —Sat , | (45)

Langmuir isotherm

Langmuir (1916, 1918) described the case of adsorption of a monomolecular

layer, by considering equilibrium between molecules reaching and leaVing,
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Langmuir equation
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the surface. His expression can be written

kik
X = Tty | (46)

Aplotof ¢/X vs ¢ (Figure 3) shows that the experimental data for
apples at 20°C follow Langmuir behaviour only below ¢ = 0.3, At higher
relative humidities the calculated values of ¢/X go through a maximum

and then decrease, indicating that the actual moisture content is

significantly higher than expected. Below ¢ = 0.3 a least square linear

regression procedure yields:

k; = 0.076

14,293

It

ko

Equation (46) satisfies Henry's law as ¢ -+ O, but predicts a low

moisture content when ¢ = 1:

X o=1 = 0.071 kg/kg dry matter 0

This value may be compared with experimental values of the order of

7 kg/kg dry matter.

The B.E.T. isotherm o -

The adsorption model of Brunauer, Emmet and Teller allows for multilayer

adsorption (Brunaﬁer et al., 1938). It is usually acceptable for the
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prediction of equilibrium moisture contents of foodstuffs when the

water vapor activity is between O and 0.3 to 0.5 (Labuza, 1974). Equation

(47) is one representation of this isotherm.

$ -1 (c = 1)
XT-® X ttx e ¢ G

\' mv

When experimental data for apples at 20°C are plotted as'zrrf%~$7 vs ¢
(Figure 4), it can be seen that for ¢ > 0.30 the experimentally measured

moisture content are much higher than those predicted by equation (47).

For ¢ < 0.30 a least square linear regression procedure yielded:
XN 0,05094 kg/kg dry matter
¢ = 31.15873

Equation (47) satisfies Henry's law when ¢ -~ 0. It is an improvement
over Langmuir's equation for the present purpose because it predicts
increasing values of X when ¢ is high. On the other hand, it predicts

infinite moisture contents when ¢ + 1, a clearly unrealistic prediction.

Rounsley

The Rounsley equation (Rounsley, 1961) is related to the B.E.T. equation
The main difference is that it is based on the assumption that the
distribution of molecules among the different layers bu}lds up during

adsorption in an efficient, orderly manner. This results in equation (48)

s -¢N _ 1. (-1 -
XA =¢) Bet me ¢ (48)
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B.E.T. Equation
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Rounsley suggested é method of obtaining n by plotting o/X(1 - ¢) as

a function of ¢, and taking advantage of the fact that as ¢ +;O, a - ¢n)
+ 1. This should result in the experimental data for higher water

vapor activities falling above the extrapolated line drawn throﬁgh the
values obtained for low activities. The value of n can be obtained

from the ratio of the experimental values to the extrapolated line.

As shown in Figure 5, this procedure was followad for cellulose, using
Rounsley's data (op;cit.) and those for apples at 20°C. It can be seen
that the data for apples are anomalous in that at high water vapour.

activities they have much higher water contents than predicted by the

theory.

It is interesting to note that the behaviour of the data for apples
approaches those of cellulose at low water vapor activities although
the values of ¢/X(1 - ¢) are too high. This suggests that conventional
adgorption is taking ﬁlace at low activities but is not confined to
cellulose surfaces alone.

»

Harkins and Jura

The isotherm of Harkins and Jura (Harkins and Jura, 1947) is related

to the Gibbs adsorption isotherms
c
In ¢ = E - X : (49)

Figure 6 is a semilogarithmic plot of ¢ vs. X" 2. It also includes

results for water vapor adsorption on cellulose (Jeffries, 1960). It
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can be seen that equation (49) does not represent the behaviour of

either of the systems,except for narrow ranges of water vapor activities.

Henderson

Henderson (1952) presented a semi—empirical correlation for foodstuffs
(Equation (50)) based on the thermodynamic relationip between surface
tension and osmotic pressure. He also used convenient empirical relation-—
ships to relate the amount of adsorbed moisture per unit wetted area

~to that for totaily wetted area, and to relate changes in the amount

of adsorbed moisture to changes in surface energy.

¥

= 1a (1 - ¢) =k T, (100 )" (50)
\

A non-linear reqression procedure, incorporating temperature as a variable,

yields:
K = 1.3949 x 107%
n'= 0.86532

Figure 7 shows experimental and predicted equilibrium values. Equation
(50) fits the experimental values with an error of less than 15% when
¢ > 0.2. It represents an improvement ovér the equations described
previously in that it gives reasonable results over the entire range
of experimental values of water vapor actiﬁity. Unéortunately, it

predicts X » = as ¢ - 1,
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Filonenko and Chuprin's (F) and

Henderson's (H) equations
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Kuhn

Ruhn (1964) presented an equation which allows for capillary condens-
ation and uses a potential distribution function to compute the contri-
Y

‘bution of groups of different size particles in the pores. For

correlation purposes Kuhn's equation can be written as follows:

1

X=x ~—-——————E - B (51)
(- 1n ¢
For apples at ZOOC,
£ =0,9971
B = 0.0003
k.= 0,0971

The predicted and experimental values can be seen in Figure 8. The
fit is fairly good and represents an improvement over that obtained using

Henderson's qorrelation although, once again, the equation predicts

X+w»as ¢ > 1.0,
Halsey

Halsey (1948) developed a theoretical treatment of co-operative multi-

layer adsorption over a2 non~uniform surface. The resulting equation

is:
—- \
In¢ = - = (%- (52)

The ability of this equation to correlate sorptional equilibrium data
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"Figure 8

Kuhn's (-=--) and Halsey's ( ).isétherms

+ Experimental data

o Filonenko and Cﬁuprin'(1967)
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at constant temperature has been tested for several foodstuffs
(Iglesias et al., 1975). It was found that it is applicable Qithin the
range 0.10 < ¢ < 0,80, which for apples at 20°¢ correspoﬁds to moisture
contents between 0.04 and 0.40. For apples, a least squares linear

regression procedure yielded:

¥

a —
®T 2,3858
r = 0,9530

The above values correspond to a value of vaof 0.05094 kg/kg dry
material and do not agree with those éfIglesias el al. (1975), (1.7100
and 0.76432 respectively, for va; 0.0417). Theldifferences may be
because Iglesias et al. used data obtained by Taylor (1961) who, as
reported above, used freeze dried samples. From é theoretical standpoint
a value of r'= 3.0 should be expected (Young and Crowell, 1962). On

the other hand, a value of r'= 2,0 is typical of many systems. Halsey
(1948) concluded that large values of ' characterize systems in which

the vapor—solid attraction is very specific and does not extend far from

the surface. Small values of r'characterize typical van der Waals

forces,

The predicted values (Figure 8) compare well with the experimental data

although the limit at ¢ = 1.0 is again that of infinite adsorption.

Filonenko and Chuprin

Filonenko and Chuprin (1967) disregard the region X ¢ XmQas being of
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little practical importance. They proposed equation (53) for the region

X o< X< XP and equation (54) for X »> Xg. Equations (53) and (54)

are empirical.

x =224 | . (53)
B(¢ - ¢£)
1T TG = 9,) * X, ,(54)
where:
a' = 0.32
K =

= 8,2 + 0.00075 T%

[v-]
f

= 0,18 - 0.000125 Ti /100

X =0,08~-0.,0046T
A c

b = 0.75
=X K= a
¢£ L
For apples at 20°C, equation (54) covers the entire range of moisture
contents and provides a reasonable fit of the experimental data (Figure 7).
Nevertheless, in the high moisture region it under—estimates the moisture

content yielding for.¢ = 1 X = 3.0979 kg/kg, as compared with X = 7 kg/kg.

The derivative (3X/3¢)T

As pointed out earlier, there is a need not only for equilibrium data but

also for the derivatives of moisture content with respect to temperature

and water vapour activity,
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Langmuir's expression yieids equation (55) for (BX/B¢)T and equation

(56) is obtained from the B.E.T. equation.

X} _ _ kiky
B, - i - )

[.a&] R RN T
T

va 1+ (c=2)¢p - (c - 1)¢2]2 (56)

The Rounsley equation and that of Harkins and Jura cannot be used, as

explained above. The derivative of Henderson's expression is

. —]; _ 1
[3:_{_] _o.0i[- ma - o)™ (579
B? T 0<TR)l/n . (1 - ¢)
The Kuhnlisotherm yields:
) | we
. [3‘1’]1 $(= 1n o)1*5 ~ o8

The use of Filonenko and Chuprin's equation for X > X; and of Halsey's

eqﬁation results in equations (59) and (60), respectively.

X) bB
| (E]T b - (- ¢,)]2 ] (59)
. 1/r X
9X a mv 1
EﬂT=%ﬂ T L €0



Table 13

The derivative (8X/3¢)T

»

¢ Langmuir BET Experimental Henderxrson Kuhn Filonenko Halsey $ = v X,
0.01 0.832 0.9588 0.1163 0.4579 0.1264 0.4389 0.3084‘
0.10 0.184 0.1581 0,220 0.1845 0.1831 0.1517 0,1817 0.1889
0.20 0.073 0.1107 0.160 | 0.2332 0.1874 0.1889 0.1892 0.1852
0.30 0.039 L.1192 0.200 0,.2867 0.2233 0.2445 0,2287 0.2102

- 0.40 0.024 0.1505 0.320 0.2988 0.2891 0.3266 0.3001 0.2595
0.50 0.016 0,2097 0.370 0.4452 - 0.4042 0.4583 0.4254_ 0.3468
0.60 0.012  0.3226 ,0.580 0.5812.  0.6202 0.6891 0.6626 0.5107
0.70 0.009 0.5691 0.970 0.8085 10904 1.1510 1.1858 - 0;8654
0.80 0.007 1.,2759 2,100 1.2689 2.4376 2,2988 2,7129 1.8774.
1.00 0.005 © o o 76.5306 629.2271

_08 .
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The results obtained using equations (55) to (60) are given in téble

13, together with experimental results for apples at 20°¢. Iﬁ can

be seen that, with the obvious exception of Langmuir's correlation, all
of the correlations provide acceptable predictions up to ¢ = 0.6. As

the water vapour activity increases further, the equations of Halsey,
Kuhn, and Filonenko and Chuprin increasingly overestimate the value of
the derivative while the Hendersom and BET correlations under-estimate
it. Moreover, when the air becomes saturated, a situation equivalent

to fresh fruit at full turgor, all but the Filogenko and Chuprin cor;élation
predict an infinite value for the derivative. This presents a difficulty
because the derivative is required at various moisture contents as the
moisture content is reduced from that of full turgor. Moreover, if the
problem to be considered is one of storage of fresh fruit, the analysis

is entirely dependent on reliable results for conditions of full turgor.

The derivative (8X/3T)¢

Most of the above correlations have been developed in order to describe

-]
isothermal situations and temperature has not been included as a variable
but has been implicitly incorporated into the correlating comstants.

The exceptions are the Henderson and the Filonenko and Chuprin correlatioms.

Clearly it is possbile to express the constants as functions of temperature
and to correlate experimental data in order to obtain equations in which

temperature is an explicit variable. At present, insufficient data are

available for this purpose.

The derivative of moisture content with respect to temperature at constant
water vapour activity can be obtained analytically for only two of the

correlations previously considered; those of Henderson and Filonenko and
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and Chuprin.
For the Henderson correlation:
oX X
['f:ﬁ] =T (61)
¢ .
For the Filonenko and Chubrin correlation:

e

(_332} ) - - ¢1)] @Zl + (¢ - %)22] - B(¢p - ¢
), b - (o-¢,)]2

- 0.0004 . (62)

where ' VA 107%(1.,2 T = 0,006 T2 - 4K)
_ 1 c c

N
it

- -6
2 2.5 x 10 Tc

The results are shown in table 14 for the case of apples at 30%. It

can be seen ;hat the Henderson correlation yields reasonable estimates

up to a water vapour activity of about 0.7, i.e. almoisture content X =

0.255 g/g dry matter. Beyond this range the value of the derivative

grows too quickly. fhis is clearly undesirable for applications to the
drying of foodstuffs because the starting point for the calculation procedure
is the 'as fresh' moisture content. The Filonenké and Chuprin correlation

is only acceptable at low water vapour activities. Beyond ¢ = 0.5 the

derivative decreases too rapidly and finally changes sign.,

Application of the chemical potential

To describe the equilibrium content of water in vegetable tissues it is
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Table 14

The derivative (BX/BT)¢

Results for apples at 30°%¢C

Correlation

¢ Experimental { Henderson Filonenko»& Chuprin ¢ = waw
0.989 ~0.02668 +0,02767 ~0.00114
0.857 =0.00120 -0.00213 +0,00047 -0.00076
0.800 -0.00015 -0.00153 -0.00011 -0.00067
0.7 -0.06155 -0.00097 -0.00043 -0.00057
0.6 - -0.00105 -0,00071 “0;00051 -0.00047
0.5 -0,00040 =-0.00052 -0.00053 -0.00041
0.4 -0.00065 -0.00039 -0,00053 -0.00035
0.3 ~0.00046 | -0.00029 ~0.00052 ~0.00030
0.2 -0.00035 -0.00019 A~0.00051 f0.000ZS
0.1 -0.00028 -0.00011 -0.00050 -0.00019
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convenient to establish a model. In this case the model is a simplified
description of tissues and its components, the cells. (Reeve, 1953,

Slatyer, 1960, Nobel, 1974).

Tissues are regarded aé assemblages of cells. Practically all cells have
part of their surféce abutting on intercellular air spaces. The generalized
plant cell has an outside wall consisting of a mesh of cellulose micro-
fibrils, 1Inside the outer wall there is cytoplasm, which consists

mainly of proteins and water but which also contains lipids, salts and

other compounds. At the inner wall~cytoplasm interface there is a membrane,
plasmalemma, inside of which there is a large central aqueous phase which
can occupy up to 90% of the volume of a mature cell: the vacuole. It is

separated from the cytoplasm by a membrane.known as the tonoplast.

Most of the wéter content of the cell resides in the vacuole and frequently
reaches levels of about 98% of the vacuole volume (Slatyer, 1960, Stocking
1956)., The volumetric water content of the walls of turgid cells may

be around 50% of the wall volume. The water is adsorbed on the solid
surface and is retained in the interfibrillar spaces. The cytoplasm is

even richer in water content. In the cytoplasm, water is bound to

proteins and other hydrophilié colloids and also exists as free water,

Most of the sugar in sugar-based foodstuffs, to which the following analysis:
is confined, is contained within the vacuole.. The vacuolar sap may be

regarded as a solution (Slatyer, 1960).

Water equilibrium

When there is a change in water content, the solutes concentration as

well as the sorptional force field resulting from the presence of the
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solid matrix and insoluble materials will be changed. The geometrical

" arrangement may also be altered.

This problem has some points of similarity with water-soil relationships.
This was recognized by Slatyer (1960), ‘who suggested that the thermodynamic

approach used by Babcock (1963) would be applied to the above case.

If it is accepted that unique relationships can be established for the
chemical potential of water as a function of volumetric water content

then a general expression for a differential change in chemical potential

of water is as follows:

- b auw auw
duw = -swd'l‘ + dep *5e .+ ) de  (63)
: s T,P,n
T,P,n.,n s
i’w

From a different standpoint, the number of moles of solute, of insoluble

materials and of water méy be considered to be the relevant variables

(Noy-Meir and Ginzburg, 1967):

= = My, | ) Uy,
dy = 8 dT + V dp + |— dn_ + | dn
w w w on s on M
n.,P,T CMpon,,T
Bu :
w .
—— . 6
Ev dn (64)
P,nj,T

Equation (64) can be integrated from the reference state of pure water

at atmospheric pressure as expressed by the following set of initial

“conditions
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where the water amount can be any non—null quantity. If the temperature
is taken to be constant, then in order to obtain an expression for the
change in chemical potentiél the term (auw/anw)dnm may be integrated
atp_, n = 0, o the term (Buw/ans)dns at p _, nm and n s and the VWP
term at ns, nos nw; between the reference state and the final state.
Noy-Meir and Ginzburg (1967) discussed alternative partitions. While
the pressure and solute terms of equations (63) and (64) are readilf
integrable, the sorptional force field terms are not, For the purpose
of the present discussion the integrated effect of these terms will be

lumped into a variable wM. (S81latyer, 1960, Nobel, 1974, Shepherd, 1975).

Then, for constant VW

o = -
- = - + +
LR Vw(p po) RT 1n aw waM (65)
The problem under examination is that of equilibfium between tissue and
humid air. Thus, the equilibrium isotherm is:

RT 1n ¢ = i'rw(‘p =p) *+ Rl 1n a+ i'rw v, (66)

where the gas phase is considered to be ideal, an acceptable assumption

at atmospheric pressure. Equilibrium implies that the chemical potential
has the same value in each of the phases in the cell as in the surroundings.
The use of equation (65) is not straightforward because of the complexity of

the structure involved. The relative contributions of the terms to
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the value of the chemical potential value will be different for each of
the.phases; also the values to be used will, of necessity, be spatial
‘averages since no techniques are available for Lhe deterﬁination of cell
properties on a micro-scale (Hellkvist et al. 1974).

-

The matric potential and the hydrostatic pressure terms

The matric potential term accounts for the capillarity, adsorption and
hydration forces. fhe water held by matric forces roughly corresponds

to bound water (Wilson and Rose, 1967). Wiebe and Al-Saadi (1976) measured
'matric water contents for tissues of several vegetable foodstuffs. From
their data it can be seen that the matric'hater content is only of

importance when the total water content is very low.

’ - <
If the cell is regarded as being enclosed within ideally elastic walls,
a linear relationship can be established between gauge pressure and

relative change of volume from full turgor to zero gauge preséure (Noy-Meir

and Ginzburg, 1967):

- L= [x=-x° .
Vw(p‘~ po) = wa{ ] - 67

Sorption equilibrium prediction

A full deseription of fhe equilibrium relationships for apples should
be for the full moisture content range, 0 £ X € 7 g/g (Figure 9) rather
than for the restricted ranges covered by the existing equations. For
the purposes of design or simulation of conventional drying processes,

the process starts at full turgor. Fresh fruit ate uéually packaged
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and stored under conditions close to those of full turgor. Comercial
hot air drying terminates at a standard moisture content X = 0.32 kg/kg

while freeze drying or air drying followed by vacuum drying extends to

a moisture content of almost zero.

Solubility

In the case of apples, a representative composition is shown in table 15
.(Rotstein et al., 1969, Voho and Varo, 1975). The vacuolar solution.is

a sugar solution made primarily of glucose and fuctose, with some

sucrose. Studies made on honeys by Bates et al., (1972) showed that
sucrose could be treated as if it were fructose, from the standpoint of
the solubility properties of the system. A characteristic feature of
these solutions is their ability to remain in an oversaturated candition
fqr a long period of time. Figure 10 is a piot of the solubility relétion—
ships for the system water - sucrose — invert sugar. If the gihcose

and fructose mixture is considered as if it were invert sugar the line

WP shows the evolution of a typical ap@le as its molsture content changes.

&

The activity coefficient of glucose solutions

Taylor and Rowlinson (1955) correlated the activity coefficient of

glucose as follows:

Y, = 1OA(1 - XW)2 (68)

Changes from one temperaturé to another can be made using the following

equation:

9 1n v A |
—_— oY g’ (69)
T ) RT2
P,x .
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If the partial molar enthalpy change of mixing of water is regarded as
being practically constant within the temperature range under consideration
then yw(T) can be represented by equation (70).

Iny =2%+p/T (70)

where % = 1,274 and P = -635,.840 for r2 = 0.992.

Relative contributions of the chemical potential terms

Figure 11 allows a comparison to'be made of the values of the water vapor

and osmotic chemical potential terms at successive sets of moiéture

content and activity values. The calculations were made on the assumption
that the solutions reached oversaturation and that the thermodynamic relation-
ships for the solution could be extrapélated into the oversaturated region.
The test of the validity of this and other assumptions will be the ability

of the method to predict equilibrium relationships. X, was calculated

using equation (71).

xw - m, M - (71)
X + _.__.l_..._. . _.y.
3 d + Im. Mj

It can be seen that through most of the range of moisture contents under
consideration, the contribution of the osmotic term is a close approximation
to the total chemical potential of the system. Departures from this statement
are noted mainly at extreme moisture contents both high and low. As bound,

or matric, water is the last to leave the solid, it seems reasonable to
conjecture that as water content is reduced it e§entuaily becomes equal

to the amount of bound water located mainly at the cell wall and cellular
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Table 15

Typical composition of fresh apple

(Basis: 1 kg dry matter)

Water A '6.50 - 7.00 kg/kg
Glucose and fructose 0.58 kg/kg

Sucrose 0.18 kg/kg
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Figure 9

" Apples. A complete isotherm
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Wova = avavAvavaNl
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Figure 10

Solubility of the Sucrose — Invert Sugar - Water System

1,2,3,4,5,6 are moisture contents 0.03, 0.06, 0.08, 0.16
~and 0.24 Kg/kg, respectively.

A,B,C,D,E,F,G,H = 0, 10, 15, 23.15, 30, 40, 45, 50°C, respectively.

W, I, S = 1007 water, invert sugar and sucrose vertices
respectively.
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Figure 11

Total and osmotic chemical potential
== RT 1ln ¢

RT 1n 3
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membrane. Throughout this process the water apportioned to the osmotic
term decreases and the matric chemical potential becomes the dominant

term. Obviously the point at which all of the remaining water is bound

water is ill-defined.

At high moisture content, it is to be noted that the difference between
water vapor chemical potential and osmotic potential is not as large as
it is at low moisture contents. At full turgor, the difference for
apples is about =25100 J/kmol. As an approximation it seems reasonable
to consider that at full turgor the water accountability can be
restricted to the vacuole. . In that case the significant contributions
in equation (66) are the swelling pressure and osmotic terms. The
difference betﬁeen the osmotic term and the water Vapour chemical
potential is due to the pressure term, This is consistent with the

pressure term being positive.

Regions in the equilibrium isotherm.

Three regions can be identified:
1 ~ The high moisture region
2 - The intermediate moisture region

3 ~ The bound water region.

The high moisture region

This region can be considered as extending from full turgor down to the
moisture content at which the vacuolar pressure is equal to the external
préésure. In terms of the foregoing analysis of the chemical potential,

when attention is focused on the vacuole and matric potential is neglected,
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the moisture content at the lower limit of the high moisture region is
located at the intersection of the curves RT 1ln ¢ and RT 1ln §w (cf.

Figure 11).

A simple correlation can be presented for the pressure term by making
use of equation (67) and by noting that at full turgor the fruit can be
considered to be in equilibrium with saturated wmoist air. Then, from

equations (66) and (67)

=]
<l

- fx - x° R
WX {—————-—X ] + RT 1n (aw)¢,=1 (72)

For the case of apples at ZOOC, this results in
= 1.54912 x 106 =
X : m3

The equilibrium relationship for the high moisture region then results:

. - X - x° A
RT 1n ¢ = VW X [—'—'—}Z—*‘] + RT 1n aw (73)

The actual significance of the éreSSure term is low, from the standpoint
of the order of magnitude of its contribution to the moisture equilibrium
content prediction. Figure 12 shows that there is little change in the
predicted value if the pressure term in equation (73) is dropped. 1In

the case under consideration this results in a maximum difference of 17
for moisture contents in the range 2 < X < 7 kg/kg dry matter and pro-

gressively even less as the moisture content decreases further,
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Figure 12
Hydrostatic pressure contribution
1 - equation (80)

2 ~ equation- (81)
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The low moisture region

The low moisture region refers to the bound water content of the foodstuff.
It has been seen that at low moisture contents the B.E.T. equation predicts
accurately the equilibrium values, probably because the actual situation

is close to the concepts on which the Brunauer, Emmet and Teller theory

is based.

The lower bound of this region is the zero moisture content point. The
upper bound is defined as the intersection of the B.E.T. line and the

line drawn for the intermediate moisture region.

The intermediate moisture region

As stated earlier, this region and that'of low mqisture content are the
regions usually deécribed in the literature. The upper bound of this
region is the point of zero gauge vacuolar pressure. It is to be noted
that the 1iterafure is conflicting as to whether or mot negative pressures
exist inside the cell. (Slatyer, 1960). The ability of a cell to retain
:a vacuum has been related to the cell wall capillaries, which it has been
suggested (Nobel, 1974) operate as hydraulic seals, If the predictions
of figure 11 are correct, by thé time the vacuolar gauge pressure becomes
zero a substantial amount of water has left the cell. If it were to keep
its volume constant, this would mean that only about 10% of this volume
would be iiquid. Under this circumstances it is hard to visualize the

build up of a substantial vacuum.

It is possible that depending on the vegetable under consideration partial

vacuum could be built up which would then collapse,
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On the other hand, and from a practical standpoint it has been pointed
out above that the pressure term contribution can be neglected‘for the

purposes of equilibrium moisture content pradiction.
Thus the equilibrium relationshib for the intermediate region is:

a 74
4= A (74)
In practice the use of this equation can be extended to the high
moisture region. Figure 13 indicates the equilibrium values predicted

by the above expression for apples at 20°c.

The (3X/8¢)T derivative

For the intermediate and high moisture content regions the derivative
(éX/3¢)T can be calculated using the following expression obtained from

equations (68), (71) and (74).

[—33(—} = i (75)
99 - 1 _ -
T (- x)2 ¢b—w 28A(1 _xw)]
where
ug Mw
J N J
J

and B =2.,30258 . . . .

The results for apples at 20°¢C using the above equations are shown in

table 13 together with values calculated from several of .the correlations
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described previcusly. It can be seen that several of the correlations
yield good prédic;ions for the intermediate moisture region. As moisture
content increases,'the best predictions are provided by the Filonenko

and the Halsey qorrelations as well as by equation (75). The Filonenko
and Halsey correlations tend to over—estimate the effect of a change_in

water vapor activity whereasequation (75) tends to under—estimate it.

The prediction of isotherms at different temperatures

Equations (68) and (64) enable sorptional equilibrium values to be

predicted at any temperature. As an example values have been predicted

" for apples at 40°¢C (Figure 14).

The derivative (EX/aT)¢in the proposed correlation

Using equation (74) to describe the whole range of moisture contents,

the derivative is

abP (1 - xw)

X '
(’zﬁ] T T 20g 1l 8] - O xw) an-
W, 20 1n[;5£} Iy

X

W w

. o .
Representative values were calculated for apples at 30 C and are shown in
Table 14. 1If can be seen that the predicted values are a reasonable
representation of the measured values and that they extend into the high

moisture content region in a satisfactory manner.

Application of the proposed correlation to other foodstuffs

The proposed correlation procedure was applied to other foods and the
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results compared with experimental data. Typical compositional data

were used to predict equilibrium data for all but the low moisture content
region, where a B.E.T. equation was used, as described earlier. As

some of the foodstuffs to be considered are sucrose-based instead of glucose-

based, there is need for data on the water activity of sucrose solutions.

The activity coefficient of sucrose solutions

Stokes and Robinson (1966) presented experimental data for the activity

of sucrose solutions as well as a correlation which relates molalities

to the activity coefficient of water.

The use of their correlation presents difficulties when carried beyond

the scope for which it was developed (m < 6) and at high sugar concentrations
it is not adequate. Instead, the experimental data obtained by the above
authors, together with data obtained by Scatchard et al. (1938), were

fitted by a least square 1iﬁear regression procedure in the form of equation
(68). As a result, the following value was obtained:

®

A=~ 2,789326

which fits the experimental data to within 0.87. Norris (1966) suggested

a value of A = - 2,60, which results in maximum errors of 3.6Z%.

-

Beetroot

Cerny (1941), Dahlberg (1952) and Owens et al. (1955), have published

data on typical compositions of beetroots from several origins., It is
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Predicted equilibrium data (Apples, 293°K)
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interesting to mote that the sugar content of beetroot corresponds mainly
to sucrose, instead of glucose. Equation (74) was used to predict the
sorption equilibriumdatain the intermediate moisture region, for

beetroot at 25°C, using a representative value of o of 0.8061.

A least square linear regression procedure yielded vaF 0.0518 and ¢ = 16.16
for the B.E.T. equation (equation (47)). The results are plotted in
figure 15 and compared with experimental data (Iglesias et al,, 1975).

It can be seen that the predicted values fit the experimental results

adequately.

Prunes

The chemical composition of prunes has been thoroughly reviewed by
Strachan et al, (1551). Further reports were made by Kalasek and'Blaha
(1963) and by Chernovalova and Avetisyan (1969). It is concluded that
about 707 of the sugar is sucrose. Figure 16 shows a prediction curve

. obtained by plotting the B.E.T. egpression up to Xﬁvand then continuing
%ith equatioﬁ (74). 1In this case Xﬁ§= 0.0977 g/g dry matter; c = 11.7476
as obtained by a leastvsquares regression procedure, and o = 0.59., It

is interesting to note that the values predicted by equatioﬁ (74) for

X < Xm§ére almost the same as those predicted by equation (47). The
results are compared with exﬁerimental data obtained by Filonenko and

Chuprin (1967) and, as shown in figure 16, the theoretical prediction

is satisfactory.

Apricots.
The composition of apricots was reviewd thoroughly by Strachan et al.

(1951). Additional data were reported by Minicone (1962-3). Figure 16
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shows a prediction curve obtained by matching the B.E.T. line up to Xp

with equation (74). from Xnnypwards.
Again the values predicted by the B.E.T., equation (Xnn; 0.1092 g/g,
¢ = 0,1092) are almost identical with those predicted by equation (74).

The predicted values compare well with the experimental data obtained

by Filonenko and Chuprin (1967).

General comments on the proposed approach

The above discussion shows thatequation (74) can be used over most of
the range of moisture contents of sugar-based foodstuffs including
the high moisture region, a feature not provided by any of the known
correlations although high moisture content ‘is the starting point for
the study of the dfying, packaging and storage problems considered earlier.
Equation (74) has been found to provide simple analytical expression

for (BX/BT)¢ and (BX/Bcp)T and to be well behaved at all moisture contents.

When the watér content is close to the monolayer water content, the data
are best represented by the B.E.T. equation. For some foodstuffs the
values thus predicted agree with those predicted by equation (74), although

there is no obvious thermodynamic justification for this,

The correlation is based on a simplified description of the composition

of the food, so that it is sensitive to varietal or other composition

differences.

The correlation may be useful in two distinct situatioms. First, it
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provides a means of predicting the equilibrium behaviour of sugar-based
foodstuffs, ‘when no daté are available other than a knowledge-éf the
average representative ratio of sugar to nor-—sugar dry matter togetﬁer
with the activity coefficient data reported above. Secondly, if experi-
mental equilibrium data are available, they provide a simple model on

which to base a correlation. In that case, & and A become the correlation

parameters.
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', Beeffoot, 298°K
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Figure 16

'Apricots (A) and Plums (P), 293°K

o Apricots data (Filomenko and Chuprin, 1967)

x Plums data (Filonenko and Chuprin; 1967)
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CHAPTER IV
TRANSPORT PROPERTIES

Changes in porosity as dehydration proceeds. Geometrical considerations.

The modelled porous structure described in Figure 1 can be
extended to the situation in which the cell shrinks in size within the
solid matrix. From a purely geometrical standpoint it is suggested
that shrinkage can be described by considering the cells to remainz
spherical. Two regions of shrinkage can be recognized. The first
describes a shrinkage of the sphere and a corresponding increase in A,
from the situation in which the cube is circumscribed by the sphere
(e =0, A=0,7071) to that in which the cube circumscribes the sphere

(e= 0.476, X = 1). The second describes further sphere shrinkage.

It is to be realized that the true lower bound should correspond
to values of A for £€>0, since there are physiological needs for

open intercellular air spaces (Smock and Neubert, 1950).

For A € 1 equation (40) yields A(g) and‘conversely:

»

e=1- 293 - (78)
6
swhere O = - 2 4 450 - 1.5\ | (79)

For the second region of shrinkage, A 21, the cells are regarded
as conserving basically their spherical shape. This would mean a loss
of physical contact between individual cells but in practice they will

be tied together by strands of matter, small enough to make the
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above description an acceptable approximation.

In this case

equation (80) describes the change in porosity as a function of A

ol (80)

The porosity equations as a function of moisture content.

The porcsity at any moisture content can be expressed as

) QV;X B vc
€ — (81)
9 Vix )
at full turgor
g vt - |
€ = I;‘IX’O €0 (82}
gV .
mx,0

The number of cells results from :

.

g = —2— . (83)
A

By means of a material balance it is possible to estimate the volume

of cellular matter per gram of dry matter at any time:

Zm.
X 4 __..__-:l_.. ..._L__
) m,+ d : Im,+d
' Vo= ] +  —a - (84)
. p p

ose
soln
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The variable porosity can thus be expressed as:

Vc . , .
£ =1~ 1 C (85)
\Y A '
c,0 WX
. vcl,o

—3 3 | , (86)

If there is a contraction of this volume, i.e. shrinkage, equation (87)

applies:

€=1- 3 1 ‘ (87)

1 .
where me becomes a variable volume.

Experimental determination of porosity as a function of moisture

L]

content.

As reviewed earlier, there is meager information on porosity
and it refers to the full turgor situation. Harper (1962) feports
one value for freeze driéd apples.

Most of the conventional methods for porosity determination
cannot be applied in this case because of fhe lack of mechanical

strength of the sample. A separate determination of bulk volume

and intercellular space volume was found to be satisfactory.

The intercellular space volume was determined by measuring the
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true sample volume, using the apparatus sketched in figure 17.
The volume V2 of the expansion bulb from the stopcock to a fixed level
mark is known. The volume V1 of the empty sample chamber is also

known. With the cover plate carefully closed to insure a good seal,

3

H is read and the true volume of the sample is calculated from
equation (88), taking into account the value of the atmospheric
pressure at the time of the experiment

P_

(G H)

-v, 2 | (88)
5717 2 T . .

The bulk volume was found by mercury displacement.

Samples of different moisture content of Granny Smith apples
were obtained by partial drying in an air-circulating oven at 76°C,
followed by multiple wrapping in "cling film" and overnight storage to
allow for moisture content homogenization. The moisture content was
evaluated by a gravimetric technique (Rotstein et al., 1969). The
results are. plotted in figure 18; Although thgre have been no results
~ reported in terms of €(x), some earlier data can be used to evaluate
the results obtained.

Chirife (1969) measured the change in bulk ;olume of Granny Smith
apples, as a function of poisture content. His experimental data can be

represented by the correlation:

v A .
-{,—‘ﬂ— = 0.15 + 0.85 'X}Z : (89)
bulk,o . o :

By taking into account equation (90),
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Apparatus for porosity determination.
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" FIGURE 18.

Porosity as a function of moisture content.

| | | -

L) experimental
data.
equation (86) —

equation (92)
equation (94)
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1

Ybulk  _ UV ,
v T : (90)
bulk,o q¥ _ 4

C *'mx,o0 :

correlation (89) can be used in equation (87) to yield:

[0 v
[} c
€ = l-—3 X
6 Xo Vc o (0.15 + 0.85 =)

(92)

Values of (X) calculated using equation (92) are shown in
‘Figure 18.
Aruanno (1971) studied the relationship between lateral area
of sample and moisture content. By ré—working his experimental data the

following correlation of bulk volume as a function of moisture content

can be obtained:

V.. . 3/
Balk 14X ,>/2
= (0.24 + 0.76 1+yb) (93)

Vbulk,&

In this case equation (87) can be written:

ﬂao‘ v
€=1- = 3

X
6r > v (0.24 +0.76 2y /) (94)
o] C,0

s 1+x,

Equation (94) has been used to predict values of €(X). The

results are plotted in Figﬁre 18.

A comparison of experimental data and values predicted by
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equations (92) and (94) indicates that the second equation is the
better representation of the data ovér most of the moisture content
range. The experimental iesults differ from the predicted values at
very low moisture contents.

It can be seen that the change in porosity is not too large
over most of the moisture content range. A simulation of the process
down to the commercial dehydration moisture contents (X = 0.32 kg/kg)

can be based, in principle, on an average constant porosity.

Thermal Conductivity.

Very little experimental information on the thermal conductivity
of foodstuffs. is available. Two comprehensive reviews (Qashou et. al.,
1972, Rha, 1975) summarize all the available data. It can be
concluded that somevdata are available fo; fresh and freeze-dried
foods but that almost none exists for the thermal conductivity of
foods as a function of moisture content.

In the particular case of apples, table 16 shows the available
data, It is surprising to note that the porosity of the food has not
been considered to be one of the parameters that should be recorded.

The prediction of the thermal conductivity of composite materials
has been the subject of research for a long timé, some of the
pioneering work being carried out by Maxwell (1881) and Lord Rayleigh
(1892). The studies have been addressed either to the problem of
thermal conductivity or to ana}ogous problems of:electrical conductance,
magnetic pérmeability, permitivity and diffusivity.

Five approaches have been examined for the purpose of predicting
the thermal conductivity of foodstuffs: Maxwell's analysis of the
case of a single sphere in a continuum (Maxwell, 1881),

Lord Rayleigh's treatment of the case of spheres of uniform size in
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TABLE 16

Data on thermal conductivity of apples,

Sample description

x
(N/s °K)

Source.

Freeze dried apple at 1 at.

Apple,green. Water content
88.57, bulk density 0.79 g/cm

Apple, red., Water content
84,97, bu%k density
0.84 g/cm

Fresh apple (continuous
heating). Bulk density
0.89 g/cm3.

Fresh apple.
Bramley's seedling

'0.04216

0.422

0.513

O. 670

0.418-0.591

Harper (1962)

Sweat (1974)

Sweat (1974)

Hackel (1976)

Mann and Forsyth
(1956)
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cubical lattice position (Lord Rayleigh, 1892) which was eventually
expanded by Jeffrey (1973), Bruggeman's study of the conductivity
of mixtures of partiéles of different sizes (Bruggeman, 1935), the
so-called "Self-consistent scheme! discussed by Hashin (1968) and
Tsao's collecting of resistances (Tsao, 1961).

Maxwell (1881) considered spheres at distances of each other
large encugh so that it could be assumed that there was no interaction.
~ between them. His assumptions require that the solution be
rigorously valid 6n1y for very dilute dispersions. According to
Meredith and Tobias (1962) Maxwell's equation represents accurately
conduc;ivity data of random or ordered dispersions of spheres only
when the porosity is very high (¢ = 0,9 or more). This is too
high a value to be useful in the case of foodstuffs (see for instance
Figure 18),

1 ‘Lord Rayléigh (;892)‘considered the effect of a large number
of spheres of uniform size surrounding any particular sphere of
interest., There is in principle no reason to restrict the application
of his conclusions to high porosity, but there is an explicit limit
which corr;sponds to spheres of the same diameter as the cube
length. This provides a limiting value of €= 0.476 below which the
equation loses physical significance,‘ Moreover, Turner (1976) reports
experimental evidence 6f“poof results from Lord Rayleigh‘s equation
when the porosity is below 0.400. For tﬁe same physical situation
- as that studied by Lord Rayleigh, Meredith and Tobias (1962) derived
a further equation. They used a different function fér the potential
and considered higher terms in the series expression for the

potential in the continuous phase. Although they expected better
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behaviour from their eqﬁatién, the same restriction on porosity at
€ £ 0.476 applies and they found that their equation is accurate
for £>0.500, - o

Bruggeman (1935) recognized that in concentrated mixtures the
field adjacent to particles will be more accurately represented.by
using the effective conductance of the mixture as a whole, rather
than that of the continuum. Bruggeman's equation is not limited to
high values of porosity but is suited to represent dispersions where
a large range of particle sizes are present. By changing the particle
size distribution, the porosity can be made as low in value as is
wished. On the other hand, the predictions obtained are good only
when the particle-size range is broad. According to Meredith and
Tobias (1962), the répresentaﬁion is unsatisfactory when the system
consists of spheres of uniform size or of a narrow range of sizes,
As apple tissue 1is visualized as consisting of cells of nearly
uniform size, Bruggeman's equation would not be an adequate theoretical

expression to use.

The "self consistent scheme" is a method of approximation
s

based on considering a typical basic element of a heterogeneous medium
and regarding it as being embedded in'an equivalent homogeneous
medium whose properties are the unknowns to be calculated. Several
approaches can be tried.éo define the basic element, as reviewed by
Hashin (1968). The case which appears closest to cellular tissue
is that of a particulate composite. Here the approach is to consider
a spherical inclusion surrounded by a concentric spherical shell

of conductivity equal to that of the continuous phase. The composite

sphere thus obtained is embedded in a homogeneous and isotropic medium
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whose conductivity is the unknown effective conductivity of the
composite. Although the method lends itself to a theoretical
analysis, in order to obtain results, a value must be foun&lfor

the ratio between the radii of the two concentric spheres., In
practice this becomes a correlating parameter, thus losing the
predictive advantages expected from a theoretical approach. Two
extreme cases (a) when the ratio of particle to shell radius is
unity (no shell) and (b) when the ratio of particle volume to

shell volume is équal to the volume fraction of particlés, represent
lower and upper bounds for the possible values.

Buyevich (1974) has given a treatment somewhat similar to
Hashin. Turner (1976) found that Buyevhich's treatment predicted
values of thermal conductivity higher than those predicted by
Maxwell (1881) for different ratios of conductivities of the two
- phases.

Tsao (1961) suggested the approach of collecting the
dispersedmaterial into a strip so as to deal with homogeneous phases.

This approach and some fallacies involved were reviewed by Turner

»

(1976) .

FThorough critical reviews of the different theoretical methods
have been made by De Vries (1952, 1957) and by Meredith and Tobias
(1962). Hashin (1968) and Turner (1976) included significant revisions
of prior work. |

From the above it is clear that there is no existing theoretical
expression which could describe the behaviour of the foodstuff tissue
as modelled earlier,(See figure23 for a practical test of the
theoretical expressions). An adaptation of earlier work such as

that of Buyevich (1974) could be attempted or a new model could be
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proposed.

Theoretical expressions for thermal conductivity: an approximate theory.

The above review emphasizes the neéessity of basing the:
theoretical model on a satisfaciory model of the cellular tissue. Such
a model mustvaccount for shrinkage and relate the moisture content to
changing porosity. An attempt to devise such a model has been
described at the beginning of this Chapter.

On considering this model, it is clear that the problem is essentially
three-dimensional. It is expected that some degree of convection in
the pores will exist and that the heat flux will be greatest at the
contact surfaces between cells. Although such a problem could be
solved numerically the effort requiréd would not be warranted.

In consequence, a simplified theory is propoéed on the basis of the
following assumptions. One, the behaviour of the cellular structure is
adequately described‘throughout the entire drying process by the model
proposed earlier. Two, the temperature profiles are one-dimensional
so that at any distance from the surface of the slab the temperature
within the cellular material is the same as that within the inter-
cellular ai; 5paces. Three, convection in the pores can be neglected.

It should be emphasized that the theory involves several approximations
and is in itself based on an approximate description at the tissue.

As in the case of poiosity it is necessary to gonsider two
successive cases; first when 1 2A3),. (Figure 19) and secondly when

Al (Figure 20).

In the first case the unit for calculation purposes can be
considered as one half of the solid matrix cube (Figure 192). The
conductivity of the composite is made up by the coupled resistances of

cellular matter alone, up to AA', plus that of air and cellular matter
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Figure 19
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Figure 20

The case A 3 1
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from AA' to the upper end of the cell. The latter can be calculated

from:

_ 2 4T 2 2, dT _, 24T '
Q=k ot G2tk L -m) F kL : (95)

Equation (95) assumes one dimensional conduction as stated earlier.

-

From it:
IJZ IA‘/Z . )
[ dx  _ [ . dx . (96)
d (I\;/kg) d 1 —wﬁr/L)_ + (kC/ikg)Tr(r/L) '

Series addition of the resulting expression for the cellular

matter thermal resistance results in

(M+l)(ﬁ—L1) } .

. k
= -8 1 1n
o=k [Lx k, © 7 @ 1) (L, ) G
where L1 is a geometrical variable:
/1 A2 .
= (98)
I A
T 1is a thermal conductivity variable:
k
= T {_C _
T= % (‘k 1)
24
and M is a mixed thermal conductivity and geometrical variable:
. 1 1 )
= of = — 100
M R | (100)

A
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As moisture content decreases, A increases until the structure
is represented by the case A> 1 (Figure 20). By a similar reasoning

when A 31

) -1
. x L,+__1_~_gn_<_>:r_4:1_>_.._]

(101)
g L 2 2TM (A\M-1)
where L2 is a geometrical variable:
e . .
L2 - ( 102)

and T and M are as defined previously.

Experimental work.

Experimental determinations of thermal conductivity as a function
of moisture content have been reported by.Urbicain and Rotstein (1977).
The experimental equipment was basically of the type of the heated
wire probe, ile. a line-source technique. The method was originally
proposed by Schleiermacher (1888) and the first result for foodstuffs
were reporggd by Mann and Forsyth (1956). Particulars of the
equipment ﬁsed and the improvements on earlier versions were reported
by Urbieain and Rotstein (1977). The experimeﬁ%al results for

- apples are indicated in figure 23, together with the theoretically

predicted values.

Theoretical predictions of thermal conductivity.

To.relate the thermal conductivity values to moisture content it
is necessary to obtain A. This is accomplished by simultaneous

solution of equations (89), (90), (87) and (78) for A ! and (89), (90),
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(87) and (80) for A 1.

In order to use these equations, the values of severél
physical properties must be specified. In the case of equation (87)
it is necessary to.know the average chemical composition éf the fruit,
the density of the sugars solution as well as the density of the

tissue matters other than water and sugars (pOS ). A representative

e

composition was indicated in Table 15, from which it can be seen

that the following values can be used in equation (84):

Fm;
= 0.76 kg/kg
Zm.+d
3
d
— = 0,24 kg/kg
ij+d

The density of tissue matters other than water and sugars

represents mainly fibrous material, most of it of cellulosic.nature.

1

Thus, forgéseit is suggested to use as a representative value the
density of cotton fiber. Kirk and Othmer (1964) reported eﬁtensively
thg density of native cotton in different displacement mediums as
well as those of ramie, mercerized ramie, sulfite wood pulp and

regenerated cellulose fibers. It can be concluded that an acceptable

representative value is

1.550 kg/m3

©
]

ose

e

The density of the solution depends on the concentration, i.e.,
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on the foodstuff moisture content. The values for glucose solutions
of different concentrations in.terms of moisture content are plotted
in figure 21, indicating also the density of solid'glucose.. The
data (Taylor and Rowlinson, 1955) were correlated by a least square

curve fitting procedure rééulting in equation (103): -

p = 1+ -2 (103)
soln ( X+ 0.76 ) .
. where

a = 0.40973

M = 1.12414

The correlation predicts Peoln within a + 1% precision, except at
very low moisture contents. When X = 0 , the value predicted is
4.27 lower than the density of solid glucose. Thus, it can be used

safely over the entire moisture content range.

Equations (97) andv(101) require values of the thermal
conductivity of air occupying the intercellular spéces and of the cell
itself., The first can be approximated by the conductivity of dry air
at the local temperature and pressure in the intercellular spaces.

Since the sugar solutions make up most of the cellular matter (on weight
basis) over most of the moisture content range, the thermal conductivity

of cells can be approximated to that of glucose solutions.

Popov, and Zhura (1957) studied the thermal conductivity of
glucose solutions at different concentrations, between 323° and 368 °k.
Figure 22 shows the thermal conductivities of water (Weast, 1969)

and of glucose solutions equivalent to moisture contents of X = 0.34 kg/kg
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Figure 22

Thermal conductivity of water and glucose

solutions.
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and X = 0.51 kg/kg, over the temperature range 273 - 373 °k. From
figure.22 it can be seen thét the data at 313°K is an acceptable
approximation to the values of the thermal conductivity within the
drying temperaturé range : 293 - 343°K.

The Popov and ihura correlation was recalculated at this
temperature by expressing the glucose concentration in terms of

moisture content and the result used as a representation of the cellular

" thermal conductivity (equation (104)).

~ 0.2510 4.0 : ‘
kc = 0.6655 NS X N/s K (104)

At low moisture contents, the value of thermal conductivity
from equation (104) is.kc = 0.3352 N/s OK, an intermediate value
between that of sugar cane and that of wood acroés grain (0.5é20 N/s °k
and 0.1586 N/s°K éespectiveiy) it appears that equation (104) can be
used down to 19w values of X,

With the use of the above selected physical property values,
equations (97) and (101) were solved to predict the values of the
thermal conauctivity of apples for 0 <'X & 7 kg/kg. The results are
plotted in figure 23 for fwo extreme~caseé of calculation of porosity :
no shrinkage and shrinkage. The former case involves the use of
equation (93) and the latter the relationship (kD/koDo)3 = 1.. Cleariy
the predicted values fail to reproduce the experimental data, which
fall between the two alternative predictions. The reasons for this
can be traced to the original assumptions used in developing equations
(97) and (101). Of these, the most important seems to be the

description of the change in porosity that occurs throughout the
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drying process. The model established earlier lumped all the:
changes in porosity into shrinkage of the spheres while assuming that
the distances between spheres remained unchanged. Thié is équivalent
to stating that there is no change in the overall dimensions of the
sample. This model should be improved so that changes in porosity can be
described by changes in the distances between the sphere centres as
well as in the sphere radii. To do this, there is need for
experimental data on the change in bulk volume as a fuﬁction of moisture
content.

Using an analogous approach to calculate porosity and the
cell thermal conductivity, the éaflier statements as to the unapplicability
of fhe Maxwell, Lord Rayleigh and Bruggeman expressions, were tested.

The expressions used were the following. The Maxwell

correlation (Maxwell, 1881) :

. H +2-2(1-e)(1-Hc)

ko= Kk [ < (105)

. 9 - -

H +2+ (1-e) (1 Hc)
"The Lord Rayleigh expression (Lord Rayleigh, 1892) :
3(1 -¢)
k = k {1~
g 241 (1-8_) (1-)'%'3
{ € 4+ (1-€) - 0.525  ——m ..i
1 - H 44+ 1 (106)
- c 3 ¢

Bruggeman's equation (Bruggeman, 1935) :
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‘1
i.

{ H, (H 5:3(1-Hc)3 ) )3 Hc (Hi 3(1—H )3£
S | I 37 WT2TG T T )
(107)

where

. kc »
g

For the purposes of the present work, it Qas decided to use
an empirical correlation df the experimental data obtained by Urbicain
and Rotstein (1977). This correlation is equation (109), with a
COeffigient of determination r2 = 0,965.

4 o 0.643165

k = .2.902184 x 10 (109)
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Figure 23
" Thermal conductivity. Experimental datg
and values predicted by: this work (1), Lord Rayleigh's.QZ)

Bruggeman's (3) and Maxwell's (4) equations.

| | { i i 1 l

©  experimental data.

N/sK |
06} - ---

shrinkage correction
(equation (93))

“no shrinkage correctiond
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OTHER TRANSPORT PROPERTIES

Specific heat

The specific heat of 1iquiq water, water vapour and air are
available in the literature. The difference in values when the
temperature changes within the range used in convéntional drying of
foodstuff ﬁrocesses, namely bet;een 293° and 333°K, is slight so that
average values can be used (Table 17). The specific heat of liquid
water and thét of apple juice are very close together. That of juice
concentrate is only éSZ lower fhan at the.original dilution (Cho Kyun
Rha, 1975). |

The specific heat appears in the enefgy equation in the pfbduct
pi(gp)i. In the case of the solid matter the product can be estimated
by the follpwing reasoning.

For the entire food, the product pcb can be written as :
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TABLE 17

Specific Heat of water and air at 293 and 333°k

~

C

' P
cal/ g%

Constituent 293°K 333%
liquid water 0.9988 0.9994
water vapour . 0.4452 0.4507
dry air 0.2402 0.2425.
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A ~ ~ ~ A
€ f:v(cp)V te o, (cp)a+pps (cp)s+ pps X(cp)9.= p ey (110)

At full turgor the value of the right hand side in equation
(110) can be calculated from the data provided by Chokyun Rha (1975).
As all the other constituents properties other than those of the solid

matter are known, then:

”~

_ )
pps(cp)s = 0.92 cal/g C

Heat and Mass transfer coefficients.

Treybal (1955) reported correlations for the estimation of
heat and mass transfer coefficients when drying.
For the mass transfer coefficient, in the case of flow of gas

parallel to the drying surface, the following correlation can be used:

2/ . -
~2. pr 3 = .0.581 @®Re'") 0.48 (111)

c G
P

or, alternatively figure 3.11 in Treybal (1955).

For the experimental set of conditions

ey

Re''' = 11548.4

Pr = 0.7213

G = 10.1114 kg/mzs
Thus

h = 81.298 kg/s> °K
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Peck and Wasan (1974) reviewed the existing correlations for
the case of drying of porous materials in the form of slabs or sheets.

They suggest, for a case analogous to the present case, the use of

equation (112).

BL . 4.0356 (Re ''H0"8 pr

(112)
this correlation leads to analogous if slightly lower (22%) values
of h. Correlation (111) is preferred on account of its widespread use.
For .the calculation of the mass transfer coefficient, equation (111)

is used by taking into account the transport phenomena analogy. Thus,

2/3

s, = 0.581 (Re''")

0.48 (113)

k™

This mass transfer coefficient is defined by Treybal (1955)

in terms of

n s ky {(Y)S— (Y')bul‘kN] ‘ (114)

S

. The present solution is based on vapour weight fraction

w = :f—'—rl— . - . (115)

w =k (-————ig—ﬂ-) - (—-——JQ——————) (116)
y 1 - w 1 -w
S ' : bulk
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Since the vapour weight fractions involved are low, it can

be concluded that :
' - ' 117)
. | | (117)
From equation (113), for Sc = 0.6814 :

K = 8.512 x 10 2 kg/m>s

Effective Diffusivity.

The effective diffusivity is defined as

> )
DHZO,A:'Lr t S : (118)

-D'

This definition is valid provided Knudsen flow énd surface
diffusion can be dis-regarded (Rotstein, 1974, 1975).

There is very little experimental data available on this
property. Harper (1962) measured the effective diffusivity for
the system toluene-air in freeze dried apple tissue. Equation (118)
yields, using a value DH 0,Air = 0.260 cmzlsec'(Satterfield, 1970)

2
and correcting for porosity using an average value € = 0.3 :

D! = 0.115 x 10.-5 mzlsec.
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CHAPTER V

A TRANSPORT PHENOMENA APPROACH TO'THE.DRYING PROCESS.

Early work on drying - of foodstuffs was carried out along
two lines of thought:: one a purely phenomenological description and
the other based on a description of foodstuff tissue as a homogeneous

solid through which water diffuses. Van Arsdel and Copley (1963)_

summarized the latter approach.

Actually, no satisfactory model can be proposed which does.not
take into account the heterogeneous nature of the cellular tissue
structure. This in turn should lead to a description of the mechanism
and kinetiés of water migration as the fund;mental step in the
mathematical description of the process.

Rotstein et. al. (1974) and Peck and Wasan {1974) have
reviewed alternative mechanisms of water migration and literature
contribution Eased on the different approaches. In general the work
is related to dr&ing of inert solids and only recently has attention
been focused onto the drying of foodstuffs.

The non-gravitational migration of water in a porous solid can

be the result of one or more of the following driving forces :

1) Moisture concentration gradient: liquid diffusional flow.
2) Capillary forces: liquid capillary flow.

3) Vapor concentration gradient: vapor diffusional flow.

4) Pressure difference: 1liquid or vapor flow.

As indicated by Harmathy (1969) three general theories have been
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proposed which describe internally coﬁtrolled drying processes:
thé diffusion theory, the capillary flow theory and the evaporation—
condensation theory. Harmathy (1969), Peck and Wasan (1974) and
Rotstein et. al., (1974) cite several contributions to the development
of the three theories, since the pioneer work of Lewis (1921),
Buckingham (1907) and Gurr et. al., (1952) respectiveiy.

In what follows the objective has not been to try to force
the description of the phenomenon into one of the pre—established
theories but to try to describe the characteristics of the porous
structure and to discuss the kinetics of the water migration in order
té propose a mathematical description of the process from a transport
phenomena standpoint. The need to take into account the structure
of the food as opposed to considering it as- a homogeneous solid has

been pointed out earlier (King, 1968).

The internal structure of foodstuffs.

Foodstuffs are basically arrays of cells, in assemblages of
what can be regarded as interwoven fibers. Although the cells are
very similar in nature (see Chapter II), the tissues can differ
widely in porosity and bulk physical properties. Thus, to test the
proposed model it is necessary to concentrate on a specific foodstuff.
The object of this study is to describe the process as it occurs in
apples, hoping that:the methodology and findings can be extended to
éther foodstuffs.

Figure 24 shows a microphotography of apply tissue. The most
important feature has been pointed out by Reeve (1953): the porous
étructure is suchvtﬁat the intercellular spaces are large (average

541 x 275u); interconnected and filled with air. This is to be
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Figure 24

Photography of a microscopic observation of apple fruit
tissue (tangential section).
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expected on account of the osmometer—like behaviour of the cell.

This is confirmed by Hardy (1949), Smith (1938), Skene (1966) and

Slatyer (1967) as far as vegetable tissues are concerned.

The site of most of the water in the tissue is the cell
(cf. page 84). Thus, the transport of water to the outside involves
migration through the cell, its enveloping structure, through the
porous—-like structure of the tissue, and then through the outside
boundary layer. ' As concluded earlier, the first two transfer stages
are not tﬁe rate controlling steps.

The above leads to an outline of what appears to be a plausible
description of the foodstuff structure, the controlling kinetic

mechanism of water migration and the needed assumptions to model the

process mathematically.

1) The apple tissue is regarded as a porous-like open structure.
The 'solid' matrix is provided by cellular tissue, the

voids are intercellular spaces.

2) The' intercellular spaces are filled with air. They are
large and interconnected. Initially, the temperature,

humidity and pressure throughout the intercellular spaces

are uniform and equal to the external conditions.
T~

3) The intercellular air spaces define a uniform macro—porous
structure.
4) Water is contained mainly in the cells. Practically all cells

have parf of their surface abutting onto an intercellular air

space. (cf. page 84)
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5) When the system is removed from equilibrium by changing
the prevailing external conditions, the controlling internal

water migration step is the flow of water vapour through

the voids.

6)  There is local equilibrium at each internal point. The
local equilibrium conditions are predicted by an adequate

sorption equilibrium expression.

7) The system can be defined as a quasi one phase system.
Therefore it is possible to define 'effective' values of the

mass diffusivity and thermal conductivity properties.

8) The process can be described as one of coupled heat and

mass transfer. The water flows outwards as water vapour

through a stagnant gas phase, the stagnant phase being

dry air..

The mass transport equation.

The water continuity equation can be written (see Appendix A):

K

Bepwv

+ — 22 - (l —e) o} —_— (119)
ot 3z S 3t

It should be nétgd that here the porosity refers to the air-
filled voids while the water is contained inside the 'solid'
matrix. The cells are, in effect, water reservoirs. This is a
major deéarture from the conventional porous structures in which the

water is external to the solid and the air space porosity is the

difference between true porosity and the pore space occupied by

water.
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In equation (119) (see Appendix A),

dep ep._ M . - dy . :
wroo_ wv2 W (T wv_ . 9T ) (120)
at RT ot ot
If the gas in the pores is assumed to be stagnant :
MaMw aywv
n= - pg —= ——— (121)
MM - yvaw) 9z
Thus, if the flow is considered té be one-dimensional:
2 2
on PM D' ] 9 oy
— = 5 | Ty ) y"‘; - 1 y‘“"’)--(w‘n-yw) Zwy Z
oz RT 1~y ) .0z oz %z
wv .
(122)
The sorption equilibrium expression can be introduced
X = X(y_»T) o (123)
_
Thus @ .
90X _| 9% __EZEX_ + (_EE_) T (124)
ot 3y ot T 3t
Wy R
Also:
pps = (1-¢g) Py ; : ’ , - (125)



- 144 -
- From equations (120), (122), (124) and (125):
R L 1 2

. 3 " 1 9 oT
- D' s pt ( Ty + D Ty

T(l“ywv) | 5z T(l-ywv)2 oz _T2(1~ywv) 0z dz

' s , s PM aT 2 ot
, P M % T ,T ot : d . v Ty

(126)
The energy transport equation.
The general multicomponent energy transfer equation can
be written as follows (Bird et. al., 1960):
‘ .
DBV HE S A S S
= L vy H., +V.en H, =V, kVI + £ = v 2
5t i Yii iii Dt Ity (127)
where i indicates the components vapour, air, liquid and solid.
In ‘the case under consideration the total pressure is
constant and the 1:§§’ term, which measures the rate of irreversible

conversion to internal energy, can be neglected.

The derivatives of the enthalpies of each of the constituents

with time are as follows :

aﬁwv ~ oT
oH ~ _
e - @), (129)



. T _ [ _—__sp _OX
at o)) 3¢ ( ox ) ot (130)
P,T
ol -
s _ T : .
I T A T , oo @3

The thermal conductivity is a function of the moisture content.

Thus (see Appendix B):

2 ' dy
9 k OT k9T dk 39X wv of dk { 9X
"B'Sr'( 'EEL ZZ'EJ' El—i( _( )

By evaluafion_ of the products in the left hand side of
equation (127) followed by substitution of equations (121), (124) and

(128) through (132), into equation (127) the following final expression

is obtained (see Appendix C);

. A (l—y ) ~ . 3AH ax ~
€P., Twv EP wv' o, _ sp) [ )
{-R—Mw T (ST X Ma. ——(g), + X, ( 5% 5T *ley)y *

A BAH 3 ~ Sy
90X A oT s X ax v
ot (2} 4 (c)}——— v =2 (&) o (&) |I5E
ps oT ps  p’'s| ot ps' 09X oy sp PS\ 9y ot
, wv . P,T W wT
) \
2 A "~ D'
_ 97T . dk (3K T P
—k‘—.—f N dax (_'f) '(az)+[(C)v R Mw T(1l-y )
9z y wy. .
wv
2 (o i ot
dXx oy ) 9z : 9z : ' . (133)
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Injitial and boundary conditions,.

The initial conditions are uniform temperature énd mois ture
content throughout the sample, thus resulting in uniform vglues for Yy
(cf; equation (109)). |

The heat and mass transfer boundary conditions are continuity

in the fluxes at the interfaces. Thus :

T(z,0) =T, 0<z<L (134)
X(z,0) =X 0<zgL A - 6135)
YN (B0 = G ) - : (136)
q] =-n !TkL,t) - Tm(t)] ' - (137)
z=L L :
n'z=§kay :yw @L,t) -y (6 } (138)

Solution of the problem

Equations (126) and (133) together with conditions (134) ~ (138)
provide a system of two non linear partial differential equations
involving two dependent variables, Vv and T, which are function
of position and time. From a solution of the system, temperature and
water vapor concentration profiles can be obtained. By using an
adequaté expression for the sorption equilibrium relationéhip of
equation (123), such as that developed previously (equation (74)), it is
possible to express this variables in térms of moisture contents, The

average of these moisture contents should provide a satisfactory

simulation of the experimental data.
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CHAPTER VI

NUMERICAL SOLUTION AND EXPERIMENTAL RESULTS

Numerical Solution.

Although equations (126) and (133) are non—-linear second-

order partial differential equations, it is possible to develop

a relatively simple algorithm in order to solve the system.

D

2)

3)

4)

5)

6)

To do so the following ideas are implemented:

The equations are written in terms of weight fractions
and the convective term of the flux equation is not
explicitly stated but is calculated separately using

a guessed field which is then updated.
Non~linearities are accounted for by updating.

Integration is carried out over a control volume. This

avoids the need for taking into account second-order

derivatives.

®

The time profile is selected so as to result in a

an

fully implicit scheme.

The concentration profile follows a central differences
scheme. The low flux values involved do not warrant the
use of the so-called up-wind substitution schemes

(Spalding, 1972).

The value of all coefficients is to be positive, the

corresponding sign being included in the term.
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The mass transfer equation is simply :

a(ep_w) 3 '_X)
g s = 2o o 2y s -
ot 9z z & 3z 3t 39

by using the chain rule and rearranging equation (139) the following

form is obtained :

Q] v o, 0 (nw) = 9_( o D' _3&)_) + Pl oT (140)
9t oz 3z & 9z ot ’
where .
and
- - _o% (142)
. Pl B pps aT } W :

Each term can be integrated over the control volume defined

by z~and z+ (figure 25), following the above outline.

z+t+At

auw _ o N o o |
Q 3¢ dtdz = AZ(Q l)P [(m)P (w)P} o ‘ (143)

z~-t

z+ t+At

{ J lvg—‘—z-(nW) dzdt = At[ n'@ ] - Af [ né ]

: z+ z-
z- t



- 149 -

Figure 25

Control volume for the numerical solution
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W) , + W, (W), + ()
coept)  —E— B - at@), —F Z=
; 2. . 2 z (144)
z+ C+At .
: (W _, - W
[ { —g—; (pg D' g—?) dzdt = At (p‘; D')P Z+Gz‘+ 4
z- t
Wy, = (W
- At (0° DY) 3 2= (145)
& P 82— :
z+ t+At
' T o ) g .
Pl St dzdt. = Az (P])P (TP TP) (146)
z- t

By re—grouping coefficients and by singling out the variables

_at each point, equation (147) is obtained :

o, o _, - 04 .
.rk'_t - f_g:.. + _A__Z__ (Qo .. + pgD + pg P W = (pgD - nZ+ ) w
z z At 1’P Sz+ Gz~ ; 2 z+

p. D' n : [ :
g z- ) ® Az 0 bz 0y 4O _ Dz 50y 4O
+( 5=t 3 - " | Bt ®)p ]TP * [At @)y - T ®p Tp

(147)
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In this case §z+ = §z-= Az.

The integration is carried over a semi-infinite slab so that
the leftmost point in the integration grid (i=1) corresponds to a
- nil vapour flux. The corresponding equation, by an analogous

procedure to that used to obtain equation (147), is

D=

: . Pnt 1 Oy
n p.D [pD n
[_Ji+lséz(¢5 s(E-) o =l8) - Lle s
2 2 Be w1 T\ Bar /|1 EE 2 |2

1 Bz o 1 8z o o_1 Az o o
+[ 2 B Fr) ‘Tl +[2 e Q)1 9 7 AP Tl} (148)

Similarly the i=N mass boundary condition is :

.

[y, (pc’D' )
w, = 2 4|8 : +
N L z \ Az /y-1 N-1

- (n) p°D!

N-1 1 Az . o g

{_—2—_2 *3 A @ +‘,( )N-l+ .
2

‘&

P ' r -
1Az , 0 1.8z o o 1Az o o
* li-“&? Py }TN * tz At Q% T 3 E PN Tyt K% }
(149)

An expression which is suitable for computation purposes is

developed in Appendix D.
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The energy equation can be treated in a way similar to the

mass equation

£ + €p (¢ ‘ -
[QWV(C“P),WV pa(cp)a "‘ppsx(ep)l"' pps(cp)s+ pps( A

(150)

which can be writtenAas
o _ 0w . or _ 9 | _a_T_) (151)
P2,—5"E .Q2 9t * (Cp)wn-éz AN P '

.The negative sign 6f the Q, term is in agreement with

rule number 6 above.

By integration over the control volume, again using a
, ,
fully implicit time approach and a central differences scheme,

equation (151) leads to equation (152)

A By 2 A= Az 50 [k [k (% - ]
Cpw 2 CPw T TR (®Bp * (22 ) *("zrz ) T, ~las) ~(ep) B,
: : z+ z- z+
k L By Az Az o )
*[(“‘) o)y 2 }Tz + 32 Q) U [ ac Qp % ¥

Az , o ..o ‘ 2 »
+ T (P?_)p Tp} | (152)
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The equations from the boundary conditions at i=1 and

i=N are, respectively

n . [ A~ - m :
{(C) —* 122i(P2)1+(K]§)1%]T1=L(f2) ~Cep)gy . ]Tz *

‘1 Az o o_1 Az o o |
1z @7, j a2 R @20 T 73 3 @)y 9y ] (153)

~ ~ nN-% 1 Az [k _ 1 x

]_(cp)v ay (e )wv 2 T2 At(P ) "8z )N—i *hTy = L(E)N_%
n 7

~ N-1 1 Az ,.0 1

* (Cp)wv 2 J Tt [5 ‘At (QZ)N J “x
1 Az ,.o o 1 Az , .0 0

* {’2’ a7 By Ty~ 3 ac @y &y *h Tw] (154)

K]

An expression which is suitable for computation purposes is

deVeloped in Appendix D. -

Rule number one of the outlined procedure requires the
separate calculation of the vapour flux. To do this equation (119)

is used as the starting expression. By using the chain rule

[orgen (B), 8- 8- =Bl &

(155)
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W n  _ T ' .
Qwtw cRh % | Case

Integration is carried out as before and the equation for

calculating the flux value to be used at the left-most control volume

* N .‘ N
1s o .

nyy = {_-li "%%_(Q(;)l 1(0) - '?) + %‘-% %E-(P‘:)l }(Tl -Tcl’)
(157)
at 511 othér points
Bge = Mg F {%{“' (_P?)P}(T; - TP _{-%?E(Ql)g]( p = Up) (155)
At the point N
K, i ) | | C@s9)

*

The solution of the system of equations

The algorithm is implemented as follows :

Step 15 Set initial-conditions.

Step‘ 2) Find intermediate coefficients (Pl’ P2, Ql’ Q2, ete).,

Step 3) Find vapor'fiux and the coefficients involved in the
energy and mass equations at point 1 (z=0).

Step 4) Repeat for all internal points-

Step 5) Repeat for point N (z = L) «
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Step 6) Solye for W and T at new time step, Mix the new
values with W and T values obtained from the preceeding

iteration step by means of a relaxation coefficient.
Step 7) Calculate X(I) and average X at new time step.

Step 8) Update from step 3 until convergence is obtained.
The resulting W and T values are the solutions for

the new time step.

Step 9) Proceed to the next time step starting from 2.

' fo obtain values of the intermediate coefficients as well as
to calculate the new values of X (Steps 2 and 7) a subroutine
based on equations (74), (75) and (77), was developed. This subroutine
yields X(z) and the partial derivatives of X with respect to T and w,
- when values of @and T are given as data. The thermal -eonductivity was
calculated using equation (105).

The solution was found to be very sensitive to‘slightlchanges

iq the variables, due to the fact that the equilibrium conditioms
are such that X changes enormoﬁsly with small changes of ¢ , as
indicated earlier. For that reason the solution is quite unstable and
the way to implemept a satisfactory and stable numerical simulation
of the process is not to update the intermediate coefficients until

a full cycle is over and to use a relaxation technique, mixing old and

new values.
The selection of a suifable value of the relaxation coefficient
is very important. Numerical experiments starting from full turgor,

using the program shown in Appendix D, show that for 0.90 £ £ 0.975
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“there is good convergence. When { = Q.85 the fourth iteration at
the first time step results in physically infeasible values of the
variables, as shown in Table 18 for I=2. In turn, for ¢ >1.0

the iteration procedure to obtain X, does not converge.

The convergence requirement for values of the weight fraction,
w, at each iteration was that the difference between successive
values should be smaller than 10-6.

The results are shown in figure 27.
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TABLE 18

0.85

Values of w and T when Q =
w 'T, °c $
0.0583 45.1 0.95
0.0845 46.7 1.26
0.0306 55.4 0.30
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Experimental

In order to test the accuracy of the numerical p;ocedure, the
results obtained were compared with experimental data which had been
previously obtained by tﬁe author at Planta Piloto de Ingenieria Quimica,
Universidad Nacional del Sur, Bahia Blanca, Argentina. The
equipment'uséd was a drier which allowed a continuous measure and
record of the weight loss. This was accomplished by 'hooking the drying
chaﬁbe? to a torquemeter. A suitable damper avoids oscillation of the
system, The air inlet and outlet pipes are assembled so as not to
disrupt the equilibrium of the weighing system. FPFigure 26 presents
a complete outline of the equipment.

Granny Smith apples were selected,‘washed, peeled and sliced
into pérallelpipeds of 2.4 x 2.4 x1.2 ém. They were sulfited by
exposure to So2 and dried in éir at 76°¢C dry bulb temperature, with
a relative humidity of 10% and a velocity of 10 m/s. Fourteen .
replications of the exﬁeriment were made, in order to insure
reproducibility.

The experimental results are plotted in Figure 27 and compared

with data obtained from the numerical solution.
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FIGURE 27

_Predicted and experimental moisture contents.
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CHAPTER VII

DISCUSSION AND CONCLUSIONS

From Figure 27 ié can be seen that the numerical procedure
results in a good simulatiéﬁ of the experimental drying data., This
is trué éven at very low moisgﬁre contents, well beyond the X = 0.32 kg/kg
commercial 1imit. This can be taken as an indication that the
assumptions made in Chapter VI, on which basis the process was
modelled, may be substantially.true.

OQ the other hand care must be exercised because the comparison
has been madelbn the basis of average moisture contents, If
experimental data on temperature and moisture profiles throughout the
solid had been available they may or may not have been in agreement with
the profiles predicted by the model. Experimental profiles are very
difficult to obtain beéausg of the characteristics of the material

involved.

It is reasonable to conclude that the procedure described in this
work simulétes the actual drying performance of apples. The approéch
has incorporated steps that could be followed when the dehydration
of other foodstuffs is studied. These are : a) devise an adequate
model of the structure of the tissue; b) base the prediction of
transport prOperties on such a model ; ¢) give due consideration
to the role of porosity in influeﬁcing tranSpor; properkies on
- behaviour. As pointed out in this work, data are scarce on transport

‘properties of foodstuffs and the data that have been reported do not

state the porosity of the samples. It is possible that porosity and
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the transport properties could provide a means of systematizing the
description of tﬁe_drying behaviour of foodstuffs; d) analyzé the
relative contribution of cellular permeability to the rate of
drying; e) use an equilibrium relationship in order to couple adequately
the energy and masé transport equations. An equilibrium expression

for sugar based foodstuffs has been developed in this work.
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APPENDICES
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APPENDIX A

THE WATER CONTINUITY EQUATION

Figure 28 illustrates a cross section of cellular tissue of
thickness Az , made up of cells and intercellular air spaces.
The f£lux of vapour is assumed to be one-dimensional.

A shell mass balance results in :

bedy | -n| ) = X axayoae | (160)
2z 2t Iz
where
M = .epw +A (1 -E;) ps X . ' (161)

In the limit as Az approaches zero equation (160) becomes :

). S __EEEEX + _Ef}_:523§¥ : (162)
0z ot ot ' :

If the product ps(l -g¢) 1is regarded as constant, equation (162)

can be written :

- - (1 = oX :
5 * 5 T e ey g (163)

(equation (119) in the text).
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FIGURE 28

Water continuity: a cross section of cellular tissue.

AZ
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Assuming that the vapour behaves as an ideal gas, a

reasonable assumption since drying is normally carried out at atmospheric

or lower pressures, the water vapour density can be expressed as :

PM& .
Y =y —_— (164)
wv wv RT
thus, at constant €:
aep €p dy
wv o WV W wv oo oT
i el G Y., 5t ) (165)

Equation (165) is the same as equation (120) in the text.
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APPENDIX B

THE HEAT CONDUCTION TERM IN THE ENERGY EQUATION

As indicated in Chapter IV, the thermal conductivity of a

foodstuff depends strongly on its moisture content. Thus :

k = k(X) , . (166)

The heat conduction term can be written :

%E(kg%)=k—-—2—+—— 2k (167)

' Taking into account equation (166):

3 _ 8k X
0z 83X 23z
| . S
ook [qax w o, (3% at
S {(By ) 52 T (aT ) 52 } (168)
. wo ' T Ve

As a result of equation (168), the heat conduction term can be

represented by equation (169):

. 2., . Y. ..
, 2
CE(E) O (E)
WV .

(Equation (132) in the text).
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APPENDIX C

THE ENERGY TRANSFER EQUATION

From equation (127) in the text, for the case when »p is

constant (-%%- = 0) and I.:'VG: negligible, it follows :
3 (M) + VI RM, = V.x VI (170)
ot "~ 'i'i ii

Where Yi is the concentration of each constituent. In

turn :

——B-E—%E—ll— =-2 ;vi f:—; ¢ OH, 3;{——) a7
Also?

v,z Eiﬁi =7 ﬁi E o+ omg. ﬁﬁi 172)

51 N o dy 3AH :
1 : p 9%\ 9T
5 = () %I" | X ) L%K ) il ( 3 Sp) aT)'s‘
Rl t X - yW t X t
P,T T BTy,
(173)

On rearrangement 3
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(174)
Taking into account the continuity eguation (equation (119))
and equation (124):
o, dy . - -
v 09X wv X oT
3¢ =" -9 ps(‘a; ) - e e, (sf) Fr
we T y.
wv
(175)
¥
The liquid concentration is :
M= X () e =Xy, (176)
‘Thus,
3¢ s ot s aywv T ot sV oT Yoo Bt (177)

Sy 0 | (178)
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Taking into account equations (171) and (L72),

equation (170) can be written:

9H, ~ 9.
2‘{ L ZHi( =

o +Vm, ) +2 n, T8 -VAVT =0

) i i

By the use of equations (128) through (131) equations (173),
(176), (175), the continuity equations and the definitions of
enthalpy of each constituent, equation (179) can be expanded

into the following form k

A

Y (c

) oT ot A _(aAH
WV p'wv ot

FYC), BT, xlccp)l .

(179)

(BAHS X ., A a
”YS’X X ) (ByW) 3t * 'Ys('cp)s 5t
P,T T
vi - ao o, (B ) g aon () E ey, (8 ) Do
v oy Bt ot s {5y at
¥ wv'T
s wv
° ox oT :
ey (B) s T, 1 - T (180)
y'WV
By definition:
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From equatign (121) for constant vapoux specific heat ;

A M Dt
I;.V(") T = = (c)

“plwv pw Py M(l-y i VY iy VT (182)

Equation (121), (164), (132) and (182) can be combined with

equation (180), to give the following expression for an undimensional

system:

s sp ot oxX '5‘}7-
wi ' P,T Y 7
~ 3 9y T raxy oz 2
+ MH. Y (-—E W=k e | -—) +
Sp 's ay Jt 3z2 dX v oT/ \ 9z
T - Y
@y P > + & (2 1P o (183)
SO % 3y PRRT o
T(l—yw) : wv

equation (183) is equation (133) in the text where Ys in equation (183)

has been replaced by the symbol pps
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APPENDIX D

IMPLEMENTATION OF THE NUMERICAL SOLUTION

The mass transport equation.

Equation (147) provides a recurrence formula which may be used
to calculate at all pointé but the boundaries - the relationships
between weight fractions and temperatures that result from the mass
transfer equation. At the boundaries these relationships are
calculated using equations (148) and (149).

The analogous équation for computing purposes-is obtained by
splitting the total length of the semi—infiﬂite slab from z=o to z =L
into N-~1 equal parts, designating the points thus created by I (from

I=1 to I=N) , and defining :

O

Pt - Az , o, g v % >
W(I) = 5= - 4 %= ¥
() = F 2 "B Wyt e T (184)
WD) o= ey e
) )
{ e D' n ' |
= -8 _ =z
AWP (1) -\63-, 2 ) u)z+ ‘ ' (186)
WI+1) = u)z+ _ o - _ (187)
) n,_
(D) = "‘&g‘; N : (188)
wwn - e o 4 (189)
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= Lz 0
AT = {El)? | | (190)
@ = T, | ‘ (191)
_ bz , 0 o_Az o o
BW(I) = 5 Q@ 1)p ©o T At (Pl)p T, (192)

By comparing with equations (148) and (149) it is clear

AWM(1)

[

0 o , (193)

fl

AWP(N) = O . | (194)

Thus, the equation which represents equations (147) through (149)

for computational purposes is-:

AW(I)*W(I) = AWP(I) *W(I+1)+AWM(I)*uw(I-1)+

+ AWT (I)*T(I) + BW(I) : . (@95) -

&

The energy transfer equations (152), (153) and (154) 

can be obtained in a similar way. The coefficients and variables

are defined for the same grid as :

Doy n no- Az

~ oy L[k
D = () 7 Gy ot T By tin ), t
. | |
Tk | 196
- | oo
JONEE S | | - (197)
ATP (1) :—.(-z}z{—-) - (gp)wv nz_;_ (198)
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T(H) = T, : (199)
k N . .
ATM(I) = (755) + (cp)Wv ~{§— (200)
-
T(-1) = T (201)
ATH(I) = %—:- @) 0 (202)
BT(I) = - 22 Q% «° + 82 %) 1° (203)
At C27p TP At “2°p P :

Thus the energy equation for computational purposes is
AT(I)*T(I) = ATP(I)*T(I+1)+ATM(I)*T(I-1) +
+ ATW(I)*W(I) + BT(I) (204)

requiring in the case of equations (153) and (154) that :

ATM(O) = O (205)
ATP(N) = O (206)
‘respectively.

The computer™ program listed in figure 29 was written in order

to solve equations (195) and (204).
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Subroutine SQLVE

The algorithm results in a sparse 2N x 2N matrix, as shown in
Figure 30. The system lends itself to a back substitution procedure,

which has been implemented as a subroutine (Subroutine SOLVE, figure 31).

Subroutine XCALCD

Every time a new set of weight fractions and temperatures is
established, there is need for new values of the moisture content and its
partial derivatives with respect to temperature and weight fraction to
be obtained.

To do this, use is made of eduation (74). This requires
calculation of the water vapour activity through the following
expression |

pMéwﬁ

¢ = ‘ | 207)
gl v o]

From*equationsv(68) and (74) it can be seen that it is not possiblé
to obtain the water mole fraction explicitly. Thus, Newton's method
was used to obtain its value. With this value and equation (71), the
moisture content was obtained.

The water .vapour pressure at each temperature is calculated by
means of Goff's correlation (Goff, 1957). The.derivatives are
obtained numerically.

With the above elements, subroutine XCALCD was written (Figure 32).

This subroutine uses values of weight fraction and temperature to
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Figure 30

Sketch of the algorithm matrix when N=4,

11 1 1
1 1 ! 1
1 11 1 1

1 ! 1 1

1 1 1 1
1 1 1 1 1

1 11 i 1

i 1 1 1

NOTES: 1 indicates non-null terms

blank indicates null terms.
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Figure 32

Subroutine XCALCD.

SUBROUTINE yCALCCUWTFRACY TEMPy Xy DXDTs DXOWe FI )}
BASED OF QUR EQUILIBRIUM RELATIONSHIP
NU"ERICALLY CALCULATED DERIVATIVES

SATURATED VAPOR PRESSURE FROM GOFFa S CORRELATION

NOURLE PKECTISIOMN WTFRACs TEMPe Xo DXDTe DXDW +TRATION Ale A2s Co
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obtain moisture content and water vapour activity equilibrium values
as well as the derivatives referred to above,
Once the moisture contents at each point were found, the

average moisture content for the time in question was obtained using

Simpson's rule.
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APPENDIX E

Publications

The following publications are based on material

presented on this work:

1) Prediction of the Sorptional Equilibrium Relationship
for the Drying of Foodstuffs. Enrique Rotstein and
Alan R.H. Cornish. Proceedings of the Second Pacific Chemical

Eﬁgineering Congress, Denver, Colorado, U.S.A. (1977).

2)  Influence of Cellular Membrane Permeability or Drying
Behaviour. Enrique Rotstein and Alan R.H. Cornish.

Accepted for publication by Journal of Food Science.
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PREDICTION OF THE SORPTIONAL EQUILIBRIUM RELATIONSHIP FOR THE DRYING OF FOODSTUFFS

Enrique Rotstein* and Alan R. H. Cornish**
* Universidad Nacional del Sur, Bahia Blanca, Argentina
%% Imperial College of Science and Technclogy, London, England

Abstract

The numerical soluctlon of food drying problems usually involves coupling the energy and mass transfer

equations through sorptional equilibrium relationships.

Existing relationships are reviewed critically

and a new one is proposed based on the equilibrium of the tissue, regarded as 2 set of cells, with its

surroundings.

The behavior of the new relationship over the entire moisture content is shown to be a

good representation of the equilibrium properties of sugar-containing foodstuffs, and to yield well be~
baved analytical expressions for its derivatives with respect to temperature and water vapour activity.

NOYMENCLATURE

A = constant, equation (26)

a, = activity of water in solution

ay ,ap = constants, equations (11) and (10)

B,Bj,By,b = constants, equations (12), (6), (9)
and (12)

C,C;,c = constants, equations (6), (7) and
(5) .

g = solute concentration, Kg/m3

o} = constant, equation (7)

d = mass of dry matter, kg .

H = enthalpy, J . A

k,k3,k; = constants, equations (8) and (4)

2 = constant, equation {28)

M = molecular weigh, kg/kmol

53 = gugar component weight, kg

n = constant, equation (8)

o, = pumber of moles of insoluble material

ng = number of moles of solute

o = reference state

P = pressure, N/m?

P = constant, equation (28)°

q = constant, equation (6) o

R = universal gas conmstant, J/mol "K

ri = constant, equation (10)

r = ‘square or regression coefficient

Sw = partial molar entropy of water, J/mol

T = temperature, ZK

Tc = temperature, GC

TR = temperature, °r

v

= partial molar volume of water, m3 /mol

L

moisture content, kg/kg

moisture content in lineal and non
lineal region respectively, kg/kg
constants, equations (12) and (5)

= water mole fraction

ool
Lo
.
e
(e
-
LI ]

BN
]

%
€ x

Greek letters

= constant, equation (34)
= constant, equation (35)

w R

activity coefficient

L2l Y ]
water volumetric content, m3/m3
constant, equation (9)

chemical potential, J/mol
constant, equation (9)

osmotic pressure, N/m

water vapor activity

constant, equation (25)

matric potential, N/m

> <
L)
LI

eXeaAmET X @
s apunewe

B

INTRODUCTION

The drying of foodstuffs is a problem of coupled
heat and mass transfer. Mathematical modelling
results in a set of coupled partial differential
equations. The coupling equation, equation (1},
is the equilibrium relationship which at the
prevailing temperature relates the water content
of the food to the moisture content of the surz=~
ounding air.

X = X(4,1) ' W

In addition the following derivatives of equation
(1) are required

X

3 - oo @
v

38X

[.547]-2 fw(%'l‘) . (3)

Applications of equations (1) to (3) extend bey-
ond air drying to packaging, conservation, cold
storage, controlléd atmosphere storage, as well

as to alternative dehydration processes. The
differences lie in the magnitudes of the variables

(X, ¢, T) as well as in the extent of changes in
them,

REVIEW OF EXISTING EQUILIBRIUM RELATIONSHIPS

Equations of the form of (1), (2) and (3) have

.been obtained either by the use of theoretical

expressions developed for the adsorption of gas
molecules over non-volatile solid surfaces or by

Submitted through The Second Pacific Chemical Engineering Congress (Pachec '77,



means of empirical equations fitted to experi-

mental data.

Equations that are applicable to foodstuffs are

listed in table I (equations (4) to (12)).

Their applicability has been tested against exp—
erimental data for the specific case of apples.
Several authors have reported sorption equil=
ibrium data for apples_(Wolf (10], Taylor {11],
Gane {12], Saravacoes [{13j) but only Filonenko
and Chuprin [9] have reported data for desorp— ‘r . .
tion from fresh apples.
together with unpublished suplementary data
obtained by one of the authors [C.R.J] using the
chamber method (Labuza [14]).
a least squares linear regression procedure was f
used to obtain the parameter values reported

in table I.

Tneir deta were used

Vhen appropriate,

reason the Rounsley equation cannot be used and

a8 comparison with cellulose equilibrium data

adrorption (Figure 3).

x
.
3

-

- L 4
Table 1
Earlier Equilibrium Expressionsg
References Equation
Langmuir [1,2 Xe= .1.‘3‘)__% 4) Figure 2, BET equation
k; = 0.076
kp, = 14.293 N
Brunauer et al. [J] v L,e2ly0)

Rounsley &J
Harkins and Jura Eﬂ

Henderson [6] *

Kuhn [f}

Halsey [8}

Filonenko and
Chuprin [9])

e B e o
(W= xec Xc
Xm = (0,05094 Kg/Kg

c = 31,15873 oo

¥a-vh, 1

X(I =¥¢) BC

S

Iny=D= %2

-ln (1~ ¢) = krRaoox)“

k = 1.3949 x 10~%
n = 0.86532

1
X=k T:I;$TE - B2

£ = 0,9971
By = 0.0003
¥ = 0,0971

» 371
X
1n ¢ -2l A
RT[XhJ
3 -
RT 2.3858

r = 0.9530

X, = _a.Z:J-
I k
% = BV = Vo)

n"y- G-y R

C-1
+ —iIb*V'(G)

i)
[

0))

®) °

(9) A

(10)

Figure 4, Harkins and
Jura equation,

(11)

(12)

Note: parameter values are for apples at 293 k.

It can be seen that Langmuir's equation and the

B.E.T. equation provide an acceptable prediction

for ¢ < 0.3 (Figures 1 and 2).

Outside of that

range the actual moisture content is signifi-

cantly higher than predicted.

For the same

(Rounsley [4]) shows that only at low activities
does the behavior approach that of conventional

A plot of the {orm pro-

posed by Harkins and Jura (Figure 4) can be used
only in a very restricted range of woisture con=
tent. As y-+1, equation (4) and (12) under=-

Figure 1. Langmuir
equation.
R4 T ) l'.
Wi 'I/ o.-
e /S .,
® [~ Fd .
7 »
4
s A
-/ N
Vi
P4
- ¥
. 1 L * 1
L “ L3 bl L
Figure 3. Rounsley
equation.

e Apples, 293%k
x Cellulose, 293°K

38 b
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X9, R
&F Fro

ol 4f Figure 5. Filonenko and
Chuprin's (F) and Henderson's

uh j (H) equations.

ol ~wm—="gquation (11)
T+ experimental data

ul 4 ° Filonenko and Chuprin
] [9] experimental data.

)3 AP Laa

..W

A 1 1 . o

DR I Y I i

] .l  J T
X%
Figure 6. Kuhn's (=) ek -
and Halsey's (—-) iso~
therms. @ J
+ experimental data R R
o - Filonenko and Chuprin
{9] experimental data. «f .
L4 -
¢ ] 1 X 1

predict the full turgor moisture content, while
the B.E.T., Henderson, Kuhn and Halsey expressions
predict an infinite moisture content. Aside from
this unrealistic behaviour, equations (8), (9),
(10) and (12) provide an acceptable fit of the
experimental data for 0.03 < X < 0,50 kg/kg
(Figures 5 and 6).

The derivatives X and X
- 30 aT)

Expressions for the derivative [%%} are listed
T
for each of the above equations in table II.

Analytical expressions for the derivative {%%}
v

Table It

The derivatives Lag and 2
)y o),

Original 8%
equation Eaﬂ
number T
(4) kyka/(1 + kop)? (13)
x e[l + (e - D?]
‘5’ L7 =Dy G- D’ as
L.,
n .
(8 o.o;[— 1£(1 - )] (15)
(kTp)" n(1-)

E}
33
6)) "“"—"“"‘M_ NS I (16)
(10 [ ]llr X 1
10 = -2 - an
RT T 4= ny)l + 1/r
(12) —(-g-_-b-::—ﬁ? 8-
5
3T, .
® | -% s
C (b = AUY(BZy 4 Z,A0) - B2 AP
(12) b= a0)Z o.ooga
-k 2 (20
2y = 107%(l.2T - 0.06T 2 - 4k)
Z; = -2.5 x 1078 T,

can only be obtained from Henderson's and Filonen!
and Chuprin's expressions. The resulting equa-
tions are also given in table II, To obtainm

the derivative [gX] for the other equations it

T
3y

would be necessary to obtain correlations of the
parameters as a function of temperature, At
present insufficient data are available for this
purpose. Tables III and IV give numerical value
of the derivatives at different water vapor
activities and are compared with experimental
data., With the obvious exception of Langmuir's
correlation, the predictions of the derivative
with respect to Y, for activities up to y= 0.6
are acceptable, As the activity increases,
equations (16), (17) and (18) increasingly over=-
estimate the value of the derivative while equa-
tions (14) and (15) underestimate it. Moreover
for saturated air, a situation equivalent to
fresh fruit at full turgor,-all but Filonenko an
Chuprin's correlation predict an infinite value
for the derivative. Equation (19) yields
acceptable predictions up to y = 0.7.for the
derivative with respect to temperature. At high
activities it overpredicts. Equation (20) is
acceptable up to P < 0.5 but beyond that value

it decreases rapidly and finally changes sign.

APPLICATION OF THE CHEMICAL POTENTIAL

To describe the equilibrium content of water in
vegetable tissues it is convenient to establish
a model.- In this case the model is a simplified
description of tissues and its unit components,
the cells. (Reeve [13, Slatyer (16}, Nobel [17

Tissues are regarded as assemblages of cells.

Practically all cells have part of their surfac:
abutting on intercellular air spaces. The gen-
eralized plant cell has an outside wall consist
ing of a mesh of cellulose microfibrils. Insid
the outer wall there is cytoplasm, which consis
mainly of proteins and water but which also con
tains lipids, salts and other compounds. At th
inner wall-cytoplasm interface thexe is a membr
plasmalemma, inside of which there is a large

central aqueous phase which can occupy up to 90
of the volume of a mature cell: the vacuole, 1
is separated from the cytoplasm by a membrane
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Table 1YY

The derivative (3X/3¢)T

¥ Langmnuir BET

Experimental Henderson Kuhn Filonenko Halsey ¢ = Y X )
0.01 0.832 0.9588 . 0.1163 0.4579 0.1264 0.4389 0.3084
0.10 0.184 0.1581 0.220 0.1845 0.1831 0.1517 0.1817 0.1889
0.20 0.073 0.1107 0.160 0.2332 0.1874 0.1889 0.1892 0.1859
0.30 0.039 0.1192 0,200 0.2867 0.2233 0,.2445 0.2287 0.2102.
0.40 0.024 0.1505 0,320 0.2988 0.2891 0.3266 0.3001 0.2595
0.50 0.016 0,2097 0,370 0.4452 0.4042 0.4583 0.4254 0,3468
0.60 0.012 0.3226 0.580 0.5812 0.6202 0.6891 0.6626 C.5107
0.70 0.009 0.5691 0.970 0.8085 1.0904 1.1510 1.1858 0.8654
0.80 0.007 1.2759 2,100 1.2689 2.4376 2.2988 2.7129 1.8774
1.00 0.005 « e o 76.5306 629.2271
Table IV

The derivative (BX/aT)w

Results for apples at 30 °c

Correlation
Experi- Filonenko

v mental Henderson & Chuprin V= Y'e
0.989 . -0.02668 +0.02767 -0,00114
0.857{-0,00120 | -0.00213 +0.00047 ~0.00076
0.,8001{-0.00015 | -0.00153 -0.00011 -0,00067
0.7 -0.,00155 | -0.00057 ~0,00043 -0,00057
0.6 |=-0.00105]~-0.00071 ~0.00051 =0.00047.
0.5 -0.00040 | -0.00052 ~0.00053 ~0.00041
0.4 {-0,00065|~0,00029 ~0,00053 =~-0,00035
0.3 ~0,00046 | -0.00029 -0,00052 -0,00030
0.2 }-0.00035j-0.00019 =-0.00051 =0.00G25
0.1 {~-0.00028 | ~0.0C011 =0,00050 -0.00019

known as the tcnoplasi.

Most of the water content of the cell resides in
the vacuole and frequently reaches levels of about
98% of the vacuole volume (Slatyer f[16] , Stocking
{ig) ). The volumetric water content of the walls
of turgid cells may be around 507 of the wall
volume. The water is adsorbed on the solid sur-
face and is retained in the interfibrillar spaces.
The cytoplasm is even richer in water content.
"In the ecytoplasm, water is bound to proteins and
other hydrophilic colloids and also exists as
free water., Most of the sugar in sugar-based
foodstuffs, to which the following analysis is
confined, are contained within the vacuole., The
vacuolar sap may be regarded as a solution
(Slatyer [16]).

Water equilibrium

When there is a change in water content, the sol-
utes concentration as well as the sorptional
force field resulting from the presence of the
solid matrix and insoluble materials will be
changed., The geometrical arrangement may also
be altered, '

This problem has some points of similarity with
water-soll relationships. This was recognized

by Slatyer [16] , who suggested that thé thermo—~
dynamic approach used by Babcock [19] could be
applied to the above case.

If it is accepted that unique relatiemships can
be established for the chemical potential of
water as a function of volumetric water content
then a general expression for a differential
change in chemical potential of water is as

follows:

- - 3, duy,
duv - “SwdT + VvdP * 32: dcs + —! 4@
T

From a different rtandpoint, the number of moles
of solute, of insoirble materials and of water
may be considered to be the relevant variables
(Noy-Meir and Ginzburg (20]):

w w an s an ; m

. - - 3u u
du *Sd'l’*vvdp+{—-‘i dn_ + |=—21 dn
s
n,,P,T
J'D

B, P,nj ,T

3u"

En 22)
w
P,nj,T

Equation (22) can be integrated from the reference
state of pure water at atmospheric pressure as

expressed by the following set of initial condi~-
tions

P=P 3 n =0 3 n =0

where the water amount can be any non-null gquant-
ity. 1If the temperature is taken to be constant,
then in order to obtain an expression for the
change in chemical potential the term [3u,

on dnm
m
mgz be integrated at Po’ n = o, Ny the term
9 -
e dns at Po’ n, and O, and the va term at

B

n,n, n, between the reference state and the
final“state. Noy-Meir and Ginzburg [20] discussed
alternative partitions. While the pressure and
solute terms of equations (21) and (22) are read-
ily integrable, the sorptional force ficld terws




are not. For the purpose of the prosent disc-
ussion the integrated effect of these terms will
be lumped into a variable y_. (Slatyer {16]
Nobel [17], Shepherd [21]).” Then, for constant

w

2.0
nw vw

- - -
=V, (P-P)+RI1Ina, +Vy, (23)
The problem under examination is that of equil=-
ibrium between tissue and humid air. Thus, the
equilibrium isotherm is: :

- - -
Bf Inp = V. (P =P ) + RT In 3+ V, v (24)
where the pas phase is considered to be ideal,
an acceptable assumption at atmospheric pressure.
Equilibrium implies that the chemical potential
has the same value in each of the vhases in the
cell as in the surroundings. The use of
equation (24) is not straightforward because of
the complexity of the structure involved. The
relative contributions of the terms to the
value of the chemical potential value will be
different for each of the phases; also the
values to be used will, of necessity, be spatial
averages since no techniques are available for
the determination of cell properties on a micro-
scale (Hellkvist et al. [22}).

The matric potential and the hydrostatic
Eressure terms

The matric potential term accounts for the cap~
illarity, adsorprion and hydration forces. The
water held by matric forces roughly corresponds
to bound water (Wilson and Rose [23]). Wiebe
and Al-Saadi [24) measured matric water con=-
tents for tissues of several vegetable food-
stuffs. From their data it can be seen that the
matric water content is only of importance when
the total water content is very low,

If the cell is regarded as being enclosed with-
in ideally elastic walls, a linear relationship
can be established between gauge pressure and
the relative change of volume from full turgor
to zero gauge pressure (Noy-Meir and Ginzburg

f2d)
= = [x-x°
VV(P - Po) = VWX (——i‘—“] (25)

Sorption equilibrium prediction -

A full description of the equilibrium relation-
ships for apples should be for the full moisture
content range, O € X ¢ 7 g/g, rather than for
the restricted ranges covered by the existing
equations. For the purposes of design or simu-
lation of conventional drying processes, the
process starts at full turgor. Fresh fruig

are usually packaged and stored under conditions
close to those of full turgor. Commercial hot
air drying terminates at a standard moisture
content X = 0.32 kg/kg while freeze drying or
air drying followed by vacuum drying extends to
a moisture content of almost zero.

Solubility

In the case of apples, a representative comp=
osition is shown in table V (Rotstein et al. [25],
Voho and Varo [26]). The vacuolar solution is
a sugar solution wade primarily of glucese and

Cemy e s e e [ 7% -t

Table V

Typical composition of fresh apple

(Basis: 1 kg dry matter)
Water 6.50 - 7.00 kg/kg
Glucose and fructose 0.58 kg/kg

Sucrose 0.18 kg/kg

. -
fructose, with some sucrose. Studies made on

horeys by Bates et al. {27] showed that sucrose
could ve treated as if it were fructose, from
the standpoint of the solubility properties of the
system. A characteristic fearure of these sol-
utions is thelr ability to remain in an oversat-—
urated condition for a long period of time, Fig-

ure 7 is a plot of the solubility relationships
W

Figure 7. Solubility
of the sucrose-invert
sugar—-water system.

1,2,3,4,5,6 are moisture contents 0.03, 0.06,0,08,
0.16 and 0.24 Kg/Kg, respectively,

A,B,C,D,E,¥,G,H = 0, 10, 15, 23.15, 30, 40, 45,
50°C, respectxvely.

W, I. 8. = 1007 water, invert sugar and sucrose
vertices, respectively.

for the system water - sucrose = invert sugar. 1If
the glucose and fructose mixture is considered as
if it were invert sugar the line WP shows the

evolution of a typical apple as its moisture con-
tent changes.

The activity coefficient of plucose solutions

Taylor and Rowlinson [28] correlated the activity

coefficient of glucose as follows:
: - 2

Y, = 104€1 = %) (26)

Changes from one temperature to another can be
made using the following equation:

(a in yw] o BH,
T p .y RTZ

If the partial molar enthalpy change of mixing of ..
water is regarded as being practically constant
within the temperature range under consideration
then Yw(T) can be represented by equation (28)

=1+ p/T

o

In ¥, (28)

where 1 = 1,274 and P- -535.8&0' for
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r2 = 0,992,

Relative contributions of the chemical potential
terms

Figure 8 allows a compariscn tn be made of the
values of the water vapor and osmotic chemical

. T T T
X
054

04 —— RT 1n ¥

03 —RT In 2
w

02}

LAY

=Y W gt P 100

Figure 8. Total and osmotic chemical potential,

potential terms at successive sets of moisture
content and activity values. The calculations
were made on the assumption that the solutions -
reached oversaturation and that the thermo-
dynamic tvelationships for the solution could be
extrapolated into the oversaturated region. The
test of the validity of this and other assump-
tions will be the ability of the method to
predict equilibrium relationships. x  was cal-
culated using equation (29). v

% )
* m, M - '(29)
X + z e, B
L1d + Im. M.
b} h| J

It can be seen that through most of the range of
moisture contents under consideration, the
contribution of the osmotic term is a close
approximation to thé total chemical potential of
the system., Departures from this statement are
noted mainly at extreme moisture contents both
high and low, As bound,or matric, water is

the last to leave the solid, it seems reasonable
to conjecture that as water content is reduced
it eventually becomes equal to the amount of
bound water located mainly at the cell wall and
cellular membrane. Throughout this process the
water apportioned to the osmotic term decreases
and the matric chemical potential becomes the
deminant term, Obviously the point at which all

of the remaining water is bound water is ill—
defined.

At high moisture content, it is to be noted that
the difference between water vapor chemical
potential and osmotic potential is not as large
as it is at low moisture contents., At full
turgor, the difference for apples is about
~25100 J/kmol. As an approximation it seems
. reasonable to consider that at full turgor the
water accountability can be restricted to the
vacucle, In that case the significant contrib=
utions in equation (24) are the swelling pressure
amd osmotic terms. The difference between the
osmotic term and the water vapour chemical
potential is due to the pressure term. This is
consistent with the pressure term being positive.

6

Regions in the equilibrium isothemm

Three regions can be identified:

1 - The high moisture region
2 =~ The intermediate moisture region
3 = The bound water region,

The high moisture region

This region can be considered as extending from
full turgor down to the moisture content at which
the vacuolar pressure is equal to the external
pressure, In terms of the foregoing analysis of
the chemical potential, when attention is focused
on the vacuole and matric potential is neglected,
the moisture content at the lower limit of the
high moisture region is located at the intersec-

tion of the curves RT lnyand RT 1n a {cf. Figure
8). .

A simple correlation can be presented for the
pressure term by making use of equation (25) and
by noting that at full turgor the fruit can be
considered to be in equilibrium with saturated
moist air, Then, from equations (24) and (25)

0m¥ x FoX) v kT @) 30)
w X n aw 1 (

For the case of apples at 20°C, this results in

X = 1.54912 x 106 %3

The equilibrium relationship for the high moisture
region then results:

R'r1n¢»-=Vxx'xo 4+ RT 1n 2 ' (31)
w X W

The actual significance of the pressure term is
low, from the standpoint of the order of magnitude
of its .contribution to the moisture equilibrium
content prediction. Figure 9 shows that there is
little change in the predicted value if the press-—
ure term in equation (31) is dropped. In the case

x% i T
0.50 H -
s 1 TFigure 9. Hydrostatic
ok pressure contribution.
08t R 1 - Equation (31)
2 - Equation (32)
0S5 =
239 -
0
0.3 1 1 1 1

08 08 18 M ¢

under consideration this results in 2 maximum diff-
erence of 17 for moisture contents in the range
2 < X < 7 kg/kg dry matter and progressively even
less as the moisture content decreases further.

The low moisture region

The low moisture region refers te the bound water
content of the foodstuff. It has been seen that



at low moisture contents the B,E.T. equation pre-
dicts accurately the equilibrium values, probably
because the actual situation is close to the con-
cepts on which the Brunauer, Emmet and Teller
theory is based.

The lower bound of this region is the zero moist—
ure content point. The upper bound is defined
as the intersection of the B.E.T. line and the
line drawn for the intermediate moisture region.

The intermediate molsture region

As stated earlier, this region and that of low
moisture content are the renions usually des—
cribed in the literature., The upper bound of
this region is the point of zero gauge vacuolar
pressure. It is ro be noted that the literature
is conflicting as to whether or not negative
pressures exist inside the cell. (Slatyer ﬁ6]).
The ability of a cell to retain a vacuum has been
related to the cell wall capillaries, which it
has been suggested (Nobel 17]) operate as
hydraulic seals. If the predictions of figure 8
are correct, by the time the vacuclar gauge press—
ure becomes zero a substantial amount of water
has left the cell., If it were to keep its volume
constant, this would mean that only about 10%

of this volume would be liquid. Under this
circumstances it is hard to visualize the build
up of a substantial vacuum.

It is possible that depénding on the vegetable
under consideration partial vacuum could be

built up which would then collapse. \

" On the other hand, and from a practical standpoint
it has been pointed out above that the pressure
term contribution can be neglected for the pur—
poses of equilibrium moisture content prediction.

Thus the equilibrium relationship for the inter-
mediate region ig:

V-2, C (3)

In practice the use of this equation can be ext-
ended to the high moisture region. Figure 10
indicates the equilibrium values pred%cted by
the above expression for apples at 20°C.

¥ 1 I i =
X H
' -q
-] o .’ ‘
ol f 4 Figure 10. Predicted
! equilibrium data (apples
wp /1 v,
0.2 B equation (32)
osk 4 === BET equation
’ ; * experimental data
° ! L1 3 X Filonenko and
Q- 0z o0k 06 03 ¢

Chuprin [8] experi-
mental data,

The (BX/Bw)T derivative

For the intermediate and high moisture content
regions the derivative (3X/3y),. can be cal~-
culated using the following expression obtained
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from fquaiions (26), () and (32) 2

3 .32 1L _

T (A-x) q,kw 28A(1 xw)]

where -

m. H"

o= ) Gy W, (34)
J 3 J J

and

B = 2.30258 « v e . ’ (35)

The results for apples at 20 ¢ using the above
equations are shown in table 1IT together with
values calculated from several of the correla~
tions described previously. It can be seen that
several of the correlations yield good predic-
tions for the intermediate moisture region. A&s
moisture content increases, the best predictions
are provided by the Filonenko and the Halsey
correlations as well as by equation (33). The
Filonenko and Halsey correlations tend to over~
estimate the effect of a change in water vapor
activity whereas equation (33) tends to undex-—
estimate it.

The prediction of isotherms at different temp—
gratures

Equations (26) and (32) enable sorptional equil-
ibrium values to be predicted at any temperature
As an example values have been predicted for
apples at 40 C (Figure 11).

x = T T T
1
o5l ! 1 Figure 11, Predicted
ol [ equilibrium data (apples
;7 M3
o3 - / equation (26) and
02 ,// n (32) -
s =——~—= BET equation
ci < +4 K Filonenko and Chupri
o ” v )] experimental

0 02 0t 05 08 9 data.

The derivative (dx/de% in the proposed

correlation

Using equation (32) to describe the whole range
of moisture contents, the derivative is

aT), 1 - x)
v 132 1%;{%] -—___?(ff}!.-)

abp (1 - x.)
[EX] W (36)

Representative values were calculated for apple
at 30°C and are shown in Table IV, It ean be
seen that the predicted values are a reasonable
representation of the measured values and that
they extend into the high moisture content regi



in a satisfactory manner,

Application of the proposed correlation to other
foodstuffs

The proposed correlation procedure was applied to
other foods and the results compared with experi=-
mental data. Typical compositional data were
used to predict equilibrium data for all but the-
low moisture content region, where a B.E.T.
equation was used, as described earlier, As

some of the foodstuffs to be considered are
sucrose~based instead of glucose-based, there is

need for data on the water activity of sucrose
solutions,

The activity coefficient of sucrose solutions

Stokes and Robinson [29] presented experimental
data for the activity of sucrose solutions as
well as a correlation which relates molalities to
the activity coefficient of water.,

" The use of their correlation presents difficulties
when carried beyond the scope for which 1t was
developed (m < 6) ard at high sugar concentrations
it 1s not adequate, Instead, the experimental
data obtained by the zbove authors, together
with data obtained by Scatchard et al. - [30],
were fitted by a least square linear regression
procedure in the form of equation (26). As a
result, the following value was obtained

A=~ 2,789326

which fits the experimental data to within 0.8Z.
Borris [31] suggested a value of A = =2,60, -
which results in maximum errors of 3.6Z.

Beetroot

Cerny [37), Dahlberg (33 and Owens et al. [34],
have published data on typical compositions of
beetroots from several origins. It is interest—
ing to note that the sugar content of beetroot
corresponds mainly to sucrose, instead of
glucose. Equation (32) was used td predict

the sorption equilibrium data in the intermediate
molsture region, for beetroot at 25 C, using

a representative value of o of 0.8061,

A least square linear regression procedure yielded
.Xm = 0,0518 and ¢ = 16.16 for the B.E.T. equation
(equation (5)). The results are plotted in
figure 12 and compared with experimental data
{(1glesias et al., [35]). 1If can be seen that

the predicted values fit the experimental results
adequately.

b

"

Figure 12, Beetroot, 298°K,

"

C, . equatioa (32) prediction

B, BET equation

+ Iglesias et al,[35) experi-
mental data,

D)

Prunes

The chewical composition of prunes has been
thoroughly reviewed by Strachan et al, [36].
Further reports were made by Kalasek and Blaha
37] and by Chernovalova and Avetisyan [38]. It
is concluded that about 704 of the sugar is
sucrose. Figure 13 shows a prediction curve
obtained by plotting the B.E.T. expression up to
X and then continuing with equation (37). Im
this case X_= 0,0977 g/g dry matter; c = 11,7476
as cbtained by a least squares regression proced-
ure, and a = 0,59, It is interesting to note
that the values predicted by equation (32) for
X < X are almost the same as those predicted by
equation (5). The results are compared with
experimental data obtained by Filonenko and
Chuprin {147 and, as shown in figure 13, the
theoretical prediction is satisfactory.

Apricots

The composition of apricots was reviewed thor—
oughly by Strach a et al. [36]. Additional data
were reported by Minicone [39]. Figure 13 shows
a prediction curve obtained by matching the B.E.T.
line up to Xm with equation (32) from Xm upwards.

:9'9 T T Y T
e o
b / 1 Figure 13.o Apricots and
ok id | plums, 293°K. -
Apricots: A, equation (32)
s 4 . - e Filonenko and
Chuprin [9)
Y R - experimental
data
e p Plums: P, equation (32)

% Filonenko and
Chuprin{9)
experimental data

Again the values predicted by the B.E.T. equation
(X_ = 0.1092 g/g, c = 0.1092) are almost identi-
cal with thosepredicted by equation (32). The
predicted values compare well with the experi-
mental data obtained by Filonenko ahd Chuprin [9].

General comments on the proposed approach

The above discussion shows that equation (32) can
be used over most of the range of moisture con-
tents of sugar-based foodstuffs including the

high moisture region, a feature not provided by
any of the known correlations although high moist-
ure content is the starting point for the study

of the drying, packaging and storage problems
considered earlier. Equation (32) has been found
to provide simple analytical expression for

(9x/3T) and (ax/aw)T and to be well behaved at

all moiSture contents.

When the water content is close to the monolayer
water content, the data are best represented by
the B.E.T. equation. For scme foodstuffs the

‘values thus predicted agree with those predicted

by equation (32), alchough there is no obvious
thermodynanic justification for this,

The correlation is based on a simplified descrip—
tion of the composition of the food, so that it



is sensitive to varietal or other composition
differences,

The correlation may be useful in two distinct
First, it provides a means of pre-

situations.
dicting the equilibrium behaviour of sugar—
based foodstuffs, when no data are available

other than a knowledge of the average represent—

ative ratio of sugar to non-sugar dry matter
together with the activity coefficient data
reported above. Secondly, if experimental
equilibrium data are available, they provide
_a simple model on which to base a correlation.

In that case, o and A become the correlation
parameters.
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INFLUENCE OF CELLULAR MEMBRANE PERMEABILITY ON DRYING BEHAVIOR
) SUMMARY

E. Rotstein & A.R.H. Cornish J. Pood Science
+ 1 .
The basic tramsport equations and alternative cellular membrane

The basic transport equations and alternative cellular membrane
permeability definitions are reviewed. An analysis of data on

permeability definitions are ceviewed. An analysis of data on
osmotic and diffusional permcability and a discussion of boundary

osuwotic and diffusional permeability and a discussion of boundary - -
layer resistances allows a representative water permeability value to be

layer resistances allows a representative water permeability value to be

chosen. The rate of drying for a cellular membrane water permeability. chosen. The rate of drying for a cellular membrane water permeability |
controlled drying experiment is then predicted for two extreme cases controlled drying experiment is then predicted for two extreme cases gg
: of convective contribution to the diffusional rate. Experimental '

of convective contribution to the diffusional rate, Experimental ) ;
results indicate that in the case of apples the drying phenobencn

results indicate that in the case of apples the drying phenomenon
is not controlled by the cellular permeability.

is not controlled by the cellular permeability.
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Introduction
The drying of foodstuffs is a complex case of coupled heat and mass

transfer through tissues, The need to take into account the

»>

structure of the food, as opposed to considering it as an homogeneous -

solid, has been pointcd out earlier (King, 1968).

In general, the main source of water in a tissue is the cell, Thus,
the transport of water to the outside involves migration through the
cell, its enveloping structure, through the porous~like structure of

the tissue, and then through the outside boundary layer.

To be able to predict the dryingbehaviuurii is necessary to establish
the extent to whi;h the above transport steps are controlling. There

is no general answer because both the cellular structure and the
characteriatics of the porous-like tissue structure are involved and the role
they play in the transport process may differ widely, ina?much as

the tissue préperties change from one foodstuff to another. However,

it is possible that generalizations may eventually be made on the

basis of grouping together various types of materials with similar

structures, *

cellular membrane ..., 5

Evaluation of the relative velocity of moisture migration

through the cellular membrane cannot be achieved by experiment
because of the difficulty involved in the isolation of cells under
refresentative conditions, However, this velocity may be predicted
from a knowledge of the membrane permeability, The predicted

value can in turn be compared with experimental values of moisture

fluxes in whole pieces of food.

This procedure did not prove to be straightforward because a
literature survey rev;aled that there is a certain degree of
confusion as to the value of the perméability constant. This
confusion arises from the use of many different definitions of
permeability, which conflict among themselves because of their
mathematical expression and the driving forces considered. As a

result, many different values have been published.

A critical review has allowed & conservatively representative value

to be selected for use in simulated cellular permeability

|
o
0
e

i
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controlled drying process. Comparison with experimental data led

to the conclusion that cellular permeability does not control the

drying process of apples, : ) .
L3

The definitions of permeability

A certain degree of confusion as to the definition of permeability

results from the choice of driving force or from the use of more

general coefficients which have a restricted meaning when applied to
water permeability through semipermcable membranes,

Stein (1967) and Nobel (1974) define several coefficients which are

used throughout the literature., They are summarized and interrelated

below, ) .

(1)

In general Jw - waAuw + stAus
Js - stA"w * LssAus 2

assuming the membrane is fully non-permeable to sugars,the reflection -

coefficient becomes unity and

3)

Jw " waAuw

vwhere L is the phenomenological coefficient for water chemical pot—.

~

ential driving force,

cellular membrane ,,,.7

At constant T
o = o
u" - H, + RT lnY;xw + V" (P ~-p)

Thus

in
(Y x) - s
3, =L |RT =+ § @ - p )
(waw)

- 007 -

This can be expressed in terms of oswmotic pressure
-~ -
T -1
RT 1n a = RT 1n X, =V . ] (5)

Or in terms of molar concentration

ain
X v . = _in out ’
.RT In Esht = RT V"(Cw -C, ) (6)
. .

Equation (4) can written in two different ways, taking inte account

eqns, (5) 8Ad (6)
R [vwcn"“‘ - o' + T cpin - P°“t)] @

- s (pin _ Lout T pif _ jout
RS A R S Chal s IO ¢ e ¢ il (8)
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Note that (7) and (8) are identical if the phenomenon by which there
is a water flux is osmotic and only osmotic, Otherwise they represent

different problems. >

An aiternative definition is based on volunetric flux, The "hydraulic

conductivity coefficient " or "hydraulic permeability" Lp is defined

= L (AP - Lo,Aw,
Jv P( j J J) .

where

For the case under consideration

“3 ¥ - - . 9

3, =3V, Lp(AP Am) . ().
'- 4

For volumetric flux of water and "water potential™ as the driving

force the "water conductivity coefficient” is defined

- in out
I = I = SV ™ L (v v ') (10)

where

cellular membrane ....9

Thus ) .
RT AP .
Jw L" V— [AC + ﬁ] . (11)
w
L, . ) .
J om o (4P - A (12)
w VU ") $12)

References to two types of permeability, which differ in the experi-
mental driving force used, are frequently found in the literature.
When the driving force is osmotic the permeability is called "osmotic

permeability” or "hydraulic permeability".
Jv - - Po(ﬂln - ﬂout) . - (13)

When the experiment is purely diffusional, typically labelled water

vs, water, then the permeability is named diffusional permeability.,

in out ‘
Jw Pd(cw‘ CH ) (14)

A more rigorous definition

The above definitions fail to account for the convective contri-

bution to water flux, since they describe only the diffusional flux.

Lightfoot (1974) has presented an appreach.in which, to allow for

- 10 -

body forces, he considered the membrane to be one of the chemical species.



cellular membrane ....il0

From the postulate that fluxes are linearly and homogeneously
related to driving forces, wusing a generalized mass
-
transfer driving force dg, it follows
> - -~
(v. ~v) + L, VT
] io

- n
CRT di = I Li‘
j=u M

wl n. L - - -
Vin T = j£1 oj(vj ~v) + Lo8

The contribution of thermal diffusion, which is normally unimportant

in biological systems, may be neélected. The phenomenoliogical coeff~-

jcient can be expressed in terms of the multicomponent mass diffus-

ivities Dij' Also, from an entropy balance it can be shown that

Y - - FY
. =G, . + V. - W,
CRT d1 cx(vux)P,T (CLV1 wl)Vp

- - '
-0, (g; lf v 8} (15)
Considering now the approach used by Scattergood and Lightfodt (1968)

for the body forces, equation (15) becomes

3 $tna),  +x ot 16
- ————

w xw( noa P,T *»®T P (16)
Fick's equation

r cellular membrane ,...1d
Nw - J‘“7 + xw(Nw + Nm) - 17
can be used here, redefining the diffusional term
- - " .
.'l‘“7 =-CH d . (18) .

Taking into account (16), (17) and (18)

alhyw ox
NV“-C-Dwm1+alnva¢1- RT 9z

<
€
€
1
- 20% -

+x N ' ' (19)

Before proceeding further it is necessary to recall the physical

- description of the problem, The membrane is regarded mainly as a

bimolecular lipid layer, hydrocarbon end pointing to hydrocarbon end,

polar ends pointing outwards either surrounded by or indented by

proteins (Stein, 1967, Nobel, 1974). It is assumed that they behave
as a thin layer of oily material. Both external phases are dilute

solutions, eventually one of them may be pure water,

As the membrane interphase concentrations camnnot be measured, a

partition coefficient is defined

(20)

<<%

«, -
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The total molar concentration should be essentially constant, and

the same can be expected to be Y, throughout the membrane. Therefore,

equation (19) can be simplified .
{.
'aﬁz m Vw - .
l"w = -.Dwm 3z * cw RT oz * waw (2)

It is interesting to note that in terms of mole fraction the

assumption that these solutions are dilute is not a heavy restriction.
For typical vacuolar compositions of apple tissue (Rotstein et al.,
1968, Voho and Varo, 1975) table 1 shows this .+ The compositions

are calculated assuming that the average tissue composition represents

the average cellular composition, Then a material balence shows

Y

X
*q m, 'M
X+l m7 W
37 B
Table 1

Equation.{21) can be integrated leading to

N =

w

C)) KDw s .
Wi in out, 1 in out,,
z ( cwe Coe * RT (" ~-P )] + (xw)av Nw

22)
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and .
¢ [oin _ qout 1 in _ jout .

N =P [c o *wr @ P )] +x ) N

(23)

Interrelationship among the permeability coefficients

Considering the above definitions, it can be seen that all but (23)
neglect the convective contribution to the water flux. This is

acceptable only when (x")av, the membrane average water mole fractionm,

~ £0T -

is zero or close enough to zero to make this term negligible, Then:
in out 1 in out Lt
- + oo -
Nw " Pw [Cw Cw RT ® P )] (29

The coefficients defined on the basis of osmotic gradients can be
equated to those defined on the basis of concentrations provided

there is no parallel or other mechanism superimposed on the

diffusional ome.

Most of the expe:iments with bimolecular lipid membrames (BLM) are set
80 as to ensure equal hydrostatic pressure at both sides of the membrane.

This is not always true when cells are involved.

Taking into account these remarks, table 2 can be used to interrelate

the different permeability coefficients.

Table 2
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Experimental data

The literature reports experimental values for the waEer pernmeability
coefficient, mostly in terms of diffusional or osmotic permeability,
There is a wide range of values for these permeabilities andwhile

a few experiments confirm the equivalence indicated in table 2,

many give differ;nt values for the permeability of the same membrane
wnen a different driving force is used., Tables 3 to 6 give observed

values of water permeabilities for different membranes.

Tables 3, 4, 5, and 6

The bulk of the available data are for single cell membranes, with ) :
or without the cellular wall, and for synthetic membranes. The
latter are basically bilayer lipid membraﬁes. The data gor tissue i
gsections in terms of permeability coefficients aresgcarce. Because

of the difficulty involved in accurately establishing the geometrical
relationships, authors report permeability data in tefms of half-times, ‘
i.e., a measure of the time needed to permeate one half of the total mass

involved (see Kohn and Dainty, 1966; Glinka and Reinhold, 1972).

The differences among permeability values

The studies conducted on cell membrane properties appear to point
to a unique basic structure, Thus, it should be expected that the
water permeability of membranes from different origins would be

pimilar in magnitude. If the theoretical description of the

1

cellular membrane ....1%

phenomenon underlying equation (23) or the similar equations above,
is correct, there is no apparent reasen why PO and Pd should be
different. Nevertheless it can be seen from table 3 that water pern-—

eability values for single cells range from 0.23 x 107" to 127 x 10~ cxfs

and those found by using an osmotic gradient are approximately egual

to those found using a labelled water gradient in a few cases but

differ significantly in other cases.

If synthetic membranes are considered it can be seen that they
differ even if the scatter of data is not so wide; 2.3 x 107" to 73.0
x 10”"% cm/s. There is still a lack of agreement among permeabilities

found using the alternative driving forces.

- %0Z -

The data for tissues offer the same discrepancies.

It is significanr from the standpoint of the later discussion that

there is also an important increase in permeability when the cells are dea .
Glinka and Reinhold (1972) found that the half time for tritium labelled
water equilibration was three times longer for a living carrot cyiinder th;ﬁ
for a dead one, under the same expgrimental conditions. The tissue was

killed either by exposure to chloroform vapour or by freesing and thawing.

Dick (1971) finds a correlation by plotting the osmotic water perm
eability of live and dissected cells as a function of the surface
to volume ratio: permeability increases as the ratio increases and

dissected cells show a higher permeability. Contending that
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1
diffusional resistance is important only when cells are large the i lipid leaflet as a suitable experimental model for the biological
author concludes that "true membrane permeabilities are of the membrane, He also pointedout that under the electron microscope all
order of 1073 cm/sec”. The lower values for tracer experiments : membranes thus far exanined are of the order of 100 & in’thickness
were explained on the grounds of the existence of water pores or 3 and indicated that in view of the fact that the interior of th~ BLM
| r . 3 3 r 3 K3 s
chennels. These pores would allow a parallel hydraulic flow when . is liquid hydrocarben-like the possibility of the existence of pores
i
there is an osmotic gradieat, f in the BLM is untenable. Andreoli and Troutman (1971) found that
L . . in BLM modified by amphotericin B, the unstirred layers account for
The idea of pores has been ccnsidered by several authors . i ' / .
P . erec by se (cf. Dainty, . 84Z of the total resistance to the diffusion of water (they measured
1963, Stein, 1967) and the pore radius calculated by : : )
. . 4’
‘considering the osmotic flow a pure Pouiseille flow and the tracer : ) . |
flow, a Fickian one. Nevertheless there is no agreement among : Dainty has emphasized the boundary layer effect, the "unstirred o
i . . ©
authors on this theory, as will be seen below. . . ) : layer" as it is called, as a possible explanation for the discrepancies V!
. . ]
) ; (Dainty, 1963, Kohn and Dainty, 1966). : '
Daveon and Danieli (1952) collected early data on osmotic permeab~ :
ilities, Bennet-Clark (1959) reported experimental methods and ; Koha and Dainty (1966) and Glinka and Reinhold (1972) have tried to
. . i
data for the same type of permeabilities, When discussing the : _measure membrane permeabilities to water in sections of whole tissue.
relative permeabilities of plasmolyzed and unplasmolyzed cells, he ! Kohn and Dainty investigated beets and artichokes. They believe
concluded that the cell wall is relatively large-pored and permeable that the values for P  of the largest cells are probably accurate,
and the protoplast increases in permeability when plasmolyzed. particularly when obtained by the transcellular osmosis technique.
These are of the order of 10~2 cm/s, The value of 0.26 x 10™"em/s for
Stein (1967) regards the experimental data obtained by Paganelli ) ) . ) . ’
unplasmolyzed beet parenchyma tissue (Myers, 1951) is regarded as
and Solomon (1957) and by Sidel and Solomon (1957) as particularl o . : ' cyas
( ) y B ( ) P ¥ . nuch less reliable. Using an unsteady state approach, after Phillip
reliable (cf, table 3). They show a 2,4/1.0 ratio between the . . .
. . (1938), Kobn gnd Dainty (1966) claimed that if cell permeability were the sin
osmotic and the labelled water permeability. ) : ’ . . . .
) controlling wvariable the half time should be independent of the sample

Tien (1974) examined the evidence in favour of the bimolecular thickness, which is contrary to their experimental evidence.

*
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Stad;iman (1963) corroborates this finding stating that the rate

of exchange of labelled and unlabelled water is controlled entirely
by the dimensions of the tissue and not by the diffusional permeab~-
ility of the cell membranes, Glinka and Reinhold (1975) .
experimented with cylinders of carrot tissue subjected to labelled
water exchange. They claimed that the cffect of the membrane is sig-
rificiant enough to result in different permeability values when

the membrane is treated with different chemicals. Thus, if there
is a significant boundary layer effect, it is not so high as to
m;sk the true membrane permeability change thus obtained.

Some simple considerations help to clarify the influence of the
boundary layers. The classical heat/mass transfer expression for

a single sphere of diameter D in a large body of fluid can be used if
the cells are treated as isolated spheres. It is known that both

the expressions for free convection and that for forced convection

(Bird, Stewart and Lightfoot, 1960)- yield for g motionless fluid,

AB 25)

This is valid for equimolar counterdiffusion only, which is an
acceptable description of the heavy water experiments. Osmotic
experiments can be thought as diffusion of one component, the other

remaining stagnant, For this case equation (26) must be used instead

of (25).
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D
AB [
k. » 2l tnn (26)
¢ D (CB)ln L

Typical experiments for the osmotic case, such as Zeeman (1950a)
or Levitt et al (1936}, have CI(CB)ln values of an order of

magnitude 10 .

Poznansky et al (1976) predicted internal boundary layers of abour

200 u for spherical BLM, The actual value depends on the

sphere radius., If the inside of the cell is considered homogeneous )

and the diffusivity and total concentration is regarded as constant, 8
o
i

the differential equation

dC
w

d 2 Yy,
¥ -0

. deseribes the concentration profile.

Thug

1 [\ . ' en

sm - oin | in
P P Dyn (L - &/R)

By considering the diffusivities at both sides of the membrane to be

approximately equal
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)
1.1, R 1 a direct calculation of the true membrane permeability.
P P: Dyy 1~ &R .
On the other hand, Everitt et al. (1969) proved that the boundary
This equation justifies Dick's contention 'that the boundary layer L. layer resistances are sign%ficant when labelled water diffusion
resistances become influential for large cells. Provided &/R < 0.5’ is under consideration. The results from Everitt and Haydon (1969)
the inner boundary layer will be more infiuential than the outer and Everitt et al, (1969) indicate that there is np ncticeable diff-
one. erence between osmotic and diffusional permeability once the boundary
layer resistances are taken into account. By re-calculating their
It is concluded that the reported differenﬁe betveen Pd and PDRT/VU : data it can be seen for their osmotic experiments ;he mass transfer
- may be accounted for by the internal and external mass Fransfer coefficient was between 28.0 x 10~3 and 284:3 x 10~3 cm/s, while for the |
coefficients, Since the transfer mechanism involved indrying is . h . diffusional ones it was betueenlo.é and 1.8 x 10=3 cn/s. 4 gg
similar to that considered for Po, the latter is the relevant :J
value for our case, The selection of a representative permeability value '
The synthetic membranes, having a nore amenable geometry and being From the above discussion it can be seen that equatibns
easier to use under controlled experimental conditions, have allowed (19) to (24) seem to desgr?be reasonably well the permeation
an understanding to be gained of the difference between osmotic = - of water through the cellular membrane.
and diffusional permeabilities and have supported the above considerations. ' | The difference between Po and Pd can be explained in terms of the
Everitt and Haydon (1969’ noted that the bgild up or depletion of | . 'usually unaccounted for bogndary layer diffusional resistances.
solute concentration (Dainty, 1963) involves a corresponding change These are important when determining‘Pd and are negligible or rel-
in density and gives rise tonatural convection, By using the approach atively unimportant in osmotic experimgn:s, especially at smaller
suggested by Levich (1962) with suitable changes in'the boundary cell sizes, The transfer mechanism involved in drying is closer to
conditions; non-nil membrane equilibrium concentration and non-zero the one resulting in PO' thus values of P, can be used to estimate
normal velocity at the wall, the authors were able to calculate the the rate of pgrmeatign through the cellular membrane. Since the - !
membrane equilibrium concentration values. These values permit . ) boundary layer resistances are unimportant, bulk concentrations can
) be used instead of equilibrium membrane concentrations.
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Dick k1966) has shown that there is a correlation between perm=-
eability coefficients and surface/volume ratio of the cells. The
surface/volume ratio for apple cells, as reported by Reeve (1953)

from histological studies, is within the range of 0.0190 to £.0299u =1,

This corresponds, in Dick's data, to an average value
B, = 4x 107" cm/s

The value should be acceptable to depict a.drying process on the
grounds that, as discussed earlier, the osmotic permeabilities are

very close to the true membrane permeabilities.

On the other hand, the collected data for plant cells (table 5)
cshow a wide range of values but if the frequency of values is
considered (table 7) it appears reasonable to narrow the selection

to 1 x 107* to 10 x 10™* cm/s. The average value within this range is

B, = 4.04 x 107 em/s,

.

Table 7

Most of the quoted data correspond to sugar solutions outside
and /or inside the cell , There areno specific data for apple cella,

but a certain similarity could be claimed for Beta vulgaris.

st ¢t
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On the other hand, evidence like the transcellular osmosis
experiments and the BLM data seem to indicate that the true memdrane
permeability is higher, This was indicated by Kohn and Dainty (1956).
Nobel (1974) states that a good estimate for the water permeability

is 1072 cm/a. (1). This is very much an alive issue in the field

of biophysics and the experimental techniques involved are not

easy, It is to bé expected that through better experiments and a
more refined analysis the issue will be clarified eyuntually.

The above values can nevertheless be used for an order of magnitude

analysis ard they can be regarded as conservative figures, i.e.,

they may be lower than the actual values thus exaggerating the

- 807 ~

infiuence of the cellular permeability on the drying process, The

same applies if cellular death, which occurs as dehydration proceeds,

is ignored.

The use of water permeability data to predict flux

The physical situation during drying is different from that for which

" the permeability was defined and experimentally determined, the

main difference being that the intercellular space is the outside

and it is filled with moist air,

Going back to equation (23) it will yield

- pt |evae . 1 oin | Jout
Nw Pw [cw + RT (P, AP )] + (xw)av Nw (28)
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provided that, for the usual drying experimental conditions

air,m
K H]

os-l"—!’?{-— < 100
’ wD

which appears to be a restriction easily met.

A further simplification can be made considering the pressure term,

According to Nobel (1974) the tonoplast is slack, not taut. Thus

there is no pressure drop. When stressed, two cases can be con~ -

sidered as representative: spherical cells and cylindrical cells.

In the first case the stress would be

AP x r
§= 26m
In the second case
-
AP x 1
§= ém ’

Ahigher limit at which most wembranes rupture is (Nobel, 1971)
S = 1 at,

Thus, the maximum contribution to the water flux due to theé pressure

term can be calculated by equation (29). The result is Np™ 2.7

x 10712  poles/cm? 8 based on spherical cells with a represent-

-

Plamlinbuen | - = s igres < g

e
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.

ative membrane thickness of 100 A and a cellular radius of 125u ,

the average value for apple tissue cells (Reeve, 1953},

N w2587 : ,
2 "R’ T x : (29)

The pressure term is thus negligible and equécion (30) can be regarded

as suitable for the calculation of N"

cvac ,
-pt ¥
Nw P" T = (x) (30)
w’ av

.

To be able to predict the water permeation flux, (x")av needs to be

known. This is not easily available (Tien,‘1974, Slatyer, 1967,

"Stein, 1967), but two cases can be considered. One assumes that the

phase composition at the membrane is equal to that in the

vacuole, The other corresponds to the concept of the membrane
being a pure 1ipid and because of the very low solubility of water
in such a system the average water mole fraction can be regarded

as being practically zero,

- 602 -
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Thusg, the two cases to be studied are:

- ,Vac
a) (xw)av *y
b) Assuning very slight water solubility in the mem-

brane, as would be the case if it were a pure lipid, (xw)av =0,

Experimental drying water fluxes

Granny Smith apples were selected, washed, peeled and cut into
parallelepipeds of 2.4 ecm x 2,4 cm x 1.2 cm, They were sulfited
by exposure to SO, and air dried on a weighing tray. The air was

filtered and heated through a heat exchanger, To secure the desired

cellular membrane .,..27
i
alr moisture, steam was injected. The steam injection was counter—
current to insure good mixing. The air velocity was measured by
a hot wire anemometer, Dry And wet bulb temperatures were
continuously reccrded and controlled. Air velocity was 10,0 = 0.1 mw/s,
dry bulb temperature 76.0 ¢ 5°C, and relative humidity of air, 10%.

The weight of the drying sample was recorded as a function of time.

- 01¢ ~

A geometrical model for the intercellular spaces -

Reeve (1953) reported the total cell wal} area per unit volume of
;pple flesh parenchyma, for several varieties, To caiculate the
experimental rates of drying in termscompatableﬁiihthe permeation
f}uxesit is necessary to know the effective amount of cellular area
i.e., the fraction of tocal_cellular wall area abutting onto the’
intercellular spaces. Reeve (1953), Lee et al. (1967), published
histological studies that give some insight into the geometry of the

system, On this basis a simple geometrical model is proposed,

The cells do not behave as perfect spheres with only point contact

among them, It is suggested that they appear as cubically truncated
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spheres, i.e., they occupy the common volume of a cube and a sphere
intersecting in such a way that they have a common center, the cube

diameter being 2 A r., The portions of sphere outside the cube are

>

removed (Figure 1). ,

digure 1

The values of A must be

< A <1 (31)

St

between the two limiting situations of the cube inscribed within the

sphere and the sphere inscribed within the cube.

The value of A can be calculated from porosity data using equation

[N

(32)
o fl -¢ ;
4w ! A Bl et ‘] 27 £
A= [-—-—-——-—-——-4(1 57 “] cosq 5 cos 1 T2 + =3 (32)

vhere £ = 0, 1, 2.

Porosity
Smock and Neubert (1950) estimated that 25% of the volume of the

epple parenchymatic tissue is occupied by intercellular epaces.
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Czerski (1964) used a gasometric method to measure porosity of
leaves of several species, obtaining a range of values between

7.4%Z and 57.7%. Hardy (1949) found that the porosity of fresh

samples of Cox Orange Pippin was 33.3%. More comprehensive
determinations of porosity were made by Smith (1938) and by Reeve (1953},

Both covered seven different apple varieties.

On the basis of the above, a value of ¢ = 0,225 appears to be

representative. A value of this order of magnitude has been confirmed |

by Skene (1966).

- 112

Effective cell wall area

The total area of a sphere is related to the area of the trupcated

sphere abutting onto the intercellular spaces by

nee~24+3\" (33)

Forem™ 00225
equation (32) yields three roots of A of which

two can be disregarded on account of equation (31)., This resylts

in

A = 0,8473

n = 0,5419

Reeve(1933) reported the area of ppplc‘eqiis regarded &85 spheres in

point contact, This area when used in conjunction with the value of
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n calculated above results in an effective cell wall area of 1000 cm?

in a sample of tissue of the dimensions used in the experiments described above.

Comparison of experimental and permeation fluxes

Figure 2 indicates the experimental water fluxes and permeation

water fluxes calculated on the basis of hypotheses (a) and (b)

above,

Figure 2

It can be seen that the predicted permcation fluxes are between one
and three orders of magnitude higher than the actual fluxes., Thus

there is a strong indication that the drying process is controlled

by resistances external to the cell,

For hypothesis (a) to represent the experimental data at higbbmoisture
'contents it would be necessary to accept that either the permeability
is one order of magnitude lower tﬁan that deduced earlier or that the
effective cell wall area is 1/20th of that calculated above or that

At low moisture

there is a suitable compromise between these extremes.

contents as well as in the case of hypothesis (b) it would be necessary

to accept even larger departures from the selected values,

Tor conventional air drying processes, a volume shrinkage is to be expected.
Por the case under consideration and using the above geometrical model

this effect becomes significant below a water content of.1 kg/kg {(Chirife,
1969) . Although this results in a slight increase in the experimental

valueg, the predicted fluxes based upon the two hypothesis are still
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widely separéted at low moisture contents. Thus it is reasonable

to postulate that shrinkage does not change the relative importance
of the transport process involved. This is particularly so ;t

low moisture content, when a deterioration of the cellular structure

and an increase in its permeability is to be expected.

Since the cellular permeability is not the controlling factor then either
the resistance to the flux of water vapor through the tissue or the
resistance presented by the boundary layer external to the piece of

food, or both, are contfolling resistances, Thus, the cellular
permeability may be neglected in a design model which is valid in the

case of apples or of tissues with analogous structures,

_.z'l;z_
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Summary and Conclusionsg

An examination of the conflicting definitions of permeability has
led to the presentation of a more rigorous and comprehensive
definition (equation (19))./ Using this definition as a basis” it
was possible to interrelate the various definitions of permeability

and to present experssions for this intercoanversion (table 2),

By this means it was possible ro put all the collected experimental
data onto a common basgis. This in turn showed considerable discrep-
ancies between the values reported by different authors. A discussion
of the problem, taking into account the often neglected boundary '
layer resistances, enables the conclusion to be drawn that the reported

differences could'be explained in terms of internal and external mass ' .

transfer coefficients. It was concluded that the values reported as

. osmotic permeability are adequate for use in drying of vegetable

~

foodstuffs.

When a value of water permeabilit} had been selected, the basic
equation (equation (19)) was examined term by term in order to
assign values to the different variables and thus to obtain a final

expression for the prediction of water permeation fluxes (equation (30)).

A comparison of the predicted fluxes with actual drying fluxes
obtained experimentally, indicated that the predicted permeation
fluxes are significantly faster than the actual fluxes shown. Only
at the highest moisture contents could a particular comgination of

the values involved result in the predicted permeation flux being of

cellular membrane ....33

of comparabls magnitude to the experimental flux.,

The permeation fluxes that can be calculated on this basis show
that the cellular membrane permeability is not the controlling i
step in the drying of apples and of similarly-structured foodstuffs.,
Thus, the design or simulagtion of the drying process can safely
be based on a model which accounts fof the resistances to vapor

transport through the porous tissue structure and the external

boundary layer.

- €17 -~
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Notation

activity
generalized driving force, cm™!
acceleration, cm/s?

mass transfer coefficient’
moles

pressure, at

heat flux, cal/cm?s
radius, cm

time, €

velocity, cm/s

weight fraction, g/g

mole fraction

co-ordinate axis

area, cm? L
concentration, mol /cm3

diffusion coefficient, cm?/s

multicomponent mass diffusivity, cm? /s

diffusional £lux, mol /cm®s or cm3/cm?s

coefficient
phenomenological coefficient

mass flux with respect to a fixed point, mol ./cm? s
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!
P = pressure
P = permeability, cm/s or cm/s at
P! = permeability, when convective flux {s tasken into account, cn/s
R = gas constant, cm.at/mol %k
S = gtress, at
T = temperature, K
v » vyolume, cm3

partial molar volume, cm3/ mol

<t
[ 4

X = moisture content, g water/g dry matter’

- %17 -

8 = internal boundary layer thickness

e = porosity

n = ratio area collapsed sphere/areafullsphere:
y = activity coefficient '

A = ratio cube side/sphere diameter

. ¥ = water potential, at

y = chemical potential, cm?® at/mol

.M = osmotic pressure, at

p = density, g/cm’

reflection coefficient

Q
1

Subscripts

¢ = defined on the basis of concentration
d = diffusional

ex = external
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i = a general component
j = general solute

In = logarithmic mean

m = pembrane

‘o =~ ogmotic
out = outside

p = hydraulic permeability
8 = sgolute

‘t = true

v = volumetric

w = water

wp = water;dueto a pressure effect

x = defined on the basis of mole fraction

Superscripts
in = inside

m = membrane
out = outside

vac = vacuole
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Table 1
to one of them (E.R.).

Typical vacuolar water mole fraction

as a function of moisture content

X g Hy0/g dry material *y J
)
S
7 0.9905 .'
1 0.9368
0.48 ’ 0.8768
0.32#% 0,8259

0.16 0.7034

* commercial dehydration limit,
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Table 3
Water Fermeabilities of Aniral Cells
Cell PRIV, By References
- 10" cnm/fs-. 10% em/s8— .
/ Lillie (1916,1317)
Arbacia punctulata Sea Urchin (Atlantic coast) unfertilised 2.2 (Luck e et al (1931;
' : . . o Lillie (1916,1917) *
. fertilised 4.5 = 6.7 (HcCutcheon L Lucke (1932.)
Paracentrolus lividus Sea Urchin (Mediterranean) unfertilised 2.2 - T Maxda (1934) '
fertilised 4.5 - Eaxia (1934)
Stronglyocentrotue, Sea Urchin, Sand Dollar, -
Dendraster, Patiria Starifish (Pacific coast) 2,2~ 8.9 -— Leitch (1931)
Pisaster {unfertilised) (temp, 17-22°C)
Zoothanium sp. Fresh water peritrich-ciliate 2.7 - 5.6 m— Kitching (1938)
Gregarira 4.5 - Adcock (18%0)
Chaetopterus Perga- Marine annelid (Atlantic coast) . -
Mentaceus _ 8.9 -11.2 Lucke et.al (1939)
Cumingiz tellenoides HMarine mollusc {Atlantie coast) 8.9 +1l1.2 - Lucke. ez al (1933)
Mouse, rat, chick fibroblasts 8.8 -22.3 - Brues % Masters (1936)
Rabbit leucocytea 5.7 - Shapiro & Parpart (1937)
‘Human leucocytes 23.0 - Shapire ¢ Parpart (1937)
Ox erythrocytes 55.8 - Jaccbs (1932)
Human - - erythrocytes 67.0 . - Jacobs (1932)
Amoeba 0.37 0.23 Frescatt & Zenthen (1951)
Frog, ovarisn egg 83.1 1.28 ibid
, Frog, body cavity egg 1.30 0.75 ibid
Xenopus, bady cavity egg 1.59 * 0.90 . ibia
. ‘ Zebra fish, ovariax egg 29.30 0.68 * ibid
Zebra fish, shed egg T 0.8 0.36 ibid ; )
Sicdel & Solormon (1957
Human (adult) erythrocyte 127.0 §3.C0 (Pa;anel.‘.i t solozon (1957)
v z
Huzan (adult) erythrocyte 6.0 41.0 sieiin (1554) (1954)
Himan (fetal) erythrocyte 51.0 23.00 ibid
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Cell "PRT/V, References
10" cm/s.

Chlorophyecae:
Cladophora glomerata (pH = 7) 12.3 Seeman (1950a5
Ehizonium hieroglyphicum 6.4 .Lenk (1956)
Oedogonium echinospermum 4,3 Lenk (195¢)
Spyrogira affinis 3.1 ' Lenk (1956)
Spyrogira communis 3.8 Lenk (1956)
Spyrogira condensata 6.7 Lenk (1956)
Spyrogira gracilis 7.5 Lenk (1956)
Spyrogira porticalis 2.5 Lenk (1956)
Spyrogira pseudovarians 2.0 Lenk (1956)
Spyrogira singularis 1.2 Lenk (1956)
Spyrogira stictica 2.7 Lenk (1956)
Spyrogira varians 3.2 Lenk (13856)
Spyrogira sp. 3&.6‘ Lenk (1956)
Spyrogira sp. 3.2 Huber & Hofler (1930)
Spyrogira sp. 2,2 Bochsler (1948)
Spyrogira H. (pH = 7) 15.3 Seeman (1950a)
Zygnema velox 16.8 Huber & Hofler (1930)
Zygnema Sp. 5.3 Bochsler (1948) ‘
Zygnena sp. 17.7 Hofmeister (1935)

+

Tissve

&

Water Permezbilities of Cells in Tissues (Vepetable &

Toad, bladder:

no vasopressin

with vasopressin

Rat:
lumiral surface of intes-
tinal mucosal cells
kidney, proximal tubule
kidney, distal tuwule
Beet root:
"' upplasmolyzed

Hays & Leaf (1962)

Lindexmann & Solomon (1962)

Ullrich et al. (1964)
Ullrich et al.(13964)

Myers (1951)

——

.

g **** sueaquan 2eINTT30
L b o
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Mougeotia scalaris - 0.9

Chara. s

- Lenk (1956)

Nitella flexilis (Transcellular osmosis) 154 .0-416.0 Kamiya & Tazawa (1958)

Nitella mucronata, live cell - ) 13.7 Collander (195u4)
: dead cell - v 17.0 - Collander (1954)
isolated protoplast - - 50.0 Collander (1954)
Chara australis (Transcellular osmosis) 123.0 - Dainty & Hope (1959)
Tolypellopsis stelligera, live cell - 5.6 Wartiovaara (1944)
: dead cell - 16.8 . Wartiovaara (19uu)
membrane - 8.9 - Wartiovaara (1S44)
intact cell 24,0 ' C - : Palva (1933)

Phaeophiceae:

Fucus vesiculosus (egg cellof sea . 3.6 . - ’ Resuhr (1935)
water alga)
Filictnaes
Salvinia natans (glycering) _ ) 1.8 A Lo "Seeman f1950b)
- Salvinia natans 3. - " Seeman (1953)
Salvinia auriculata (leaf cell of fresh- 12.3 ) - '

Huber & Hofler (1330)
water fern)

. ' g
" Dicotyledonaes: ) ) e : . ' E
Caltha palustric 4.0 ‘ - Hofmeister (1935) &
Anemoné hepatica . 0.7 - - Hofmeister (1935) .E
Ramunculus repens S o 3.5 - Heinrich (1962) g
Beta vulgaris . . 4.8 - T Hyers (1951) H
Stachys annua ' 3.6 - Huber & Hofler (1930) :
Stachys recta . S - Heinrich (1962) 2..3
Jamium maculatum ) §.1 - Heinrich (1952)
Solanunm tuberosum ) 4.4 - : Heinrich (1962) iy
"Physalis alkekengi oo 2:3 - Heinxich (1962)
e - :
B P o et pr———r et S - [ P e o e w— g e
Monocc tyledonae: N
Valisneria spiralis (pH = 7) 2.8 - Seeman (1950a)
Allium cepa (cell of onicn) 7.8 - Levitt et al.(1936)
Majanthemun bifolium a.2 - " Seeman (1950b)
Majanthemum bifolium . 1.7 - Hofler (1934)
Majanthemum bifollum 2.2 - Hofler (1930)
Majanthemum bifolium 2.0 - Heinrich (1962)

gt*** sueiqmaa aeIn1Id0

PRy i ad



- 224 -

Table 6

Hater Perueabilitios of Syathetie Moshranes

rmar

p—p—

L it gy Ay,

cellular membrane ees.58

PRTA, P, References
10" cmfs . 10Y cm/s
Bimolecular Lipid Membrane 8.3 ~14.4 2.3 Hanai et al.(196%5)
Dialysis Tubing 230 - Durbin (1960)
Cellophane 870 - ibid
Vet gel 3400 - ibid .
Dialysis tubing . 380 10.9 Ginzburg & Katchalsky (1963)
Vet gel 1200 +19.2 ibid .
Braia lipids in chloroform: methanol ) 24.0 - Mueller et al. (196u4) : N
lecithin (egg) in chloroform:methanol 17-120 4.4 Huang & Thompson (1966)
Lecithin {(egg) + Cholesterol in decane, NaCl 18 - Hanal et ai.{1966)
. sucrose 18 - + ibid
g urea 21 - ibid .
Brain lipids + cholesterol - 7~ 21 - Finkelstein & Cass (1967) T = 3°C
lecithin (egg); THO - 45 Vreeman (1966) T = 20%
Oxidized cholesterol in octane 8.510.5 - Tieng & Ting (1968) T = 22.5% o
®
Cholesterol and HTDAB 8.210,5 - ibid T=22.5% .=
Cholesterol and DAD 8.820.5 - ibid T = 22,5%C E.
" Oxidized cholesterol + 2.5x1073H valinomycin 9.5 - inid "
Chloroplast extract 51,0 - Ting et a1.(1968) g
Lecithin + cholesterol ) a7 - Prince & Thompsen (1969) T = 25% g
Lecithin (egg) + 1.7x107%H vasopressin 39.3 - Graziani & Livne (1371) T = 28% %
Yonogalactosyl diglyceride 73.1 - . Graziani & Livne (1973) - T = 37°C .
lecithin (egg), phosphatidyl choline and Everitt & Haydon (1369) ¢
cholestercl in n-decane 20,04 19.7% cEVet‘}.tt et &(19592 3,‘
{# boundaries resistances discounted) .
- e - . - - ———— me e s - --..—;-——-——
» a
[22]
A
o L]
n T
> Q -t
hef #
o 5
8
.aEa °
o ~ =
o ® & e :
ol w a8 -
~ 13} )
wl -
1 S =
~ 3l ¢ 2] - A
I | I B ] : :
2 2] - w S lad
o o v
W 2 -t
2 1 -l o~
ERE
& — o
aa = ~
° ~ Q o~
Z\ 4 -t
£ =
@
2
g o
p‘: -
o o~
] -3
-
-
7
v



‘Figure 2

‘Fiqure 1

cellular membrane ,...58

i o .1 ] . : )
@O . . . . : C cellular membrane ,...57
O -y O '
£ o Legends for figures
® x
q ”90 J
) Figure 1
pis} -
§ ‘0
d0 THE MODELLEDPOROUS STRUCTURE
£
g S
Cp . . . . . . . .
) @ . Figure 2 ’
3 S . el |
&, o | | X
{ BAnln 0 ° APPLE DRYING FLUXES _ : :,;,:
- > . .
"2 '9 From top to bottom: Hypothesis (b), Hypothesis (), experimental |

. results (3 runs).

Z8 R VAN

| )
! I ‘ 1
| ‘

=

\V""f

I
|
1

B

:../.
l
iy
|
AN
‘e-——Z?\r




- 226 -

RETERENCES

ADCOCK, E.M. (19u40). The permeability of gregarine
protozoa from the gut of the meal worm.
J.Exp.Biol. 17, 4u9-463.

ANDREOLI, T.E. and TROUTMAN, S.L.  (1871). Analysis of un

stirred layers in series with “tight" and "porous" 1ipid
bilayer membranes.

J. Gen. Physiol. 57 ugu-478.

ARUANNO, J. (1971). Cambios en el area superficial durante
el secado. Imforme Internc 1B-12. Planta Piloto de

Ingenieria Quimica, Bahia Blanca, Argentina.

BABCOCK, K.L. (1963). Theory of the chemical properties
of soil colloidal systems at equilibrium. Hilgardia
34, 417-542, ‘

.
»

BARTON, T.C. & BROWN, D.A.J. (1964). Water permeability
of the foetal erythrocyte.
J.Gen.Physiol. 47, 839-843.

BATES, F.R. and Associates (1972). Polarimetry, saccharimetry
| and the sugars. Circular Cu440. UW.S. Dept. of Commerce,
N.BOS. V - ‘..



- 227 -

BENNET-CLARK, T.A.. (1959). Water relations of Cells,
in Plant Physiology, A Treatise, F.C. Steward (Ed.)
Vol. II. Academic Press, New York & London. |

BIRD, R.B., STEWART, W.E. & LIGHTFOOT, E.N. (1960).
Transport Pnenomena. dJ.Wiley & Sons, Inc.
New York/London/Sydney.

BOCHSLER, A. (1948). Die Wasserpermeabilitat des

Protoplasmas auf Grund des Fickschen Diffusiongesetzes.
Ber. schweiz bot.Ges. 58, 73-122.

‘BRUES,'A.M. & MASTERS, C.McT. (1936). The permeability
of normal and malignant cells to water.
Am.J.Cancer 28, 324-333.

BRUNAUER, S., EMMET, P.H. and TELLER, E. (1938). Adsorption
. of gases in multimolecular layers. J. Am. Chem.
Soc. 60, 309-319.

. BRUGGEMAN, D.A.G. (1835), Dielectric constant and -
' conductivity of mixtures of isotropic materials.

BUCKINGHAM, E. (1907). Studies on the movement of soil moisture.

U.S5.D.A. Bureau of Soils Bull. No. 38.

BUYEVICH, Yu. A. (1974). On the thermal conductivity of granular
| materials. Chem. Eng. Sci. 29, 37-u8.

T



- 228 -

CERNY, M. (19%1). Studies of the components of beet pulp.
Listy Cukrovar, 60, 103-107

CHIRIFE, J. (1969). El encogimiento y su inflﬁencia‘en la

interpretacion del mecanismo de secado.’

Ind. Quim. 27 4)
145-146, 152.

CHERNOVALOVA,; V.D. & AVETISYAN, S.N. (1969). Chemical

composition of the mazard, cherry and plum in the
Samarkand region. Konserv. Ovoshchesush. Prom.
24, 27-29 T T ST T

COLLANDER, R.. (1954). The permedbility of Nitella cells

to non- electrolytes
.NPhy51ol.Plant. 7, 420-uus5.

Cor ot s -

CZERSKI, J. ~(1964)" Gasometrlo-ﬁE%Bod of volume deée;ﬁ;natlon

of 1ntercellular spaces in plant tlssues.
~ Acta Soc. Bot. Poloniae, XXXIII 247-251.
DAHLBERG, H.W. (1952). Composition of beets from widely
separated areas. -
Sugar, 47, (10), 46-47

DAINTY, J. (1963). Water relations of plant cells,
~in Botanical Research, Vol. 1, R.D. Preston (Ed.)
Academic Press, London & New York.

_ DAINTY, J. & HOPE, A.B. (1959). The water permeability
' of cells of Chara australis.

Australian J. Biol.Sci. 12, 136-145.



~ 229 -

DAVSON, H. & DANIELLI, J.F. (1952). The Permeability

of Natural Membranes. University Press, Cambridge. .

DE VRIES, D.A. (1952).
materials.
112-131.

The thermai conductivity-of gﬁg;uia§“
Bull. Inst. Interm. Froid. Annexe 1952-1951,

- -~ - s e o =

DE VRIES, D.A. (1957). The electrlcal conductlv1ty and - perm1tt1v1t
of mixtures. BPlt J. Appl Phys. 8-301-30L. -

DICK, D.A.T. (1966). Cell Water. Butterworth, Inc.,
Washington DC.

DICK, D.A.T. (19871). Water movement in cells, in
Membranes & Ion Transport. E.E. Bittar (Ed.),
Wiley-Interscience, London/New York/Sydney/Toronto.

DURBIN, R.P. (1860). Osmotic flow of water across ‘permeable

cellulose membranes. T
J.Gen.Physiol. 44, 312-326. - o

EVERITT, C.T. & HAYDON, D.A. (1969). Influence of

. diffusion layer during osmotic flow across BLM.
J.Theor.Biol. 22, $-18.

. EVERITT, C.T., REDWOOD, W.R. & HAYDON, D.A. (1969 ).
Problem of boundary layer in the exchange

y diffusion of water across bimolecular lipid
' membranes. '

J.Theor.Biol. 22, 20-32,

- FILONENKO, G.K. and CHUPRIN, A.I. (1967). Equilibrium

moisture content of foodstuffs.. J. Eng. Phys. Tr.
from Inzh.-Fiz. Zh. 13, 98-10%.



- 230 -

FINKELSTEIN, A. & CASS, A. (1967). Effect of cholesterol -

on the -water permeability of thin lipid membranes.
Nature 216, 717-718. '

GANE, R. (1950). The water relations of some dried foods.
J.S.F.A. 1, 42-u6.

GINZEURG, B.Z. & KATCHALSKY, A. (1963). Frictional

coefficients of the flows of non-elecfrolytes tHPough
artificial membranes.

J.Gen.Physiol. 47, 403-418.

GLINKA, Z. & REINHOLD, L. (1972). Induced changes in

permeability of plant cell membranes to water.
Plant.Physiol. 49, 602-606.

GOFF, J.A. (1857). Saturation pressure of water on

the new Kelvin temperéture scale.

Trans. Am. Soc. Heat Vent. Eng. 63 347-354.

GRAZIANI, Y. & LIVNE, A. (1871). Vasopressin and water
pe?meability of artificial 1lipid membranes.
Biochem.Biophys.Res.Commun. 45, 321-326.

GRAZIANI, Y. & LIVNE, A. (1873). Bimolecular lipid

membranes as a model for vasopressin, prosto-
gladin & Ca(2+) effects on water permeability.
Biochim.Biophys.Acta 291, 612-620.

GURR, C.G., MARSHALL, T.J. and HUTTON, J.T. (1952). Movements

~of water in soil owing to a temperature gradient. Soil
Sei. 74 335-3u2.



- 231 -

~

HALSEY, G. (19u8). Physical adsorption on Non-Uniform Surfaces.
J. Chemo Phys., ié, 931_937 ‘

HANAI, T., HAYDON, D.A. & TAYLOR, J. (1965). Some
further experiments on bimolecular lipid membranes.
J.CGer.Physiol. 48 Suppl. 1, 59-63.

HARDY, J.K. (1848). Diffusion of gases in fruit: the
solubility of Carbon Dioxide and Other Constants fbr'
Cox's Orange Pippin Apples. Rept. Food Inv. Board
for the year 1939. Dept. of Scientific and Industrial
Research., H.M.S.0. London.

HARKINS, W.D. and JURA, G. (1947). £n adsorption method for
the. determination of'thé area of a solid without the
-assumptioﬁ of a molecular area, and the area occupied
by nitrogen molecules on the surfaces of solids.
J. Chem. Phys. 11, 431-432.

HARMATHY, T.Z. (1969). Simultaneous moisture and heat transfer
in porous systems with particular reference to drying. Ind.
Eng. Chem. Fund. 8 (1) 92-103, '

HARPER, J.C. (1962). Transport properties of gases in porous
media at reduced pressures with reference to freeze
~ drying. AIChE J. 8 (3) 298-302.

HASHIN, Z. (1968). Assessment of the self consistent scheme.
approximation: conductivity of particulate composites.
J. Comp. Mat. 2 (3) 284-300. '



- 232 -

HAYS R.M. & LEAT, A. (1962). Studies of thevmovement

of water through the isolated toad bladder and its
modlflcatlon by vasopresin.
J.Gen.Physiol. 45, 905-918.

HEINRICH, G. .(1962). Fusarinsiure in ihrer Wirkung auf
dic Vzccorperneabilitdt des Protoplasmas.
rrotopiasma 55, 320-356.

HELLKVIST, J., RICHARDS, G.P. & JARVIS, G. (1874). Vertical
gradients of water potential and tissue water relation
in Sitka spruce trees measured with the pressure

chamber.

J. Appl. Ecol., 11, 637-667

HENDERSON, S.M. (1952). A basic concept of equilibrium
moisture. "

Agr. Eng., 33, 92-32

'HOFMEISTER, L. (1935). Vergleichende Untersuchungen iber
spezifische Permeabilitdtsreihen.
Bibl. botanica 113, 1-83.

ta

HOFLER, K. (1930). Uber Eintritts- und Ruckgangsgeschwindig-
keit der Plasmolyse und eine Methode zur.Bestimmung der
Wasserpermeabilitat des Protoplasten..

Jb. wiss. Bot. 73, 300-350.

HbFLER- K. (1934),. Permeabilititsstudien an Stengelzellen

von Majanthemum bifolium. '

* Sitzber.Akad.Wiss.Wien.Math.naturwiss.K1l. Abt I 143,
213-264.



- 233 -

HUANG, C. & THOMPSON, T.E. (1966). Properties of 1lipid
bilayer membranes separating two aqueous phases:

water permeability.
J.Mol.Biol. 15, 539-554.

HUBER, B. &

— = s

Cu
q\
[9]]

C,

¥
b. wiss.Bot. 73, 351-51l.

IGLESIAS, H.A., CHIRIFE, J. and LOMBARDI, J. L, (1875).
. An equation for correlating equilbrium moisture con-

tent in foods. J. Fd. Technol. 10, 2889-297.

IGLESIAS, H.A. CHIRIFE, J. & LOMBARDI, J.L. (1975).

Water sorption isotherms in sugar beet root.

"J. Fd. Technol., 10, 229-308

€

JACOBS, M.H. (1932). Osmotic properties of the erythrocyte;
III. The applicability of osmotic laws tc the rate
of hemolysis in hypotonic solutions of nonelectrolytes.

Biol.Bull. 62, 178-194

+

JEFFREY, D.J. (1973). Conduction through a random suspension

of spheres. Proc. Roy. Soc. Lohdbn, A335, 55-367.

JEFFRIES, R. (1960). The sorption of water by cellulose
and eight other textile polymers. J. Textile Inst. .
Trans. 51, T 339-374. v

KALASEK, J. & BLAHA, J. (1863). Chemical composition and
" quality of the domestic plums., :

Prumysl Potravin, 14, 457-476



- 234 -

KAMIYA, N. & TAZAWA, M. (1956). Studies on the water
permeabilities of a single plant cell.
Protoplasma 46, 394-UuL2,

<
KING, C.J. (1968). Rates of moisture sorption and
desorption in porous dried foodstuffs.
Food Technol. 22, (4) 165-171

KI RK-OT EMER ENCYCLOPEDIA OF CHEMICAL TECHVOLOGY, 2nd Ed. (1964).
J. Wiley and Sons, Inc. New York/London/Sidney.

KITCHING, J.A. (1838). The physiology of contractile

vacuoles. -III - The water balance of fresh water
Peritricha. ‘

J.Exp.Biol. 15, 143-151.

KOHN, P.G. & DAINTY, J. (1966). Measurements of
permeability to water in disks of storage tissues.
J.Exp.Bot. 17, 809-821. '

KﬁHN, I.°(1964). A new theoretical analysis of adsorption
phenomena. J. Colloid Sci. 19, 685-694.
LABUZA, T.P. (1974). Sorption Phenomena in Foods:.TheoretiaaZ
' and Practical “Aspects. In: Chokyun Rha (ed.). Theory,
Determination and Control of Physical Properties of

Food Materials. D. Reidel Pub. Co., Dordrecht-Holland,
Boston-U.S.A. ’

LANGMUIR, I, (1916). The constitution and fundamental

properties of solids and liquids. J. Am. Chem. Soc.
38, 2221-2235.

LANGMUIR, I. (1918). The adsorption of gases on plane

surfaces of glass, mica and platinum. J. Am. Chem.
Soc. 40, 1361-1u02. ’



- 235 -

LEE, C.Y., SALUNKHE, D.K. and NURY, F.S. (1967). Some
chemical and histological .changes in dehydrated
apple.

J. Sci. Fd. Agric. 18, 89-93 N

LEITCH, J.L. (1831). Water exchanges in living cells.
Univ.Calif.Pub.Zool. 36, 127-1u0.

LENK, I. (1956). Vergleichende Permeabilit&tsstudien an-
Cusswuasseralgen (Zygnemataceen und einigen
Chloropﬁyceen). : )
Sitzgsber.OsterrzAkad.Wiss.,matﬁ.—na{ixi; 1865,
173-279. - - e

LEVICH, V.G. (1862). Physicochemical Hydrodynamics.
Prentice-Hall Inc., Englewood Cliffs, NJ. -~

LEVITT, J. SCARTH, G.W. & GIBBS, R.R. (1836). Water
permeability of isolated protoplasts in relation
to volume change. ' '

Protoplasma 26, 237-248. - - B

LEWIS, W.X. (1821). The rate of dfying of solid materials.
Ind. Eng. Chem. 13 H27-

" LIGHTFOOT, E.N. (1974). Trénsporﬁ Phenomena and Living

Systems. J.Wiley & Sons Inc., New York/London/Sydney/
Toronto. '

LILLIE, R.S. (1916). Increase of permeability to water
| following normal and artificial activation in sea-
urchin eggs. A ’ L
Am.J.Physiol. 40, 2u38-266.

LILLIE, R.S. (1917). Conditions determining the entrance
of water into fertilized and unfertilized Arbacia
eggs, and the general relations of changes of permea-
bility to activation. '
Am.J.Physiol. 43, 43-57,.



- 236 -

LINDEMANN, B. & Solomon, A.K. -(1962). Permeability of

luminal surface of intestinal mucosa cells.

J.Gen.Physiol. 45, 801-810. N

LORD RAYLEIGH (1892). On the influence of obstacles arranged

in rectangular order upon the properties of a medium.
Phil. Mag. 34, 481-502.

LUCKE, B., HARTLINE, H.K. & McCUTCHEON, M. (1931).

| Further studies on the kinetics of osmosis in living
cells.
J.Cen.Physiocl. 14, 405-413.

LUCKE, B., HARTLINE, 'H.K. & RICCA, R.A. (1939).
Comparativé permeability to water and certain
solutes of the egg cells of three marine invertebrates
Arbacia, Cumingia and Chaetopterus.
~J. Cell.Comp.Physiol. 1k, 237.

MANN, G. and FORSYTH (1956). Measurements of the thermal
conductivity of samples of thermal insulating materials
and of insulation in situ by the 'heated probe' method.

'Modern Ref. 59 188-191.

MAXTA, C. (1934). Studi sulla idropermeabilita cellulare.
Nota IIa. Ricerche su uova vergini e fecondate di
Paracentrotus.  lividus. |
Scritti Biolog. 9, H3-51l.

MAXWELL, J.C.A. (1881). A Treatise on Electricity and Magnetism
2nd Edn., Vol. I. Clarendon Press, Oxford.

McCUTCHEON, M. & LUCKE, B. (1932). The effect of tempera-
ture on the permeability to water of resting and of
activated’cells (unfertilised and fertilised eggs
of Arbacia Punctullata). 4
J.Ccll.Comp.FPhysiol., 2, 11-26.



- 237 -

MEREDITH, R.E. and TOBIAS, C.W. (1962). II - Conduction in
Heterogeneous Systems. In: Tobtas. C.W. (Ed.). Advances
in Electrochemistry and Electrochemical Engineéring.

Vol. 2: Electrochemical Engineering. Interscience Publishers.
"New York/London/Sidney. :

MINICONE, B. (1962-3). Chemical composition of some
varieties of apricots produced in Campania.
Ann. Fac. Sci. Agrar. Univ. Studi Napoli Portici,
28, 287-293

MUELLER, P., RUDIN, D.O., TIEN, H.T. & WESTCOTT, W.C. (1864).
Formation and properties of bimolar 1lipid membranes,
in Recent Progress in Surface Science, Vol. 1,
Academic Press, Inc., New York, pp 379-393.

MYERS, G.M.P. (1951). The water permeability of
unplasmolyzed tissue.
J.Expt.Bot. 2(5), 129-14,

NOBEL, P.S. (1974). Introduction to Biophysical Plant
Physiology. W.H. Freeman & Co., San Francisco.

NORRISH, R.S. (1966). An‘equation for the activity coef-
ficients and equilibrium relative humidities of water
in confectionery syrups. ‘
J. Fd. Technol., 1, 25-39

NOY-MEIR, I. & GINZBURG, B.Z. (1967). An analysis of the
water potential isotherms in plant tissue. I. The
Theory. ‘

Aust, J. Biol. Sci., 20, 695-721

OWENS, H.S., STARK, J.B., GOODBAN, A.E. & WALKER, H.G.
(1955). Application of compositional knowledge
to beet sugar technology.

J. Agr. Food Chem., 3, 350-353



- 238 -

PAGANELLI, C.V. & SOLOMON, A.K. (1957). The rate of
ex?hange of titrated water across the ﬁuman red
cell merbrene,

- J.Gen.Physiol. 41, 259-277.

PALVA, P. (1939). Die Wasserpermeabilitat der Zellen
von Tolvnellopsis stelligera. '
Protoplasma 32, 265-271.

PECK, R.E. and WASAN, D.T. (1974). Drying of solid particles
and sheets. Adv. Chem. Eng. S8 247-293.

PHILLIP, J.R. (1958). The osmotic cell, solute
diffusibility and the plant water economy.
Plant. Physiol. 33, 26u4-271.

POPOV, V.D. and ZHURA, S.K. (1957). Thermal conductivity of
glucose solutions. Trudy Kiev. Tekhnol. Inst. Pishchevoi

Prom. (17) 115-121.

POZNANSKY, M., TONG, S., WHITE, P.C., MILGRAM, J.M.T.
& SOLOMON, A.K: (1956). Nonelectrolyte diffusion
across lipid bilayer systems.
J.Gen.Physiol. 67, u45-66. o

' PRESCOTT, D.M. & ZEUTHEN, E. (1953). Comparison of
water diffusion and water filtration across cell
surfaces. o

-

Acta Physiol. Scand. 28, 77-Sk.

~PRICE, H.D. & THOMPSON, T.E. (1969). Properties of
lipid bilayer membranes separating two aqueous
phases: Temperature dependence of water permea-
bility. '

J.Mol.Biol. 41, 443-457.



- 239 -

QASHOU, S., VACHON, R.I. and TOULOUKIAN, Y.S. (1972). Thermal

conductivity of foods. ASHRAE Semiannual Meeting, New
Orleans, La. Jan. 23-27.

REEVE, R.M. (1953). Histological investigations of
textures in apples. II - Structure and
‘intercellular spaces.
iFood Reseérch 18, BOL=617.

REHSUR, B. (1935). Hydrations- und Permeabilit&tsstudien
an unbefruchteten Tucus-~Eiern (Fucus vesiculosus Li?'
Protoplasma 24, 531-586. : T

RHA, C. (1875). Thermal properties of food materials. In; Chokyun
"Rha (ed.). Theory, Determination and Control of Physical

Properties of Food Materials. D. Reidel Pub. Co., Dordrecht-
Holland, Boston-U.S.A. - ' '

ROTSTEIN, E. (1974). Sobre difusion molecular y Kundsen. informe'

Interno No. 18. Planta Piloto de Ingenieria Quimicé; Bahia
Blanca, Argentina.

ROTSTEIN, E. (1975). Comentario-sobre las experiencias con celda
de difusion. Informe Interno No. 26. Planta Piloto de
Ingenieria Quimica, Bahia Blanca, Argentina.

ROTSTEIN, E., NAMOR, M., SICA, A.M. and ARUANNO, J. (198683).

- Apples from Argentina: Chemical and physical character-

istics useful for technology. J. Milk Food Technol.
32, 79-89. ' | | |

-
. -

ROTSTEIN, E., LAURA, P.A. and CEMBORAIN, M.E. (1974). Analytical
. prediction of drying performance in non-conventional
shapes. J. Food Sci. 39 627-631.

'RGUNSLEY, R.R. (1861). Multimolecular adsorptibn Equatiop.
A.I.Ch.E.J. 1, 308-311.



- 240 -

SARAVACOS, G.D. (1967). Effect of drying method on the
water sorption of dehydrated apple and potatoes.
J. Food Sci., 32, 81~ '

S e e ey

O LDk sy

~ e

.l (Z270). llass Transfer in Eeterogeneous
catacysis.,

M.I.T. Press, Cambridge/London.

SCATCHARD, G., HAMER, W.J. & WwooD, S.E. (31938). Isotonic’
solutions. I. The chemical potential of water in
aquéous solutions of sodium chloride, potassium
chloride, sulphuric acid, sucrose, urea and glycerol
at 25°C. |
J. Am. Chem. Soc., 60, 3061-3070

SCATTERGOOD, E.M. & LIGHTFOOT, E.N. (1968).
. Diffusional interaction in an ion exchange membrane.
Trans.Faraday Soc. 64(5u4l), Part U4, 1135-1146.

SCHLEIERMACHER, A.L.E.F. (1888). Uber die wdrmeleitung der gase.
' Wiedeman Ann. Phys. 34 625-631.

SEEMAN, F. (1950a). Zur cH-Abhdngigkeit des Wasser-
permeabilitat des Protoplasmas. '
Protoplasma 39, 147-175.

SEEMAN, F. (1950b). Der einfluss der Warme und uv-Behstralung

auf die Wasserpermeabilitdt des Protoplasmas.
Protoplasma 39, 535-566.

SEEMAN, F. (1953). Der einfluss von Neutralsalzen und

Nichtleitern auf die Wasserpermeabilitdt des
Protoplasmas. '

Protoplasma 42, 109-132.

SHAPTRO, 1. & PARPART, A.K. (1937). The osmotic propertiecs
of rabbit and human leucoeytes.

J.Ca11. Comp. Physiol. 10, 107-163.



- 241 -

SHEPHERD, W. (1975). Matric water potential of leaf

tissue. Measurement and significance.

SIDEL, V.W. & SOLOMON; A.K. (1857). Entrance of water

into human red cells under an osmotic pressure
gradient.

T A et

J. 2 roicl, ul, 2u3-257,

R

“ey

_ SJOLIN, S. (1954). Resistance of red cells in vitro.
Acta Pediat. 43, Suppl. 8.

SKENE, D.S. (1966). The distribution of growth and

cell division in the fruit of Cox's Orange Pippins.
Annals of Botany 30, 483-512, -

SLATYER, R.O. (1960). Aspects of the tissue-water
* prelationships of an important arid zone species

(Arcacia Aneura F. Muelll) in comparison with two
mesophytes.

Bull. Res. Counc. of Israel, Vol 8D, 159-168

SLATYER, R.0. (1867). Plant-Water Relationships.

Acidemic Press, London & New York.

SMITH, W.H. (1938). Anatomy of the Apple Fruit. Report

of the Food Inv. Board for the year 1937. Dept.

of Scientific and Industrial Research. H.M.S.0.
London.

SMOCK, R.M. and NEUBERT, A.M. (1950)." Apples and Apple

Products. Interscience Publishers, Inc. New York.

SPALDING, D.B. (1972). A novel finite difference formulation

for differential expressions involving both first
and second derivatives.

Int. J. Num. Meth. Engng. 4  551-559,



- 242 -

STADELMANN, E. (1963). Vergleich und Umrechnung von
Permeabilitdtskonstanten fir Wasser. '
Protoplasma 57, 660-718.

STEIN, W.D. (1967). The Movement of Molecules across
' Cell Membranes. Academic Press, New York & London.

STOCKIﬁG, C.2. (1956). Hydration and cell physiology.
In Enculovedia of Plant Physiology. W. Ruhland, ed.

VA1, 2. S~rinser-Verlag, Berlin

STOKES, R.H. & ROBINSON, R.A.  (1966). Interactions

in aqueous nonelectrolyte solutions. I. Solute- -
solvent equilibria.
J. Phys. Chem., 7, 2126-2130

STRACHAN, C.C., MOYLS, A.W., ATKINSON, F.E. & BRITTON, J.E.
(1951). Chemical Composition and Nutritive Value of
British Columbia Tree Fuits. Pub. No. 862. Dept. of
Agriculture. Ottwa.

TAYLOR, A.A. (1961). Determination of moisture equilbriﬁm
in dehydrated foods. Food Tech. 15, 536-539.

TAYLOR, J.B. and ROWLINSON, J.S. (1955). The thermodynamics
of solutions of glucose. Trans. Faraday Soc. 51, 1186-1192.

TIEN, H.T. (1974). Bilayer Lipid Membranes (BLH) -

Theory & Practice. Marcel Dekker, Inc., New York.

TIEN, H.T. & TING, H.P. (1968). Permeation of water
.through bilayer 1lipid membranes.
J.Colloid.Interface Sci. 27, 702-713.

TING, H.P., HUEMOELL, W:A., LALITHA, S., DIANA, A.L. &
"TIEN, H.T. (1968). Properties of black lipid
membranes of chloroplast pigments. '

Biochim.Biophys., Acta 1623, %39-450.



- 243 -

TREYBAL, R.E. (1955). Mass Transfer Operations.McGraw-Hill Book
Co., Inc. New York/Toronto/London.

TSAO, G.T. (1961). Thermal conductivity of two«phase‘materials.
Ind. Eng. Chem. 53 385-397,

TURNER, J.C.R. (1976)." Two-phase conductivity. The electrical
conductance of liguid-fluidized beds of spheres. Chem.
Eng. Sci. 31 487-492. '
ULLRICH, K.J., RUMRICH, G., FUCHS, G. (186u). Wasserperméabibitat
und transtubularer wasserfluss corticaler nephronabschnitte
bei verschiedenen diuresezustanden. '

Pflug. Arch. 280 99-107.

URBICAIN, M.J. and ROTSTEIN, E. (1977)..

. Thermal conductivity
of apples.

Internal Report. Planta Piloto deYIngenieria Quimica.

VAN ARSDEL, W.B. and COPLEY, M.J. (1963). Food Dehydration.
Avi Publishing Co. Westport, Conn.

VOHO, K. and VARO, P. (1975).

re oo

Chemical and organoleptic
evaluation of some Finnish apple varieties. 47, u45-453,

VREEMAN, H.J. (19686). Permeabilitiy of thin pﬁospholipid
films. I. Theoretical description of permeation.
Experimental method and results.

"Kon. Ned. Akad. Wetensch. Proc. Ser. B. 69 5u42-554,
555-563, 56u-577.



- 244 -

WARTIOVAARA, V. (1S44). Permeability of Tolypellopsis celis
for heavy water and methyl alcohol. '
Acta Botan. Fennica. 3% 1 - 22.

WEAST, R.C. ed. (1969). Bandbook of Chemistry and Physiecs. The
Chemicai Ruber Co., Cleveland. ' '

fhoDny welie lu.o SAL-CPATZTIL, HLAL (1978). Matric bound water
of water tissue from succulents. Physiol. Plant.
36, 47-51 ‘

WILSON, J.W. and ROSE, C.W. (1967). The components of leaf

water potential. I. Osmotic and matric potentials.
Aust. J. Bio. Sci. 20, 238-2u7.

WOLF, M, WALKERQ J.E. and KAPSALIS, J.G. (1872). Water

vapor sorption hysteresis in dehydrated food. J.
Agr. Food Chem. 20, 1073-1077.

YOUNG, D.M. and CROWELL, A.D. (1962).

Butterworths, London.

Adsorption of Gases.



