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ABSTRACT

The osmotic behavior of potato tissue immersed in a sucrose

solution has been studied. From the experimental .work, the equilibrium

study has sfown that cell wall influences the shrinkage behayior of the

.

tissue. ' A constant total final volume was found for a wide range of

[

concentrat ions (107 to 40%) of sucrose solutions which seéms to indicate
that the cells are plasmolyzed. It was found that the extracellular
space increases as soon as incipien plasmolysis.is reached. Sucrose
\and water enter the extracellular space so that the cell structure does
not collapse.  There 1is no penetration of sucrose in the\cellular
volume. The experimental measurements of total cell  volume,
extracellular .volume and cellular volume seem to indicate that there is
a loss of the integrity of the cells when the tissue is in equilibrium
with a highly conceﬂkrated sucrose solytion (40% to 60%). A comparison
between the calculated cell volumes from . sorption data and the
experimental» volumes revealed that the calculated total cell volume
matches the cellular volume obtained from experimental measurements for
the whole range of sucrose solutions. Furthermore, one.can predict from
‘the sorption data the behavior 6f the cellular volume. Finally., it was
observed that most of the loss of water from the potato tissue occurs
from the vacuole of the cell. ‘

4'From the kinetic study, it was found that the shrinkage pattern

affects the mass transport phenomena. The variable free surface area of .

mass transfer . (area of extracellular space) influences the depth of
penetration of sugar as well as the difference in chemical potential

between the potato material and the osmotic solution.



A geometrlcal equivalent (Toupin, 1986) was used to develop a model
which debcrxbes the mass transfer of sucrose in potaty material. M was
found that the model proposed’ is able to predict the mass transport
phenomena of potato tissue undergoing an gsmotic treatment in a sucrose

solution.

— T
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CMP1, CSM2, CSM1, CB. €O, C1 and (2

Lumped non linear terms of finite difference equat tons,
Diameter (m)

Standard diffusion coefficient (m2/s).

Diffusion coefficient with respect to the mass average

velocity (mz/s).

Corrected diffusivity with respect to the mass average
velocity (m2/s).

Small increment of 2.

Small increment of 4.

Dilution Factor.

Desintegration per minute.

Void Fraction of the porous structure.
Elastic modulus of the cell wall (N/mz).
Freezing Point Depression (K).

Activity coefficient.

Space increment (m).

Insoluble Solids (7).

Insoluble Solids Loss (7).

Time increment (s).
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m

ML

Compliance factor.

Length of the cell (m).

Macroscopic phenological coefficient (knolz/J mgs).

Vi

Relative partial molar enthalpy.
mASS (kg)i
molality —_——
Molecular weight (keg/kmol)

Mass Loss (7).

Chemical potential.

Mumber of moles (kmol)

Mass flux (kg/mzs).

Osmotic Pressure (Pa).
Hydrostatic Pressure (Pa).
Permeability coefficient (m/s).
Partial pressure of water (Paj.
Pi1 value 3.14159.

Peak Height.

Constant in eq.[4.11].

Variable for Ratti correlation in eq. 3.36° .
SR and 43
Constants used in the Ratti correlation eq. 3,350

Non linear-term for the condition at the interface betwee

two cells.
Water vapor activity.

Matrice Potential.
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v Apparent diffusibility of a porous structure.
oL * Apparent relative molal enthalpy
iy ( Correlation coeff1c1ent

R 'Universal gas consta‘i:(J/kmol K).

Rwm Water transmembrane flux (kg/m2s).
Rwp Water symplastic flux (kg/m2é).
R Radius (m).
p Density (kg/m
pi Volumetrlc mass of component i (kg/m ).
SC Sugar content (h). . )
S6 Sugar gain (7). ' ,
SGD Sugar gain by difference (7).

Si . SUCthH potent1a1 of the cell content also equal to the
[}

osmotic pressure(Pa)

SU Sucrose Uptake (7)

Sz ~ VWater potential of the cell (Pa).
T Tehpetathrg&gK).

To w~‘Refe'ren¢e temperaeyée (K).

TS ~ Total Solids (7%).

Tt’ Thickness of the tissue exposed (m).
6 ﬁ, Time (s).

T - Tortuosity of the porous structure.
v aVerage velocity (m/§).

v Volume (m3).

v Partial molar volume (m3/kmol).
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14 artial massic volune (m3/kg).

W eight fract;on on a dry potato basis.

W Wall Pressure (Pa).

¥ Mass fraction of the wall.

WL Water Loss (7).

W Weight fraction.

X Water Content (kg water / kg dry matter).

X mole fraction.

Y Concentration of Sucrose (mg/ml). =

Z k- -tion of diffusion or space vériable (m).

Superscripts

. ' Referring to the density of the pure component.

b Infinite dilution.

0 indicates a reference quantity or a quantity refgéed to such
reference. : ‘

o Referring to a volume fixed frame of reference.

+ Referring to the cj+1-th cell.

- Referring to the cj-'1-th cell. .

cal indicates a calculated value.

eff Effective.

exp indicates an experihental value.

ft Full turgor conditions.

H Referring to the Hasley correlation.
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Subscripts

cel
cj
cw

s

.dm
fs

mix

0S8

po
pr

J, k

indicates a quantity related to the inside of the cellular

volume.

-indicates a quantity related to the extracellular volume.

Referring to the Ratti correlation. o

Referring to the buffer.

Referring to the cellular volume.

Cellulose |

Indicases a quantity related to the cj-th cell.
Cell wall.

Cytoplasm.

Dish.

Dry ﬁatter.

Free space.

Referring to the extracellular volume.

‘Species. - \

Interface between two cells.

Indicates a quantity related to the transmembrane transport.
mixture. i ,
Referring to a quantity related to the n-th space grid.
Osmotic solution. !
Indicates a quantity related to the symplastic transport. -

Referring to a quantity related to the potato tissue.

Proteins.

e
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Py

“a Vl

o

Pycnometer.

Residue.

.

Sucrose.

Aliquot of the osmotic solution.

Sucrose in the osmotic solusion

Starch.

Indicates a quantity related to the surface of the cell.

Yacuole.
Vial.

Water.
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1. INTRODUCTION

Dehydration is the most important method for preservation of
vegetables apart from freezing and canning. However the removal of
water may considerably reduce the qualiﬁy of these products. A reduced
rehydratability as well as .hnfavorablé changes in color, flavor and
texture ére the most common quality defects of the final products
(Karel, 1975). The most common drying processes used are a}r drying,
vacuum drying and freeze drying. All of these processes usually involve
high operating costs as compared to other unit operations.

Several studies were initiated to improve the quality of the dried
food by immersing the material in é suitable solution of compound prior
to dehydration. The process of drying a plant material immersed in an
osmotic solution has received inéreasing attention. It is regarded as a
potential alternative or supplementary operation to conventional drying
or freezing ~wsses.  The process called osmotic dehydration is an
intermediate step prior to drying, dehydrofreezing and freeze drying
(POpting e; al., 1966; Farkas and Lazar, 1969; Ponting; 1973; Hawkes and
Flink, 1978). ‘

Many authofs have studied different aspects of osmotic dehydration,
such as the choice of the solutes and their concentration in the osmotic
solution, the temperature and time of the treatment, the opportunity to
combine osmosis with other stabilizing techniques and the quality of the

final producté. :

Some of the stated advantages of direct 0Smosis in comparison with
other drying processes include minimized heat damage, less discoloration

of fruit by enzymatie browning (Ponting et al. 1966; Contreras and

e
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Smyrl, 1981), increased ;etention of voNtiles (Flink and Karel, 1970)
improved textural quality (Shipman et al. 1972) and low operating costs
(Bolin et al., 1983). ‘

Karel (1975) reported that, to a certain extent, the immersion of
the plant material in an osmotic solution acts ;s a barrier to )gbe
entrance of oxygen. . \\u),

Chirife et al.(1973) have nbted the importance of the solids
concentration on the retention of vola?iles. Fliqk(1975) has shown that
the retention of volatiles is increased by introducing an “osmotic
treatment prior to freezing as compared to a freeze dried product. From
an organoleptic point of view, the products after’ immersing fruits in
concentrated sucrose solutions are of higher quality than those without
osmotic treatment. Particularly for fruits, the increase in the
sugar/acid rat%o after’osmosis results in a pleasing sweet taste (Dixon

et al.,1977). Taste scores reported by Hawkes and Flink(1978) verify

the acceptability  of apple slices concentrated by sucrose osmotic

) [ ~
solutions.

As reported by Bolin et al.(1983), one of the more’ energy efficient
means of removing moisture from-a food piece is by osmosis, since water
does not go through a phase change.

Shipman et al.(1972) have shown that the immersion of celery in a
glycerol solution prior to air drying improved the textural quality of
the rehydrated product as compared to .the freeze dried or air dried
products.

The quantity and the rate of water removal dgpend on several
variables and processing parameters. In general, it has been shown that

the weight loss in osmosed fruit is increased by increasing the solute



concentration of the osmotic solution, the immersion time, the
temperature and the solution/food ratio.

Numerous authors have pointed out the important role that the
biological structure may play as a living material in the mass tran§port
phenomena of osmosis. Osmotic water removal from fruits 1s possible
because the cell membranes are semi perme@ble and allow for water.to
pass through them more readily than sugar.  Stahl and Loncin (1979}
indicated that cell walls and membranes can influence the rate of
transport of‘cyclohexane in potato tissue. Giangiacomo et él.(1987)
have emphasized the fact that the dynamics of sugar exchange between the
syrup and fruit during osmotic dehydration is not only related to
diffusion but is a complex process involving the original sugars and the
enzymatic activity. They have also observed major differences in mass
transport phenomena between fruits. Consequently, the task of
estimating the process ;arameters becomes more difficult.

Very little has been dene in the area of modelling the mass
transport in plant material during osmosis. It is well known that when
a solid material is placed in a solute containing environment, the
solute will ~be transported through the solid by a diffusion process.
Crank(1875) has made a detailed theoretical description of the diffusion
process. From this, many attempts have been made to model the osmotic
behavior (Hawkes and Flink., 1978; Conway et al..19832. Particularly,
Soddu and 6i0ia(1979) have used the second order Fickian equation with a
diffusivity corrected by the void fractiop and the tortuoéity in order
to model sugar diffusing in sugar beet tissue. They found” that the

prediction was unsatisfactory in the case of fresh beets. However,
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better agreement was observedl fér badly damaged beet. Conwa; et
51.(1983) have used also the diffusion equation with an empirically
corrected diffusion coefficient. Beyond transport related to ¢iffusion,
1t is possible for other mechanisms to be of importance with respect to
overall mass transport in case of an osmotic treatment .

An alternative abproadh‘is to recognize the actual cellular tissue
structure of+ the foodstuff and to develop a predictive equation. A
formal description of the tissue structure in the modelling of the
drying of plant material was examined by Crapiste et al.(1984). Some
work has been donf on the modelling of the fundamentals of water
relations in plant tissue but most of these models were developed to
describe the behavior of the tissue between full tﬁrgor and zero turgor
pressure and allow only for the water accounting (Philip, 1938abc: Molz
and Hornberger, 1973: Molz and Ikenberry, 1974; Molz, 1976; Molz. 1979).
The first attempt at modelling the mass transpd%t phenomena in plant
material upon osmosis was done by Toupin(19%86) taking iﬂto account thé
cellular structure of the tissue.

The objective of the present study wag to investigate the osmot jc

: .

behavior of a simple system e. g., the treatment by immersion of potato

tissue 1n a sucrose « °* . ‘rom an experimental point of view and a
modelling point of -« xperimental work was divided into two
parts: the equilibri the kinetic study. The equilibrium
study was performed 1@ . e shrinkage of the potato tissue as

well as to determine ‘;‘rium concentration of sucrose in the
structure, whereas the kiNWPTC study was conducted to establish the

spatial distribution of water and sucrose inside the plant material. A

model was developed taking into account the cellular structure of the



potato tissue. Validation of the model was done by comparing the
experimental sucrose concentration values of the slices to the
calculated sucrose concentration value of the slices for a 1 hour

osmotic treatment in a 60% sucrose solution at 40°C.



2. REVIEW OF THE GENERAL ASPECTS OF AN OSMOTIC TREATMENT

In this review, applications of the principle of osmosis for food
processes, will be presented with particular attention to osmotic
dehydration. The osmotic water removal process will be defined. This
will be followed by a discussion of some important parameters involved
in the osmotic prorvSs such as the pretreatments. the temperature and
the time of the treatment, the composition and the concentration of the
osmotic solution, and the properties of plant materials. FinZle,

existing models will be outlined.

2.1 Applications of the Osmotic Process in the Food Area

the applications of the principle of osmosis to food processes for
dehydration or freezing purposes have been primarly motivated by
economical factors (Bolin et al., 1983) and the quality improvement of
the final products (Flink, 1975). Although osmosis has been known for

ages, 1n recent vears there has heen an increasing interest in the

L
rd

ProCcess.,

The preservation of food. particularly vegetables and fruits, is

mostly done by dehvdration.  Dehvdrated products can be stored and
transported at  low costs. However.  the  removal of water may
considerably reduce the quality of these products. Tough. "woodv

texture': slow or incomplete rehvdration: and loss of julciness typical

of fresh food are the most common quality defects of dehvdrated food

(Karel. 1975) as well as unfavorable changes in color and flavor. It is

generally well known that the highest quality dry food prodeets are

produced by freeze drying. At the same time. this technique is one of
\

the most expensive unit operations. “



The process of osmosis has Ween proposed often as a first step
followed by any kind of drying operation such as air drying, vaeNum
drying, or freeze drying. The plant material is immersed in an aqheous
solution of certain compounds such as glycerol, ethanol, sugar or/and
salt to partially dehydrate the food in order to reduce the load of
water at the further drying step and to improve the qual}ry of the final
product.  Today, this process is named osmotic dehydratibpn.

Ponting et al.(1966) first suggested a process for & reduction in
weight of 50% by osmotic dehydration after which the apples were either
ffng;T\;Tt dried. or vacuum dried. Sucrose or invert sugar were used.
The advantages were superior quality product, and little or no need for
sulﬁn*dioxhk*}roatment which impairs the flavor of the product.

Farkas and Lazar(1969) initiated the study to determine the
foasihility of the osmotic drving oﬁz‘ﬁpples prior to freezing: the
conventional process being an air drying step followed by freestng.
Apples were compared favorably g}rh the conventional dehvdrofrozen
fruits but fruit costs would be 25%-50% higher.

Penting(1973) observed that osmotic air dried products are high in
quality immediately after drying but are unstable during storage whereas
stored fruits obtained from an osmotic water removal step followed hy
vaccuum drying are very stable even upon storage.

Flink(1975) pointed out that the freeze dried product flavor
quality depends primarly &n the initial solids content and the rate of
freezing. FEarlier. Chirife et al.-(1973) established’n})\at for low soliés
concentration (below 10%-20%). if the solids concentration is increased
the retention of volatiles is greatly improved. When the initial solids

concentration 1s greater than 25%, there is little effect of further



increases on the retention of Jvolatiles. An osmotic treatment of fruits
in a 60% sucrose solution was used in order to increase the initial
solids content prior to slow freeze drying. From an organoleptic peint
of view, a clear superior preference ranking was found for most of these
fruits. .

Hawkes and Flink(lﬂ?@) emphasized that tho‘organolOptiv quality of
freeze dried fruit products can be improved by increasing the solids
content of the food material.to levels of 257 to 35%. This also results
imna reduction of the water load to the freeze drier. They also
investigated the possibility of binary mixtures for the osmotic solution
using the following compounds. lactose. maltodextrin, sucrose and salt
mixtures.

FLink(19%0) showed that osmotic concentration can be used as a step
prior to freeze drying to vield food products of improved stability not
only for fruits but also for vegetables. Less freeze drving time was
vequired.  Binary mixtures of salt/sugar were used.

An osmotic  step also has  heen proposed prior to freezing.
Le Maguer and Biswal(1984) suggested a dehydrocooling process.  This
would simultaneously cool and remove water by osmosis from vegetables
before they are frozen by traditional freezing methods. Since freezing
of food materials is an energy intensive process. a partial removal of
water prior to this operation reduces energy consumption significantly..

Freezing methodology of fruits and vegetables wusing direct
immersion  In  aqueous media  has  also  been extensively  studied
(Fennema. 1973). Robertson et al.(1976) pointed out the fact that when
the heac transfer fluid is an aqueous medium, such as a sodium chloride

solution. the uptake of solute by the product and. subsequent solute



related flavor changes and requirement for periodic replacement of the
medium can be disadvantageous.  They investigated the freezing of
vegetables in a 237 NaCl solution. Mechanical and washing procedures
were used to reduce the amount of residual freezant. Salt residuals
compared  favorably with the values reported for Nanned  and
remanufactured  products. Preliminary  cost analysig indicated
competitiveness of the method to the Air~b1Q§‘ freezing method.

Cipoletti et al.(1977) compared air blast frozen vegetables and
aqueous freezant (AF) (157 NaCl. 157 ethanol) frozen vegetables. In
organoleptic ratings the AF frozen vegetables  were  statistically
indistiguishable from air-blast frozen vegetables.

Elias(1978) reported that direct immersion of vegetables in an
aqueous freezant of 157% NaCl and 15% ethanol requires 257 less energy
than the conventional air blasting technique.  Furthermore. he found
that freezing was accomplished in just 2 minutes instead of the 125
minutes exposure required by blast freezers.

Karel (1975) reported that intermediate moisture foods (I.M.F.) have

received attention since the development of new products based on the

following technological principles: lowering the water activity by

adding a solute, such as glvcerol. sucrose, glucose. or =salt and
retarding microbial growth by adding antimicrobial agents (primarly
antimycotic) such as propylene glveol and/or sorbie acid. These 1.M.F.
are produced with an osmotic treatment. The initial impact of this
technology was found in the area of pet foods. More recently. the
development of [.M.F. for human consumpt ion has been encouraged by the

American military and the NASA. .

.
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In recent years, fresh fruits and vegetables are increasing in'

popularity for consumption as compareq/ to canned and frozen fruits

(Shewfelt, 1987). A growing trend is Péerging, however, as many of the

large food processing companies have decided to market living, respiring

plant  tissue. .In order to satisfy the growing market demand for

commodities in a "fresh-Like" state. minimal processings. such as low
¢level drradiation. packae g, etel will be inereagingly nsod.

Maltini and Torregiani(19s6) examined the possibility of obtaining.,
by an osmotic treatment in a sucrose solution, a shelf stable product
with no need f()r"\furthvr treatment and less preservat i‘vv,\x Thase fruit
products could be eaten as they are.  The product considered shelf
stable shows a water activity hetween 0.94-0.97 and a4 water content in
the range of 63% to 5% whereas by definition I.M.F. are foods with a
water activity between 0.65-0.90 with a water content in the range of
200 to 50%.  Initial contamination 1s of primary importance in such
process but good quality shelf stable products have been obtained.

As we can see, the use of an osmotic trea™ment as a unit operation
has already been applied widely in the food area. Fig. 2.1 summarizes a

flowsheet of methods using an osmotic step for food processes.

2.2 Definition of the Osmotic Water Removal Process

According to Karel(1975) the process of riv%wii‘\ziﬁ;inn of the plant
material immersed in an aqueous solution 1s charagterized by at least
two major and simultaneous counter-current flows. Fig. 2.2 shows that

water comes out from the bioPogical structure to the osmoticum and

solutes migrate from the osmotic solution to the tissue. There is also
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SLICED OR DICED |

PLANT MATERIAL

OSMOTIC STEP

CONCENTRATION

% |Intermediate Moisture Foods
%% Shelf Stable Foods )

OF THE SOLUTION
/F
BLANCHING |
I.LM.F.*
OF «x
S.S.F FREEZE AIR YACUUM
Fr%';_en DRYING| |DRYING| | DRYING
Foods 4 - |
FREEZING

Fig.»2.1 Flowsheet of Methods using an Osmotic
Step for Food Processes.
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Fig. 2.2 Fluxés Involved in an Osmotic Treatment
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: "—\\a less important migration of soluble solutes such as organic acids,

\

migerals and vitamins from the tissue to the osmoticum .
R

’

2.3 Important Parameters in the Osmotic Process

The characteristics of ‘the product are controlled mostly by the

‘hﬁstory of the raw material, the temperature and the time duration of

the osmotic treatment, the composition %2g) the concentration of the
osmotic solution,(@nd ftmally the properties of the plant material.
2.3.1 Pretreatments |

It was observed by Ponting(1973) that any treatment such as
blanching or freezing pridr to the osmotic water removal treatment is
detrimental to the process. 0Osmotic dehydration is possible. because of
the selective permeability of the cell membranes. At this stage,
killing or disrupting the cells results in poor osmosis allowing a
greater uptake of sugar for a lower loss of water.

Some chemical pretreatments have been developed in order to improve
the osmotic dehydration. Since drying by osmosis results in the passage

of the solute into the dehydrated items which can be objectionable in

some products, the concept of a membrane cast such as calcium pectate

.~ around the food to be dehydrated was developed by Camirand et al.(1968).

For fruits, this coating technique was no more efficient than normal
osmotic.dehydration. With other foodstuffs such as fish and meat this

technique proved to be very effective.
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2.3.2 Temperature of the Osmotic Treatment

Ponting et al.(1966) and Lenart and Flink(1984b) found that the
rate of osmosis is markedly affected by temperature. Although the raté
increases with temperature, there is a limit, perhaps 60°C, above which
. the cell membranes are destroyed. Consequentiy, poor Jg?bulté are

obtained in further osmotic water removal.

2.3.3 Time Duration of the Osmotic Treatment

Most of the studies on osmotic dehydration have been conducted in
batch systems with highly concentrated sucrose solutions. Keeping the
concentration of the solution constant, an increase of the contact time
results in an increased weight loss or, simply, more effectiwe
dehydration (Ponting et al., 1966; Farkas and Lazar, 1969). Although\
the weight loss increases as a function of the time of osmosis, the rate

weight loss decreases.

Fig. 2.3. shows, schematically, how the water content and sugar
concentration change with time in fruit pieqes exposed to concentrated
sugar solutions. The rate of water removal, which is characterized by
the tangent at each point of the curve representing the water content in
fruit, is maximum at the beginning of the process and the differenceq
between the rate of sucrose uptake and the rate of water loss is maximum
at the beginning of the treatment too. It is obvious that if the
process 1s interrupted early, a.vconsiderable amount of water can be
removed without a great deal of sugar uptake (Karel. 1975). Therefore
the time duration of the osmotic¢ treatment should be kep; as short as

possible in order to achieve 4 good dehvdration.” According to Hawkes

and Flink(1978), Giangiacomo et al.(1987) and Torreggiani et ai.(lQRT)

]



Fig. 2.3 has been removed due to the unavailability

of copyright permission.

¢

Fig. 2.3 Approach to Equidibrium Water and Sugar
Contents during Osmotic Drying (Karel, 1975).
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the maximum mass exchange takes place within the first two hours of an
osmotic treatment. This is particularly significant for the design of a

continuous contactor.

2.3.4 Composition and Concentration of the Osmotic Solution

| The choice of the solute and the concentration employed depesd upon
several factors. The 2 most important factors are the organoleptic
evaluation of the final product and the cost of the solute. The
solubility of the solute in water is also crucial. This determines the
max imum possible concentration in the osmotié solution. The capacity of
the compound to lower the water activity will also affect the driving
force responsible for the mass transport. Also, it is not Aesirable to
have a.solute that can react with the final product. Several étuéies
have been done using different aqueous media. The solutes were calcium
chloride, sodium chloride, ethanol, sucrose, lactose, high fructose Corn
syrup(HFCS) and glycerol. The properties of the soiutes as well as

their sensory effects on the final product are discussed.

Calcium Chloride

Ponting et al.(1972) reported that calcium treatment of apples is
the usual and historical method for incréasing firmness. A calcium
chloride dip was effective in preserving textu;e over an extended
storage period, as well as havihg a synergistic effect with asforbic
acid or sulfur dioxide in pré?enting browning. However, Ponting et al.
(1972) observed also that calcium chloride should be used in small

quantity at concentrations below 0.5% otherwise it was found to cause

bitterness. This was observed also by Cipoletti et al.(1977).
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Therefore, the use of calcium chloride should be . limited to its
preservative effects as a secondary constituent of the osmotic solution.
Sodium Chloride 4

According to.Hawke; and Flink(1978), 25% sodism chloride is by far
the best osmotic solution. It penetrates the tissue very fast thus, it
increases the total solids in a very short time prior to freeze drying.
Hlowever:, the ability to use sodium chloride is limited by its saltiness
especially in the case of fruits. Flink(1980) reported that the
limiting concentration of salt in the osmotic solution, in order to have
a satisfactory product from an organoleptic point of view, should
probably be around 107, |

Speck(1977) found that air dried food, with an osmotic treatment in
a 107% sodium chloride solution as a prestep, reached a higher degree of
reconstitution than the non-treated air dried carrots. lowever, the
calcium concentration in the tissue decreased by up to 37% due to the
exchange of éalg}um with sodium ion.

According to Fennema(1975) polyphenoloxidases are apparently
inhibited by chloride ions but the mechanism is not clear. Immersion of
the cut fruits in a dilute’solution of sodium chloride (1% to 3%) is a
method often useQ)during the interval between the cutting and freezing.

Lenart %nd Flink(1984a) pointed out the importance of the ability

of the salt to lower the water activity compared to sucrose for the same

level of concentration.
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Ethanol - '

Ethanol has been used in order t; decrease the viscosity and the
freezing point of the osmotic solution in the dehydrocooling process és
suggested by Le Maguer and Biswal(1984) and in the freezing process
using an aqueous media as proposed by Cipoletti et al.(1977).

The latter authors reported that the organoleptic evaluation of the
frozen diced carrots in this solution indicated a slight medicinal
aftertaste caused by the ethanol. In order to block this aftertaste,
predipping in a sucrose solution‘followed by freezing in the aqueous

freezant 15% NaCl and 157 ethanol was used satisfactorily.

Sucrose .

Good results have already been obtained using osmotic dehydration
in a sugar solution prior to any drying or freezing operation (Ponting
et al., 1966: Ponting, 1973; Farkas and Lazar. 1969: Flink, 1975).

Karel(1975) reported, that to a certain extent, the immersion of
plant material in a sugar solution acts as a barrier to the entrance of
oxygen. (onsequently, enzymatic browning #s reduced.

Dixon et al.(1974) observed that t® substantial increase in the
sugar/acid ratio obtained in oéﬁotic dehydration of apples as a presdep
resulted in a wide appeal for the product. However, th; product
rehydrates only up to 70% of its original weight (Farkas and Lazar,
1969) .

.

According to Flink and Karel(1970), carbohydrates promote the
retention of volatiles whereas the ionic solute chloride does not.
Mono-and disaccharides generally are more effective in promoting the

retentiom than the polysaccharide dextran.
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Finally, sucrose, being an accepted high purity food available at
—relatively low cost, is one of the top ranking choices. The sweetness
of sucrose is one of thealimitations in applications to vegetable

s

processing.

Lactose, High Fructose Corn Syrup (HFCS) and Glycerol

Hawkes and Flink(1978) questioned the economic feasibility of using
sucrose by suggesting lactose as substitute for sucrose with food
materials requiring legs sweetening.

Lactosg may become available in increasing quantities as cheese
vheys are recovered and fractionated to recover proteins. leaving a
Iactose‘rich fraction.

The solubility limit of lactose in water (around 25%) allow fog the
Jlactose to be only a partial substitute for SUCrose., Even in dry
system, Hawkes and Flink(1978) found that a cake taver of lactose forms
a barrier around the fruit piece preventing further transport of water
from the sample.

S

Cipoletti et al.(1977) pointed out that compounds such as sucrose,
lactose etc. are not suitable for the composition of an aqueous
freezant.  The solution viscosity at low temperature is'xcessivoly
increased.

Bolin et al.(1983) found that the rate of penetration into the
fruit pieces was faster with’ high fructose corn syrup than sucrose.
They also observed from the taste panel evaluation that sucrose solution
was preferred as an ?smotic medium over HF(S.

Shipman et al.(1972) have shown that the immersion of celery in’a

glycerol solution prior to air drying improved the textural quality of

/
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the rehydrated product as compared to the freeze dried or air dried

products.

As a general rule, for the same contact time the increase of the
solution concentration results in a more effective osmotic dehydrat ion
(Ponting et al., 1966; Farkas and Lazar, 1969: Hawkes and Flink. 1978).

Binary mixtures of salt and sucrose were found to bhe more effective
than sucrose aione by Islam and Flink(1982), Flink(1920) and Lenart and
Flink(1934b).  They combine the properties of both solutes: capability
of lowering the water activity for the salt and high water removal
effect of the sucrose. The penetration of salt in the tissue. which can
be organoleptically unfavorable. is limited by the sucrose. The salt
hinders the shrinkage at the surface laver occurring mostly with sucrose
solution immersion. |

The numerous possibilities of combinations of !soluros in  the
osmotic solution allow for its optimization in terms of maximum water
removal, minimum solute gain. maximum organoleptic quality of the
product, and minimum solutes cost. More recently, the findings of
Glangiacomo -t al.(1987) emphasized the fact that the dynamics of sugar
exchange between the osmotic solution and the fruits is not only related

.
to the mass transfer but also involves the original sugars in the fruits
and the enzymatic activity. _ Hydrolysis of sucrose is freduently
observed in fruits and vegetables, especially upon storage. (langiacomo
et al.(1987) also pointed out tﬂe importance of the relative selection

of the sugars for the osmotic solution and its optimization with respect

to the desirable sugar blend in the products.
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From a processing point of view, the use of highly concentrated
sugar solutions usually brings about $vwo major problems. The viscosity
1s 50 large that agitation is necessary in order to decrease the
resistance to the mass transfer on the solution side (Hawkes and Flink,
1978) and, because of the difference in density between the osmoticum
and the tissue, the product floats in the bath solution (Farkas and
Lazar, 1969).

Finally, as reported by Bolin et al.(1983), for the process to be

cconomically feasible the solution would have to be recirculated.
2.3.5 Properties of the plant Material

2.3.5.1 Variation in the Behavior of Plant Materials upon (smosis

According to Ponting(1973), there is a wide variation in the
physical nature of fruits which is reflected in .osmotically dried
products. For example, because of the excessive loss of jutce, tomatoes
and citrus fruits are poorly suited to osmotic drying whereas it is a
very successful process for appl®®, bananas etc.

Flink(1975) found that under the same conditions of osmosis, the
increase in solids concentration Lg”?fht plant material varies with

)

respect to the kind of fruits. R

Numerous authors have reportedJ'}exrural differences of tissue
immersed in either sugar\ﬂr salt solutions. Sugar is known to give a
firming of the tissue and salt a softening. Lenart and Flink(1984b)
emphasized that these observed textural differences should be reflected

In the tissue mass Q{ansport data. The same authors pointed out that

the ultimate effect of cellular dehydration on transport properties will
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depend on tissue properties, especially the intercellular space present
in the tissue and the amount of insoluble solids.

Giangiacomo et al.(1987) observed that the difference between the
data obtained for cherries and peaches under the same conditions of
0smosis seems to involve the intrinsic properties of these two fruits
such as the structure and the compactness of the tissue.

Stahl and Lonein(1979) investigated the diffusion of cvelohexane in
potaYo tissue. They indicated that cell walls and membranes ~can
influence the diffusion behavior. .

Bevond the mass transport properties of the tissue. it is possibhle
for other mechanisms to be of importance. As suggested by Lenart and
Elink(iﬂﬂ4h). the shrinkage observed in case of immersion in a sucrose
solution could result in a tissue structure having reduced transport
properties. More generally. any structural changes occuring during
osmotic dehydration may also influence the transport properties of the
tissue.

[he mass transport phenomenon occuring in plant tissue upon osmosis
volves complex mechanisms most of them controlled by the plant cells.
In order 1o underétand and explain this complex phenomenon. the
fundamental aspects of the water relations of plant cells as established

by plant physiologists now will he discussed.

2.3.5.2 Description of a Single Plant Cell
[t is well known that a relative coherence exists in the plant
tissue  Parenchymatous cells are the most common cell type and may form

up to SO% of the total cell complement of plant storage tissue. They
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are the dom{pant type in most roots, shoots, leaves, and fruits (Hall et
al., 1982).

One of the assumptions often made to simplify discussions of
plant-water relations is to consider that a typical plant cell consists
of a vacuole, a cell wall, and a layer of cytoplasm between the vacuole
and fhe cell wall. Tﬁo membrane whigh separates the vacuole from the
cytoplasm (i. e., the tonoplast) and the plasma membrane which surrounds
the cytoplasm daatrols the passage of substances from one compartment to
another (Noggle and Fritz, 1976). The vacuole. the cytoplasm, and the
tonoplast, and the plasmalemma constitute the protoplast.  Fig. 2.4
shows the simplified representation of the plant cell.

[t is generally well known that the most important organ
controlling the osmosis phenomenon is the plasma membrane (Nobel, 1983).
Osmosis occurs so long as solute is restricted compared to water
movement. A semi permeable membrane is defined as a membrane in which
the solvent molecules would penetrate readily while solute particles
would not penetrate at all. The permeability is the parameter which
represents the reciprocal of the resistance to mass transport across the
membrane.

The turgidity of a living plant cell has a considerable
significance to its physiof!!gral well-being. The elastic nature of the

‘ghfll wall is important in turgor maintenance. If the cell walls were
inelastic under usual changes in environmental conditions either the
protoplast would separate from the wall. or if this did not occur the
wall would be pulled inward with the shrinking protoplast and would
buckle or rupture (Dale and Sutcliffe. 1959). Under natural growing

conditions, a cell is usually at a state between zero turgor (incipient
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plasmolyéis) and full turgor. Incipient plasmolysis represents the

state at which the chemical potential of the cell and the outside ,

environment are equal. It +is also we}l known that changes in water
content of plant cells ‘occur fEequently under. normal changes in
enviropmental conditione. Aceompanyiqg these changes in water centeﬁt
will be changes in cell volume. Cell volumes are reported to change by

as much as 207-307 (Noggle and Fritz, 1976) .

2.3.5.3 Behavior of a Single Cell upon Osmosis

fﬁe iescription of single plant cell behavior upon immersion in an
osmotic medium will now be described. Plasmolysis is a phenomenon
occurring oni: in plant cel's. It is defined as the separation of the

protoplast of the plant cell from the cell wall due to tﬁe efflux of

" water from the,cell.

An isotonic solution is defined as a solﬁtion w1th a chemical

potential equal to the chemical potential of thewcell - An hypertonrc

g

solution is defined as a solution whose chemf&al potent1ql {s- hlgher
8 &

than the chemical potential bf the cell When a 31ngle cell is 1mmérsed

in an hypertonic solution there wlll be a net movement of water out of

the cells and into the QSmOth solutlon. This phenomenon is referred to
. _

. . e, .
as. gemosis. Usually sugars sugh‘as:glucosexor'sucrose or §%&§s“such as

: : « : Lo e
potassium nitrate yare used to prepare plasmolyzing solutions.
NOggle and'Fritz(1976) reported that a close observation under a
l‘

microscope of a 81ng1e cell w1}3 rev%ﬁI"xhat the cell loses its turvor

in a shorultlme the vacuole shrinks; the volume of the protoplast

- deerggzes, and the protoplast beparateb away from the wall. The space

betueen the protoplast and the cell wall becomes filled with the

A
- \

?

A
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plasmolyzing solution. The extent of which the cell will plasmolyze is

function of the concentratiop of the osmotic solution as it is shown on

fig. 2.5. If the plasmolyzed cell remains in a certain plasmolyzing
, ’

solution, it may recover from plasmolysis. The recovery will depend on

the ability of the dissolved solute in the external plasmolyzing
!

solution to penetrate through the protoplasmic layer and into the -

vacuole (Kedem and Katchalsky, 1958). The more rapidly the solute
permeates into tle vacuole, the more ragidly will deplasmolysis take

N

place (e. g., plasmolysis with an ethanol solution).

2.3.5.4 Transport of Water and Solute in Plant Cell

Fig. 2.6 shows the pathway that a compound may take into a single

cell from an gsmosis point of view. During the .passage .of a substance

from the outside of the plant material i@ 1ts interior or vice-versa,
several stages are observed. = Generally the passage of solute and
solvent from the external into the intercellular space and céll wvall or
vice-versa is readkly accomplished by diffusion. Even though the plant
cell wall consists of two main components, cellulose and non cellulosic
polysaccharides, water forms a large portion 6f the cell wall.
Generally, water and d%%solved nutrient molecules and ions, as well as
dissolved metabolites of the size of glucose, sucrose, amino acids, etc.
readily diffuse across the cell wall. Only when the compoundwreaches
the exterior surface of the protoplast of a plant cell does it e?counter
an effective barrier. Tﬁus, the’ plasmalemﬁa has +the ghility to

¥

; )
discriminate among different chemical sgecies and to separate the

. i '”- . .
interior of the plant cell frow. the outside) environment. Once inside

o7 T
;.

.

-~ 2



Fig.‘g;i_has been removed due to the unavailability

\\

of copyright permission.

#Fig. 2.5 Plasmolysis of a Plant Cell: h, cell wall; p,
protoplasmic layer; k, nucleus; c, chloroplast;
s, vacuolar sap; e, potassium nitrate solution
(A) Section of parenchymatus cell of the
immature florescence of Lephalio 7evcelhs
(B) Same cell in a 4% solution of potassium
nitrate (C) Same in a 6% solution of potassium ¢
nitrate (D) Same cell in a 108 solution of
potassium nitrate. '

After de Vries (1877)
Noggle and Fritz(1976)
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Fig. 2.6 Pathways for a Compound into a Single Cell.
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the protoplast the species can be stored in the cytoplasm or in the

vacuole or, it cag be ‘transported to another cell etc.

2.3.5.5 Behavior of the Whole Tissue upon Osmosis

Nowadays, although the water relations in a single plant cell is
adequately described and well understood,-the events are complicated
whenmosmbsis 1s applied to the whole plant tissue structure.

As indicated iﬁ fig. 2.7 three accepted pathways that a solute or
solvent may follow ﬁhile traversing a plant tissue have been identified
as being responsible for the behavior of the plant material upon
vgsmosis.

The apoplast which is exterior to the cell membrane and is
visualize as a diffusion of molecules in the cell wall and the
intercellular spaces between cells.

The discovery of the plasmodesmata led to another pathway. The
;gymplast ‘is interior to the plasmalemma and is characterized by a
khovement of molecul®¥s from one cell to another through small channels.

Finally, the transmembrane transport is an exchange between the
protoplast and the free space which comprises the intercellular space
and the cell wall.

It is obvious that the rate of swelling or shrinking of a plant
tissue immersed in an osmotic solution will depend on both extracellular
solute diffusion and cell membrane permeation if we consider that there
1s no particular relation between cells. The behavior of the whole
tissue is the same as the behavior of a single cell as it'is shown in

fig. 2.8a. However, fig. 2.8b shows that an alternative picture is also

possible when considering the importance of the relation between cells.

<
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Fig. 2.7 Mechanisms of Mass Transfer inside the
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Fig. 2.8 Different Pictures for the Behavior of the
‘Plant Material upon Osmosis.
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A change in the concentration of the osmoticum is sensed by the surface
of the cells and the preferential pathway for the solvent can tak¢ place
fntirely from cell to cell through the plasmodesmata and not thrpugh the
extracellular space. Whether or ggt the apoplast or the Symplaét
pathway for water is the more impa{£ant if plant tissue will indicate
which of the two pictures are®correct. It might vary for different plant

tissues.

2.4 Existing Models

When a solid material is placed in a solute containing environment,
the solute will be transported through diffusion. The diffusive
transfe; of solutes from a\solid to a surrounﬂing solvent or vice-versa
i1s used widely in the food industry (i. e., desalting .of pickles.
extraction of oil and sugar etc;).

In such processes, the molecular diffusion in the solid, which is
slow, controls.  Since biological tissues are essentially porous or
cellular solids in which a gas and/or a liquid are immobilized in a
solid matrix. the rate of mass transfer can be approximately predicted
by appropriate solutions of the simplified unsteady state second Fickian
equation provided that the apparent or effective diffusivity is known.
The transfer is assumed to be unidirectional and the effects of the
~other components on the diffusion of the solute are negligible.

- .
& i, (‘)[ ac.} '
(2.1]

- D. 1
_W 75 17—.2
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Crank(1975) has made a detailed theoretical analysis
diffusion process. Analytical solutions of eq.[2.1] are avaiigif;N;::\Q>
idealized geometries (i. e., spheres, infinite cylinders, infinite
slabs, and semi infinite media). ' For these analytical solutions of the
unsteady state Fickian diffusion model to apply, it is necessary either
to keep the external solution concentration constant or to have a fixed
volume of solution. A constant diffusion coefficient diffusion also is
assumed. The resistance at the:surface of the solid is assumed to be
negligible compared to the internal diffusion resistance in the solid.

If diffusion takes place in porous media the effective diffusivity
is lower than the diffusion coefficient in the absence of a porous
medium. In which case, we can relate the diffusivity of that specles in
solution to the apparent diffusivity in a porous solid by a correction
factor that contains the void fraction and the tortuosity.

Soddy and Gioia(1979) tried to model the process of sugar diffusing
from a beet immersed in water using a solution of the unsteady state
second order Fickian equation with an effective diffusion coefficient
corrected by the void fraction and the tortuosity. They found that the
comparison was quite unsatisfactory, especially for the experimental
data regarding fresh sugar beets. However better agreement was observed
for badly damaged beets. It is obvious that when cells are viable they
play a role in the overall mass transfer.

More recently, Conway et al.(1983) considered, for the purpose of
modelling. that only a simple diffusion of water was occurring upon
osmotic dekydration of apples in a sucrose solution. The solution given

by Crank(1975) of the second order Fickian equation was used to
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calculate the theoretical moisture ratio and to compare with the

experimentally determined ones. It was found empirically that the

logarithm of the diffusivity decreased linearly with the sucro;E:>

concentration of the solution and the reciprocal of the temperature.
There was als% an interaction between the temperature term and the
sucrose concentration of the solution.

flawkes and  Flink(1978) tried to quantify thé so-called mass
transfer coefficient by plotting the normalized solids content of the
apple slices (percent total solids change based on the initfal total
sblids) versus the square root of time and valcu}ating the slope at each
point of the curve in order to compare different svstems (i. e..
different osmotic solutions). This procedure is a standard method of
estimating diffusion coefficients assuming an unsteady state Fickian
diffusion in a semi.infinite medium.

The conditions assumed in order to use the solution for the
unsteady state Fickian equation do not necessarily simulate an osmotic
process as 1n osmosis, there is usually more than one important flux.
Also shrinkage occurs.

Lerici et al.(1985) pointed out that to characterize an osmotic
treatment it is important to take into account not only the weight
reduction and the water loss but also the solids gain.

Another approach was used by Guenneugues(1986) in order to model
the overall mass transfer in multicomponent system occurring in plant
tissue upon osmosis. In this work, mass transfer was approached from
the standpoint of irreversible thermodynamics taking into account the
fluxes of the different components of the system and the interactions

between the different flows. .
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Lenart and Flink(1984b) found that the shrinkage is an important

factor to be taken into account for the mass transport data.
calculations. Its spatial distribution inside the tissue was evaluated
based on the distribution of moisture content for the slicd as used by
Suzuki et al.(1976) in drying. For osmosis with sucrose solution and
salt sol;tion. if the shrinkage is ineluded in the calculations, the
sugar gain levels fall and the water loss levels rise significantly.

The recent trend of invlﬂiing a formal description of the tissue
structure in the modelling of’{he drying of plant material was recently
examined hy Crapiste et al. (19%4) in their studies of air dehydration of
foodstuff.

Complex mechanisms of transports such as diffusion outside the
protoplast. transmembrane transfers. and interconnections between cells
are known to be present and should be taken into account .

Furthermore., a lot of work has been done on the modelling of the
water relations in plant tissue. Most of the models o the fundamentals
of water relations in plant tissues have been developed in order to
describe the behavior of the tissue between full turgor and zero turgor
since it is occurring under natural growing conditions and allow only
for the water accounting.

Philip(195%a,b.c) considered the water exchange between a linear
aggregation of cells through their membranes. He pointed out that the
assumption that diffusion and osmotic phenomena in whole pieces of
tissue are analoguous to that in a single cell is not justified. The
development was made for non permeating solutes.

Using the irreversihle thermodynamic  approach  (Kedem and

Katchalsky. 193%; Dainty. 1963). Molz and Hornberger(1973) extended the
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model develapped by Phlllp(l%aﬁa b,c) to include the effects of a
diffusible solute. -

Molz and Ikenberry lgzn)m‘developed a theory which allows for a
water flux in the co?l wa‘T.p.{hway as well as transport from cell to
cell through their membranes.

Finally, Molz(1976) introduced a model which allows for the ;;teg
flow through the apoplasm and the symplasm of the plant tissue for non
diffusing solutes.  Both are accepted pathways that a solvent or solute
may follow.

[he microscopic description of the mass transport phenomena in
pla rage tissue seems to offer the greatest potential in modelling

the - transfer in vegetables and fruits upon osmotic dehydration. It

has been put forward by hysiologists and used to model the air

dehydration of foodstuff with =wecessful results.

More recently, Toupin(19%6) developed a model on the mass transport
phenomena in plant material based on the model presented by Molz et
al. (1979) . Diffusion of impermeable and permeable SpPCi;S in the matrix
was considered as well as the shrinkage of the whole structure. The
results obtained were satisfactory although many of the ;;rameters of
the cell and the tissue were estimated and adjusted because of the lack
of experimental data. Very little work has been done on the
measurements of the spatial distribution of the osmotic effect and the
“quilibrium parameters as compared to the drving process for example.
toupin(1986) showed. with sufficient evidence, that the transport of

matter across hiological membranes is properly dealt within the theory

of thermodynamics of irreversible process and the permeability data of
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these membranes can be obtained. The\model was compared satisfactorily
w1th.e£%er1mental measuremeffts in terms of cell volume changes.
According to Toupin(1986), a cell can be simplified further in
terms of mass transport due to osmosis (fig. 2.9). The cellular volume
comprises the vacuole, the ‘tonoplast, and the cytoplasm. The
plasmalemma controls osmosis by its selective permeability and  the
extracellular volume includes the intercellular space and the cell wall.
Most of the problems of the model developed by Toupin arose in the
doscription of the tissue behavior. First, some assumptions have been
made in order to deal with the global structural changes of the tissue
or shrinkage. Three stages of dehydration were assumed. In the first
Srage. the global change in volume"~¢~ equal to the change in the
Cellular volume which comprises the cytoplasm, the tonoplast® and the
»acuole The*second .stage -1s characterized hy a constant total volume
of the, tissue. 5 The ghlrd qraaa 1§f;SSF. in order to describe the
\hrlnkage whep theqe *Svcbllag§e of. the str“ptupe "'The total change in
volume 1s.equal e the‘éiéﬁge in Cellngag;valume,' The.zahroductlon of
thp crltlcal celf \olumé was ma&ﬁ 1n?0rder to take 1nto account the
thlrd stage ai Héhydratqon kthh cor;;sponds lo the loaa of the cell

integrigy. Second the lack of equilfhrrun data d@SCFlban the behavior

of the§tigue upon - oSmOslb, similar to sorption data in frving, led to

an 1mp?0£ descr1pt10n of Lhe changes of the different phases of the
cell gaftldularly the cellular volume. The apparent non osmotic volume

t;ug@d to tompensate.
4 ‘6 . .
@eqd for further studies in the area of internal mass transfers

was lIl
Tl

3 ) )
“%glcal structure due to osmosis was felt from an experimental

il
f

; as well as from a modelling point of view.
7 M b4
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3. -EXPERIMENTAL WORK
L 351"H5terials ;

v&&.lSeh&tMantheéohmei ) o : .

’

3 1.14 hdvantagee pf ‘Sucrose A , .
.‘ Slnce the theory .of 1rre»er51b1e pFDCESbeS descrlbes fairly well
the transmembrane transport there Was no need to compllcate theé systen.
Sucrose was chbsen becauae’ofjlts 1mpermeab111ty tb the cell membrane‘
uhrch brings: the two follouncr maJor conbequences The transmembrane

"txansport 15 31mp1y the flux of water through the membrane. It is

: pr0p0rt10nal 0 the chem1cal potentral of water.  Secondly, the space

@ -

P

‘ava1Iab1e for the sucrose to mbve is restrlcted to the extracellular
"7 volume. o ' | . ) |
| . Furthermore Lenart and . Fllnk(1984b) p01nted out the.differences
-between osm081s in salt and shcrose solutlons Sucrose was found to be
) jthe more critical’ component .«in determining the osmotic behavior in
salt/sucrose mixture. Sucrose osmosis appears to approach equilibrium
primarly by removal of Witer - from the tissue and, thus, to achieve
equilibrium will reqiire the removal of a significant amount of water ae
there is llttle s011ds uptake due to the membrane property of selective
) permeablllty This is a characterlstlc of osmotlc dehydration and
J‘onventlonal models are not able to describe the behavior properly.
Salt penetrates readily into the potate tisgsue. The membrane does not

~#  seem to offer a significant resistance to the passage of the solute.

The results for the distribution of solids gain and water Yoss for
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osmosis in salt- indicates that there is an equality of sorts bétween the
tato tissue and the offotic solutiog. This type of behavior is more
feasily dealt with by conventional models such as the unsteady state
second order Fickian equation. Thus, modelling of the osmotic behavior
of a biolbgiéal material -in a sucrose solution is representative of the
typical osmosis behavior leading to dehydration since the solute is

strictly impetmeable to the membrane. %

t

3.1.1.2 Properties of Sucrose and Water in Solution

Since the major mass transfers involve sucrose aqd' water, the
solutions in, the extracellular volume as well as in the osmoticum are
assimilated to binéry sucrose solutions. Partial molar volumes and
molecular weights were obtained from standard.tahles(Weast et al., 1984)

and are respectively for water and sucrose 18.016 x 10'3

Cand 211.0 x
1073 m3/m011f0r the partial molar volumes and 18.0 and 342.2 kg/mol fqr:
the molecuiar weights. Diffusion occurs in the extracellular volume.
The nature of the concentration dependence of‘the diffusion coeffictent
of sucrose in wate£ can be found experimentally. A fitting of the
logarithm of the ratio of the standard diffusion coefficient Qve} the
standard diffusivity at infinite dilution as a functign of thetsucrose
concentration was obtained from the experimenial measurements
(Landolt-Bornstein tables, 1969). A polynomial of degree 1 (i. e., a
straight line relationship) was found adequate (r=0.9973) to describe

the dependence leading to:
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where DS is the standard diffusion coefficient of sucrose vét a
concéntration pg in water at 25°C, D: is the diffusivity at infinite
dilution at 25°C and is equal to 5.23 x 10° 10 m2/s. The coefficient a,
is equal to zero. a;, the coefficient of the polynomial of degree 1, is

equal to -2.088 x 103 m3/kg. Correlation was obtained with data at

. 25°C. Henrion(1964) has shown that the standard diffusivity is a unique

+}

function of concentration. The diffusivity at infinite dilution at 40°C

o

was estimated by\the relation Ds”/T = 0.0157 and found to be 7.53 x
10”10 m2/s. - =
Solutions were prepared .using commercial sugar ‘bought from a local

supermarket .
3.1.2 Selection of the Biological 8tructure

3.7.2.1 Guidelines

The tuber of potato was selected as a biological structure because
of its relative homogeneity and firm;ess. The dicing or slicing may be
done easily. The possibility of obtaining various geometrical shapes is
aimost unlimited. This type of material is also colorless which

represénts an advantage for the chemical analysis.
3.1.2.2 Physiological Parameters of the Potato

3.1.2.2.1 Chemical Composition of the Tuber
Different varieties of potatoes are available bn the markgt.

Russet Burbank cultivar is one of the older varieties. Because of its

] L4
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excellent cooking quality particularly for baking and frying, this

variety is widely processed in the food ~industry. Furthermore,

. physiological parameters are relatively abundant 1n the lltéQature

Talburt, Schwimmer and Burr( 1975) observed that al;hough the
literature on the chemistry of the potato is extensive, it ibgdifficult

to obtain a definite picture of the composition. Varlety, area of

growth, cultural practice, maturity at harvest, subsequent”'sporage

history etc... were found to contribute to variation between reported

results. The methods of analysis were ‘also observed to contribute to
the variability of the reported results. Consequently, the analysis of
white potatoes published by Talburt,hSchwimmer and Burr(1975) and shéwn

on table 3.1 must be regarded as only approximate and subject to all
1

sources of variation mentioned above. It has to'be pointed out that

Russet Burbank variety is classified as .a white potato but not
exclusively. The water content ranges from 63.27-86.9% with 77. 57 on

average. The total sollds usually varies from 13.1%-36.87% with an

average of 22.5%. Proteins constitute about 2% of the total weight of -

the potato. Fat cortent is negligible. Most of the solids are

carbohydrates, particularly starch which comprises 65%-80% of the dry

weight of potato. ‘Ash 1s about 17 of the total weight of the tuber.

The major miseérals present in the potato tubers are listed in table 3.2.
The aéh' content of a raw tuber is composed mainly of potassium,
phosphorous, magnesium, calcium, and finally sodium 1in. order fbf
magnitude.

In Alberta, Russet Burbank potato tubers from the northern, the

‘central, and the seufhern part were analyzed by Chung(1979) in terms of

5

-

i‘
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Table 3.1 Proximate Analysis of White Potatoes.

Table 3.1 has been removed-due to the unavailability

of copyright permission.

)
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Table 3.2 Composition of Ash! frow White Potatoes on a Dry Ash Basis.

Table 3.2 has been removed due to the unavailability

of copyright permission.



I

g

45

o

ash content, dry matter, and starch. It was found that more that 90% of
the minerals were located outside the starch granules. The ash coptent
of the raw tubers grown in the southern part of Alberta varied feem
2.687%-3.35% on dry matter basis. It was observed to be lower than the
mineral content of the tubers grown in fhe northern part of Albertéf}g
(4.72%-5.68%). Only 0.367% minerals were found ‘in the starch as
phosphorous. The dry matter ranged from 19.66%—26.06% from the northern
to the southern part of Alberta. Finally, the starch content of the
southern tubers was observed to be 76.06% whereas the northern ones
contain 68.997% starch en a dry matter basis.

Crapiste and Rotstein (1982) published two distinct, limiting,
simplified representative compositions o{ a raw potato tuber. These
compositions reflect also the variation between the area of growth of
the same variety as it .was founq by Chung(1979). Table 3.3 shows the
different compositions reported by Crapiste and Rotstein(1982).  They
will be used fof calculations and in the discussion of some of the
results particularly the composition B.
‘ ’ .
3.172.2.2 Storage of the Potato Tubers and its Relationship to Total

/ Solids Content, Specific Gravity, and Su‘ars Content

The storage of the potato tuber at temperature below 10°C has the
followlng maJor consequence. Sweetening of the po€2to occurs i. e.,
increase of the level of reducing sugars (fig 3.1) and sucrose. The

mavdmtude is dependent upon the. variety and .the storage temperature

specific gravity,

numegous authors.

-~




Table 3.3 Simplified Representative Composition of the Dry Matter of

“the Potato Tissue.

Table 3.3 h;m\lwvn removed due to the unavailabil ity
” .

of copyright permission.
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Fig. 3.1 has been vemoved due 1o the unavatlabi ity

of copvrieht permission.
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N 7 Sugars for Russet Burbank and Norgold Cultivar
¥ (Agle and Woodbury, 1968).

2

Fig. 3'VEffect of Storage Temperature on the Reducing

&
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Habib and Brown(1959) found the Russet Burbank cultivar to undergo
a slight increase in total solids and specific gravity upon storage and
a major increase in reducing sugars. Before storage, the total solids
content of raw potatoes was 22.28%. After storage at 4.4°C for 4 weeks
the total solids content was found to be 23.10%. The specific gravity
of raw potatoes was found to be 1.074 whereas after storage at 4.4°C for
1 weeks, 1t was 1.077. ~

-

Savre et al.(1975) studied the variahil(ty n téfal solids content
and specific gravity between tubers and also within the same tuber.
Russet Burbank stored for 6 months at 7°C were used. They found that
the average total solids content of 20 tubers was 20.57% within a range
17.5%-22.8%.  The spread in solids content among samples from individual
tubers was from 7 to 13 percentage points.

Agle and Woodbury(1968) examined the effect of storage on the
percentage of dry matter and on specific gravity. A very sligﬁt
increase in total solids was found.

Fig. 3.2 illustrates a typical linear relationship between the
potato solids content and the specific gravity as is usually done in the ’
literature.

Talburt, Schwimmer and Burr(1975) reported that White Rose and
Russet Burbank varieties accumulate reducing sugars at storage below
10°C, the accumulation going rhrough a maximum after about 4 weeks to 8
weeks then dropping to a relatively constant but high level (fig. 3.3).
For poor sugar accumulators such as Russet Burbank the maximum sugar
concentration reached may be As much as 3% on a dry weight basis.

A similar trend was observed by Agle and Woodbury(1968) and

Zaehringer et al.(1966). Basically a rapid build-up of sugars, such as
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3.2 has heen vemoved due 1o the unavailability

of copyrieht permission.

Fig. 3.2 Regression Equation for Percent Dry Matter
versus Specific Gravity for Russet Burbank
Cultivar (Agle and Woodbury, 1968).
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\\x of copyrielht permission.

Fig. 3.3 Effect of Time in Storage at 5.5°C on the
. Reducing Sugars for Russet Burbank and
o Norgold Cultivar (Agle and Woodbury, 1968).
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sucrose, glucose and fruct.o g’ll in the storage period followed by a
4

slight decline or a ﬁiateau hasgbeen observed. As the temperature gets (
A

“
closer to the freezing point, the rate and extent of increase in-sugar
content is greater.

* Finally, Iritani and Weller(1977) found that immature tubers have a
higher sucrose and reducing sugars content than satare tubers. ﬁ \

Table 3.4 summarizes data reported in thv. literature on  the
sucrose, glucose and fructose content after different storage neriods.

) i
3.1.2.2.3 Structure of the Potato Cell B

Parenchymatous cells, which compose the edible part of 1 The potato.
are the most common cell tvpe in the tubers. The cells are large,
poivhedricél or spherical i shape. ( Although Frabiste'- qn&;‘
Rotstein(1982) reported a cell gjt;eter between 250-500um., Reeves (196 )
found that the average cell diameter of mature tubers (200-300g7 jor
Russet  Bupbank cultivar varied between 192-213um .- In Alberta o
Chung(lQT@) measured an average ‘cell diameter of 180um  for Rusqot
Burbank variety. r.\‘ . r;

The potato tuber possess a single large vacuole whlch may odcﬂp)
over 907% of the total cell volume. This vacuole is a relatively d;lu;ed
homogeneous aqueous phase. It contains up tJ 80%- 90% of the cell ;ater.
Minerals, sucrose, glucose. fructose, organic acids and v;tamins
contribute to the vacuole solution. The vacuole is known to be a_
storage reservoir for toxic products and metabolites (Nobel, 1983). The
tonoplast separates the vacuole from the cytoplasm. The cvtoplasm is a

more complex phase containing many colloids and membrane bhounded

organelles (Nobel, 1983). Reserve materials such as starch and proteins
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Table 3.4 Literature Syrvey of Sucrose, Glucose and Sucrose Content of
Stored Potatoes (Russet Burbank Cultivar).
’ ) ”

-
Authors Storage . Reducing Sucrose (’////

Sugars

Time I GL FR
(month) (°0) TEWB (7.DWB) WEWB (7.DWB)
. Wilson N? 3.3 .8/ (.68 0.26
et oal. (1931 \. .2 0.16 0.077 0.065
(HPLC)
Zaehringer*+ 1-6 3.3 .87 (R.9) 1.13 (5.1
et al.(l‘)(i(i) 1-6 7.2 0.33 (1.%) 0.27 (1.3)
¢

1- 12 1.3 1.55 (7.1) 0.92 (1.1

12 7.2 0.10 (1.9) 0.25 (1.2)
Zachringer*++ 1-6 3.3 1.66 (7.9) 0.51 (2.6)
et oal. (1966) -6 7.2 0.32°(1.5) 0.21 (1.0)

[- 12 3.3 1.45 (6.9) 0.16 (2.2)

1- 12 T2 0.20 (1.1 0.11 (0.7

~Shallenberger 2 0 0.74 2.01
and Treadway(1959) \2 "10 0 10 .28
Habib and* 1 1.1 0.9 (1.1%)
Brown{1959)" g’ ‘ Ry
\ @
* Assumption 21% dry matter f‘

+ 1963 crop
++ 1962 crop
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are present in the cytoplasm.. In the raw tuber, starch is present as
. 'microscopic granules in the leucoplasts lining the interior othhe wafls
of the cells of the parenchyma tissue (Talbnrt Schwimmer and Burr,
q 1975). ‘Some 707. 80% g{f the, extractable ﬁ(ue protein belongs to
' so-called "storage protein" (Hadmyev and Steele, 1979). In constrast
to which, the -concentration of soluble solutes is very low.
- A membrane separates the cell wall from the cytd‘plasm The
—'pl'asmalemma wlich is the main barrler, regulates what enters and 1eaves
a glant cell. " As it was mentxoned the selective permeability of thé
‘plasmalemma membtane towards sgcrose and water determines the ‘psmotic
~ behavior. The membrane is composed of a 11p1$ bilayer. Tq,form a
bilayer, the lipid molecules (mainly phosphohplds) have their non polar
portions.adjacent to each other facilitating hydrophobic interactions. . =

#

‘The polar regions are then on the outside.
[} . ]
e \ . . L
" A nembrane represents a different type of molecular environment *

than does an aqueous solution. The transport of species is greatl y
regtricted compared with the relatwely free movement in an aquedus
ﬁse ~ The . relative solublhty of a species in the two phases'
influences the membrane permeability property. Water and Garbon d1ox1de
readilys penegates the plasmalemma whereas sucrose -is a non permeatlng
solute. . Rotstein and Corn1shz1978a ) found a certain degree of confusmn
™ - in their literature survey as to the ~v§ue ‘of the water permeablllty'
" constant which mostly depends on the dr1v1ng foree and the mathemlcal

expressmns chosen. They listed some values for vegetable cells. For

vSolanumvinbe{osum ?wm is equal to 14.4 X la m/s Heinrich 21962).

}.
v Because* of the cell wall, Righ hydrostatic pressures ‘can exist
\

" 1ns1de the celle  The cell a.g(ll provides the rlgldltv to allow for a

4

° . .
0 . B

. ’
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build-up of pressure. The| cell wall qlastic modulus, ¢, of the potato

cell was found to be pressure dependent. Referring to Nilsson‘et
al.(1958), the var1at10n ;of 'S with respect to the 1.Fracellular
' hydrOstatlc pressure was chPracterlzed by two parameters ﬂland ﬂ2

-

=P

l .
Lo .
|

-

[3.2]

R4
+

: ~ "v~ _
. . \
where ﬁg’ is #E?keﬂ ab 305 and ﬂQ, the value of £ at incipient

6

plasmolysis, is 0.5 x 10~ Pa experimentally. P is the turgor pressure
" .

. (]
in excess to the atmospheri pressure.

_ « , J
< According fo Slatyer(hQGY)% the cell wall of vegetables at full
turgor coatains about 507 witerlon a volume bpasis. The void fraction of

the cell wall (ccw) L

cell wall organic material qf the ‘potato tuber. Hoff and Castro(1969)
descrlbed whe cell wall composition of the potato tuber on a dry matter

' LY

1? basis as follow"28Z cellulose 55Z 66% pectins, 7% hem1cgﬁﬁrlose 107

‘proteins. The tortuosity of the cellulos1c matrix (rcw) is assumed to

be 2.0 (Nobel, 1983). .hobel(1983) reported that the cell wall for plant
tissue may vary from 0:1 to 10um. Reeves et al.(1973a) found that the

cell wall of the potato tuber was 1.05;% thick which was conbirmed by a

transmission electron micrograph done by Chuhg(lQ;b) . )
Cells of potato tubers are closely packed but therg is a certain
amount of 1ntercelluLar spapel E?Olley(1962) found the\ﬁntercellular
spaces to be 1nterconnect1ng apd gir filled except at the cut surface,
: where most spageséy wwter&filled to a depth of a few microns. There

is a lot of varlaﬁﬁi‘ 1n the.‘,l ﬁ’rature for values of the proportion of

.

R ~ -

is thule 5. Cellulose comprlses 25% to 50% of the_

the 1nterc%llular ce 3% thélpotato t1ssue Burto{Aand Sprggg(1950)

a
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published a value of 17 intercellular space for potato tissue. Hoi«ever,
the same authors also gerorted other literature vallles vérying from,
. 2.07%-3.4% -intercellular space for different varieties of potatoes.
vDavis(19‘62) noticed a decrease 6f the *air space upon. stgfage', the
average being shifted from 1.45% to i;147 air volume. He-also 'report;ed
ogher'literature values. Finall’y,' Crapis{e and Rotstgin(1982) assumed- a
fraction of intercellular space, of 1% to 37 at full  turgor. The
!microscopic'observations rndicate that the cell wall ! intercellular
space of many tissue constitute 7 to 10% of the total voiume‘l(Salisbury
apd Ross, 1969). *Assuming that the intercellular space volii?n'ie fraction
is 3% the cell wall vol_ﬁme fraction would be approximately 5% of the

total tissue volume. However, using the measurement of the cell wall

thickness (1.05um) and the diameter of the cell (180um), the ~0lume.

fraction of #he cell wall would be 1.7%. e .
) - . -
. Today, it is generally accepted that most plant ¢ells are Joined to "
_ach other by protoplasmic connecting treads. The presence of

plasmodesmata §s well as’their frequency is rellated to a functional roie h

which i5 to provide an alternative transport pathway of least résistance

fer water and solute to travel along. Tyree(1970) pointed oué”mat the

ratio between the watef permeability of phé piasmodesma pseudo- membrane

(7wp) would be at least two orde;s of'magnitﬁde higher that th;e water

permeability of the pIasma_l’eMa, ? o (Alnderson,/ljg(i).‘ The symplasm
transfer area of higher p.llalt cells is jepofted by Ferri.er and

Dainty(1977) to occupy 1% .of the plasmalemma area. Th conclusionsﬁ‘

Robar%‘(lQ?ﬁ) show .that this fractiog,..does n(ztvexcgef

higher plants. My . -

4, S -

P

R o

Y . L=

‘that limit in
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For this experimental work, Russet Burbank cultivars grown in
Northern AMerta were .used. They were kindly‘prov@ded by I.’z S.
Produce_Ltd, a_local fooqvprocessor. Freshly bought potatoes (Russet

Burbank cultivar) were divided into groups according to their weight:

first group, below 200g; second group, 200g-300g; third group, over

300g. All experiments weredconducted using tubers from the second group

in order to avoid variability due Lo maturity and to ensure a sufficient

. AN
oyht of potato material. The potato tubers were stored at 4°C at
least a month- prior to the osmotic treatment.
temperatyre "influence considerably the sugar content such >

fructosvé, and sucrode. Consequently, they have a significant impact on
further experiment involving an osmotic water removal process in a J
sucrosé solution. Standardization of storage.fime and temperature is
necessary in order to achieve some cons1stency in the experlmental
results. Furthermore, experiments were conducted o potatoes stored at
4°C for at 1east 2 months but less that 6 months S0 that the sucrose

content was high but constant.

’ . 3
. '3.2 Methods ' ~TT N~ )
| R R o
. / ? . P
~3.2[1 Equilibrium Study ' ' A o

/\'\\ A -

3.2.1.1 Conditionning of th¥ Potato Tissue

Potato tubers (10) were selected from the cold room and were used -

. \ - SO :
to obtain 280 disks of parenchyma. tissue. A few cores were cut from the
tubers using a cork borer (size 14) TlQe cylinders were sliced usirg

‘a sharp blade. The resultlng disks (2& diameter, 5mm thitkness) were

A



.durlng t&f treatment a plastic wrap was it on "top of the

3

soaked in distilled water for atzfeast 20 hours at 4°C prior to the "

osmotic treatment. .

3.2.1.2 Sample Treatment
| Solutions of the following sucrose concentrations (fOZ, 20%, 307,
40%, 60% (w/w)) were prepared in triplicate by blending an amount of

sucrose with distilled water on a weight 40 Qeight basis.
An osmotic experiment wi® conducted in the following manner: 18

slices were selected; blottgﬂ weighed together accurately (m )

(approximately 35g), and finally added to a vessel containing 500ml of

an osmotic solutlon measured with a volumetrlc flask. Gentle agitati

was provided by a maggetic stirrer and ‘the temperature of the vessel was
malntalned at 40°C in a water bath for 24 hours. Do prevent _ ratlon}

vjlllg’ %he
diagram o&the osmtlc treﬂtment appa/gat,lw is shown on fig. 3.4.

At the‘end of the osmosis period, the sllces were rinsed quickly in

A}

five different beakersﬂtontalnlﬂg dlstllled water and gently blotted

with paper im order to remove Qhe sqi.hce solution.

" A The material was welghed agaln ( ) ngcalculate 1he m?ss loss

« (ML) or weight Toss. Immediately the bllces were d1v1ded in thfe@’bet

of -six ‘slices. FEach set was used for three repllcates (2 slﬁges each)

of either moisture content measurement or den81ty¥determ1nat10n or sugar

[

content and insoluble SOlldS measurements
‘

L _ e e
3.2.1£;7;e38urement of y01sture Content o | .

MoiSture content " was determlned grav1metr1ca11y by air ?ry1ng at

105°C for a 24 hour _period. ¢

T
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Fig. 3.4 Diagram of the Osmotic Treatment ) '
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" Two ahces were transf,erred to a preweighed aluminium djsh, welghQ N

and dried, m,,the oven. After cqolmg in a dessicator under vacuum, the
‘dish was reweighed and the moisture content was calculated.

s ‘- . . ’ -a ’

3.2.1.4 Density Determination” -

The volume dlsplacement t@iﬂlque wasE usq_d ,m order to detane

the density. Weight and VOlume'were meas, d by we1gh1ng twp dlSI\S uj‘é

preweighed empty pycnometer filling up wlth wate and rewel hé From’" :
8 e 8 'g

the welght of the empty pycnometer and the volume df the pycnometer,
‘ predetermlned by weighing the pycnometer filled with water at 23°C, the

weight, the volume, and subsequently the density “of the dlSkS were

A ]
4

calculated
. @
» - r

3.2.1.5 l‘rement "of Sucrose Content
. _

3.2.1.5.1 LC System

The HPLC @ystem consisted of a Bio-m mo& ump and adWaters
.Associates mo@l R401 differential refractometer détector.’_ The

System was equipped.with a 20ul Rheodyne loop 'j,njector. A Bio-Rad

Aminex HPX-87H ion exclusion column (300 X T. 8”1 .) was used for the
separation of sugars; the column‘bemg protecied by a 40 X 4.6mm ‘gmard

column. q Quantitation was' performeq e ectronically with ~ a
Hewlett Packgrd 3388A mteg@tor ) - .

4 ‘\ ’
v-

e:@j

(d

~
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* 3 ‘2 1.5.2 LC Separation Conditions |

\,.,n 'ﬂ\e mobil,‘phase used was 0.01N H280‘4. The solﬁtio__n was - prepared
using an analytical grade sulfuric acid obtained from Fisher $cientific
and LC-grade water which was prepared by reverse osmosis’ (Milli- RU)‘ and
“further purified by usmg a (Milli—Q) system (Millipore, Bedford, -MA).
Uter degassmg, the mob1‘1 phase was used for LC analysis with a

i

flowrate of 0.8ml/min at ambient temperature. Standard solutions of

mixtures of analytical grade sugars (fructose, glucose and sucrose) -

}j‘n A W
ramgwlhg from 1’10mg/ml were run into the svstem "

w . I3 ¥
» ‘ﬂﬁ,,i’:; ) }" h o s

K
.

N

\ : | v
3.2.1.5.3 Extraction and Measurement of Soluble Sugars

Potato slices (approximately 4g or 2 disks) were crus*hed with a ‘
®

mortar and pestle. The grindings were placed 1nto a preueljhed"SOmI y

-
centrlfuge tube and weighed prior to homogenization. ‘ ‘ ‘ u",‘. ,

Extraction of sucrose, 1ucose an(?‘fructose was achgeved bv bmlmg“
the sample with double the volume of 80% ethanol forxls' mn%

Supernatant whs poured off and vacuum flltered through a prewe1ghed

Whatman #4 filter paper with a Bucher funnel.

/ 7{ fresh volume of 80% ethanol was added to the grindings Yor a

- -

rd secou& 15 minute extraction.” The extract and the’midue were poureds .

off and vacuum filtered. The residue was well washed wfth 80% ethanol.
The flltrate was made up to volume with distilled water either in a
200m1 volumetrie flask (for osm treatment with a éOZ sucrose
solution) or in a iOOmi volumetric flask (for osmotic treatment with

10-40% sucrose solution). ‘A certain \;olume df this extraction solution

s Was f11tered through a 0.45um millipore membrane and an. aliquot was

!

injected into the HPLC system for théquantltatmn of sugars

] 4 '



3.2.1.5.4 Neasurement of Insoluble Solids | |

*The residue of the extraction was transferred with the filter paper
from the Buchner funnel into a prew?ed aluminium dish to be air dried
in the oven at 105°C for 24 hours fter cooling in a deSS1catol\¥nder
vgcuum the dish was reweighed and the insoluble solids _(IS) content was

3

calcylated. ~* \

» 4 ‘.} ﬁ?’
3.2.2 Kinetic Study o
Three concentrations of ogmotic soliiipn were investigated for the
kinetic study: 20%, 40%, 607 ‘(w/w) sucrose solutions. The osmotic
treatment was conducfed over several time duration 1. e. 1, 6, 24 houps.
For each combination of time du;;tioh’tand concentration, six vessels
were prepared and three maturé tubers were selected from the cold rooh.
.YThe osmotic solution was prepared by blending the sugar and
“distilled water on a weight to weight basis. 500ml of the osmotic
solution _was measured with a vojumetric flask and poured into a 1000ml
beaker. It has to be poifted out that two of these vessels containing

the osmotic medem weré’set.aiide and yere'used subsequently tor the

determination of the sucrose uptake using an isotoege dilution method.
Each potato was prepared for{ghe treatment 1:Q:Fe\(ellow1ng manner:

the potato tuber was codted with a thin layer of paraffin wax and then

cut cross-sectionally inte halves. Only the cut surface was available

- &

for the dass trapsport. The cutting was done while the wax was still

warnf, but cool enough to handle, in order to avoid cracking along the
- ‘ .

cut edgg.
53
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) 3.2.2.1 Sa-l;le Treatment

Each half was suspended in a vessel so thapth€ free surface was
approximately 5mm below tHe solution surface. Gentle agitation was
provided by a magnetic stirrer ahd the system was maintained at 40°C in
a consygntftemperature water bath for the duration of the treatment. In .
brder to prevent ev§£orati0n the beakers were covered with a sheet of

_ plastic wrap during the experiment. The set up pf the experiment is

shown on fig. 3.5 i

At the end of the osmosis periody the potato half was removed from
the solution. Its surface was rinsed three tines wlth waterland gently
blotted. The sample .was set face downﬁon a sheet of plastic wrap A
few cores (2, 3. 4 of 1.4 x 10 mh\lameter) were taken from each potato.
half using a sharp tubular cork borer (sige 8) They were cut at rlght
angle to -the treated surface. Stagggng from the osmosed surface, each
core was®sliced into 10 disks (approx1mate1y 1.0 x 10 3 mAthlckness)
~#ith a modified mlcrotome shown on fig. 3.6. The slices of each core ) 3
were. 1dent1f1e‘by their order of slicing. " The summary of the osmotic
treatment and sample preparatlon procedure is €hown on the flg. 3.7 for

*

each combination conceMtration of the soluties, time duration.
In order to achieve rel:able measurements on the density dmd

.. 3

. - - Ad -
m01sture content at least "three or four slices were negded N
- .

(approx1mate1y 0.8-1. Og of'materlal) for each determination The ;flugi\\:p
of the cores of the same potato half werelhatchedguccord1ng.to the order

-

- of slicing, prior to the density and moisture content determination.

g

-



T )
r
Thermometer
Heater/Circulator
Potato Half
0®
= Beaker
5’!"‘ . . -
e T | e
O O OO0
/
/ » ) -
! .
Hotplate/Stirrer =~ flagnetic
’ Stir Bar -
\
Yo
w ¢ .
8 . )

Fig. 3.5 Setup of the Osmotic Treatmentsfor
' the Kinetic Study.
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Fig. 3.6 Modified Miérotome.
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3.2.2.2. Measurement of Moisture Content Ce

Moisture content of the pbtatq‘uas dotorminod'using the method
described in section 3.2.1.3.° Each of the 10 svts‘?f slices (3 or 4
coming from the cores of the same potato half) was weighed before and

after drying to calculate its moisture content .

L4

¢

3.2.2.3 Density Determination

The density determination of the potate xlices was dome using the
technique described in segiion 32,100 Fach of the 10 sets of slices
(3 or | coming from the same potato half) were weished in thtﬁpr_awoigh(‘d

)
pyenometers.  Water at 23°C was added ‘and the pyvenometers rewei}:;hod.
Knowing the mass of the pycnometer and the volume of the pyvenometer,
which was determined using water at 23°C. it Is possible to calculate
.

the density of the potato slices.

-~

3.2.2.4. Mcasurement of Sucrose Uptake

3.2.2.4.1 Chemicals and Osmotic Treatment

In order to measure sugar uptake. radiéagtive sucrose was used as é
tracer. The_radiolabeled compound U - 14C} suerose. (250mCi/mmol ) was
purchased from. Amersham (Arlington Heighik. [L)x 45 well as “the ACS
(dqueous Counping Scingillanf). ngestic bleach was obtainod in a local
supermarket and ammonium deroxide from Fisher Scientific.

A measured quantitv of labeled sucrose (30uC1) wés added: to *the
vessels of osmotic golution. previously set aside Ber r@ié"pﬁrpose,

(section 3.2.2) prior to the osmotic treatment and sample Breparation.

. . r'} ,

4
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3.2.2.4.2 Tissue Preparation

| "After-the osmotic tﬁphtment and samplq;preparation was carried out
as describéd,in section 3.2.2.1., each slice of radibactively osmosed
potato (approximately 1.0 x 10'3' m thickness) was put in an empty
pfeweighed liquid scintillation vidl and weighed.

. NPT 4 . .
Prior to scintillatién counting, the tissue was treated as

debcribed by Smith and Lang (1987). To each vial,: Iml of sodium
hypochlorite (407%(v/v) domestic bleach) was added. The wvials were
loosely capped and incubated at 35°C for at least 4 hours. After

- bleaching, the digests were treated with 0.1ml NH4UM‘ 4 at roop

¥

temperature for 1-2 hours in order to prevent sodiumﬁthypochlorite
chemiluminescence. Before counting, 10ml of scintillation cocktail

e
\\

(ACS) was added to each vial.

3.2.2.4.3 Counting of the ¢ Labelled Sucrose

Samples were counted with a Beckman model LS 1801 scintillation

‘counter. The data were obtained as desintegrations per minutes (dpm),

by using a series of 140 standards (kindly provided by the_Department'of
Animal Science, University of Alberta) to generate a quench curve
relating the instrumental ;ounting efficiency to Nl number as_specified
by the manufacturer. Potato samples and samples of the osmotic solution

before and after the osmotic treatment were counted; 
The ratio of radioactive and ordinary sucrose remaining unchange@
irrespective of the physical process that the sample undergoes, it ié
{

possible to calculate the amount of ordinary sucrose taken by the slice

knowing the measured quantity of radioactive sucrose in the slice.
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3.3 Results and Discussion
3.3.1 Equilibrium Study _

The objective of the equilibrium study was to monitor the weight
and volume changes of the potato i. e. the shrinkage of the whole tissue
as a function of the ;Bbrose concentration of the osmotic medium as well
to, .determine the limiting composition of the potato material- in

different sucrose concentration of osmotic media.

3.3.1.1 Experimental Equilibrium Parambters of Potato Tissue as a
Function of the Sucrose Concentration of the Osmotic Solution

The experimental medsurements.of the density (p), the total solids
(TS), the sugar content (SCY, the insoluble solids (IS) are listed in
table 3.5. The reader is referred to the appendix 1 for details on the
calculations®of these measurements.

Potato slices were conditioned prior to any osmotic treatment
1. e., the cells were at full turgor. Data of total soiids and density
measurementé‘were treated statiscally using an anova test followed by a
Duncan Multiple Range test (DMRT).' The reader is referred to appendix 2
for details. The data for total solids and density of samples untreated
and treated in a 5% osmotic solution seems o0 Indicate that there is
equilibrium between the fresh potato material and the osmosed samples.
From the table 3.5, it can be seen that there is no significant
difference between the density of the fresh material, the density of the
potato soaked in a 5% sucrose solution as well as the density(of the
slices after .a treatment in a.107 osmotic solution at 17 level. For

@ = 0.05, there‘is no significant difference between the density of the
. N . e



Table 3.5 Experimeg;al Measurements of Density (p), Total Solids (&S),
Sugar Content (SC) and Insoluble Solids (IS) of Potato Slices

‘4
in Equilibrium with an Osmotic Solution at 40°C.

ol

Sucrose Density Total Sugar Insoluble
Solution _ ~Solids Content Solids
L) (TS) - (80) (15)
%) (g7 en’) (%) (%) )
1 “Blank™ ¥ 1.05%:0.006* 15:1% .23 C13+2
2 “Fresh "1.09£0.01 2141 . MO L34+ NA
3 - D O1.0840.02 19+3* NA NA
4 10 1.093+0.006** 2612%* 4.620.4. 1924
D 20 1.132+0.009 32+] 10+1 191
6 30 1.1710.004** 39. biO g** IWET: Sl : 1921
T 140 1.21£0.01 45.8%0.7 23.5£0.2 20+1

N 60 1.31£0.01 65.3¢0.6  33.8:0.8 - 24£1

Average of 9 replicates for density and total solids measurements unless
specified.

\\OXIWP of 3 replicates for sugar content determination unless
spv(lfled :

* Average of S replicates.

** Average of 6 replicates.

*rx A\erave of 2 replicates.

#%* Blank is the full turgor: tissue affer soaking in distilled water
for at least 20 hours prior to any treatment.

++ From the literature.

DMRT
a = 0.01 13245678 132456738

a = 0.05 132456738 12345678

N. B. A Tine typed under any sequence indicates no significant
differerce at a given percent level.
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fresh material and the potato slices soaked i: a 107% osmotic solution.
'_However, statistically only the potal solids of the material in a 5%
osmotic treatment and the fresh material are not significantly different
for both confidence levels. Similar experimental reswults for total
solids have been observed by Lenart and Fllnk(1984a) .

}The insoluble solids IG) were found to be statistically constant
for any treatment. Lenart and Flink(1984a) have always made this
assumption. The insoluble solids remaining constant allows the
following statement to he made:.there was no leakage from the cellular

volume, consequently, the cells were not destroyed. This supports the

. . . » . r
fact that the osmotic water removal process is usually considered as a

m11d treatment compared to any other conventxonal drying operatlon

- Based on the experimental measurements, the followlng equilibrium

parameters have been calculated: mass loss (ML) water loss (WL), sugar

gain (SG) and insoluble solids loss (ISL).
As described by Lenart and Flink(1984a) the mass loss (ML) or

weight” loss can be defined as the net loss in weight by the potato
: /

material on an initial potato weight basis:

_ 0

m m ' :
ML= PO POy g0 | [3.3]
o
v "o ,
Q‘ RN
The water loss is defined as the net loss of water from a potato on

an initial potato weight basis. It was calculated from the mass loss

(ML), the total solids of the potato material at full turgor (TSO) and

£



. , n

" the total solids of the potato material after the osmotic treatment

(TS) : r
e 0
W= (M e TS x 100 3.4
100 100 100 :
The insoluble solids  loss(ISL) was determined as the difference

[ 4

between the measured insoluble solids after the treatment (IS) and the

insoluble %olids at full turgor (IS®) based on an initial potato weight:

Isp=1s | M ]l g0
100

[3.5]

The sugar gain (SG) is defined as the net uptake of sucrose by the

potato material based on the initial weight.of potato. It is-a function

of the mass loss (ML) and the sugar content ﬁi‘tho material after the
treament (SC):

\[3-6]

Y
Assuming that there is no loss from the cell except the water and

only sucrose is gained, it is possible to calculate the sugar gain

indirectly by difference (SGD) using’ an equation similar to the one

developed by Lenart and Flink(1984a):

-1
[t

seb = (ML ] 15 - 780 [3.
100
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.

These parameters are reported in table 3.6 with the statistical
analysis and plotted against the‘sucrose concentration of the solution
on fig. 3.8. |

Data of mass’loss (ML) were statiscally treated ::ing and anova
test followed by a Duncan Multiple Range Test (DMRT). The reader is
referred to appendix 2‘ for details. From table 3.6, the mass loss
profile appears to go éhrough a minimum value of approximately 287 at
around 307%-40% sucrose solutioﬁ. Among the treatments, only the
treatment in a 607 sucroée solution was found to be significantly
different from the others at 5% level. The mass loss of the potato
tissue with a 207 sucrose solution is greater than with a 407 sugar
solution. From a dehydration point of view, at equilibrium, there is no
advantage to operate with a 40% osmotic solution but, most of the
processes do nhot proceed until equilibrium is reached. Therefore,
highly - concentrated solutions such as 407 -osmotic solution are
recommended (Hawkes and Flink, 1978: Lenart and Flink, 1984a). - A
greater difference in chemical potential is generated under these
conditions which allows for a faster water removal. waever, the
optimization of the solution in terms of concentration and composition
remains an important aspect of an osmotic treatmeﬁt in order to minimize
the cost of the solute, the solute gain, and tﬁe time 6f the osmotic
treatment as well as to maximize the mass and water loss. The
equilibrium data of mass loss'show that there is an optimum and the
behavior of the tissue-under different concentration of osmotic solution
is not proportional to*the concentratggﬁ of the solution.

The statistical analysis of the water loss, insoluble solids loss.

sugar gain and sugar gain by difference was sperformed using a Duncan



Table 3.6 Equilibrium Calculated Parameters i. ¢
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. Mass Loss (ML), Water

Loss (WL), Insoluble Solids loss (ISL), Sugar‘G@in (SG), and

Sugar Gain by Difference (SGD) of the

Potato Slices in

Equilibrium with an Osmotic Solution at 40°C.

Sucrose Mass kater Insoluble Sugar Sugar
Solution Loss Loss Solids tan ‘
Loss "Difference
. (ML) (WL) (ISL) (5G) . (SGD)
(%) (%) (%) (%) (%) (%)
1 5 - 3042 -28+2 NA NA -2+2 -
2 10 -32.6£0.8 - 3542 05 3.1:0.3 7 2.520.4
3 20 -30.540.6 - 334 03 7.0£0.8 7.240.8
4 30 -28.4£0.6 - 4245 123 123 1341
Bt 40 - 2821 . -4645 143 16.9+0.4 182
6 60 - 461 - 66%6 0£3 18.3£0.8 2042
DMRT

a=0.05 541326 23456 23456 -

—,——

23456 23456

Comparison of the mean sugar gain (SG) and the mean sugar gain by

difference (SGD) for an osmotic solution shows:

a = 0.05 SGI S6D1  SG2 SGD2  SG3  SGD3

¢

5G4 SGD4  SG5 SGD3

N. B. A line typed under any sequence of means
difference at the given percent level.

indicates no significant
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i

Multiple Range Test. - The error on the means were obtained by

. 2

propagation of the error on experimental measurements. The reader is
referred to kppondix 3 for details. fhn water loss during an osmotic
treatment varies from 287% 66% for a range of 107%-60% sucrose solution.
Data from table 3.6 indicate that the water losses are not statistically
different for the 10%, 20%. 307% and 207, 307%. 40% osmotic treatments.

From fig. #3.8.#it can be seen that sugar Min is not negligible.
Among the five treatments there was no significant difference in sugar
saln between an osmotic treatment inoa 0% and in oa 607 sucrose
‘snlution. The rate of sugar gain seems to decrease. >

On table 3.6 the results show that direct measurements of sucrose
are not significantly different from the sugar gain bv difference
calgilated by eq. [3.7]. It seems 1o indicate that the method for the
analysis of gnrrosv 15 good as well as to indicatesthat the main and
nnlg’ significant  exchanges  were  sucrose  and  water  within  the
experimental error.

The final amount of water loss (WL) and sugar gain * were

. oy . 1
similar to those observed by Lenart and Flink(19%4a). X

3.3.1.2 Experimental Total, Extracellular and Cellular Volumes as a
Function of the Sucrose Concentration of the Osmotic Solution
Data have been transformed in order to show the separate behavior
of the total volume (V). the extracellular volume (Vi)‘ and the cellular
volume (Vr)' The following assumptions have heen used in order to
proceed: sucrose as an impermeable solute is onlv present in the
mntercellular  space and the cell wall. The liquid phase of the

interstitum or extracellular space is at the same concentration as the
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concentration of the osmotic solution. In other words, there is

saturation of the liquid phase of the extracellular space of the tissue.

Ahe experimental total volumes were calculated fro& the ‘mass loss

(ML) and the density of the potato tissue at full turgorﬁ(po) and after
.

the osmotic treatment (p). The proportion of total volume based on the

mitial volump at full turgor is determined by :

\ Ml P!
+ X

_— - - l 1 e S
VO 100 g

(

From the sucrose content measurements (SCh ot he profortion of volume
of the extracellular space can be caleulated hased op the mitial volume

at full turgor.

Cos e
i L o N W{Qﬁg» o

\ : N

)15 the volumetric mass of sugar for a particular solution:
~

Solut 1on P
107 103.8¢ /1
207 206.2¢/1
307, 33%.1g/1
0% 170.6g/1
607 TT1.9¢/1

By difference the cell v volume as a proportion of the intial

total volume 1s caleulated:

Pan)



’ = [3.10]
. . v() V()

i

[he reader is referred to appendix 3 for details on the statistical

analysis of the volume changes. The total volume ratio plotted agéinst
the concentration of the nsﬁotiv'solutiun on fig. 3.9 gives an initi;’ly
strarght . slopping line which bends sharply to the horizontal for a wide
vange of concentration and continues 1o dvj§1w1sv. From table 3.7, 1t
can be seen that for osmosis in oa 10%, 201.\“U1. 107 sucrose solution,
the total volume of the tissue is statistically constant.
¢

Fig. 3.9 shows that the sextracellular volume ratio JVl/VO) 1%
constant from 0 to x 10% sucrose solution where the vxtrabvllular‘spavo
inereases sharply and then shight v,

The cellular volume ratio (VF/VO) of the tissue decreases.  Sinee
the loss of water can only come from the cellular volume 1. o sucrose
is impermeable to the plasmalemma membrane. this type of profile s

expected.

3.3.1.3 Characteristic of the Calculated Fquilibrium Parameters of the
Potato Cell as a Basic Unit of the Potato Tissue
The design, modelling. and optimization of any food process such as
drying, packaging. or osmotic water removal process, require the
equilibriom rodationship which represents the moisture content of the
food with vrvespect to the temperature and the humidity of itx

environment .



78

v
“SjuswaInsoay |D)uaw i 13dx] uo pasog sabuoy)y awnjop “g-¢

(Z) uoiInjos By} 0 UOI}DIUBDUODY) BS0IANG

i

% 05 ov o€ 02 0; oo
ﬁ g T T “ T g Q\\/‘J
" / Moto
~ /. ewnjoa 4o|njeg g .
0 {020
T
o
| Ly
“ : ////<///!ll<\\\\\\ Jov 0
. ) .
ﬂ . BWN|OA JDIN| 183001} X] ¢ / foso
M .,///\Jf ’ ) | Q@O
) w T O 0D
| Q  Joro
! ewWN|op |D}O] A .
= /4N
) {080
sishjowso|g yuardiou] ————<)

,_ . Aomd
| . 1060 1ny © |

; D00

61y

ICI3 U] 84y 40 uojyuodougy

oun | oA



B
A}

79

N\ .
-

- e - ,
Fable 3.7 Bvpgrigental Volumes of Potato Shices an bquilihooum with an
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In conventlonal drying operations, sorptional equ111br1um 1sotherms
are commonly used and readily available for these purposes. - Crapiste
and Rotste1n(1982) ‘published a correlation for the predictibn of
sorptional equilibrium of potato tissue from turgdr to bonedry taking
into account the structure and chemiéal compos}tinn\of the cell “as a
basic unit of the tissue. The proposed method for wateg accounting in
the biological structure is based on,the fact that chemlcal‘g"fentlal is
the most suitable parameter, descrlblng the state of water in any system
particularly the equilibrium state of a multiphase sys®em such as a
plant cell with the -environment. Restricting the treatment *to
non-eleckrolytes with the reference state of pure water at the

temperature under consideration and atmospheric pressure, the water

chemical potential of a vegetable system:
g - =RT lna +V p+ V (P -P9) (3.11]
W ) W wim ]

The energy state of water is split into three major- components.

The first term (RT ln aw) reflects the contribution of dissolved solutes

to the chemtcal potential of water or osmotic potential. V WPp arises
because of strong 1nteract10ns between water and solids and large area

of interface present in the system or matric potential and the final

term, VW(P - PO), expresses the dependence of the chemical potential on
hydrostatic pressure. This thermodynamic approach is widely used to

describe the water relations of plant cells.
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/o :
. Considering the vegetable system in eqdilibrium with moist air,

L 4

assuming an ideal gas behavior which is acceptable at atmospheric

>

. pressure:

I3
[ > ‘(

[

T pg : RT In ¥ ) [3.12]

Considering the vegetable System in equilibrium with an osmotic

solution:

0 ) rd q 1
[ RT In Ao [3.13]
Combining eq.[3.12] and eq.[3.13]:
¥=a | | [3.14]

L o)

The freezing point depression (FPD) of qhe solutions allows: for the
calculation of the water activity for each 70f the osmotic solution by
th= following equation (Wall,1974).

3

“log = 4.200<10°

o (FED) + 0.215x10" " (FPD)? [3.15]

wirich has to be corrected for the temperature:

N

a 5

In "5 < 0.010146 a? 1y | [3.16]
AIO > o
wOS

LY
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where m, is the molality of .crose solutiog, To is the freezing
temperature, T is the temperature at which the water activity'(afos

\requlred and a$gs1s the water activity at the freez1ng point depression

) is

temperatute (To). The reader is referred to appendix 4 for details.

are listed in table - 3 for each sucrose concentration of
' /

assign the prgper weight of the <nn111but10n of the dlff'ient phases of
in the potato §1sque Table 5 9 reports the average composition of the
potato tissue ghich was found to agree with the composition of the
potato tubers (Russet Burbank variety from the northern part of Alberta)\.
selected for the‘\experimental work. Considering that the tissue
Structure is made ug of cells, the analysis of the equilibrium state of
the'po%ato tissue with an osmotic solution is transpdsed from the global
desqripfion of the entire structure down to the analysis of the cell.
“Since the vacuole aqueous solution is composed of small amount of
minerals and soluble sugars, the solutes constitute the major
contribution to the osmowic potential. From the composition of the
potato tuber in table 3.9, it can be seen that the main solute

\ \ .
multicomponent sy¥tems, a relationship between the’ partial wateg,

constituents are .§lucose, fructose, sucrose, K3PU4, and K2SU4. For
activity of each component and the water activity of the mixture was
derived by Ross(1975) considering that all water present in the system
forms a solution with each of the components independent of each other:

. g a . [3.17]

w)



Table 3.8 Water Activity for the Osmotic Solutions.
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Solution FPD T a. . afoﬁ
wOS S w0S
(%) (K) (K) (kgs/1000kgw)
5 (.29 272.91 0.9972 0.154 0.9972
10 0.625 272.58 0.9940 0.324 0.9942
20 1.465 271.74 0.9859 0.731 0.9867
30 2.644 270.56 0.9747 1.252 0.9770
40 4.452 268.75 0.9577 1.948 0.9634
60 AT} NA NA 4

.382

0.8956




’

~ Tabl® 3.9 Selection of the Representative Composition of the'Dry Matter

g of the Russet Burbank Potato Tubers. .

Constituent Composition
(kg/kg dm)

Starch 68.0

, Proteins 11.0
Glucose 2.0

Fructose 2.0

Sucrose k:::> 1.5

K3PU4 - 4.0

/ Cellulose 3.0
Others (f \T.O

y

modified from Crapiste and Rotstein(1982)
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On the basis of equivalent water- j component:
s A

A A (1 - ANE
N J( wa) j

Wi Xy [3.18]

The values of the constants 4, q in the eq.[3.18] for various
solutes were taken from Crapiste and Rotstein(1982) and are given in

table 3.10. The water mole fraction of the j-th component:

a4 Xv .
<. = 3.19
") I +w.a. [ }
v JJ
M,
where: a; = - (3.20]
J

At the cytoplasm phase the effects of the numerous interfaces and
colloidal materials are important. Thus the prevailing term is the
matric potential. Both starch and proteinsfare important constituents
of the cytoplasm. Data for starch bh].equjlibfium’hi;h moist air are
available in the literature (Nara, 1979).'7 Thé& ;6g}e correlated by
Crapiste and Rotstein(1982): ' -

By # = RT In ¥ = RT In (1 - exp(-53.4750x 2-301%)) [3.21]

P

(

A similar correlation was also developed for proteins in

equiliorium with moist air by Crapiste and Rotstein(1982) based on the



Table 3.10 Values of the Constant 4 and q for various solutes.

Table 3.10 has been removed due to the unavailability

of copyright permission.
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¢ ,
experimental  sorption  equilibrium data ~of  Bull(1944) and
Hermansson(1977): |
0 _ - i ‘ -1.6129
#, - #, =RT In & = RT ( 0.0208K - ) [3.22]

The total moisture content (X) is calculated from:

X=X +X

vt Xevgr Xprwpr [3.23]

Please note that the contribution of the cell wall phase was
considered negligible which is in accordance vwith the findings of
Crapiste gnd Rotstein (1982).

The last term to be considered is the pressure potential term of
the cell.  Although Rotstein “and Cornish(1978b) found that for the
prediction of sorptional equilibrium relationship w“fc')'r apples the
pressure potential of the cell (vacuolar phase) could be neglected in
the high moisture content region, according to Dainty(1976) the
contribution of the pressure potential term. in water relations of plant
cells is considered very important under normal growing conditions.

Rotstein and Cornish(1978b) defined the high moi;ture content
region of a sorption isotherm as extending from full turgor down to the
moisture content at which the pressure inside the cell (mostly from the
vacuole and more generally the cellular volume (VC) which comprises the
cytoplasm and the vdcuole in the case of the potato) is equal to the
external pressure. This state is named zero turgor or incipient
plasmolysis of the cell. The importance of the pressure potential of

the plant cell was investigated in the context of an osmotic treatment.
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3.3.1.3.1 Full Turgor of the Potato Cell and Potato Tissue

The first case considered was the full turgor state of the cell and

tissue. According to Dainty(1976), for small changes in cell volumes,

one can write:
dv

dP = ¢
v

[3.24]

Nilsson et al.(1958) have found that the elastic modulus, £, is a

function of the turgor pressure for potatoes:
£= 4P+ 4, [3.25)

P is the pressure in excess to the atmospheric pressure.

. dp = ¢ 4V

L= P ) dv [3.26]

V
By rearranging the variables, one obtains:

il [3.27)

le +52 V

Finally the integration is performed to give:

P = [_X__]jl (PO .2 J o [3.28]




89

Please note that the integration is performed with zero turgor as
the reference state in order to compare with literature values in plant
[ﬂnﬂiology. P and P are defined as the pressure in excess of the

ntmosphvrir pressure. In order to caleulate the pressure at full turgor

that the behavior of the bhiological structure (i. e.. the
éw%1<wts the behavior of the sub units (1. e., the potato
s well known from the literature (Noggle and Fritz,
1976) that tHnAQOIHmo of the plant cell undergoes a sharp decrease from
full turgor to incipient plasmolysis and remains constant for a wide
range of concentration of osmotic solutions. Fig. 3.9 §hows that
experimentally. in the equilibrium study of the potato tissue upon
osmosis. the total volume ratio (V/V®) decreases from .full turgor until
1t reaches a platean for a wide range of concentration and continues to
decrease for highly concentrated sucrose solutions. From a cell point
of view, the point of inflection is known as the point at which
tneipient plasmolysis or isotonicity occurs (Noggle and Fritz, 1976)
which in this particular case seems to occur at around 107 osmotic
treatment . The ratio between the total volume at full turgor and
incipient plasmolysis of the cell is easily determined from the
experimetyal data of the tissue. Table 3.7 shows that V/V® = 0.65 which
1= the ratio of total volume with respect to full turgor as a reference
state.  Since incipient plasmolysis has been chosen ax a reference
state. V/VY is equal to 1.54. Fig. 3.10-represents the findings of

Stadelman:1966) which shows that it is possible for cells with highlv



Fig. 3,10 has been vemoved due to the unavarlaby ]

of copyright permission.

Fig. 3.10 Diagrammatic Presentation of the Relationship
of Cell Volume and Osmotic Quantities in o
Cell between Full Turgidity and Turgor
Pressure 0 showing a Cell with Highly
Stretchable Walls. Abscissa: Relative Cell
Volume, V, ., (Volume of the Cell at the State
of Incipient Plasmolysis, Vg,is taken as linity)
Ordinate: Suction Potential, 5, and Wall
Pressure, P in Relative Values (Suction
Potential of the Cell Content at the State of
Incipient Plasmolysis, Sig, I1s taken as Unity)
Stadelman(1966).

N.B. Si=-RT In ayij
W = Vw AP
Sz = - RT In dwg
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stretchable walls to exhibit the same volume ratio. Finally,
experimentally Nilsson et al.(1958) have shawn that Hl = 3.5 and 32 =
O

0.5 x 107 Pa.  From eq.[3.28], the pressure at full turgor in excess of
the atmospheric pressure can be calculated. It is equal to 5.05 x 107

Pa.  Other values of P are calculated for different ratio of volumes.

—

L [hey are reported in table 3.11.

Fhe calenlation of & and the comparison with literature vialues was

- - 5 0 e iy 0 B
made: for P 5,05 x 107 Pay & - 22,68 x 107 Pa: P = 2.03 x 107 Pa. £
. 5 : :
1200 x 107 Pac o Smatl values of & at low turgor pressure and high
values at high turgor pressure were determined.  Although no value is

published for cells of potato tubers. table 3.12 reports some values for
leaves of different higher plant cells. The same trend is observed.

For an hydrostatic pressure in excess of atmospheric pressure of
505 x 10”7 Pa at full turgor, the corresponding water aetivity inside
the cell was calculated (Awi)'

fhe general equation for chemical potential of water of a potato

cell in equilibrium with a solution is written:

WS

RT In a =RT Ina . +V AP [3.29]
S Wi W -
where A og 1s the water activity of the osmotic solution and a; s the
water activity inside the cell without the pressure term.

In equilibrium with pure water the potato cell is at full turgor
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Fable 3,11 Turgor Pressure in Fxcess of the Atmospheric Pressure as a

N Function of the Volume Ratio of the Potato Iissue.
\
I , ’MT]_“M” e
: , ,0
\/\U I I
(Pay
1.5 5.05 < 107
.30 2015 x 107
.20 128 x 107
L. 10 0.57 x 10’
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Table 3.12 Values of { Derived from Measurements of the Osmotic
Potential as a Function of Water Content of Leaves, by

Psychrometry (Daintv, 1976).

Ll A0 B Been temoved dye to the nnava s bot, e

of copviavht permr oy
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. V., ap
\ a,; = exp |- " ‘ [3.30]

L)

a,; is found to be 0.9965 at 4Q°C. From the typical composition

" reported in table 3.9, givggréwi = 0.9965 and assuming that the ;wi is
the same intantaneously in the cytoplasm and the vacuole, the moisture
content of the different phases anq the total moisture content can be
calculated from eq.[3.18], [3.19], [3.20], [3.21], [3.22], [3.23] where
in these equapions ¥ = éwi and the composition given in table 3.9. The

_ program m.sorp listed in appendix 9 was used to obtain the composition
of X = 5.4578kg waper/kg dry matte;; Xsf = 0.3769kg Qater/kg dry starch;
Xpr = 3.0238kg water/kg dry proteins; X, = 4.868%g wéter/kg dry matter
at full turgor. A comparison of the calculated resalts with the
experimental value of total moisture content (X) of the full turgor
pot#Xo material was made. From table 3.5 the total solids measurement
of the potato mateyial at %ull turgor is 15%. The resulting total
moisture content on dry matter basis can be calculated, Kkhowing the
total solids (TS):

R

- (1-1T5) 3.31]

S )
e

Experimentally at full turgor X = 5.67kg water/kg dry matter which
is very close to the calculated value. From this, on can assume *l.at
the composition listed in table 3.9 represents the composition of the
potato selected from the experimental work. It also illustrates tHe

fact that the pressure term is important.



3.3.1.3.2 Case of Stored Potato Material

The second_case.under investigation was the state of the stored
potatoes. In the literature the cell sap measurement by freezing point
depression is a direct determination of the osmotic potential of the
fresh tissue. The values f;om Salisbury and Ross(1969) are reported in
table 3.13.  The highest value of cell sap measurement or osmotjc
potential was found to be 8.51 x 10 Pa and the lowest 2.23 x 105 Pa.
However, the osmotic potential really depends on the state of the fresh
or stored potato from which measurements were made. Noggle and
Fritz(1976) pointed out that, under normal growing conditions, the state
of ©ato tissue varies reversibly between full turgor and incip.ent
ple - depending on the conditions of the environment. The fresh
material is known to be turgid.~ Experimentally the total water content
~(X) of the stored material was found to be 4.00kg water/kg dry matter.
The ‘calculation of the water activity was done in order to match the
experimental value of total moiture content (X) using eq.[3.13], [3.19],
[3.20], [3.21]. [3.22], [3.23] and the composition in table 3.9, using
the program m.sorp. A comparison was made with the literature value for
fresh tissue. Given a X = 4.0712kg water/kg dry matter; ot
water/kg dry starch; Xpr = 2.4765kg water/kg dry proteins; X, = 3.5487kg

0.3675kg

water/kg dry matter, one obtains the corresponding a_; = 0.9952.  The
ceil sap values reported in the literature are expressed with the unit

of pressure (0P):



Table 3.13 Cryoscopically Determined Osmotic Potentials for Plant
Extracts Obtained in Severgl Different Ways

(Salisbury and Ross, 1969).

Table 3013 has been removed due to the unavallability

of copyrieht permission.
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0P = - [3.32]

At 10°C. OP = 6.96 x 105 Pa. This value is within the range of the
cell sap values reported by Salisbury and Rosg(1969) in table 3.13. No
correction was made for the temperature since the effect is negligible

in this particular case.

3.3.1.3.3 Case of Incipient Plasmolysis '

The last case to investigate, concerning the influence of the
pressure term, was to define tle water activity and the)ﬁﬁﬁposition of
the potato cell or tissue ar which incipient plasmolysis is reached
(1. e., the pressure potential term is not present anymore). Fig. 3.9
seems to indicate that .the porato tissue plasmolyzes at solution
concentration -between 5% to 10% sucrose. A constant total volume is
reached. The water content of the potato material in equilibrium with
a 5% osmotic solution (X = 4.13kg water/kg dry matter) is approximately
equal to the water content of the fresh material (X = 4.00kg water/kg

ydry matter). From table 3.8, it can be seen that, in order for the
material to plasmolyze. the concentration of the osmotic solution has to
be more than 5% which has a éwos = 0.9972. It was found that for the
potato material -at full‘turgor éwi = 0.9966 and. also. that for the
stored potato material éwi = 0.99%. Because of the increase in cell
sap concentration due to the loss of water and consequent ly the decrease
in cell size or volume from full turgor to incipient plasmolysis. the
osmotic potential (RT In éwi) 1s expected to‘increase from full turgor

\

-~
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to incipient plasmolysis. Furthermore, the a_; should decrease as the
concentration of solutes become important. At incipient plasmolysis,

the pressure potential term is zero so that:
RT 1n a o = RT In a. [3.33]

Table 3.8 lists the water activity of the osmotic solution as

calculated by eq.[3.15] and corrected for the temperature using

N ‘. eq.[3.16]. The experimental total water content of the potatoes (X) on

-

a dry matter basis for each concentration of sucrose solution was
calculated by eq.[3.31]. There is a measurable uptake of sucrose by the

potato material assumed to be in the extracellular volume so that:

X =X, AC X, 15 - aSC- [3.34]
. TS IS
where X i -ined experimentally and defined as the water content of

the osmosed potato on a dry matter basis. Xi 15 the water of the sugar
solution in the extracellular space on a sucrose basis. XC 1s the water

(xnu‘mt of the cellular volume on a dry matter of cellular space basis,

#A§C is -the difference between the sugar content of the osmosed potato
~ .

and the conditioned potato as measured by HPLC, TS is the total solids
of the treated potato and finally ¥ is the proportion of the osmosed
potato ‘that is considered cellulose or others which is not a part of the
cellular volume. Since there is a change in total mass upon 0smosis as

well as a change in composition especially sucrose. ¥ is defined:

. N



B3 ‘
w, TS®
V= : \ [3.35)
(t+ )
100 -

where TS? is the total solids of the fresh material (20%) and ML the

mass loss due to the treatment. The water activity inside the cell is

/" talculated using eq.[3.18], [3.19], [3.20], [3.21]. [3.22], [3.23] and

-~

the composition in table 3.9 using the program m.sorp in orderut0<méfch
the final moisture content, X.. obtained by eq.[3.34] and eq.[3.35]f
Table 3.14 reports the values of water activity inside the potato
cell. Fig. 3.11 represents the resuats of the water aciivity inside and
outside the potato cell which was in equilibrium with an osmotic
solution at 40°C. They are reported as a function of the sucrose
concentration of the osmotic solution. The point at which the curve of
éwos intersects the curve éwi is the wvalue of water activity
corresponding to incipient plasmolysis and the sucrose concentration of
the osmotic =solution seems to be around 207% although from the
experimental volume, the sucrose concentration of the osmotic solution
at incipient plasmolysis appears to occur at around 10%. According to
Garcia and McFelley(1978) and Lenart and Flink(1984a) the isotonicity
occurs in a 10% sucrose solution. However, the value being reported as
isotonic is in fact the value where the fresh tissue shows no change in
volume after treatment in this particular sucrogg solution (Salisbury

and Ross. 1969). Furthermore, Willis and Teixera(1988) have also found

a great variability in experimental results around plasmolysis.
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Table 3.14 Calculation of the Water Activity inside the Cellular Volume

of the Potato Tissue in Equilibrium with an Osmotic Solution

at 40°C from the Experimental Measurements of Total Solids

(TS). Sugar Content (SC) and mass loss (ML).

~

Solution X x ASC -y T5-ASC-¥ X a .
/ [ (‘—*TS— C Wl
\ }
(%) (kg/kg) (kgxkg) (kg/kg) (keg/kg)
5 4.13 0 4.13 4.13 0.9953
10 2.85 1.51 1.34 1.86 0.9885
20 2.13 1.2 0.92 1.52 0.9855
30 1.53 0.9% 0.55 1.08 0.9779
40 1.18 0.76 0.42 0.97 0.9747
60 0.53 0.34 0.19 0.44 0.9228
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The values of ¥ were also estimated by different correlations from
the literature in order to compare. A correlation developed by Ratti et
al.(1088):

R

In ¥ = Q(X) In P + ((X) [3.36]

where P is the vapor pressure of water at 313K. It is equal to 7.375

kPa and:
A3 o e
Q(‘() = (11 PXI)(-Q.ZX) X [;;‘]
“3
C(X) = ¢ pr(-C2X) X [3.33]
For potatoes: €y = -2.67 x 10'2: Cy = 0; Cy = -1.656;

q = 0.0107: qy = 1.287: qq = -1.513.

The Hasley(1948) correlation which provides a good fit for the high
moisture content region was used also to calculate ot knowing the

experimental moisture content (X):

Wl - exp { —_— [3.39]
RT X¢ '
where: B o= 5586 x 10': ¢ = 1.648: T = 313K,  Table 3.15 shows the,
comparison between the calculated values of a_; and o9 and the
correlated values, QR and i”. Both correlations provide an acceptable

fit.
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, . .

Finally, it can be secen that osmotic drying processes operate in
the high moisture content region. Table 3.15 shows that, empirically,
the correlations provide an acceptable fit. However, the pressure

]

potential term should be included particularly in further modelling.

3.3.1.-1 Comparison Between the Experimental Kquilibrium Parameters of
the Potato Tissue and the Corresponding Calculated Equilibrium
Parameters Involving the Different Phases of the Potato Cell
The calculations of the water loss or mass loss as well ~as the
contribution of the different phases such as the vacuole and the
cvtoplasm with respect to water or mass loss were done based on the sub
units behavior neglecting the pressure potential term and compared with
the experimental results of water and mass loss and sugar gain of the
potato tissue. The mass of dry matter was assumed to remain constant .
Table 3.8 reports the values of Awos for different osmotic
solut ions. The value of moisture content (XO) at  full turgor 1is
available experimentally as being 5.67kg water/kg dry matter which
corresponds to a ¥ of 0.9925 or 0.9987 from the Ratti et al.(19%%) and
Haslev(194%) correlations. Assuming that the potato tissue 1x in
equilibrium with an osmotic solution of known a_ .- the toral moixture
content (X) of  can be calculated from either the Ratti or Hasley

.fuﬂ)

correlation. the water loss by the potato cell (Wl is defined by:

al X

Y AR R 3. 10
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Table 3.15 Comparison between the Water Activity of the Potato Tissue
) . Sy . . . ‘ 0
a . . ' / i S ) : i at 0°C
(a . ) in Equilibrium with an Osmot ic Solution ()t 207
with the Water Activity Caleulated from Empirical

Correlations.

- \* i .-
Solution a a. iR i”
wi WOS .

“ M Ratti et al. Hasley
Full Turgor 0.9966 1.0000 (1.99%5 0.9987
5 .9953 0.9972 0.9975 0.9979

10 (). 98R6 ().9942 0.9913 0.9924

20 0. 9855 0.9867 (0. 9884 0.9894

30 0.9779 0.9770 0.9%15 0.9514

10 0.9747 0.9634 0.9736 0.9778

60 0.9228 ().8956 0.9401 0.9205
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where X is the total moisture content of the osmosed potato material, X°
is the total moisture content of the full turgor material and w, is the
proportion of water in the full turgor potato material.

Bq.[3.21] and eq.[3.22] are used to calculate the moisture content
of the starch (Xst) and proteins (X ). The water loss by the cvtoplasnm

Pt
(WL??I) 1s determined by:

r r
ceal | x:t et Vet Xpr "or Xpr
WLo ol ) Lo iy [3.41]
R | {Jﬁwrﬂoiﬁﬂﬂ ’ {0 [ {0 ¥
SR Yoo ]
Fq.[3.23] is used to caleulate by difference the moisture content

of the vacuole, Xv' The water loss of the vacuole is:

0
WIral _ Xv Xv | o g
L0 = - " [3.12]
v W
X() XO
v

7

This hypothetical system represents the potato volls&in contact
with a medium which influences the loss of water of these structures
which, in this case, also equals the mass loss.

The values of total moisture gGﬁtenr (X). the water content of the

starch (X and proteins (Xpr) are reported in table 3.16 together with

St)

the concentration of the sucrose solution.

On fig. 3.12. the calculated total water loss (VLFaI), the water

al

loss by the cvtoplasm (WL'@ ) and the vacuole (WL?aI) are plotted
Y- - Cy v

AN

against the "sucrose concentration of the. osmotic solution with the



106

Fable 306 Values of Total Moisture Content (X). Water Cont®&t of the
Starch (X*t) and Proteins (Xpr) and Moisture Content of the
a0 ! ( v p : o ] ) 111 9 : .
Vacuole (\v) of the Potara cell }ﬁkfiﬂllllbllum with an

Osmot te Solution at 10°(.

Sucrose

Soliution X A\ X X
vt pt v

(%) (ke/kg) (ke/ke) (kg/kg) (ke/kg)

0 5.6667 0.1021 5.3261 4.8074

35 34387 0.3831 3.4041 2.7971

10 22084 0.3617 2.2034 : 1.7201

20 1.3316 0.3351 1.3140 0.9592

30 .9522 0.3160 0.932% 0.6347

10 0.7153 0.2934 0.6964 ().-4358

£50) 0.3705 0.2529 0.3555 ° 0.1594
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experimental results of mass loss (ML), water loss (WL?&:&H Sugar galn
(SG) . Table 3.17 - nports also the same results.

From full turgor to a 10% sucrose solution, the experimental water
loss and weight loss are  similar to the calculated ones. brﬁé
contribution of the vacuole is the most important one as compared to the
contribution of the cytoplasm. It can be expected that the main
contribution will come from the vacuole hecause the water activity of
all osmotic solutions is fairly high.

From a 107 to a 60% osmotic solution. the uptake of sugar is so
important that the discrepancy between the calculated and experimental
water and weight loss becgmes significant. However, not only sucrose
1s gained by the biological Structure, sucrose and water as a solution
enters the potato material. Consequently, the experimental water and
mass loss is less than the -calculated ones. ‘

It has to be pointed out that the water content of the potato
material at full turgor is higher than the water content of the potato
, material at full turgor reported by Crapiste and Rotstein (1982) and
other workers in the field of sorptional equilibrium data. This was
probably due to the conditioning step that was performed experimentally.

The changes occurring in the  different phases of the potato cell
were investigated and compared with the experimental changes occurring
in the potato tissue. Some discrepancies were found particularly
related to the increase of the sugar uptake by the structure. 1In order
to fully understand and explain the phenomenon, the behavior of the
differentxphases of the cell were considered in terms of volumes and

compared with the experimental volumes.



Table 3.17 Galculated Equilibrium Parameters of Total Water Loss

o
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(WLcal), Water Loss by the Cytoplasm (WLE?l) and Water Loss

by the Vacuole (WLC?L) of the Potato Cell in Equilibrium with

an Usmoti'olution at 40°C.

" Sucrose
Solution wcal WLE;I ngal
(%) (%) (%) (%)
5 -33.42 397 - 230.15
10 _51.87 - 5.56 246,31
20 -65.03 S 7030 _57.79
30 27072 -8.13 L6259
40 407 _R.70 - 65.57
60 79 44 29,72 269.72
»
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3.3.1.5 Comparison Between the Experimental Volumes of the Potato
Tissue and the Corresponding Equilibrium Calculated Volumes of
the Different Phases Present in a Potato Cell
Assuming that the mass of dry matter (mdm) remains constant, the
calculated cell volumes were determined on a dry matter basis:
‘ v X . [3.43]
p = T
dm o, Pdm

The volume of the cytoplasm is calculated in the following manner.

‘cy - Yst¥st . st + Xprwp ., [3.44]
m * : ) " |
dm P, Pst g ’pr

, y
Vo= -9 g [3.45]

On fig. 3.13, the volumes are reported as a proportion of the
initial total volume and plotted against the sucrose concentration of
the osmotic solution with the cellular volume obtained from the
experimental data. Fig. 3.13 and table 3.18 show that from full turgor
to incipient plasmolysis the vacuole undergoes the major decrease in
volume. In a 207 sucrose solution, the volume of the vacuole becomes

smaller than the volume of the cytoplasm. Fig. 3.13 shows also that the
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i

Table 3.18 Calculated Parameters: Cellular Volume (Vp/VO). Volume of the
Vacuole (VV/VO) and Volume of the Cyvtoplasm (VCV/YO) of the
humped Potato Cells in Equilibrium with an Osmotic Solution

at 10°C Reported as a proportion of the initial Volume.

P ,

Sucrose (Cellular Volume of the Volume of the
Solution Volume Vacuole Cytoplasm
‘c/‘o \v/\o \cy/vo
A '
Blank 1.0 0.772% 0.2272
5 0.6493 0.4564 (.1930
10 0.4558 0.2869 0.1689
20 0.3178 0.1672 (0.1506
30 0.2581 0.1161 0.1420
10 0.2208 0.0848 .1360
60 0.1666 0.0413 0.1252
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experimental cellular volume of the tissue matches the calculated cell
volume.

This implies two major consequences: first., sucrose is a true
impermeable, which means that i1t does not enter the cellqlanwyolume of

. . Ve L
the tissue, second, in such a system the water loss “by the cellular
volume of the tissue upon osmotic treatment can be actbunred from a cell
point of view taking into account the ('ontributi1ﬁ1 of the different
phasés such as vacuole and cvtoplasm present in the celluiar volume.
Consequently. on can infer the repartition of water and sugar in the
cellular volume of the potato material.

However. discrepancies occur becapse of the behavior of the
extracellular space. "In an osmotic process“ the extracellular volume
is filled up with the solﬁtion preventing the collapse of the structure.
The water loss is slowed down and the sugar 15 gained by the biological
structure, Moreover. Mazza(1983) has found that the texture of
osmotically dried material is more or less open and rigid and the tissue
does not collapse as much as compared to air dried material .
3.3.1.6 Summary of the Genmeral Behavior of a Plant Cell Undergoing an

Osmotic Treatment

The summary of the general behavior of a plant cell undergoing an
osmotic treatment is described here and shown on the fig. 3.14.

Starting at full turgor, the extracellular space of the cell is
minimun. The cellular volume pushes the wall (fig. 3.14 a). 4is water
is lest by the cell comhu;from the cellular volume, the total volume is

-
affected whereas the extracellular volume stays constant.
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FULL TURGOR

AP= 5 atm
Qwi = 8ywgq (a)
ay - dve
at dt

m -
v €

INCIPIENT PLASMOLYSIS
ISOTONICYTY
AP:=0 (b)
dwi = iwo

PLASHMOLYSIS
@y - (c)
dt

CRITICAL CELL VOLUME (d)

L4
WHOLE STRUCTURE
COLLAPSES (e)
: gy - dve
dt dt

-«

Fig. 3.14 Physiological Reépresentation of the
Shrinkage Behavior.
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-

As‘ soon as incipieﬁt p}asmo}ysis or isotonicity (fig. 3.14 b)is
reached, any further loss in cellular volume is compensated by a
proportional increase in extracellular spacg (fig. 3.14 ¢).

Up to this point, this typical shrinkage behavior applies in most
conditions of an osmotic treatment (range 10%-40% osmotic solution) at
equilibrium. The osmotic treatment of a potato tissue in a 60% sucrose
solution appears to involve a different shrinkage behavior. Table 3.8
shows that the total volume is significantly smaller in a 60% osmotic
sélution. The extracellular space is also smaller than in a 40% sucrose
solution as well as the cellular volunme. As  pointed out by
Toupin(1986). a third stage of dehydration is characterized by the fact
that the cell membrane starts to pull the cell wall inward, its point of
anchorage causing the collapsing of the structure when a critical cell
volume (or volume at which the intrinsic properties of the plant cell
are lost) is reached (fig. 3.14 d.e). The behavior of the potato tissue
in a 60% osmotic solution could be explained by the fact that the cell
wall 1s collapsing. Moreover. in conventional drying process. pratical
vondirions of dehydration are, to a large extent., governed by the
necessity of minimizing the irreversible loss of the elasticity of the
cell walls occurring in this last s;ége of dehydration (Van Arsdel,
1963). However the irreversible loss of elasticity of the cell wall has
been found to occur at very low water aétivity (Villis and Teixeira,
1988) . Furthermore, studies on rehydration properties of celery
conducted bv Willis and Teixeira(198%) reveal that the loss of the
membrane integrity is also an important factor which impairs the
rehvdra ability of fruits and vegetables. Irreversible loss of rigidity

upon rehydration which is controlled by the selective permeability of
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the membrane was observed as the membrane was chemically destroyed using
ethanol. Tt usually occurs much earlier than the loss of elasticity of

the cell wall in the process (Willis and Teixeira. 1988) .

3.3.1.7 Miscellaneous Observations Occurring during the Osmotic
Treatment

Some qualitative observations were recorded along the process.
Shrinkage was found to occur in three directions like in conventional
drying (Van Arshel, 1963).

During the preliminary experiments lggiﬂﬂishing the procedure of
the equilibrium study some osmosed samples were kept in the cold room at
1°C for two weeks prior to sugar analysis. Sugars were then analyzed by
HPLCY A very important enzvme activity was found, the sucrose’being
degraded into glucose and fructose. From a processing point of view, if
sucrose 1s chosen as a solute, the enzymes probably located in the cell
wall must be inactivated as soon as possible after the osmot ic
treatment.

Foaming and a sour smell was observed when the osmotic treatment

was conducted with a 107%- 30% sucrose solution. The phenomenon was found

P

Problems in the design of an operation such as dehvdration,

to appear late, during the second half of the treatment.

3.3.2 Kinetic Study

packaging. storage and particularly osmotic concentration arise when a
foodstuff is removed from an equilibrium situation and is required to
reach a new one. Roman et al.(1983) reported that, in drying, much less

attention has been given to the kinetics of the phenomenon bv which
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@
equilibrium is attained. Moreover, Lenart and Flink(1984b) indicated
that, in the area of osmotic concentration, very little has been
published regarding the spatial distribution of the water and solute(s)
in the biological structure ag a function of time. As a general rule,
increasing the concentration of solute in the osmotic solution or
increasing the time of osmosis gives an increase in osmosis penetration.
Since time is the limiting factor most of the authors suggest to operate
at high concentration rather than longer time. However. the results of
the equilibrium study have shown that an optimum would have to be found
between concentration and contact time.

Fig. 3.15. fig. 3.16 and fig. 3.17 report the measurement of
density of the potato slices for three time levels (i. e.. 1| hour. 6
hour and 24 hour treatment) in a 20%, 10% and 607 sucrose solution as a
function of the depth of penetration in the tuber. The density
increases from the surface to a depth sufficiently far from the centre
particularly for highly concentrated sucrose solution. The §teepness of
the profile increases as the concentration of the solution increases.
The measurements of density have been used to estimate the position of
the slice through *he mass of the potato sample which is the common
determination relating the measurement of moisture content, sugar
content and density measurement. The reader is referred to appendix 10
for details on the transformation.

Fig. 3.18, fig. 3.19 and fig. 3.20 represent the measurement of
sugar content as a function of the depth of penetration in the slice for
three treatments 20%, 10% and 60% sucrose solution and three time

durations of treatment (i. e.. 1 hour. 6 hour and 24 hours). For a 24

hour trearment. there is saturation of the first layer of approximately

- 4
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2 x 10'3 m followed by a sharp decrease. This type of behavior is
observed for a treatment in a 40% and 607% sucrose solution whereas the
sugar seems to be washed out for a treatment in a 207 osmotic solution.
The saturation of the layer of approximately 2 x 10-3 m is also a time
function. For a treatment i; a 407 sucrose solution, it occurs as early
as in 6 hours.

The data on the moisture content measurement for the three time
level of treatment and the three concentrations of sucrose solution
confirm the observations made for the sucrose content measurements (fig.
3.210 fig. 3.22 and fig. 3.23). In a 20% sucrose solution, the water
content measurements reflect the fact that there is little penetration
of sugar in the potato material. The values of moisture. content for a
treatment in a 40% sucrose solution agree with the fact that there is

saturation of the first layer partigularly for a 6 hour.and 24 hour

treatment. The same moisture content profile is¢8 d for a 607

sucrose solution. Although, according to the moidE it ent «data. the

[y

saturation of the first layer appears to occg i(i. e., for %
hour” osmotic treatment) than th® data on sucHbe
indigaie.

Please note that the values af’the surface (z=0) correspond to the
equilibrium data.

The equilibrium study has shown that the extracellular space
increases dramatically when the cell reaches plasmolysis. Since sucrose
penetrates in the extracellular space, the mass transport of this

species is favored. not only by a difference in chemical potential

between the solution side and the potato material but, also. by an
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increase in the surface ‘area of extracellular space which has an effect
on the penétration of sucrose.

From, the equilibrium study, it was also found that a solution of at
least 107 to 20% would allow for plasmolysis to occur (table 3.7 and
fig. 3.11). In these conditions the surface cells of the potato exposed
to a 207 osmotic solution are expected to be on the border line of
plasmolysis., The extracellular space of these cells is therefore
limited to the initial value at full turgor if they-are not plasmolysed
(1. e., approximately 4.0% of the initial total vblume). For treatments
in a 40% or 607 sucrose -solution, the surface cells are most likely to
be plasmolysed which corresponds to a proportion of extracellular
volume, with respect Jﬁb the total volume at full turgor of 387%.
Furthermolle the extracéllular space has increased by 709% since the
volume of extracellular space has increased from 4.0% to 387 (table
3.7). The sugar can more easily penetrate. This and also the fact that
the difference in chemical potential on both sides is.more important
than for a treatment in a 20% osmotic solution contribute to fhe
experimental differences in mass transport of sugar 1inside the
structure. In summary, the combined effect of difference in chemical
potential between the solution and the potate material and the mass
transfer surface area increase affect the transport properties of
sucrose and water inside the structure.

Finally. the kinetic study shows that the penetration of sugar is
slow. Shrinkage pattern affects the transport properties of sugar and
water inside the structure. The surface available for transport (i. e..
the extracellular volume) increases as sugar penetrates the potéto

structure.  As the surface area of transport increases, the flux of
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sugar 1s considerably reduced because of the expansion effect. The
penetration of sugar is slowed down. These considerations will be used
1

in further modelling.



L J

4. MODELLING OF THE OSMOTIC TREATMENT OF POTATO TISSUE
IN A SUCROSE SOLUTTION

4.1 Mathematical Representation of the Tissue

The modelling of the mass transfer of water and sucrose in potato
tissue upon osmosis requires the definition of a realistic simplified
representation of a hiological structure in terms of physical dimensions
and shape.  Because of the relative coherence that exists in plant
storage tissue (e. g., potato tissue), one can define a unit cell, as a
roprosentati;o hicroscopic unit of the structure, characterized by the
average tvpical properties of the real cells. Fig. 4.1a shows a
simplified representation of an average unit cell of potato parenchyma
tissue. Fig. 4.1b represents a cubic arrangement of these average unit
cells in a tissue structure. The analysis of mass transport of the
entire structure upon osmosis is transposed from the global description
down to the analysis of the behavior of the average unit cell in this
particular arrangement (Toupin, 1986). The anisotropy of such structure
introduces some major difficulties in describing the apoplast transport
or diffusive flow in the extracellular space. «\/

Toupin(1986) developed the concept of the equivalent cylindrical
unit cell (ECUC) and proposed an arrangement of these ECUC in an
hypothetical parenchyma tissue in order to avoid this particular
constra}nt. Fig 4.2a shows the ECUC. Each cell 1s representM as three
coaxiél cylinders. The cylinder no:1 acts as a buffer. The cylinder
no:2 represents the extracellular volume which includes the cell wall

and the free space. The cylinder no:3 comprises the cellular volume

with i1ts vacuole and cytoplasm. Fig 4.2b shows that the hypothetical

130
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Fig. 4.1 (a) Average Unit Cell (b) Cubic Arrangement
of Average Unit Cells.
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Fig. 4.2 (a) Equivalent Cylindrical Unit Cell
(b) Cubic Arrangement of ECUC's.
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tissue structure is approximated by an arrangement of columns.  Each
column 1s formed by a linear uj;pmblago of ECUC.

foupin(1986) pointed ont 'that, this representation allows for the

N
continuity of the extracellular volume and the discontinnity of the
AT #: . .

cellular volume of “fhe cells Jimposed by the tissue structure.  The
diffusion in the extracellular  volume or apoplast  transport is
Pinearvized vestricting the analvsis of unidivect tonal bulk diffusion in
the tissue.  Although the deseription of the mass transport in plant
storage tissue is greatly simplified by the introduction of the ECIC
concept . some geometrical transpositions are needed 1n oovder to fully

describe the corresponding phenomena.

1. cometrical Transposition of the Average Unit Cell into an

Equilivalent Cylindri it Cell

The diameter of the lar volume. (i‘,. the void fraction. «.
which comprises the proportion in volume of the cell wall tib(‘w) and the
free space “bfs)‘ and the fraction of the area of the plasmalemma
occupied by the plasmodesmata tap). are available in the literature for
an average unit cell of potato tissue.  One can calculate the cellular

* .
volume, \'(_: the extracellular or interstitium volume. \’i: and the total
volume. Vioas well as the toral diameter of the average unit cell d).
[he tortnosity (7)) of a species travelling in a porous structure of
average unft cells 15 calenlared as being the ratio of the actual
dstance (covered ax compared  to o the  shortest phvsical  distance.
Finally. the surface area of the plasmalemma. A of the average unit

cell 15 also determined.
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Based on the properties of the average unit cell, the mensurations
of the equivalent cvlindrical unit “coll (1. e.. the length, 1: the
radiusﬁgf the buffer, Rb: the radius of the extracellular volume, Ri;
the radins of the cellular volume, Rr) are calenlated.

The summary of the geometrical transpositions of an AVOTAge unit
cell into an ECUC ix shown in table 1.1. Table 1.2 reports the
characteristics of both tissue. Finally fig. 1.3 shows a comparison of
the existing mechanisms of mass transport into a biological structure

-
composed of average unit cells (a) composed of equivalent cvlindrical
unit cells (hy.

In order to model the mass transport of sucrose and water in potato
tissue upon osmosis, a column of ECUC was selected as represent.ing the
entire system.  The equations describing the isothermal mass transport
phenomena were established. Basicaily. the overall hulkediffusion
occufinv in the exrragpllular space will be approached using relations
assoclated ulth the e£tendod fgim afnsdbond order Fick equation. The
transmembrane dna bvmplast tr}wgﬁgrt ﬁﬂll'b;%mode}hpi by relation~ hased

‘
on the thgory of 1xxe»eP§§ble thermod)naplus ThP changes occuring in
¥ e

tpe cellular vol&%e in terms of vﬁlume and (0ﬁt9ntrar10n of hoth species
A

~ <
!

will hg monlnoréG(nla,eefl to- (911 bd§1§.ﬁ o

. . w
b s . -

{0 R
.

L

;_llular Equations of Continpity

The®®g1lowing assumptions are used to model the mass transport in
i

1he Pgtr&(Pi uldl cvlinder:
2

l. E@Gtharmal mass transport in a semi- infinite medium is considered.
1.

2. ﬁr solutions are mixtures of water and sucrose i. e. binary
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Table 4.1. Summary of th(kwmwrrival [ranspositions.

Equivalent
Average Cylindrical
Unit Cell Unit Cell
From Titerature:
d N
-~ ’ (T)f\ ' p('w l I’
ap
Caleulation of the Volumes: Fguivalent Volumes
cellular, extracellnlarrotal
7‘1;;. ) 9
V- o V- xRS RS 49
( e : ( ¢ 1 : :
6
f\(‘ ')
Voo R Vo= slRY O RD Tl
1 v < 4 1 l l L 4
|
) )
. . r L - -~ [ 1
U P 1.4) \ ,ng‘ Ry [t
. e
Fotal drameter of the Cell f& ‘ Leneth of the ECUC
aud tortuogity i
] ot Rl 1'/;
‘ 1L )
IR £
s 5
I - dy 7 SRS
md
- ( - /T 71.(’1
T ‘
¢
Area of Exchance of \rea of Exchanege of
Plasmalemma Plasmil emma
D - r 1
A= - ap) rds T A= 2rR) 113
m ( A m 1 ~ A
A\rea of Exchange of
Plasmodesmata
/
' Ap = Amnp/«l - oap) RN 4
; (ross-Bectional Area

of Interstitium
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' f “.‘f o . " ' ‘ 4 e .
4
Table 41.2. Charalteristics of Both Tissue. .
¢
RN A Tissue
Tissue composed of
Composed of Equivalent
N Average Cylindrical
(nit Cells —~  lnit Cells
Tt
40, =INT + 1|[4.16]
d
T. A, '
4C :m[ vt 1J [4,15] foo = H#C [4.17]
y #Cco
Atf cross-sectionnal area of the tissue exposed
Tt: Thickness of the tissue ' ‘ - *

V : volume of the average unit cell

d : diameter 6f the cell
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TRANSMEMBRANE
Plasmalemma SYMPLAST

APOPLAST

— T |
| & j

Osmotic

Interstitium
Solution
(a)
"~ Vacuole
- Cytoplasm
| :
. - | N
TRANSMEMBRANE R
2 2 SYMPLAST
Osmotic A 4\
Solution | /|  APOPLAST W |
—> | — > Interstitium
X < )
Buffer
(b)

Fig. 4.3 Comparison of the Existing Mechanisms of
Transport in both Tissue Geometries (a)

Average Unit Cells (b) Equivalent Cgllndrlcal
Unit Cells.
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3.  The space available for the sucrose to move is restricted to the
extracellular volume (i. e.. sucrose is impermeable to the
plasmalemma membrane).

4. Water is permeable to the plasmalemma membrane.

5.0 Only axial diffusion occurs in the extracellular cyvlinder.

6. The interstitial volume‘zus well as the cross-sectional area of
transfer is either allowed to vaq;,*ﬁ'lunﬂ The length. radii of
the ECUC are functions of time and distance but on a cell-to-cell
hasis. |
A differential v&lume element of cross-sectional area Ai is defined

in the extracellular volume. Applying the law of “8aservation of mass.

i

one can write a mass balance for each species: water and sucrose. .

INPUT - OUTPUT + REACTION = ACCUMULATION

-

N is defined as a mass flux. Rwm  represents the water

-

transmembrage flux. Fig. 4.4 shows the contribution of the different

fluxes in the differential vofume element:

For water: '

(AN, - Ain‘z+§Z)60 + Rwm2rR. 6269 - (A0 ] gasp - Aipw‘ﬁ)éz" [4.18]

Divided by éz, 64, P

x

Bile " AN e | - Wil g

1.19
bz 1 Y2 [ )




-y

( \R Rc
TN
Cellular “
R
Volume Rwm
, . \I/ Ri
i ' A
gsﬁf{?“ Nw|z Nw!z+52 N
0 '0"; Interstitum ;
( Buffer /I\
2 2=0
& ;)

~ Fig. 4.4 Mass Balance in a Differential Volume Element

of Extracellular Space (cross—-sectional
area Ai) for Sucrose and Water
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6z, 60 decrease to zero,

JAN) dA.p)
- 'Y+ RemR, = Y [4.20]
0z 76 .
For sucrose, /”\\\\
b | AN)  dAp)
] LSt i”s [4.21]
' dz 00

The addition of eq.[4.20] and eq. [1.21] gives eq.[4.22] for the

mixture:
O(Aipv) O(Aip)
- + me‘erRi = [4.22]
Jz Bl
since;
pv= N+ N [4.23]

Eq.[4.22] is ghe total equation wef continuigy. It utilizes the
property which shows that in any mixture the sum of the relative fluxes
1s zero. At this stage, the choice of whether or not Ai and p vary with
time and distance is important.

Experimentally, it was found that for a wide range of concentration
of sucrose solution (107-40%) in equilibrium with the potato material.
the total volume change is the same although both the cellilar and

extracellular volumes are dlfferent from one concentrat1on of osmotic
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solution to another. Consequently, Ai should be allowed to vary as well
as 1. The geometric properties of the ECW composing the column vary on
a cell-to-cell basis.  Since the celluld® volume of the cells are
oot
treated as whole entities, the transf@rﬁsf i&!ter from cellular volume
to the extracellular volume or vice- versa is sprefid Jequally gwer the
entire interstitium. Furthermore, the erSS gﬂctlonal area of the
extracellular volume Ai is a function of time only on a cell-to-cell
hasis.

From appendix 6, it can be found that the change of volume due to
the mixing of sucrose and water is negligible. According to Crank
(1975) . the behavior of a two component system satisfying the condition
of zero volume change on mixing may be described in terms of a single
diffusion coefficient in case of ordinary diffusion and the appropriate
choice of the reference velocity which would be in this particular . case
the volume average velocity. Although p varies with the concentration
of sucrose and water which change with respect to z and 6, the fluid. a
solution of sucrose and water in the extracellular space,. is assumed to
have a constant mass density in order to simplify the problem. The
varlation effect of the density with the concentration of sucrose and
water in the interstitium is assumed to be negligible as compared to the
contribution of the transmembrane flux and the Convectf;e and
diffusional fluxes. The density of the solution in the extracellular
space varies hetween the density of water (1000kg/m3) and the density of
a 607 sucrose soéggion (1288.7kg/m3).

Since it 1is a%lnnary svstem two of the three equations (i. e..

q.[4.20], eq.[4.21] and eq.[4.22]) are independent. The equation for

sucrose and. the total equation of continuity will be used. The

H s ’ ?ﬁ
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equations of contjnuity in the extracellular volume were developed for -

two particular casles. .
l
1.3.1 Area of Ext}aéellular Space is Fixed
Theoreticall?, the assumption of a fixed oxtracellulaf space 1is
valid in the fﬂ&st stage of dehydration (i. e., in early osmotic’
dehydration proco%sing). For each component, the equation of continuity

*

may be written:

ONW me2XRi dp

- + = [421}
Jz Ai a4
. ON dp .
- 5 = S [4‘25]
vz J0

The definition of the mass flux for each component in a fixed frame

of reference using the barycentric velocity (v) is:

N, = J. o+ pY . [4.26]
Ng = Jo + PV (4.27]
¢
where v is the barycentric velbcity defined as follows:
v.f BVg WLV [4.28]

.
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In one-dimensional system for constant p, the diffusional mass
transfer based on the mass average velocity occurs because of a gradient

In mass concentration:

i 0/)w .
, J, = - Dw [4.29]
dz ,
dp .
P R [1.30]
Jz

Y

The sum of the relative fluxes being zero implies that ']w = -] .

l

There is only one independent relative flux. Dw and ) are the

diffusion coeffients with respect to the mass average velocity. The
ol P

system water-sucrose solution is well documented in the literature in
terms of standard diffusion coefficients (D). Yao(19381) pointed ourr.
that when dealing with diffusion problems the diffusional flux with
respect to a fixed volume frame of reference is usually used and the
diffusion coefficients are measured accordingly. Only in  this
particular case both standard diffusion’ coefficients are equal;
Consequently, equations relating the standard solution diffusion
coefficients (D) to the solution diffusion coefficients with respect to
the mass average velocity were developed in appendix 7 and are listed as

follows:

D = [4.31]
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p.o= " [4.32]

: q

)
-

[t is well known that for diffusion in a porous hiological tissue
the solution diffusivity has to be corrected taking into account the
proportion of space available feor the penetration of the solution
characterized by the void fraction (¢). The fact that the solid matrix
represents an obstacle for the solution to travel is taken into account
by the tortuosity (7).

The diffusibility is introduced to take into account the effect of
the physical hindrance of Lh:<1ﬂl,wall, which can affect the diffusion
process in the apoplast. It is possible to characterize the resistaqée
to diffusion in that environment using the cell wall void fract ion, ;vu
porfiﬁcd‘aS a proportion of the cell wall volume and the cell wall

tortuosity. T o also expressed as a proportion of the cell wall volume,

The diffusibility of the cell wall is defined:

Ve = [1.33)

The hindrance effect of the inter<titium volume as a whole is a
function of the combined resistances of the free space volume and the
cell wall volume and is defined a&amrng a parallel effect:

Y ) Y

/@“% v (¢fsvfs ’ ¢CWUCW)/(¢fS + b, [+.34]
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Since there is a negligible resistance to be expected in the free
space volume, the diffusibility w(g Y 1 1. e. the diffusivity is

approximately the solution diffusivity.

“\.
v s ((bfs * Cp('w i (D('w ' (b('ww(‘w)/(h)fs ¥ ¢)(‘w) [4.35]
v VY "(N‘(-WJ VLV [4.36)
vos b [ v ) VoV L [4.37]

where Vo b the total volume of the cell wall comprising the voids and
spaces as well as the cellulosic fibers.  The cell wall volume is
assumed  to remain constant and is calculated from the initial total
volume. Voods the extracellular volume.

The solution diffusivities are corrected by the apparent

interstitium diffusibility. w. so0 that the corrected diffusivity is

defined as:

_ DM
D = [4.38]
AN
and:
_ vDM
D, = i [4.39]
oV
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where: ﬂ\‘ and Dw: apparent diffusivity in the interstitium
D: standard solute diffusivity

¥ apparent, diffusihiley

For each component. the concentration profile is more easily

deseribed by either:

dp 0o dp . do . 21R.
N N R I I )
J8 Dz de. |8 0z Rz "{i
or; '
Ip Y, ) ()/)s ) N v ’)/)s [141]
Jf Jz | VT2 S0 Jz .
and the total equation of contimiity:
. 21R.
o Rwm ! [H.42]
Jz ‘Ki p

+.3.2 Area of Extracellular Space is Variable

Considering the case where the area of extracellular space is
allowed to vary, 1t is assumed that the dehvdrat ion oceurs in three
stages: from full turg(’)r' to 1ncipient plasmolvsis. Vs fixed. 4s soon
as incipient plasmolysis is reached. A; is variable or allowed 1o
increase.  From the equilibrium study (fig. 3.9). it can be seen that.
for highly concentrated sucrose solutions (i. e.. over 0% sucrose

<olutionj. the extracellular space starts to decrease when the cell

~
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volume is such that the cell looses its integrity or intrinsic

properties.

N 2R o N i
¥ 4 Rum t_ = wg“m by " (4.43]
J7, Xi ‘K;‘ BI, 06
N N JA . i
So.® . ° L1

[ T A A

For each component. the concentration profile is deseribed by

ci1ther:
i)/)w B ()/)w 1‘ o ' (')/)w | 2R P, (Mi )
= D.. I - + Rwm [1.45]
af do. | " de | a7 Jz 4 \, BL,
or;
o 0T o Lo ., pe o
i - [V, ) : T o Lt
B iz l‘L R } - Jz "(i BL)

and total equation of continuity:

o 218 i1y
NoRem LT 1.17)
Jz &i P \i BL

.1 Water Transmembrane Transport (Rwm)
¢ The term transmembrane transport (Rwm) present in the extracellular
equations of continnity. indicates the mass transfer of water occurring

-
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across the plasmalemmy ‘,(meplﬁ Since ‘t,ke’&brano is fully non
N , R - o ﬂ:"’ ’

permeable to sterose, only gt

eyl
¢

wtransfer is possible.

«

3 >
A 3
Y .
wn = L Au (4R
R win “Hum [1.4%)
where me 15 the phenomenological coefficient for a water chemical
)
potential driving force through the plasmaleema -membrane. A”wm s the
A . . . v
difference in chemical potential of water across tle membrane:
»
mn ont
/ TR 119
Yt Mam — Hn [+ 19]

[o8

*

mn . . - S
where fon 13 the chiemical potential of water insioe the cocdular volume

1

ut . . : /
and ”Sm 15 the water chemical potential of the -xtracellular volume

Rith respect to the same reference state and tinally Ap

“is the
Wi , Fb
2 N

difference in chemica! potential across fhe membrane .

.

Only the transport of non-electrolvtes is considered. - PAre free

: 0 - .
water at atmospheric pressure (P”) and constant temaperature is choseg as

a reference state.  The ceneral expression for the chemical potent ial of

water 1s: o

0 o ‘ : 0 ‘=
o =, + RO Ina, o« \w’.m A 'P ) FE50)

A «
RT In A, 0r osmotic potential. reflects the contribution of

e

oromatric

dissolved solutes to the chemical potential of water. Tw"m'

potential, arises because of the Strong interactions hetween water and

. . - 0
solids of large surface area present in the svstenm. \».'(P - Py oor

>
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pressure potential, expresses the dependence of the water chemical
potential on hydrostatic pressure.

The extracellular volume is composed of the free, space and the cell

»

: . . -
wall which are usually filled with air. However any pretreatment, such
ay transferring disks of biological material in distilled water and
storing them not only ensure that the tissue is initially at full tureor
but also thap the intercellular spaces and cell wall volumes are likely

i d

to be water filled.  Sucrose penetrates in the extracellular volume as

the osmotic treatment s pursued contributing more and more to {the
osmot e potential of the extracellular space.  The hindrance effect of
the wall has been taken into account with the diffusibility (v} value.
The nteractions between the cellulose matrix and the solution are
assumed to be negligible so that the matric potential vontrﬂnnion‘in
the extracellular  space 1s  considered necligible. The pressure
potential term is zero. since the extracellular medium is directly

contact with an osmotic solution open to the :atmosphfw«'. Thus the

chemical potential of water in the extracellular space ix simply:

ot out? )
Lem o Mem C RT In Ao (ool

RT In CH reflects the increasing contribution of the sucrose

senetrating the extracellularn space duri®® the osmotic treatment .
! g rh 4

. Yefs
15 calenlated by: "

wis ’
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where 7 is the activity coefficient of water anyW w:gis the mole
fraction of water. -

A correlation was made between the activity coefficient T and
the mole fraction of sucrose (x ) using the data of Morris from Hougen
and Watson(1954) at 25°C. It was found that: .

” ~
N -~

2,0 & 2
In vy, =- x (3.36 + 90.5 Xg = 623.6 x_) - [453]

o The corregtion for the temperature was also applied:
-

‘ . . Ix . v .‘,
- 230 222 exp (0.0004979 ) [4.54]

wf@
?

- i . : ¢
vhere mg is the molality of sucrose.

The experlmental measurements of the GQUIllbrlum study have shown

v,

that, in the case of an osmotic treatment with an aqueous solution’ of an -

impermeable solute, such as &ucrose, the mass and volume changes of the

[
» .

cellular volume as well as the concentration of the different componentg ¢
inside the cellular volume ofvthe potato cell are fully'described b;
gpisidering the water chemical potential of the different phases . *
present. The cellular volume includes the vacuole and the cetoplasm
which comprises starch and . protelns . The pressure potentlal 1S

calculd?ed og~a cellular volume basig. I we assume that the cellular

volume is in equlllbrlum w1th éhQ‘\wtracellular volume .
r\ . 4 A
. .0 . ) —~
out out in in T 0
”w; Wi wm T Vv(Pc - P [4.55]
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The pressure potential is defined as:

. ﬂ ’
V.11 ]
V,(Po- P =T, ¢ Pit 2] g [4.56]

where Pft is defined as the excess of pressure above the atmospheric
1

» N
pressure at full SLurgor. The reader is referred to section 3.2.1.3.1.

for (eyg}J / /Yig_Pepresents'ihe ratio of the. actﬁai rel1u1ar volume
over the (elfu ar ,olume at full turgor. dl and ﬂz are rhe llterature
values fox potatd tissue whlch degcribe the variation of® the elastic
modulus of the cell wall (¢) as a function of the turgor pressure.*
Y the Jécuole phase the osmotic potential is important. Since the

vacuole aqueous solution is composed of small amount of minerals and

soluble sugars. These solutes contribute to t¥e osmotic potential. *For

multicompoggnt systems, a relationship between the partial water
SOV . »
ractivity of eacW component emd the water activity of the }uxtuye was

derived by Ross(1975) considering that all water present in®tThe system

forms a solution with each of the components independently of each
2

other. Thus:. .

R

. .. 0 ' ~ " -
Moyp = Ao = RT In a., = Rlsln {u aij [4.57]
/ ' . '& J
N ‘ . . M e

R

\ 3. ..
t ' . ) N q N .
On the basis of equivadent binary ygter-j component:

BN 9 g, '
'2.. LY . ¢ %\‘(’l 1(;\ } :( WJ)qJ ) [4 5q]
Fj; ; *“ ] L % ij ‘ ixsls
. Y |
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The water mole fraction:

X
X Viooos [4.59]
orgey ®
- where: | a; = " ( [4.60]
A . ,

The values 6f 4 and q are available in table 3.10.

At the cytoplasm phase, since starch and the proteins are the major
components the matxlc potential is dominant. Empirical corxelat1ons for
sorpt1on 1sotherms of starch and§ proteins are given by Cxaplste and

Rotstein(1982) and used to ebtlmate the matric potential.

vl S~
Y

. 0 - ==
pr InT gy In-|1 - exp(53.4759 X2, 3015 J SR
.;A i . ) . 7~/-f\ - “ .
— . . .0 ' ‘ ¢
in in~ . -1.6129
‘  kp M -RT L [-0\.0208 . } [4.62] =
)
As we can see the chemical potential inside the celluld‘\volume.
. A «

\ 0
uiﬁ - u:§ , can be estimated either from the vacuole phase contribution ¥

-

or from the cytoplasm phase conxrlbutlon, sihce the chemical potential

, . N
of both phases was assumed to be equal. ,///
Since in? _ out? A is dbfined bv either: ' /’ .
e bom 7 Fam  » B Y ) -
' e
< &
% ' T 0 T - : . .
B b= To(P - PY) BT In'a - RT dna g [4.63)

s "4
i Y ‘,
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o
bcf
‘ . .
. 0 en [z2 g7q v2.3015
My = T,(P - PO + BT In [1 - exp [ 33.4750 X, ]J
: one y- 1.6129 : X .
+ RT 1n [—0.02()8 xpr } - RT In Ay [1.64]
Thus the flux of water across the membrane is expressed by either:
- éwv T 0 gy
W ; Rwm = me RT In __ + VW(PC - PC) S .w;')]
. . Aufs ‘
or:
- - 0 : [ en geeq v2.3015
Rwm = me VW(PC - PC) + RT In [1 - exp [-.).3.44-)0 ‘\st . H
. /
e - 1.6129 .
¢ RT In {—0.0208 Cr } CRUInag | 0 [4.66]
. " \
From the'liteféture‘thé permeability coefficient the pldsmalemma
o . ' '\/Jf\,\
membrage, T;mi can'be found (Rotstein and Corniéh,¢}978a): , .‘?
] / ? ,
j '
- T Y. n M ) [4.67]
i km ——
RT V
w W
J A
ﬂg;t varies with the position in the extracellular space whereas

u;n varies but on a cell-to-cell basis. .-
,‘:,quiw. ' t T
E’ ’ i
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4.5. Intracellular Equations of Change

In the description of the volume and concentration changes in the
cellulan volume, the following assumptlons were considered:
L. Perfect mixing in the cellular volume. ’
2. The plasmalemma surface area is fixed.
3 Equations\are establislied on a cell-to-cell basis.
4. The symplastic 'transpor‘t was not q_qnsidered in the present study.

The centributions to t#e variation of the mass concentration of
species present in the cepl.lu’lar volume are function of the water Qloss
from the cellular volume through the membrane. If the symplpstié ‘

transport is considered negligible the cells behave as if they were

)
1ndependent F* gach cellular volume, one can write specifically a

“mass balance: . . . - -
: (RS ) ' . v
‘ 1 ' - .

??5 o b € ) c
) - 68 27K, | Rym df‘*’\%}mw P [4.68]

A

‘The concentration” ‘of water&m the cellular volume 1s expressed in
terms of total moisture contenty) on a dry matter basis which is
énvenient since a dehydration process ta&e‘s plage i the> cellular

i
- . . 2 i .
velume. The total moiture content on a dry matter basis s )‘ela‘t‘?d 'tow

o | [
the moisture content (m.) with the mass of dry matter (Myg) - o
‘ >
» \( ' .
c -
. - 66 2rR. | me'dz =X mdm}0+50 - X mdm!& [4.69] a

(/ B
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P

- After dividing by 66 and taking the limit as 66 ftend to zero one

obtains:

dx 2TR' C . P I

= - [ Rwm dz [4.70]

The mass of dry matter of the cellular volume is estimated from the

'W of the phases included in the celluldr volume of the potato
tesyelam the volume of the intracelluk‘?{yolume of the fresh potato

g, that the density of the cellular volume approaches the density

The cellular volume variation is“@ function of the-yolumﬁéiF'water

loss through the transmembrane on a cell-to-cell basis. Neglectipg the

* «change of volume on mixing:

N [V, Rum dz [(4771]

E In order tQ estimate the complete composition XV, xst and Xpr' A
test is made in order to see if the pressure potential term exists.
Eq.[4.56].is used to calculate the pressuné potential term. Knowing X,
the moisture content in ghe cellular volume on a 'dry matter basis,‘a
first guess for the water chemical potential inside the cellular'volume
is calculated from the Hasley(1948) correlation (i. e., eq. [3.39]). The

moisture content of the starch and proteins (Xpr) are calculated

using eq.[4.61] and "eq.[4.62]. By -difference the moisture of the

FO

9

vacuole is estimated:

g

1w
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The water activity of the vacuole phase is determined using eq. [4 57]

chemical potential of water inside the cellular volume (”wm

vy V - T r 156 .

L .
¢ - . : - a
: Xy = Ko Xgevg - Xor¥pr (4

b e -

q.[4.58], eq.[4. SQL‘and eq. 4 60]. Since therd®s an equality between

the chemical potenmal of uater in »the vacu,olfand the cytoplasm, the
-
uater chemical potential ob.tqm@d from the vacuolar composm”
T A IR
(‘ompared with the guess on the water C Cal potentlal obt,amed from

the total moisture content until convergence on proper va.lue»oﬂhe rw‘ "V %
4 N 'Ji?. . )

1n - ‘ln )

wi

Correspon(l,ing to the proper composition of the phases.

A\

»

1.6 Geometrical Time Derivative Relations
. “
In ghe development of the model, geometrical relations werg used to
evaluat?‘ne equivalent cylindrical unit cell mensurations. The .
“«

geometrical equations of change are time derivative on a cell-to-cell

basis.

l: dv. ﬂ &

and. , 4

. ) - , ”
w7 e : ’

The compliance factor &” desoribes how cellular volume changes
affect g@tfhe extracellular volume of the cell. From full turgor to

9. ' ' |
. 4 . ‘
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incipient plasmolysis k' = 0 which repfesents the fact that the total

<

. volume decreases as the cellular volume decreases. The extracellular

. volume \g agsumed to be constant. As soon as the pressure potential is

w B
.\

2er0, K = -1 (i. e., plasmolysis has occured). The total velume is kept

constant. The extracellular volume increases a$ much as the cellular
'

®olume decreases. Finally, a loss of the integrity of the cell seems to ;r ‘

occur as the ratio of the actual cellular volume over the cellular - '*°
. '1 q

L

v ‘
concentrated sucrose solution (i. e., over 40% sucrose solution') w
", 0'2‘3«5‘ R )

Uoflsequentla = 1 which characterizes tlfe act tha«t‘wthe cellular %o

-
32 2 ‘, ‘91

v volum:a at full turgor reaches 0.3 (fig. 3.9), particularly for llighly :

v

% volume y‘?l'ecrealses as much as the extratellular volume The geometrical

\ . >4
relations of the ECUC are listed in table 4.3. ?‘ “

o

* o - - ’ ’ i
. ) ) P 2
4.7 Initial and Boundary Conditions FE ‘, L
: PR < *
‘ . ‘ )'"‘-". . 4 %
4.7.1 Initial Conditions . L
’ L)

The initial cond1t10ns in the xepresentatwe col{mu o ‘LC are

presented Yor 6 = O as follows: ‘ s,

L. For all cells i. e. <€j=1, #C: th)J = R ; (J = R(.) : R‘Cjz‘ RO ;.'
e R A I Lt A L W vCJ*‘& 0. 4O 40,

" 2. TFor all cells i. e. cj=1. #C: . X¢J - o . ngz 'XS ; XS - Xg ;
. _ A
cJ_ yO.
Xpr" xpr'

3. In the interstitium for any point, pg = pg



Table 4.3. Geometrical Time Der'ivativtlations of the ECUC.
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i a0 _ 4r [ 1/:3s\”-2/:; o
. 3 _/;r_— ‘ v";"y'(
I ¥
WA
da 27 r&gw ‘
aR, o 1 dv, Copra] R, R,
17 7R I ¢ &y L3
diy, iy 2 dl
dé o dA L ad
L}
\'w d\i 7
\3 dd
1
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4. Assuming that the tissue is initially in equilibrium with pure
water 1. e. there is no symplast transport (Rwp = 0), no

transmembrane transport (Rwm = 0) or apoplast (Nw, Ns) i. e. v =0,

L4

v -0

az

1.7™ Boundary Conditions

Three locatYons are considered: the surface of the tissue, the
center and the interface between two adjoining cells.
1.7.2.1 Surface of the Tissue o

Assuming that\ there 1s -no resistance to ma$s tfansfm‘,.yat the
surface of the bi(;logi(‘al structure, the concentration of sucrose in the
interstitium at the surface Té\l'qual to the concentration of sucrosé"of
the bath soluti(;n OF 0Smotic solution% .Eor a system under a vigorons

-

“ f L"q.
agitation, the assumption is justﬁiod.‘"
L .

. r 8 \
‘ ’ ps‘s = Psos [4.81]
(
- y
4.7.2.2 Center of the Tissue " _ .
. Considering a semi-infinite medium, the center is defined as a
plane parallel to the su:‘jee situated at- a distance equal, to the
-y
thickness of the tissue. For any point located on that ane an} -
L ] » ™

beyond, the extracellular and wellular gonditions remain at any thae @

1

- § .
O:. ,

equal to the initial conditions, 4

/ bs]o = P4 4]
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9
Since the intracellular equations of change are defined with

respect to the mass of dry matter:

- 0 ,
I, =X | [4.83]

For all species’, there is no symplast transport (pr'o =0), no
apoplast transport i. e. dv and V'o equal zero.
Z |0 )

’

1.7.2.3 Interface Between Two Adjoining Cells

The major consequence of describing the behavior of the

-

vepresentative column on a cell-to-cell basis is that it creates

uities at the interface between 2 adjoﬁning cells. A special

+ -

analysis of mass transfes is required to link the transport phenomena
. w Y

occurring in the interstitium of each cell at the interface.

Py

Specifically for sucrose:

[4.84]

!

Ai Ns 8j,in Ai'Nslcj+1,iQ

Eq.[4.8§] states that there is conservatTonof mass Yor both

species sucrose and water in the interstitium at the interface.
- ¢ .

J

If . =P the convective gransfer:
®cj.in Cj+1,in . -

[ . -

[AivJ - :[AivJ o N [4.85
Cj.1n cj+l,1n
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Same Treatment for sucrose leads to: K ' 4
dp dp .
A D > =4 D X [4.86]

CQER——— ¢ .o 1 '8 Co
dz €¢),1n > cj+l in

These relations allow for the mergence of the information

pertaining to each of the two interface points into a unique quant ity

therefore eliminating the need to use an extended space grid in solving
o >

. L ¥
the equations of the extracellular space.

1.X Summary of, the Equations and Description of the Numerical Method
. ’s' -
Fable .8 summarizes the analysis of the section 1 by present iag
>

the list of the model equations.

The equation describing the mass teamsport of species in the

extracellular space is a function of time and distance. This pweial
¥ . »

differential equation (PDE) is parabolic and highly non linear since Dy

3 0:\-
AN 4 R ' oare implicitly function of the interstitium
dz . 08 .

® . . )
concentration of sucrpse.

’
v The intracellular equations of change i. e. the cellular volume.

the extracellular volume, the total volume and the water concentration

-~ -

of the celllar. volume, as well as the geametrical relationas form a
A . .
svstem of ordinary differential oquati‘ons (U%)}ﬁce&-to- cetl basis.

These equations are- function of t;me only. .oov 4

T S - N
e 1ntoaar&;’1a§a £ s s ok %@53 cell
requires the flué,u ‘f AR Ml « e "é“fluxes angd* the
calculation of {h¥ syr face u der the. refmlt)%g curve over each L@llllldr

x .,

-
s

volume in order to obtain the mass avex;age velomtv

v
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Table 4:4. Summary of the Mpdel Equations.
\ A
Descr . .Equﬁffbn‘ N
number
- ‘ N - —
Extrarolhlhn‘Equqthﬁ]‘l!l:;-hmiry
1) Area (Ai) 18 ﬁhﬂl’ -
- Sucrose 4.
Tgtnl v 442 y

2) Area (Ai) is variable
-Sucrose
-Total -

Iransmembrane Transport (Bwm)

0
out out
1 1
Wi wm
' .0
in In

twm / wim
- Pressure Term
Osmotic Potential Term
either
) o
N o
wi
Intracellular Equations of Change

assuming that the symplast is negligible

-Total Moisture Content
-Cellular Volume

L]
Geometrical Time Derivative Relations
Initial Condiﬂggns

Boundary (Conditions
-Surface of the Tissue

“Center of Yhe Tissue
-Interface b&tween two Cells

E

CO[a1). [452]. [1.53]
¢ (15
vy
[1.56] ’
[4.58], [4.39]. [1.60]
tun .46
4. 67
4
1.70
e

(1.T3] - [1.80]

Section 4.7.1

1N .
1.801. [4.%3
fi.s.—') . T4.86

A - %

—~—

A

L .

3
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These relations are integrated numerically in order to oht?in the
transicent concentration profife. . |

The methods available for‘solving'nonlinvnr purﬁbolic differential
equations are limited.  Generally a discrvrizarion hO}* in time (#)and
position(z) is performed. An implicit scheme such as Crank-Nicolson
(CN) has been chosen.  Theoretically the N is unvonditioﬂpally stable.
Since it has been developed for a similar system (foupi%: 19%6) with

.

many interesting features. it was modified .for this particular system.
Details on the development  of  Crank  Nigolson are available in
appendix xo o Becanse of the non linearity of the terms an iteration
procedure is required to solve for the transient roncvntrug}oﬁ pgefile.
v oprojection to half level in time “is performed fdﬁlowvd by an
evaluation of the non linear terms. An estimate of the concentration
profile ix obrained at the next time level. An iteration is pursued
until convergence on the concentrations at the next time Ipvel is
reached within the 1imit of the tolerance.

[n order to perform the integration of the system of ordinary
differential equations (0DE). a simple discretiiation.was'pvrformed With
respect 1o - time. Even  though the gradients generated in the
extracellular wolume are important with \(espect to the distance
variable. the_effect i comsiderably reduced with respect to time
particularly on a r?ll-t0~vell basis. v(onsequently. the ofdinary

. . _. - . . N .
differential equafions are smooth and the time dependent variables
. . »

i
change*slowly. ’

*

. 14
4

i.) Results of the Simulations

2

-
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i
4.9.1 Testing the queriééi'lethdd

" Assuming a puré\diffusion phenomenon in t‘re extracel lular §pace;

the Crank-Nicolson scheme was tested by comparing the numerical sucrose l

concentration profile to the analytical solution of the second order

Figke law of diffusion. For(a semi infinite medium:

= =erfe r ? } [4.94]

~
where Psos is" the sucrose concentration of the osmotic solution. The
© mass transfer coefficient at the surface was assumed to be infinite and
the diffusivity assumed tov {Fmaln constant. Simulations wefe carried
out for different number of grid points. It was found that a minimum of
7 points per cell was sufficient for the numerical concentration profile
to ﬁatch the analytical concentration profile with a A# varying from 5
to 20 se?onds. Convergence is better. achieved with a A#=5s although
after 120s the sucrose concentration profile for A4 varying between 5
and 20 seconds matches the analytical profile. It }S ipportant to keep
-a sufficient number of points in order to be able to carry out prOperly
the spline flttlng and 1ntegrat10n of the transmembrane fluxes over the
entire cell. DAG/( Az was calculated for Af=5s, 10s and 20s. It was
found that, for Ad=5s, DAB/(Az)%=1.87. for AG=10s. D86/ (A2)%=3.74 and
for #=20s, DAH/(&Z)2:7.4T. In order to keep a reasonable Af (i. e., at
least 5s), an implicit scheme must. be used since the condition of

stability for an explicit scheme is DAH/(AZ)2 has to be smgller or equal




~—

to 0.5. The impottance of ‘using an &mplicit scheme is clearly shown
here. o ‘ <

The variation of the diffusion with the sucrose'coﬁcentration was
introduced in the medel to test'the effect of the non linearity of the
diffusion coefficient on the numerical profile. Same A and number of-
gf}ds ensured proper convergence on the sucrose concentration profile.
A Aé\of 55 was selected for the first 10 seconds of simulation then for
the next 10 seconds of simulation a Af of 103 was used and finally a Af
of 20s was used for all other time with 7 grids in order to minimize the
computatiéon time but to ensure the -proper convergence on the sucrose
concentration profile.

As mentioned before, an ‘iteration procedure 1is used to get the
sucrose concentration profile. A projection is made at half time level
to evaluate the non linear temms. The calculation of the sucrose
concentration at the next time level is pursued. The convergence on the
proper sucrose concentration profile is achievéd if the difference

’between two consecut ive values of concentratlon at the next time level
is less than 0.001 for "the first 6005 and 0.01 for all other time at
each grid point. 4 This was founJ to be sufficient with respéct to the
experimental error on the measurement of sucrose content. A maximum a
20 iterations was allowed fof the convergence to be reached.

| In order to be able to assume a semi infinite medium as a geometry,
the concentration at the centre has to remain the same as the initial
value throughout the simulation. Based on the experimental data. a
thickness of tissue exposed of 5 x 103 mto 6 x 103 a seemed \? be

sufficient.  An estimation of the .limiting thickness was also made

considering”a simple diffusion after 1 hour treatment in a 607 sucrose
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.0 N
pe - P
solution. A value of the reduced concentration 5 5 of 0.0001 was
. 5. \
Psos™ Ps

considered negligible. The diffusivity coefficient was assumed to be

the one at infinite dilution. It was found that a thickness of
6.3 x 105 n would be sufficient to ensure that the sucrose
‘concentration at the centre remain unchanged. Consequently, the

haa

simulations were performed- with a 6.4 x 10‘3 m thiékness.
4.9.2 Symplgsm is not Present and Variable Surface Area of
| Exﬁrac?llular Space is Considered

. The values of the parameters requfred by the model are listed in
table 4.5. They were obtained barply from the literature and partly
from the results of the experimental work.

The simulations were carried out to test the appropfiateness of the
model by comparing predicted and " experimental observations. The
conditions of the potato material immersed in a 60% sucrose solution for
1 hour Qere considered. From the results of the equilibrium and the
kinetic studies, it was found that thé surface area of extracellular
space varies gquite dramatically. Furthermore the variation of the
extracellular space was included. However, the symplastic transport was
not taken into account. '

Fig. 4.5 shows the sucrose concentration- profile in the
extracellular space for a 1 “ treatment in a 607 sucrose solutio:n.
The solid line curve represents the sucrose concentration profile
considering only a simple diffusion in the extracellular space with a

variable diffusion coefficient which varies with the sucrose
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Table 4.5 Summary of the Parameter Values used for the Simuldtions of

an Osmotic Treatment of Potato Tissue in a 60% Osmotic

Solution for 1 hour.

!

3

~ Description ’ Units Values
' \
Dsmoticum‘Characteristics
- Temperature . o( 40
-Partial Molar Volumes m3/kmol
water 0.018016
sucrose ‘ 0.211
-Molecular Weights kg/kmol
water 18:0
sucrose 342.3
-Diffusivity of Sucrose
in Water _
D m2/s 7.53x10™ 10
. a .
(R .
a kg/m3 -0.0020882
Initial Tissue Characteristics
-Thickness m 5.0x107 3*
-Surface-Area Exposed m2 0.000157
-Cell Wall Volume Fraction ¢Cw 0.01
" _Free Space Volume Fraction ¢fs 0.03
-Tortuosity 1.57
- Interstitium Sucrose kg/m3 0.0
Concentration .

* Although the thickne$s of the tissue exposed is 5'x 10 "m, the

thickness of the equivalent tissue geometry is 6.4 x 10" 3n.
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Table 4.5(eont'd)
)
Initial Cell Characteristics .
-Lell Diameter ' .m 1.80x10™4
“Cell Wall Diffusibility 0.3
-Elastic Modulus (¢)
4, - 3.5
T P 0.5x10%
- Turgor Pressure Pa 0.5X106
-Membrane Permeability (P~ m/s 0.34x107 6
or varying from ’ : 0.425x10'6
to | 4.25x10° 6
-Cell .Composition on a Dry i table 3.9
Matter Basis
-Cell water Content on a Dry
Matter Basis
X kgwater/kgdrymatter 5.4578
N kvwater/kgdrystarch 0.3769
Xpr o kgwater/kgdryprote1ﬂ§‘ 3.Q238
A% kgwater/kgdrymatter «%.8689
-Density of Dry Matter kg/m3 1613
-Density of Water kg/m3 992 .4
-Molecular Weights -~ kg/kmol
K.,P0 : 212
374
I\ZSU4 , o« 174
Atrcose \_ 180

Fructose ‘ : 180
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concentration. The second curve shows not only the contribution of the
diffusional flux but also the contribution of thé'transmembrane flux in
the extrdcellular space. The effect of including the transmembrane flux
sharpens .the sucrose honcentration profile. ithe water coming out from

the cellular volume through the plasmalemma membrane has restricted the

sugar penetration in the extracellular space. It is also interesting to

-

note that the interface or s\'face of the tissue has m(gved from its

original value. This represents the shrinkage behavior that is observed

experimentally.  The cellular volume has lost some water through the
-

plasmalemma membrane and has shrunk accordingliy particularly the surface

cell.

1.9.3 Comparison betwpen the Predicted and Experimental Values of
‘Sucrose and Water Content
In order to compare the predicted values to the experimental
values, some data transformations have been made on the predicted
values. Py which represents the sucrose concentration in the
extracellular volume and X which represen{s the water concentration in
the cellular volume are predicteq by the model as well.as the total
volume, V, the extracélluiar volume. Vi. and the cellular volume, VC of
the potato cell. The average sucrose concentration in the extracellular

space attached to a cell is defined as:

p. = f pdz [4.95]

: 1
As well the water concentration:

o
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- > \
Py =P P - [4.96F
\

where p is an average between the density of the liquid of the
extracellular space of the potato tissue mitially and the density of a

60% swcrose solution. The sucrose concentration in the cellular volume

[4.97)
and,
C X
p. = : [4.98]
i X, 1
- =
Py Pdm
The mass of the cellular volume:
mo= (X+ 1) mg ' [4.99]

where Myy 1S estimated from the initial cellular volume V?, the density
of water o, and the proportion of dry matter in the cellular volume 187

for the fresh material (table 3.1) but 137 for the full turgor material.

- O '
Mg = Yo X 0.13 / p (4.100]
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e

The mass of extracellular volume is calculated hy:

/ :
mi = /)vi + m(‘(‘l [4.10]]
where m..] represents the mass of cellulose:
. 0 .
Mepp = ¥ x 0.04 /p,, [1.102]
The werght fraction of sucrose in the tissue is defined as-
! Az {_ (
\ ,
p V. + p ¥ ] -
, g, = Sroose [4.103]
, S
Az
¥ (m. +m)

The summation is performed over the thickness. Az, corresponding to the
experimental thickness of the slice. Please note, that the thickness
may involve part of the whole cell. In the same way, the weight

fraction of water of the tissue is defined as:

Az
) V. A
o= {p“ L “J (4.104]
W
Az
z
(m, rm)

. . v .
The weight fraction of sucrose was also calculated assuming only a
. J
simple diffusion phenomenon in the whole tissue (i.e.. the transmembrane
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flux vas not considered). The diffusion coefficient was assumed to vary

L]
with the sucrose concentration. Since the sycrose concemtration profile
r

is shown on fig. 4.5, for a diffusion phenomenon only, the weight

fraction of sucrose in the tissue is defined as:
\

*

) (4. 105]

where <, tepresents the weight fraction of sucrose in the tissue, P, 1
the predicted volumetric concent rat ton of sucrose in the tissuye, p 1S an
average value of the density between the density of a 60% sucrose
solution and the density of the potato mitially (1.144505), Sqp 15 the
mitial weight fraction of dry matter (1, e 15% at full turgor). -

The predicted welght fraction of sugar was compared with the
experimental values from the kinetic studv in fig. 4:6. Different
values of permeabilities were used to carry out the simulations. The
small dash Tine indicated that the value of the permeability coefficient
was  fixed to 0,34x10'6m/s and that two stages of dehydration were
considered., The  large dash line assumed a variable permeability

L - 1. )\1(’ M X .;. ) 1 1 )b

Three stages of dehvdration were alsi ssumed.
Fig.4.7 shows the comparison between the predicted water content
and the experimental values from the kinetic study tor different valyes

of permeabilities.



174

"1U3)U07) 3S01ING *c_mw:_c> pa}21pai4 pup
|0yuamt 3adx] 8y} uaaa}aq uosiiodeoy gy b

(W00 X) ©ID})ING BY) WO} 8215 Oy} }O uol}jisod

v C £°0 20 10 00
[ e T S T T T e T e e e 14 00

— e e

uoi1snj g /

| uotynipAyag jo sabfinyg eaiyj \ {vo
. S/WQ-0iXGZ2 ¥ O} S/WQ-0IXG2y 0 WOl 4 /
| 3|QDI JDA S| WA4 O /
uot1yoi1pfiyag jo sebbyg omj /Im.o
S/WQ DIXpL "0 = wAd . /
|ojyuow 1edx] -~ /

i doD

1



173

1UdYUO] DIMSIOY JO SaN|DA payaIpo
84} pup |pyuawiiadxy ayy usamyaq uosiiodwoy -y 61§

(WI0°0 x) 821G BYy) Jo uoiyi1soy

[ [ o Ve Q

.|\r T — - — = + T T T e A v.‘\..q
uorjoipliys( jo seboyg 28 14| __.j -
' S/%9-GIXGZ p O} S/wg@ Q|XGZy'Q WO M ©
» AIQDIIDA S| WA g H b
Tory o=
uorjvipfiyo( jo seboyg oaj | n
/W9 VIXPE D - way . {ooe §
IDjusw! sadx ] <Mpv5.d
K O
L
.\;\ =
) 0
| Jyw 90 @
, e .
B {0 o

*

- -t g
. w
R leo
, . _ (9]
| o

b R P



Y

On fig. 4.6, it was’Nund that the predicted profiles, that include
the water xrans'memhra.no flux, match the experimental values of the
weight fraction of sugrose in the tissue. Please note that the value of
permeability coefficgent. was approximately 20 to 40 times smaller that
the value reported in the literature by ’mswin and Cornish(1978b).
fhe results seem to andicate a dvpvndenrdlt)f the permeability on the
boundary lavers on hoth sides of the plasmalemma which s particularly
tmportant at the surface where the sucrose concentration of the Fiquid
phase of  the extracellular  space 1s  60%. [his has been already
Jwdicated by Toupini1ose, Rotstein and Cornmish(197%4)  have  also
pornted ont the importance of the boundary lavers and the fact that the
convective contribution to the water flux across membrane 1s often
neglected in depicting r}ﬁ\ flux  across  membrane. Usnally  the
permeability coefficients are measured in ditute <olution. In that
case. 1t s reasonab  to expect that the permeability of water will be
unaffected by the presence ?;f other species.  However, the sucrose
concentration of sucrose in the extracelluylar space is particularly hien

«

at the surface and dilute at the centre. It can he expected that a
resistance to the mass transfer at the surface of the membrane exists

and affec

s the permeability coefficient. The lumped permeability would

he smaller

0 the surface and greater at the centrg affecting the
profile accordingly. Rotstein and Cornish(197%a) have made a detailed
analysiy on the effect of the boundary layers on the permeability
coefficients.  Some simple considerations help to clarify the influence
of the boundary lavers and justify the uyse of permeability coefficients

much lower than the literature value. [f the cells are tredred as

isolated spheres, the classical heat/mass transfer expression ‘for a

[N
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single sphere of diameter d. in a large body Of‘métionless fluid can be

used:

it

ke = .S [4.107]
c . '

. %
. e

The value of the corrected di?fusivity varies from 5-43X10-10m2/s at
infinite dilution tOn-l.OSXIQ'IOmz/s for ‘a 60% sucrose solution.
Assuming that the diameter of the cell (d,) is constant and equal to
1.80x10"%n. the value of kc becomes 6.02X10_6m/s for the value of the
diffusion coefficient at inf}nite‘dilution and 1-2x10’6m/9 for the value

of the diffusion coefficient corresponding to a 60% sucrose solution.

Thus the effective permeability js calculated by:

Lot [4.108]
Tﬁif ke W

For kc = 6.O2x10ﬁ6m/s, Tfif = 4.25x10'6m2/S and for ke = 1.2x10—6ﬁ25,
ngf, = 1.1x10'6m2/s. These vaiues were used to carry out the
simulations with a variable permeability coefficient.-

Fig. 4.6 shows also that the penétratiOH of sucrose into the tissue
is increase& considering that only a diffusion phenomenon takes place.
The predicted sucrose concentration profile is overestimated in
comparison with experimental values./_ghere 1S NO water coming out from

the cellular volume through the plasmalemma to restrict the penetration

of sucrose into the tissue.
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Fig. 4.7 shows that the predicted values of water /content are also

ya

in good agreement with the experimental values.
4.9.4 Sucrose and Water Fluxes at the Surface -

Fig. 4.8 shows the values of the flux of,éﬁcrose at the surface as
a function of the time of treatment. The z’zéis starts from zero at the
c%ptre. A negative value! of the fluxs’gf suc}ose reflects the net
penetration of sucrose in the strucpd}e, whegeas a positive value
- indicates that the sugar is being trgnéported a@ay ffom the surface. In
the early stages of the ogmotic f;reatment, a quick penetration of
sucrose occurs in the first IOOSZf(Sugar diffuses into the extracellular
space of the structure enoughxfo allow for an important difference iq
chemical potential between the extracellular space and the cellular
volume so that a water flux coming from the cellular volume occurs
through the plasmalemma.’ From 100s to 1800s of osmotic treatment, the
sugar that has already penetrated in the‘tissue continues to diffuse.
However, the flux of sugar at the surface being positive, the sugar is
washed'out by the water flux coming from the structure. As soon as the
first celldggfches plasmolysis (arbund 2000s), the extracellular space
opens up, sucrose penetrates more readily into the structure. This is
aiso ‘relectéd in the value of flux of sucrose at the surface which
becomes negative again. ‘

Fig. 4.9 represents the flux of water as a function of the time of
osmosis. Water is lost from the structure at a constant rate and drops
to a lower level as the cell reaches plasmolysis at around 18005. At

that time, the water removal at the surface seems limited by .the sucrose

that has penetrated the structure particularly when the surface area of
. N
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the extracellular space incfeases Lenart and Flink{1984b) have already
p01nted out the. fact that for an osmotic treatment in a 607 sucrose
solution- the osmot1c penetration depth is limited by the formation of
the compactqﬁ surface layer with the result of a limited water removal
Furthermore the model provides a powerful tool to monitor- the

changes that occur in the b1010g1ca1 structure in order to understand

the phenomena involved in the process as a function of time.

1



5. CONCLUSION AND RECOMMENDATIONS
In this study,‘ the equilibrium experiment has~ shown that the
~extracellular space influences the behavior of potato tissue with
respect to shrinkage.

A Comparison betwéén the éalculated cell vblumes from sorption data\
and the experimental cell volumes revealed that\ the calculated cell
volumes match the experimental cellular volume for the whole range of
sucrose Solutions. b |

The vacuole of the cell was found to be mostly responsible for the
loss qf water in potato tissue particularly in the conditions of high
water activity. .

The equilibrium and the kinetic studies have also shown that not
only the difference in chemical potential between the solution and the
potato side but also the increase in the surface area of extracellular
space influence the mass transport phenomena in potéto tissue.

A geometrical equivalent of the potato. cell hase been used to
develop a model which describes the mass transfer of Sucrose in potato
material (Toupin, 1986) with the main advantage of handling the
diffusion in the extracellular space unidimenéiohglly. o Sorption
properties of the potato tissue have béeﬁ~~ig§luded i?r the
thermodynamical description of the forces involﬁed'in:thérff3§smembrane
flux. | |

Based on quantitative results, it is reasonable to conclude that
the model proposed is able‘to describe the mass transport phenomena of
potatc tissue undergoing an osmotic treatment in a sucrose solution.

This ccnclusion relies on the observed good agreement between the

experimental and predicted data and on the fact that the simulations

Id

182
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were carried out using microscopic properties of She tissue, which are
relatively well documented in the literature, as well as using sorption
propergies. A comparison between experimental data of sucrose content
and prédicted values, considering a diffustn.phénomenon only, indicates
clearly that it is not possible to predict the results of. sucrose
content in biological structure after an osmotic treatment using the
Fickian equation. - Y ‘

As pointed out by Toupin(1986) the most uncertain links in any
ahalysis are the values giyen to the permeability coefficients of the
membrane. From the .results of the simulation it seems that the water
permeability coefficient is dependent on the sucrose concentration of
the extracellular‘épace. It appears that bdundary layers exist at the
surface of the plaémaléﬁma which affect the value of permeability
coefficient. This ;tudy has revealed a general need for data on
permeability coefficients.

Further studies -are needed to investigate the influence of the
turgor pressure on the cell behavior particularly at high valuesﬁof
water. activity as well to estimate the elastic modulus of the wall and
the general plasmolytic behavior of t&ke plant cell for different fruits ,

and vegetables. R

The inclusion of the symplastic transport as a parameter of the
model would have to be included although the proposed model represents
quite well the behavior of the tissue structure. |

Validation of the model should be done with other tissue structure.
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7. Appendix 1: Experimental Measurements and Data Calculations

7.1 Density Measurement
The densities were performed in the following manner:
1) ~The empty pycnometer was prewveighed (mpy).
2)  Potato material was added to the pycnometer and the .
‘ t s weighed .
pycnometer was weighe (mpy+p0)
3)  Distilled water at 23°C was added to the pycnometer and the
pycnometer was reweighed (mpy+p0+w).
Please note that prior to these measurements, the volume ‘of the empty
pycnometers were determined in the following manner:
1) Weigh the empty pycnometer (mpy).
2) Distilled water at 23°C was added and the pycnometer
reweighed (mpy+w)'

3)  The steps | and 2 were repeated 5 times.

The densities (p) were calculated:

(m -m. ) '
_ py+po ~ Mpy .
p = » ! [1.1}
[ (Mg ™ Mpy) J ] [ My +porw ™ Mpy+ po)
Py . 23°C Py, 23°C

* Average of 5 measurements.
(o]

7.2 Total Solids Measurement

The total solids were performed in the following manner:
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 1)
2)

3)
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N

Weigh an empty aluminium dish (md). ¥\7
Add some potato material in the dish and weigh the dish
(md+po)bef0re‘

Dry in the air drying oven at 1050C for 24 hours and after

cooling down in a dessicator under Vﬁcuum, weigh the dish
)

(md+po)after‘

The total solids (TS) were calculated:

T8 = [[(md+po)bef0re ) md] ) [(md+p0)after )

o .
d]]
7.2
T — x 100 [7.2]
d+po’before 4=

7.3 Sugar Content Determiration by HPLC

1)

2)

Some standard of sucrose, glucose. and fructose were run into

_ the system to establish the standard curves. A linear

regression was established between -he peak height (PH) and
, ; ,
the sucrose concentration (Y) of the standards.

V=a (Pl) +b [7.3]
The standard curves are plotted on fig. 7.1, fig. 7.2 and
fig. 7.3 with their regression equation.
The unknown sample is then injected as an aliquot of the
solution obtained from the extraction of the known weight of
sample. The sucrose concentration (Y) is detefmingd from the
eq. [7.3] knowing the peak height (PH) obtained electronically

by the Hewlett Packard integrator.
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3)  The sucrose content (SC) is calculated knowing the dilution
factor (DF), or volume of the extraction®solution, and the

weight of potato sample (mpo):

S0 = Y x DF

mpo x 1000

x 100 [7.4]

7.4 Insoluble Solids
The insoluble solifls were calculated from the residue of the extraction.
1) An empty aluminium dish was preweighed (md)i
2) - The residue and the preweighed filter paper Whatman #4
(mfilter) wvere added to the dish. |
3)  After drying at 105°C for 24 hours in an air drying oven and
cooling down in the dessicator under vacuum, the dish was
reweighed (md+r)after‘
Knowing the weight of potato sample, the insoluble solids (IS) are

calculated in the following manner:

L]

(my. ) - My - M. }
IS = d+r’after d filter < 100 ‘ [7.5]
"o
7.5 Sugar Uptake Determinat: - "sotope Dilution Method ‘
1)  Standards of 4o o establish the quench curve
(fig. 7.4) which : ‘ » conversion of CPM to DPM
' f

3

measurement. ‘
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The sugar
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The mass of the sucrose solution ( as well as the volume

mSOS)

of osmotic solution were recorded (V A sample of the

os)'
osmotic solution of known volume (vsa) was counted (DPMdg).

Fach osmosed slice was put in a preweighed vial (mv) and

R
welghed again (mv+p0).

The sample was digested or solubilized as described in
section 3.2.2.8.2. of Material and Methods and counted

(I)PMP()) :

uptake (SU) was determined:

Mmoo X DPM - x ¥
SU = nos po = X 100 (7.6] _

DPM(, X Vos X (m - )

m
)S V+DO v
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8. Appendix 2: Statistics on the Experimental Measurements
of the Equilibrius Study
The statistics of the experimental measurements are shown in this

appendix.

X.1 Density Measurements -’

R.1.1 Matrix of the Density Measurements

Blank  Fresh 5% 10% 207 307, 10% 607,

1 2 3 3 5 6 T 3
1.0571  1.0722 1.0%7 1.1003  1.135 1.177 1.2101  1.3032
1.0%}8- 055 1.0947 1.0956 1.1507 1.1673 1.2047 1.3100 -
[.0691 1.1B31 1.0523 0 1.1354 0 1.2197  1.3309-
F.0569  1.0R93  1.0693 1.0988 1.1235 1.1731 1.210% 1.3110
1.0646 1.0874 1.0713 1.0904 1.1259 1.1664 1.2174 1.3042
1.0563 1.0764 1.0783 0 1.1356 0 1.2033 1.3210 -
\\‘ 1.0579 0 1.0770  1.0955 1.1225 1.1723 1.2150 1.3103
0 0 1.1 11076 1.1265 1.1669 1.242  1.2994
0 0 1.0635 0 1.1335 0 L1913 1.3130
where 0 indicates a missing data.
X.1.2 Anova table
DF SS MS F-RATIO
Treatment 7 0.42210 0.06030 512,349
Error 53 0.00624 0.00012

Total 60 0.42833 ...
Duncan Multiple Range Test Results

| .percent level: 13245678

5 percent level: 13245678

A line typed under any sequence of means indicates no significant
difference at the given percent level. '2'

¥.2 Total Solids Measurements

201



8.2.1 Matrix of the Total Solids Measurements

Blank  Stored 5%
1 2 3
14.71 21.37  21.35
17.90 22,19  22.02
13.93 22.95 21.85
14.96 21.13 18. 41
13.90 18.%0 15.12
14.74 19.74 23.37
15.15 19.20 14.57
11,10 22.25 22 .%2

() 20.80 0

10% 20%
4 5

26.64  34.5
24.51  31.00

0 31.84
25.75  32.98
20.52  30.36
0 33.21
I8.54  33.74
%.36  31.63
0 32.53

where 0 indicates a missing data.

X.2.2 Anova table

DF

Treatment N
Error 56
Total 63

55

16701.5085
149.5159
16351.0243

Duncan Multiple Range Test Results

I percent level:

5 percent level:

A line typed under any

sequence

3247

N3 |
<
=1
x

13245678

of means

difference at the given percent level.

X.3 Mass Loss Measurements

%.3.1 Matrix of the Mass Loss Measurements

5% 107

1 2
32.02  32.02
27.7% 33.57
28.72 32.33

207 307%
3 4
31.09  27.%5
29.9%  28.43
30.43  29.04

where 9 indicates a missing data.

307, 407
6 7
39.04  46.26
39.18  45.05
0 45.16
41.18  45.44
39.14  45.90
0 45.50

38.92 47.03
39.84  16.51
0 45.14

MS

2385.9298
2.6699

202

607
8

64.69
64.62

- 66.03

66.15
65.93
65.73
64.41
65.10
65.51

F-RATIO
893.6315

indicates no significant

407 607%
5 6
27.44  45.17
29.80 44.69
27.16 46.69
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8.3.2 Anova table

DF SS MS . F- RATIQ
Treatment 5 653 .8592 130.7719  82.6789
Error 12 18.9802 1.5817
Total 17 672.8394¢ .. ..

Duncan Multiple Range Test Results

* 1 percent level: 511326
S opereent level: 5 H 1326 >

A line typed under any sequence of means indicates no significant
difference at the given percent level.

The statistical analysis was performed using an APL program
available on MTS(library 701 STPI: routine ANOVA2 and from FSTE:NEWSTAT.
routine AN2DUNCGROLP) .



9. Appendix 3: Error Propagation on the Experi*ntal
.
Equilibrium Parameters
.Th(‘ error analysis of the equilibrium calculated parameters such as
the water loss (WL), the sugar gain (SG)., the insoluble solids loss
(ISL). the caleulated total (\'/V()), the extracellular volume (\'i/\‘()) and
the cellular volume (\"(‘/VO) shows that 1t is a4 function of few
experimental measurement s Consequent Ly, th(" error has t()\lw propagat ed
through. The relative error o used to calculate the grror on the
miltiplicat ion or the di\"i.\'i()n of 1ndependent terms whereas the absolute
error s used to calewlate the error on a sum or a difference of
independent terms.
9.1 Error Propagationson the Water Loss
Recalling that:
WL - ,[(1 C ML/ 100) (1 IS/Iun)}- ¥ l[S”/lHH)! o 91

i
. :
Lhe relative error on the water loss measurement is caleulated by

!
r

ACL - ML/1OO) —Act - TS/100) ]

(1 + ML/100) (1 - TS/100) ‘
‘ (1 + ML/100) (1T~ TI57100]
NI

S

T
(1 + ML/100) (1 - TS/100) - o1 - 15°/100) | [9.2]

|
’ J

1
| . f
5L ]

1T
Al - 1827100y
—_
|

(Lo TS/ 100)
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- 9.2 Error Propagation on the Insoluble Solids Loss :%;i‘ﬂf,
‘Recalling that: : ) v ®
ISL = IS(1 + ML/100) - 1S° [9.3]

»

The error on the insoluble solids loss determination 1s determined by:

»~

ATS A1 + ML (1 + ML/100) IS| - ATSO [9.4]
IS T+ .

AISL
IST

. 9.3 Error Propagation on the Sugar Gain

Recalling that:

S6 =5 1. M7 . 19.5]
100

The error on the sugar gain measurement becomes:

A[ Mo, IJ
ASG _ ASC . |00 [9.6)
S0 7% o,

| 100

9.4 Error Propagation on the Sugar Cain by Difference

Recalling that:

SGD = ((1 + ML/100) TS) - TS° ‘ [9.7]
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The relative error on the sugar gain by difference is calculated by:

" ASGD _ (1« WLy106) 15 | 8(1 + ML/100) AT | o
3GD : (T + NLJ100) = 1§

£ (1 + ML/100) TS) - TS° [9.8]

) .
9.5 Error Propagation on the Experimental Total VYolume, Extracellular

Yolume and Cellular Volume

Re'calling that: '

\,/VO - (1 + ML/lOO) pO [9.9]
p -—
" P501/1000
- y 0 _ 0 2
VC/V = (V- Vi)/\ [9:11]
The error on each volume is defined as:
0 , 0
AV/Y _ - A(1 + ML/100) . dp . Ap [9.12]
V/VO (1 + ML/100) p 0

~o

where A(1 + ML/100) is the standard deviation of the mass loss
‘measurement, dp is the standard deviation of the density of the osmosed
sample and Apo is the standard deviation of the density of the material

at full turgor. e
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' 4
. |
av; /v ASC . A(1 + ML/100) | 4p°

= [9.13]
Vi/yo 5C (1 + ML/100) °

where ASC is the standard deviation of the measurement of sucrose
conteat, A(l + ML) 1is the standard deviation of the mass loss
measurement and 8p° is the standard deviation of the full turgor
matefial. We assume that the Pso] has a negligible contribution to the

error. -

;- AV VO av/vO 4 AV, VO
¢ = ' [9.14]
Vv V/VO - V. /ve | -

The relative error of each measurement is used to calculate the absolute
error or equivalent standard deviatién associated‘xgyéah each
determination. The comparison between treatments 1s done using a duncan
multipie range test. The error mean square is estimate from thé mean of
the standard deviation of the each treatment mean wiich has been
previously calculated by propagating the error. This error mean 1s
squared.  An APL program available on MIS was used to compute the
results of the comparison of means (library 701 STP1, routine

AMEH.MCTEST) for WL, ISL. SGD, SGD, V/VO, Vv, VAR

."‘ﬁ



10. Appendix 4: Correction of the Water Activity due to Temperature

In this section the derivation of equations relating. activity,
. .

concentration and temperature for binary water-sucrose solutions is
done. For the following equations the subscripts pertain to the.
components are defined as follow:

1 £ water

.
T~ - el

The variation of the activity with temperature particulari} for water is

2 = sucrose

defined by:
dln a L
b [10.1]
| o RT \
wher o ap Water activity. | 5;7‘
T : Temperature. .
L, ¢ Relative partial molar enthalpy.
R : Gas constant.
. | ' | | \
Klotz and Nosenberg {1974) have shown that:
Ly
_ My
L, =- dT, [10.2]
n
1 ‘
70
Ly
2
T " (o]
L, = oL, + n 10.3
2 2 2 B
2 ny
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Expressions for the apparent relative molal enthalpy (¢L2) of sucrose
solutions are reported by Gucker et al. (1939) and Stroth and ‘Schonert
(1977) at 20°C, 25°C and 30°C (Lee, 1987):

oLy = 128.9m, T =20°C [10.4]
oLy = 134.6m, T=2°C  [10.5]
8Ly = 140.2m, T'=30°C  [10.6]
Since;
-
my = ° [10.7]
§ n1M171000
and,
dny = 0 M, /1000 dm, [10.8]
Ly
— _1 ‘
L, = m,dL [10.9]
L =575 J 2
70
Ly
B 04l
Ly = oLy + my (10.10]
)

Finally, knowing that at m, = 0 for L3:
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. . my 0[ 0[2 J
L. -1 Moy 71 dm., [10.11]
an 55.51 My
0

3

Since EQ = 2578 my at T = 20°C; f2 = 269.2m2 at 25°C: EZ = 280.4m2 at

3000, the variation of L, with the temperature is estimated. A linear
. 2 P

regression shows that:

sz - ,
= 2.24m, [10.12]
o1
with r = 0.99999
and.
_ "2
s 3(2.24m,)
L. n 2 omy [10.13]
JT 55.51 3m2 ‘
) 0
7
i, ) .
= -0.02016n} [10.14]
The integration is performed to give:
T . 2 .
[, =- 0.02016m5T [10.15]

” 14
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Recalling that:

oln a, L, 0.02016m3
- . = [10.16]
m‘ . RT 2 v RT
The éeparatiou of variables is doﬁe:
0.02016m?
dlna1 = dT [10.17]
/ - RT o
!
Finally, integrating the equation, one obtains:
aj 0.02016n :
In = In [10.18] -
aTo R To
1

where m, 1s the molality of sucrose and T is the temperature in Kelvin.
Since the experimental data~for the relative molal enthalpy were
[}

expressed in cal/mole, the universal gas constant (R) is equal to

‘1.987ca1/m01e K. Finally for any correction of temperature:

% ]
T
a, 2 T
In = 0.010146 m% In [10.19]
aTo - To
W

N.B. Although experimental data are available only within the range of
20°C to 30°C, this correction equation is applied to correct the water
activity outside the range e. g. the water activity obtained from the

freezing point depression.
<



11. Appendix 5: Trénsforlaﬁion of éhe‘Data of the
Kinetic Study ‘ B
. The sucrose uptake of the slices, the dendity of the slices and the
moisture content of the slices were determined although not with the
same potato material. These measurements are related through the mass
of the slicés. In order to represent them with respect to the depth of
penetration, some transformations have to be made. A curve is

established which relates the position in the potato medium to the mass

of the slice.

PO -7 Az [11.1]

i -

where mpO is the mass of the slice, A is the surface area, Azpo is the

thickness of the slice and Epo is the average density. The thickness of
the slice is defined as: '

v
P -z, [11.2]

#

A relation is developped from the density measumgme

S . S

v
) "po y P [11.3]
-1 A -1 A '

These relations are found to be linear. Fig. 11.1, fig. 11.2 and

fig. 11.3 show the relationship for an treatment in a 20% sucrose

» / 212
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solution for a time of t hour, 6 hours and 24 hours. Fig. 11.4, fig.
1.5 and fig. 11.6 represent the same relatjonship for an osmotic
treatment in a 407% osmotic solution for a treatment of 1 hour, 6 hours
and 24 hours. Finally, fig. 11.7, fig. 11.8 and fig. 11.9 show the
relationship for an osmotic treatment in a 60% sucrose solution for a
time of treatment of | hour, 6 hours and 24 hours.

In order to find the position attached to the measurcments as a

m
function of the depth of penetration. The values of z PO are

A
calculated.  The proper regression equation (i. e.. representing the

conditions of the sucrose concentration of the osmotic solution and the
time duration of the treatment) is used to find the resulting position.
The regression equations are listed in table 11.1 for each combinatiod
time of treatment and concentration of the osmotic solution. However,
the position of the measurement has to be represented at half thickness

of the potato slice. Please note that the data have been treated with

Lotus 123.
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Table 11.1 Regression Equations for the Position Correction.

223

Solution

%

“Time Regression
Concentration Equation
(") (hour)
‘ >

20 | Y = 0.00127 + 0.9259 X
20 6. Y =-0.00298 + 0.9112 X
20 24 Y = 0.00660 + 0.9051 X
Y40 1 Y = -0.01173 + 0.9996
40 6 Y = -0.03269 + 1.0201 X
40 24 Y = -0.04317 + 1.0002 ¥
60 1 Y =-0.01072 + 0.9118 X
60 6 Y = -0.02038 + 0.8939 X
60 24 Y =-0.03154 + 0.8857 X

X

Y represents the value of SJ% (Vp/A) and X represents the Sum (Mp/4)



12. Appendix 6: Changes of Volume upon Mixing Sucrose and Water

This section shows that the change of volume on mixing sucrose and
water 1s negligible even with high concentrated sucrose solutions.
Considering a 60% sucrose solution at 20oC, which is the maximum
concentration of sucrose solution used experimentally, it can be found
fron  the literature (Weast,  1984): pi?i = 1.2887g/cm3,
p. = 1.5805g/cn.

L= TP L 07760 /g [12.1]
exp )
Poix
WL W
Losgal s s T 06 0 e [12.2]
cal ‘ Py o, 1.5805  0.9932
mix

V;?i = 0.7803cm3/g
yeal _ 7exp ’
; , -
- % Volume change = MX  MX x 100 = 0.56% [12.3]
due to mixing - yeal
mix

Consequently, the change of volume due to the mixing of sucrose and

water is negligible.
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13.Appendix 7: Diffusion Coefficients ag affected by
by the Frame of Reference.
The purpose ,of this appendix is to develop the diffusiqn
coefficients based on the. barycentric velocity using the methda
: descf}bed by Yao(1981).  The experimental measurements of diffusion
coeffitients are usually measured with respect to a fixed volume frame
of rofefenco i. e.lvolume average velocity. The mass average‘velocity

is defined in case of a binary system sucrose water:

VS Vet uv [13.1]

VCo=p ¥ Vit P S [13.2]

The diffusional flux can be defined with respect to the mass
average velocity and volume average velocity as follows:

~

- V) [13.3]

320 (v - %% SEWI

1
?

where Ji is the diffusional flux with respect to the mass average
celocity and J? is the diffusional flux with a fixed volume frame of

erence.

225



226

It is important to point out that when dealing with diffusion
problem J? 1s commonly used which is the diffusional flux based on a
volume frame of reference. The experimental diffusion coefficients are
measured accordingly and named standard diffusion coefficients. In a
binary system, only with a fixed volume fr§mg/of reference, thereAis an
equality between the two diffusion coefficients. Consequently. a
transformation between the experimental diffusion coefficients and the
diffusion coefficients required by the model is needed since the
equations developed involve the barycentric velocity instead of the

.
volume average velocity. The conversion between fluxes is done. The
diffusional flux can be'divided in two parts as:

Ji=ny (v - Vo) - py (v - vO) [13.5]

(v. - v°), the diffusional flux based on the mass average

. o}
Since Ji = p. i

1

velocity can be refated to the diffusional flux based on the volume

averﬁge velocity by the following equation:

I = J? -y (V- v7) -[13.6]
SlnCe vV = Z -'J.)kvk:
). = .J‘.l’ - (S - V) [13.7]

—~

Multiplying the second term by py» dividing also by py and taking the

summation outai'ves:

J' = JO - p E pk (Vk - VO) . [13.8]
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and since J; = Py (vk - v°)
Y
40 k ,o
Jl = Jl - pl E Jl\ / [13.9]
Pk
For our binary system:
_ 10 ““ o “s o .
1, = J P Jo+ JS (13.10]
Py Pg
Jo= 0 Vo s 13.11
s T Vs T P w ' S [13.11]
Py Ps
Finally,
v.p
_ 10 sPw o :
I, = J, (1 - &) Jg [13.12]
Py <
J.=J° (1 s J° 13. 13
s = s (Lowy) W [13.13]
pw

Using the property which shows that the sum of the relative fluxes is
zero, the relation between the mass fluxes is defined: .

LTI =0 [13.14)

0] . o .
JS can be expressed as a function of Jw of vice-versa: /
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o T
13 = (13.15]
1
S
o T
and, Jw = - vt [13.16]
’ 7
W
I ‘ “sPy _J: y@ 1317
P -w"w(’-‘jw)_ — [‘]
e Py V.
S
and ,
o -
4P -JoF
0 wh's S w
J\ = JS (1 ub) _ [13.18]
Py V.
S R
Grouping the terms together:
Jspw—w o
Jo= (L= a) - B [13.19]
pbyS
J o= (1 - w) “bs's J° 13.20
s “s — S []
pwyw \
dp dp dp dp
Since J° =- D " 3%=-Dp S andJ =0 “oJ.o=Dp. S
v EZ R 7 A R S B Ry Al

and D, can be expressed as a function of D which is the standard

diffusion coefficient based on a fixed volume frame of reference.
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wp V. +wp¥
p, = >3S5 Swu [13.21]
pST;
ap ¥+ upV
D, MW WSS [13.22]
pw—pw
Since Ny Vs P Vw = | ,,r 2
.
D= S [13.23]
w I
) ZNR
“)W
and, | D, = D \ [13.24]
pWPW
and .
_ D a9 9=
b, = - [13.25]
pr
and , D, = D - [13.26)
as

Based on the experimental measurements of D either Dw or 0S s estimated

and used in the model equations. 7 is equal to V/M.



14. Appendix 8: Description of the Numerical Method
The partial differential equatin"'describing the transport of
sucrose 1n the interstitial volume of the cj-th ECUC composing the.

hypothetical rppresentative,gglumnﬁgpﬂg highly non linear parabolic PED
Eet Phand]

R (?A
since the term D, ¢, v, o . i and Rwm are implicitly functions of
Jz J0

the interstitium concentration. The relation is integrated numerically
in order to obtain the transient profile of concentration of the sucrose
m the interstitium.

A diseretization is made in both direction z. the distance variable

and 4. the time variable. The region between the center of the tissue

l.e.z=0 ‘he surface is divided along the 2- axis into increments
with grid .+ being placed in the‘interstitium and more specifically
on two boundaries and on each in “ demarcating-the cells composing
the column in order to allow fo > space increment to vary from
cell-to-cell. The values of these steps (th) are separated by equal

space increments defined as:

=1/ (#grp - 1) [14.1]

4

h .
¢

where #grp is the numbet of grid points in the cell (assumed to be
constant and identical for all the cells). Two space grids are
necessary to describe the interstitium domain. The standard space grid
con~ists of a certain number of increments from the center to the
surface. The extended space grid is necessary to monitor the column
behavior on a cell-to-cell basis due to the discontinuities created at

the interface between cells. - The extended space grid contains

A '
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supplementary poinfs at the interface such that the conditions there can
be described wig& respect to both sides. Please note that the cells are
numbered from surface to the center whereas the grids are numbered from
the center to the surface. Tﬁe Crank-Nicolson scheme was selected and

adapUuif}om Toupin(1986) to solve numerically the partial differential

.'} 1 4
> equation and ensure valid simulat ions. Recalling eq.[4.16]:
'W@ ) 5 W@ . W% ) o, N 1)
a8 )z S TR Iz S dz Xi 08
In terms of central difference analog the first term or diffusional term
on the RHS is defined as:
[
i + /o Pyl +!
b s j 1/ p St J /2
d [ D S J S 1. s n+!/, N+ n
5 = T 3
. 0z bz |, y ~th‘..7}‘ : N W
W €] A cFy
s v C .v.-. ‘.; )‘; . . sy x y r>',¥
- K “ ‘¢ , \‘,}f\., §x - . o™ T
' [ PP "* ‘%V‘ L. ??‘!
B U,B ‘1,1‘: fﬁ ! ijs sz . ’
g 30 LR e © [14.3]
" A k. : thT/g - .
?z« * Y. e

The terms invo vi;, values estimated at the j+*' /2 time level are

approximated by{ar}thyetiC»éverage of the finite difference analog.

. Poado
R
S ,
1 il . ; ;
P LEE [pgﬂ, . ) J [11.4]
. n a n n



232

. . \
Finally, e
|
\ J I, e/ 1 AR
. = . 1 S
7 R/ N N S et/ n+
] Y
N R ) pJ*l I R ;ri*’ it /s ﬂj
s n+l /g ¥ I)\ n-!/, “no Y [)s n-t/y Tney U Vs net fa ey
ol 1 1
N R A S N RS TN
Do+ | Ps v Ps (11.5]
S n+t /o s -t/ I S n-t /s n-
where: >
. R
e
R G
Ds o = £ los |PS 0T L Py [14.6]
PR S ety L+ I
S L J
1 r S 1
e | AR E TN
_ p? P -
DS 1 ! /3 = f ll(,). ) [ S + bﬂ-l/g [14 4}

Eq.[14.2] can be fully developped in terms of central difference analog

to get:

“noT Yy ) 1 ( ) A PJ+1

= N n+l/‘.) bn+1 &
BT |

thI/Q -
Ch



.r
- i+l /o
1 av 1 aA'i j+1
- + Py ™~
2 0z Ki a0 n
n
1 4 . IA. j+1/2 .
. + A s 1 ! pg ‘ [14.8]
‘ . 0z Ai a6 n
n

Regrouping all the terms involving values estimated at the advanced time

level on the LHS leads to:

A

. *
- .
" kJ J+1j2 K Jr /e pRie
S I+ /o : n S
J+ < R J+1 73 N+
> 2 hcj 4hcj
4 - g e .
‘,“ J+1 /577 satl/y T Vs -t/
2 th
»
LR
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J*H
P
.Sn .
j+l
sn_1
N+
. 1
g+ /o
R S .
o d 2 \Z?z Ki 90 "1
" > n J
\ ,
. -l . "
1J _ e K RIS
R e Doty A R [11.9]
2 hg 2 gt /2 hmi
J oy

or.

: TooMp)T e pn
n- . n “n+y



’ - 1 .
- o dt /2 p3
o n Sn_

LN

At thg”surface:

(

The analog becomes: o

- j*‘/? J*1
CSM23~1 Py

(=

-

where:
AN
I .
J
csl = 5
9pdt
CJ
- i .
’ . J
eswr = | *
2 hJT 2
IR

h | . : 1 .
+ (1 - CMg+ /2) pg + CMPllJl+ /2 )

n

Psls = Psos

‘ . 1 . -
s (1 s CsML)t 2y I

S-

] ARLVEPN
(1 CSMIS_1 ) by

Ys- 1

.1
s oepdt /2,
S-1 508

N+
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[14.10]

[14.11]

/

[14.14]



CB = -
. -0.5 ————r1j7—— £
5 h-]f P S S 4h~])f , S-1
C) . CJ
At the center:
)

The analog becomes:

é

. 1 . B 1 .
J* 2y i 2J+ [2 i1
(1 + CI)1 ) pSl + CZI Py

~o

. ] . l . . 1
= 2CUS+ /2 pg + (1 - C13+ /2) pg + CQi]+ /> p

1

where:
r 0 - 1 -
o0 - KJ 5 ) /2 LK
. 2[hJY /2 " 4thf E
CJ . ¢]
. _ j+1/2
(1= + D g5
v : 1‘
= k { v *® aAi el
T + + "
ﬂ#ég- » 2 dz Aj a0 1

|6 FRL SN
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cia.

[14.15]

[14.17)

[14.18]

[14.19]
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!
1 -
J J+' /2 j 1
02 = k D, ys -k it /o [14.20]
2|nd% /2 L
c c)
L . [
At the interface, at any time: '
. |
_ Op, dp
Ay D ® } = [Ai b, _® J [14.21]
0z Cj,1n z cj+1,in

"in" stands for interface. Recalling that the cell position index
increases from surface to center while the grid point position index
increases from center to surface, the forward analog is used {ag& the
derivative pertaining to the J-th cell and the backward for the j+1

derivative:

L4

1
5/) J /2 1 - . ] - .
‘5‘5‘ i GRS Ly E [14.22]
£ cj,in 2 hjf 2 C 1042 "CJ,yint €j,in
L] CJ .
j+!/: v
ap, 19t /2 1 1 1
[ - J ) [ plN 1) 23,0 } [14.23]
U . J+ D CJ,lIl) CJ.lﬂ-l C],ln
Cjiln 2 hcj

After inserting eq.[14.21] and eq. [14.22] into eq.[14.20],

Splt gl 3p)" /2
CJ,1n+y ®cj,in+ "¢, in



~ 1 ol /. 1 1

= ¢(J:3f+/2 pg '/2 - 4pg+_/2 o+ 3pg+_/2 _ [14.24]

1 cj+1 cj+l,in cj# ,in

-
where: 'éf ‘;;v

: 1/ . J+‘/% o '_,)i .
gt /2 [A.D] h. o/ [A.U] h . . [14.25)

Cj+ 1's City c] 1's ¢ cj+l .

The terms at the half time level are replaced by the arithmetic average
of the analogs at the time levels j and j+; . After regrouping all the

advanced time level terms on the LHS:

<1 . 1 j+1/° j+1
gt e 0t v 4pdt 2
€I TS0 ine, cj+l,1n Sci+y vin-y
A I jo1
- (3 + 3¢)3* [, i + 4p - P
C)+t,1n Scj+l,in Scj,jn+1 Scj.in+3
N - agl e o)
€T 8001 in, ¢+l am Sej+rLin-y
S (3 3g)dt 2, - 4p) + p) - [14.26]
CJ+*1,1n S¢j+l.in Scj.in+y Scj.in+3

The mergence of the information pertaining to each of the two interface
points into a unique quantity eliminates the need to use the extended
space grid in the derivation#‘i§he set of linear equations leads to a

matrix called a pentadiagonal band matrix which is solved using a method

reported by Von Rosenberg(1969) and Toupin(1986).

. S
2, .
A 4&&2 4
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The projection at half time level requires the analog at this level
from the knowledge at j-th time level. Explicitly the yalue of
1 /
pg /2 i defined as:

O

. . 3 |
ﬁ§+~/2 - pg R [ k J n . [14.27]
n

J J J
s, 9 . dps L f 0ps ) pj ov o dA [143
a6 0z S " 177 . Sn | 7oz 'Tf; 00 |

ap) |
75, : i j ] ] 5
R s n+l /oy Spey T s+t /o 7 Dy n T/y|  Sn
a0 [hJ J[' 2 1 £ 2 8 2
, c] p .
J
RIS N B S 5
sn-'/y “n-y o N+ n-y
. Zth
¢
1
. or. 19t /2 -
Sl ! T14.29]
“n 32 Ai 70
n
Finally,”

- o



ﬁS -1/ T — VrJ;
4th’72
cj
oA .
+ ) kJ A .
Sp 72 9z k. 99

j+1 /2 O K
Ps - . Dy pa /2 . 1
! 2(hd. | ot
C) C)
kJ ) ]
B RE { st /o * gy,
2Ind |
¢
J
kJ v 1 oA j
+ + p)
) 0z Ai I Sh
n
J _ g
+ 1\ 1 + l\ V‘]
T sn'!/y 3 n
2 th 4hCJ

—.

S
i+
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[14.30]

[14.31]



Finally,

. 1 .
pd* /2 - o) p)

ba

Similarly, at the surface:

J+ /2 _ CS“?J pi

‘s 1 lS-f_)

At the centre:

S
1

+ (1 - csMid
.

.y . .
PIAAR €0 pg + (1 - et

)
1

At the interface between two cells:

[
] pi+1/2 . 4pg+1/2 _ 3pj+1/2
TCj,in+ TCj.1n+ Scj.in
. )
- ¢J5+1/r) q /2 _ ;3 /3 <\ qpé+ /l
NGRS & +1.xn '
1 /0 L1
Since pJ* = )7 [r
S ... S . .
€J.1n c)+1.1n
-1
pit e e
°cj+1.in €J*r.am
\ “ W

pd
N %5,

+CBj
S 1

J 9] ]
Pl 4+ C21 e

Cj*].ln
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[14.34]

[14.35]
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: 1 -+]7 : ,+1/ '+l
¢ /2 pJ 2 . 4¢J, 2. plt2
clt SCj+l,in-2 cj+1,in Ci*t L in-

. 4pj+1/2 + pj+1/2

o g . . [14.36]
C},1n+ CJ, 1n+9



15. Appendix 9: Calculation of the Water Activity: Program Listing

A computer program written in fortran 77 was developed to perform
the numerical calculations of the compkte composition of ﬁhe potato
cell (i. e., the water content of the starch, the water content of
proteins, the water content of the vacuole) knowing the total water
content and assuming that the phases are in equilibrium instantaneously
(1. e., thepp is an equality of the water activity in the vacuole and
the cytoplasm which comprises the starch and proteins) (Crapiste and

Rotstein(1982).

. - [ ]
A root finding subroutine (an IMSL subroutine. ZREAL2) was used to

obtain the converge on the proper value of the water activity
corresponding to the proper composition of each phase.  Details are

included in the program.
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.
SsseRIIPIOIOIITISIOIEIIRINEIGCOIERRSTS
AM CALCULATES THNE WATER CONTENT OF DIPPFERENY

N POTATO CRLLULAR YOLUME FROM A KiDWN
TOYAL WATER CONTENT UBINE A METHOD P

CRAPIBTE AND AOYSTRINCI® ).
on ENTRY
WS . we wr - WIIINV PRACTION OF BUCRD SLUCOSE, FRuUCTOSE,
wKP wxs . R3804, STYARCH AND

ore
wBT wp GIAII CON'OUIQVI OF THE POTATO CRLLULAR vOLUME
ON A DRY MATYYER BASIS
XY - TOTAL WATYEAR CONTANY OF THE CRLLULAR VOLUMI
O8N A DRY MATTER BAS)S

on CUTPUT
XET - WAYER CONYENT OF THE BTARCH
XPR - WATER CONTENT OF PROYRINS
X - WAy CONTENTY OF YWl vacvoli®
PHL - WATER ACTIVITY OF THl CELLULAR VO uUME
PHIM - WATER ACTIVITY EBTIMATED DY MNASLEY
PHIR - WATER ACTIVITY TIMAYED DY RATT)

EMPIRICAL CORRRLATIONS ARE USED TO O
OF THME SYARCH (XST) AND PROTEINS +XP
Y CRAPIBTE AND ROYBTEIN(1082)

ERMINE THE WATER
THEY WERE CORRELATED

FOR STARCH
AT LN PHL = RY LN (1 - RXP(-8) 4780 (XSTev2 3018,

FOR PROTRINS
RY LN PHI = RT LN (-0 O208(XPes) $128)}

8Y DIPPFERENCE THE WATER CONTENY OF TME VACUDLE IS ESTYIMATED
PN A BINARY BASI!S, THE WATER ACTIVITY OF RACH COMPONENTY DF
THE VACUOLE IS CALCULATED USING THE ROSS(1878) EQUATION
THE WATEP ACTIVITY OF THE YACUOLE 15 ESTIMATED AND COMPARED
UNTIL COAVEAGENCE ON THE PROPER VALUE WITH THE APPROPRIATE
COMPOS TTYION

LR A A L Y NN RN N N RN R I

® o s 88840080 eensseasnEENERNRBIARELVOEEESITSIBELESS

INTEGER NSTG, N, ITMAX,
REALSS MW, MG MF MS MKP MKXS B.C.R
REALSS WC WF WS WKP wKS WST wp r,
REALSS ALG . ALF ALS ALKP ALKS
REALCS XST XP KT PNI. T PHiIN
REAL=S C1.C2,C3.01,02,03,CX 0K, P0.PNIA AWY

COMMON/P 1 /WG WF WS WKP WKS WP WST ALG . ALF ALS ALKP ALKE KT,
a XY, XP X Awy

eEXTERNAL P

LEPS2 ETA X

* MOLECULAR WEIGHTS

. wWATRR
Mwe 1 g
* cLucose
MGs 180
. PRUCTOSE
MP= 180
. SUCRODSE
M =342
. x3lrPoa
MKP2212
. K2s804
LIS XREN

CONSTANTS FOR MASLEY BOQUATION
Bsg

voa
co
Resg314D0
Te313 18

* COMNSTANT FOR ROTSTEIN EOQUATION
Cin-32 87D-2 ‘
t2s0
CIe-1 888
Q1s0 0107 P
o2« 287
03 (X5
rC bl 3

* CALCULA”: 0} OF ALP. CRAPISTE ANO ROTSTEIN( 1982 '
ALCwMw /MG -
ALFapmw/mpF
ALS MW/ NS L4 t
ALKP MW,/ MK P -

ALKS shw/MKS

* READ TME DATA FOR THE COMPOSITION OF THE POYATO MAYER A
READ (1 . %) WG W™ WS WKP WKS WST wp

* READ THE TOTAL WATER CONTENT OF THE CELLULAR vOLUME
READ (1 ¢ X7

ESTIMATION OF FIRST GUESS ON THE WATER ACTIVITY BY THE
HASLEY EQUATION
PHICGDENP (- @/ (ReYa (XYonC) )

CALL ZREALZ SUBROUTINE TO COMPARE AwY AND PHI
UNTIL CONVERGENCE SETTING THE PARAMETERS USED IN InREAL 2
ErPSet OD-%
gEPsS2:t 0OD-3
CETAe) OD-3
NS IGeS
1TMAX® 100
LT B}

. CALL IREAL2, aw IMSL SUBROUTINE YO FIND A RDOT
CALW ZREALZ(F #PS EPS2 ETO NSIC N PHI, ITMAX, JER)

. !ST!GAY!E‘~" PH] WITH YHME MASLEY CORRELATION
PHIMSDEXP (-B/(ReTo (XTo0C) )}

* CALCULATION OF PM] WITH THE RATTY] COARRLATION
OX®QI1sDEXP(-Q2¢XT)e (NTV0uOI !}
CXaCIeDEXP(-C2oXT)®(KTee(3)

PHIREDEXP ((QXsDLOG(PO) ) eCX)

* WRITING THE RESULTS



' o 2 Ay s T e
‘ R :0“. . " s Y IO
180A0Y 100 180 TuuAms Yop PeTaTONS: ’ .
TCOMPOSITION ) o ,

B

100 COMTINLE

RMAY (Y10 &)

AMATY (TS A, 2K FQ &)

. 2N A F8 4 32X A P8 4 3IX A P8 &)
POAMAY (T8 A, FI10 8 2N A, F10 8)

awd

R R L N Ny R N FE R T TR TN F RN RN R R prapary
. SUBROUTINE P .
[(EERTTREY TN sesssssne Saness nesenssess

. .
« PURPOSE TrHig PUNCYION SUSROUTINE CALCULATES THE PUNCTYION THATY .
. OBTAINED wHEN o
. WHEN YD CONBECUTIVE VALUES OF WATER ACTIVIYY ARE dQUAL +
. .
. .
. .

WITHIN A CERTAIN TOL THIS PUNCTIDN BUBROUTINE
is caLLe€D THE IMSL SUBADUTINE ZREALZ
“------..---

steense Sssesssencssescvesinrsrananey

REAL FUNCTION Pipw])

REAL"S X

REAL®S XWE XWF XNwS XWKP XWKS WKP WKS WS WG WF wr ws?T
REAL®S ALL ALF ALS ALKP ALKS

Lol AWG, AWF  AWS AWKP AWKS AWY PuI

REAL®S XST NP XY

COMMON/P 1 /WE WF WE WxP WKS WP WSY ALGC ALF ALS ALKP ALKS XT.
[} XST,XP X awv

CALCULATION OF THE WRICHNT PRACTION OF WATER OF STARCH
ON A DRY MATTRR $1s
NETa (- (QBLOG(1-PH] ) ) /83 4789 13¢(1/2 3018

CALTULATION OF THE WRIGHT PFRACTION OF WATER OF PROTEINS
ON A& DRY MATTYER BASIS
APu (- {DLOG(PH]I)) /0 020819 -1/t B129)

CALZULATION GF THE WEIGHT PRACTION OF WATER OF THE VACUOLE
ON A DRY MATTER BASIS @Y DIPFFERRENCE
NaxY- - (WETexsT! - (whaxp !

CALCULATION OF THE MOLE PRACTION OF EACM COMPOMENT
OF THE vACUOLER

RWGCeX/(Xe (WGsALE) }

NWPEX/ (Xo (WPOALF ) )

WS s X/ (Neo (W [§ 3

XWKPOX/(Xe (WKP L LA

AWKS N/ (Ro (WKSIALKS) )

-

CALCULATION OF THE WATER ACT|VITY OF EACH COMPOMENT
OF THE vACUOLE ON A DRY MATTER BAS!S

AWCs (10 en (-0 88 -MWG I w2 ) ) e NWE
AWPS (10 se (-0 8 - NWe ) 2 ) s xWF
AWSs (10 me (-2 VV20((1-NWS a2 .....Cs
AWKPR (10 #6(-0 7183 (1 -XWKP ) sl ) ioEwWKP
AWKSE® (10 esw (-0 4872 ({1-XWKS )80 1 ) )sXWKS

USTME THE ROSS(1878) EQUATION THE WATER ACTIVITY OF THE
vATUOLE 13 CALCULATED
AWVEAWE * AWP s AWS s AWK P s AWK S

THE WATER ACTIVITY DF TwE VACUOLE IS COMPARED WITH THE vALUE
OF THE TOTAL WATER ACTIVITY SINCE 1Y 1S ASSUMED THMAT THE
WATER ACTIVITY OF THME VACUOLE !5 EQUAL TO TME WATER ACTIVITy
OF THE CYTOP_LASM AND TO THE TOTAL WATER ACTIYVYITY

Fapwy-Pn}

RETURN
END ‘

&
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16. Appendix 10: Theoretical Model: Program Listing

A computer program written in fortran 77 was developed to perform
the numerical calculations of the theoretical mpdel which at,t,om;;tod to
describe the mass transpbft phenomena in potato tissue immersed in a
sucrose S()]ut,,iOII.

A root finding subroutine (an IMSL subroutine, ZRFAL?) was used to

’

determine the ('omploto’(‘omposition-of the cellular volume. A one
dimensional quasi-cubic  hermite interpolation  procedure  (an  IMSL
subroutine. IGHSCU) was  used e conjunct ion ‘with a cubic spline
quadrature integration (an IMSL subroutine. DCSQDU)  to  compute the
spline  coefficients necessary to  estimate the profile of  the
transmembrane fluxes and to carry the mtegration of those fluxes over
the length of the cell under consideration. An interpolation procedure
15 used to compute point values of the concentration gradients through a
“cubic spline first derivative evaluator (ang IMSL subroutine, DCSEVU) .
Details are included in the program m.tissue.for.

The program m.expcal is used in conjunction with m.tissue.for 1o
evaluate the sucrose concentration. the water concentration and the
donéity of the extracellular space and the cellular volume on a cell
hasis in order to compare the theoretical and experimental profiles for
4 given ;imo. .

A quasi-cubic hermite interpolation procedure (ag‘lﬁﬁﬂ, subrout ¥ne,
TQHSCU)  was  used in conjunction with a4 ('111)# spline  quadrature
integration {(an IMSL  subroutine. DSCQDUY to —compute the spline
coefficients necessary to  estimate the pro#?le' of the sucrose
concentrat ion {n the extracellular space and to carry  out the

integration over the entire length of the cell under consideration.
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PROGRAM NAME - M.
LATEST VERSION -

PROGRAM TiBSYE -

‘sunrost - THIS PR

Y

v .

\

Tissve

Junt P -0

MORIFIAD BY MICHELE MAREPYTE
F000 ENGINEGRING SROUP
DEPARTMENTY OF FOOD SClEwCE
UNIVERSITY OF ALBERTA
SOMBNTON, ALSERTA.

.

OGRAM SIMULATES THE ISOTHEAMAL MASS TAANSPORY
NA GCCUNMRING i POTATO TIBQUE IMMEXSED IN A
soLuTioN,

REMARKS - THE OmomETay 1 SUCH THAY 1Y CAN BE ASSIMILATED TO

A BEM]-
CELL I8
AVERAGE
PLANTY T
oNLY 18
~ 18 MACR

THE REAL Y

COLUMNS
cYLImpR
agmave

o  consiom
THE MODEL was

APOPLAS

INFINITE MEDIUM. AN BOUIVALENT CYLINDRICAL
UBED TO MODEL AS CLOSE AS POSSIOLE ™R
PROPEATIES AND CHARACTERISTICS OF .Twg REAL

ISSUR.  BULK UNIDIRRCTIONAL MASS TRANSFER
CONS1DRRED. 1T 18 UMED THAT THE TIissvue

OSCOPICALLY WOMOGENED AND 1BOTROPIC.

UR 18 ASSIMILATED TO A BUNOLE OFf
MADE OF LINEBAR ARRANGEMENTS OF UNIT
1CAL CRLLS . l‘:tl EACH COLUMN IS UMED TO
IN A BIMILAR SHION, ONLY ONE COU 1s

REDC rFoOR }l“uklflﬂl{ PURPOSE .

W DESIGNED. YO ANBEW WOT ONLY POR

TIC TRANSPORY BUT ALSO FBR BYMPLASTIC

TRANSPORT.

1T 18 Assunin THAY BOTH TYPES ARE OF A PASSIVR

NATURE .
oF 1wR
rossiIsL

17 ALSO SIMULATES THNE INTRANAL YARIATIONS
A AND EXTRACELLULAR YOLUMES. 1T ALLOWS rOR
U SMRINKAGE OF THE WHOLE STRUCTURE.

THE FOLLOWING CONSTANYS DETERMINE THE S1X¢ OF THE
ARRAYS TO BE USED 1IN THE PROGRAM:

MAIN YAR]

%

v

%

-

NGAPYS -

}

NCELLS -

-

’

>
NLEVEL
TTImE
Tim -
TSTEP -
KETEP
LVLENT

PCNT
rPTEST -

ITECNT

™

PINT

PPINT -

STAGEV -

CSIM -

cCSCMm -

‘cELimM -

NUMBER OF GRID POINTS ON THE EXTENDED SPACE
GRID ASBUMING A . MAXIMUM OF 10 GRID POINTS
PER UNIT CYLINDRICAL CRLL JO OF MODELLED.
MINTMUM WUMBER OF GRID POINTS IS 7 PER CELL
MAXIMUM MUMBER OF UNIY CYLINDRICAL CELLs
PRESENT 1IN THE MODEL COLUMN.

.

CURRENY TIME LEVEL, IN SEC

CURRENT TIgE, Iw SEC.

INTERNAL CLODCK (MILLISECONDS!

CURRENT INTEGRAYION TIME STEP, IN SEC
CURRENT INTRGRATION TIME STEP, IN SEC

TIME LEYRL COUNYER WHICH INDICATES TME TIME
LEVEL CORRESPONDING TO THE DATA TO SE UsED
IN THE CALCULATIONS

COUNT OF OUTPUTS PERFORMED

TEST TO DETERMINE IF OUTPUT Is DESIRED OR
NOTY

ITERATION COUNTER FOR CRANK-NICOLSON
INTEGRATION ALGORITHM. .

PLAG TO INOICATE 1P THE YARIABLES HAVE TO SE
FROM &4 FILE OR INITIALLIZE PROM ZERD.

FLAG TO INDICATE IF INTERMEDIATE PROFItes
ame kurecTED TO SE PRINTED

TIME AT WHICH INTERMEDIATE PROFILES

ARE PRINTED.
YECTOR OF FLAGS INDICATING THE DEWYDRATION
STAGE REACHED BY EACH UNIT CELL IN THE MODEL
COLUMN. »r SET M0 1, THME CELL 1S STILL IN
TURGOR . IF SET 10 2, TME CELL IS PLASMOLYSED
MATRIX, OF INTERSTITIUM SUCROSE
COMCENTRATIONS, IN G CM-3
MATRIX OF WATER CONCENTRATIONS, IN G WATER
PER C DRY MATTER.
CSCM(1, NCELLS, LVLCNT) = xt
CSCM(2, NCRLLS, LVLENT) a xg7
CSCM(3, NCELLE, LVLENT) = Ko
CSCM(4, NCELLS, LVLENT) = xv
MATRIX OF CELL MENSURATIONS
CELLMOY, WCELLS.,” LYLCNT) s vC
CELLM(2, MCELLS, LVLENT) o
CELLM(I, NCELAS, LVLCNT) &
CELLM(4, NCELLE, LYLCNT) o
CELLM(S, NCELLE, LYLCNT) » &I
CELLM(S, NGELLS, LVLCNT) =
CELLM(T7, NCELLS, LVLENT) =
CELLM(B, NCRELLS, LVLCNT) =

.

al
CELLM(S, NCELLS, LVLCNT) IRESPF /

THE ABOYE MATRICES CONTAIN DATA CORRESPONDING TO 3
TIME LEVELS N, N ¢ 1/2 AND N ¢ 1. °

’.u-uu -
FLUXPM -~
POTM -

. CYTOM -

GPTOM -

T GPTDM(S, NCELLS)

VELGAY -
VELY -
FLUXAM -
GAMA -

CRM2TY, CRMITV, CB
CIPiYM,. CIP2TM, COTY, Ci1YV, C2TV.

1Tm,

.

x

VECTOR DF TRANSMEMBRANE FLUXES, IN G/CM2 SEC.
MATRIX OF PLASMODESMAL PLUXKES, IN GYCM2 SEC
VECTOR OF WATER PRODUCTIUN-BEPLETION
IN G/CM2 SEC.
MATRIX OF UNIT CELL VONUME TTME DERIVATIVES,
IN CM3/SEC. -
CVTDOM(1, mceiLLs) s/ bve/ot
CyToM(2, /NCRLLS) ovi/oT
CYTOM(3, NCELLS) s\DV¥YT/DT
MATRIX OF GEOMETRICAL RELATION TIME
DERIVATIVES
GPTOM(1, NCELLS) & DLC/DT
GPTDOM(Z, WCELLE) » DRI/DT
GPTOM(3, NCELLS) e DRC/DT L.
.
.
L]

-

GPTDM(4, NCELLS) pap/p?
DIRESF/DT

) OAI/DT ' -
VECTOR OF MASS AVERAGE VELOCITY GRADIENTS.
VECTOR OF MASS AVERAGE VELOCITIES, IK CM/SEC.
MAYRIX OF APOPLASTIC PLUXRS G/CM2 SE
CORFFICIENT USED IN CALCULATION OF
JNTERS W TIUM CONCENTRATIONS .

TV, CMMITM, CMTM, CMPITM, CIM2TM, CIMITM,

GPYOM(E, NCELLS)

SCALARS AND VECTORS OF NON-L INEAR

e R I L T cscnssnsesssss

L R R T T T T

R

L Y R




a
lI'lGll RNUM, INU”II

ceurvicisuri TR FINITR B3P

ATIONS (SRE SUBROUTINE NLCO®

TAILS, OIMENSIONLESS) .

OLOCIM - MATAIX CONTAINING RSTIMATRS DF
Il'l:l'!'llll CONCENTRATIONS AY
'

™E lt! timd

CTEST - TEST VALUL USED Y0 CHECK CONVERGENCE IN
CRANK -N1COLSON INTROAATION ALGORTTNM,

ess

PROGRAM TISSUER

INTEQGRER NGAPTS, NCELLS

’AIAHITII(IGI'YI‘I 3800, NCELLS & 100) L
»

COMMON VARIADLES

COMMON /C1/ ANUM, RNUMEX, CELNUM, GRPCEL, COLNUM

COMMON /C3/ €

COMMON /C8/

oV, CS10V, XTo, XBY0,' XPO, NVO

COMMON /C8/ MWV (2)
COMMON /C8/ BRTOL. GRETEP, CNTOL, I1TEMAX
COMMON /CB/ MNSTRPV(NCELLS), KSTEP

COMMON /Ct12/ CBIMIO:NGRPYS, 3), CSCM(a, NCELLS,

CELLM(®, NCELLS, *3),
STAGEV(NCELLS), CAVG
COMMON /C13/ NLEYEL, LVLCNT, GRPTI, CELL]
COMMON /C18/ FPLASM, FPAREA, TM, PINY, PPINT

REAL®4 CBBOV, CBIOV, XTO, XSYO, XPO,
REAL®S GRTDL, CRETEP, CNTOL, WHSTYEPY
~CSCM,. CELLM, W . CAVG,

COLNUM, lTlNAl STAGRY, LVLENY, GAPT],

I!llll SPVYFO, wWYPFO, VOID'D. vee, vYio, vYo, ajo,

Lo, -xo RCO, RBO, STORY

’ uuun,uo as ' A .

i

--.---In-qkl-
e
., Lo
.
-
-

-
v
°

y

"

irg
L . -
(OQNURPTR) , FLUNPMINCELLD. 2).,

TMAX, TPRINT, raesro,

&

V(O:NGRPYS' K VELVIO:NERPYS),
FLUKAM(2, O:NOGRPYS, 3), GAMaA,

CRM2TYY, CRMITY, CBTY, .
Cnu‘?ﬂl”ﬂl"!-l?'l't!LLl0|F))
CMTM(BERPTS - (22 (NCELLS41)) ),
CM'iTH(IGI"S-(I-lICILl$0|)))4
CIMZTM(NCELLE-1), CIMITM(NCELLS-1),
CITM(NCELLS-1), CIPITMINCELLS -1,
CIP2TM(NCELLS-1), COTY, K CtTy,

C2TV » OLODCIM(O NGRPTS), CTEST

INTEGRR 'PCNT, ITRCNT, TIM
. -
STARTING THE INTERMAL CLOCK

CALL TIME(O,0,0) «

BNPUT DATA AND EYALUATE ALL CONSTANYS TO BE USED
bﬂ

THE PROGRAM

CALL INIT(TSTEPO, TSTEPM, TMAX, TPRINT, IRESFO)

©, WYFOo, vOlIDFO, VCO, V1O, vTYO,
8 ACPO, LCO, RIO, RCO, RBO, GTORTY

UM, GRPCERL, TM, PINT,

Alo, ACMO,

FRLASHM, FAREA,

cELL)

?

Acwb, Scro,

&,

[N

THE FLAG INDICATES JP THE INITIAL TIME IS SETAATING FROM

ANDTYMER VALUE THAN IRRO

IF(TM _EQ. 1) THEN
READLI . *) NLRVEL

L 4% ) $8), CVTDM(D, NGELLS), GPYDM(S,K NCELLS),

REA®N3 ) TTIME
RQAD (3, %) TSTEP ¥
READ(3, ) ‘IF : o
READ(3,») LWeENY
READ(3,*) PCNT
READ(3,¢) PTEST
READ(3, ») ITECNTY N
DO 11 K = 1, CELWUM
READ (3, *) STAGEY(K) -
CONTINUE .
DO 12 U = O, RNUMEX .
0O 12 K = 1, 3
READ (3, %) CSIM(J, K)
CONTINUE
DO 13 U = 1, CELNUM
00 13 K &« 3+, %
READ(3,%) CSCM(1, J, K) ?
READ(3, %) CSCM(2, J, K : .
READ(3, %) €CSTCMII, J. K] .
READ (], +) CSCM(A, Ju, K)
CONTINUE
0O 14 U = 1, CELNUM ' g
00 14 K =1, - R
READ (3, *) CELLM(1, J, K) .
READ(3,*) CELLM(2, J, K) A
READ(I, *) CELLM(3, J, X) . :
READ(JI *) CELUMISL, J, K}
READ(3, o) CRLLMI(S, J, K)
READ 3,3} CELLM(E, 4, %K) L3N N
READ(D o) CRLLMIT, J, K) R
READ(3.5) CELLM(S, J.0K) ~ .
READ(Y.®) CELLM(®, J, K) -ai
CONTINUE \
e
g Y

IulYlALl!l ;ouu{glﬂ D PATA mATRICES .

o b SR . »
WLEVEL = 0@ oy
TTIME = ,0.0° .

TEREP VITl!9
xs¥ur « y37|-
LYLONT = 8
PCNT « 0 T

»

THROUCHOQUT

Lo
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-

INITIALIZAYION OF THE MATRIX OF INTERSTITIUM
CONCENTRATION OF SUCROSE

& .
PTESY =« 1.0
1TEENY & v -

ALl ceiis ade INTTIALLY AT PULL TUIIDI.‘Q.

00 10 X = 3y, CHLNUM
BTAGEVIK) =
CONTYINVE

DO 30 4 s O, RNUMEX
DO 30 K s t, 3
C8IM(J. K) » csloOV

CONTINUE
INITIALIZATION OF THE MATRIX OF WATER CONCENTRATIDN
IN THE CELLULAR voLUME. “
00 80 U = 1, CELNUM ‘
DO 40 x = 1, 2 . »

CEBCM(1, J, K) = XTO .o

CSCM(2, J, K) » XSTO

CS8CM(3, J, K) = XPO A

CSCM(4, J, K) = XVO
coMTINUE

INITIALIZATION OF THE MATRIX OF CELL MENSURATIONS

00 80 u =« t, CELNUM . (
00 80 x = 1, 13

CRLLM(Y, v, K) = vCo

CRLLM(2, ¥, X) & VIO

CELLM(3, J, K} = ¥To

CELLM(S, U, K) & RCO

CELLM(S, 4, K) » RIO

CALLM(S, U, K) = mOO

CELLM(T, J, K) = LCO

CEBLLM(B, v, k) = afe

CELLM(D, U, K) = IrESPO
CONYInuE N
ENDIP
CONTINUE

COMPUTE ALL NECESSARY INFORMATION TO EVALUATE NON-LINEAR
COEFPFICIENTS OF FINITE DIFFERENCE ZEQUATIONS

catt pres(riuxmm? FLUXPM, PDTM, CVTOM, GPTDM, VELGRY,
1} YELY, PLUXAM)
" - 4
OUTPUT CURRENT STATE OF THE TISSUE IF DESIRED
IF ({TTIME 0. 0.0) .OR (TTIME .GE. PTEST)) THEW
CALL DUTPUT(TTIME, TSTEP, TMAK, FLUKMM,
FLUXPM, VELY, FLUXAM, PCNT, PTEST, I1TECHT)

PCNT = PCNT o 1 ¥ )
PYEST o TPRINT » REAL(PCNT)

END 17

1
TERMINATE INTEGRATION IF FINAL TIME LEVEL REACHED

IF (TYIME .GE. TMAX) GO TO 688
EVALUATE WON-LINEAR COEFFICIENTS OF FINITE.DIFFERENCE o
lounx!p
. . -
CALL NLCOEF(VELGRY, VELY, CVTDM, GPTDM, GCAMA, CRM2Tv,
] CAMITY, CBYV, CMMITM, CMTM, CMP\TM, CimM27M,

CIMITM, CITM, CIPITM, CI1P2TM, CoTv, ciTy, C2TV)

IF (LYLENT . RO 1) THEN ’

ESTIMATE QONDITION OF THE TISSUE FOR TIME LEVEL Ney/2
‘.
LYLECNTY = 2
: » e,
ESTIMATE INTERSTYITIUM SOLUTE CONCENTRATIONS
q‘ll CSIMAF(PDTM, GAMA, CRM2TY, CRMITV, CaTYV

CMMITM, CMTM, CMPITM, CIMITM, EIMITM™,
CIPITM, CIP2TM, COTV, CHTVY, C2Tvy)

CIYM,

CONTINUE
00 70 4 = 0, MNUMEX

oLDCIMiy) = CEIMIJ, LYLENT 1, .
CONYINUE e
ESTIMATE CELL CONDITIONS AT THE N#1/2 TIME LEVEL
CALL CELLCH(rgBOS), .

TTIME «

nleves ' <
TETER o

KSTEP
GO TO so

anse ,

PSTIMATE CONDITION OF YHE TISSUE FOR TIME LEVEL N+ ’/’//

LYLENT 2 3 h ’_/ .

ESTIMATE INTERSTIYIUM gSOLUTE CONCENTRATIONS

CALL CSINPI(PDTM, GAMA CRM2TY, CRMITY, CBYV,
CMM1TM, CMTM, EMPITM, CIM2ZTIM, CIMITM, CITM,
CIPITM, CIP2TM, COTY, CITY, €27V, ‘(
DO 80 U » O, RNUMEX .
nie

TESYING THE CONVERGENCE

3

o
/W’/ " .

.tnnq:(cnnu, LYLENT) - oLBCIM(u))
h :
tr cves¥ o1l cwtous ne¥ ' '

%
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100

#0

1000

/

PURPOSE

THE
USAG() -

CALL INIT(TESTEPO, TSTEPM, YN’, TPRINT, IRESFO)

1?7 (1TacN
WRITE(S, o)
WRITR(S, ) ¢ '
WRITRIE, o) ¢ o 39> WARNEINE ¢¢¢ .
WRITELE, o) ¢ » MO CONVBRSANEE 1IN C-w .
wWITEIE, e) A R .
wRITE(2, o) ¢ .
G0 YO ese

(LT 14 3

\ e

LYLECNT » 2

GET NEW RSTIMATES OF INTERSTITIUM CONCENTRATIONS AT
THE Ne1/2 TIME LEVEL '

1] 'ﬁt " 0, RNUMEN
COTMIL, LYLENT) = 0.8 o (CBIM(L, LYLENT®II «

conTinue

MO L, LYLENT-1 )

WLEVEL = NLEVEL - (0.8 » KSTEP)
ITECNT =« HBRENT + -

Go Yo
END 1P

CoNTINUE

110

ZSTIMATE CELL CONDITIONS AT THE Ne1 TIME LEVEL

CALL CRLLCH (2B

TTIML & NLEVEL
TSTEP = KSTEP

INCREASE REDUCED TIME STEP AFTER RBACMING 108
BY TwO AND APTER RRACHING 208 BY TWO AGAIN

1P (TTIME

KSYEPr = 10.0

GE. 10.0) THEN® L

YSTEP = 10 .0

ELSE
aNpi1r

AR 1 1 ]

GE 20 ©) THMEN

KSTEP s 20.0
TSTEP o 0.0

ELSE
END1Lr

YIAIa;ll. IN THE INPORMAYIONM MATRICES, ALL ADVANCE 71
LENEL VALUES FROM THEIR Ne? TIMEZ LEVEL POSITION TO TH

N TIME LEVEL FD!ITIDN...

D0 120 J
CBIMcy,
CONTINUE

00 130 J &
cseM( 1,
CREM (2,
N3
cscM (4,
CONTINUE
0D 140 J .=
DO 140 1 =
CELLM(]
CONTINUE

LYLENT &

ITECNY e
GO To 8o
END P

CONTINUE

&

©., ANUMEX

LYLENY-2) & CEIM(J, LVLCNT)

1., CELNUM
J. LYLENT-2) = CSCMiY, J, LYLENT)
J. LYLENT-2) s (SCM(2, J, LVYLCNT)
J, LYLCNT-2) = CSCMII, J, LYLENT)
J, LYLCNT-2) « CSCM(&., J, LYLENT)
1, CELNUM

1,
J, LYLECNT-2) & CELLM(I, J, LYLENT)

e \

CALL TIME() O TIM)
WRITE(2,1000)

rolnit(/l.?n,l.lr!)

stor
END

TsTePo
TSTEPM

TMAX
TPRINT
IRESFO

LA AJ

Wy

pIrCY

DEGY

POLCOM

‘CPU TIME(MILLISECONDS)e | TIM

LA R R R N N N R RN R R e
. .
zrsasssanss

SUBROUTINE INIT
nessavssssess

M
THIS, SUI.OUT!“! INPUTS THE DATA AND EVALUATES aLl
?DNIYAN'S TO BE USED BY THE PROGRAM

ARCUMENTS AND VARJADLES - « .

INITIAL TIME STEP FOR CRANK-NICOLSON
INTEGRATION ROUTINE, TWsEC.

MAXIMUM TIME STEP ALLOWED 'IN CRANK-NICOLSON
INTEGRATION ROUTINE, 1IN SEC

FINAL TIME OF INTEGRATION OF CRANK-NICOLSON
INTEGRAT LN ROUTINE, IN SEC.

TIME INTERVAL AT Wi PRINTOYT OF RESULTS OF
PROGRAM CALCULATIONS WS DRSIRED, IM SeC.
INITIAL RESISTANCE FACTOR- OF THE INTRRETITIUM
COMPLEX. (DIMENSIONLESS).

VECTOR OF THE PARTIAL MOLAR VOLUMES OF THE
SYSTEM SPECIES (WATER AND ALL SOLUTES), Iw
CM3 MOL-1. .

VECTOR OF MOLECULAR WEIGCHTS OF SYSTEM SPRCIRS,
IN G MOL-1 (WATER, SUCROSE). N b
PSEUDC-BINARY DIPFUSION CORPFICIENT o
OF OSMOTICUM AND INTRRSTITIUM SPLUTES IN
WATER AT INFINITE DILUTION, IN CM2 SEC- .
VECTOR OF THE CEGREES OF THE SUCROSE .
POLYMOMIALS USED TO MODEL THE CONCENTRAT
DUPENDENCE OF THE ABOVE DIFPUSIVITY

VECTOR OF THE POLYNOMIAL CORFFICIENTS.

THAT TME COEFFICIENTS MUSY LEAD TO  g¥u

L B

LR R I N R R I R R A I I I R I A S A SR )

250



CNTOL,

TSAREA

THictko

Olamco

EMpDLO

comPry

- Mo, Ny
MK, MKS
L WE ., WF wE, wKp
WKS . WEY wp

DDM, DW
rco

FPLASM

TEMP

n
cspoyv

CTORY
SPYFO, Wyvro

wRESF
RPLASM

MY
rey

cscov

PAREA
csiov

1TEmANX

CRPCEL

N
%

r1

veco
yrTo
vio
ACMO

ACPO
Lco
LEX-]
RCO

R8O
Alo

ramro

ToNCEL

CELNUM

COLNUM

RNUM

RNUME X

PLEASE NOTE THAT

SUBROUTINE

OIFFUSIVITIAS RXP 860 1n CcM2 sBC-Y Ulllf

concanTRAY] « 18 8 Cm-3,
A WHICN

ANY, I'n
SAL SAS coONpTANY
YECTOR OF INITIAL oBMe
concenTRaY) SN N 1
THE YOYAL SUAPACE ARgA BF T8
EXPOSED YO THE @sMOYICUM, 1N Cmz .
INITIAL Yies '
88 MusY AT LEASY 2 CELLS TMICK.
POR A BEMI-INFINITE MEOIUM, THE THICKN
nee T™™a
TIONS THERE
UAL TO THE INITIAL VALY
DURING THE BNTIRE
fROCESS .

TISSUR (SPNERE DRLIMITED BY PLASMAL BMM
IN Cm,

GEoMEYTRICAL 7.!706!!7' FACYOR (DIMENSIONLESS!
ACE AND CELL walL

INITYIAL EXTRACELLULAR OPEN
vOLUME FRA
CRLL waLL

JONS (DIMENSIONLESS) .

BY PLASMODESMATA (DIMENBIONLESS) .
CORFPICIENTS OF THE LINBAR

(Tsanta) 18

DURATION OF THE DENYDRATION
INIYIAL AVERAGE Diamstar OF THE CcELLS ‘l THE
)

BS3ISYANCE PACTOR (DIMENSIONLESS ).
RATIO OF CELL MEMBRANE SURFACK AREA OCCuUPIRD

FUNCTION DESCRISING THE PRESSURR OEPENDENCE
OF THE ELASTIC MOOULUS. 2 varuls REQUINED:

A (DIMENSIONLESS) AND B IN DYNES/CM2

VECTOR OF COMPL]ANCE PACTOR VALUES RELATED TO

EACH STAGE OF DEMYDRATYION (DIMENSIONLESS ) .

WATER PRRMEAGILITY CORFPICIENT DF ™e
[

TPLASMALEMMA MEMBRANE, 1IN CM/

PERMEARILITY CORPPICIENT OF ThE
SMOTRSMATA, 1N CM/SEC.

VECTOR OF INITIAL CEBLL WATER CONCENTRATIONS,

MOLECULAR WRIGHY OF THE SMALL SO PRESENT

IN THE vACuOLE.
WEIGHT PRACTION OF *"UDMPONENTS 1IN THE

INTRACELLULAR YOLUME ON A DRY MATTER BAS)S
OENSITY OF DRY MATYER AND DENSITY OF WATER
MYDROSTATIC PRESSURE OF THE CELLULAN YoLUME

AT FULL WURGORN N DYNE CM-2

FLAG TO INDICATE IF _INE SYMPLAST TRANSPORT

is chwsiommEp. o~ o
FLAG TO INDICATE 1P THE AREA IS
ALLOWED 7O vARY

INITIAL INTRERSTYITIUM SycROSE CONCENTRATION

IN G Cm-3

TOLERANCE FOR CONVERGENCE TESY 1IN ESTYIMAT

OF NON-LINBAR TERMS 1N CRANK-NICOLSON

ALCORITIN AND MAXIMUM NUMBER OF ITERATIONS

A WRD TO LowvemGce.

ER OF SWACE GRID POINTS PER CELL .DUE YO

AIN FEATURES OF THE ALGQRITHM, THIS
L] ER_MUSY BE GREATER YWAN OR SoUAL TO
(MAX] YALUE oFf 10).
Pl CONSTANT (DIMENSIONLESS . - 4
INITIAL CRLLUGAR YOLUME, IN CMmM]
INITIAL TOTAL UNIT CELL voLuME, Iw CM3.
INITSAL INTERSTITIUM YOLUME, IN CM3
CELL MEMBRANE (PLASMALEMMA ) QuURFaCE
AREA, 1IN CM2 -
PLASMQOESMAL TRANSFER AREA BEYWEEN 4

-2 NEIGHBOURING CELLS, IN €M2 =~
INITIAL LENGTH OF EQUIVALENT CYL@MDRICAL UNIT

CELL. Iw CM

E

INTTIAL BUFPER CYLiNDER RADIUS, In %M

INITIAL INTERQNFITIUM CYLINDER JADIUS, NN
TiAL CELL CylUlwpoEm RaADIUS, [4 X

7

10N
£

IN €. NOTE YHAT THE

INITIAL INTERSY!TIUM aAPprLasTIC 1’."!'!! LLYT ]

IN Cm2 R
INITIAL DIAMETER OF THEZ AVERAGE UNIT CELL
IN CM

TOTAL NUMBER OF CELLS IN THB STUDIED TISSUE

MUMSER OF @NITS IN THE L1
EQUIVALENT Cxr1LINDR]I®AL CR
MODEL COLUMN. /, .
THIS VALUE CORRESPONDS D THE THICKWESS
OF THE STUDIED TisSsuE §iviDeo:
AVERAGE DIAMETER OF THE Av
15 THEREPORE ASSUMED ThaT

3 THAY PORMS

PRESENT IN THE STUDIED TISSUE.
THIS VALUE CORRESPONDS TO THE NUMBER OF

AR ARRANGRMENT OF

THE

Y TME INITlaAL
UNET CELL
SPHERICAL
IN THE Tissue

AL CELL COLumnsS

COLUMNS NECESSARY TD ENSURE, SMAT THE PROD

OF THE UNIT AVERAGE CELL YOLUME 8Y YHE TOTAL

NUMBER OF CELLS IS EOUIVALENT TO THE TOTAL

YOLUME OF, THE STUD!ED TISSUR (uUSING THE
CORRECTED THICKNESS ) . B

- 1
TOTAL MUMBER OF GRIO POINTS IN CRANK-NICOLSD

SPACE GRID ’

TOTAL wumMBER BV.PGINTS IN THE EXTENDED SPacCE

GRTOL, GRSTEP ARE NOT USED IN THIS PROGRAM

INIT(TSTEPO, TSTEPM, TMax, TPRINT, IRESPO)

.
INTEGER NGRPYS, NCELLS

.
PARAMETER(NGRPTS &« SIOO, NCELLS = 100}

.
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seneny

.
.

)
.
.
.

.
»
.
.
.
.
»
.

.
.
.
.
.
.
.
.
.
.
.
-
.
.
.
.
.
.
.
.
.
.
.
.
»
.
.
.
.
*
.

.
.
.
.
»
.
»
»

®
‘=
.
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.
»
»
.
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.
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¥

ARGUMENTS - . -
»
REALSA TETEPO. TSTEPM, TMAX, TRRINTY MESFo
COMMON YAR]ASLES. )
COMMON /C1/ RNUM, RMUMEX, CELMUM, GRPCEL, COLNUM
COMMON /C2/ PMVY(2), R§, PMY, PPy
MMON /C3/ CEBOY, CS1OV. XTO, K$YO, XPO, Xvo' -
ON /C4/ COIPCM(O: (WBRPTES2) -NCELLE) . - - S
COMMON /CS/ SPYFQ, WYFO, YOIDFO, ¥CO, VIO, YYO, AIO, ACMO.
Ty ACPO, LCO, RIO, RCO, REO. GYORY
COMMON /C8/ MWV (2) P v
CoMMON /C7/ EMoDCO(2), wrisr, fgo .
N N

>~

e



SRToL, oL, T7BMAN
(T3 14] [13{1 4 -
€ ¢ [}

5"Hie, . .
v, POLCOM(O: 1) P

L]
CoLLM(
aircy,
SONPPYV(3)
PPLABM, FARBA, TM, PINY, PPINY
WE WP WE WKP WKE ,WET WP NG, MNP, NKP Nk
CONMON /C26/ DOM, DW *

. TREALSS PMVY, RT, PMYV, .
r .cotrEmM, SPYPO, @, vO1bro, vto, VIO, vte, Alo, Acmo,
ACPO, LtO, R1O 0, RGO, GTORY, cAvVS,

co, GRTOL, STRP, CHNYOL, NSYEPV, .KSTRP,
LLM, DIFCY, POLEDM, COMPPY, DDM, BW

LY X3
]
; 4
]
o
n
o
-
]
Al

csim, C8Cm,

REALsS CBROY, CS1OY, XTO, KSTO, NPO, Nve, MWV,
. WO, WE W WP WKS WS, WP MG, MF MK, MKS, AT NT

ER RNUM, RANUMEX, CELWUN, euL,
COLNUM, TTYEMAX, STASEY, OBGV, FPLASM, PARRA,
TH, PINTY : ,‘

. ROUTINE VARIADLES

REALsG TRMP,
DATA P1/3 141

R, TEAREA, THICKO, DIAMEO, MPLASM, PI -
/

INTEGER YOTCEL °
REAL®4 DIAMTO

UT DATA.

Y o(PMYYIE), 1 s 1, ) )

®) ¢ PMYV: ', (PMYVIL), I & 1, 2) . &
Y (MWL), 1 K 3 By
) oMWY %, (MWY(L), T oe 1,-2) :
DIPCY, DEGCY, (POLCOM(J), J » O, DEGY)

' )
2. %) ' DIFCV, DEGY, POLCOM: ', DIFCY, DEGYV,
(POLCOM(J), 4 = O, DERGYV)

AR, ) TEMP,K N
1TR(2, ») * YEMP, R: '  TEMP, K R

ALUATE THE RT CONSTANT. .
. T m M oe (TAMP ¢ 273 18 R R
WRITE(2,%) * RT. * RT Y - -
READ(1,%) CSBOV
WRITE(2,%) * CBBOV: ’, CSBOV

. INITIAL TISSUR CHARACTERISTICS (FULL TURGOR TI1S8B

. READ(1, s} TSAREA, THICKG, DlAMCO ) -
. WAITE(2, *) ‘ SEM1-IMPFINITE MEDIUM GEEMETRY CONSIDERED - /
. WRITE(2, ») ° TSAREA, THICKO, DIAMCO: ‘., TSAREA. THICKO, [
. N Dlamco ¢ !
READ 1. ) GTORT. $PVRQ. wvro . ,
WRITE(2, *) * GTORT, SPVFO. WVPO. -, GTORT, SPVFO, WYFO

" . CALCULATE YHE INITIAL TISSUE VOID FRACYION
g VOIDFO = SPYFO +. WYPO — .
WRITE(2.%) * VOIDFO: ‘', vQIDFO

READ(1,*) FPLARM [N
1rirPLASh . 2O. 1) THEN .
WRITR(2,8) ° SYMPLAST TRANSPOART IS COYSIDERED -

[ 3
WRIBE(2,%) * BYMPLAST TRANSPORT 13 WOT CONSIDERED s
ako1r - . 9
READ(Y &) FAREA
IFP(FAREA . EQ. 1) THEN . - -
WRITE(2,%) ' THE AREA OF "ExTRACELLULAR SPaC ARIRS '
]

. [
* WRITE(2,2) * THE ARGA OF EXTRACELLULAR SPACE IS Pl
[ L1284

N ' . CEtL CHARACTERISTICS . -

READ(1, ») WRESPF, RPLASM ' :
WRITE(2, ) * WRESF, RPLASM. ', WRESPF, RPLASM L4

. CALCULATE THE INITIAL RESISTANCE OF THE INTERSTITIUM COMMLEX
IRESPFO » (SPYFO ¢ (WYFO » WRESP)) / VOIDFO ]
WRITE(2,%) ° JRESPO: * IRESFO -
X ra
READ(1, *) (EMODECO(K), K s 1, 2)
WRITE(2, ¢) ° LINEAR VARIATION.OF ELASTIC MODULUS -,
a 5 CONSIDERED: ‘., (EMODED(K), K = 1, 2)
READ (1, %) PCO
. WRITE(2,%) * PCO:. ‘', PCO
READ(1, =) (COMPFV(K), K K e %, 3)
. WRITE(2, =) ' COMPLIANCE PACTOR VALUES -
, [] (COMPFVIK), K s 1, 3)
READ (1, o) PMV
. - WRITR(2, =) * PMY: ‘, PMY
READ (1, ) PPV
WRITE(2, o) * PPV °, PPV
. : READ(1, ») XTO, R8TO, xXPO, XVO
WRITE(2, =) * NTO: °, XTO,’' XSTO: ', XSYO,'’
2 CORYO: 4, XYO
READ(1,0) WG WP WS WKP WKS WET, wp
WRITE(Z2/0) * WG: * WG, ' WP. * wr, - ws: * ws'' wkp. ' wxp,
] C WKS: C WKS,‘ WST: ‘' wsT,® N
READ(1,2) MG, MF MKP MKS -

WRITR(2,0) © MG. ' MG, MP. * MF  MKP. ‘' MKP. ' MKS# ° Mgk . .
READ(1,%) DOM.DW = ' . o LT
WRITE(2,¢) *© DDM: °,DDM, ‘' DW: ', DW ) . -

. .

. PNTERSTIYIUM CHARACTERISTICS

READC(1, ») CS10OV
WRITE(2, =) ° CSlOovV: *, CSl0V

. CALCULATION DF CAYC USING 4 CORRELATION RELATING .
. THE CONCENTRATION OF SUCROSE 1§ THE INTERSTITIUM.



. ~ Y
- . PANAMEITERS REQGUIRED BY SEARS AND CRANK-NICOLBON nouTINEg :
READ(T, o) BRTOL, SRevEe, ’ oL, 1vamax :
WRITE(Z, °) ° ertoL, TRPG GMTAL. ITEMAX. ‘. WRTOL. R
M 3 )

s . cuvoL, 1V
asaR(h, o) ervemt
~u|§!<|, ®) & BRPCEL: ¢, SAPCEL -

' OREADEI, o) TETEPO, TETEGM, TMAX. TPRINT

© WRITEUZ, #) © TITERO, TSTEPM, *TMAX, TRRINT: ‘., TsTgEPe. TsTEEM,
s o YMAX, TPRINT
READ(T, o) TM, PINT, PPINT + .
WRITRI2, o) ' M, PINT, PPINY: ‘. TM, PINY, PPINT
IO
. GEY INMITIAL GQUIVALENT CYLINDRICAL UNIT CELL MENSURATIONS .
. INITIAL CELLULAR. YOLUME
DAYA PI1/3 18189/ . N . .
. YEO = (P] » (DIAMCO®s3)) / 8o o g
. INITIAL TOTAL UNIY uﬁmvownl .
rd LK}
VY0 = ¥to / (1.0 - voIDro) ) \ w
L] ’ ) e
. ITWITIAL INTERSTITIUM voOLumE -y
Y10 = vT0 - vCo : '
WRITE(2, ) ° V€O, VIO, vTo. ', vyeo: Yio
- . “IwtviaL ce MEMBRANE sURFACE ARNA FT] P

b
ACMO * (1 O - RPLASM) o P] « (01aMCoOeey)
k] L J

] INITIAL FRACTIONAL PLASMODESMAL TRANSIRR AREA

NOTR THE TERM “PLASMOBESMAL Y 14 L AIIA"UIID - v

]
. THROUGHOUT THE PROGRANM RS YO THE PRACYION OF ,

. . . TOTAL PLASMODESMAL AREA WHICH VSED, FOR ANY GIVEN CRLL. . .
. JO DESCRISE THE SURFACE AVAILAPLE FOR BYMPLASTYE TRANSPORTY o] &
. f0/PmOM ADJDINING CHLLS. THIS PRACTION 15 ABSUMED EQUAL FoOR -
. ALL 8 POINTS OF COMTACT. v ‘

ACPO = (RPLABM * ACMO) / (8.0 & (1.0 - RPLASM))

. INITIAL LENGTH OF UNIT CYLINDRICAL CELL

LEO = (6.0 s VYO » (CTORTes (3 o / 2.0y / Plyse(1 .0 / 3 O
.

. INITIAL RADIUS OF INTERSTITIUM CYLINDER

»
RIO & ACMO / (2.0 » »] o LTO)

AJ
. CINITIAL CELL CYLINDER RADIUS

RCO = SORT((VCO / (Pl o LCO)) o (Rljosez, )

-y L]
» . INITIaL ‘surren cyLiwoan afoius
R
REO = SORT((R1O®22) - (¥10 / (PI & LCO))
wr 1 *) " LEO, Mio, RCO, RBO ‘., LCO, RIC. RCO, RBO
-~
. 1M1 TERSTITIUM APOPLASTIC TRANSFER AREA
- ATO » T ((M1GsI®2) - (MBOse2))
v owmiteo2, ey - AlO, ACMO, ACPO ‘', A10, ACMO, ACPO ’
w
. DEFINE SOME PARAMETERS TO BE USED BY CRANK-NICOLSON ALGOR]THM
. . . GET IMITiAL AVERAGE UNIT CELL DIAMETZR .
. .
'« DIAMYO » (8.0 o YTO / PIiss(1 © / 3.0
WRITE(2, o) ‘' DIAMTO: *, DIAMYO
" . EVALUATE v’t NUMBER oFf CELLS IN TISSUE
TOoTCEL = | (TSAREA * THICKO / VT0) + 1 o) [ ]
wRiTR(2, TOYCEL: ~, YOYCEL : .
. EVALUATE & ER OF HOUIVALENT CYLINDRICAL UNIT CELLS IN
. MODEL COLUY .
. CELNUM 13 TAKEN AS THE NEAREST INTEGER GREATER THaw
. THE CALCULATED VALUE,(SEE CELNUM DEFINITION) "
CELNUM = INT((THICKO / DIAMTO) + 1.0) ‘
. EVALUATE NUMBER DF COLUMNS IN TMHE STUDIED TISSUE * ” D
.
COLNUM « TOTCEL / CELNUM S e A
: . EVALUATE YoTaL' NUMBER oF space GAlp roINTs (FAR soYH sPacE
~ GRIDS) ‘ N
~ -
- ANUM 3 (TELNUM = GRPCEL) - :tutu :
RNUMEX & (CELNUM * GRPCEL) - 1
WRITE(Z, a) ' CELNUM, COLNUM, RNUM, RNUMEX: °, CELNUM, COLNUM,
’ NUM, RNUMEX .
) - END

t

l-lll.llll-lll..‘l.t.&"'“‘!!"I!-‘l"l

PURPOSE - THIS SUBREUTINE 13 USED TO ESTIMATE THE INFORMATION
NECESSARY TO EVALUATE TME WON-LINEAR COEFFICIENTS
OF THE FINITE DIFPERENCE RQUATHONS .
unuw-cAu PREP(FLUKMM, FLUXPM, PDTM, CYTOM, GPTDM, vVELGAY,
il VELY. FLUXAM)

, leUMIlNYS AND VARIADLES *

"o neaesasan

. L I FLUXMM - YECTOR OF wWATEZR TRANSMEMBRANE FLUXES, 1N
b . € 'CM-2 sec-1.



' e
p b .

SUM1, BUM2 - BUMMATION YARIASLES '
h...lll.l..lll'.l'.l.ll.'.'l..'l.‘l.‘l'...'.ll...ll.'.l..tl."'.l‘.
. .
- ¢
‘\\*\ N < SUBHDUTINE PREP(PLUXMM, PLUNPM, PDTM, CVIOM, GPTOM, VELGRY,
p W 0 [ VELY, PLUXAM) )
'
- INTEORR NGRPTS, NCELLS
PARAMETER (NGRPTS o 3600, NCELLS & 100)
. ARGUMENTS
' . PLUXMM(O:NGRPTS ), FLUKPMINCELLS, B),
o PDYM(O:NGRPTS), CVIDM(3, NCELLS), GPTDM(S, WNEELLS),
) \ v L VELGAY(O:NGRPTS), VELYIO:NGAPTS),
FLURAM(2, O:NGRPTS, K 3)
. . COMMON VARTABLES :
. COMMON /C1/ ANUM, RNUMEK, CELNUM, GRPCEL, COLNUM
’ COMMON /C2/.PMYVI2), RY, PMV, PPV
. COMMON /C3/ OSBOYV, CSIOV, XTO. X8TO, RXPO, XVO
4 COMMON /CB/ BPVYFPO, WYPO, VOIDPFO, VCO, VIO, YTO, AJO, ACMO,
' L ACPO, LCO, R]O, RCO, RBO, GTORY
. COMMON /C8/ WSTEPV(NCELLS), KSTEP
! COMMDN /C12/ CSIM(O:NGRPTS, 3,, CSCM(4, NCELLS, 3,
. [ CELLM(®, NCOLLS, 3),
] STAGEV (NCELLS), CAVG
COMMON /C13/ NLEVEL, LYLENY, GAPTI, CELL]
COMMON /C18/ PPLASM, FARRA, TM, PINT, PPINT

>a

o REAL=4
N

- .
L]

REAL»4

o INTEGER
]

. rROUTINE
REAL® 4
DATA P)
REAL"S
INTRGER
COMPUTE

0o 10 u
HSTE
10 CONTIN

* GET E3Y
. cogrric

. oo 20 J
CELL

- . CALL

conTl

. EVALUAY
TXTENDE

CELL) =

GRPCNT

80 30 J

GRPY

CALL

1F

. cE

* cr

yd (11

{ [1]

‘ N, e
. ‘ CONTIN

. FLac To

. wiiL ee

' ‘Trirria
. BVALUAT

0o 40

cELL

(I

a0 COMTIN

Tise

J$ 00 4%

&, CELL

FLUXKPM(CELLI,
FLUXPM(CELLT,

srToM -

. . -
N - ¢ .

nau r‘n?vu PLASMOBARMATAL FLuESa, N
- -1, N v > »
SCYOR OF wAYER SPLEYION TEAMS
MATRIN OF P EXTRACRLLULAR

yars

POTM

.

[3 VOLOCITY GRAGIQNTS -
7 MASE AVENASE vELOCITIas :

MATRIX OF APEPLASYIC rFLUNES .

x LIS

" INY counten.

ACE GRID POINT POBITION 1NDEX

VARIADLE USED 1IN CALCULATION OF THE
PROOUCTION LEYION TERMS

PMEY, RT, PMY, 6 PPV,
;; ©, Wvro, VDIDPO, vCO, Vio. YYo, :&V
 ACPO, LE®,.1Q,. RCA ABLIICTORT, WST .
C3TIM, CSCM, CHXLM, NLE#PL, cave

G8dov, CLiOoV, XTO, XSTO., XPO, XVO, RPINT

RNUM, RNUMEX, CELNUM, GAPCHL,

COLNUM, STAQEY., LVLENT, GRPT], CELLI, M,

PINY

VAR lABLES
[ 3
/3.14188/

PS1. SUMT, EUM2

GRPCNT, PPLASM, FaAREA

CURRENT VALUES OF SPACE STEPS (FOR AL, CELLS)
= 1, CELNUM

PY(J) = CELLMtTY, U,
'3

LYLENT, / REAL(GRPCEL - 1)

IMATRES OF YME LOCAL
1ENTY

= 1, CELNUM
1=y

DCFUNC

[

€ 'LOCAL TRANSMEMBRANE FLUXKES

(FOR WATER “AND ALL
D SPACE GRID POINTS,

ON A CELL Y CELL masfs)
1 L7 .
LI ]

« RNUMEX, o, -1

1 sy

PLUXMCPLUXMM
GRPCNT GR. GRPCEy )
LLT = CELLT + 1
PCNT & 1 [
[
PCNT &«
i3
vE

-~
THEN
GRPCNTY + 1 [

INDICATE IF THE PLASMODESMAL FLUXES
CONSIDERED

M EO 1} THEN

E. FOR BACH CELL, THE PLASMODESMA FLUiiS

. 1,

1 s W
FLUXP(PLUXPM)
VE

CELNUMS) .

* 1, CELNUM+1

1 s 9 \

1) « ©
) = o

a8 ConuTiINUE

ENDIF

,.’

ceLLy o

EVaLUATE,
DEPLETION TERMS

ON A CELL 8Y CELL BAS
(FOR ALL EXTEN

THE LOCAL PRODUCTION-
l’lcl,i’l? POINYS)

! for

- S

CORRECTED PSEUDO-BINARY DIFFUS)ON

s s s esnsesssnsneae
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e

PENY 0 )
RPT1 » REUNEX A o

Yo cenvtinue
PSSl = (ZeP)sCELLM

BLL),LYLENTY) ) /CRALMIB, CBLLY,LYLENT)

’0 contInUe
»
. GET LOCAL WATER PRODUCTION-DEPLETION TERAM
POTM(BRPTI) & PS1 o PLUNMMIGAPT )
y .
1P (GAPTI LE O ) THEw
50 10 so
[
GAPTI o GRPTI - 1
w0 1F
IF (GRPCNT . GE. GRPCEL) THEW
COLLT & CELLL » ¢
SRPCNT = 1
6o 10 70
. onuse
CRPCNT = GRPCNY o 1
60 To a0
[ ITR]
"0 comtimue
* o EvALUATE, 7% EaCH CELL, THE CURRENT CELLULAR, INTERSTITIUM
* 7 AND TOTAL CELL vOLUME TIME DERIVATIVES

DO 100 J = 1, CELNUM I
cBLLY =y L

CALL CYPUNC (FL , nun*vnm T

100 coNTINVE i ?

. EVALUATE, FOR EACH CELL, THE CURRENT GEOMETRICAL Time
. OERIVATIVES PARAMETERS AND PARTICULARLY THME aPOPLASTIC
. TRANSPER AREA A *
0D 118 J =& 1, CELNUM
ceLLY = N _ﬁf
CALL GPFUNC(CYTOM, GPTOM) .

118 CONTINUE ; &

. EVALUATE THE LOCAL MASS AVERAGE VELOCITY GRADIENYS
. (FOR ALL EXTENDED SPACE GRID POINYTS, ON A CELL BY CELL BASIS)

CELLI » CELNUM
GRPCNT = ¢
0O 110 U = ©, ANUMEX

. FLAG WHICH INDICATES 1F Al VARIES ALONG THE rRp@is
IFcranga B0 1) THEN

YELGRY(J) & ~(PDTM(J) / CAYEG) - (GPTOMISE, CELLI) /
CELLM(B. CELLI, LviCNY))

ELSE

VELGRY (J) s PDYMI{J) / CAVE
ENDIF

IF  IGRPCNTY ce CRPCEL) THEN

CELL] = CELLI - 1
GRAPCNT s

st
GRPCNT s GRPCNT + 1
’ .
_nn ! \
110 CONTINUE -
A4

. EVALUATE THE LOCAL MASS VOLUME AVERAGE VEUDCITIES (ON &
. CELL BY CELL BASIS, PDR ALL EXTENDED SPACE GRID POINTS
. THE BOUNDARY NDITION ATw TME CENTER IMPLIES TMAY THE .
. MASS AVERAGE BELOCITY IS EQUAL TQ ZERO AT ANY: TIME

CVEL
CALL VYBLOCT(VRLERAY, vELY)
. EVALUATE LDCAL VALUES OF APOPLANIC SOLYTE FLUXES

CALL FLUXA(VELY, PLUXAM)

ssssnanssdasenanersnrans
.

* SUBROUTINE NKLCOEF

R L R N PP

srseey LERXVERENNEEY

) .
. PURPOSE © THIS SUBROUTINE EVALUATES THE NON-LINEAR COEFFICIENTSS
. * THAY APPREAR IN THE SINITE DIFPERENCE EQUATIONS AT *
» THE N-TH TIME LEVEL AND FOR AL SOLUTES .
) .
* USAGCE . - CALL MLCOEFP(VELGRY, VELY, CVTDM, GPTDM, GAMA b
* CRM2ZTY, CRMITY, CBTVY, CMMITM, CMTM, CMPITM, =
. CIMZTM, CIMITM, CITM, CIPITM, CIP2TM, COTY, =
. CYIV, C2Tv) .
. - *
@ ARGUMENTS AND VARIADLES .
. . .
- YELGRY - VECTOR OF MASS AVERAGE VELOCITY $ [}
hd CRADIENTS . .
. YELY - YECTOR OF MASS AVERAGE VELOCITIES .
. CYTOM - MATRIX OF UNIY CELL VOLUME TIME DERIVATIVES -+
* GPTDOM - MATRIX OF UNIT CELL YOLUME TIME DERIVATIVES. =
N GAMA - COEFFICIENTS USED IN CALCULATION OF SOME .
hd NON-LINEAR TERMS N\ .
. CRM2TY, CRMITY, - NON-LINGAR CORFFICIENTYS OF THE .
. coty (R~ 1)-TH SPACE GRIO POINY FINITE DIPPERENCE
* EQUATIONS . .
s CMMITM, CMTM, - VECTORS OF NON-LINEAR COEFFICIENTS BPF THE .
. CMP 1T M-TK SPACE GRID POINT FINITE DIPPERENCE .
¥y EOQUATIONS (ﬂlﬂiﬂlrlﬂlllll. 2 < M (5 R-2, . .

.
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. ™ 18 NBY AN 1Nt CE POINT) .
. CiMgTH, CiMmiTM, - [ 1 1] PPICIANTS A .
. ClvM, CiPtYm, SRID POINTY FPiINITE .
. cipaTM SI1PPARENCE SOUAYIONS . .
¢ COTY, CITVY, C2TY - NOM-LINGAR CORPPICIONTS OF THE .
. Ac: ShID %Y PFINITR DIFPRAENCE .
. .
. ALPHAY, BRTVAYV, - USEBD In CALEULATION OF .
. L4 B CEDING NON-L) ML .
. GRPCNTY - €8 SAID POINY T .
. MATIY, MAYI2, - RIX COLUMN PRSITION lNDICES . .
» MATI) .
. .

I.I"..ll.'.“'.Il.l....‘ll.llll.'l.l..'l‘..l.'..l..."l'..l.lll.'l
BUBROUTINE NLCOBF(VELBRY, YELY, CYTDM, &P TD SAMA
CAM2TYV, CRMYTY, CBYV, CMMITM, CMIM, CMPITH,
q CIM2ITM, CIMITM, CTTM, CIPtTM, CYP2YM, COTY, CiTv,
[] [ A4 N - -
INTEGCER NGAPTE, NCHLLS
PARAMETER (NGRPTS = 3800, NCELLS = 100}
MENT
{ . ARGUME ] Q)
RESL*E  VELGRY(O NOGRPTS,) VELYIO NGRPTS), CVYOM(3, NCELLS),

CPTOM(®, NCELLS), GAMA,
CRM2TY, CRMITY, K COTY,

] CMMITMINGRPTS - (20 (NCELLB®1) ) ),
L) CMTMINGRPTS - (2¢ {NZRELLS®Y))),
y a CMP ITMINERPTS - (20 (NCELLS1) ) ),
L] CIM2TYM LLE-1), CIMITM(NCELLS-1),
L] lelﬂﬂtla"i, CIPIYM(NCELLS - 1),
a CIPR2TMI(NCELLS-1), COTY, CiTy,
[ ] cavy
. COMMON VARIADLES.

COMMON /C1/ RNUM, RNUMEX., CELHUM, GAPCEL., COLNUM
' COMMON /C4/ CDIPCMIO (NGRAPTSeX)-NCELLS)
COMMON /CB/ SPYFO, WYPO, YOIDFO, V(O., VIO, YYO, AJO, ACMQ,
Ato, ARO, GTORT !
CoMMON /Co/ xKsT®
COMMON /Cr2/ 3), CHCM(S, NCRELLS. 3,
L] CELLM(S, NCELLS, I,
L} SYAGRVINCELLS), CAVGC
COMMON /C13/ LYLECNY, GRPT], CHELLI
COMMON /CI18/ FPLASM, FPAREA, TM, PINT, K PPINT

AEAL*4 COIFCM, SPYFO, wyYPO, VvOIDPFO, VGO, Vio, vzo

] AlO, ACMO, ACPO. LCO, RIO, RCO. RPO, GTORY, HSTEPY,
a KSYEP CSIM, CECM, CELLM, CAvVE,

L] NLERVEL, PPINT

INTEGER ANUM, RNUMEX, CELNUM, ~PC’IL.
"COLNUM . STAGEY, LYLCNY, \GRPTYI . CELL], TM. PINT

AN
. ROUTINE VARIABLES ~ \
REAL®*4 ALPMAY(NCELLS), BETAVINCELLS), PS$]

. 3
INTRSER GRPCNT, MATIL, MATI2. MATIY, PPLASM, Flllw

GAMA & O 8§ * KSTEP ‘a
. r" A
bt -
DO 10 K s 1, CELNUM *:ﬁ -
ALBHAYIK) = KSTEP / (2 0 » (HSTEPV (K s®21) L]
3 OUTAVI(K) = KSTEP / (4 O o MESTEPV(K !}
10 NTINUE
’ EVALUATE CORPFPICIENTS OF THE FIRSY GRID POINT RQUATION
. OR CENTER GR1ID POINT
e
COTY & (ALPMAVICELMNUM) s CDIPCM: 1))+
a ‘ (BETAV(CELNUM) » VELV (1))
» FLAC wi 1NDICATES 1F Al VARIES ALONG TMNE PROCESS

.
1IF(FAREA [ X 1) THEN

CITY = ’ '

s (ALPHAY (CELNUM) » (QDIFCM(3) + COIFCM( 1) 1)
L] * (GAMA » (VELCRY (1) »
t (CPYDM(E. CELWNUM) / CELLM(S. CELWUM, LYLCNT) 1) *,
ELse - i
~ CITy « . ' v
a (ALPMAY(CELNUM) s (CODTPCM .Y + COLIPEMC L))
’ * (GAMA * VELGRY (1)) ,
H ENDIF - \
. i . .~
€27y = (aLPHAVCELNUM) o coibemi
] © (BETAY(CELNUM) s VELV (1)
2% CONTINUE
L )
. EVALUATE COEFFICIENTS OF THE (R-1.-TH GRID POINT EQUATION
. OR POINT SEFORE THE.SURFACE v .
]
MATIX & (((GRPCEL ® 2) - 1) » CELNUM) - ¢ . I R ,
CRM2TY e (ALPHAY(1) ¢ CDIFCM(MATIZ-31) o
[ (BEYAV(T) o VELY (RMUMEX- 1))
. FLAG WHICH INDICATES 1P A] VARIES ALONG THE PROCESS
1F(FAREA EO. 1) THEN ,
CRMITY =
. (ALPHAY (1) » (CORFCM(MATIZ-1) + COIPFCM(MATIZ-2)))
N + (GAMA ¢ (YELOAYIRNUMEX-1) ¢ (GPTOMIS, 1)
s CELLM(B, 1, LVLECNT))))
LSk , - .
CAMITY =
[ (ALPHAV (1) & (COIPCM(MATIZ 1) + COIFCMIMATIING) })
a e (WAMA % VELGAY(ANUMEX-1))
.

+

256




-

® . ewpir ,

COTY » (ALPHAYIY) ¢ CDIPCH T13-1)) .
[y | I(0QTAV Y1) o vaLVARUMER: 1))
. fvaLvare EPPICIBNTD OF M.THN BAID POINTY SQUATIONS (INELUDING
. 18TBAPACE PO INTE )

COLLI » CBLNUM
SRPCNY o 3

(1) CONT INUE
1P (GRPCNY LY GRPCEL} THEN

CMMTTMIMATEIN) & (ALPMAY(CELLY) o COIPCMIMAT I 1 o

] (sevhvicaLir) o YALVYIERP Y )
. FLAG WHICH IMDICATES If A! vaRIES ALONG THR PROCESS
~
1P (PAREA  EO 1) THEM
CMTM(MATI) =
a CALPHAVICELLI Y « (COIFRCMIMAYIJe2) o COIPCMIMATTID,) )}
a *+ (GAMA » (YELBAF(GAPT]) o
[ (GPTOM IS . CELLIL / CRLLM(D, CELLI, LYLCMTY)) )
siLsg
CHMTMINAT Y ) o
L] (BLPHAV(CELLE) o (CDIPCM IMATIZGD) o COIPCMIMATYIY)
a + (GAMA *» YELGRY(QGRPT]))

CMP 1 TM(MATII ) « (ALPHAY (CRLLI) o COIPCM(MATY ] 302
L] © (BETAYI(CELLI) o YRULVY(GAPT] )

CRPCNT = GAPCNT
GRPT) s GRPTJ o
MATI ! & MATII ¢
MATII » MATS3 o+ 2

1

17 ccgmpYl B0 RNUMEX- 1) onr (CELNUM €O 1v1 €0 Y0 a0
Co YO so -
ELSE

RFACE POINT vALUES

PSI = (CELLM(S, CELLI, LVYLCHMY | o CDIPGM(MAT)3+1, @
HETEPYVICRLL)- 1)) / (CELLM(S, CELLI-1, LYLCNT) =
COIPCMIMATTI®2) v MSTEQRV(CELLI b

CiMZTM(MATIZ)
CIM1TM(MATI2)
ClrmMimMaTI2) »
CIPITM(MATIZ)
CIP2TM(MATIZ)

« s l'”’

(3 0 *xirg) )

)
°
.
°
©
CELLT = CRALI - 1 Rl T LU
CRPCNT & 2 L
GRPT] o GRPT| o+ 2
MATI2 s MATIZ + 1
MATII « MATII + 3
6o To so
hd IND 1P
a0 CoNTINUE
.

END L]

teserescanncrsnencenssnae tessnesse tresessssccuvranuens
. SUBROUTINE CSIMAP .
- R R
. .
T PURPOSE - THMIS SUBROUTINE IS8 USED TO #STIMATE THE .
. ITMTERSTITIUM SUCROSE CONCENTRAYION AT THE N+1/2 T ME s
. LEVEL . .
. .
* USAGE - CALL CSIMAF(PDTM, GAMA, .
. AV CRM2TY, CRMITY, .
. CBTV, CMMITM, CMTM, CMPITM, CImMZTM. .
. u‘tlunu, CITM, CIPITM, Clg2TM, COTY, City .
. c2tv, .
. .
*  ARGUMENTS AND VYARIASBLES .
. .
. POTM - VYECYOR OF wnanooucnon-ulvu TON TERM .
. CAMA - COEFPFICIENT USED IN CALCULARION JOF .
. INTERSTITIUM CONCENTRATION (SEE SUDROUTINE
. MLCOEF POR DETAILS, DIMENSIONLESS: .
. CRMZTY, CRMITY, coTv, CMMITM, CMTM, CMPITM, CIM2TR, CliMITM, .
* CITM. CIPYTM, CIPZTM. COTY, C1Ty, ‘n .
. - SCALARS AND VECTUWS OF wNON-LINEAR .
. COEFFICIENTS OF THE FINITE nnnvx( .
. EQUATIONS (SEE SUBROUTINE NLCOEF FO .
. TAILS, DIMENSIONLESS) -~ .
. GRPCNY - SPACE GRID POINT COUNTER .
. MATI 1., MAYIZ - MATRIX COLUMN POSITION INDICES .
SIS ssLasONERENNRE DN AR AN NN NN sE2RSERS SESTepENTORET S

SUBROUTINE CSINAF(PDTM, GAMA, CRM2TY, CRM1ITY,

COTY, CMMITM, CMTM, CMPITM, CIM2TM,
] CIMITM, CITM, CIPITM, CIP2TM, Coty, Civy,
[} - €2ty

INYREGER NGRPTS, NCELLS

PARAMETER (NCRPTS = 3800, NCELLS = 100)

. ARGUMENTS
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[ LIY Y]

. s &
a [ INY TERR R .
[] L8011 ~
[] WEBLLBe 1Y) ) « f
[ CIMITMINCEBLLS- 1)
1] clvmncllu-n ClpyTM(MCEaLLE - 1) .
. CIPETM(NERLLS 1), CoTV, City,
/ N caty
. COMMON VARIADLES . »
COMMBN /C1/ ANUM, ANUNEN CRLNUM, SRS oL MNUM
COMMON /C3/ CSPOY, CSlev. xTe, X8Ye, X xve
COMMON /CA/ COIPCHMI®: INGAPYS oY) (%Y ¥
COMMON /CO/ WBTEPY(NCELLS
COMMON /C13/ CHIM(O t:nu NCELLS . 3y .
[] caLLmM(S, uenu a»
[] STASEY (NCELLE), CAVE
coOmMON /C13/ WiLE LYLENT, BAPTI, CHiLLI
RRAL®G CSIM, CBCM, CERLLM. WLEVEL, CAVG, CDIrcm
-
REAL*4 CHROV, CSIOV. XTO., X8TO, NPO. xVO
T -
RREALeS WESTEPY, KSTEP .
INTEGER ANUM, ANUMEX. CRLNUM,K GRPCEL.
a COLMUM, STAGEY, LYLCMY, K @RPT], COLLL
.
. ROUTING VARIABLES
INTEGER ORPCNT, MATI1, WMATIZ
. USING INFORMATION AT THE N E)IME LEVEL, USTIMATE CONCRENTAATIONS
. AT THE FIRST AMD AT THE (N-1)-TWw SPACE GRID POINTS
CBIMIT, LYLCNT) & (COTY eCRIOV}: ¢
[ (L1 0 - CITV) o CEIMIY, LVLCHT -1 1) o .
N (CZTY = CSIMI2, LYLENT-1))
CEIMIANUMRE - 1° LYLCNT ) = s .
[] (FRAM2TY ¢ CEIMIRNUMER -2, LYLCNY 1)) o
a A0 © - CARMITY) v CEIMANUMEX -1, LYLCNT -1
-
cs 4‘!0..!-', L'LCI\\I » CHRIMORNUMEN-1, LYLECNT) 3’ "
L] * (CBYTy » csBOVy i
. ESTIMATE CONCENTRATION AT THE M-TH SPACE GRID ronn rexcerY -
. INTERFACE POINTS >
GRPCNY LI | ' .
GRPTYI s 2 ‘ -
MATI1pe 1
30 comTINUE
-~y .
1¥ (GRPCNY LT GAPCEL! THMEN
CEIM(GRPY]I  LyLENTY ! ©®
' ICMMITM (MAYTI L) o CEIMIGAPT] -1, LviCNY
. {1 © - CMIM(MATI V) » CEIMGRPY!, LV .
4 {CMPITM (MAT]I 1) » CEIMIGRP Tt "LVLCH
GRPCNY =& GRPCNTY + 1
CRPT] = GRPT] o f
MAT]1 w MATIY * .
17 (GRPTY} 29 RNUMEXL-1) CO TO SO
GO TO0 3o
eLse
L4 »
GRPCNT » 2
w N GRPT] & GRPTI o 2
€o Yo 3o
3
END ] »
.y 20 CONTINUER
. ESTIMATE CONCENTRATION AT THE X(’O-TN ICENTRE ) AND R-TH
. (SURFACE! SPACE GRID POINTS
MATI) & (((GAPCEL » 21 * t) s CELNUM) - 1 -
- -~
CSIM(O, LYLENT) o CSIOV
CTIM ANUMER . LVLENT) = CSPOV «» -
= .
. lSYlﬂAYl’OICINYlAY!ON AT THE 1 - INTERFACE POINT . . -
IF (CELNUM kO Ty RETURN . * \)‘ B
' - .
CRPT] & GAPCEL - 1 . . N !
MATIZ2 = 1
. R - .
(1] ‘ CONTINUE -
“ . P
CSIMIGRPTI eV /I TH(MAT 12
] coeipRTMikA LYLENT 4
a cre
N A3TERL
a (CIMITM(MAT)
.
CEIMIGAPT et bV
GRPT] = GRPY GRPLEL
MAT12 &« MATI IR 1t
ir (carT1 syo mwumex) co To so
GD 7O 80 v
5 W » !
$0 coNTINUE R ‘ “ LRPN
DO 70 1 = o, ANUMEX . !
1P (CSIM(I, LYLENT) . LE. t OFE-8) THEN .
CEIM(I, LYLCNT) = 0 ©
¢ st L 4 .
L1314 .

70 CONTINUE

y ol



ussesesagesne

30

PuURPOSE -
CRLLULAR,
THE Cnan
THE CHAN
PIMALLY,
VSABE - CALL CHLLEN(SW)

ARSUNENTS AND YARIADLES

HCOUNY - PORSIYIS
PLUNMM - vECTOR
MATR X

FLURMP -
cvrgm

sPYEM -

CSTYOm -

sSuBROUVY Iztlkl
INTRAEA rYS,

PARAMETER (NMGRPY

CHieR,
wcELLs

5 = 3800,

COMMON VAR IABLES

COMMON /C1/ ANUM, ARNUMEX,

commoN
common /Ci12/ €

T s NLEYVER,

10 _NERPTY

PLS S108RETIZAY
NrTSpvaL

NCELLS = 100}

CRLNUM g CRPCRL,
[ A4 14
3 CaCmrs

TIME YALWUE AT WwHNICM SOLUTION 15 DESIRED

TEND » (NMLEVEL

CALCULAYION OF
DY = TEND - 7

EVALUATE LoOCAL
EXTRNDED SPACE

cELiL) =

CRPCNY &

00 3¢ J s mwumE
CweT! «
CALL PLUNMIPF
Ir (GapecmY

CELLl « C2
ORPCNT
1% ]

¢ 0 8 s KSTEP I}

oY

TRANSMEMBRANE FLUXES

GRID POINTS, ON A CELL Bw

X.e, -1

LUXMM |
(14 GArCEL
LUl e

CRPCNT = GRPCNT +

tND IF
CONTINUE

EVALUATE . roOR
IF YTRE Fiac 1N

IFCFPLASM * gQ

b0 40 U = 1 cg
CRLLI & o
CALL PLURP (P

coNTiNUE

st

tD 4% U = 1, e
CRLLI = o

FLUXPM(CRLL! .

'LUIP-(CI‘LL]
CONTY NUE

(L1284

EvALUATE,
AND TOTAL el

0c 80 4 s
ceLLY v« o

CALL CYPUNCIPLUKXMM,

conYTINvE

ACH CEiLL .
caves

£l
LURPm, L b
X

LMUMe 1

LIV -]
2) % o

FOR FACH CELL .

CELNUM

FLUKDPM,

}OTHEN

THE PLASMODESMAL

CvrDm,

qmes

1N §/6Mm2

1% g/CMy

coit agomeM¥caL Panamaven
s

R/8 DRY MATTER SUEC

CoOLwUM

GEERN

J

ceLt

NCELLS . 3

tPOR WATER ANO AL

BAS S

FLuxes

THE CURRENY CELLULAR,
VOLUME TIME ODERIVATIVES

INTEREYI T 1UM

"/
npaL ™

o8duosbovsstebansesay

LR}
»

ELL VOLUME YIME SERIVAT)VES,

. cCHLLM(Y, wcaLlS, 9.
[ STASEV(NCELLS), ®ave
COMMON /C13/ MLEYEL, LYLCNTY, PYI, ceiLl
COMMON /C18/ PPLASM, FAREA, TH, BINT P iNT
AEALsS NATEPY, KBTEP.
N CSim. CBEM, CRLLM, NLEYEL., CAVG. PPINT
INTEGER ANUM, ANUMEX, CELNUM. GRPCEL
[ COLNUM, STAGEY, LVviCNY, GRPY) K CELLI
4 PRLASM, PAREA, TM, PINT
ROUTINE vARIABLES
REALes Y, TEND. BT
REALE4 FLUXMMIO NCRPTS) PLUNPM(NCRLLS . 2.
a CYTOM(3, MNCELLS:, GPTDMI(S, NCELLS
. CETOM(1, NCELLS: \
INTEGER gRPCHT
INITIAL VALUE OF INDBg WY VARIABLE 1 E , CURRENT TIME,
1w sec
’

< =
R O
es e s s s sssessssudNeansasn
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%

*
SVALUATE, POR SACW CHLL. THE CURRENY YiME OERIVAT)Y
MOVIVALONT CYLINDRICAL UNIY COLL SEOMETAICAL PARAM
h.70 o s 1, cCELWUM
. €St

J
CALL BPPUNCICYIDN, SPTIM)

0 contINUE

EVALUATE THE CELL WATEA CONCENTRADION TIME OERIVATIVE
(FPOR ALL CcELLS)

08 80 J » 1, CELNUM
CiLL) » . ¢
CALL CCPUNC(PLUNMM, FLuNPM, CYTDM,K CBYDM!
s continye

CALCULATION OF THE wEw vaLulls OF vC. v,
LCc. a3 AND |

[
vY., RC m)1. Ad.
sP Y PiNiTRE DI"II"CII POR ALL CERLLS

00 100 4 » 1, CELNUM
YE OR CRULM(T. 4. LYLENT)
CELLM(Y, J. LYLENY) = CHELLM(Y, J. LVLENTY -1, o
. (CYTOM(1 . 4 * DY) ‘
v OR CRLLmMt2, J LYLENT)

CRLALM(2, J, LYLENT) = CRLLM(2, J.
L} icviomiz, J) o T

LYLENT - 1) o

v OR CELLM(3, J. LVLCNT,
CRLLMIT. U, AVLENT) « CELLM(Y, J

LVLCENY -1

[] ICYTOMI3, J) » DT
RC oR CELL J.oLvLENT) .
CELLM(S, J. LYLCNY) & CELLM(A, J. LVYLCHY -1, o
] 1GPTOM(I, J: » BT}
Ri OR CELLM(B, J. LYLEWTY)
CELLM(B. J, LYLCNT) » CELLM(S, J, LYLENY 1) o
. tGPTDM 12, J) DY) r
RS OR CELLM(E. J,, LYLECNY)
CELLM(S 4, LYLCNY) = CELLM(S, J., LYLENY -3
L] (GPYDM (&, J) e DT
LC OR CRiLMI(T, J. LYLENT,
CELLM(T, J, LVLCMT) a CELLM(T, J. LYLENT 1) o
a (GPTDM (Y, J) *DT)
THME TIMZ OERIVAVIVE OF THE ENTRACELLULAR SPACE TRANSFER
AREA Y45 CALCULATED 17 DESIRED .
Al OR CELLM(B. J. LVLENT:
17 (ranfa EQ 0) TMEN
CELLMIS, J. LVYLENT) o CELLM(® LYLENTY -y
TLse
CRLLMIB, J. LVLCNY) & CRLAMIG, J. LVLENT 1) o
L} (GPYDM IS, J) * DT
L 1NN
IRES? OR CELLM J. LYLENT) .
CRLiM(D, LYLEMY: o CELLM(®, J. LVLCNT-1)
L] (GPTOMIS, J) o DT
CECME1, . LYLCNT:
CECMt, J. LYLLENMTY o CECMi1 . g, LYLCNT - o
L} CSYDM 1, J)isDY

100 CONYINUE

UPDATE TME TIME LE

NLEVEL = TEND

cveessroe tassesey
SUDROUTINE CSINP

IR N N N Y RN

PURPOSE  -; THIS SUSROUTINE I8 USED LO ESTIMATE TME WEDUCED
INTERSTITIUM SOLUTE CONCENTRATIONS AT THe Net TimE
LEvRL .
: \
USAGE CaLl BSINPIIPDYM  GCAMA, CRMZYv CRM:TY,
- COTY  CMMITM  CMTM, CMPITM, CIM2TM, N
CimiTM, CtTM

CIPITM  CIP2TM . CcOTY, LCITY
caty) ~

- )
ARCUMENTS anD VARIADLES S

PDTM ‘YECTOR OF WATER PRODUCTION-OEPLETION TBRM

CApa - COEFPFICIENT USED

IN CALCULATION oF

INTERBTITIUM CONCENTRATIONS

(SRE SUBROVTINE

MLCOEP _PFORN DETAILS

OIMENS 10NLESS )

ChomMEYY CamyTY ceTy T, CMTHM, "CMPITM, CIMITM, CimiTm

crTm CiPrTm CIPITM, COYY €17V, C2TV
. - SCALARS AND VECTYORS OF NON-LI
COBPPICIENTS OF TR rFINIYE O

s

FIRST  Las? INDICES OF THE PIRSY AND LAY EOUATIONS OF

THE SYSTEM TO 3K BOLY !

vy - SOLUTION YECTOR OF gySTEM OF L iNgAR
OVATIONS ’ . .

YL TR X

cssswere

R touationg '
Av  BY Ty ©Ov - VECYORS COMNTAINING TWE YALURS ©F THE .
v v D1AGONAL ELEMENTS OF THE PENTROIACONAL .
MATRIN OF THE BYSTEM OF LINEAR EQUATIONS .
TO 88 SOLVED (SEE SUSRDUTINE PRNTAG FOR .
DETAILS, DIMENSIONLESS ' . .
] carCNY SPACE SRID POINY COUNTER .
GRPTIX - SPACE BRID POINT POSITION INDEX ON THE .
Tewbeo space emip .
MATI 1 MATIZ - MATRIX COLUMN POSITION INDIC .
.
.
.
.
.

SUBROUT [mE CHINPIPDTM, GAMA, CRMZTY, CAMITY. .
. COTY. CMM1TM.  CMTM, CMPILTM, CImM2TH,
] . CIMITM. CI1TM, CIPITM, QgP2TM, cOTY, CITYVY
[} c2tv) .

’



INTRGER NERPYS, NCELLS
) -
APARAMETER (NGRPTS = 3800, WCELLS & 100}
ARGUMENTS -

REBAL®4 PDTMI(O:NBRPYS ), GAMA,

CRM2TY, CRMITY, CBYYV,
CI“'VU(“'.F'I'(’l(!tltkl‘!))),
CMTMINGRP TS - (20 (NCRLLB*Y) ) ),

CMP I TM(NGRPYS - (2o (NCELLS®1) ) ),

| CIM2TM(NCELLS-1), CIMITM(NCELLSE-1),
R CITMINCRLLS-1), CIPITM(NCELLS-1t),
CIP2TMIMNCRLLS-1), COTYY, CITY,

X Cartv

LR R N N X ¥ ¥ ]
.

COMMON YariadLES.

COMMON -/C1/ RNUM, RNUMEX, CELNUM, GRPCEL, COLNUM
COMMON /C3/ CSBOY, C&1OV, XYO, NSO, XPO, XxXvo
COMMON /C4/ CDIFCM(O: (NG $22)-NCELLS)
,COMMON /CH/ HSTEPV(NCELLS) KsTRP
COMMON /C12/ CSIM(O:NGRFTS, 3), CECM(s, NCRLLS,K 3,
a CELLMIS, NCELLS, 3,
[ . STAGEV(NCELLS), CAvVG
COMMON /C13/ WNLEVEL, LYLCNTY, GAPT], CELL]

REAL+4 CSBOV, CSIOY, XTO. XSTO, 'XPO. XvoO

REAL=4 COTFCM, CSIM, CSCM, CELLM, Wi . élVG

REAL®s HETEPY, KSTEP

INTREGER RNUM, RNUMEX, CELNUM, GRPCEL .
L] COLNMUM, STAGEY, LVLCNY, GAPTI, CELL!

ROUTINE vARIABDLES

REAL*E AV (NGRPATS-NCELLS- 1), BY(NGRPTS -NCELLS-1) -~

4 CY(NGRPTS - NCELLS -1, OVI(NGRPYS -NCELLS- 1),
] EVINGRPYS -NCRLLS -1}, FYINGRPTS -NCRLLS-1),
3 VY(NGRPTS -NCELLS - 1)

INTEGER GRPCNTY, GRPTIX, MATI, MATI2, FIRST, LASTY'

FOR SUCROSE., USING INFORMATION AT THE N TIME LEVEL AND
ESTIMATES OF NON-LINEAR CORFFICIENTS AT TNE Me1/2 TIME LEVEL,
SEY UP VECTORS OF ELEMENTS OF PENTADIAGONAL MATA I X

FIRST SPACE GRID POINTY DR CENTER

AYi1}) = 0 ©
BY(1) = 0.0
CYit) = 1t 0 o C1TV
Ovilr = - 27TV ‘
EVi1 = 0 &
FYO1) = (( u\- CITY) o CSIMET1, LYLENT-2)) +
] (C2TY™e  C3IM(2, LYLCNT-2))
s 4 (2 0 & COTY = CSl1OV)
(R=1)-TH SPACE GRID POINT
AV (RNUM-1) s © ©
BY(RNUM-1) = - CRM2TY
CVI(RNUM-1) ¢ 1 0 + CRM I TY
DY(RNUM-1) & 0 o
EV(RNUM-1) = 0 0
FY(RNUM-1) & s
] (CAM2TY & CSIM(RNUMEX-2, LYLCNT-2): +
s (11 0 - CRMITY) s CEIM(RNUMEX-1, LY.CNT-21)
FY(ANUM-1) « FY(RNUM-1) o (2 © » CBTY « CSBOV)
M-TH SPACE CRID POINT (INCLUDING INTERFACE POINTS)
CRPONT = 3 ' r
CRPTIX » 2
CRPT! =« 2 N
MATI1 & 1
MaTI2 =
B
© CONTINUE
IF (GRPCNY (T  GRPCEL) THEN
AVI(GRPT]I) s 0 © E :
BY(GRPTI i & CMMITM (MAT] 1)
CY(GRPT! | s 1 O o CMTMIMAT]I 1,
DYIGRPYI | & - CMPITM(MAT] 1) \
EVI(GRPT]I) 2 0 ©
FYI(GRPT] ) & .
a (CMMITM(MATI 1) & CSIMIGRPTIN-1, (VYLCNT-21) o
] L1 0 - CMTMIMATINGI) » CSIMIGRPYIIN, LVLENT-21) o
] (CMPITM(MATI ) ¢ CEIMIGRPTIX®1, LVLCNT-2
GRPCNT = GRPCNT + 1
CRPTIX = GRPTIX + 1
CRPT] = CRPTI « P
MATI) = MATI1 +
1F ((GRPTIX 2O RN X-1: OR  (CELNUM EG ‘1)) GO TO 30
Go To 20 gn!
ELsE AN
AVIGRPTI) = - CIMZTM(MATIY) »
BY(GRPTI ) & CIMITMIMATIZ)
CY(GRPTI) & - CITM(MATIZ2)
DY(GRPYL) 5 CIPITMIMATI2)
EVIGRPTI ) e - CIP2TM(MATIZ) /
EYI(GRPY]) &
] (CIM2TMI(MATIZ2) s CSIMIGRPTIX-2, LYLCNT-2)) -
« CCIMITMIMATI2Z) o CEIM(GRPTIXN-1, LYLCNT-2)) +
[ (CITM(MATIZ2! = CSIM(GRPTIN, L¥YLCNT-2)) -
[ (CIPYTM(MATIZ) * CSIM(CRPTIX®2, LVYLCNT-2)) o
] (CIPZTM{MATIZ) » CSIMIGRPTIN®I, LVYLCNT-2))}

GAPCNT = 2 4
GRPYIX « GRPYIX + 2
GRPTI = GRPTI + 1

N ¢



. WAty o malie o 4 . °
so 1o g0 .

o 1r . :
30 CONTINUE
. SOLYE SYSTEM OF LINEAR EQUATIONS \V

PINBY & ; . .
LAST & RNUM -

CALL PENTAG(PIRSTY, LASY, "av, Bv, cv, oY, v, ryY, vv)

GRPCNT » 2 .
cGAPTIN »

00 40 K & 1, mNUM-1 x

CEIMIGRPTIX, LVICNY) & VvV(K)
JF (GRPCNY LY GRPCEL) THEN .
GRPCNT = GRPCNY o
GRPTIX = GRPYIX o .9
sy oo
CRPCNY = 2

CSIM(GAPTIXN®T, LVYLENT) & CBIMIGRPYIN, LYLENT)

CAPYIX.» GRPTY(X « 2
END IF

40 coNYINUE

GEY RSTIMATES OF THE INTERSTITIUM CONCEMTRATION AT THE
CENTRE AND AT THE SURPACE DF THE Tissue

CSIMIO, .LVLCNT) = CSiOV
CSIMIRNUMEX, LVLCNT) s CsBOV

4 h
. TESTING FOR THE SENSITIVITY

DD 70 I = O, mWUMEX
IPCCSIMOT, LYLCNT) Le 1 OE-8) THEN
CSIMII, LVLENT) = 0 ©
[ £%1]
ENOD 1P
70 CONTINUE
END
StssssasssrnnessRsrnues rersenssecscsessBursusenserrnsenursnnnars
«SUBROUTINE PENTAC .
Tsesanss L L L N L esanass
.
PURPOSE © THIS SUBROUTINE 13 uSED YO SOLYE A SYSTEM OF LINEAR .
SIMULTANEOUS EQUATIONS ( A X » B ) MAVING a ®
PENTADIAGONAL CORFPFICIENT BAND MATRIX ( & .
s
USAGE - CALL PENTAG(FIRST, LAST, Av, BvY, Cv, Dv, BV, Py, vv) .
.
ARGUMENTS AND VvAR!ADLES .
.
THE EQUATIONS ang NUMBSERED FROM FIRSY 10 LASY .
» AND THEIR SECOND, FIRST LOWER DIAGONAL, MAIN Dl1AGONAL =
. FIRSY AND SECOND uUPPER O1ACONAL COEPFICIENTS ARE .
. STORED IN THE ARRAYS AY, BY, CVY, DV, EV RESPECTIVELY *
. FVY IS AN ARRAY CONTAINING THE INFDAMAY J1ONe YECTOR B .
. TNE COMPUTED SOLUTION VECTOR X (X(FIRST), B 2
] X{LASY)) 13 STORED IN THE ARRaY vy LI
. . .
L DELTAY. LAMODAY, GAMAY - INTERNAL ARRAYS USED IN THE ALGORITHM »
s .
2 MU, sETA - I~YIQ”ID}AT! VARIABLES APPEARING IN »
= THE CALCULATIONS »
. . .
. Iln‘lls - 70 KEEP ROUNDING ERRORS TO a MINIMUM, THE .
. CALGULATIONS aRrE PERFORMED 1IN ODOUBLE-PRECISION .
L] NDTE THAY THE VYECTORS THAY ARE INPUT AND OUTPUY ARE a
. IN SINGLE-PRECISION .
ll.ltlll.llll.ll'lllll..illll LR AR N R RS l-llllllllt'lll-.lll.-l

SUBROUTINE PENTAG(PIRST, LAST,K sav, $8Y., sCcY, sDVY, sev,
8 SFY, svYvV)

lN'!B!IxIGIiYS, NCELLS
PARAMETER (NGRPTS = 3800, NCELLS = 100 .
. ARCUMENTS -
REAL & SAY(NGRPTS - NCELLS -1 SOVI(NCRPTS - NCELLS -
SCVINGRPTYS -NCELLS- 1), SDY(NCRPTS -NCELLS -1
1

'
. )
4 S!Vllﬂl’?S-NC(LLS‘!I, SFVINGRPTS -MCELLS -
L SYVINGRPTS -NCELLS-1)

INTEGER FIRST, Las?Y
. ROUTINE vARjABLES

REALs S AVINCRPTS -NCELLS-1) , BY (NGRPTS-NCELLS-))
CYINGRPTS -NCELLS- 1), DY (NGRPTS-NCELLS-1),
EYINGRPTS -NCELLS -1, FYUINGRPTS -NCELLS- 1),
YY(NGRPTS - NCELLS -1, DELYAV(NGRPTS ~NCELLS- 1),
LAMDAY (NGRPYS-NCELLS -1, CAMAY (NGRPTYS-NCELLS - 1),
MU, BETA

* COMVERYT INCOMING YECTORS \In DOUBLE-PRECISION

00 10 X » FImSY, LaST A
AVIK) = DRLE(SAYV(K))
PYI(N) = DBLE(SBY(K))
CY(K) = DBLE(SCVIK))
DY(K) = DOLE(SDVIK) )
EVIK) = DBLE(SEY(K)
FYI(K) v DBLE(SPYIK))

1o CONTINUE

DELTAV(FIRST) s DV(FIRSY) / CY(rInsY)



LAMDAV(FPIRST) & BVIFIREBY) / CYITIRSY)
SAMAVI(FPIREY) » PY(PIRSY) / EBviriagY)

MU s CY(PIRBT*1) - (OVIFIRST<1) o PELTAVIFPIRET )
OBLYAVI(PIRBTY+1) o (DV!( (OYCPIRE YY) o
a LAMD IRST)I)) / WU
LAMDAVIPIRSBT®t) & BY(F} / ™y
GAMAVIFIRBT® 1) w (FPY(PFIRSTS 1) - (BYVI(FIRSTe 1) =
L] SAMAY(PIRBTY))) / My

0O 20 1 » FIRSTe2, LABY-2
BETA & BVII) - (AV(1) » DELTAV(1-2)) -
MU 8 CY(L) - (BETA » DEBLYAYIl-1)) - (AV(1) o LAMDAV(I-2))
DELTAV(1) = (DY(1) ~ (BEYA ¢ LAMDAY(I-1))) / ™My
LAMDAY (1) s BRY(]) / My
GAMAY(]) ® (PVII} - (BETA » GAMAY(1-1)) -(AVII) e
[] GAMAY (1-2))) / MU . .
20 cCONTINUE

BEYA ® BVI(LAST-1) - (AV(LAST-1) @ DELTAV(LAST-3))

MU = CY(LAST-1) - (BETA o DELTAV(LASY-2)} - (AV(LAST-1) @
8 LAMDAY (LAST-3))

DELTAV(LASTY-1) & (DV(LASTY-11 - (SETA s LAMDAV(LAST-2)1} / MUy
GAMAY(LAST-1) » (FV(LASY-1) - (BETA * GAMAV(LAST-2)) -
[ CAV(LABT-1) » GAMAYILAST-3))) / Mu

BEYA = BY(LAST) - (AV(LAST) » ORLYAVILAST-2))

MU ®» CV(LAST) - (BETA o DELTAVILASY-1)) - (AV(LASY) &«

a LAMDAY (LAST-2))

GAMAY (LABT) » (FY(LAST) - (BETA o GAMAV(LAST-1)) - (AV(LAST} »
CAMAV(LAST-2))) / My

. STORE SOLUTION OF SYSTEM IN VYECTOR vV

VY(LAST) » GAMAV(LAST!
VY(LAST -1} s GAMAY (LASTY -1) - (DELTAY:LAST-1) s .VY(LAST))
DO 30 1 o LASTY-2, FIRSTY K -1
VV(I) ® GAMAV(I) - (DELTAY(I) ® VV(Jel)) - (LAMDAV(I) =
a VY (le2))
30 CONTINUE

L CONVERT SOLUTION VECTOR BACK YD SINGLE-PRECISION
D0 40 K = FIRST, LASY
BYVIK) = REALIVVIK))
a0 CONTINVE
. END
"reusamsETEseeNIsRRRTREANS teecnrssteasense

. SUBRDUTINE DCFUNC
L A L L L R N R N R e

PURPOSE - FROM AN EMPIRICAL MODEL (POLYNOMIAL OF DEGREE 1
DESCRIBING THE CONCENTRATION DEFPRNDENCE OF
THE SUCROSE PSEUDC-BINARY DIFFUSION COEFPICIENT
‘THIS SUBROUYINE EVALUATES THE LOCAL YALUE OF THE
COEPFICIENY DASED ON THE LOCAL INTERSTITIUM
CONCENTRATION OF THE SOLUTE THEN 1T CORRECTS THE
ESTIMATE TO TAKE INTD ACCOUNT THE RESISTANCE OF THE
INTERSTITIUM MICROSTAUCTURE

usace - CALL DCPUNC

ARGUMENTS AND VARIABLES
‘ STARYX - GRID POINT POSITION IMDEX ON THE EXTENDED
3 SPACE GRID .
MAT] - CDIFCM MATRIX COLUMK INDEX
NCOUNT - POSITION COUNTER POR ELEMENTS OF VECTOR CSIv
CEIV - VECTOR OF CONCENTRATION VALUES TO OF USED 1IN
THE EMPIRICAL RELATION, IN G CM-3
POLYN - CURRENT CALCULATED VALUR OF THE POLYNOMIAL
(DIMENSIONLESS) THE POLYNOMIAL 1S DEFINED AS
. POLLOWS (FOR SuCROSE:

LW (D(1) / OI(1) INPINITY) = A0 o AVOCS (1)

DCYAL - CURRENT VALUE OF THE LOCAL PSEUDG-BINARY
DIFFUSION COEFFICIENT
CDIFCM - MATRIX OF CORRECTED PSEUDO-BINARY COEFPICIENTS

PR R R R R R R L R A

9B Y S NN e e EEEEEEE NS SR E NN

SUBROUTINE DCPUNC

IMTEGER NGRPTS, NCELLS

PARAMETER (NGRPTS = 3800, NCELLS = 100
2 ARGCUMENTS
s COMMON YARIABLES

COMMON /C1/ RNUM, RNUMEX, CELNUM. GAPCEL, COLNUM
COMMON /C2/ PMYY(2), RY, PMy, pPY

COMMON /C3/ CEBOV, CSIOV, AYO, XSYO, XPO, XVO
COMMON /CA/ CDIFCM(OC: (NGRPTS22)-NCELLS )

COMMON /C8/ Mwy (2)

COMMON /C12/ CSIM(O NGRPYS, 3), CSCMI4, NCELLS, 3,
a CELLM(Y, NCELLS, '3},

] STAGEVINCRLLS), CAYGC

COMMON /C13/ NLEVEL, LVLCNT, GRPTYI, CELL!

COMMON /C184/ DIFCY, DECY, POLCOM(O 1)

REAL*4 CSBOVY, CS]OV, XTO, XSTO, XPO, XV¥O, CDIFCM,
CEIM, CSCM, CELLM, NLEVEL, CAVG,
DIPCY, POLCOM, PMYY, RT, PMY, PPV, Mwy

INTEGER RNUM, RNUMEX, CELNUM, GRPCEL
L] COLNUM, STAGEY, LYLCNY, GRPTI, CELLI, DEGY

. ROUTINE VAI]AIL!‘
REAL*4 CSIV(((NGRPTS/NCELLS)®2)-1), POLYN, DCVAL
INYEGER STARTYX, MATI, NCOUNT

» SEY UP VECYOR OF LOCAL INTERSTITIUM CONCENTRATIONS

SYARTX s RNUMEX - (CELL! s GRPCEL)



10

3o

PuURPDSE -

MAT1 o ((GAPEEL * 2) - 1) & tCELNUN ALY R

necount o
L) -

coONTINUE -
CHIVINTOUNT) o« CEIMISTARTRSK, LVLCWT)

Ir (x .80 @

&L) a0 v0 20
LYLENTY) o

CEIVINCOUNT®Y) & CICSIMIBTARNT N oK,
[ ] LYLENT)) / 2 o)

CRIMIBYARTR K1,

NCOUNY & NCOUNT ¢ 2
K = KX o
60 10 10

tontinue .

00 30 1 = i, NCOUNT

POLYN u POLCOM(O! & (POLCOMI(1) = CSivil))

GET THE LOCAL VALUR OF -THE DIPPUSION coeryTtigny

.
DCYAL = DIFCY v EXP(POLYN) ~

THE EXPERIMENTAL MEASUREMENTS OF DIPFUSTON

ENCE AND THE SOUATIONS ARE
PEVELOPPED WITH RESPECT THE SARYCENTAIC wELOCITY
DCVYAL = (DCVAL o MwWY(1)) / (PMYY (1) e Cavg)
CORRECT THE ABOVE COEPPICIENT YO TAKE
RESISTANCE OF THE INMTERSTITIUM MICROSTRUCTUAR
COIPCMIMATI) = CELLM(S, CELLD,

LYLENT) *» pCcvay

MATI & MATYD ¢
CONTINUR
Enp

BUBRDUTINE PLUXM
Stasnsarsensssnserngans cone llt-'lll.ll"l?"
»

THiS ROUTINE EVALUATES THE LOCAL WATER

ORED WITH RESPRCT TO A FIxED

INTO ACCOUNTY THE

-

4

TRANSMEMBRANE FROM A THRERMODYNAMICAL POINT OF vIEW

GIlvEn an

INTRACELLULAR HYDROSTATIC PRESSURE AND &

COMPARTMENT SN
TWO IMPORTANY PN
1. £ ™ vacuoL
SMALL SOLUTES AN
PROTEINS AND STA
ARE In goulILIBR]
CELLULAR vVOLUME
. SINCE SUCROSE PR
MEDIUM, THE CHEM
. OSMOTIC POTENTIA

USAGE - CALL FLURMIPLUXMM)

ARGUMENTS AND vARIABLES

COMPLETE COMPOCSITION OF THR

INTRACELLULAR

CE FOR POTATD MATERIAL, THERE ARE
ASES IN THME CELLULAR yOLUME

E WHICN 1S AN AQUEOUS SOLUTION OF
D THE CYTOPLASM wWHICH COMPRISES
RCH . ASSUMING TMAY B0TH PuaSES
UM, THE CHEMICAL POTENTIAL OF TNHE
IS OPTAINED BY EITHER PHASE
NETRATES THE EXTRACEL_ULAR

ICAL POTENTIAL I8 ZOUAL To THE

L

s
.
.
.
.
.
.
.
.
.
»
.
s
.
»
.
.
:
.
.
»
.
.
.
.
.
*
»
.
»
.
s
.
»
.
»
*
»
.
.
.
.
.
s
»
s

VOLUME 18 EITHER CALCULATED FROM THE
WE ASSUME THATY

INTANEOUSTLY

CYTOPLASTYIC CONDITIONS SINCE
ARE

ILIBRIUM

SUBROUTINE FLUXM(FLUXMM)

FLUXMM - MATRINX OF TRANSMEMBRANE FLUKES
FORCEY - veCTOR OF THERMODYNAMIC PORCE &
DIFFRRENGE GRADIENTS
SUM - SUMMATION VARIABLE
OTERM - TEAM RELATED YD THE DIFFERENCE 1N CHEMICAL
POTENTIAL DUE YO THE OSMOTIC POTENT AL OA
OUE TO THE MATRIC POTENYIAL INSIDE THE
CELLULAR VOLUME AND THE OSMOTIC POTENTIAL
IN THE EXTRACELLULAR VOLUME
PTERM - TERM RELATED Yo HYDROSTATIC PRESSURE
DIFFERENCE BETWEEN THE EXTRACELLULAR
CONDITIONS AND INTRACELLULAR CONDITIONS
Ti. Y2 - INTERMEDIATE VARIARLES USED IN CALCULATIONS
REMARKS - THIS SUBROUTINE USES A 2ERO FINDING PUNCTION,
(IREALZ) IN ORDER TO RESTIMATE THg compLETE
COMPOSITION OF THE INTRACELLULAR vOLUME
(SEE IMSL LIBRARY FORN oRTAILS)
N 8 PLEASE NOTE THAT THE waTem ACTIVITY I'N THE CELLULAR

VACUOLAR OR THE
BOTH PHASKS

INTEGER NGRPTS . NCELLS
PARAMETER (NGRPTS = 3I800. NCELLS = 100
ARGUMENTS
REAL*S FLUNMM(O NGRP TS,
COMMON YARIADLES
COMMON /C1/ ANUM, RNUMEX . CELNUM, GRPCEL. COLNUM
COMMON /C2/ PMVY(2) , RT, pPMY, ppyv .
COMMON /C3/ cSBOY, C3I10Y, XYO, X8Y0, XPO. xVO
COMMON /C8/ SPYFO, WYFO, vOIDFO, vCoO. VIO, ¥Yo, alo, acwmo,
a ACPO, LCO, RIe, RCO. RBO, GTORT
COMMON /C8/ MWY (2)
Common /CcY/ EMODCOD(2), wREsSPr, rCo
COMMON /C12/ CSIM(O:NEAPTS, 3, CScM(4, NCELLS, 3,
a CELLM(D, NCELLS, 3,
a STAGEV(NCELLS), CAve
COMMON /C13/ MLEVEL. LYLCNT, GEPYTI, CELLI
COMMON /C18/ XT xST,xp, XV
COMMON /C18/ AWY I (NCELLS ), Awo

IN € CM-2 sRC-1

SsRsusssenews



s as

265

REALE BPVYPQE WYPO PO, VCO, V10 VYT A0, ACHO ACPY,
]

v
LCo. 10, ACH

steny

ROUTING VARIABLES.
nEALes P
BATA P1/3 18188/
ABALSA PORCEY )

.
REALSE PMYY, RT, PMy, PRy
. EME0CO, WARSP, PCO, CSIM, CSCM, CRLLM. WLEVEL,
. CAVE, Awy] ;

ABALe4 CSPOY, CBIOV, XTO, XSYVe, NPO. NVO, MwY

ITNTESER ANUM, RNUMEYX, CRLNUM, SRPCEL,
4 coLNuUM, 7Y , LYLENTY, GRPT], CRLL! .

REAL*S Y1, T2, PYRAM, OTEAM, TPYEAM
REAL®S X5, NW, BW, AWO, MS, Lmw, CRITY

1TMAX, tem .
s. 82, 2T [

INTEORR NSIGC, N
L .
XBY, NP, MY, awl

CATERNAL P

.
CALCULATION OF THE LOCAL TWERMODYNAMIC FORCE ACROSS
THE CELL MAMBRANE

SET FORCEY YO O
PORCEY = ©0 O

SINCE TNE CONCENTRAYION AT TWE SURPACE I8 r|fED,
TME PLUX OF WATER THROUGH THE MEMBRANE IS 21
AT ANY TIME AT YHIS PARYICULAR POINTY BECAUSE OF Twt
NATURE DF TME CONDIYION

iFigRrT] §QC ANUMENX: THaEN
PLURMM (RNUMEX) « © ©
TLee
A §XTRACELLULAR CONDIY|ONS
1 OBMOTIC POTENTIAL

XS = (CBIM(GRPT]  LVLCHNT) / Mwy(2))

a / 1(CBIMIGRPT], LVYLCNT: / MwV(2:)
] + {ICAYE - CSIM(GARTI ., LVYLEMT ) / mMwy(1)))
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2 TERM RELATED TD THE OSMOTIC POTENTIAL USING THE
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CELLULAR VOLUME ON A DRY MATTER BASIS (XT - .
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§ Ss8tO4
C=1 sasno
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UNTIL CONVERGENCE IN ORDER TO FIND THE COMPLEYE COMPOSITION
SEYTING THE PARAMETERS USED IN IREALZ

~

EPS=) OR-8
EP82e1 OR-3
#TA=) OR-3
NSiCel
1TMAX® 100
Ne

CALL Z2REAL2(F EPS . EPS2 EYA NSIC. N AW] [TMaX, ]
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COCM (2, COBLLI. LVLENY) = NEY
C8EM 13, CALL). LVLENY) s xP
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THE FLUR OF WATER ACANES TNE L1 ]
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FLUXMM IGAPT! ) = 0 ©
(1% 1}
[ L1 384
eupiIr
RETURAN
&np
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COMPARED WITN AW! UNTIL coNvanGEnCE
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sessras
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REALSA Mwy MG . MF  MKP Mg

ALG ALF ALS ALKP ALKS
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~
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-~
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ON.A BINAY BASIS WATER-]-TN COMPONENTY
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In & Cm-3 BOC

cenTHatTION XTI
[ ] 1amy 1" § Cm-)
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RODUTINE VARIADLES ‘
.
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REALSE TY T2 Py PuM1 PTERM OTEAM | Pw
$¥Y 10 roRCEY = o
roRCcEY o O O
IF O NLEVEL 9 | © o AND (CELL) [ X Y THEw
FLUNPM CRLLI 1. s 00O
ELSE IF (CRLLT EQ  CELNUMS T THEN
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PUMI =
[ 2% ] ]

-

.
$08sss00ssvacscsrersersnere

.

267



T ¢ »

T3 o gueNge /  8Ne8CeI 1

Pt o I8 & YY) e q4g LI { NS RN IV {1 FRVATTY
[] A L1 11 TR NNNI

LECE PR L 1)

" ABLATED YO eEmeTIC emADIQNTS or eotn v

(AN 1] {’I THE PIneY cauLy

17000 9O 1) twem * ’
OTERM « AT ¢ ALBS (AWYIICELLII) / awe>

. l‘ ¢ ALOS (AWYVI(CRLLI / AWYLIRBLLY 1

. PORCEY o PMYVIt) » Prgam) o am
. TAARSVOAMAT iGN BF tTha w 1Lty N
. tm sngrER uuite
LPW o (PPY o MWY(L)) / (RT o PMEYIY))
. CvaLva%E P apm &L PL v

fivaPmigEL Lt ti s LPW s PomCRY

JootJdet) . Ttm CELL I1mTg
*RBCRDING CHLL LR T ]
SI1mp v Thg Tive vaive
PACE FLuNES 7 THg cva

CE FLURES oF THE

€ s Te o CRLL ang
AL ) (-1 -Tn (WY
AR ER Y BNy Tt "

e e

17 emiv N Y vege

PLu

L4 KN ] b IO} FLuRPmIiCRL L) '

tup v

and 7

LR L R N

SUBABUVUTINGE veLOCY .

-nnno-.------u-c-ooo-----o.-o---an-.oo-'.on-oc...----o--o-.-.

TS THAT ARE uSED TYwaQUENw & Cusic sPLIme
ALCOA ] Yum TO ESTImATE TYwg Isvasna. or
LUME AVERAGE VERLOC!TY SRADIENTE at €aCn
SRID PoINY BN A& CELL CeLL ®As)S s@F Jmsi 1

4 [} LEASE lonscu amo Ocseoy:

. .
. THIS SUBRSUTINE 1S UBED TS Bvaiua'e Twp CITY .
. MASS AvERAGE vaLOCIT) .
. ©F TWE LOCAL vRLOCITY *
. .
*  usace CALL veLOCTY vELBAY vai v .
. .
* ARGUMENTS AND van|ADLES .
. .
. viLgay viCtam or m YRLOCITY SmaDIEwNTS .
. (1% . veiocivTigs .
. STanTYR om THE gxvEmpEe Fiad
. .
. 8 e .
c o v wx 1e VTinES i1emscy amo .
a8 o Y MOUTINGE GERCAIPTY ONs .
. POR DETalLS .
. N .
'O REMARRS - THIS SUBROUTING UBES A euas| Cupic weam[vy .
. 1.y 10 SEmERATE $P jwg .
. .
. .
. .
. .
. .
. .

SUBADUT INE YeLOCTY(veLgAaY vYRiLyv

inTiGen wmempry LI4 S9N }

raRAME R.NgRPTS « 3800 “ClLLSs » 100
. ARGCuUMENTS
REALSS vEiLGRY IO NERPTE . YELY 0 mERPTY
. COMMON vamiap. e
common /1 ANum  Anvmgr Climum carce, COLmum
Commen /o HETRP YV INCR.LS “grEe
COMMON 'C12/ C3 M0 MEAPTS 3 CSCM. &  wCEL.S b}
L] CRiLiLM g wCHLLS 3
a BYAGEY NEELLSE cave
COMMON /Cct3/ NLeVEL LYLCNTY Gae v ceiy !

REALC 6 wyTEPY  xgTES s im CSCM  CELum  wiRvEL Cavg

I reum ANUME X CRLNUM GRPCE

COL mym STACgY LYiCmT CLLAN (4 SO
\ [N
. ROUTINE vamiapigs
REaLca gum R NCRPTS /NCOLLS YIMGRO TS /MCELLS
L CiNGRP TS /NCRLLS 3 - [ ] o
Invgcan g1 T wx 1c en

08 10 . s CRLNUN ' i

CELLL o

SYARTE v angumenx "CRLLY ¢ GRRCEL
. THE VELOCITY AT gacCw SXTENDED SPACE ERID POINTY s gva,varpp
. USING THE cuesiC 8PLINgE inTegraTiION ROUT MR
. USING QUAS ] -ngRMITE [ LAWE 1 E 0P sPrLimn
. cCoEPrICIENTS (POR J-Ttm teuy
SuM ¢ 0 o

80 20 x » CELmwm, CRLLICT. -4

-—-— W



“ercesecsrsnancsnrens

se
se
a0
[
.
‘o
[

rPuUR

usa

SUN o Bum ¢ SELAMIY. A, LVIENY:
sentinee

[ TREEE Y
Yit) e !:- LAAR AX L AN RN
20 30 8 o (4 { TN}
BtR*1) » s (6 * WOYRPVYIEBLA )+
Y(ReV: » VELOAV QTARYRe IO,
conNYINVS

NR s SRPCEL
1t . APTE/NCOLLS

CALL 1MLV B v &n ¢ e

.
INYQORATE ThE BP L tud Ovan THe @

InYgava,
& & MV

0 40 8 a ' gmeCEL

[ 4 TNY LLES ] v s [ 4 1¢ L ] [ (X Lo
VELV(BYART G Iom : o @ ¢ VYELV BYART o1
continve
ros Tng

Twe ABJS

17 18 ae
vELviBTARTR .

(N4 RNS RN B 4 N LvLERT . / CHBLm g [4 RS (AR .
YELY(BTARTR
cConTIinug
comT inul
(Y RIVI Y]
In0 '

secesssescsencasans
$eeereecsssesscensscsasnnns sevesevasensansseane
rose THis 8w OUTINE BVALUATES THE CAL vaLuvEs 0F Tup
afpucee Y TiC LV mAYES 'me
Q0. AT IVE CONTRIBUY AND COMYECTION
In Yug ov LIS PuENDMERA
B
ce CaLL FLumA YR Y FLUNAM N
UMENTS AND vaR

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
0
.
.

viLv
PLUKAM - MATRIY OF _0CaiL vaLuE
STAR TN Nt POBITIiON 3
10
CTRN MATR N CO.umN

s um sSusmaY |

crvres
aPOP . LABTIC FLurES
(] Tnug EneEmDeo

T v wr ¢ ouTings 1enfcy AnD
1t v b Y MOUTINg OESCR IS IBuS
o0s w2 I
LELT1I9Y ¢ wgam vy
TR sPilwe
THROUE® 4 CUBIC 8o, Ing
TImAYR THE SO LyTR
AD!IENTS AT GACM SRID POINTYT 1IN THWE
$TITum Img. 10 Poa ORTAILS ON
ROUTING fOwSCUL D ocsevy
AR R AR SR R A R R I I N N N R R P S

L)

SUBROUTINE PLuRA YRLY PLUNAM

[ A4 T 14 FU 3

A NEAPTS « 3800 MCELLB ¢ 100
ARGUMENTS
ARa "4 vRLVIO ugkrTg PLuURAmM 2 O NGAPTS 3

COMMDN vaR

\e8

COMMON /C '/ ANUM RuumeE CRimumM CRPCE. CO.mum

COMMON /C2, Puvy: 2 [ ] Py LX)

COMMON /C8. CDIPCM . © (NEAPTSeZ - NCELLS

COMMON /(8. meYRPY MCELLS " K »

COMMDR /C'2/ CHIMIO MGRPTS 3 CBCM & NCE..$8 3
COLLM 9 wCRLLS 3
STAGEY mCRLLS cave

COmMmaON /C13: MiBVE.L LVLCNT cRpT | (4 S

REa,*»8 PMvyy, RY Puy PPy COIFCM wWgTEPYy agTgP CSim (™
Cliim evey

INTECRE BNUM ANUME X CaLoum carce,

COLmum STacCEY LYLCm? [ LA cel !
AQuUTiNE vAR A 1
LA X T I '] 'S V. mCRAP TS /MCRLLY
vy CruGRP TS NCELLS )
DS cwgRP bos ! cave
INTEGEN STARTYX At - tc rem - -3
P0 106 4 & CoLmum
CELLT o 4
STARTI o mwyuME c tCRLLL o 8 ceLy
mavl e o * 2 - Tt e (CELNUM - CEBLLT:
THe iwv TiItium CoO TRAYION GRADIENTS POR SyuCROSE

O THE J-Tw CRLL &
DERjvAaTIvE gvaLVATOR

LVATED USING CuBilc SBPLINE

ue QU | -n@ 1Te seilug [

J-TH CRLL

RATE MAYR[X OF $PL!NE

269



270

60 36 & o LRIV, ERLLIer . ~
BVt s BUm o CPLIM(Y & Lwitme
1e cont iuve

20V o Sum
vty @& B

Yil. 8 CBIM(sTARTR | LvigmY

PYiCRLL)

(A RLIY RN Y RN RAPYY LYiLCnT

3o
[N 14 19 }
CALL towBCu(R v am ¢ I ag
v
. [ LVATE LeCalL cConRcEnNTRAY jON
Mt » GROCE,
uy o @ :
CaLL BCcBlVUL N v LL} [ 4 e v os LA oS m3y LN L
v
. PvYALUIE LOCAL APOFLARTIC siuN
00 80 ® o (A4 N
. Sifrusive 7Ly
LA} ‘2 BYTAR TR n 1. 'COIPCM MAY) ) « OB IN
. (owvRCYIwR PLun
PLunaM 2 3 2 LN BN AN T RN Y LY Oy, o
L] VELV iBTAR TR ek .
. gy Foun
PLUBAR. 2 BTARTION 3 . PlysAM 2 STARTNex e
s Fiuxam: 3 gv 1
MAYT! » MAY! o+ 3
40 CoMY Imug
to comTinug
. CLTIMATE WATER w@' Py av CH C1TRWDED SPACH CRID PO Nt
00 80 U = © AmuMEr
PLuBAam . Pl 3 . vV * Caveg Fiunam, <+ 3
so contimue
66 Y0 | s« ©0 Mwumer
17 - ABB: P UNAM (] ' LE O of 13 Tuew .
PLunam. 3 vooe o 0 .
ecse I S PLunam. 2 1 . 19 3 'or 11 Tupw
FLuNamM? | 2. s ¢ o
s 1r S PLUEAM, ] 3 e ‘o 12 THeNy o
PLuRAM 1 3 * o0 '
ese 10 A 1 b N e voee 3 MUT L) N
I e 0 0
e st
(L1 B84
10 cCoNTINuE

tnp

I I
BUSROUTINE CYPuUNC .
M B N

. .
. PuRGP eSSy TRiIS SUBROUT! CEVALUVATES THE CuRRENT . Tk [4 JONY .
. Chiiuvian ruy $TITIUM AND YOTAL uw!Y .
« YO uME ' Im OEnivartives .
. 3 .
. usace CaALL CYyPumC P UNmm fLurem CvTom »
. .
. ARCuUMENTS AND vamiaBLES .
. .
. F.uTMem mAYNIE OF tYaga Sugmdnane 7. ungs iw C Cw 3 gEC o
. FouNPm MATRIZ OFf PLASMODESMAL P/, uNgs I C Cm ) sgCc ' o
. CvTom mataln @ URNTT CfLc vyOLUME TIME DEmivar:veg .
. In Cm3 sgpc .
. sTaRTR GRID PO INt spgiTION InDte O TME gxTENDED .
. SPACE Ga,p .
. S umy Sum SUMMATY iOn va ] X9 23 .
LI | v LX) 4 e VAR JABL RS USED 1w AOUT INES 1OWNSCU AN .
* A [ ] © e ocsoodw S8t Jms ) Ay ROUT!INE DESCR:'P*igNS .
. FOR DETAI.S .
. S umMP M sSumMeP SUMMAY 10N vamIAB.LES .
. .
¢ mEmamxg THIS BUBROUTINE USES A OUAST -CuBIC “ERmTe .
. N Iwy POLAYTION PROCEDUAE 'O CEnNERATE 5P, | ng .
. CORFP ICIENTS THaT anp useED TwROUCH A CupicC $P. inF .
. QUADRATUSE A.LGOR! Tum TO ESTIMATE TYTHE INTEGH or .
. Twe L0CaL TRANSMEBMERANYE YOLumME FiLuxNEs Ovee T .
. LENCTM OF TME CEL. rsEE lmg, . .
. FOR DRETAILS OWN ROUY | NE TONSCU AND DCIOOL - .

Sesrtesssnsenseennnn e R L I

MOUTINE CYPUNC P UNoeme FLuUNPM CvYDm

ER mgaprg L1 SN )

AMETR® NCAP'S a 3OO NCEL .8 « 100

. ARCupEyS

REAL*S PLUKMN O NGRP TS, PLuRPMiNCE, LS 2
L} (454 X BN 14 IO W

. Common vaniavies

COMMBN /Ct/ RNUM Ruume s L NyUm [(L1E4 X% COoOLMum
COMMON /C2/ PMYY. ]} LB Paty rRY
Common ,C8/ wvro vyoIpro vgo vio vTo LR ACMO




ACPO., LCO. MIe. NRe. = '
/€07 wwviy)
/E0/ WMOTEPYVINEGELLS ! MBTEP

/€187 ¢ Im 0 v b Cogmias wCO(LLS. 3
[ L1 199 T &
i), Cave
[ ]

™™

FPLASH,
ARG s at . euv.
. wepe.

ac S 4

veEe vie. vie ale
ace ap [] T
(41 L} € (S

LA} PIimY

ComePrvy  Cavg

Ruum geumg
a toOLNUM. BTa

CELhym garce)

. ABUY INE VAR

aLe & »]

BaTa Pi/3 141y

\/ltlltl’

ARA L8 JUM BUMY (NBRPTR/NCRLLS

v, Lvicee [LLA NN 4 T M. PINTY

TS/NCRLLE s » a » e suUMPM
X L1 ic Panga
. SYALUATE LOCAL TRANBMEMD veLumg rLunres
STARTE o ANUMEK (CRLLY e g
00 10 & & 1 -] ceL
SUMY (0t » FLUNMM START NG © « PMYY ' / MWy !,
o Contimue
. USING Quasi -wgaMIYTe S, 1ng [ ERATE MATRIN OF BPLINE -
. co FICIENTS
SuM « @ o ’
00 30 K o CELWUM  CELLIe) -
BUM s SUM o CRLLM(Y L LYLENT
3o ConMT!INUE
el w gum
Vil o BuMY Y
pe 40 & » cmrcey
Rikey) o BuUM & . K ¢ WNETEPY . CRL . |
YIKe1: & BUMY Ke
40 cConT I NUER
MY a GRPCEL
1IC = NMGRPYS / NCE(.S
CALL 10mMECU X v L1} 4 Ic Tem
. INTRGRAYE THE SPLINE OYVER TWE REQUIRED INTERVAL
A e xin,
= niGRPCEL
CALL OCBODUV: X v L1 4 c. A L} < lgn .
. 28T Ima THE CELLULAR vOLUME TImME DERIvATIvVE
. PLAG YO IWMDICATE (7 ThE SYmpLAR? TRANSPORY |3 PRESENT
17 FpLARM | 5 1 THEN
SUMPMt ¢ PLURPM CE( L] 1o PMYY LY, MWy 1
SUMPP 1 & P yXPM CRCL! 20 % pPMVY. 1, MWy
B SR
SuMPM: +» 0 O
LumP £ 0o o0
[ L1-RE4
CYTOM +  CECLI - = -2 0 * P] v CELLM'B CELC! LVLCNT & o
4 TACPO + guMPM) ACPO v gumMep
. ST IMATE [MTERSTITIUM AND TOTAL uUNIT YOLUME TimE OERIvATIvES
4 e ceELL * COMPPFY STAGEY CELL] o CVYDM ! cELL L
CYTOM:( 3 CELLI ® 1 © o COMPPY STAGCEY (CELL! s
[} CYYOm ' CcELLT
END .

L R R I I I I R
. SUBROUTY INE CPPFUNC

.
" rPumeDSE THIS SUBROUTINE EYALUATES FOR gaACH CELL. TME

. CURRENT T IME OFRIVATIVYES OF TWE REDUCED CEiL

. CRELL IMTERETIT UM CRLLULAR AND BUFFER RAD! ! .

. APPARENT INTERSTITIUM RESISTANCE FACTOR AND OF

. APOPLASTIC TRAANSFER AREA

.

* USAGE - CALL GPPUNC (CYTDM.  GCPTOM,

.

¢ ARCGCUMENTS AND YARIABLES

.

. CYToMm - MATRIX OF UNIT CELL VYOLUME TIME ODERIVATIVES
. GPTDOM - MATRIX OF UNIT CRLL GROMETRICAL MENSURATIONS
. TiME DERIVAY)IvES

. PI1 - P! CONSTANY (DIMENSIONLESS!

e b v vy T4, - INTERMEDIATE vARIABLES USED IN CALCULAY]OD

.

sssswe
SUBRQUTINE GPFPUNC (CYTDOM K GPTYDM;
INTEGER NGRPTS K NCELLS

PARAMETER (NGRPTS s 3600 NCELLS = 100

» ARNGUMENTS

ENGTH
or THg
THE
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. CommonN vARIADLES

atme

/€87 sPvPe. wyre. vaidFe. vce.
¢

CsCmis. mucoirLe, 3
. BEALLE, 3,
SYAGEVIMCELLAS ), [ ]
/€137 mLBVEL, . A1 TN
COumen /Ci8/ PPLASMH, ™, PiaY e

Alaisa grvpy acCme agro

wyYre. veibPe, vCo, vie. vve a
] LES8 mie. ace. . "OBCHO. wmasr sce
[ CRLLM. WmLEVEL . cave, . PPIAY

INYEERR sSTageyY, LviCuY sarv) CELLY . PPLABM ranm

™, Pint

. ROVTINE vanr

[JY 1]

. - e
ReaLe8 pF. tr. vy 13"
oava Pi/2 14188/

Te

. EvaiLuATg coy LENGT™ TIME BBRIVATIVE

EPYOM (1 CRLL1) .
RT(GTORMTY 1oc18 0/P1 16011 ©/3 ©))aCYTDMII CRLL )
FCIERLLMOT CRLLT LYLCHMY 100ty 0/) o1iv3 o)

) lv,.ul'. inrg

GPYpMi2, COLLI o

8 « ACMO = TOM(1, CELLI

& 7/ 2 @ ¢ B« CELAMIT. CEBLLE (viCWT,

L] * CRLAMIT, CRLL LYLCHY o .

.
YITivm CYiLINOAR MADIUSR Timg pEnIvaYIVE

. SVaLUAYE CRLLVULAR CYiiwDER BADIUS TIME OBMIvATIVE

Tt e 1 0/ (206 Pl o COBLLM & CRLLT LvigcmYy ),

T2 o CUTOMOY . CRLLP) / CHLLM(T. CRELLI. Lvicwr

TI & tCHLLM(, tl:!l LYLCHTY ' o BPTDM (1 CQLLT
[} / (CELLMY LLE LYLCMY) o CRLLM(Y  COLLY LwicwY -
T » (CHLLMIS, CRLLI, LYLCMTI o EPTOM (2 cRLL
[} / CHLLMIS. CHLLI. v CMT

CPrYOM (Y CRLLI ®» (YY) & T2 - Y3 e va

. EVALUATE BuUPFER CYLINDER RAD!US Timg Nlvavivey

TY = (CRLLMg CELLY . LviEmY) o GPTDM 2 fEiL.)

[} /o CHLAMce  CELLI LYLENTY

T2 w1 0/ (200 P) » COLLM(O. CRLLI. LvLCNY

Y3 e CYTDMIZ  CRLLIY / COLLMY 7, [ LY(Cn?Y

T = (CELLM2 ELLL. LYLCNT) o GPYDM 1 CELLT ..

] JICRLLMOT  CELLY  LVLCNT) & CRLLMI'T gL LYLENY

EPTDMIA  CcELLI) e T T e (YIS - Y&

Rivative ®F arran
e FacCvom

INTERS T 1Y ryum

CPYDMIS, CELLI) o (1 ® wa gy
. CvyYDM 2 COLLI /
[} (CELLMI 2 CELLT. LYLCNT o CRUMIZ. Cauul LyLCnT, o

! % (WYPO s VYO e

. FIMAL LY EYALUATE TIME DER)VAY VR OF APOPLASTIC TRaANBFER ARga

T & 2 0 v P) s CHLLMIB CELLI LYLENT ) v CPTDMI(2 (4 SO
T? 2 20« Pl o CRLLM G [4 JU ] LYLCNY: « CPTDM o CELL
.

COTDM (6  CRLL:: o T4 \¥}
ano
R PN

SUBROUTINE CCFUNC

..-l-n'l.-l.'-.l.a.l.quc.bluuil.!...ll--nn.-----o-.--‘tl

suURPOSE © TwliS guBSROUTINE EVALUATES THE Cyp ENY oYM oCELL
WATER CONCENTRATYION Timg pEmivaAT VRS

vsase CALL CCPUNC (P LUNMM FLUXPM CYyTOm ‘CSYDM:

ARGUMENTS aAnp vVARIADLES

.
.

-

.

.

.

.

.

.

.

.

. PLUXMM - MATRIX OF 7 ANSMEM ME FLUXES . IN C CMm-3 s$RC -
. FLUXPM - mATRIX OF PLASMODESMAL FLuUNES IN G Cw-3
. CYTOM - MATRIN OF UNIT CRLL vVOLuUME TIME OERIvAT
. IN Cm) sEC -
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

-

CSEYoM - mATRIX OF CELL warTgm CONCENTRATION T)
ONRIVATIVES IN C wWAYTER C DRY marTTE
GRID POINT POSTITION INDEN ON THWE 1
PACE CRID
SUM - SuUMMETION v

STARTY

«
z
»
~
~

] I susrouTInEs 1ofscu ano
a ] ° ier pCcsoou SEN M8 LIS Y RouvIinejOESCRIPYIONS
fOR DETAIL

REMARKS © THIS SUBROUTINE uUSES a OQUAS ) -CUBIC WERMITE
INTERPOLATION P OCEDURE TO CENBRATE SPLINg
COEFFICINNTS THAT ARE useD THROUGH A CUBIC SPLINE
QUADRATURE ALGCOR| THM TO ESTIMATE TMe INTRGRA, OF
THE LDCAL TRANSMEMERANE wATER FLUX OVEA THE
LENETH OF THE CELL t(sSER IMgL Lismany
POR DETAILS ON ROUTINE lowSCu AND DCSoODU)

-o---n--.-----.------------to-------.t---.-----o-.--n----

ROUTINE CCPUNC(PLUXMM, PLuXPM CvTom, C¢sTom)
InNTEGER NBRPTS, NCRLLS
PARAMETER (NGAPTYS = 3800, NCRELLS » 100

. ARGUMENTS

REAL* G PLUNMM (O NGRPTS) | FLUXPM (NCEBLLS . 2
CYTOM(I, NCELLS), CSTOM( 1  MCELLS

™
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© 24

SUBROUTINE OUTPUTITTIME, TETRP, THMAX, PFLUNMM, ‘
L] PLURPM, vELY, FLURAM, PCNTY, PYEST, ITECHT,

SRR WERPTYS, NCELLS, l'.CUY: PCNY
METER (NBRPTYS = 3800, NCELLS = 100)

UMENTS .

REAL®S TTIME, TRTEP, FLUNMM(O: NGRPTS ),
] FLUNPM(NCELNS, 2}, VELY (O NGRP TS,
Ly FLUXAM(Z, O:nGRPTYS, 3), PTRSTY

COMMON /C1/ RNUM, RNUMEX, CELNUM, GRPCEL., CDLNUM

COMMON /C8/ SPYPFO, wWyPo, Yol0ro, V€O, vio, vTo, alo, ACMmO,

L] ACPO, LCO, RIO, nro, RSO, CTORTY

COMMON /CO/ MSTEPV(NCELLS), KSTEP ) -

comMMoN /Ca/ COIFCM(O: (NGRPTSs2)-NCELLS)

COMMON /C12/ CSIM(O:NGRPTS, 3), CEcM(a, wCELLS, 3), .
. CRLLMIS, NCELLS, 3, .

STAGEY (NCELLS), CAVG
COMMON /C13/ NLEVEL, LVYLENT, GRPTYI, CELL! -
COMMON /C16/ FRLASM, FAREA, TH, PINT, ePINT *

REAL24 COIFCM, WSTRPY, KSTEP. CSIM, CSCM, CELLM,
s NLEVEL, CAvVE L
.

REAL24 SPVEO, WVPO, VOIDFO, VCO, VIO, YTO, alo, acméy
ACPO, LCO, RCO, RIO, RBO, GTORT, PPINT. TMAX +
INTEGER RNUM, RNUMEX, CELNUM, GRPCEL, ™,
COLWUM., STAGEE. LVLCNY, GRPTI, cELLI, FPLASM, FAREA,
PINT .

ROUTINE YARIA t;s
‘l}L'l oOm
INTEGER SYARTX °
OUTPUT CURRENT TIME AND CURRENT INTEGRATION TIME STEP . IN SEC
WRITE(2, 2000) TTIME, TYIME / 80:0, TsTRP

INTRRSTITIUM va Leg

OUYPUT CURRENTY: POSITiON IMDEX, DISTANCE, SuUCROSE
CONCENTRATION, APOPLAST FLUXESIDIFFUSIVE o CONVECTIVE, NET

OF SUCROSE, NET FLUX DF WATER. ANOC WATER TRNANSMEMBRANE Fiux N
wRITE(2, v)

WRITE(2, ») *

WRITE(2, ¢} ° INTERSTITIUM VARIABLES, EXTENDEO GAID’,

. * POSITION: DISTANCE FROM THE CENTRE -

WRITE(2, ¢)

[LETT] (X
Sssassenssnens

WRITE (2,
G 'ssenas

WRITE(2 9)

WRITE(2, 2008
WRITE(2,9)
WRITE(2, %) esesasosn
S2ssssseresnsnsesnessuasaenaernny
F R musssne )

PO 10 K s 1, CELNUM

WRITE(2, 2010) K »
. SuUM = 0.0
0D 20 L » CELNUM, K, -1
SUM = SUM o CELLM(T, L. LVLCNT,
CONTINUE \

STARTX » RNUMEX - ((K - 1 » GRPCEL )
00 10 U = o, GRPCEL-

I oK EQ 1) AND. (U RO 0)) THEN . ’
WRITEI2, 2020) SUM, CSim( LTARTX-J, LYLCNT),

a COIPCM(2* (STARTX-J)-(CE UM-K} o,
L] FLUXAM(2 STARTYX-J, 1), VE VISTARTYX-0) |
8 ’LUlAH(?,IYAIYl'J,)I
s PLUKAM(t STARTX 0, 3), FLUXMM(STARTX-J) A
ELSE
WRITE(2, 2030) STARTX-,, SUM, CSIMISTARTX -y, LYLCNT ),
a CD!’CMth(STARYI—J)-(C!LNUM~K)),
L FLUXAM(2, STARTX-J. 1), VELY(STARTX: -y
& FLUXAMI2, STARTX-0,3), FLUXKAM( 1, STARTX-J, 3,
: FLUXMM(STARTX - J)
END IF
SUM & SUM - HSTERVIK)
CONTINUE ’

INTRACELLULAR VARIABLES
OUTPUT CURRENT CELL GEDMETRICAL CHMARACTERISTICS .
INTRACELLULAR CONCENTRAT|ONS AND PLASMODESMAL FLUXES IF

DESIRED.

WRITR(2, »)

WRITE(2, »)

WRITE(2, #) ° CEOMETRICAL CHARACTERISTICS, ',
L] * INTRAZELLULAR CONCENTRATION OF WATER ",
a ‘ AMD PLASMODESMAL FLUNXES IF DESIRED. -

WRITE(2, ) .

IF (PPLASM EQ 1) THEN ©
WRITE(2,¢) * SYMPLAST TRANSPORY s CONS IDERED  °

ELSE

WRITE(2.¢) : SYMPLAST TRANSPORT |3 WNOT CONSIDERED

ENDIF

IF (FAREA . EQO. 1) THEN

WRITE(2,9) ° AREA OF EXTRACELLULAR SPACE vaRrlES ¢ R
ELSE :
WRITE(2,8) * AREA OF EXTRACELLULAR SPACE 1S riINep. -

ENDIF

o



40

/

21

/

DO 40 K e 1, LHNON
f/
WRITE(2, 3100) K, BTAGRY(K)

WRITR(2, @110) ' ”
2120) (CELLM(Y, K, LvLC y/veo)
LYLENT)/VIO),

LVLENT)/VTO),
LVLCNuY)/nco),
LYLENT)/RT0),
LYLENT) /rBO),

LYLENT)/LCO)
LYLCNTY)/AT0)

R XRRRR

(calimcs,

CENLMIS, K, LVLENT)

WRITE(2, 2130)

WRITE(2, 2140) (CBEM(I, K, LVLENT), | = 1, &),
(FLUXPM(X, L), L o 1, 2)

CONTLNUE
FIIYING THE INTERMEDIATE PROFILES IF TNE FLAG
.

IP(PINT .BO. t} THEN
IF((TTIME . BO. PPINT) .OR. (TTIME .E0 TMAX)) THEN

WRITR(4,%) NLEVEL
WRITE(A ¢) TTIME
WRITE(S o) TETEP
WRITE( ") KSTEP
WRITE (4 ) LYLCNY
WRITR (& ) pCAY

WRITE(S ) PYERSY
WRITR( ) ITRCNT

DO 21 K & 1, CELNUM

wRITE( ) STAGEV(K)
conNTI Ny :
DO 22 J & O, RNUMEX

00 22 xk = 1,

AWRITE(A ») CBIM(J, X)

22

24

2000

4
2008

L
2010
2020
2030
2100

8
2150
8

2120
2130

&
2140

\CONTINUE 4
DO 23 J » 1, CELWUM

00 23 X v 1,

WRITE(&4,9) CBCM(Y, J, K)
WRITE( ) CSCM(2, U, K)
WRITE(4,9) CESCM(I, 4, K)
WRITE(&,%) CSCM(4. J, K)
CONTINUE

D0 24 J s 1, CELNUM

D0 24 X » 1, o3

WRITE(4,9) CELLM(1, J, K}
WRITE(4,0) CHELLM(2, J, x)
WRITE(4,2) CHLLMI(I, J, K|
WRITE(d,3) CELLM(4, 4. K)
WRITE (&, %) QELLM(S, U, X
WRITE(4,») CELLM(S, J, K)
WRITE(4, o) CELLM(T, J, K)
WRITE(4,e) CELLM(S, J, K)
WRITE(4,9) CELLM(D, J, K}
coONTINUE .

PPEINT = PPINY & PPINT
ELSE

enp1fr

ELste

T34

FORMATS

FORMAT(//, * CURRENT TIME: ' . F10 4, ' SEC, ', Fy &

‘ CURRENT INTEGRATION TIME STEP (SEC -
PORMAT (Y8, " INDEX"', T
'll,‘v',Y?l,'IS'.Ylo,'lw’,Y'o?.'lNM"

FORMAY (/, aX, ‘CELL INDEX L, 18 )
FORMAT (T4, ‘SURFACE’, 3X, E12 $. 2x, ®10. 3, et2x,
FORMAT (T4, 18, BX, £12.5%, 2x, F10.3, 602X, 10 .3)

FORMAT(/, 44X, ‘CELL POSITION INDEX: .18, ax
‘PEHYDRATION STAGE .13 )
FORMAT (TT, -vc', 1ox, ‘vf-, 10X, *vT°', 10X, 'RC-,
1ex, ‘R, 10X, ‘LC', YoM, ‘al-. 106, ‘ImEs
FORMAT(9(2X, E10.3))
FORMAT (YT, ‘XT°, 10X, ‘XST', X, ‘xP-, #x,
CEYC L 10X, YR 10X, TuPe )

rounnrgu<:l, €10 .3

END

INDICATES

SO MIN
FT &)

'X'.Y!O.'Cluc"Yll,“Dcor',Yll,'Jl',

Ei10.3))

)

10x,
F

/.

L
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INTEGER

PARAMETY

REALeS

ARAL =4

REALe g

INTEGER
L4

REALwg
DATA »]

INTEGER
REAL "4

INTREGER

REAL 4

REAL*S

REAL® S

INTEGER

anPeaL
®ecsesensensnsessnsee

THIS SUBROUTING RVALUATES THE SUCROSE. waren ,
CONCENTRATYION AND THE DENSITY POR GACW CELL IN ORDEN
To ot A,‘l YO COMPARE THE THEOREYICAL Awp

THE EX 1L

THE SIMULATION OF THE PROERAM
rFoamMeEd
Beses

.

.

.

NTYAL PRAGPILES AT A CERTAIN TiME. ]
L .
.

.

Ses0sRRsResOLNIIETIRISITIIILIRTS
NGRPTS, NCELLS, PCNT,ITvECNY
SR (NGRPTEE 3800, NCELLSES100)

PMYY(Z2), AT, Pmy, PPY, 1TIME, NLREVEL,
SPVYFO, wyro, YoiDFo, vto, vio, vrto, aAl0,
ACPO, LCO. RlO, mco, ROO, GTDRY, CAVG, xBYep,
EMODCO(2) ,wnESF pCoO, SRYOL, GRSBTEP, CNTOL .

PIPCY, POLCOMIO:2), COMPPY(3), DDM, Dw

CEIM(O:NORPTS 3), CMia, NCELLS ., 3, CRLLM(e MCELLS,3),
METEPY(NCELLS), pY A ..

TSTRPO . 1IYIPN,.VIAI, TPRINY, 1mgsroO

cssov “$10V, XVO0, xSTo, XPO, NVO, MWY(2),MOMC , MDME
WG, wr ‘i,NK','I!,w",",lc.l'.ﬂl’,nll

RNyM. RNUMEx, CRLNUM, grPCEL, .
COLNUM, JTRMANX, STAGRY (NCRLLS ), OEGY. FPLASM, FAREA,
LNLECNT  CELLT '
R [l
TEMP, R TRamga, THICKO, DIAMCO, RPLABM, P]
/3 14188/

TovcEL
o1aMTO, v”l
MK, 1C, IRBR, TM, PINTY

A, B, o, K(NBI’YIIICILLI)AV(lﬂl’Tl/NtlLLll,
CIMOGRPYS/NCELLS ,3) s

SCINCELLS), SE(NCELLS}, ST(NCELLS), WY(NCELLS ),
WE(NCELLS), WC(MCELLS T, MTE(NCELLS), MYC(NCELLS ),
MY (MCELLS), PERBUCINCELLS ), PERWAT (NCELLS ),

DENS {NCELLS )

sum ) a \

START X

. " INPUT DATA

sSoLUYTIO

READ (1,
WRITE (2
READ (Y,
WRITR (2
READ (
wRITE

osMoTiIC

READ (Y,
WRITE (2

EVALUAY
RT = &

WRITE (2
READ( +,
WRITE(2

INTTIAL

READ (Y,
WRITE (2
WRITE (2

READ (Y,
WRITE (2

CaLcuLaA
yYolpro
WRITE (2

READI Y
TFor

N CHARACTERISTYICS

.

) PMYY ' {pMvy

*) (MWYI(I}, 1 = 1, 2

LT Mwy T AMwWY LY, 1 e oy, 2

1, ®) DIFCY, DECYV, (POLCOM( ), U u O, DEGY)

2. &) * pleCY, DEGY, PoOLCOM ‘. DIFCY, DEGY,
(POLCOM(J), J = O, DEGY!

(PMYYIT), | =« 1, 2
t
)

UM CMARACTERISTICS

oTEMP R
P L L ) . TEMP |

E THE RY CONSTANT

* (TEMP + 293 1§
e RY- T

*) CsSpOV

PN+ ¥ 117 ‘,CSBO0YV

TISSUE CMARACTERISTICS (rFuLL TURGOR TIssue)

*) TSAREA, THICKO. DlaMCo N
©*) 7 SEMI-INFINITE MEDIUM GEOMETRY cConNsiDEneED

*) ° TSAREA, THICKXO, Dlamco ‘., TSAREA, THICKO,
. Dlamco

¢) GTORY, SPVYFO, wyro
» *) " GYORT, SPYFo, wyro ‘. GYORY, sSPYFO, wvro

TE THE INITIAL TISSUE voID PRACTION
s SPYFO + wWyYFO
.%) ' vOlDpro c.YoiprO

L") FPLASM

PLASM (X 1) THEN

WRITE(2, %) * SYMPLAST TRANSPORT 1$ consiogreED

ELSE

WRITE(2,*) * SympPLaST TRANSPORT S NOT CONS I DERED

END)
READ (1,
1rCE

ELSE

r
) FAREA
AREA  FO t) THEN

WRITE(2,¢) * THe AREA OF EXTRACELLULAR SPACE VAR ITES

WRITE(2. ) * THE AREA OF EXTRACELLULAR SPACE IS FixED

END ]
CELL Cm

READ(Y,
WRITE(2

CALCULA
InEgsro
WRITE(2

READ(1,
WRITE(2

READ (1,
WRITE(2
READ: 1,
WRITR(2

r
ARACTYERISTICS

) WRESF, RPLASM
. %) WRESF, RPLASM . WRESF, RPLASM

TE THE INITIAL RESISTANCE OF THE INTERSTITIUM COMPLEX
® (SPVFO + (WYFO » wRESF)) / voipro
%) TRESFO: ‘' IRESPFO

*) (EMODCOIK}, K » 1, 2,
« %) 7 LINEAR VARIATION OF ELASTIC MOOULUS
‘ CONSIDERED: -, (EMODCO(K), K & 1, 2

) PCO

.*) * PCO:  pPCO

"1 {COMPPY(K), K = 1, 3)

. %) ' COMPLIANCE FACTOR vaiuESs N
(COMPPY(K), x o 1, 3)
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READ(t, o) pmy ¢

WRITR(2, *) ‘' PMV: °, PMy

READCY, o) PPV

WRITE(R, ) ' Ppy: PPV

READ(Y, o) iro, nve

WRITE(2, ) ' KYO: ‘., K10, 180 ‘,N$TO.' XPO ‘', NPoO,
[ AL RN 17

READ(1,0) WG WP WS WKP wKS wsT wp

WRITR(Z2,¢) * WG: WP L WS WS, wWMP Wk,
] c WK WY C WSY. wr - wp

READ(1,0) MG, MF MKP sKS

TR(2,0) * MG CLME L MRP. MK, MKS  C, MKS

MEAD(1,9) DDM,DW

WRITE(2,*) * DDM: ' ,DOM,’ BwW. ', Ow

INTERBTITIUM CHARACTERISTICS

READ(1, ») CBloOV

WRITR(2, ») ‘ CBIOY. ', CSlev

CaLCuLaTION
THE CoONnCENT

CAVC USING A& CORRELATION AELATING
TION OF SUCROSE 1N TME INTERSTITIUM

CAYG & ((1.0020 + (0.3 * CSlOV)) o
[] {1.0020 ¢ (0 3868 * Cc380V))) / 2
WRITE(2,%) ' CAVG: ', CAVG

PARAMETERS RROUVIRED BY QGEARS AND CRANK-HICOLSDON ROUTINES

READ( T, #) GRYOL, SRSTEP, CNTOL, I1TEMAN

WRITE(2, ») ' GRYOL, SYEP, CHYOL, IYEMAX ‘., GAYOL, GRsTEP,
] ENTOL, JTEMAX

RBAD (Y, =) gRPCHL

WRIYR(2, «) ' GRPCEL ‘. GRPCEL

READ(1, ¢) T8 TSTEPM, TMAX, TPRINT

WRITR(2, ) TSYRPO, PM, TMAX, YPRINY . TSYERPO, TSTEPM,
. TMAX, TPRINY

READ( Y, ») TM, PINT, PPINT #

WRITE(Z, =) * TM, PINT, PPINT * TM, PINY, PPNt

GEY INITIAL EOUIVALENY TYLINDRICAL UNIT CEBLL MENSURATIONS
INITIAL CELLULAR VOLUME

DATA P1/3 14188/
VCO = (P] * (DIAMCO*3)) / 8 ©

INITIAL TOTAL UNIT CHELL VOLUME
¥T0 = ¥CO / (1.0 - volDro)
INITIAL INTERSTITIUM YOLUME

Yio = vY0 - vCo
"WRITE(2, *) ° vtO, vVIO, ¥YO ‘. Yo, vio vvo

INITIAL CELL MEMBRANE SURFACE AREA

ACMC ® (1 © - RPLASM) s P o (DIAMCOsa23)

INITIAL FRACTIONAL PLASMDDESMAL TRANSFER AREA

NOTE THE TERM “PLASMOOESMAL TRANSFER AREA™ USED
THROUGHOUY TYWE PROGRAM REFERS TO YHE PRACTION OF

TOTAL PLASMODESMAL AMEA WHICH IS USED, FOR ANY GIVEN CERLL,

TO DESCRIBE THME SURFACE AVAILASLE FOn SYMPLASTIC TRANSPORY

TO/FROM ADJOINING CELLS THIS PRACTION 1S ASSUMED EQUAL FoOR

ALL & POINTS OF CONTACTY

ACPO = (RPLASM = ACMO) / (8 O ¢ (1 0 - RPLASM)

INITIAL LENGT® OF UNIT CYLINDRICAL CELL

LCO = (8 O + YT0 » IGTORY*0 (3 0 / 2 ©)) / Plissiy ©c /3 0

INITIAL RADIUS OF INTERSTITIUM CYLINDER

RIO = ACMO. / (2 © » Pl = LCO! ‘

INITIAL CELL CYLINDER RADIUS

RCO = SQORTYi(vCO /

i % LCo) ) ¢ imIOFRZ)
INITIAL BURFER CYLINDER AAD1YS

RBO * SORT((RIO®®2) - (V)0 / (PI & LCOI))
WRITE(2, *) * (CO, RIO, RCO . RBO ‘ LCO, RIO, RCO, ADO

INITIAL INTERSTIT UM APOPLASTIC TRANSPER & EA

AIO & P! 1 ((R]OS%2) - (RBOes2)) +
WRITE(2, =, ' alo, ACMO, ACPO ‘. AlO, ACMO, ACPO

DEFINE SOME PARAMETERS TO BE USED BY CRANK-NICOLEON ALGOR] THM
CET INITIAL AVERAGE UNIY CELL DIAMETER

DIAMTIO = (8 © s YYO / Pliesit © / 3.0
WRITE(2, ) * DlaMTo ‘., blamro

EVALUATE TOTAL WUMBER OF CELLS Iw TISSUE

TOTCEL » INT((TEARES = THICKO / Y10! o 1.0}
WRITE(2, ¢) * TOTCEL. ‘., TOvVCEL

EVALUATE NUMBER OF EOQUIVALENT CYLINDRICAL UNIT CELLS 1IN
MODEL COLUMN

CELNUM 1S YAKEN AS THE NEAREST INTECER CGREATER THAN
THE CALCULATED VALUEZ (SEE CELNUM DEFINITION)

CELNUM s INT((THICKO / DIAMYO) ¢ 1 .0)
EVALUATE NUMBER OF COLUMNS 1IN THE STUDIED TISSUE
COLNUM s TOTCEL / CELNUM

EVALUATE TOTAL NUMBER OF sPace GRID POINTS (FOR BOTH SPACE
GR1DS ) .
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20

101

ANUM & (CELNUM o SAPCEL) - CELNUM
ANUMER o (CELNUM » SRAPCBL) - 1
WRITE(R, ) ° CELNUM, LNUM, RNUM, aNuMEx CoLNUN,
] ANUM, RNUMEX
READ THE FlLE
ABAD(DY,*) miLBVEL
.
00 1t K s 1, CELNUM
READ(], %) BYAGRV(K)
CONTINUR
00 12 U » O, RNUMEX
00 12 x = 1, 3
READ (3, ¢) CEIM(Y, K)
CONTINUER
00 13 4 = 1, CHLNUM
00 13 x » 1, 3
J.*) COCMIY, U, k)
3.0) CECM(2, U, K)
3. %) CBCMIY, J, K)
RBAD(3,¢) CSCMIA, J, K)
CONTINUE
DO 14 U4 = 1, CELNUM
DO ja B &), 3
READ(3 o) CRLLM(T, u, k)
READ (3, %) CRLLM(2, U, K)
. *) CRLLM(I, J, K
") CRLLMiA, U, K
") CELLMIS, 4, K}
%) CELLM(S, U, K)
") CELLM(Y, J, Kb
*) CELLM(S, J, K)
*) CRLIM(S, J, K}
[ ]
OUTPUT CURRENT TIME AND CURRENT INTEGRATION TIME sTE
WRITR(2. 2000) YTIME, TYIME / 80.0, Tstae
INTERSTITIUM VARIADLES -
QUTPUT CURRENT POSITION INDEX, DISTANCE., SUCROSE

CONCENTRATION
OF sucrose,

WRITRE (2, »)

WRITE(2, »)

WRITE(2, s} ' JMTERSTITIUM VAR ABLES
L] POSITION:

WRITR(2 »)

WRITE(2, )" sessecrnnes

'] snens csessnssres

S8'ssosnsnnens
WRITE(2 o)
WRITE(2, 2008
WRITE(2,.)
WRITE(2,¢)° o

stensan

(A A EENNR Y]

00 ®1 K » 3,

NET FLUK OF waTER,

. APOPLASTY FLUKES (DIFPUS]IVE,
AND WATER TRANSMEMBRANE FLUX

)

CRLWUM

CONVECTY Ve,

EXTENDED CRID’,

OISTANCE FROM THE CENTRE

semasne
Tesasay

HETEPV(K) o CELLM(T, X, LYLCNT) / REAL (GRPCEL -1
CONTINUE
00 10t X = t, CELNUM
WRITE(2, 2010) K
SUM = 0. 0o
00 201 L = CELNUM, K, -1
SUM = SuM o CELLM(T, L, LVLENT)
CONTINUE
STARYTX & RNUMEX - ((K - 1) » CrRPCEL)
Do 101 U e 0, GRPCEL-1
1IF ik [ 1 1) AND ty [ £ ©)) THEN
WRITE(Z, 2020) SUM, CSIM! STARTX-J, LVLENT)
ELsE
WRITE(2, 2030) STARTX-J, SUM, CSIMISTARTX -
ENDIP
SUM & SUM - HSTEPVIK)
CONTINUE
INTRACELLULAR vARIABLES
OUTPUT CURRENT CELL CEOMETRICAL CHARACTERIST)CS,

INTRACELLULAR
DESINED

WRITE(2, »
WRITE (2, »
WRITE(2, ») -

[ ' AND PLASMDDESMAL FLUXES
WRITR(2, %)

IF (FPLASM QO 1) THEN

WRITE(Z %) ' SYMPLAST TRANSPORT I
ELSE

WRITE(2.8) * gyMPLA ANSPORT 13
EnpIrP

1F (PAREA 20, 1) THEW

WRITE(2,%) ° amEA DOF EXTRACELLULAR
(3% 1§

WRITE(2 %) * AREA OF EXTRACELLULAR
enpIP

DO 40 xk = 1,

CONCENTRATIONS AND PLASMODESMAL

GEOMETRICAL

Fluxes

CHARACTERISTICS -,

INTRACELLULAR CONCENTRATION OF WATER ° |

CELNUNM

1Fr pEsImgD

ConNsIDERED ¢

MOT CONSIDERED

SPACE VARIES -

SPACE 18 Fixep -

coLmum,

IN SEC
»,

NET

LYLCNT

1F
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O

80

20

30

2100) &
2110)
21800
a K, Lvi
a ", LvL
] ", vy
(] K, Lvy
[] K, Ly
[ K, Lvi
] (CRLLMIS, K, LVL
L} CELLM(N, K, LVLE
wRIiTER(2, 2130)
WRlYR(2, 2180 (
LARN 1Y)

ESTIMAYION P THE m
MOMC « vCO » O 18 /

ESTIMATION OF THE ™
voiLume

MoME = V]

TION OF THE
TME wATER CONTENT A
POR WACH CELL AND §

DD 10 4 » 1, CHLNUM
CeLLL o
SYARTE » RNUMEX -

SC(CRLLI) » w8 / (1
] « (1 o0/

WCiCRLL]) = CEBCMUt)Y,
[ /o otiCsCMY CcELLY

MYCI(CELLI) = (CBCMI

CALCULATION OF THE

THR EXTRACELLULAR ¥
AS WELL AS THME CONC
EXTRACELLULAR spact

SUM = o ©

0O 20 xeCRiLNUM, CEHL
SUM = SUM « CRLLMI(?
CONTINUE

K1) = Sum

Y1) & COIMISTARTN
00 30 x =« t, GRPCERL
Nikel) = N¢ + MNSY

Yie 1) s CRIR(STARTY
CONTINUE

UBING & QUAST MERM]
SPLINE CORPFICIENTS

NX s GRPCRL
1C = NGAPTYS/NCELLS

CALL IQMSCUIX, Y N
INTEGRATE THE SPLIN
A = Xt

® = x(BGRPCEL)

CaLL DCSODU(X, Y, N
SR(CELLI) = @ / CRL
WE(CELLI) « CAVG -

MYE(CRLLI) o (CAVE

MT(QELLI ) s MYC(CEL

"(‘.’Ll‘ . ot (9]
4 + (CELLM

. STAREVIK)

CELLM(Y, m, LviEnT)/vee),
CNTI/vie),

CuY)/vre),

EHY)/ace) .

cuY)/ni0)
CNY)I/RDe)
CNY)I/ZLE0)
cutY)/al0)
MY

CBCMIT, XK, LYLCHT), 1 o 1, &)

ASS OF DRY MATTER OF THE CELLULAR vOLUME
ow

ASS OF DAY MATYER OF T™e EXTRAACRLLULAN

SUCROSE CONCENTRATION,
N0 THE MASS OF CRLLULAR VYOLUME
TORED THEM 1IN & vECTOR

CELLI » GRPCEL)

CSCM (1 CRLLI, LYLENT)/OW)
POM )

CELLI, LYLCNT)
. LYLECNTY)/DW) ¢ (' O/00DM)

1,CELLT, LVLENT) « 1 ©) s mMDMC

AYERAGE BUCROSE CONCENTRAYION OF
DLUME OF THE CELL PUT THEM IS 4 vECTORM
ENTRATION OF WATER AND THE Mass OF

LIet, -~
. K, LYLENT)

Y, LYLENT)

-1

EPYV(CELLI)
XeteK, LYLCNT)

TE SPLIME. CENERATE THE MATR|X OF

kK, €, tc. 1ER)

€ OVER THE MEQUIRED INTERVAL

X, €, ICc. &, 8, 0, 1ER}

AMcY, CELLI, LNMLENT)

SEICELLI)

* CELLM(2. CHLLI, LVLENT) )+ MDME
L1) » MYR(CELLI)

€Y, CELL),LVLECNT) s SCiCRLLT)
SLLI, LYLCNT) ¢ gSRiCELLI) )

. / CELLTMeY, COLLY., LviCwT)

[] Wiiym, ¢
. -
!lllyttt!ttli LI §

N + (s@ICOBLLI)

PERWATICRELY I & ( (¢
¢ (WCHICELL])
L) / MTICELLI

DENS(CELLT) & (((8$C
(WST / ((CSCM(,
(WP / ((CBCMI,
SIWKP [/ ((CECM(1
+iWKS / ((CsEMIy
CiWS U (CSCM(Y,
sIWE / t(CSCM(L,
s(WF / ((CSCMIT,

* CELLM(Y. X LVL
¢ (WC(eELLI)» C
¢ (WE(CELLI)s €
/ CELLM(I.K, LV

CONTINVE

WRITING THE RESULTS

WRITEI2, =) .
WRITR(2 ) -
WRITE(2,8) vALUR
] ° DENSITY OF RACM
WRITR(2 )

PO 28 X = 1t  CELNUM

wYeCRLLl) = "cl"ai
[ s ¢ ccAlLmt
/ L

SCELLT LVYLENT) o wC(CRELLE
LA, LYLENT) » WE(CELLL )
BLil, LYLCNT)

E(CRLLII®CRLLM(2 CELLI, LYLENT )
PCELLMOY CRLLI,LYLENT) ) / MY{CELLT)

CAVE-SE(CELL) )} = CRLLM(2Z CELL], LyLCNT) )
* CRELLM{Y, CELLI LYLENT) 1)

(CELLTY o

CELL], LYLCNT)/DW! o (1 © / DOM} |
CELL], LYLENT)/DW) « (1t O / DOM))
LCELLT, LYLCMY)/OW) o (1.0 / DDM) )
LCRLLT, LYUCNTY)/DW) 3 (1Y © / DDM) )
CELLI, LYLCNTY)/OW) o (1.0 / DDM) )
CELLI. LVYLENT)I/OW) o (1 O / ODM: )
CELLI, LYLENT)/OW) + (3 .0 / DOM)) )
CHNT)) o (SE(CELLI) * CELLM(2 K, LYLCNT))

ELLMIY K LVYLCNY) )
BLLMI2 K, LYLENT) )}
LENT)

OF SUCROSE, WATER CONCRNTYRATION®,
CELL IN DIFPFERENT UNITS °
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. 8vABBV(R)

®) SEINI DRI BY(N) , WCIN) WR(K).WY(N)

o)

-'CIII.I'IlIi.NVGIl.'lllUG(l),’ll‘A'dl),.l'l‘ln
COLLM(Y, X, LYLENT) CBLIMIY, K, Lviewy)
CLLM(D, K, LYLENT), MPNC, MdNa

1000 POAMAY(//, CURRENY Ying: ‘. Pi1o 4,° 88C, ‘., re 4, MmN, 7,
a ‘ GURRENY Y ATION TING STRP (98C) .PY &)
PORMAY (TS, ' ImDAX" . Ty 1°',730,°Coue ")

2, cCEL )
i, %10 3
t B
3 .18, anm,
AnvYeRATION
e, tex, Y. vex, - f.o'en, ‘m1c
1 ‘ ‘ 10K, ‘AL, vex, ger )
MAT (O (RN, an
‘RY 1o, TEPC L, eR,

‘RYC, '.I;
POANAT(S(3X, G1e 3))
PORMAT (T, ‘SC -

LYOR, MY 100, MY 81, "PRRBUC ', TN,

L LN 11 [ N}
MAY (O (X R1O 3
280 '...AV"","C',!QI,'VI’,IOI,"V"|°l,'..~¢',|°l,'~.~l‘)

2200 POAMATIYY S(2x B0 3



